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Key Findings

Glutaminase inhibition decreases the growth of BRAF inhibitor
resistant cells in combination with a BRAF inhibitor both in
vitro and in vivo.

Glutaminase inhibition causes a reduction in glutamine derived
aspartate in vitro, which is essential for cell growth.
Supplementing aspartate or compounds that can regenerate
NAD* can rescue growth from glutaminase inhibition.
Glutaminase inhibition in vivo affects levels of ornithine,
citrulline and glutamine in the serum independently of its
effect on the tumour.

BRAF inhibition in vivo increases levels of tumour aspartate and
glutamine, demonstrating that BRAF mutant melanoma
undergoes metabolic rewiring under BRAF inhibition.

PLX4032 and CB839 cause a decrease in the HIF1a target genes
and a reduction in the ATP/AMP ratio, which is exacerbated by
CB839 treatment.

PLX4032 decreases citrulline in vivo and increases the
expression of the urea cycle enzyme argininosuccinate lyase in

Vivo.



Abstract

Metastatic melanoma is a deadly form of skin cancer and the leading
cause of skin cancer deaths. For patients with stage three and four
melanomas, an adjuvant therapy known as Vemurafenib is used as a
first line therapy for all patients whose tumour harbours a BRAF
mutation. This treatment is an inhibitor of the mutant BRAF
oncoprotein and prevents the constitutive activation of the RAS-RAF-
MEK-ERK signalling cascade. This treatment allows remarkable
clinical success, but BRAF inhibitor resistance invariably develops,
however previous studies showed that acquisition of BRAF inhibitor

resistance causes increased dependence on glutamine.

Therefore, in this study | investigated the use of the clinically
relevant glutaminase inhibitor, CB839 in mutant BRAF melanoma. |
demonstrated that glutaminase inhibition selectively reduces growth
of cells in vitro and tumours in vivo under long term BRAF inhibition.
However, | found that the presence of BRAF inhibition itself
sensitizes some of these models to glutaminase inhibition. BRAF
inhibitor resistant cells under BRAF inhibition in vitro had reduced
generation of glutamine derived glutamate. In addition, BRAF
inhibition in vivo resulted in decreased transcription of genes
encoding for glycolytic enzymes and transporters. These
transcriptional changes were associated with decreased pyruvate and
ATP/AMP ratio when BRAF inhibition was coupled with glutaminase
inhibition.

In vitro, glutaminase inhibition caused decreased the production of
glutamine derived aspartate, which was shown to be essential for the

growth of these cells. In vivo, tumour aspartate levels were



decreased by glutaminase inhibition, but unexpectedly increased by
BRAF inhibition, demonstrating that aspartate levels obtained under

CB839 treatment do not limit the growth of melanoma xenografts.

Further investigation in vivo revealed that BRAF inhibition causes
metabolic rewiring, increasing the tumour levels of glutamine and
decreasing those of citrulline. Furthermore, BRAF inhibition
increased the tumour expression of argininosuccinate lyase (ASL),
and decreased the levels of systemic ammonia, suggesting that BRAF
inhibition may affect the activity of the urea cycle. In vivo, an
untargeted metabolomic approach found several metabolic features
whose levels were altered by combined CB839 and PLX4032
treatment. Further studies to confirm their identities and their role
in the antitumour effect of CB839 and PLX4032 treatment may yield
useful insights into the use of the combination of these two clinically

relevant treatments.



Lay summary

Melanoma is the deadliest form of skin cancer, leading to over 2,000
deaths a year in the UK. Whilst surgical removal of a melanoma may
be curative if performed early, late-stage melanomas that have
spread to other organs usually require further pharmaceutical
treatment. Two main treatments are currently used in melanoma,
which are known as Ipilimumab and Vemurafenib. Vemurafenib is the
best treatment option for patients who have a genetic change gene,
BRAF within their tumour (around half of all patients). Whilst this
treatment prolongs the survival of melanoma patients, the tumour
usually develops resistance to this treatment within about 2 years.
Therefore, treatment strategies for tumours that are resistant to

Vemurafenib are needed.

The biological process of metabolism - encapsulating all the chemical
reactions that take place in a living organism - has been extensively
studied in cancer since the 1950’s. More recently, advances in this
field have shown that changes in the metabolism occur when
melanoma becomes resistant to Vemurafenib. More specifically, the
reaction that converts a molecule called glutamine to another called
glutamate was shown to be more essential for the growth of
melanoma cells once they have become resistant to Vemurafenib.
CB839 is a pharmaceutical treatment which inhibits this reaction,
which we used in combination with Vemurafenib on melanoma
tumours. We showed that CB839 and Vemurafenib can be given
simultaneously in animal models, without detrimental effects to
health - demonstrating the safety of this combination. Furthermore,
we showed that addition of CB839 to Vemurafenib treatment can
reduce the growth of melanoma if both treatments are given

simultaneously at an early stage. We showed that in tumours, both



CB839 and Vemurafenib cause changes in the metabolism. Going
forward, deciphering which metabolic reactions targeted by both
these pharmaceutical treatments may better inform their use and

improve the survival of melanoma patients.
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Chapter 1: Introduction

1.1 Melanoma: Pathogenesis and Diagnosis

Melanoma is a form of skin cancer, derived from melanocytes. Whilst
several oncogenes are known to drive the growth of melanoma, the
high proportion of cases harbouring the BRAF V600E mutation have
made it a focus for targeted BRAF inhibitor therapies such as
Vemurafenib. Despite the success of such targeted therapies, BRAF
inhibitor resistance is a common occurrence. This section will
introduce the molecular pathophysiology of melanoma, as well as an

overview of its diagnosis and treatment.

1.1.1 Epidemiology

Melanoma is the deadliest form of skin cancer, accounting for less
than 5% of skin cancer cases, but being the cause of 75% of skin
cancer deaths(Davis, Shalin and Tackett, 2019). In the UK, melanoma
is the 5" most common cancer with 16,200 new cases and 1,300
deaths in 2017 (Memon et al., 2021). It is a disease commonly
attributed to excessive UV exposure, with an estimated 86% of all
melanomas in the UK thought to be caused by excessive UV radiation
(DM Parkin, D Mesher and P Sasieni, 2011; Memon et al., 2021). As
with most cancer types of cancer, age is also associated with risk
factor for developing melanoma. A steady increase in incidence rates
occurs with age until the age of 60-70, when incidence rates plateau
(Natalie H. Matthews et al., 2017). Sex has also been linked to

melanoma risk, with a higher worldwide incidence of melanoma in
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males than females, although it is not known whether this
association is due to behavioural differences in sun exposure or

hormonal differences (Bellenghi et al., 2020).

Aside from factors associated with UV exposure, genetic evidence
also suggests that hereditary factors independent of ethnicity may
also be involved in melanoma risk. For example, mutations in the
CDKNZ2A gene have been identified in 20-40% of families with a high
number of melanoma cases (Rossi et al., 2019). Furthermore, the
CDK4 gene has been linked to melanoma susceptibility, although
germline mutations in this gene have so far only been found to occur
in 3 families worldwide (Goldstein and Tucker, 2001). Furthermore,
immune activity is a risk factor in melanoma, as melanoma incidence
is higher in individuals who are prescribed immunosuppressive
medications after organ transplant or contracting HIV/AIDS (Grulich
et al., 2007).

1.1.2 Melanocytes: Location and Function

Melanoma is a cancer derived from melanocytes, which are found in
the basal epidermis, hair follicles, meninges, and choroidal layer of
the eye(Leonardi et al., 2018) (Figure 1.1.2-1). Melanocytes are
derived from the neural crest, meaning they are differentiated along
the same lineage as neurons, glial cells, the adrenal medulla, and
cardiac cells(Lin and Fisher, 2007). Their main function is to produce
the pigment - melanin, which is produced by the oxidation and
polymerisation of tyrosine in response to UV induced DNA damage
(Leonardi et al., 2018). As with any specialised cell types, molecular

characteristics of melanocytes are regulated by transcription factors

30



specific to this cell type. The primary transcription factor responsible
for maintaining the melanocyte lineage is MITF, which can bind the
DNA in association with other transcription factors. MITF can cause
the transcription of genes such as TRP1 which allows the conversion
of tyrosine into melanin (Figure 1.1.2-2) (Kawakami and Fisher, 2017).
For the ability of the MITF protein to enable transcription of pro-
survival genes BCL2 and CDK2, the MITF gene has been identified as
an oncogene, and some melanoma cells retain their dependence on
MITF (Hartman and Czyz, 2015).

MITF expression can be induced by the melanocortin-1 receptor
(MC1R). This is a G-protein coupled receptor (GPCR) found on the
surface of melanocytes, responsible for translating signals from a-
melanocyte stimulating hormone (a-MSH) and adrenocorticotropic
hormone (ACTH) to cause the transcription of genes associated with
melanin synthesis(Hartman and Czyz, 2015) (Figure 1.1.2-2). Aside from
a-MSH and ACTH mediated control of melanin synthesis, UV radiation
stimulates the production of melanin. UVB light (280-315nm
wavelength) can directly cause DNA damage, generating either
cyclobutane pyrimidine dimers (CPDs) or 6-4 photoproducts (6-4 PPs)
(Clancy, 2008) in two adjacent DNA bases. In addition, UVB and UVC
light can alter the H,02 binding site in the catalase enzyme, allowing
water molecules to access the heme iron and generate protons,
which interact with oxygen and generate ROS (de Jager et al., 2017).
This form of UV light causes more damage but is less able to
penetrate the skin deeply than UVA light. Despite this, UVA is also
able to generate superoxide (de Jager et al., 2017). The oxygen
radicals produced by UVA can thereby lead to extensive DNA damage
by reacting with the DNA, both in melanocytes and keratinocytes

(Jhappan, Noonan and Merlino, 2003). UVA exposure can therefore
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trigger a “DNA damage response” to genetic insult. This is largely
mediated by the tumour suppressor, p53. When released from its
ubiquitin ligase (MDM2), p53 can accumulate in the nucleus and
promote the transcription of DNA damage response proteins such as
aMSH and ACTH, as well as TRP1 (Jhappan, Noonan and Merlino,
2003) (Figure 1.1.2-2). The resultant p53-dependant expression of
melanin producing enzymes can increase the production of melanin
pigment, which are able to absorb UV photons and free radicals to
prevent further DNA damage (Jhappan, Noonan and Merlino, 2003).
Therefore, whilst melanocytes exist as part of a defence system to
prevent DNA damage caused by UV light, they can also be subject to

UV-induced DNA damage, thus initiating cancer.
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Figure 1.1.2-1: Diagram depicting the location of melanocytes in the skin. Figure
based on and adapted from Anatomy & Physiology, 15t edition(Lindsay M. Biga et
al., 2019)). The epidermis is the outer most layer of the skin, with the dermis
underneath perfused with blood, lymph, nerves, and other structures such as
hair follicles and sweat glands. The hypodermis is tightly attached to the dermis
and is made up of well vascularised connective tissue and adipose tissue (left).
Diagram showing the cellular structure of the epidermis. Melanocytes are
dispersed with protrusions around the basal cells within the stratum basale

(right).
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Figure 1.1.2-2: Diagram depicting the mechanisms inducing melanin production
in melanocytes. Melanin production is mediated partially via the expression of
the TRP1 gene and the activity of the TRP1 enzyme and can be induced by both

endocrine signals as well as DNA damage.

1.1.3 Molecular Pathogenesis of Melanoma

The transformation of melanocytes into melanoma is caused by the
dysregulation of signalling pathways involved in controlling cellular

homeostasis(David Polsky and Carlos Codon-Cardo, 2003). In a
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healthy cell, these signalling pathways are tightly regulated to
maintain the normal function and replication of the cell. However,
mutations in genes encoding factors of these signalling pathways can
cause their aberrant expression or activation, leading to oncogenesis.
Many genes have been implicated as drivers of cancer (over 700
genes annotated by the ‘cancer gene census’) (Tate et al., 2019),
although only a few are enriched within cancers from the same tissue

or cell of origin.

In the case of melanoma, UV light has been implicated as the main
mutagenic source. Whilst UVA light usually causes a cytosine to
thymine transition (C->T) (Hodis, lan R Watson, et al., 2012; Brash,
2015), it would therefore be expected that the most prevalent driver
mutations should also be caused by a C>T substitution. However,
this is not the unique molecular basis implicated in melanoma
oncogenesis, as the mutations attributed to driving oncogenesis are
not specifically encoded by C->T transitions (Hodis, lan R Watson, et
al., 2012). Melanomas from chronically sun exposed regions do still
tend to have the highest mutational burden (Krauthammer et al.,
2012), meaning that UV light is able to cause melanoma due to
random mutations induced by ROS. These mutations cause melanoma
when they occur in genes involved in a few commonly dysregulated
signalling pathways driving oncogenic growth in melanocytes (David
Polsky and Carlos Codon-Cardo, 2003; Hodis, lan R Watson, et al.,
2012; Ticha et al., 2019).

The two most common mutations driving melanoma both act as part
of the RAS-RAF-MEK-ERK signalling pathway (Figure 1.1.3-1). BRAF and
NRAS mutations are found in approximately 50% and 30% of all
melanoma cases respectively (Ticher, | et al., 2019) and are almost
entirely mutually exclusive (Hodis, lan R Watson, et al., 2012). The
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high prevalence of mutations in in the same pathway indicates its
relevance for cell growth specifically in melanocytes. In addition,
mutations can be found in other members of the same pathway such
as KRAS and MAP2K1, although at a lower frequency (Ticher, | et al.,
2019). The prevailing role of this signalling pathway in many cancer
types including melanoma deserves a more in-depth description that

will follow in this chapter.

The TP53 gene encoding for p53 is mutated in approximately 10-20%
of melanoma cases (Hodis, lan R. Watson, et al., 2012; Xiao et al.,
2018; I et al., 2019). Surprisingly though, the prevalence of TP53
mutation is lower in malignant melanoma than in most other cancer
types, where it can be mutated in up to 50% of cases(Olivier,
Hollstein and Hainaut, 2010) as the most frequently mutated gene in
human tumours (Mantovani, Collavin and Sal, 2019). Its resultant
protein, p53 is activated in response to a diverse array of cellular
stresses, such as oncogene expression, DNA damage, hypoxia, and
metabolic dysfunction. The ATM gene was also found to be mutated
in 8% of melanomas, which gives rise to the ATM protein, responsible
for mediating the accumulation of p53 in response to DNA damage
(Ticher, | et al., 2019)(Figure 1.1.3-1).

Genes encoding for members of the PI3K-AKT/PTEN pathway are also
frequently mutated in melanoma, with mutations in PTEN and PI3KCA
reported to occur in 12% and 5% of melanomas respectively (Hodis,
lan R Watson, et al., 2012). As part of the same signalling pathway,
the activities of PTEN (Phosphatase and tensin homolog) and PI3K
(Phosphoinositide 3-kinase) are opposed to each other, mediating
signals from surface bound receptor tyrosine kinases (RTK). The
activation of an RTK causes the autophosphorylation of residues in
the cytoplasmic domain of the protein, to which proteins p85 and
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p110 can dock. The docking of these proteins allows PI3K to
subsequently bind to these proteins, and thus be localised to the
membrane such that it has access to PIP2 (phosphatidylinositol
bisphosphate), a phospholipid making up part of the membrane of a
cell. When it is localised to PI3K, PIP2 can be phosphorylated to PIP3
(phosphatidylinositol triphosphate), a process that can be reversed
by the phosphatase PTEN. Between PI3K and PTEN, levels of PIP3 are
tightly regulated and normally reflect the presence of growth
factors. A tight level of control over PIP3 levels is important as this
phosphoinositide is bound by AKT (also known as protein kinase B or
PKB), causing a conformational change to activate it. Subsequently
to activation, AKT can phosphorylate and thus activate a range of
further downstream transcription factors involved in growth,
survival, and replication, making PI3KCA an oncogene and PTEN its
opposing tumour suppressor (Figure 1.1.3-1). Aside from PI3KCA and
PTEN mutation, a low level of AKT1 mutation has also been detected
in some melanomas (Ticher, | et al., 2019) and NRAS activating
mutations can also result in activation of this pathway(Liu and
Sheikh, 2014) making it a key molecular pathway in melanoma

tumorigenesis.

CDK4 and CDKN2A mutations are somatic mutations (Ticher, | et al.,
2019) in melanoma but have also been associated with development
of a familial form of melanoma (Liu and Sheikh, 2014). These genes
control the cell cycle, initiating the progression from G1 to S phase
in which the DNA is replicated (Liu and Sheikh, 2014). In the
presence of Cyclin D1 which is synthesized during the G1 phase, CDK4
(Cyclin-dependent kinase 4) causes the phosphorylation of
retinoblastoma protein (RB), which allows the release of E2F to

modulate ribosome biogenesis and other transcription factors that
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support cell cycle progression, nucleotide synthesis and DNA
replication (Figure 1.1.3-1). Thus, CDK4 mediated RB1 phosphorylation
is required for cell cycle progression (Sheppard and McArthur, 2013).

The development of targeted therapies in recent years has
highlighted the potential of precision medicine (Chae et al., 2017),
which relies on the molecular characterisation of a given patient’s
tumour to select the best treatment for each patient(Liu and Sheikh,
2014). As for most cancer types, a combination of different
mutations drives the growth of any given patient’s melanoma, for
which a targeted therapy may exist. Therefore, identifying the
mutations driving a particular patient’s tumour is important to offer

the most effective therapy available.

Figure 1.1.3-1: Diagram depicting the main molecular pathways driving the

pathogenesis of melanoma. Commonly mutated genes are shown in black. The
RAS-RAF-MEK-ERK signalling cascade is shown in purple, the PI3K-AKT/PTEN
pathway in dark blue, the CDKN2A/CDK pathway is shown in green and p53

mechanism is shown in light blue.

1.1.4 Diagnosis of Melanoma

37



Melanomas can develop from benign nevi, which are common lesions
found on the skin. If a nevus grows deep enough or has developed
mutations that allow it to spread to other parts of the body, it
becomes known as malignant and is thus classified as a malignant
melanoma. Regular examination of the size and shape of each lesion
is important to determine if it is growing or changing, as diagnosis of
a melanoma is usually carried out by a simple clinical assessment of
a lesion. Clinicians characterise a lesion based on a set of defining
characteristics pertaining to the visual appearance of the melanoma,
known as the ‘ABCDE’ rule (asymmetry, irregular borders, colour
variations, diameter, and elevated surface) (Liu and Sheikh, 2014). A
lesion may then be resected based on clinical assessment both to
prevent the growth and metastasis of the lesion, but also enable
further classification based on depth of invasion. Multiple
classification systems have been proposed for melanoma, however
the most recent and commonly in use today is known as the TNM
(tumour, nodes, metastasis) staging system (Table 1.1.4-1a-d). Based
on the attributes of the primary tumour, the presence of the disease
in localised lymph nodes and the existence of distant metastases,
patients are assigned to a stage grouping that is strongly linked to
survival(Davis, Shalin and Tackett, 2019). In general, tumours with a
depth greater than 0.8mm or which have ulcerated will be surgically
resected, along with the surrounding tissue. If lymph nodes have
been infiltrated by the tumour, these will be identified either
visually (infiltrated lymph nodes may be swollen) or by a sentinel
lymph node biopsy (SNLB) (Swetter, 2021), in which radioactive
tracers may be injected into the melanoma such that sentinel lymph

nodes may be identified with a radioactive probe. The removal of
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the primary tumour also provides biopsy material for more accurate

molecular analysis with prognostic value.

T Category |Depth Ulceration
T1 <1mm With or Without Ulceration
T1a <0.8mm Without Ulceration
T1b <0.8mm With Ulceration
T2a >1, <2mm | Without Ulceration
T2b >1, <2mm | With Ulceration
T3a >2, <4mm | Without Ulceration
T3b >2, <4mm | With Ulceration
T4a >4mm Without Ulceration
T4b >4mm With Ulceration
Table 1.1.4-a
N Category | Number of tumour-involved regional lymph nodes
and nodal metastatic burden
NO No Regional Metastases
N1 1 tumour involved node or in-transit (within the
lymphatic vessels), satellite (macroscopically visible
tumours within 2cm of the primary tumour), and/or
microsatellite (microscopically visible tumours within
2cm of the primary tumour) metastases with no
tumour involved nodes.
N2 2 or 3 tumour-involved nodes or in-transit, satellite,
and/or microsatellite metastases with 1 tumour
involved node
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N3

>4 tumour involved nodes or in-transit, satellite,
and/or microsatellite metastases with >2 tumour-
involved nodes, or any number of matted (conjoined)

nodes without or with in-transit, satellite, and/or

microsatellite metastases

Table 1.1.4-b
M Category | Metastases
MO No Evidence of distant metastases
M1 evidence of distant metastases (usually in the liver,
lung, and brain)
Table 1.1.4.c
Clinical T Category N Category M Category
stage
IA T1a NO MO
IB T1b NO MO
T2a NO MO
A T2b NO MO
T3a NO MO
1B T3b NO MO
T4a NO MO
lC T4b NO MO
1] Any T >N1 MO
v Any T Any N M1
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Table1.1.4-d

Tables 1.1.4-1a-d: (a) Tumour category based on depth and ulceration of a
tumour (b) Nodal metastases category based on number of regional lymph nodes
infiltrated (c) Distant metastases category based on presence of metastases (d)
Melanoma staging criteria based on tumour depth, lymph node metastases and
distant metastases. (Adapted from the Eighth Edition American Joint Committee
on Cancer (AJC) melanoma staging system (Keung, E Z and Gershenwald, J E,
2018)).

According to the patient’s stage, a treatment plan will be
prescribed, outlining whether a patient requires further surgical or
adjuvant treatment. Usually, those in stage | or Il (see Table 1.1.4—4
above) will be treated only with removal of the primary tumour and
sentinel lymph nodes (which are the closest lymph nodes often
connected to the tumour). For these patients, 5- and 10-year survival
rates will largely be determined by the depth of the primary tumour
but were reported as greater than 82% and 75% respectively (Keung,
E Z and Gershenwald, J E, 2018). On the other hand, those in stage
[l or IV (with known clinically positive lymph node metastases) will
usually be offered adjuvant therapy alongside removal of primary

and resectable metastatic tumour (Swetter, 2021).
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1.2 Melanoma Treatment and BRAF Inhibitor

Resistance

1.2.1 The RAS-RAF-MEK-ERK Pathway and its Dysregulation

BRAF is the most frequently mutated gene in metastatic melanoma,
occurring in about 50% of patients. 90% of BRAF mutations are found
at codon 600 in which glutamic acid is exchanged for a valine
(V600E). Alternative mutations occur at the same locus, including the
V600K (substituting lysine for valine) in 5-6% of patients, and V600R
(substituting arginine for valine) (Paolo A. Ascierto et al., 2012). This
codon on the activation loop of the serine/threonine kinase, causes
an increase in the kinase activity of this protein (Bollag et al., 2012).
The mutation causes activation of the downstream MEK and ERK
proteins, and therefore prevents negative feedback mechanisms that
would normally inhibit the activation of the protein (Paolo A.
Ascierto et al., 2012). The constitutively active BRAF transduces the
signal to downstream targets such as MEK and ERK proteins in the
RAS-RAF -MEK-ERK signalling cascade.

The RAS-RAF-MEK-ERK signalling cascade is a major regulatory
pathway controlling cell differentiation, survival, and replication.
This pathway is disrupted in 90% of melanomas (Wellbrock and
Arozarena, 2016), and has been intensely studied to identify if it can
be therapeutically targeted. This pathway allows the transduction of
signals from receptor tyrosine kinases on the plasma membrane.
When bound to their ligand, receptor tyrosine kinases (for example
the epidermal growth factor receptor which binds to its ligand,
epidermal growth factor), trigger autophosphorylation in the inner

membrane domain. This allows the docking of Grb-2 (Growth factor
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receptor bound protein 2) and Sos (Son of Sevenless), which finally
binds Ras (RAt Sarcoma virus). As a G protein, Ras is active when
GTP is bound. Sos is a guanosine triphosphate exchange factor, which
can exchange GDP for GTP and enable the activation of Ras. Once
GTP bound, Ras can cause activation of Raf (Rapidly Accelerated

Fibrosarcoma).

Raf is a serine-threonine kinase which undergoes a conformational
change on binding to Ras. This change in conformation allows Raf to
phosphorylate several proteins including MEK (MAPK/ERK Kinase, also
known as MAP2K). This initiates a further signalling cascade,

resulting in the eventual phosphorylation of ERK (Extracellular signal-
related kinase, also known as MAPK). ERK then phosphorylates
numerous downstream targets, such as nuclear transcription factors
(Figure 1.1.3-1) (Jeremy M Berg, John L Tymockzo and Lubert Stryer,
2012). The downstream targets of ERK vary depending on cell type,
but in the case of melanocytes and melanoma cells a key target of
ERK is transcription of MITF. This gene encodes a transcription factor
which controls the transcription of genes involved in differentiation
(e.g. TYR gene), growth (e.g. the CDH2 gene) and survival (e.g. BCL2
gene) and thus can influence the biological processes causing tumour

initiation and progression (Wellbrock and Arozarena, 2016).

1.2.2 Vemurafenib

Upon finding the high frequency of BRAF mutation in melanoma
(Figure 1.2.3-1), a study was carried out to determine whether the
activity of this protein as part of the RAS-RAF-MEK-ERK signalling

cascade was driving melanoma initiation and growth. The treatment
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of BRAF mutant cells with an inhibitor of the downstream protein -
MEK, showed that BRAF mutation predicts whether growth inhibition
can be elicited by MEK inhibitors, indicating that the BRAF mutation
has an active role in driving cancerous growth through MEK (Solit et
al., 2006). This suggested that BRAF inhibition may prevent the
growth of BRAF mutant melanomas, and thus a selective inhibitor of
mutant BRAF was identified by screening a large library of
compounds. PLX4720 was identified, which had an ICso of 13nM in a
biochemical assay for BRAF V600E (Tsai et al., 2008) (Figure 1.2.3-1).
The 1Cso of PLX4720 was 160nM for BRAF itself, indicating that the
inhibitor is more specific for mutant BRAF (Tsai et al., 2008). It was
found that this was because the compound caused its inhibition by
binding the ATP binding site, which could be accessed more easily in
the ‘active’ conformation occurring in the mutant BRAF V60OE (Tsai
et al., 2008; Bollag et al., 2012). Subsequently, PLX4032
(Vemurafenib) was designed as an analogue of PLX4720, with an ICso
of 30nM against mutant BRAF (Yang et al., 2010). Vemurafenib
showed clinical efficacy in a Phase | clinical trial, with an 81%
response rate. It was shown that only patients with BRAF mutation in
their melanoma had any response to the drug, and thus patients
without BRAF mutation were no longer included in subsequent trials
(Bollag et al., 2010). Subsequently, BRAF mutant patients were
enrolled onto phase 3 randomized clinical trials in which
Vemurafenib was compared to the current first line therapy for
melanoma patients, which was Dacarbazine. This study found an 84%
survival rate in the Vemurafenib treated group, compared to a 64%
survival rate in the Dacarbazine group at 6 months (Chapman et al.,
2011).
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1.2.3 Treatment of Melanoma

The primary treatment option for any melanoma is surgical
resection. In the early stages, melanoma can be treated with surgery
alone (Davis, Shalin and Tackett, 2019), with patients presenting
with T1 lesions (primary melanoma of thickness <1mm) having a high
survival rate. If melanoma cells have migrated to the sentinel lymph
nodes, these may also be resected as well, possibly along with any
metastatic tumours, although this is not usually curative (Davis,
Shalin and Tackett, 2019). Patients with nodal or metastatic disease
have historically had worse outcomes with a 10-year survival rate of
10%(Tyrell et al., 2017).

Given the low survival rates for patients with stage 3 and 4
melanomas, an adjuvant therapy is commonly prescribed alongside
resection of the primary tumour and accessible metastases. The first
line regimens are an anti CTLA-4 therapy (Ipilimumab), anti PD-1
therapy (such as Nivolumab, Pembrolizumab) or a combination of a
BRAF inhibitor (Vemurafenib, Dabrafenib or Encorafenib) and a MEK
inhibitor (Cometinib, Trametinib and Binimetinib)(Swetter, 2021).
These therapies will be prescribed based on the mutational status of

each patient’s tumour.

Immunotherapies have been shown to successfully treat patients with
advanced melanoma, with 30% of patients responding to anti PD-1
therapy with long term disease control. Both CTLA-4 and PD-1
blockade can be used to treat melanoma because these receptors on
the surface of effector T regulatory cells act as a checkpoint to
supress the immune response against the tumour cell. By inhibiting
these suppressive checkpoints, the immune system can target

melanoma cells. The monoclonal antibody treatment, Ipilimumab can
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bind CTLA-4 in the place of its other substrates CD80 and CD86
expressed by melanoma cells, thus preventing them from triggering
the immunosuppressive effects of CTLA4. Similarly, Nivolumab and
Pembrolizumab can also bind the PD1 receptor on a T cell to prevent
its binding to PD-L1 on the antigen presenting cell upon which it

would usually inhibit its activation (Kuryk et al., 2020).

Anti-CTLA4 and anti-PD1 therapy can be administered in
combination, usually to patients with wildtype BRAF. In addition,
they may be administered to patients with mutant BRAF if BRAF
inhibitor treatment has failed(Kuryk et al., 2020). Although immune
checkpoint inhibitors may initially be effective, resistance to these
therapies can be acquired by melanoma cells, which may be
overcome by combination therapies (Pires da Silva et al., 2021). One
study tested the combination of Ipilimumab and Nivolumab showing a
progression free survival rate of 11.5 months compared to 2.9
months and 6.9 months for those on Ipilimumab and Nivolumab
alone, respectively (Larkin et al., 2015). Whilst these treatments are
effective, adverse effects were reported by 33% of patients in the
combination group and 31% of the Ipilimumab only group,
respectively. The adverse effects consisted predominantly of

gastrointestinal problems (Pires da Silva et al., 2021).

The alternative first-line therapy for BRAF mutant melanoma
patients is a targeted therapy against MEK or BRAF. Dabrafenib,
Vemurafenib and Encorafenib are all inhibitors of mutant BRAF V600E
which have been shown to be effective in BRAF mutant melanoma
patients. Initial studies showed that Vemurafenib and Dabrafenib
could increase overall survival, progression free survival and overall
response rate compared to Dacarbazine chemotherapy, the first-line
therapy in use until 2011 (Tanda et al., 2020). Further to this,
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Encorafenib is another BRAF inhibitor developed more recently that
was shown to give a greater overall survival, progression free survival
and overall response rate than Vemurafenib alone (23.5 months
median overall survival compared to 16.9 months overall survival

respectively) (Tanda et al., 2020).

Whilst initial studies demonstrated the efficacy of BRAF inhibitors on
their own, MEK inhibition is now given in combination with a BRAF
inhibitor. Whilst MEK itself is not mutated a in melanoma, it acts
downstream of the mutant RAF (Figure 1.1.3-1), thus mediates
oncogenic signals from the oncoprotein. Therefore, MEK inhibitors
Trametinib, Cobimetinib an Binimetinib were designed to inhibit
MEK. Initial trials combining the BRAF inhibitor Dabrafenib with the
MEK inhibitor Trametinib showed an increased median overall
survival from 18.7 months to 25.1 compared to Dabrafenib alone,
with more recent trials combining Encorafenib (BRAF inhibitor) and
Binimetinib (MEK inhibitor) giving a median overall survival of 33.6
months (Tanda et al., 2020). However, adverse effects following
treatment with these two drugs combined were frequent, with 58%
of patients receiving Encorafenib and Binimetinib reporting high
grade adverse effects, consisting predominantly impaired liver

function (Dummer et al., 2018).

In recent years, the concept of combining immunotherapy and
targeted therapy has been explored for patients with mutant BRAF
(Swetter, 2021). The rationale for this approach is the fact that
treatment with a BRAF inhibitor can impact on tumour immune
response, increasing the infiltration of lymphocytes (Kakavand et al.,
2015) as well as melanoma antigen expression (Frederick et al.,
2013). For example, Atezolizumab (a PD-L1 inhibitor), Vemurafenib
(a BRAF inhibitor) and Cobimetinib (a MEK inhibitor) were assessed in
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a phase 3 clinical trial. It was found that by adding Atezolizumab to
treatment after an initial treatment cycle (of 28 days) with
Vemurafenib and Cobimetinib, progression free survival was
significantly increased (Gutzmer et al., 2020). Dabrafenib (BRAF
inhibitor), Trametinib (MEK inhibitor) and Pembrolizumab (PD1
inhibitor) have also been assessed in a phase 3 clinical trial, with a
greater progression free survival compared to the combination of
Dabrafenib and Trametinib. Based on the rationale that BRAF
inhibition causes increased immune infiltration, a sequential
treatment of BRAF/MEK inhibition followed by PD1/PD-L1 as opposed
to a concomitant triple therapy should maximise the therapeutic
efficacy. Clinical trials are still ongoing to assess this hypothesis
(Swetter, 2021).

For Patients progressing on both targeted and immune therapy or
experiencing unacceptable adverse effects, cytotoxic therapies may
be used. These may consist of treatments such as paclitaxel,
carboplatin, cisplatin, and vinblastine in combination or as single
agents (Swetter, 2021). These therapies act on processes common to

proliferating cells, such as microtubule assembly and DNA repair.
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Figure 1.2.3-1: (above) Diagram depicting the location of BRAF mutation within
the BRAF gene and the structure of BRAF kinase in complex with PLX4720. Figure
adapted from Cbioportal.org (Cerami et al, 2014; Gao et al, 2012). The
schematic shows regions of the gene in order of amino acid residues, with points
marking mutations that were found within the ‘Skin Cutaneous Melanoma (TCGA,
Firehose Legacy)’ dataset of 366 patients. The height of points corresponds to
the number of patients found with the indicated mutation. Points marked in dark
green are known to be missense driver mutations, whereas those shown in light
green are missense mutations of unknown consequence. Most mutations are
found in the protein tyrosine kinase region of the gene, with a hotspot mutation
in the 600 position. (below) Diagram depicting the structure of the BRAF protein
in complex with the BRAF inhibitor PLX4720. Figure adapted from the RCSB PDB
structure 3C4C (Tsai et al, 2008). The diagram shows PLX4720 bound in the ATP
binding site and the protein in it’s ‘DFG-in’ conformation, due to the activation
loop to be locked away from the ATP binding site by a slat bridge between Glu
600 and Lys 507.
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1.2.4 Mechanisms of BRAF Inhibitor Resistance

Whilst BRAF inhibition increases patient survival, resistance to BRAF
inhibitors is a frequent occurrence for patients treated with these
therapies(Chapman, 2013). Several studies have attempted to
understand the causes of BRAF inhibitor resistance. It has emerged
that unlike other malignancies where development of secondary or
“gatekeeper” mutations in the same target gene (i.e. in BRAF) are a
common mechanism of resistance, no secondary mutations have been
found to confer BRAF inhibitor resistance in melanoma(Villanueva,
2011). Instead, multiple mechanisms of resistance exist to overcome
BRAF inhibitor treatment (Bollag et al., 2012; Chapman, 2013), which
involve either the reactivation of the RAS-RAF-MEK-ERK pathway, or

activation of alternative oncogenic pathways.

The reactivation of the RAS-RAF-MEK-ERK pathway can be
accomplished through mutation or changes in expression of any of
the other proteins in this pathway. For example, other isoforms of
Raf such as CRAF or ARAF, which are structurally similar and can also
activate MEK (Desideri, Cavallo and Baccarini, 2015), can be
expressed or overexpressed to reactivate the pathway in the place of
the inhibited BRAF (Villanueva, 2011). Furthermore, clones
harbouring mutant NRAS often do not respond to BRAF inhibition and
may become enriched within a tumour by BRAF inhibitor treatment
(Villanueva, 2011). Paradoxically, in cells with NRAS mutation, BRAF
inhibitor treatment may even instigate more signalling through the
RAS-RAF-MEK-ERK pathway, as it has been shown to induce
hyperactivation of the RAS-RAF-MEK-ERK pathway. This is because
mutant NRAS can hyperactivate CRAF, favouring BRAF/CRAF dimers
which are stabilised by BRAF inhibitors (Kaplan et al., 2011)-. Splice
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variants of BRAF may also give rise to BRAF-CRAF heterodimers as
well as BRAF homodimers, which BRAF inhibitors are unable to inhibit
(Proietti et al., 2020). A further mechanism of resistance was found
to be by increased expression of BRAF in BRAF inhibitor resistant
cells (das Thakur et al., 2013).

Whilst resistance mechanisms can often involve direct reactivation of
the RAS-RAF-MEK-ERK pathway, alternative pathways can contribute
to reactivation this pathway, to cause BRAF inhibitor resistance. For
example, activating mutations in receptor tyrosine kinases (RTKs)
such as EGFR (epidermal growth factor receptor) and HGF
(hepatocyte growth factor) constitutively activate the RAS-RAF-MEK-
ERK signalling pathway (Proietti et al., 2020). One study identified
increased expression of IGF and PDGFR in several patient samples,
which resulted in the activation of the PI3K/AKT pathway.
Subsequently, AKT activation protected BRAF mutant cells from
apoptosis in the presence of BRAF inhibition (Shao and Aplin, 2010).
Furthermore, AKT activation can also occur through a PTEN loss of
function mutation that may also confer resistance to BRAF inhibition
(Paraiso et al., 2011). Interestingly, lipid synthesis was shown to
have a role in MEK inhibitor resistance via AKT activation, as it was
demonstrated that inhibition of the mevalonate pathway could
repress AKT activation following MEK inhibition. However it was not
determined whether this mechanism occurs in human melanomas
with BRAF inhibitor resistance (lizuka-Ohashi et al., 2018).

Aside from reactivation of the RAS-RAF-MEK-ERK signalling cascade,
the cell cycle checkpoint consisting of cyclin D1, CDK4, E2F and RB
can also influence BRAF inhibitor resistance (Figure 1.2.4-1). CDK4
expression and cyclin D1 amplification in a BRAF mutant cell line was
found to confer BRAF inhibitor resistance (Smalley et al., 2008).
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Furthermore, it was later shown that the combination of the CDK4/6
inhibitor LY2835219 could delay tumour recurrence in melanoma
xenografted tumours in combination with Vemurafenib (Yadav et al.,
2014). This alteration can release the cell cycle checkpoint by

allowing the transcription of genes involved in DNA synthesis.

Alteration -

Mutation *
Splice Variant SV
Overexpression OE

Cytoplasm

Figure 1.2.4-1: Schematic diagram showing resistance mechanisms of melanoma
cells to BRAF inhibition. The key is shown in the lower right corner. Proteins
shown in red indicate proteins in which alterations in expression or activity
occur to cause BRAF inhibitor resistance. Proteins with “*” following their name
cause resistance by a mutant form. Proteins with “SV” following their name
cause resistance by a splice variant. Proteins with “OE” following their name

cause resistance by overexpression.
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1.3 Metabolism in Cancer and Strategies to Target it

1.3.1 Metabolism in Cancer

A shift in the metabolism of cancer cells was first recognised by Otto
Warburg, who described the phenomenon known as the “Warburg
effect” (Warburg, 1956). This term describes the characteristic shift
in metabolism of cancer cells from oxidative phosphorylation to
glycolytic metabolism, regardless of the availability of oxygen
(Frezza, 2019). More recently, reprogramming of metabolism has
since been recognized as one of the hallmarks of cancer (Hanahan
and Weinberg, 2011). Despite the advantage of this change not being
fully elucidated, this phenomenon it is thought to be advantageous in
rapidly dividing cells by redirecting glycolytic intermediates from
being used in the TCA cycle and instead using anaerobic glycolysis.
Therefore, by upregulating anaerobic glycolysis, energy is still
supplied in the form of ATP (Heiden, Cantley and Thompson, 2009).
According to this theory, if glycolytic ATP meets the energy demands
of the cells, the switch to aerobic glycolysis ensures an adequate
supply of nucleotides, amino acids, and lipids for anabolism (Heiden,
Cantley and Thompson, 2009). Therefore, the Warburg effect which
was originally thought to be a side effect of damaged or reduced
numbers of mitochondria may in fact be selectively advantageous in
terms of rapid proliferation (Fernandez-de-Cossio-Diaz and Vazquez,
2017).

Aside from the shift in means of energy production, several other
changes in the metabolism of cancer cells have been discovered and
are being investigated as actionable targets to prevent cancer

progression. An example of the therapeutic potential of metabolic
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targets is the drug Enasidenib (Mullard, 2017; Jinxiu Guo et al.,
2021), which was approved for clinical use in 2017 to treat those
with IDH2 (isocitrate dehydrogenase 2) mutant AML (acute myeloid
leukemia). The mechanism of this treatment relies on the high
frequency of IDH2 mutations in AML which causes the generation of
the oncometabolite 2-hydroxyglutarate, leading to epigenetic

changes and differentiation of cancer cells (Jinxiu Guo et al., 2021).

Another example of a potential cancer therapeutic, has been
investigated for use to treat a variety of human cancers is ADI-
PEG20, a pegylated arginine deaminase which can degrade the supply
of dietary arginine (Tsai et al., 2017; Tine et al., 2021; Yao et al.,
2021). The effectiveness of this enzymatic drug relies on is the
frequent loss of ASS1 (arginosuccinate synthase) expression in many
human cancers, such that these cells which are unable to synthesize
arginine from citrulline and aspartate and become auxotrophic for

arginine (Yao et al., 2021).

Epidemiological studies suggested that the anti-diabetic drug
Metformin could have cancer preventative effects (Lord et al., 2019).
Biguanides have been investigated for their use as anticancer agents
in cancer as well, including melanoma (Yuan et al., 2013; Trousil et
al., 2017). Whilst the mechanism of action for Metformin is not fully
understood, one prominent theory suggests that the use of on
OXPHOS (oxidative phosphorylation) is impaired by biguanides (Zhao,
Swanson and Zheng, 2021). OXPHOS is required to support the
activity of the TCA cycle, by regenerating intermediates such as NAD*
and FAD, thus it supports the pathways that enable production of
nucleotides, amino acids and lipids. Therefore, a reduction in
OXPHOS upon treatment with metformin may reduce the ability of
cells to produce molecules growth and proliferation. More
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specifically, Complex | of the ETC allowing OXPHOS was shown to be
inhibited by Metformin. Complex | inhibition was shown to inhibit
proliferation in the presence of glucose and cause cell death in its
absence, thus demonstrating that Metformin also induces
dependence on glycolysis. Mechanistically, the growth inhibition by
metformin could be overcome by expression of the NADH
dehydrogenase ND1, to replace the NAD* regenerating capacity of
complex | (Wheaton et al, 2014). Therefore, inhibiting NADH
regeneration in OXPHOS to enforce dependence on glycolysis is a
second means through which Metformin targets the initiation and

progression of cancer.

1.3.2 Metabolic Changes Induced by BRAF Mutation in Melanoma

Given the actionable potential of many metabolic enzymes as targets
to prevent cancerous growth, several studies have been performed
on models of BRAF mutant melanoma to identify novel metabolic
targets. BRAF is part of the BRAF-MITF-PGC1a axis, meaning that the
constitutive activation of BRAF leads to the phosphorylation and
suppression of MITF (microphthalmia associated transcription factor)
and its downstream target PGC1a (Haq, Shoag, Andreu-Perez,
Yokoyama, Edelman, Glenn C. Rowe, et al., 2013). PGC1a is a
master regulator of mitochondrial biogenesis, and BRAF mutation has
been reported to reduce the activity of oxidative phosphorylation, as
indicated by lower basal oxygen consumption rates in BRAF mutant
cells compared to their wildtype counterparts (Ferretta et al., 2016)
(Figure 1.3.2-1).
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Another observation linking BRAF mutation and melanoma
metabolism identified that Hydroxy-methyl-glutaryl-Coa synthase 1
(HMGCS1) and Hydroxy-methyl-glutaryl-Coa lyase (HMGCL) as
synthetic lethal partners of mutant BRAF (Zhao et al., 2017). It was
reported that mutant BRAF upregulates the transcription of HMGCL
via the transcription factor Oct-1, allowing a positive feedback
mechanism whereby the acetoacetate produced by HMGCL could
selectively enhance the binding of mutant BRAF V600E to its
downstream target, MEK (Kang et al., 2015). HMGCL normally acts as
part of the ketogenesis pathway, which allows the production of
ketone bodies from fatty acids and results in the production of
acetoacetate. HMGCS1, the enzyme immediately upstream of HMGCR
in the ketogenesis pathways was shown to be a synthetic lethal
partner of mutant BRAF V600E (Zhao et al., 2017) as its silencing
selectively reduced growth of melanoma cell lines harbouring a BRAF
V600E mutation (Figure 1.3.2-1). It was found that giving mice a high
fat diet which increased the serum levels of acetoacetate caused
increased growth of xenografted tumours (Xia et al., 2017),
supporting the idea that the activity of the ketogenic pathway

promoted BRAF mutant tumour progression.
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Figure 1.3.2-1: A schematic diagram showing changes in proteins associated with
metabolism in association with BRAF mutation. Mutant BRAF V600E can inhibit
the levels of MITF, which results in reduced transcription of the mitochondrial
transcription factor PGC1a. This subsequently results in reduced mitochondrial
biosynthesis (Haq, Shoag, Andreu-Perez, Yokoyama, Edelman, Glenn C. Rowe, et
al., 2013). In addition, the ketogenesis enzymes HMGCL and HMGCS1 are
synthetic lethal partners of BRAF V600E because HMGCL can produce
acetoacetate, which can scaffold the interaction between BRAF V600E and its
downstream phosphorylation target - MEK (Kang et al., 2015). Knockdown of
HMGCS1 can reduce acetoacetate production by HMGCL, and therefore it is also
considered a synthetic lethal partner of BRAF V600E (Zhao et al., 2017).

1.3.3 Metabolic Changes Induced by Mutant BRAF Inhibition and

Resistance in Melanoma

Inhibition of mutant BRAF V600E in melanoma causes increased
expression of transcription factors for mitochondrial biogenesis
(Corazao-Rozas et al., 2013; Baenke et al., 2016). Specifically,
inhibition of mutant BRAF was shown to induce an oxidative
phosphorylation gene program as well as mitochondrial biogenesis

and increased PGC1a expression (Haq, Shoag, Andreu-Perez,
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Yokoyama, Edelman, Glenn C. Rowe, et al., 2013). On the other
hand, mutant BRAF controls additional metabolic processes through
regulation of AMPK as mutant BRAF activity leads to dissociation of
LKB1 from AMPK (Zheng et al., 2009), impairing sensitivity to the
AMP:ATP ratio. Furthermore, the activity of AMPK is restored upon
inhibition of BRAF (Zheng et al., 2009), but not in BRAF inhibitor
resistant cells where proteasomal degradation of AMPK is increased
(Li et al., 2017). AMPK is a master regulator of many metabolic
processes, through its ability to phosphorylate a wide range of
regulatory proteins such as mTORC1, ULK1, PGC1a and enzymes
responsible for the catabolism of Acetyl CoA - ACC1&2 and HMGCR
(Mihaylova and Shaw, 2011). This demonstrates that through AMPK,
BRAF has the potential for significant metabolic rewiring directly

resulting from regulation by BRAF.

In fact, mutant BRAF A375 cells that had been treated with a BRAF
inhibitor for 3 days in vitro show significant metabolic perturbation
with respect to phospholipid synthesis, pyrimidine synthesis, one
carbon metabolism and branched chain amino acid metabolism.
Surprisingly, this study found that whilst levels of a-ketoglutarate
and succinate were decreased in response to BRAF inhibition, there
was no significant change in the overall levels of TCA cycle
intermediates (Karki et al., 2021). This contradicted the increased
expression of mitochondrial transcription factors that occurred in
response to mutant BRAF inhibition (Corazao-Rozas et al., 2013;
Baenke et al., 2016), however this may have been due to the
relatively short exposure of BRAF mutant cells to a BRAF inhibitor
(Karki et al., 2021).

On the other hand, consistent with the change in expression and
regulation of transcription factors associated with metabolism, an
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increased dependence on the mitochondria and oxidative respiration
was reported to occur in melanoma cells that are resistant to BRAF
inhibition (Corazao-Rozas et al., 2013; Baenke et al., 2016). It has
been reported that BRAF inhibitor resistant cells increase their
anaplerotic supply of glutamine to the TCA cycle, replenishing it’s
intermediates (Wang et al., 2014; Baenke et al., 2016; Ratnikov et
al., 2017). This is reportedly accompanied by increased expression of
glutaminase (GLS), which is the rate limiting step for the anaplerotic
flux of glutamine. This was also carried out in A375 cells, however
for this study cells were treated with a BRAF inhibitor for 10
passages, which may indicate that acute BRAF inhibitor treatment
has a different effect on the metabolism of cells than does long term
treatment. Consistently with the increase in glutaminase expression,
it has been reported that a compound inhibiting glutaminase, BPTES,
was able to decrease the production of ATP and inhibit proliferation

selectively in BRAF inhibitor resistant cells (Baenke et al., 2016).

Increased reliance on OXPHOS was shown to occur in BRAF inhibitor
resistant cells as demonstrated by the finding that the combination
of a BRAF inhibitor and a complex | inhibitor, Phenformin, could
synergistically reduce the growth of BRAF inhibitor resistant cells
(Yuan et al., 2013). In this study, it was suggested that BRAF
inhibitor treatment could select for a sub-population of “slow-
cycling” melanoma cells marked by JAIRD1B expression. These cells
were shown to have increased use of OXPHOS, such that phenformin
could prevent the emergence of BRAF inhibitor resistant cells
(Roesch et al., 2013).

Arginine deprivation is another example of metabolic dependency
exacerbated by BRAF inhibitor resistance in melanoma. Pegylated
arginine deaminase ADI-PEG20 is an enzymatic drug that works
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extracellularly to convert arginine to citrulline. It was shown that
Vemurafenib resistant cells enter an immediate apoptosis program on
arginine deprivation, whereas sensitive cells are more capable of
surviving the deprivation due to increased ability to elicit autophagy
to generate free amino acids (Li et al., 2016, 2017). Furthermore, it
was demonstrated that BRAF inhibitor resistant cells had a decreased
potential to elicit argininosuccinate synthase (ASS1) expression upon
arginine deprivation. Mechanistically this ASS1 “silencing” seems to
be caused by an apparent downregulation of the transcription factor,
c-Myc, resulting in a reduced potential to generate arginine via the

urea cycle (Li et al., 2016).

ASS1 contributes to the production of arginine through the
generation of Argininosuccinate from citrulline and aspartate, which
is then converted to arginine and fumarate by argininosuccinate
lyase (ASL). The suppression of ASS1 expression is known to occur in
malignhant melanoma among other cancer types, because of
epigenetic silencing (Delage et al., 2010) and is suspected to be
advantageous for tumour growth by allowing the conservation of
aspartate to support de novo nucleotide synthesis (Rabinovich et al.,
2015). Taken together, the epigenetic loss of ASS1 and sensitivity to
ADI-PEG20 treatment suggests the potential for funnelling of
aspartate into de novo pyrimidine synthesis in BRAF inhibitor

resistance.

In addition to changes in amino acid metabolism, BRAF inhibition also
alters lipid synthesis. It was shown that the regulator of lipogenesis,
SREBP1, is downregulated in acute treatment with vemurafenib, and
upregulated again upon acquisition of vemurafenib resistance.
Inhibition of SREBP1 re-sensitizes resistant cells to vemurafenib,
demonstrating that SREBP1 activity promotes BRAF inhibitor
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resistance (Talebi et al., 2018). The dependence on SREBP1 was
explained by the protection against ROS damage provided by
production of saturated lipids, which are less susceptible to
peroxidation than unsaturated lipids. It was shown that mimicry of a
polyunsaturated membrane by addition of linoleic acid and linolenic
acid caused reduced cell proliferation in Vemurafenib treated cells,
and that addition of the mono-unsaturated fatty acid oleic acid,
could reverse this phenotype (Talebi et al., 2018). An additional
study supporting the importance of SREBP1 expression in BRAF
inhibitor resistance found that activation of the mevalonate
pathway, many of whose enzymes are transcriptionally regulated by
SREBPs (Sakakura et al., 2001), could confer resistance to MEK
inhibitors by increasing the production of geranylgeranyl phosphate,
an activator of the PI3K/AKT pathway(lizuka-Ohashi et al., 2018),
which is known to support resistance to BRAF inhibitors in melanoma
cells (Perna et al., 2015).

Collectively, these findings indicate that several metabolic
mechanisms exist through which BRAF mutant melanoma can survive
and evade BRAF inhibition. These changes may allow the survival of
cancer cells in response to treatment but can also expose new
dependencies that could be targeted to prevent, delay or reverse

BRAF inhibitor resistance.

1.3.4 Glutamine Addiction in Cancer

Glutamine can be synthesized from glutamate by glutamine
synthetase in cells which express this enzyme, and thus glutamine is

considered a conditionally essential amino acid. Glutamine is the
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most abundant amino acid found in the blood and kept at a roughly
constant level due to de novo synthesis from the skeletal muscle,
lung, and adipose tissue (Brian J. Altman, Zachary E. Stine and Chi V.
Dang, 2016). Glutamine is also consumed, predominantly in the liver
and kidney, which releases ammonia to maintain acid-basic
homeostasis (Brian J. Altman, Zachary E. Stine and Chi V. Dang,
2016). In rapidly dividing cells such as lymphocytes and enterocytes,
glutamine is used as an energy source, as well as a source of carbon
and nitrogen to allow biomass generation (Brian J. Altman, Zachary
E. Stine and Chi V. Dang, 2016). Some types of cancer cells also
utilize glutamine as an energy source, and for these it becomes a
nutrient essential to their survival. This phenomenon, known as
‘glutamine addiction’, has been reported to occur in non-small cell
lung cancer, breast, brain, and pancreatic cancer as well as leukemia
(Wise and Thompson, 2010; Choi and Park, 2018).

Glutamine can be consumed to produce energy as well as generate
new biomass through a process called anaplerosis. In this process,
glutamine is imported through several transporters on the membrane
of the cell - most commonly the ASCT2 transporters encoded for by
the SLC1A5 gene. The intracellular pools of glutamine can then be
used either for biosynthesis and be metabolized in the anaplerotic
pathway via glutaminase that converts glutamine to glutamate and

ammonia.

Two forms of glutaminase enzyme are encoded for in humans - GLS
(kidney type glutaminase) and GLS2 (liver type glutaminase)(Brian J.
Altman, Zachary E. Stine and Chi V. Dang, 2016; Katt, Lukey and
Cerione, 2017). The GLS gene gives rise to two splice variants with
catalytic activity; a longer form known as kidney glutaminase (KGA);
and a shorter form known as glutaminase C (GAC). The KGA form of
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GLS has been extensively studied for its role in cancer progression, as
it has been found to be highly expressed in leukemia, adrenocortical
cancer, triple-negative breast cancer, colorectal cancer, kidney clear
or papillary cell carcinoma, lung adenocarcinoma, melanoma,
mesothelioma, pancreatic cancer, sarcoma, and thyroid cancer

(Katt, Lukey and Cerione, 2017). KGA is localised to the
mitochondria, where glutamine is imported by a splice variant of the
SLC1A5 gene (Yoo et al., 2020). This transporter is putatively a rate
limiting step for glutamine anaplerosis (Yoo et al., 2020), although
the expression of this variant across different cancer types has not

yet been well studied.

Subsequently to mitochondrial import and deamination to glutamate,
the glutamine carbon backbone is released as a-ketoglutarate by the
mitochondrial enzyme glutamate dehydrogenase (GLUD1), which
generates ammonia. Furthermore a-ketoglutarate is then used as an
intermediate of the TCA cycle (Brian J. Altman, Zachary E. Stine and
Chi V. Dang, 2016), allowing the conversion of a further seven NAD*
to NADH and two FAD to FADH2 (Figure 1.3.4-1). Whilst this reaction is
crucial to enabling the anaplerotic flux of glutamine derived carbons
into the TCA (tricarboxylic acid) cycle, it is not a rate limiting step of
this process (Herranz, 2017). Alternative enzymes can also allow the
synthesis of a-ketoglutarate from glutamate, including the
transaminase, GOT(1/2) which simultaneously converts oxaloacetate
to aspartate instead of producing ammonia. This reaction itself may
indeed be as crucial in glutamine addicted cells, as it has been
shown that rapid cell proliferation can be prevented due to a lack of
oxidative NAD* regeneration from OXPHOS, which is needed to
enable anaplerotic glutamine to be used for de novo aspartate

synthesis (Figure 1.3.4-1) (Birsoy et al, 2015; Sullivan et al, 2015).
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Furthermore, In support of the importance of aspartate synthesis in
rapidly dividing cells, ASS1 is frequently silenced in cancer cells. As
previously mentioned, this was reported to be an advantageous trait
in cancer cells to conserve aspartate and prevent it’s use in

production of arginosuccinate (Rabinovich et al., 2015).

Aspartate can be generated from the TCA cycle intermediate
oxaloacetate through the activity of either the mitochondrial enzyme
GOT?2 or the cytosolic enzyme GOT1, although cytosolic aspartate
availability is predominantly determined by mitochondrial aspartate
production (Alkan et al., 2018; Gorgoglione et al., 2022)(Figure 1.3.4-
1). Furthermore, glutamine derived nitrogen can also contribute the
production of aspartate through the donation of an amine group from
glutamate onto the newly formed aspartate via GOT(1/2) (Brian J.
Altman, Zachary E. Stine and Chi V. Dang, 2016)(Figure 1.3.4-1).
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Figure 1.3.4-1: Schematic diagram showing the contribution of glutamine derived
carbon and nitrogen to TCA cycle intermediates, aspartate, asparagine,
argininosuccinate, proline and ornithine. Glutamine anaplerosis is highlighted in
green. The steps of ornithine synthesis occurring only in the cytosol are
surrounded in red. The carbon and nitrogen composition of each metabolite in
the diagram is represented by a series of blue and brown circles, respectively.
Filled blue and brown circles represent carbon and nitrogen derived directly
from glutamine, whereas blank circles represent carbon and nitrogen derived
from other sources (e.g. Glucose). GLS (glutaminase); GLUD (glutamate
dehydrogenase); OGDH (2-oxoglutarate dehydrogenase); SCS (succinyl CoA
synthase); SDH (succinate dehydrogenase); FH (fumarate hydratase); MDH
(malate dehydrogenase); CS (citrate synthase); ACO (aconitase); IDH (isocitrate
dehydrogenase); GOT (glutamic-oxaloacetic transaminase); ASNS (asparagine
synthetase); ASS1 (argininosuccinate synthase); P5CS (pyrroline-5-carboxylate
synthase); PYCR1/PYCR3 (pyrroline-5-carboxylate reductase); PRODH (proline

dehydrogenase) and OAT (ornithine aminotransferase).

Aspartate is used in the malate-aspartate shuttle, that can allow the
transport of electrons into the mitochondria (Figure 1.3.4-2). By
extension, this implicates aspartate levels in energy generation via
the elector transport chain (ETC). Aspartate itself is also a substrate
to produce both purine and pyrimidines, providing nitrogen to GMP
(guanosine monophosphate), AMP (adenosine monophosphate), UMP
(uridine monophosphate) and CMP (cytidine monophosphate)(Sullivan
et al., 2015) (Figure 1.3.4-3&4), thus making it essential for the
division of cells. This concept is supported by the evidence that
aspartate supports cancerous growth (Patel et al., 2016; Furkan
Alkan et al., 2018; Garcia-Bermudez et al., 2018; Sullivan et al.,
2018) and that it’s depletion results in reduced levels of nucleotides
(Sullivan et al., 2015). In addition, it has been shown that aspartate

is essential in cancer cells in which the demand for NAD* relative to
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the demand for ATP was increased (i.e. cells that have low use of the
TCA cycle because of low energetic demand cannot produce
aspartate and thus are dependent on its extracellular availability for

nucleotide synthesis and growth) (Luengo et al., 2021).

Proline can be synthesized from GLS derived glutamate, by the two
mitochondrial enzymes Pyrroline-5-carboxylate synthase (P5CS) and
Pyrroline-5-carboxylate reductase (PYCR1) (Burke et al., 2020).
PYCR1 is upregulated in melanoma, NSCLC, renal cell carcinoma,
breast cancer, colorectal cancer, prostate cancer, and
hepatocellular carcinoma, redirecting glutamine derived glutamate
towards proline biosynthesis. This is in opposition to the enzyme
reversing this reaction in the mitochondria, PRODH (Figure 1.3.4-1),
which was reported to be a tumour suppressor because of its ability
to trigger ROS-induced apoptosis in cancer (Burke et al., 2020). As
well as being directly linked to glutamine anaplerosis, proline is also
connected with the urea cycle since it can be synthesized from
ornithine via ornithine aminotransferase (OAT) and PYCR3 (Burke et
al., 2020) (Figure 1.3.4-1). However, the oxidation of NADP* to NADPH
that drives this ornithine synthesis pathway in the cytosol can drive
the pentose phosphate pathway (PPP), as NADP* is used by glucose-6-
phosphate dehydrogenase and 6-phoshogluconate dehydrogenase, to
produce phosphoribosyl pyrophosphate that can be used in
nucleotide synthesis (Burke et al., 2020). In addition, NADPH
produced by PYCR3 can also be used in lipid synthesis, providing
another means to support new biomass production. Furthermore, the
NADPH produced can enable regulation of ROS through its use by
glutathione reductase to regenerate reduced glutathione (GSH), thus
allowing cells to withstand any ROS produced in energy generation.

Overall, the synthesis of ornithine and proline from glutamine
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derived carbon and nitrogen can support cancerous growth, offering

a further explanation for glutamine addiction in cancer.
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Figure 1.3.4-2: Schematic diagram depicting the Malate-Aspartate shuttle
allowing the transfer of electrons into the mitochondria to be used by the
electron transport chain to make ATP. The enzymes involved in this cycle
GOT1/2 (glutamic-oxaloacetic transaminase) and MDH1/2 (Malate
dehydrogenase) are labelled in brown. The two mitochondrial membranes are
represented by black lines. Arrows represent the equilibrium of each reaction.
The malate-a-ketoglutarate antiporter and glutamate-aspartate antiporter are
represented by blue circles on the outer mitochondrial membrane. The proteins
making up the electron transport chain are represented by blue circles on the
inner mitochondrial membrane. The Malate-Aspartate shuttle intermediates ASP
(aspartate), GLU (glutamate), OAA (oxaloacetate), aKG (a-ketoglutarate) and
malate are labelled in black, along with cofactors NAD*/NADH, ATP/ADP and Pi
(Phosphate).
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Figure 1.3.4-3: A schematic diagram depicting the use of glutamine, glycine and
aspartate derived nitrogen in purine synthesis. Circles filled with brown
represent nitrogen derived from glutamine, whereas circles filled with red
represent nitrogen derived from glycine and purple from aspartate. Brown
circles are a representation of all nitrogen but do not represent chemical
structures. At the end of the pathway, chemical structures of AMP and GMP are
shown, with nitrogen contributed directly from glutamine highlighted in brown,
glycine in red and aspartate in purple. Enzymes responsible for incorporating
nitrogen are shown in bold. Solid lines represent a direct reaction, whereas
broken lines represent more than one reaction of which only reactions which

contribute nitrogen is shown for simplicity.
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Figure 1.3.4-4: A schematic diagram depicting the use of glutamine and
aspartate derived nitrogen in purine synthesis. Brown circles are a
representation of all nitrogen but do not represent chemical structures. Circles
filled with brown represent nitrogen derived from glutamine, whereas purple
circles represent nitrogen derived from aspartate. At the end of the pathway,
chemical structures of UMP, CMP and deoxy TMP are shown, with nitrogen
contributed directly from glutamine highlighted in brown. Enzymes responsible
for incorporating both glutamine derived, and non-glutamine derived nitrogen
are shown in bold. Solid lines represent a direct reaction, whereas broken lines
represent more than one reaction of which only that which contributes nitrogen

is shown for simplicity.

Aside from these key pathways consuming glutamine in cancer cells,
glutamine has been shown to have an essential role in buffering
reactive oxygen species (ROS) in cancer (Perillo et al., 2020).
Glutamine plays a key part in this antioxidant system for two
reasons. Firstly, glutamine derived glutamate is required to
synthesize the tripeptide, glutathione (GSH) which reacts with ROS

molecules such as hydrogen peroxide and prevents their damage to
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other important cellular components such as DNA (Figure 1.3.4-5).
Secondly, glutamine derived glutamate is required for the import of
cystine, which is reduced to cysteine, the redox active moiety of the
glutathione tripeptide (Figure 1.3.4-5). It has been shown that activity
of the xCT transporter, which exchanges glutamate for cysteine on
the cell surface, can influence the levels of glutamine anaplerosis as
well as drive the phenotype of glutamine addiction. Reduced
expression of the xCT transporter improved the survival of breast
cancer cells in glucose deprived conditions, indicating that glutamine
addiction caused by the xCT transporter can be a metabolic
vulnerability (Shin et al., 2017). Furthermore, A549 lung carcinoma
cells cultured in adult bovine serum containing less cystine than non-
physiological media showed reduced levels of glutaminase activity,
and reduced growth inhibition by the GLS inhibitor CB839.
Glutaminase activity could be increased by the addition of cystine to
adult bovine serum, which also increased the sensitivity to CB839
(Muir et al., 2017).
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Figure 1.3.4-5: A schematic depicting the use of glutamine derived glutamate in
the ROS buffering system. The xCT transporter on the cell membrane is shown in
blue, which exchanges the glutamate for cystine. Enzymes involved in the
production of GSH; CYSR (cystine reductase); GCL (glutamate-cysteine ligase)
and GSS (glutathione synthase) are shown in bold. The cytoplasm of the cell is

shown in yellow with the extracellular space shown in white.
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1.4 Methods to Study Cancer Metabolism

1.4.1 Cell Culture and Media

Two-dimensional cell culture has been used since the early 1900’s, to
study tissue growth, virus biology and vaccine development as well
as the role of genes in disease and health (Segeritz and Vallier, 2017;
Jensen and Teng, 2020). Whilst initially, murine cancer cell lines
were able to be grown for many years by Warren Lewis in the 1930’s,
a continuous culture of human cancer cells remained elusive until
the 1950’s when the Hela cell line, derived from cervical cancer
cells, was isolated and grown (Masters, 2002). Since then, many cell
lines have been derived from human cancers, which allow
researchers to model this complex human pathology. Although these
cell lines are advantageous in that they provide a reductionist
isolated system to study basic cell biology (Segeritz and Vallier,
2017), they have limitations in replicating the in vivo metabolic,
structural, immunological, and endocrine environments of the human
body.

To improve the modelling of the physiological metabolic
environment, media have been formulated that attempt to replicate
the nutrient composition of human plasma. Human Plasma Like
Medium (HPLM) is formulated with concentrations of amino acids and
vitamins like that of human plasma (Cantor et al., 2017). It was
shown that cells cultured in HPLM had extensive alterations in their
metabolism, compared to cells cultured in non-physiological media
(Cantor et al., 2017). Similarly, another media called Plasmax™ was
formulated with amino acids, vitamins, salts, and other key nutrients

at the concentrations found in human plasma (Voorde et al.,
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2019)(Table 1.4.1-1). It was shown by comparison with the commercial
media DMEM-F12, that Plasmax enabled cells to survive at low
density due to the presence of sodium selenite, and that a
supraphysiological concentration of arginine in DMEM-F12 media
artificially reversed the catalytic activity of argininosuccinate lyase

enzyme (Voorde et al., 2019).

DMEM
human plasma | Plasmax | high
(UM) (MM) [ glucose
(UM)
L-Alanine 230 -510 510
L-Arginine 13 - 64 64 398
L-Asparagine 45 -130 41
L-Aspartic acid 0-6 6
L-Cysteine 23.2 -43.8 33
L-Glutamate 32 -140 98
L-Glutamine 420 -720 650 4000
Glycine 170 - 330 330 400
L-Histidine 26 - 120 120 200
L-Isoleucine 42 - 100 140 802
L-Leucine 66 - 170 170 802
L-Lysine 150 - 220 220 798
L-Methionine 16 - 30 30 201
L-Phenylalanine 41 - 68 68 400
L-Proline 110 -360 360
L-Serine 56 - 140 140 400
L-Threonine 92 - 240 240 798
L-Tryptophan 44.8 - 64.2 78 78
L-Tyrosine 45 - 74 74 399
L-Valine 150 -310 230 803
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Table 1.4.1-1: Chart depicting the concentrations of 20 proteogenic amino acids
in PlasmaxTM and DMEM with high glucose and the normal concentration range
for human serum (adapted from “Cell Culture Medium Formulation and Its
Implications in Cancer Metabolism” (Ackermann and Tardito, 2019)). Cells in the
DMEM column are coloured in red with an intensity proportional to increased
concentration of each component relative to PlasmaxTM, or in grey if they are

absent.

Whilst the usual formulation of these two plasma-like media can
improve the model system in which cultured cells can be studied,
they are also limited in their ability to replicate human plasma. Cells
cultured with physiological concentrations of nutrients can exhaust
the most avidly consumed ones, and waste metabolites can build up
over time. More frequent replacement of medium can mitigate these
limitations. However, cell culture systems are inherently limited in
their ability to inform about the effects of pharmacological
intervention on the systemic metabolism. Thus, in vivo models can
be used in conjunction with in vitro models to overcome these

limitations.

1.4.2 Mouse Models of Mutant BRAF Melanoma

Mouse models of melanoma consist primarily in two categories:
Genetically engineered mouse models (GEMM) and xenograft models
(Rebecca, Somasundaram and Herlyn, 2020). Early GEMM models of
melanoma were designed on the knowledge of genes involved in
melanocyte development, as well as genes found to be frequently
mutated in melanoma such as BRAF, CDKN2A, CDK4 and NRAS
(Rebecca, Somasundaram and Herlyn, 2020). This led to the
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development of a commonly used GEMM replicating BRAF mutation in
melanoma, which carries the BRAFY%% and PTEN©*/!ox alleles. This
model relies on the activation of the Cre recombinase using 4-
hydroxytamoxifen (4-OHT), which is applied topically to the skin
(Meeth et al., 2016). Upon its application, 4-OHT activates the Cre
recombinase protein via a tamoxifen responsive element, which can
be expressed under the control of a cell specific promoter - in the
case of melanoma a tyrosinase (TYR) gene promoter. Upon its
expression, Cre recombinase can excise the wild-type copy of BRAF
as well as both copies of PTEN, leaving only a mutant BRAF copy to
be expressed and preventing the expression of the tumour suppressor
(Dankort et al., 2009) (Figure 1.4.2-1).

The BRAFV60%E PTEN'X/lox mouse model recapitulates the immune,
metabolic and microenvironmental landscape of melanoma.
However, there has been limited success in replicating BRAF inhibitor
resistance in this model. When C57BL/6 mice bearing BRAFV600E
PTEN"*lox tumours were treated with a chow diet containing
PLX4720, a reduction in growth rate could be seen, but no tumour
regression was observed (Hooijkaas et al., 2012). It is theorised that
this is because PTEN loss prevents cell death by BRAF inhibitor
treatment(Paraiso et al., 2011). During the early development of
BRAFY®%%E murine models of melanoma it was found that induction of
BRAF mutation alone resulted in induction of benign hyperplasia,

which did not progress to melanoma (Dankort et al., 2009).

To overcome this problem, an allograft model was created using cells
generated from a BRAFY6%%F PTEN/- Cdkn2”/- GEMM to generate
tumours. These cells were injected into immunocompetent C57BL/6
mice without immune rejection due to the inbred nature of the
strain (Figure 1.4.3-1). Injection of these (YUMM1.7) cells could mimic
75



the clinical response of patients to a BRAF inhibitor. Upon treatment
with PLX4720 one week after implantation of cells, tumour growth
was inhibited for 50 days, after which the tumour grew rapidly(Meeth
et al., 2016). The allograft model thus enables exploration of BRAF

inhibitor resistance that was generated in an in vivo setting.

Xenograft models of human melanoma cells exist as an alternative to
GEMM models that allow the study of human cancer in an in vivo
environment. This model is generated by the implantation of cells
(established cell lines cultured on plastic or primary tumour
explants) into immunocompromised mice (Figure 1.4.3-1). Engrafted
cells are then able to develop physical and secretory interactions
with murine stroma, including vascularisation. Two
immunocompromised mouse models that are commonly used are the
NSG and nude mouse models. The NSG mouse model
(NOD/Prkdcsc?/1L2rgt™™i!) | so named for the use of an inbred NOD
mouse strain, with mutation of the Prkdc gene (Protein Kinase, DNA-
Activated, Catalytic Subunit) as well as of the I{2ry gene (interleukin
2 receptor subunit gamma), is the most immunocompromised strain
of the two. The mutant Prdkc*“® gene results in the phenotype of
severe combined immunodeficiency (scid) because of a lack of
development of T and B lymphocytes, meaning that the adaptive
immune response is not functional (Blunt et al., 1995). When
combined with the disruption of the I(2ry gene, which prevents the
activation of natural Killer cells, the resulting NSG mouse lacks both
the adaptive and innate immune response, thus preventing rejection
of engrafted cells (Yang et al., 2018). The nude mouse model on the
other hand is less severely immunocompromised, with only mutation
of the Foxn1 gene, which prevents thymic development and

therefore the adaptive immunity, whilst retaining their innate

76



immunity (Rossa and D’silva, 2019). Given the success of the
immunotherapy drug, Ipilimumab, and the importance of T cell
activation in melanoma progression (Wolchok et al., 2013), the use of
immunocompromised mouse models has significant limitation when
studying melanoma response to treatment. However, xenograft
models enable the study of tumour biology in a structural and
metabolic environment that recapitulate a human tumour better

than in vitro cell culture (Figure 1.4.2-1).

GEMM Allograft Xenograft
Topical application of Subcutaneous injection | Subcutaneous injection
tamoxifen in a BRAFV6%0E | of YUMM.7 (BRAF of BRAF mutant human

PTEN'ex/lx C57B1 /6 mouse| V60OE, PTENY) cells ina | melanoma cellsin an

\’U C57BL/6 mouse NSG mouse

Cre * Cre

i

M brafV600E l J'
Immunocompetent Yes Yes No
Human Melanoma No No Yes
Develops BRAFi No Yes Yes
resistance

Figure 1.4.2-1: A schematic diagram depicting three different types of mouse
models available to study BRAF mutant melanoma and their advantages and

limitations.

1.4.3 Studying Cancer Metabolism with Metabolomics

A wealth of information has been published in the field of

metabolomics in the last two decades, with humbers of papers in the

77



PubMed repository using the phrase “metabolomics” increasing from
just 2 in the year 2000 to over 10,000 in 2021. Metabolomics is the
study of all small molecules, often referred to as metabolites, within
a biological system. These metabolites are the substrates,
intermediates and end products of metabolic pathways mediated by
enzymes. As a form of high throughput or ‘omics’ analysis,
metabolomics can provide a readout of all detectable metabolites.
Metabolism is more responsive to phenotypic changes than gene
expression. This means that compared to other ‘omics’ technologies
such as transcriptomics or proteomics, metabolomics gives more
readouts that are indicative of a phenotypic change. In addition,
metabolism is responsive to intrinsic factors as well as extrinsic
factors such as the nutrient availability. Metabolomics can be
performed using several techniques, although the most
predominantly used are nuclear magnetic resonance (NMR)
spectroscopy and mass spectroscopy (MS) which is often coupled with
chromatography to become liquid chromatography-mass
spectrometry (LC-MS) or gas chromatography-mass spectrometry (GC-
MS) (Aderemi et al., 2021).

For NMR spectroscopy, a strong magnetic field aligns protons in the
atoms of a sample, which is opposed by a field of radio frequency
waves giving rise to resonance. The change in energy when protons
go back to their original position is detected and visualized as peaks,
which are characteristic to the abundance and environment of the
atomic nuclei (Jayesh, 2015). An advantage of NMR spectroscopy is
the level of information it can provide about the structure of
compounds for elucidation of their identity. Whilst NMR also requires

little sample preparation for biofluids and is inherently quantitative
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with high reproducibility, it is limited in the sensitivity and variety of

metabolites it can analyse (Aderemi et al., 2021).
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Figure 1.4.3-1: A diagram depicting a cross sectional diagram of the basic
components of an orbitrap mass spectrometer (adapted from Thermo Fisher
ScientificTM “Mass Analyzer Technology Overview” (‘Mass Spectrometry Learning
Center - UK’, 2022)). Positive, ions are represented by blue circles. lons are
ionised at the source, and those that reach the entrance of the machine are
focused as an ion beam through the RF (radio frequency) lens. Neutral droplets
(represented by red circles) are filtered out by a bent flat pole. A quadrupole
mass filter can subsequently be used to filter out ions of a certain m/z (mass to
charge ratio) range. lons can be sent over to an HCD collision cell for
fragmentation or can be passed directly to a C trap to cool ions and inject them
into the orbitrap. On injection to the orbitrap detector, ions rapidly oscillate
around the central spindle shaped electrode at a rate based on their mass to
charge ratio (m/z). The image current of ions is detected in the outer
electrodes, to which a Fourier transformation is applied to produce a mass

spectrum of all ions detected.
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Mass spectrometry is typically hyphenated with liquid or gas

chromatography. HILIC chromatography is frequently used for

metabolomics due to its ability to separate polar metabolites. The

SeQuant® ZIC-pHILIC® column is a frequently used example, which is

packed with zwitterionic sulfobetaine groups attached to porous

polymer beads. Analytes interact with sulfobetaine groups through

weak electrostatic interactions when delivered in an organic solvent

such as acetonitrile at the start of a gradient separation, resulting in

their retention in the column. When an increasing proportion of an

aqueous buffer such as 20mM ammonium carbonate is delivered to

the column, polar molecules are eluted in order of their

hydrophobicity (Figure 1.4.3-1). As samples in the column undergo

partitioning, this results in their entry to the mass spectrometer at

different time points, known as a retention time (RT). Throughout

the separation, repeated measurements can be made at regular

intervals by the mass spectrometer to detect chromatographic peaks

(MacKay et al., 2015).
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Figure 1.4.3-2: A diagram depicting the main concepts of pHILIC chromatography
(adapted from SeQuant® ZIC-pHILIC® brochure by Merck Millipore(Merck, 2022)).

For this to occur, the chromatographic eluant must be converted
from liquid to ions in the gas phase. This is achieved through a
process known as electrospray ionization (ESI) which occurs in the
source of the mass spectrometer by application of a high voltage to
the liquid promoting the formation of ions in solution. As it is
pumped through a capillary, the narrow tip causes the sample to be
nebulised. The resulting spray of ions is directed at an orthogonal
angle to the entrance of the mass spectrometer to avoid
contamination (Pitt, 2009). The RF lens immediately behind the
entrance of the Q Exactive Plus mass spectrometer focuses the beam
of ions to increase sensitivity, and subsequently the bent flat pole
reduces noise by removing neutral droplets from the beam (Thermo
Fisher Scientific - UK, 2022). A quadrupole mass filter can then
select ions within a chosen mass range for more accurate detection
of low abundance ions. This can be used to improve the
measurement of low abundance ions in an approach called selective
ion monitoring (SIM), or to isolate ions for fragmentation in an MS2
experiment, which is often used to assist identification of ions.
During an MS2 scan, ions are collided at high velocity with inert gas
(which is often nitrogen) to induce fragmentation in the collision

cell, prior to being detected in the orbitrap (Figure 1.4.3-1).

1.4.4 Processing of LC-MS Data for Metabolomics
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Raw LC-MS data represents the relative levels of all detectable polar
metabolites but must be processed to determine the relative
abundance of each metabolite. This can be done by integrating the
area under a peak generated from successive measurements of the
relative abundance of a single m/z centred around the retention
time of that metabolite. The total area of the XIC (extracted ion
chromatogram) within a sample relates to the relative abundance of
that ion in that sample and is referred to as the peak area (Figure

1.4.4).
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Figure 1.4.4-1: Diagram depicting the generation of an XIC trace from successive

MS scans.

The analysis of LC-MS data can be broadly separated into two
approaches: targeted and untargeted analysis. A targeted analysis is
a supervised approach in which chemical standards for a chosen list
of metabolites are used to determine the retention time and m/z for
the most abundant adduct of each metabolite. The XIC for each of

these metabolites can then be generated from this information in
82



any raw LC-MS dataset generated using the same LC-MS method. This

guarantees correct metabolite identification.

A common targeted experiment is a metabolite tracing experiment,
which can determine the metabolic pathways in which a labelled
metabolite is used. This can be carried out by feeding nutrients
incorporating the stable isotopes such as '*C or "N to a biological
system (Figure 1.4.4-2). The incorporation of these labelled atoms can
be detected in the pool of downstream metabolites as an ion at the
same retention time with an m/z ratio increased (by approximately 1
Da for each labelled atom) compared to the unlabelled metabolite
(isotopologues) (MacKay et al., 2015). By measuring the fractional
enrichment of each isotopologue to the total pool of a given
metabolite, the contribution of the tracer to a specific metabolic

pathway can be inferred.
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Figure 1.4.4-2: Schematic diagram representing the use of 'C labelled glutamine

in glutamine anaplerosis and the TCA cycle.
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Targeted analysis allows the measurement of levels of a pre-defined
set of metabolites, and as such this approach limits the coverage of
the metabolome and consequently the discovery potential of
metabolomics. To overcome this, an untargeted approach uses
specialised software to perform unsupervised integration of all
detectable chromatographic peaks from the raw LC-MS data
(Gertsman and Barshop, 2018). Whilst this allows measurement of a
much broader set of metabolites, this analysis method is limited by
the quality of peak integration as well as the identification of

metabolic features.

*  Adduct & Fragment identification , RTmatched standards
Filtering of poorly integrated peaks MS2 Spectra
Chromatographic Peaks Metabolic Features / 100
/ .
/ S Filt /z: 490
m/z | RT Peak Area | Peak Area Integration Mw | RT | Peak Area Peak Area / f can Filermiz
Sample A Sample B Score Sample A Sample B i" % %
=3 50
490 | 4.2 5.000E6 7.000e6 10 491 | 4.2 | 5.000EE 7.000e6 - | & é ’
<
\ ot !

492 | 4.2 | 2.500E6 3.500e6 10 \

189 | 7 | 4.00384 | 4.000E4 3 \ 100 200 300 400 50
N m/z
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N \ MS2 spectral libraries
\ Y * (e.g. massbank, MZcloud)

RT alignment I \ \ * Insilico fragmentation

Signal normalization Integration scoring h Llib (
* Biochemical libraries (e.g.

HMDB)
* Chemical libraries (e.g.
Chemspider)

Figure 1.4.4-3: A diagram showing pre and post processing steps of an
untargeted metabolomic analysis from a list of chromatographic peaks produced
from raw LC-MS data. The central metabolic features table show the retention
time (RT) molecular weight (Mw) of the metabolic features detected by the

analysis.

To increase the quality of peak integration, pre and post processing
steps can be used (Figure 1.4.4-3). Peak alighment is performed to
reduce inaccurate peak selection when analytes have small
deviations in elution time. In addition, signal normalisation can be

carried out to reduce the time dependent shift in signal intensity
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often observed with LC-MS instruments (Gertsman and Barshop, 2018;
Karpievitch et al., 2014). This can be done by using a pooled sample
run at regular intervals throughout a batch of samples and applying
linear integration to extrapolate the shift in signal intensity for all
samples in the batch. More recently, peak integration software has
also included the use of integration scoring, which allows filtering of
poorly integrated peaks. Unsupervised integration can result in the
selection of low abundance contaminants and artefacts as
chromatographic peaks, so manual curation of integrated peaks is

still a necessary final step in the analysis.

Identification of the detected ions is often the most challenging part
of the analysis. Because metabolites ionise during ESI (Gao, Zhang
and Karnes, 2005), they can give rise to a range of adducts with
different masses. In addition, electrospray ionization can cause
fragmentation of ions, resulting in ‘fragment ions’ (Jian Guo et al.,
2021). As a result, multiple chromatographic peaks may be created
by a single parent ion which share a retention time and peak shape
and correlate strongly in their abundance across all samples.
Therefore, identifying groups of peaks corresponding to the same
metabolite can remove redundancies from the list of metabolic
features. This can be done by grouping all peaks based on RT, peak
shape similarity and abundance correlation across samples followed
by annotation using known lists of frequently occurring adducts (Li et
al., 2013). More recent development of processing tools for
metabolite identification have combined the annotation of peaks
based on ‘abiotic connections’ such as adducts or fragments with
annotation based on ‘biotic connections’ such as association with the
same biochemical pathway. This form of optimisation during

annotation was used in a new annotation tool known as NetID (Chen
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et al., 2021), which aimed to increase annotation coverage both

from a chemical and a biochemical perspective.

Typically, the processed data consists of an m/z ratio, retention time
and peak area for each metabolic feature (Figure 1.4.4-3). This leaves
the challenge of peak identification. To improve metabolite
identification, MS2 data can be collected along with LC-MS data from
a pooled sample containing an equal mix of all samples. The highest
abundance ions can be fragmented in a collision cell as described
earlier (Figure 1.4.3-1), giving an indication of the structural
arrangement of atoms. Metabolite identification is then performed
using spectral libraries, matching accurate mass (MS1), or fragment
ions (MS2) to compounds(Bingol and Bruschweiler, 2015). These
libraries can be produced by experimental data or by in silico
techniques, which extrapolate from experimental data to generate
spectra. In house retention time databases can also be used as an
independent identifier, if available. Once a metabolic feature has
been identified with a reasonable degree of confidence, a chemical
standard can then be used to confirm its identity by ensuring that
the metabolic feature matches the RT and MS2 fragmentation on the

same instrument method.

Several libraries have been developed for the annotation of
metabolic features, consisting of molecular structure databases and
MS2 spectral databases. For example, the HMDB metabolite library is
a structure database containing records of 217,920 metabolites as
well as a record of the concentration in human tissues and biofluids
if this is known(Wishart et al., 2022). This library also includes
experimentally observed MS2 spectra for some entries, and a
predicted MS2 spectra for all its entries (although these are produced
in silico which limits their reliability). On the other hand, several
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MS2 spectral libraries have been created using MS2 data produced
experimentally, which are more accurate for confirmation of
molecular structures, although typically contain fewer entries. These
include open-source databases such as MassBank, which are
deposited from users into the repository (Horai et al., 2010). Closed-
source versions such as mzCloud (Thermo Fisher Scientific, 2022) are
available, which can be advantageous due to their dedicated
collection of data produced on a selected instrument type. This
allows users to replicate experimental conditions for that database in
their initial data capture, improving MS2 spectral matching for

compounds in the database.

Statistical tests are often used to determine which features are
significantly altered compared to a background or control samples.
Many data analysis and statistical tools are available to determine
which metabolic features are of most relevance to an experimental
hypothesis. Principal component analysis (PCA) and partial least
squares analysis (PLS-DA) collapse the number of dimensions of a
given dataset (Sugimoto et al., 2012). This can be useful to visualise

data quality and biological changes.

Similarly, a differential analysis often using t-tests can be performed
on each metabolic feature to identify features significantly changed
between biological groups. This outputs a series of p values, that
indicate statistical significance (which is a measure of the confidence
in the null hypothesis that there is no significant difference between
two groups of the differential analysis). For large datasets involving
many comparisons, such as those produced by an untargeted
metabolomics study, a false discovery rate should be applied to
control the probability of introducing type 1 error (Benjamini and
Hochberg, 1995) (rejecting the null hypothesis when it is true).
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1.5.1 Study Aims

In this study, we first aimed to confirm whether the use of a

glutaminase inhibitor can be used to reduce the growth BRAF

inhibitor resistant melanoma. We aimed to do this using the clinically

relevant glutaminase inhibitor, CB839, using both in vitro and in vivo

models. Subsequently to this, we aimed to determine the metabolic

effects of glutaminase inhibition in in vitro and in vivo models of
BRAF inhibitor resistant melanoma. By determining metabolic
changes accompanying growth changes caused by CB839, we aimed
to reveal the metabolic causes of reduced growth in BRAF inhibitor

resistant melanoma caused by glutaminase inhibition.
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Chapter 2: Methods

2.1 Cell culture and Treatment

Human Cell lines A375, A375R, COLO829 and COLO829R were kindly
given by Franziska Baenke of the Cancer Research UK Manchester
institute(Baenke et al., 2016). Cells were cultured in MEM
supplemented with 0.65mM L-glutamine (Gibco, 25030-032), 1X non-
essential amino acids (Gibco, 11140-035), 10% FBS (Gibco, 10270-106)
and 0.1mM sodium pyruvate (Sigma-Aldrich, 58636). Cells were
incubated at 37°C with 5% CO..

For all culture of A375R and COLO829R cells, media are dosed with
1uM PLX4720 unless otherwise specified. For 10uM PLX4720
treatment, media was dosed by adding 10mM PLX4720 (Selleckchem,
$1152) dissolved in DMSO (Fisher Chemical, D/4125/PB08) at a
dilution of 1:1000. For all lower doses, including for the dose
response experiment, concentration was adjusted by carrying out
serial dilutions in DMSO and dosing media with the appropriate

concentration from a 1:1000 dilution.

2.2 In vitro Assays

2.2.1 Experimental Media

For all cell culture experiments, cells were seeded MEM (Table 2.2.1-1)
before having their media changed to Plasmax™ (formulated as
specified previously(Voorde et al., 2019)) or DMEM (Gibco, 21969-
035) with 5mM glutamine, both supplemented with 10% dialyzed FBS.
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FBS was dialyzed in house with snakeskin™ dialysis tubing, MWCO
3.5kDa (Thermo Scientific, 88244) for 24 hours in 0.9% NaCl.

Volume of MEM | Volume of DMEM/ Plasmax™
6 well |2mL 8mL
24 well |0.5mL 2mL
96 well |0.1mL 0.2mL

Table 2.2.1-1: Table showing the volumes of MEM media in which cells were

seeded in for 24 hours.

2.2.2 Supplementation of Metabolites & Glutaminase Inhibition

Where doses of 1uM CB839 are indicated, media was dosed by adding
1mM CB839 (acquired by MTA with Calithera Biosciences) dissolved in
DMSO at a dilution of 1:1000. For all lower doses of both drugs,
concentration was adjusted by carrying out serial dilutions in DMSO
and dosing media with the appropriate concentration from a 1:1000

dilution.

Supplementation of aspartic acid sodium salt monohydrate (Sigma-
Aldrich, A6683), dimethyl-a-Ketoglutarate (Sigma-Aldrich, 349631),
oxaloacetate (Sigma-Aldrich, 07753), dihydroorotate (Sigma-
Aldrich,D7003), adenosine (Sigma-Aldrich, A4036), guanosine (Sigma-
Aldrich, G6264), cytosine (Sigma-Aldrich, C3506), thymidine (Sigma-
Aldrich, T1895), uridine (Sigma-Aldrich, U3003), inosine (Sigma-
Aldrich, 14125), sodium lactate (Sigma-Aldrich, L7022), carbamoyl
aspartate (Alfa Aesar, A17166), ornithine (Sigma-Aldrich, 02375),
asparagine (Sigma-Aldrich, A0884), glutamate (Sigma-Aldrich,
G1251), proline (Sigma-Aldrich, P0380), alanine (Sigma-Aldrich,
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05129) and 3C glutamine (Cambridge Isotope Laboratories Inc, CLM-
1822-H-PK) was done by weighing and dissolving in the appropriate
concentration in the media specified. Where necessary, pH was
adjusted with either concentrated HCl or NaOH, and media was then
filtered using a 0.2uM sterile membrane filter (Pall).
Supplementation of 1mM Pyruvate was done using a solution of

sodium pyruvate (Sigma-Aldrich, 58636).

2.2.1 Growth Response Experiment by Lowry Assay

For cell growth assays by Lowry assay, cells were seeded in 96 well
plates, 4000 cells/well for all cell lines or in 24 well plates, 10,000
cells/well. Cells were allowed to grow for 72 hours, before having
their media removed, washed with phosphate buffered saline (PBS)
and the amount of protein quantified by Lowry protein (Lowry et al.,

1951) assay to quantify absolute amount of protein in each well.

2.2.2 Growth Assays by Cell Counting

To determine cell growth, cells were seeded in 24 well plates,
10,000 cells/well for A375 and A375R cells, and 15,000 cells/well for
COLO829 and COLO829R cells. Cells were grown for 72 hours, before
having their media removed, washed with PBS, and dissociated from
the plate using 1X Trypsin (gibco,15090-046). 0.4mL of the
dissociated cells were suspended in 19.4mL of PBS and immediately

counted using a CASY cell counter (Cambridge Bioscience).
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2.2.3 SDS-PAGE Western Blot

Cells were seeded in a 6 well plate (250,000 cells/well for A375 and
A375R cells, 300,000 cells/well for COLO829R cells and 400,000
cells/well for COLO829 cells). After 48 hours incubation media was
removed, and cells were washed with ice cold PBS followed by lysis
with 10X RIPA Lysis Buffer (Merk Millipore, 20-188) diluted 1:10 with
distilled water and supplemented with a Pierce™ Protease and
Phosphatase Inhibitor Mini Tablet (Thermo Scientific, A32961).
Lysates were centrifuged at 16000g for 10 minutes at 4°C and
supernatant was removed for analysis. Samples were treated with
Laemmli sample buffer (Bio-Rad, 1610747) supplemented with 2-
mercaptoethanol, before being heated at 95°C for 5 minutes and
loaded on a 10% SDS-poly acrylamide gel (Bio-Rad, 456-1033) along
with a protein ladder (Thermo Scientific, Page Ruler, 26620). After
electrophoresis, proteins were blotted onto 0.2 pm nitrocellulose
membranes (Amersham, 10600001), and stained with Ponceau red
stain (Sigma-Aldrich, 141194). Light field images were taken of the
membrane using a myECL imager (Thermo Scientific) before being
rinsed with distilled water and blocked for an hour at room
temperature in 5% non-fat dry milk in tris buffered saline and Tween
(NFDM/TBST). It was then washed and incubated overnight at 4°C
with the following primary antibodies: anti glutaminase (kidney
isoform) 1:5000 (abcam, ab60709). Membranes were washed and
incubated for one hour at room temperature with near-infrared
fluorescent secondary antibodies (1:5000; LI-COR, NE, USA). Proteins
were detected with the LI-COR Odyssey CLx Imaging System. Proteins
were quantified using the Gel Analyzer function on
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ImageJ(Davarinejad, 2022; Schneider, Rasband and Eliceiri, 2012)
which output a plot of the mean grey value across the width of an 8
bit, grayscale image of adjacent protein bands. Each band was
represented by a peak, for which the area was calculated and used
as a measure of relative band intensity. Relative band intensity for
GLS protein levels were normalized to the relative band intensity of

Ponceau stain between 120-25kDa.

2.2.4 Glutamine and Glutamate Uptake/Secretion by Bioanalyser

25,000 cells were seeded in each well of a 24 well plate. Media was
changed to Plasmax™ or DMEM after 24 hours and CB839 treatment
was added, at which point blank wells were also filled with
Plasmax™ or DMEM to be incubated alongside cells. After a 24 hour
incubation, media was removed and centrifuged for 10 minutes at
16,000g. The amount of protein left by the remaining layer of cells
was quantified by Lowry assay (Porter J et al, 2022) for
normalization. The supernatant was then analyzed with a glutamate
membrane kit (YSI 2754) on a YSI bioanalyzer, along with samples
from blank wells to determine the concentration of metabolites in
the media. All samples were then transferred to a 96 well plate for

quantification by the bioanalyzer. Consumption or secretion rates

Anmoles glutamate

were then calculated as ( ) where Anmoles of

ug of protein in well

[GLU]spent media—[GLU]blank media
2000

for 0.5mL

glutamate was calculated as

samples where where [GLU] was in nM.
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2.2.5 Extraction of Intracellular Metabolites

Cells were seeded in 6 well plates (250,000 cells/well for A375 and
A375R cells, 300,000 cells/well for COLO829R cells and 400,000
cells/well for COLO829 cells). After 24 hours, cells were washed with
PBS and media was replaced with Plasmax™ or DMEM with the
indicated treatment. Treatment with CB839 or otherwise specified
nutrient supplements were then added to media. Cells were then
incubated in for 24 hours. For '*Cs glutamine tracing, Plasmax™
containing 0.65mM 3Cs glutamine was used, and cells were incubated

for 48 hours.

For metabolite extraction, cells were rinsed with ice cold PBS.
Intracellular metabolites were extracted using a solution of
acetonitrile, methanol, and water in the ratio 3:5:2 respectively
(extraction solution). 400ul for the extraction solution was added to
wells, and plates were agitated for 10 minutes at 4°C. The solution
was transferred to Eppendorf tubes and centrifuged at 16,000g for 10
minutes. The supernatant was stored at -70°C until its use for LC-MS

analysis.

The extracted cell monolayers were air dried, and the amount of
cellular protein was quantified by Lowry assay (Porter J et al, 2022)
for normalization so that the protein content was measured directly
from the well from which the metabolites were extracted.

peak area

Normalization was performed by the equation:

ug protein for individual sample ‘
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2.3 In vivo Models of Melanoma

2.3.1 Transplantation of Cells

For xenograft tumor models of A375 or COLO829 derived tumors in
NSG mice, cells were cultured in MEM as described above in a dish
20cm in diameter with 30mL of media for 2 days, until cells were
grown to ~100% confluence. Cells were then detached with trypsin,
centrifuged at 180 rcf for 5 minutes and resuspended in PBS at a
concentration of 10 million cells/mL. 1 million cells were injected

subcutaneously into the right flank of NSG mice.

For allograft models of YUMM1.7 cells in C57BL/6 mice, cells were
obtained from ATCC (CRL-3362) and thawed in DMEM: F12 (Gibco,
21331-020) media with 0.65mM Glutamine and 10% FBS. After one
passage, cells were cultured in MEM as describe above for all
passages. For transplantation, cells were passaged and suspended in
PBS as described above for A375 and COLO829 cells and 250,000 cells
were injected into the right flank of C57BL/6 mice unless otherwise
stated.

Subsequently to transplantation of cells, all mice were weighed and

had their tumors measured three times each week. The endpoint for
tumor growth was pre-defined as a maximal dimension of 15mm. All
in vivo experiments were carried out in a dedicated barriered facility

under the Animal (Scientific Procedures) Act 1989.
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2.3.2 Analysis of Tumour volume

Tumour volume was calculated using the following formula: L x W2
Where L=tumour length (longest dimension) and W=tumour width

(longest dimension at a perpendicular angle to tumour width).

Relative tumour volume is calculated based on the tumour volume,

using the following formula: ? Where V/,,, is the tumour volume on
Do

day n and Vp, is the tumour volume on day 0.

2.3.3 Treatment regimes

For treatment of NSG and C57BL/6 mice, CB-839 was given twice
daily dose of 200mg/kg (10uL/g) via oral gavage, in a vehicle of 25%
(w/v) hydroxypropyl-B-cyclodextrin in 10 mmol/L citrate (pH 2).

For NSG mice, PLX4032 (Adooq Bioscience) was given once daily via
an intraperitoneal injection of 10mg/kg (4uL/g) in a vehicle of 4%
DMSO, 4% TWEEN8O0 and 92% PBS. For C57BL/6 mice, PLX4032 was
given once daily via an intraperitoneal injection of 20mg/kg (8uL/g)
in a vehicle of 4% DMSO, 4% TWEEN 80 and 92% PBS.

2.3.4 Dissection

Once mice approached endpoint, they were humanely culled by CO;
asphyxiation. Blood was sampled postmortem by cardiac puncture
and serum was obtained by leaving the blood samples to coagulate at

room temperature for 5 minutes and then centrifuged at 2800 rcf for
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5 minutes. The supernatant (serum) was collected and stored at -
70°C. Tumours were immediately removed and cut in half
lengthwise. One half was preserved in buffered formalin for 24
hours, and then transferred to 70% ethanol to be used for
immunohistochemistry (IHC). The remaining half was dissected into
~1mm? fragments, from which 3 were frozen at -70°c to be used for
metabolomic analysis, 3 were preserved in RNA later and frozen at -

70° c after 30 minutes.

2.3.5 Preparation of Tissue Samples for Metabolomic Analysis

Tumour fragments were weighed and put in homogenization tubes
containing large ceramic beads (Bertin Corp, P000911-LYSK0-A), with
extraction solution at 20ug tissue /mL. Samples were then
homogenized using a Precellys evolution homogenizer (Bertin
instruments) and centrifuged at 16,100g for 10 minutes. The
supernatant was then removed and stored at -70°C until being used

for LC-MS analysis.

2.3.5 Preparation of Serum for Metabolomic Analysis

20uL of serum was diluted into 980uL of extraction solution, before
being agitated at 4°C for 10 minutes. Samples were then centrifuged
at 16,100g for 10 minutes. The supernatant was then removed and

stored at -70°C until being used for LC-MS analysis.
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2.3.6 Quantification of Serum Ammonia

Serum was thawed immediately prior to ammonia quantification and
diluted 1:4 with distilled water. 20uL of the diluted serum was
pipetted onto a reagent strip and a blood ammonia meter
(PocketChem BA PA-4140, Arkray) was used to measure the level of
ammonia in the sample. The concentration was multiplied by four to

calculate the original concentration.

2.3.6 Immunohistochemistry

All Immunohistochemistry (IHC) staining were performed by the CRUK
Beatson Institute histology facility. 4um formalin fixed paraffin
embedded sections (FFPE) were used, which had previously been
heated at 60°C for 2 hours.

FFPE sections for ASS1 (70720, Cell Signaling) were stained on a Leica
Bond Rx autostainer undergoing on-board dewaxing (AR9222, Leica)
and antigen retrieval using ER2 solution (AR9640, Leica) for 20
minutes at 95°C. Sections were rinsed with Leica wash buffer
(AR9590, Leica) before peroxidase block was performed using an
Intense R kit (DS9263, Leica). FFPE sections were rinsed with wash
buffer and ASS1 applied at 1/1500 optimised dilution for 30 minutes.
The sections were rinsed with wash buffer and rabbit envision
secondary antibody applied for 30 minutes. The sections were rinsed
with wash buffer, visualised using DAB and then counterstained with

Haematoxylin in the Intense R kit.

To complete the IHC staining, sections were rinsed in tap water,

dehydrated through graded ethanols, and placed in xylene. The
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stained sections were cover slipped in xylene using DPX mountant
(CellPath, UK).

Slides were then scanned on the Aperio AT2 at 20X magnification.
Areas of necrosis were identified by from the H&E stained slides,
using a Random Forest Algorithm on HALO v3.4. software. H&E
stained sections were taken immediately adjacent to sections that
were stained with pAMPK, such that the corresponding regions of
necrosis seen with H&E staining could be superimposed onto the
images of pAMPK staining. pAMPK stained images were then analysed
using the Indica Labs - area quantification v2.2.4 algorithm settings,
excluding regions of necrosis. The % area of positive staining was

then calculated using the following equation:

.. Apositi
% positive area = ( M) x 100

anegative

Where a,,itive is the total area of positive staining and a,.4qtive 1S

the area of negative staining.

2.3.7 RNAseq Preparation

Tumour samples were thawed immediately before RNA extraction.
Fragments were weighed and a mass of 200-300mg tissue was used
per sample. RNA extraction was performed using an RNeasy mini kit
(Qiagen, 74106) with a RNase-Free DNase Set (Qiagen, 79254) and
QlAshredder columns (Qiagen, 79656).

RNAseq was performed by the CRUK Beatson Institute Molecular
Technology Facility. Quality control of all RNA samples was
performed using High Sensitivity RNA screen tape (Agilent, 5067-
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5579) on an Agilent Tapestation 2200. All samples had an RNA
integrity number (RIN) value >8 and so were processed. RNA
concentrations were determined by Qubit Fluorometer using the
Qubit RNA Broad Range assay (both Thermo Fisher). 1ug of total RNA

was used as input.

Libraries were prepared using Illumina Stranded mRNA(Illumina,
2021) with IDT for Illumina RNA UD Indexes (Illumina, 20027213) used
to index libraries. Post library QC was then performed using High
Sensitivity D1000 screentape (Agilent, 5067-5584) for library sizing
and profiling and quantified using Qubit High Sensitivity DNA assay.
Libraries were then pooled equimolar, to a final concentration of
4nM prior to sequencing. The library pool was then sequenced on an
ILlumina NextSeq 500 instrument, on a High-Output 75 cycle run with
paired-end 34bp read length.

2.3.8 RNAseq Analysis

Quality checks and trimming on the raw fastq RNA-Seq data files
were done using FastQC version 0.11.9 (Babraham Bioinformatics -
FastQC A Quality Control tool for High Throughput Sequence Data,
2022), FastP version 0.20.1 (Shifu Chen et al., 2021) and FastQ
Screen version 0.14 (Wingett SW and Andrews S, 2018). RNA-Seq
paired-end reads were aligned to the GRCm38.104 version of the
mouse genome and annotation (Newman et al., 2018), using HiSat2
version 2.2.1 (Kim D et al., 2019) and sorted using Samtools version
1.7 (Li H et al., 2009). Aligned genes were identified using Feature
Counts from the SubRead package version 2.0.1 (Liao, Smyth and Shi,
2014).
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Expression levels were determined and statistically analysed using
the R environment version 4.2 (R: a language and environment for
statistical computing, 2022) and utilizing packages from the
Bioconductor data analysis suite (Huber et al., 2015). Differential
gene expression was analysed based on the negative binomial
distribution using the DESeq2 package version 1.36 (Love, Huber and
Anders, 2014) and adaptive shrinkage using Apeglm (Zhu, Ibrahim and
Love, 2019). A PCA of normalised gene expression data performed

using ggplot2 and tidyverse (Wickham et al., 2019).

Enrichment analysis was performed using MetaCore from Clarivate

Analytics (https://portal.genego.com/).

Computational analysis was documented at each stage using MultiQC
(Ewels et al., 2016), Jupyter Notebooks (Kluyver et al., 2016) and R
Notebooks (Allaire, 2022).

2.4 Metabolomic Analysis

2.4.1 pHILIC Chromatography

Liquid chromatography-mass spectrometry was performed using a
Thermo Fisher Scientific Ultimate 3000 high-performance liquid
chromatography HPLC system or otherwise a Thermo Fisher Scientific
Vanquish MD HPLC system. A SeQuant® ZIC-pHILIC column of 150 mm
by 2.1 mm (Merk Millipore, 150460) with beads of 5 pm diameter was
used, with a SeQuant® ZIC-pHILIC guard column of 20 mm by 2.1 mm
(Merck Millipore, 150437). 5uL of the metabolite extraction was
injected and separated using 24.5 minute run including a 16 minute

linear gradient with an aqueous mobile phase of (A) 20mM
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ammonium carbonate with 0.1% ammonium hydroxide (pH 9.2) and
(B) acetonitrile. The gradient switched from 80% (B) and 20% (A) to
20% (B) and 80% (A) As depicted in (Figure 1.4.3-1). The flow rate was
kept at 200puL/min and temperature kept at 45°C.

2.4.2 QE and QE+ Acquisition

For targeted and untargeted analysis, samples were analyzed with Q
Exactive Plus or Q Exactive orbitrap mass spectrometer (Thermo
Fisher Scientific). Scans were performed with a resolution of 75,000
at 200 mass/charge ratio (m/z), a mass range of 75 to 1,000 m/z,
and automatic gain control (AGC) target of 1E6 but a maximum scan
time of 250ms. Electrospray ionization and was used with polarity
switching for the detection of ions in both positive and negative
mode. This was done by switching the voltage of the electrospray
from positive to negative between each scan to obtain alternately

positive and negative scans throughout the run.

Where a SIM was used, the method was created with scan filters at
specific time points throughout the run (Table 2.4.2). Scans were
performed with an AGC target of 2E5 and the maximum scan time of
240ms. Electrospray ionization was used. Data were acquired with

Thermo Xcalibur 4.1 software.

Scan Filter Mass Polarity | Start (min) | End (min) | Metabolite
(m/z)
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367.01840 | Negative 7.00 15.00 | OMP
323.02810 | Negative 7.00 10.50 | UMP
157.02500 | Negative 2.00 7.00 | DH orotate
155.00930 | Negative 2.00 7.00 | Orotate

Table 2.4.2: Scan filters and their timing windows used in a SIM to detect

intermediates of nucleotide synthesis.

Where an untargeted analysis was performed, a pooled sample was
used to generate MS2 spectra of the most abundant ions in each scan
using a data dependent acquisition (DDA) method. Full scans were
performed with a resolution of 35,000 at 200 mass/charge ratio
(m/z), a mass range of 75 to 1,000 m/z, automatic gain control
(AGC) target of 1E6 and a maximum scan time of 100ms. DDA MS2
was performed with a loop count of 10, resolution of 17,500 at 200
mass/charge ratio (m/z), a mass range of 75 to 1,000 m/z, automatic
gain control (AGC) target of 1E5 and a maximum scan time of 100ms.
Electrospray ionization was used, and separate runs were used for
negative and positive. Data were acquired with Thermo Xcalibur

software.

2.4.3 Targeted Analysis

Thermo Tracefinder 4.1 was used for targeted analysis. Metabolites
were identified by the exact mass of their singly charged ion (5 ppm
window) and by their retention time, which was predetermined using
a library of chemical standards. For glutamine tracing experiments,
the 3C labelling patterns were determined by measuring peak areas

for the accurate mass of each isotopologue of metabolites.
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Intracellular metabolites were normalized to amount of protein,

which was obtained by Lowry assay.

For volcano plots, the log; fold change between the peak areas of all
metabolites in two groups was calculated for each metabolite. The -
log1o p value was calculated using a p value generated from a two
tailed, unpaired, two-sample equal variance t test on independent

experiments (€.8. Ntumours OF Nexpts).

2.4.5 Untargeted Analysis

Thermo Compound discoverer 3.3 was used for untargeted
analysis. Retention times (RT) were aligned for all files (max
shift 2 mins, mass tolerance 5 ppm). Compound detection and
grouping were carried out across samples, with a minimum
peak intensity of 5x10° for detection and RT tolerance of 0.7
minutes for grouping and a mass tolerance of 5PPM for both,
considering [M+Cl]-1, [M+H]+1, [M+H-H20]+1, [M+K]+1,
[M+Na]+1, [M+NH4]+1, [M-H]-1, [M-H+H20]-1 ions. The fill gaps
feature was used to identify low abundance ions with a mass
tolerance of 5ppm and signal/noise threshold of 1.5.
Background compounds were filtered out from the analysis.
Perseus 1.6.2.2 (Tyanova et al, 2016)
(http://www.coxdocs.org/doku.php?id=perseus:start) was used
perform a log; transformation of the data and subsequently to
calculate the p values from comparisons in the levels of
metabolic features between tumors obtained from different
treatment groups. Adjusted p values are calculated in Perseus
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using a permutation-based FDR (false discovery rate) with a
threshold of 0.05 with 250 permutations. This FDR is calculated
by performing the specified number of permutations on the
data and using the cutoff value to calculate the empirical
distribution of values under the null hypothesis. P values are
then adjusted to the new FDR.
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Chapter 3: Results

3.1 BRAF Inhibition Results in Greater Growth
Inhibition, and Depletion of Glutamate and
Aspartate in Response to Glutaminase Inhibition.

3.1.1 Greater Growth Inhibition in Response to

Glutaminase Inhibition Occurs Under BRAF Inhibition

In this study, two BRAF mutant melanoma cell lines - A375 and
COLO829 were used, as well as a BRAF inhibitor resistant subclone of
each of these - A375R and COLO829R. These cells were generated
and kindly donated by Prof. Marais’ group at the CRUK Manchester
Institute (see chapter 2.1). These cells had previously been cultured
and selected for BRAF inhibitor resistance in the commercial medium
DMEM. A dose: response experiment was carried out by determining
the growth of each cell line in response to different concentrations
of the BRAF inhibitor, PLX4720.

The 1Cso for each of the cell lines was 0.093uM and 0.114puM for the
A375 and COLO829 cells respectively and 0.197uM and 3.255uM for
A375R and COLO829R cells respectively (Figure 3.1.1-1). This
experiment therefore demonstrated that in Plasmax, the BRAF
inhibitor resistant subclones (A375R and COLO829R) have an
increased ICso and are indeed more resistant to PLX4720 compared to
the parental cells (A375 and COLO829).
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Figure 3.1.1-1: dose-response of melanoma cell lines A375 (above) and COLO829
(below), as well as their BRAF inhibitor resistant sub-clones A375R and
COLO829R to the BRAF inhibitor PLX4720. Cell growth is quantified as the
amount of protein per well at the end of a 72-hour experiment (left). The
amount of protein is represented as the % growth which was calculated relative
to the amount of protein at to (0%) and the amount of protein in untreated
controls (100%) (right). Horizontal dotted lines represent the toamount of
protein - the amount of protein in a plate seeded simultaneously, recorded at
the time at which PLX4720 was added to the experimental plate. Individual dots
represent each technical replicate (Nweus=8, nexp=1). Solid lines represent the
dose: response curve used to calculate the ICsg using GraphPad Prism 9.3.0
(sigmoidal, log dose vs response). Vertical dotted lines represent the Log ICso,

which are colour coded according to the cell line they correspond to.

It was previously reported that the level of glutaminase is increased
in BRAF inhibitor resistant subclones(Baenke et al., 2016). To test if
this phenotype was maintained in more physiological conditions, cells
were cultured in Plasmax™ for 48 hours and an SDS-PAGE/Western

blot was carried out to determine the levels of glutaminase. This
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demonstrated that the BRAF inhibitor resistant subclones had

increased expression of glutaminase both in DMEM, where glutamine

is exceeds the physiological levels (4mM) as well as in Plasmax™

where glutamine is present at the levels found in human plasma
(0.65mM) (Figure 3.1.1-2).
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Figure 3.1.1-2: A representative western blot of glutaminase in BRAF inhibitor
resistant (R) and sensitive (S) melanoma cell lines A375 (S), A375R (R), COLO829
(S) and COLO829R (R) (above). Cells were incubated in Plasmax™ (PLAS) or
DMEM as indicated for 48 hours prior to protein extraction with RIPA buffer. The
intensity of each band was measured and normalised to total ponceau red stain,
which was detected on the same membrane. Relative levels of glutaminase were
then calculated for each independent experiment (graphs below) (A375 nexp=3,
COLO829 nexp=2). Lines above each graph indicate comparisons made by an
unpaired t test performed on the independent experiments. Each dot on the
graph represents one experimental replicate, so that all points in the same

colour are from the same experimental replicate across both graphs.

Next, the response of the four cell lines to the glutaminase inhibitor,
CB839 was assessed. CB839 is a second-generation glutaminase
inhibitor, with an ICso of less than 100nM against recombinant human
glutaminase(Gross et al., 2014). We tested whether the nutrient
availability offered by the media might affect responsiveness to
glutaminase inhibition by incubating the cells with CB839 in DMEM

and Plasmax™.
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Figure 3.1.1-3: Graphs showing the growth response of A375, A375R, COLO829
and COLO829R cells to 100nM CB839 treatment relative to untreated cells. Cells
were incubated in the indicated media, with the indicated dose of CB839 for 72
hours, after which the amount of protein was quantified by Lowry assay (left).
The protein amounts are represented as the % growth which calculated relative
to the amount of protein at to (0%) and the amount of protein in untreated
controls (100%) (right). Each large point represents one independent experiment,
which is the average of three wells, which are shown as a smaller point in the
same colour (nexpt=3, Nwets=3). Lines above each graph indicate comparisons

made by an unpaired t test performed on three independent experiments.

In Plasmax™, CB839 caused a significant decrease in the growth of
A375R, COLO829 and COLO829R cells. Growth of A375 and COLO829
cells was decreased to 87% and 46% of untreated, respectively,
whereas in A375R and COLO829R cells growth was decreased to 33%
and 12% of untreated, respectively. This revealed that the BRAF
inhibitor resistant subclones have increased sensitivity to
glutaminase inhibition by CB839 in Plasmax™ compared to their
parental counterparts (Figure 3.1.1-3). In addition, the growth of A375
cells was further reduced by CB839 in DMEM compared to Plasmax™
(from 87% to 50, respectively) (Figure 3.1.1-3). This suggested that for
A375 cells, the difference in the two media exacerbated the
difference in growth inhibition between parental and BRAF inhibitor

resistant cells.

BRAF inhibitor resistant subclones therefore have increased
sensitivity to glutaminase inhibition by CB839 in Plasmax™, however
the experiment in which this was demonstrated involved cells that
were still in the presence of BRAF inhibition. Therefore we sought to
determine whether the presence of the BRAF inhibitor itself affects

the responsiveness of BRAF inhibitor resistant cells to glutaminase
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inhibition. Both BRAF inhibitor resistant subclones were treated with
CB839 in the absence of PLX4720.
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Figure 3.1.1-4: Graphs showing the growth response of A375R and COLO829R
cells to 100nM CB839 and 1uM PLX4720 treatment as indicated, relative to
untreated cells. Cells were incubated in Plasmax™, with the indicated doses of
PLX4032 and CB839 for 72 hours, after which cells were counted. Relative cell
counts were calculated as a proportion of cell numbers in the untreated control.
Each large point represents one biological replicate which is the average of 3
technical replicates shown as a smaller point in the same colour (Nexpt=3,
Nwelis=3). Lines above each graph indicate comparisons made by an unpaired t

test performed on three independent experiments.

These experiments demonstrated that glutaminase inhibition caused
significant growth inhibition of COLO829R cells both with and without
BRAF inhibition (Figure 3.1.1-4). However, CB839 inhibited the growth
of A375R to a greater extent in the absence of BRAF inhibition than
in the presence, showing that PLX4720 may sensitize A375R cells to

glutaminase inhibition.

Overall, these experiments demonstrate that A375R and COLO829R
cells are more resistant to PLX4720 than A375 and COLO829 cells and
have increased expression of glutaminase, as well as reduced growth

in response to glutaminase inhibition. This suggests that BRAF
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inhibitor resistant cells have higher glutaminase expression and thus
increased sensitivity to glutaminase inhibition. Indeed, in COLO829R
cells, the absence of a BRAF inhibitor does not diminish the response
to glutaminase inhibition. However, in A375R cells the presence of a
BRAF inhibitor increases sensitivity to glutaminase inhibition,
demonstrating that in some melanoma cells, BRAF inhibition itself
rather than the acquired resistance makes cells more vulnerable to

glutaminase inhibition.
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3.1.2 Plasmax™ Reduces Glutamine Consumption

and Glutamate Secretion Compared to DMEM.

Having shown that A375 cells have a reduced response to CB839 in
DMEM (Figure 3.1.1-3), we sought to determine if the media affected
the consumption and secretion of glutamine and glutamate. The
levels of glutamine and glutamate flux in the four cell lines was
measured using a YSI biochemistry analyser, which measured
absolute levels of glutamine and glutamate in spent media after 48

hours culture with each of the four cell lines.
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Figure 3.1.2-1: Graphs depicting the glutamine and glutamate consumption and
secretion rates of melanoma cell lines A375, A375R, COLO829 and COLO829R in
Plasmax (P) and DMEM (D) media with or without 100nM CB839, over a 48-hour
incubation. Each large point represents one biological replicate which is the
average of 4 technical replicates shown as a smaller point in the same colour
(nexpt=3, Nweus=4). Lines above each graph indicate comparisons made by an

unpaired t test performed on three independent experiments.

All cell lines had a net consumption of glutamine and secretion of
glutamate in DMEM, and Plasmax™ reduced the consumption of
glutamine and secretion of glutamate in all cell lines compared to
DMEM (Figure 3.1.2-1). There was reduced consumption of glutamine
and secretion of glutamate in Plasmax™ compared to DMEM
demonstrates that Plasmax™ perturbs the normal flux of glutamine
anaplerosis intermediates in all cell lines. In addition, both BRAF
inhibitor resistant subclones had a slight reduction in glutamate

secretion and glutamine uptake compared to their parental

counterparts.
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Figure 3.1.2-2: Graphs depicting the isotopologue distribution of glutamate and
a-ketoglutarate in A375, A375R (left) COLO829 and COLO829R (right) cells after
a 48-hour incubation in 8mL 0.65mM '3Cs glutamine in Plasmax™ or in 8mL 5mM
13Cs glutamine in DMEM. Values are stacked, such that the total distribution is
100%. Error bars represent standard deviation for each isotopologue. Bars
represent the mean values for 3 independent experiments (Nexpt=3, Nwelis=3).
Lines above each graph indicate comparisons made on GLU+5 by a ratio paired t

test performed on three independent experiments.

Having shown that DMEM increased the consumption of glutamine
and decreased the secretion of glutamate, this suggested that use of
glutaminase was increased in DMEM. We therefore performed 3Cs
glutamine tracing to determine if this was the case. We found a
trend towards an increased the level of M+5 glutamate in DMEM
media compared to Plasmax, for A375, A375R and COLO829 cells and
this difference was significant for COLO829R cells. This indicated
that culture in DMEM could increase the proportion of directly
glutamine derived glutamate (Figure 3.1.2-2). The potential for media
to change glutamine uptake and glutaminase use suggests a possible
explanation for the difference in sensitivity of A375 cells to CB839
based on media. Taken together the results suggest that increased
levels of glutamine in DMEM may cause increased glutaminase use in

A375 cells and therefore increased sensitivity to CB839.
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3.1.3 TCA cycle activity is More Dependent on
Glutaminase Activity in BRAF Inhibitor Resistant Cells

To determine if the BRAF inhibitor resistant subclones had
differences in their glutaminase activity, the levels of glutamine,
glutamate and a-ketoglutarate were measured using LC-MS. The
results of this showed that there was no significant difference in the
basal levels of glutamine, glutamate, and a-ketoglutarate between
the A375 and COLO829 cells, compared to A375R and COLO829R cells
respectively (Figure 3.1.3-1). CB839 significantly decreased
intracellular a-ketoglutarate and glutamate in A375R and COLO829R
cells to a greater extent than in A375 and COLO829 cells (Figure 3.1.3-
1). Taken together, this demonstrated that CB839 disrupts the
equilibrium of each of the intermediates of glutamine anaplerosis to
a greater extent in BRAF inhibitor resistant cells than in sensitive
cells. This suggests that BRAF inhibitor resistant cells have increased

use of glutaminase.
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Figure 3.1.3-1: Graphs depicting the intracellular levels of glutamine, glutamate
and a-ketoglutarate in A375, A375R, COLO829 and COLO829R cells in Plasmax™,
in response to a 24 hour treatment with 1uM of CB839. Each large point

represents one biological replicate which is the average of three technical

replicates shown as a smaller point in the same colour (Nexpt=3, Nweus=3). Lines

above each graph indicate comparisons made by an unpaired t test performed on

three independent experiments.

To examine the hypothesis that BRAF inhibitor resistant cells have
increased use of glutaminase, the level of glutamine derived carbons
converted to glutamate were determined by performing *Cs
glutamine tracing in each of the four cell lines and in response to
glutaminase inhibition by CB839. BRAF inhibitor resistant subclones
had a smaller proportion of M+5 glutamate and a greater proportion
of M+0 glutamate than their parental counterparts (Figure 3.1.3-2).

This was repeated in the distribution for a-ketoglutarate+5 and a-
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ketoglutarate+0 (Figure 3.1.3-3), demonstrating that the BRAF inhibitor
resistant subclones have lower levels of directly glutamine derived

glutamate than parental cells.
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Figure 3.1.3-2: Graphs depicting the isotopologue distribution of glutamate in
A375, A375R (left) COLO829 and COLO829R (right) cells after a 48-hour
incubation in 8mL 0.65mM '3Cs glutamine in Plasmax™. Values are stacked, such
that the total distribution is 100%. Error bars represent standard deviation for
each isotopologue. Bars represent the mean values for 3 independent
experiments (Nexpt=3, Nwels=3). Lines above each graph indicate comparisons
made on GLU+5 by a ratio paired t test performed on three independent

experiments.
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Figure 3.1.3-3: Graphs depicting the isotopologue distribution of a-ketoglutarate
(a-KG) in A375, A375R (left) COLO829 and COLO829R (right) cells after a 48 hour
incubation in 8mL 0.65mM "3Cs Glutamine in Plasmax™. Values are stacked, such
that the total distribution is 100%. Error bars represent standard deviation for
each isotopologue. Bars represent the mean values for 3 independent
experiments (Nexpt=3, Nwels=3). Lines above each graph indicate comparisons
made on a-ketoglutarate +5 by a ratio paired t test performed on three

independent experiments.

Glutaminase inhibition decreased the proportion of M+5 glutamate
and a-ketoglutarate significantly in COLO829 cells and caused a trend
toward decreasing in A375 and A375R cells. Glutaminase inhibition
also reduced the proportion of M+3 glutamate and a-ketoglutarate in
A375R, COLO829 and COLO829R cells but not A375 cells (Figure 3.1.3-
2&3). M+3 glutamate can be produced by the oxidation of M+5 a-
ketoglutarate to M+4 malate, oxaloacetate and citrate, and
subsequent oxidation of M+3 a-ketoglutarate and M+3 glutamate
(Zhang et al., 2014). Therefore glutaminase inhibition causes
depletion of glutamate produced directly from glutamine as well as

from other carbon sources via the TCA cycle.

Overall, these results show that the greater growth inhibition in
response to glutaminase inhibition in BRAF inhibitor resistant cells is
accompanied by greater depletion of glutamate in response to
glutaminase inhibition. However, by performing glutamine tracing, it
was found that BRAF inhibitor resistant have decreased production of
directly glutamine derived glutamate. Glutaminase inhibition caused
a decrease in the proportion of glutamate produced from directly

from glutamine and indirectly through the TCA cycle in A375R cells.
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3.1.4 Glutaminase Inhibition Results in Depletion of
Aspartate and Nucleotide Synthesis in BRAF Inhibitor

Resistant Cells

Having shown that glutaminase inhibition reduced the growth of
BRAF inhibitor resistant cells, the metabolic effects caused by
glutaminase inhibition were determined next. A targeted
metabolomic analysis was used to determine the response to CB839
in A375R and COLO829R cells. This analysis showed that aspartate
was the most significantly depleted metabolite in response to
glutaminase inhibition in both BRAF inhibitor resistant cell lines.
Carnitine was also significantly depleted in both BRAF inhibitor
resistant cell lines, which was accompanied by a significant increase
in acetyl-carnitine in response to glutaminase inhibition (Figure 3.1.4-
1). Lactate, Acetyl CoA, glyceraldehyde-3-phosphate, and fructose-
1,6-bisphosphate were all increased in response to glutaminase
inhibition, collectively suggesting an increase in glycolytic

metabolism.
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Figure 3.1.4-1: Volcano plots showing the log; fold change and -logio p value for
an unpaired t test comparing the intracellular levels of 66 metabolites between
vehicle and CB839 treated A375R (left) and COLO829R (right) cells in vitro. Each
point represents the calculated log, fold change and -logio p value for three
biological replicates, (Nexpt=3, nweus=3). Larger and darker blue points represent
metabolites with statistical significance (p<0.05) in the t test between CB839
and vehicle treated cells and are labelled with the name of the metabolite

which they represent.

Aspartate was significantly depleted in response to CB839 in both
BRAF inhibitor resistant cell lines but not in A375 cells and to a lesser

extent in COLO829 cells (Figure 3.1.4-2). Interestingly, not only was
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aspartate the most significantly depleted metabolite in the targeted

list of 66 standards (including all 20 proteogenic amino acids), but its

levels also followed the pattern of glutamate levels and cell growth

in response to CB839 (Figure 3.1.1-3). Aspartate levels were also not

significantly different in BRAF inhibitor resistant cell lines compared

to their parental cell lines, demonstrating that BRAF inhibitor

resistance did not perturb the basal equilibrium of aspartate.
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Figure 3.1.4-2: Graphs depicting the intracellular levels of aspartate in A375R
(left) and COLO829R (right) cells in Plasmax™, in response to a 24-hour
treatment with 1uM of CB839. Each large point represents one biological
replicate which is the average of 3 technical replicates shown as a smaller point
in the same colour (nexpt=3, nNwews=3). Lines above each graph indicate
comparisons made by an unpaired t test performed on three independent

experiments.

Aspartate availability has been previously reported to determine cell
survival when glutamine is limiting(Alkan et al., 2018), and has been
shown to influence cancerous growth via contribution of carbon and
nitrogen to nucleotide synthesis. Aspartate contributes both carbon
and nitrogen to the production of carbamoyl aspartate in pyrimidine

synthesis (Kodama et al., 2020). Therefore, we measured levels of
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pyrimidine synthesis intermediates to determine whether the
depletion of aspartate caused by glutaminase inhibition affected the
levels of each of the intermediates in nucleotide synthesis. Due to
the low abundance of the intermediates (except for carbamoyl
aspartate) we used selective ion monitoring (SIM) on an orbitrap Q
Exactive plus mass spectrometer to boost the sensitivity of the LC-MS
method. This improved the detection and relative quantification of

these intermediates (Figure 3.1.4-3).
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Figure 3.1.4-3: Graphs depicting the intracellular levels of pyrimidine synthesis
intermediates (in order; carbamoyl aspartate, dihydroorotate, orotate and
orotidine monophosphate and UMP) in A375R (left) and COLO829R (right) cells in
Plasmax™, in response to a 24-hour treatment with 1uM of CB839. Each large
point represents one biological replicate which is the average of three technical
replicates shown as a smaller point in the same colour (Nexpt=3, Nweus=3). Lines
above each graph indicate comparisons made by an unpaired t test performed on

three independent experiments.

This demonstrated a decrease in carbamoyl aspartate, resulting in a
decrease in each of the intermediates of purine synthesis in response
to glutaminase inhibition by CB839. The levels of the final product,
uridine monophosphate (UMP), can be influenced by many factors,
including the rate of cell division, and it was not significantly

affected by glutaminase inhibition (Figure 3.1.4-3).
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Overall, this revealed a slight decrease in the level of each of the
intermediates of pyrimidine synthesis in response to glutaminase
inhibition. Given that glutaminase inhibition resulted in reduced
growth of BRAF inhibitor resistant cells and that nucleotide synthesis
is essential for proliferating cells(Sullivan et al., 2015)’ glutaminase
inhibition may reduce growth in melanoma cells by reducing levels of
nucleotide synthesis. To test this hypothesis, cells were counted
after being grown in Plasmax™ supplemented with dihydroorotate,
carbamoyl aspartate and a mixture of purine and pyrimidine
nucleosides in the presence of CB839. This experiment demonstrated
that supplementation of pyrimidine synthesis intermediates and does
not rescue the growth defect caused by glutaminase inhibition (Figure

3.1.4-5).
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Figure 3.1.4-5: Graphs depicting the number of A375R (above) and COLO829R
(below) cells after supplementation of 1mM dihydroorotate, 1mM carbamoyl
aspartate or a mixture of 100uM each of adenosine, guanosine, cytosine,
thymidine, uridine, and inosine (AGCTUI) and treatment with 100nM CB839,
relative to cells grown in Plasmax™. Each large point represents one biological
replicate which is the average of three technical replicates shown as a smaller
point in the same colour (Nexpt=3, Nwetis=3). Lines above each graph indicate
comparisons made by an unpaired t test performed on three independent

experiments.
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3.1.5 Growth Inhibition by Glutaminase Inhibition Can
be Reduced by Supplementing Aspartate or NAD+

Regenerating Metabolites

The fact that aspartate was significantly depleted in BRAF inhibitor
resistant cells in response to glutaminase inhibition suggested that
glutamine derived carbons contributed to aspartate synthesis. To
determine if this was the case, the contribution of glutamine derived
carbons to aspartate in the presence of glutaminase inhibition by

CB839 and in each of the cell lines, was determined.
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Figure 3.1.5-1: Graphs depicting the isotopologue distribution of aspartate in
A375, A375R (left) COLO829 and COLO829R (right) cells after a 48 hour
incubation in 8mL 0.65mM "3Cs Glutamine in Plasmax™. Values are stacked, such
that the total distribution is 100%. Error bars represent standard deviation for
each isotopologue. Bars represent the mean values for three independent
experiments (Nexpt=3, Nwels=3). Lines above each graph indicate comparisons
made on aspartate + 4 by a ratio paired t test performed on three independent

experiments.

A significant decrease in M+4 aspartate was recorded in COLO829R
cells in response to glutaminase inhibition. In addition, a significant

decrease in the proportion of M+1, M+2 and M+3 aspartate and
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increase in M+0 aspartate was recorded in both BRAF inhibitor
resistant cell lines in response to glutaminase inhibition (Figure 3.1.5-
1). This demonstrated that the decrease in aspartate levels in
response to glutaminase inhibition was at least partially due to a lack

of glutamine derived carbons.

Having shown that glutamine derived aspartate synthesis was
significantly reduced by glutaminase inhibition in BRAF inhibitor
resistant cells, but that the use of aspartate in nucleotide synthesis
was not detrimental to cell growth, it was next tested whether
aspartate itself was sufficient to rescue the growth of BRAF inhibitor
resistant cells upon glutaminase inhibition. 10mM aspartate was
supplemented to BRAF inhibitor resistant cells to determine if this

could rescue growth upon glutaminase inhibition.

p=0.4084 p=0.0207
2 20 p=0.0042 2,,. P=0.5410
3 p<0.0001p=0.0778 3 p=0.0001p=0.0704
o157 T P 015 o
3 ° -
QO 1.0 wbaens P O 1.04 = Y NITRNTRNS
2 s o .
= 0.5 . -% 0.5 . -
© S © =
a4 0.0 T T [ad 0.0 T T
100nM CB839 - + - + 100nM CB839 -+ -+
10mM Aspartate - -+ o+ 10mM Aspartate - -+ 4+
A375R COLO829R

Figure 3.1.5-2: Graphs depicting the number of A375R (left) and COLO829R
(right) cells after supplementation of 10mM aspartate and treatment with 100nM
CB839, relative to cells grown in Plasmax™. Each large point represents one
biological replicate which is the average of three technical replicates shown as a
smaller point in the same colour (nexpt=3, Nwels=3). Lines above each graph
indicate comparisons made by an unpaired t test performed on three

independent experiments.
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These results demonstrated that supplementation of aspartate was
sufficient to rescue growth inhibition by glutaminase inhibition
(Figure 3.1.5-2). Thus, glutaminase-dependent aspartate production is
necessary for the growth of BRAF inhibitor resistant cells. Next, we
sought to determine the use of aspartate in BRAF inhibitor resistant

cell growth.

One report demonstrated that oxidative reactions of the activity of
allowed synthesis of aspartate and subsequently of biosynthetic
precursors such as nucleotides, and that a lack of NAD* generation
reduced the reactions in which NAD" is used which is detrimental to
cell growth (Luengo et al., 2021). In addition, as part of the malate-
aspartate shuttle, aspartate also allows the transfer of electrons into
the mitochondria by regenerating mitochondrial NADH (Birsoy et al.,
2015) and the production of aspartate by the malate-aspartate
shuttle enzymes GOT1 or GOT2 is essential in rapidly proliferating
cells (Sullivan et al, 2015). Thus, aspartate levels are closely
associated with the NAD*/NADH ratio, so we measured the
NAD*/NADH ratio in BRAF inhibitor resistant cells under glutaminase
inhibition by CB839. This showed that glutaminase inhibition may
affect the processes responsible for regenerating NAD* from NADH in
all four cell lines. Interestingly, BRAF inhibitor resistant cells had a
higher ratio of NAD*/NADH (Figure 3.1.5-3).
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Figure 3.1.5-3: Graphs depicting the ratio of NAD* to NADH in A375R (left) and
COLOB829R (right) cells in Plasmax™, in response to a 24-hour treatment with
1uM of CB839. Each large point represents one biological replicate which is the
average of three technical replicates shown as a smaller point in the same colour
(nexpt=3, Nweus=3). Lines above each graph indicate comparisons made by an

unpaired t test performed on three independent experiments.

We hypothesized that glutaminase inhibition could reduce cell
growth by disrupting the equilibrium of the malate-aspartate shuttle,
so we tested whether restoring levels of components of the malate-
aspartate shuttle could partially rescue cell growth in the presence
of glutaminase inhibition. Cell growth was measured in response to

CB839 after supplementation of oxaloacetate and dimethyl-s-malate.
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Figure 3.1.5-4: Graphs depicting the number of A375R (left) and COLO829R
(right) cells after supplementation of 5mM dimethyl-s-malate, 5mM oxaloacetate
and treatment with 100nM CB839, relative to cells grown in Plasmax™. Each
large point represents one biological replicate which is the average of three
technical replicates shown as a smaller point in the same colour (Nexpt=3,
Nwels=3). Lines above each graph indicate comparisons made by an unpaired t

test performed on three independent experiments.

The results showed that while dimethyl-s-malate was unable to
prevent the growth inhibition caused by glutaminase inhibition, while
the addition of oxaloacetate was able to partially rescue the growth
of A375R and COLO829R cells (Figure 3.1.5-4). Malate requires the
conversion of NAD* to NADH in order be incorporated into the
malate-aspartate shuttle, which would cause a further reduction in
the NAD*/NADH ratio.
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In the cytosol, oxaloacetate can be reduced to malate, oxidizing
NADH to NAD* in the process. However, it has been reported that
oxaloacetate can also spontaneously decarboxylate to pyruvate(Tsai,
1967), which can increase the NAD*/NADH ratio if converted to
lactate by lactate dehydrogenase (LDH). Therefore the rescuing
effects of oxaloacetate may be caused by either of these effects. We
tested if pyruvate itself could rescue growth from glutaminase
inhibition. In addition, lactate, the reduced form of pyruvate may
prevent the rescuing effect of pyruvate, by shifting the equilibrium
of LDH toward oxidisation and NADH generation, as had previously
been shown to prevent to occur in 143B cells(Luengo et al., 2021).
Therefore, growth response to lactate supplementation was also

determined.

133



p=0.1010 p=0.0410

=
T

) ity
: 00153 -
3 :
—_ 107 - y 6 <o
3 R
! x bt
205 .. LT e i
s R H .
@ :,.~ » £3
™ 0.0 SR |
100nM CB839 -+ -+ + - 4+
5mM Lactate - -+ o+ - -+t
1 mM Pyruvate - - - - + + + +
A375R
p=0.0358 p=0.1387
2207 p=0.0036
3 e
S 1.5 . ..
— . ‘.. .
© : 2 e »
O 1.0+ “=e % : e *
q>" ¢ > -
}__5' 0'57 Q:Q. . .. ?
o - ;.t. K 3
™ 0.0 e ‘
100nM CB839 -+ - 4+ -+ -+
5mM Lactate - -+ + - -+ o+
1 mM Pyruvate - - - - + + + +
COLO829R

Figure 3.1.5-5: Graphs depicting the number of A375R (left) and COLO829R
(right) cells after supplementation of 5mM lactate and 1TmM Pyruvate and
treatment with 100nM CB839, relative to cells grown in Plasmax™. Each large
point represents one biological replicate which is the average of three technical
replicates shown as a smaller point in the same colour (Nexpt=3, Nweus=3). Lines
above each graph indicate comparisons made by an unpaired t test performed on

three independent experiments.

Addition of 1TmM pyruvate partially rescued the growth of both A375R
and COLO829R cells from glutaminase inhibition. This supports the
theory that oxaloacetate can rescue from growth inhibition by CB839
by spontaneously decarboxylating to pyruvate. Oxaloacetate
supplementation could therefore be interpreted as oxaloacetate and
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pyruvate supplementation. On the other hand, 5mM lactate caused a
slightly greater decrease in growth in response to glutaminase
inhibition in COLO829R cells, while 5mM lactate in the presence of
1mM pyruvate caused a slightly greater decrease in growth in
response to glutaminase inhibition in A375R cells (Figure 3.1.5-5). This
suggests that shifting the equilibrium toward the conversion of NAD*
to NADH by LDH can exacerbate growth inhibition by glutaminase

inhibition in some conditions.

The fact that aspartate, oxaloacetate/pyruvate supplementation but
not dimethyl-s-malate supplementation were able to rescue the
growth of BRAF inhibitor resistant cells from glutaminase inhibition,
supported the idea that metabolites increasing the NAD*/NADH ratio,
or supplying intermediates of the malate-aspartate shuttle were
responsible for the rescuing effect. The use of a-ketoglutarate in the
transamination reactions of the malate-aspartate shuttle was also
investigated for its ability to rescue growth from glutaminase
inhibition. By supplementing a cell permeable form of a-
ketoglutarate - dimethyl-a-ketoglutarate, we obtained inconsistent
results between cell lines. Dimethyl-a-ketoglutarate completely
rescued the growth of COLO829R cells from glutaminase inhibition
but reduced the growth of A375R cells in the absence of glutaminase
inhibition (Figure 3.1.5-6).
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Figure 3.1.5-6: Graphs depicting the number of A375R (left) and COLO829R
(right) cells after supplementation of 5mM dimethyl-a-ketoglutarate (DMaKG)
and treatment with 100nM CB839, relative to cells grown in Plasmax™. Each
large point represents one biological replicate which is the average of three
technical replicates shown as a smaller point in the same colour (Nexpt=3,

nwells=3)-

Having demonstrated that aspartate, oxaloacetate, and dimethyl-a-
ketoglutarate were able to rescue the growth of COLO829R cells
from glutaminase inhibition, we measured the NAD*/NADH ratio in
COLO829R cells after supplementation with aspartate, oxaloacetate

and dimethyl-a-ketoglutarate.
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Figure 3.1.5-7: Graphs depicting the ratio of NAD* to NADH, as well as the level
of malate, aspartate and glutamate in COLO829R cells in Plasmax™, in response
to a 24-hour treatment with 1uM of CB839. Each large point represents one
biological replicate which is the average of three technical replicates shown as a
smaller point in the same colour (Nexpt=3, Nwels=3). Lines above each graph
indicate comparisons made by an unpaired t test performed on three

independent experiments.

This showed that oxaloacetate/pyruvate, and dimethyl-a-
ketoglutarate supplementation significantly increased the
NAD*/NADH ratio and the levels of malate in COLO829R cells.
However, aspartate did not change the NAD*/NADH ratio or the
levels of malate. Furthermore, aspartate supplementation increased
levels of aspartate, but oxaloacetate/pyruvate and dimethyl-a-
ketoglutarate did not (Figure 3.1.5-7). Therefore, glutaminase
dependent aspartate synthesis or an increased NAD*/NADH ratio is

required for the growth of BRAF inhibitor resistant cells, but one is
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not dependent on the other. Having demonstrated this, we measured
the levels of glutamate in response to each of these three
supplements, which showed that only dimethyl-a-ketoglutarate
increased the levels of glutamate, and thus maintaining glutamate
production is also not the point of convergence of aspartate,

oxaloacetate/pyruvate and dimethyl-a-ketoglutarate (Figure 3.1.5-7).

Overall, we showed that the demand for glutamine derived
glutamate can be quenched by increasing aspartate, which is
involved in several transamination reactions and may therefore
replace the role of glutamine in these reactions. Otherwise, demand
for glutamine derived glutamate may be reduced by adding
supplements that maintain a NAD*/NADH ratio, which is required for

optimal growth.
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3.2 Generating in vivo models of BRAF Inhibitor
Resistant Melanoma in vivo to Determine CB839
Therapeutic Efficacy

3.2.1 Treatment with CB839 causes changes in serum

metabolites

To investigate the effects of glutaminase inhibition in healthy NSG
mice, a treatment regime of 200mg/kg CB839 dosed by oral gavage
was given to tumour free NSG mice for 2 weeks. This treatment
regime did not cause any significant difference in body weight (Figure
3.2.1-1).
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Figure 3.2.1-1: Graph depicting the weight of NSG mice (left) and percent of
start weight (right) in response to 200mg/kg CB839 and a vehicle for PLX4032
treatment over 2 weeks of treatment. Each line represents one mouse, with the

colour of each line representing the treatment administered.

GLS1 is expressed in the kidney of healthy mice, and the effects of
its systemic inhibition have not been fully elucidated. Thus, a
targeted metabolic analysis was performed on the serum of tumour
free mice treated with CB839 (Figure 3.2.1-2).
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Figure 3.2.1-2: Volcano plots showing the log; fold change and -logio p value for
an unpaired t test comparing the serum levels of 66 metabolites between vehicle
and CB839 treated NSG mice. Each point represents the calculated log; fold
change and -logio p value for two treatment groups (nmice=6). Larger and darker
blue points represent metabolites with statistical significance (p<0.05) in the t
test between CB839 and vehicle treated mice and are labelled with the name of
the metabolite which they represent, including Inosine monophosphate (IMP),

adenosine monophosphate (AMP) and glutathione disulphide (GSSG).

19 metabolites were found to be significantly increased in response
to CB839 and 3 were significantly decreased. In accordance with the
effect of CB839 on cells in vitro, lactate, glyceraldehyde-3-
phosphate, fructose-6-phosphate, asparagine, and glutamine were
increased (Figure 3.2.1-2). Therefore, in vivo CB839 affects the
systemic availability of metabolites, which may play a part in
explaining the effects of CB839 on tumour cells in vivo. Systemic
aspartate levels were not significantly decreased, which differed
from the results obtained in A375R and COLO829R cells in vitro, and
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in fact were slightly increased in the serum of CB839 treated mice
(Figure 3.2.1-3). Interestingly, the levels of systemic ornithine were
increased which were accompanied by a decrease in citrulline (Figure
3.2.1-3). This could be explained by reduced ammonia production by
glutaminase, and thus reduced activity of ornithine

carbamyltransferase, the entry point for ammonia in the urea cycle
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Figure 3.2.1-3: Graphs depicting the level of aspartate, asparagine glutamine,
citrulline and ornithine in the serum of vehicle and CB839 treated NSG mice.
Each point represents one mouse (nmice=6). Lines above each graph indicate
comparisons made by an unpaired t test performed on the two treatment
groups, with the p value from each comparison shown above. Lines above each
graph indicate comparisons made by an unpaired t test performed on three

serum samples.

3.2.2 Intraperitoneal PLX4032 Treatment Decreases

the Growth of Naive Melanoma Xenografts

To investigate the effects of combined BRAF and glutaminase
inhibition in vivo, a treatment regime allowing the administration of
PLX4032 and CB839 was designed. CB839 was given twice daily via
oral gavage (as recommended by the supplier, Calithera Biosciences)
which prevented the administration of any further doses by oral
gavage under the Workman guidelines(Workman et al., 2010). This
meant that PLX4032 could not be administered orally as it is in
patients. Therefore, intraperitoneal injection was chosen as the
administration route for PLX4032, that was given daily at 10mg/kg
PLX4032. This regime did not cause body weight loss or signs of
adverse effects (Figure 3.2.2-1). In addition, this could be
administered in combination with 200mg/kg CB839 without body
weight loss or adverse effects (Figure 3.2.2-2). The PLX4032 regime
was used in NSG mice bearing xenografted tumours derived from
A375 or COLO829 cells and in C57/BL/6 mice bearing allografted
tumours derived from YUMM1.7 cells. The intraperitoneal dose of
10mg/kg PLX4032 reduced the growth rate of tumours derived from
all cell types (Figure 3.2.2-3).

142



115

N
o

I PLX4032

35 110 VEH
N ﬁkﬁﬁtﬁc %-, 105 / \
b= —~ N 5] g
o - 100
= 2 : M

20 90

S R C IR S
Day Day

Figure 3.2.2-1: Graph depicting the weight of each mouse since start of

treatment with 10mg/kg PLX4032 or a vehicle (left) and the % change in the
weight of each mouse since treatment start (right). Each line represents one
mouse (Nmice=6), with the colour of each line corresponding to the treatment

administered.
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Figure 3.2.2-2: Graph depicting the weight of each mouse since start of
treatment with 10mg/kg PLX4032 and 200mg/kg CB839 or a vehicle (left) and
the % change in the weight of each mouse since treatment start (right). Each
line represents one mouse (Nmice=6), With the colour of each line corresponding

to the treatment administered.
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Figure 3.2.2-3: Figure depicting the growth of each tumour since the
subcutaneous injection of 1 million A375 (left), COLO829 (right) or YUMM1.7
(below) cells into the flank of mice. NSG mice are used for COLO829 and A375
cells and C57BL/6 mice are used for YUMM1.7 cells. Each line represents the
measurements of one tumour from one mouse (for A375 and COLO829,
ntumours=6) (for YUMM1.7 cells, ntumours=3). For NSG mice, 10mg/kg PLX4032
was used, and for C57BL/6 mice, the dose was changed throughout treatment

and is indicated on the graph.

A targeted metabolic analysis was performed on the serum of non-
tumour-baring mice to determine the effects of PLX4032 on the
systemic metabolism of NSG mice. PLX4032 caused a small increase

in carnitine, citrate, glyceraldehyde-3-phosphate, uracil, and N-
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acetyl aspartate in the serum (Figure 3.2.2-4). The systemic levels of
amino acids such as aspartate and glutamine were not significantly
altered by PLX4032 (Figure 3.2.2-4).
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Figure 3.2.2-4: Volcano plots showing the log; fold change and -logio p value for
an unpaired t test comparing the serum levels of 66 metabolites between vehicle
and PLX4032 treated NSG mice. Each point represents the calculated log: fold
change and -log1o p value for two treatment groups (nmice=6). Larger and darker
blue points represent metabolites with statistical significance (p<0.05) in the t
test between PLX4032 and vehicle treated mice and are labelled with the name

of the metabolite which they represent.
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3.3 Glutaminase Inhibition Reduces the Growth
of BRAF Mutant Melanoma when Given in
Combination with BRAF Inhibitors

3.3.1 Combined Glutaminase Inhibition and BRAF

Inhibition Causes Significantly Reduced Growth of

Xenograft Tumours from BRAF Mutant Cell Lines

Having shown that BRAF mutant cells treated with PLX4720 in vitro
have increased sensitivity to glutaminase inhibition by CB839, we
next asked if these results could be recapitulated in vivo. To test if
CB839 could improve the therapeutic response of human BRAF
mutant cell line derived tumours to BRAF inhibitor treatment, A375
or COLO829 cells were injected into NSG mice and treated with
CB839, PLX4032, or a combination of the two using the treatment
regimes described above. The growth curves for each treatment
group were compared (using a CGGC permutation test(Elso et al.,
2004)).

For A375 derived tumours, CB839 did not cause a significant
difference in the tumour volume compared to control tumours in
mice treated with vehicle. This is consistent with the observation
that in Plasmax, A375 cells do not response to CB839 treatment with
an appreciable growth reduction (Figure 3.1.1-3). However, tumours
treated with the combination of PLX4032 and CB839 had a significant
reduction in their growth rate compared to those treated with
PLX4032 alone (Figure 3.3.1-1). This demonstrates that whilst CB839 on
its own did not significantly reduce the growth rate of BRAF mutant

xenograft tumours, CB839 confers an additional therapeutic benefit
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when given in combination with PLX4032. This recapitulates the
findings in vitro, showing that glutaminase inhibition only caused
significant growth inhibition for A375R cells in the presence of a
BRAF inhibitor (Figure 3.1.1-4).
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Figure 3.3.1-1: Growth of tumours derived from A375 cells injected
subcutaneously into the flank of an NSG mouse treated with 200mg/kg CB839
and/or 10mg/kg PLX4032 as indicated. Cells were injected on day 0, and
treatment was started on day 9. Large points joined by thick lines show the
average tumour volume for each tumour group (nmice=6), wWhereas thin lines show
the tumour volume of each individual tumour, where the colour of each line
corresponds to the treatment group. Lines at the end of each graph indicate
comparisons made between growth curves, with the p value from each

comparison stated.

Whilst A375 derived tumours were not significantly responsive to
CB839, COLO829 tumours showed a small but significant decrease in

growth when treated with CB839. In this model, the treatment with
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CB839 did not enhance the therapeutic effects of PLX4032 treatment
(Figure 3.3.1-2).
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Figure 3.3.1-2: Growth of tumours derived from COLO829 cells injected
subcutaneously into the flank of an NSG mouse treated with 200mg/kg CB839
and/or 10mg/kg PLX4032 as indicated. Cells were injected on day 0, and
treatment was started on day 9. Large points joined by thick lines show the
average tumour volume for each tumour group (nmice=6), whereas thin lines show
the tumour volume of each individual tumour, where the colour of each line
corresponds to the treatment group. Lines at the end of each graph indicate
comparisons made between growth curves, with the p value from each

comparison stated.

These results demonstrated that combined CB839 and PLX4032
treatment reduced the growth of A375 derived tumours in severely
immunocompromised mice. Interestingly, glutaminase knockdown in
T cells in vivo diminished Th-17 cell numbers in inflammatory disease

and led to initially elevated function of Th-1 cells against leukemia
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but led to their exhaustion over time(Johnson et al., 2018). NSG
mice are deficient in T cells, therefore we decided to test the
effects of combined CB839 and PLX4032 treatment in an
immunocompetent model of BRAF mutant melanoma. C57BL/6 mice
were injected with YUMM1.7 cells, after which PLX4032 or combined
PLX4032 and CB839 treatment was given. A pilot experiment had
shown that C57BL/6 mice could tolerate a dose of 20mg/kg of
PLX4032 and that it caused a delay in growth of YUMM1.7 derived
tumours (Figure 3.2.3-3). The addition of CB839 treatment to PLX4032
treatment resulted in a significant decrease in tumour growth
compared to PLX4032 alone (Figure 3.3.1-3). These results
demonstrated that the therapeutic benefit of adding CB839
treatment to PLX4032 was conserved across cell models and in the

presence of a functional immune system.
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Figure 3.3.1-3: Growth of tumours derived from YUMM1.7 cells injected
subcutaneously into the flank of an C57BL/6 mouse treated with 200mg/kg
CB839 and/or 20mg/kg PLX4032 as indicated. Cells were injected on day 0, and
treatment was started on day 8. Large points joined by thick lines show the
average tumour volume for each tumour group (nmice=8), whereas thin lines show
the tumour volume of each individual tumour, where the colour of each line

corresponds to the treatment group.
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3.3.2 The Acquisition of BRAF Inhibitor Resistance in
vivo does not Increase Sensitivity to Glutaminase

Inhibition

Having shown that the addition of CB839 to PLX4032 treatment
confers a therapeutic advantage to prevent the growth of A375
derived tumours but that CB839 alone does not (Figure 3.1.1-1), we
sought to determine whether the acquisition of resistance to a BRAF
inhibitor in vivo could sensitize melanoma cells to CB839. To test this
hypothesis, the daily treatment with PLX4032 was started
immediately after injection of A375 cells into the flank of NSG mice,
until tumours reached a volume greater than 200mm?3. Mice were
subsequently switched to the three treatment arms of; CB839 and a
vehicle for PLX4032; CB839 and PLX4032; or PLX4032 treatment with
a vehicle for CB839.
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Figure 3.3.2-1: (above) Volume of tumours derived from A375 cells injected
subcutaneously into the flank of an NSG mouse treated with 10mg/kg PLX4032
until tumours reached >200mm3, before being switched to 200mg/kg CB839
and/or 10mg/kg PLX4032 as indicated. Cells were injected on day 0, and
treatment was started on day 0. Each line shows the tumour volume of each
individual tumour, where the colour of each line corresponds to the treatment
at the time the volume was recorded. (below) 4 day rolling average of relative
volume for each tumour. Large points joined by thick lines show the average
tumour volume for each tumour group (nmice=6), wWhereas thin lines show the
tumour volume of each individual tumour, where the colour of each line

corresponds to the treatment group.
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Whilst A375 derived tumours in untreated NSG mice took 14-21 days
to reach >200mm? (Figure 3.3.1-1) tumours in PLX4032 treated NSG
mice took between 24-40 days to reach a comparable size (Figure
3.3.2-1) demonstrating that A375 derived tumours overcame growth
inhibition by PLX4032. Since not all tumours were exactly 200mm?
when switched to secondary treatment, a relative tumour volume
was calculated by normalizing each tumour measurement to its
respective volume at the start of secondary treatment. A 4-day
rolling average was then calculated for each tumour on each day
using the relative tumour volume. Tumours grew for a minimum of 11
days subsequently to secondary treatment. After prolonged
treatment with PLX4032, the addition of CB839 treatment caused no
significant difference in relative tumour growth compared to
continued PLX4032 treatment alone. In addition, switching from
PLX4032 to CB839 treatment significantly increased tumour growth

compared to remaining on PLX4032 treatment (Figure 3.3.2-1).
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Figure 3.3.2-2: (above) growth of tumours derived from YUMM1.7 cells injected
subcutaneously into the flank of a C57BL/6 mouse treated with 20mg/kg
PLX4032 until tumours reached >200mm3, before being switched to 200mg/kg
CB839 and/or 20mg/kg PLX4032 as indicated. Cells were injected on day 0, and
treatment was started on day 0. Each line shows the tumour volume of each
individual tumour, where the colour of each line corresponds to the treatment
at the time the volume was recorded. (below) 4 day rolling average of relative
volume for each tumour. Large points joined by thick lines show the average
tumour volume for each tumour group (nmice=6), Whereas thin lines show the
tumour volume of each individual tumour, where the colour of each line

corresponds to the treatment group.

We used a similar approach in the immunocompetent C57BL/6 model
grafted with YUMM1.7 cells. These mice, treated with PLX4032 from
the day of cell injection, developed tumours >200mm? between 14-
65 days after transplantation. Thus, cells were exposed to a BRAF
inhibitor for even longer than A375 derived tumours in NSG mice.
Despite this, switching from PLX4032 treatment to CB839 treatment
was not therapeutically beneficial compared to remaining on
PLX4032 treatment. Addition of CB839 treatment to PLX4032
treatment caused a wide range in tumour growth rates but had no
significant effect on tumour growth compared to PLX4032 alone, and
therefore did not confer a therapeutic advantage over PLX4032
(Figure 3.3.2-2).
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3.4 PLX4032 and CB839 Rewire the Metabolism
of A375 Derived Tumours and Change Glutamine
and Citrulline Levels

3.4.1 Several Metabolic Features are Altered in
Response to PLX4032 and CB839

Having shown that combined CB839 and PLX4032 treatment resulted
in a significant clinical benefit for mice bearing A375 derived
tumours, we sought to identify metabolites that were altered by the
combination treatment. An untargeted metabolomic analysis was
carried out on the tumours which detected 1013 metabolic features
across all tumour samples. The levels of 120 of these were
significantly changed (p<0.05, students t test, permutation-based
FDR) between combined PLX4032 and CB839 (combination) treatment
compared to the vehicle treated tumours (Figure 3.4.1-1). None of
these 120 features were significantly changed by PLX4032 or CB839
treatment compared to combination treatment (Figure 3.4.1-2).
Indeed, 6 of the 120 features were significantly changed in a
comparison of combination treatment compared to PLX4032
treatment (Figure 3.4.1-2) in accordance with the changes in tumour
growth (Figure 3.3.1-1), however all of these were identified as various
adducts and fragments of CB839.
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Figure 3.4.1-1: (above) Volcano plot showing the -log1o adjusted p value and log;
fold change in a comparison between combination treatment and vehicle
treatment. 1013 metabolic features were reported by Compound Discoverer
3.3.1. Hits with p value<0.05 (n=120) (students t test, permutation-based FDR)
for the comparison of combination vs vehicle treatment are enlarged and circled
in black. Hits are coloured based on their significance in the comparison of
PLX4032 vs vehicle and CB839 vs vehicle treatment. (below) Venn diagram
showing the number of hits found in each of the three comparisons highlighted in

the volcano plot. Diagram produced using https://www.meta-

chart.com/venn#/display.
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Despite this, 41 of the 120 features were found not to be
significantly changed by PLX4032 or by CB839 alone compared to the
vehicle treatment (Figure 3.4.1-2). This aligned with the fact that
combined CB839 and PLX4032 treatment decreased the growth of the
tumours in response to combination treatment more than either
treatment alone (Figure 3.3.1-1). These features were annotated using
a combination of in-house retention time (RT) matched standards
and MS2 spectra, as well as MS2 spectra from online spectral libraries
such as Thermo’s mzcloud and the accurate mass library -
chemspider. This resulted in a list of features with varying degrees of
confidence in their annotation. Those identified at the highest
confidence level are shown in a heatmap and table of identities
(Table 3.4.1-1) (Figure 3.4.1-3).

Combination vs VEH
Combination vs CB839

Combination vs ’PLX403

Figure 3.4.1-2: Venn diagram showing the number of hits that were significant
(p<0.05, students t test, permutation-based FDR) between combination
treatment against vehicle treatment, combination against CB839 treatment and
combination against PLX4032 treatment. Diagram produced using

https://www.meta-chart.com/venn#/display.
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RT m/z Ildentity Confidence | log1o -log; fold change
adjusted p | (combination vs vehicle)
value

7.109 | 173.0927 | N-acetylornithine 1a 2.013 -1.042

9.845|223.0746 | Cystathionine 1a 1.817 -0.830

9.491 1 179.0557 | Myo Inositol 1a 2.013 -0.568

10.51 | 305.0977 | N-acetyl-aspartyl-glutamate |1a 1.732 -0.526

9.884 | 168.9908 | Dihydroxyacetone Phosphate | 1a 1.609 -0.499

8.7 |174.0403 | N-acetyl-aspartate 1a 2.052 -0.378

6.578 | 189.1233 | N-acetyl-lysine 1a 1.387 -0.248

8.717 | 106.0499 | Serine 1a 1.731 0.473

8.388 | 131.0462 | Asparagine 1a 1.736 0.528

9.376 | 243.0275 | 2-deoxyglucose-6-phosphate | 1b 1.736 -1.337

8.276 | 218.0668 | O-succinyl-homoserine 1b 1.735 -0.784

1.589 | 115.0765 | Hexanoate 1b 1.417 -0.547

8.7 1130.0509 | 4-hydroxyproline 1b 2.071 -0.393

13.31| 137.071 | 1-Methylnicotinamide/ 6- 1b / 2 1.735 1.207

Methylnicotinamide
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Table 3.4.1-1: Table depicting 41 metabolic features significantly different (students t test, permutation based FDR adjusted p value
<0.05) (see section 1.4.4) between vehicle and combination treated tumours and not between vehicle and PLX4032 or to CB839 treated
tumours. Metabolic features are ranked by evidence level for metabolite identification where the grading is as follows: 1a - Confirmed

by standard (MS2 and RT); 1b - Confirmed by standard (mass and RT); 2 Tentative Candidate (Present in MS2 spectra)
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This analysis selected features whose levels were significantly
changed from vehicle treatment by combination treatment and not
by PLX4032 or by CB839. On a closer inspection of the data, it was
evident that 27 of these features also had a greater difference in
fold change in response to combination treatment than PLX4032 or
CB839. The features identified as 2-deoxyglucose-6-phosphate, n-
acetylornithine, succinyl homoserine, myo inositol and hexanoate
were decreased by combination treatment, and Serine, Asparagine
and (1 or 6) methyl nicotinamide were increased (Figure 3.4.1-4). A
more in-depth analysis is required to see how these changes relate to
other metabolites upstream and downstream in their respective
metabolic pathways as well as to changes in the systemic
metabolism. However, given that their levels are significantly
changed by combination treatment, and not in CB839 or PLX4032
treatment it is plausible that their levels may relate to the observed

greater growth inhibition under combination treatment (Figure 3.3.1-

1).
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Figure 3.4.1-3: Heatmap showing the Log; fold change of 8 features changing
significantly (students t test, permutation-based FDR adjusted p value <0.05)
between vehicle and combination treated tumours and not between vehicle and
PLX4032 or to CB839 treated tumours. All features are identified with an RT and
MS2 match to a standard.

3.4.2 PLX4032 Causes Metabolic Rewiring, Resulting

In Changes in Aspartate, Glutamine and Citrulline.

Following the observation that glutaminase inhibition in BRAF
inhibitor resistant cells in vitro depletes aspartate, the levels of
aspartate in A375 derived tumours treated with PLX4032 and CB839
were measured (Figure 3.4.2-1). Glutaminase inhibition significantly
decreased, and BRAF inhibition inversely increased levels of

aspartate in the tumour. An increase in aspartate was observed in
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the tumours treated with the drug combination, compared to vehicle
treated tumours (Figure 3.4.2-1). This contrasted to the in vitro
results, where, under glutaminase inhibition, BRAF inhibitor resistant
cells grown in the presence of BRAF inhibition had decreased levels
of aspartate compared to parental cells (Figure 3.1.3-2). As shown
previously in tumour-free mice, serum aspartate levels were not
increased by PLX4032 treatment (Figure 3.4.2-1). Therefore, the
increase in tumour aspartate cannot be attributed to systemic
effects of PLX4032 and demonstrates that BRAF inhibition alone can

cause metabolic rewiring.
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Figure 3.4.2-1: Aspartate levels measured from tumour tissue (left) or serum
(right) taken from NSG mice that were subcutaneously injected with A375 cells
and treated with PLX4032, CB839 or a combination of the two. Samples were
taken at endpoint and metabolite levels were measured using LC-MS. For tumour
samples, large points represent one tumour, which was generated from an
average of three tumour fragments in the same colour, represented by small
points (Ntumours=6, Nfragments=3). FOr serum, points represent serum from one
mouse, (Nmice=6). Lines above groups represent the p value from an unpaired t

test performed between each tumour or serum sample.
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Figure 3.4.2-2: Glutamine (left) and glutamate (right) levels measured from
tumour tissue taken from NSG mice that were subcutaneously injected with A375
cells and treated with PLX4032, CB839 or a combination of the two. Samples
were taken at endpoint and metabolite levels were measured using LC-MS. Large
points represent one tumour, which was generated from an average of 3 tumour
fragments in the same colour, represented by small points (Ntumours=6,
Nfragments=3). Lines above groups represent the p value from an unpaired t test

performed between each tumour.

Having found that aspartate levels did not follow the same response
pattern as the in vitro results, we measured the levels of glutamine
and glutamate to see how these key glutaminolysis intermediates
responded to PLX4032 and CB839 treatment in the tumours. This
showed that glutamine levels were increased, and glutamate levels
were decreased in response to CB839 compared to vehicle treatment
(Figure 3.4.2-2). In addition, glutamine levels were increased in
response to PLX4032 treatment compared to vehicle treatment, and
glutamate levels were increased in combination treated tumours
compared to CB839 treated tumours. This result contrasted to the in
vitro results, which showed that BRAF inhibitor resistant cells grown

in the presence of PLX4720 had no difference in their levels of
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glutamine compared to parental cells (Figure 3.1.3-1). This also

suggested that PLX4032 affected use of glutaminase.

To determine if levels of glutamine or glutamate had been changed
by systemic levels of these metabolites, the levels of glutamine and
glutamate were measured in the serum in response to PLX4032 and
CB839. This showed that CB839 increased the levels of glutamine in
the serum but did not decrease levels of glutamate. In addition,
PLX4032 did not significantly change the levels of glutamine in the
serum as had been the case in non-tumour bearing mice (Figure 3.2.2-
3). However, PLX4032 decreased serum glutamate so that glutamate
levels in the serum of mice treated with the combination were
significantly lower than in mice treated with CB839 only (Figure 3.4.2-
3). Together these results demonstrate that PLX4032 causes
metabolic rewiring that results in an increase in tumour glutamine
and a decrease in systemic glutamate. It is not clear whether the
changes in these two metabolites are related, however these results
could be indicative of PLX4032 reducing the use of glutaminase, such

that the tumour reduces its secretion of glutamate.
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Figure 3.4.2-3: Glutamine (left) and citrulline (right) levels measured from
serum taken from NSG that were subcutaneously injected with A375 cells and
treated with PLX4032, CB839 or a combination of the two. Samples were taken
at endpoint and aspartate levels were measured using LC-MS. Each point
represents serum from one mouse, (Nmice=6). Lines above groups represent the p

value from an unpaired t test.

Having shown that metabolic rewiring occurs in response to PLX4032
and causes changes in the levels of glutamine and aspartate we used
our list of in-house standards to determine other metabolites whose
levels were changed in response to PLX4032 treatment. We found
several metabolites, whose levels were changed in response to
PLX4032 treatment (Figure 3.4.1-4). This included a reduction in

citrulline, whose levels were also decreased by CB839 (Figure 3.4.2-5).
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Figure 3.4.2-4: Volcano plot showing the log; fold change and -log1o p value of a
comparison of the levels of 66 metabolites measured in tumour samples between
PLX4032 treatment and vehicle treatment. Samples were taken at endpoint and
metabolite levels were measured using LC-MS. The comparison was run by
performing an unpaired t test between two groups of tumours, for which a
metabolite level was generated from an average of 3 tumour fragments in the
same tumour (Ntumours=6, Nfragments=3). Metabolites whose levels are significant
(p<0.05) are labelled with their identity, including S-adenosyl-homocysteine

(SAH), N-acetyl-aspartate (NAA), N-acetyl-aspartyl-glutamate (NAAG).
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Figure 3.4.2-5: Citrulline levels measured from tumour tissue (left) or serum
(right) taken from NSG mice that were subcutaneously injected with A375 cells
and treated with PLX4032, CB839 or a combination of the two. Samples were
taken at endpoint and metabolite levels were measured using LC-MS. For tumour
samples, large points represent one tumour, which was generated from an
average of three tumour fragments in the same colour, represented by small
points (Ntumours=6, Nfragments=3). FOr serum, points represent serum from one
mouse (Nmice=6). Lines above groups represent the p value from an unpaired t

test performed between each tumour or serum sample.

As in non-tumour baring mice, citrulline levels were significantly
decreased in the serum in response to CB839 treatment, but not in

response to PLX4032 treatment (Figure 3.4.2-5). This showed that the
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changes in citrulline in response to CB839 but not PLX4032 may be at
least in part caused by changes in the levels of systemic citrulline.
Therefore, this demonstrated that the metabolic rewiring caused by
PLX4032 decreased the levels of tumour citrulline. Having shown that
PLX4032 and CB839 caused a decrease in citrulline specifically in
tumours, we tested whether PLX4032 could affect ammonia
metabolism. Thus, we measured the levels of urea cycle
intermediates argininosuccinate, arginine and ornithine in the
tumours and serum of mice treated with PLX4032 and CB839 (Figure
3.4.2-6).
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Figure 3.4.2-6: From top to bottom: Ornithine, Arginine and Argininosuccinate
levels measured from tumour tissue (left) or serum (right) taken from NSG mice
that were subcutaneously injected with A375 cells and treated with PLX4032,
CB839 or a combination of the two. Samples were taken at endpoint and
metabolite levels were measured using LC-MS. For tumour samples, large points
represent one tumour, which was generated from an average of three tumour
fragments in the same colour, represented by small points (Ntumours=6,
Nfragments=3). FOr serum, points represent serum from one mouse (Nmice=6). Lines
above groups represent the p value from an unpaired t test performed between

each tumour or serum sample

The levels of argininosuccinate, and arginine were decreased in
response to CB839 treatment in the tumour, but not in the serum. In
addition, PLX4032 did not significantly change the levels of any of
these three urea cycle intermediates in the tumour. However,
addition of PLX4032 to CB839 treatment resulted in significantly
higher levels of argininosuccinate than CB839 treatment alone (Figure
3.4.2-6). This showed that PLX4032 could directly affect the levels of
citrulline and could also affect the change in the levels of
argininosuccinate in response to CB839. These results suggested that
the metabolic rewiring caused by PLX4032 may affect the use of the

urea cycle.

Given previous reports that the urea cycle enzyme, ASS1 could be
epigenetically silenced in melanoma(Li et al., 2016), ASS1 was
stained for in A375 derived tumours. This revealed that A375 derived
tumours have regions in which cells expressed human ASS1 in the
cytosol regardless of PLX4032 and CB839 treatment (Figure 3.4.2-7).
There was no clear difference in the area or intensity of ASS1

staining based on treatment across all tumours.

170



VEH/VEH

VEH/PLX4032

CB839/VEH

CB839/PLX4032

Figure 3.4.2-7: Microscope images of ASS1 immunohistochemical staining in
tumours generated from a subcutaneous injection of A375 cells in an NSG mouse
and treated with PLX4032, CB839 or a combination of the two. Images are taken
at 4x magnification (left) and at 10x magnification (right) with the region of the
image taken at 20x outlined within the image taken at 4x. Scale markers are

shown at the top of each column of images.

Finally, we measured the levels of ammonia in the serum of mice

treated with PLX4032, CB839 and combined PLX4032 and CB839

treatment. The results revealed a trend towards a decrease in the
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levels of ammonia in the serum of tumour bearing mice treated with
PLX4032. The combination treatment further decreased the levels of
circulating ammonia, such that it reached statistical significance
compared to vehicle treated controls (Figure 3.4.2-6). Taken together
with the reduced level of citrulline specific to tumours, this
suggested that PLX4032 could modulate the activity of the urea

cycle.
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Figure 3.4.2-8: Serum ammonia levels from NSG mice that were subcutaneously
injected with A375 cells and treated with PLX4032, CB839 or a combination of
the two. Samples were taken at endpoint and aspartate levels were measured
using an Arkray ammonia test strip kit. Points represent serum from one mouse,
(nmice=6). Lines above groups represent the p value from an unpaired t test

performed between each serum sample in GraphPad prism 9.4.1.
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3.4.3 PLX4032 Reduces Expression of HIF1a targets

To complement the metabolomic analysis of A375 derived tumours
treated with PLX4032 and CB839, a transcriptomic analysis was
carried out on fragments from the same tumours using RNAseq. The
analysis measured the reads for 21,508 genes in all tumours from the
four treatment groups. Having shown that PLX4032 could change the
levels of citrulline and glutamine, we first examined the expression
of GLS, GLUD, ASS1 and ASL to see if PLX4032 affected the
expression of these enzymes. GLS, GLUD1 and ASS1 expression was
not changed by the treatments, but ASL expression was significantly
increased by PLX4032, and increased further by the combination

treatment (Figure 3.4.3-1).

A principal component analysis (PCA) was carried out on the 21,508
genes, demonstrating that principal component 1 (PC1) (explaining
50% of variance) separated the tumour samples based on PLX4032
treatment (Figure 3.4.3-2). On the other hand, tumour samples from
mice treated with CB839 clustered with the control mice. Therefore,
PLX4032 influenced the transcription of genes to a greater extent
than CB839 treatment.
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Figure 3.4.3-1: Reads of GLS, GLUD1, ASS1 and ASL as measured by RNAseq in

A375 derived tumours treated with the indicated treatment and taken at

endpoint. Each point represents one tumour (Nwmours=6). Lines above groups

represent the p value from an unpaired t test performed between each serum

sample

Indeed, a set of differential analyses showed that while PLX4032

caused a significant change in the expression of 2559 genes

compared to vehicle treatment, CB839 only significantly changed the

expression of 1 gene (Ras responsive element binding protein 1 -
RREB1). On the other hand, combination treatment significantly
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changed the expression of 4231 genes. Interestingly, only 51% (2165)
of which were shared with PLX4032 treatment (Figure 3.4.3-3). A
separate comparison of gene expression levels in combination
treatment with PLX4032 treatment showed that 43 of these were
significantly different (adjusted p value<0.05 based on the negative
binomial distribution using the DESeq2 package version 1.36(Love,
Huber and Anders, 2014)), including pro-growth factors cyclin D1
(CCND1) and an AP1 transcription factor subunit (JUNB) (Figure 3.4.3-
4) (Table 3.4.3-1). This demonstrated that CB839 has very little effect
on gene expression on its own, but exacerbates the expression of
genes regulated by PLX4032, in most cases amplifying the effect of

PLX4032 on gene expression.
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Figure 3.4.3-2: Plot depicting principal component 1 (PC1) and principal
component 2 (PC2) of a principal component analysis performed on the reads
from 21,508 genes measured in tumours by RNAseq. Tumours were taken from
NSG mice that were subcutaneously injected with A375 cells and treated with

PLX4032, CB839 or a combination of the two and points are coloured according

to treatment.
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Figure 3.4.3-3: Venn Diagram showing the number of genes that had significantly
different (adjusted p value<0.05 based on the negative binomial distribution
using the DESeq2 package version 1.36(Love, Huber and Anders, 2014))
expression in the comparison stated. Diagram produced using

https://www.meta-chart.com/venn#/display.
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Figure 3.4.3-4: heatmap showing the 43 genes significantly changed in a

comparison of combination treatment vs PLX4032 treatment (adjusted p

value<0.05 based on the negative binomial distribution using the DESeq2 package

version 1.36(Love, Huber and Anders, 2014)). Colours represent the log; fold

change of the reads for each gene in each sample. Gene names are shown in

table 3.4.4-1 in the order in which they appear in the heatmap

Gene ID CB_PLX vs VEH_PLX CB_PLX vs VEH_PLX
Fold Change Adjusted p
ENSG00000287430 -4.3 0.023052
DCSTAMP -3.24 0.027009
RXRG -2.21 0.005918
CXCL8 -1.99 0.002769
COL5A3 -1.91 0.033003
EGR3 -1.78 7.41E-05
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EGR1 -1.75 0.01861
NR4A1 -1.52 0.005464
EGR2 -1.35 0.012056
PTHLH -1.24 0.023052
OPRD1 -1.16 0.021693
SPRY4 -0.94 0.01647
BIRC3 -0.93 0.001073
TENT5A -0.89 0.03683
ABHD17C -0.88 0.005918
NR4A2 -0.75 0.03683
DUSP5 -0.75 0.040449
SLC20A1 -0.71 0.01706
ICAM1 -0.71 0.023052
SLC5A3 -0.68 0.027009
SH2B3 -0.67 0.03683
ITGB3 -0.66 0.01647
CCND1 -0.62 0.001073
RELB -0.62 0.03683
COL4A1 -0.61 0.024773
CNKSR3 -0.57 0.040819
MFSD2A -0.51 0.024705
MCL1 -0.49 0.013932
OSTMT1 -0.48 0.025795
JUNB -0.47 0.005464
B3GNT2 -0.45 0.00747
TNFRSF10B -0.36 0.046326
XBP1 -0.34 0.002769
YRDC -0.33 0.03683
DNAJCS -0.21 0.024773
RPN2 -0.18 0.035689
ENSG00000271254 0.2 0.016553
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CNDP2 0.261 0.023052
AGBL5 0.261 0.011353
LINCO1029 0.505 0.022328
PCLO 0.524 0.03683
LIN7A 1.782 0.021693
CCBE1 1.987 0.032155

Table 3.4.3-1: Table showing the gene names for genes that had a significant
difference (adjusted p value<0.05 based on the negative binomial distribution
using the DESeq2 package version 1.36 (Love, Huber and Anders, 2014)) in their
expression (n=43) between PLX4032 and combination treatment. The adjusted p
value and fold change (calculated based on the adaptive shrinkage model,

Apeglm (Zhu, Ibrahim and Love, 2019)) are shown beside each gene.

Having shown that PLX4032 treatment had a profound impact on the
expression of global transcription, we sought to determine the
groups of genes that PLX4032 affected. An enrichment analysis was
carried out by ranking all genes on their m-value (Xiao et al., 2014)
(Log, fold change multiplied by -Log1o adjusted p-value) in a
comparison between PLX4032 treatment and vehicle treatment, as
well as between combination and vehicle treatment. This found that
a gene set associated with the ‘transcription of HIF1a targets’ was
significantly enriched in the genes regulated by PLX4032 treatment (-
log1o adjusted p value=7.11) (Figure 3.4.3-5). This same gene set was
even more significantly enriched in the genes regulated by
combination treatment (-logio adjusted p value=13.14). 29 genes
were associated with the enrichment of ‘transcription of HIF1a
targets’ in the combination treatment, 6 of which were increased by
PLX4032 and 23 of which were decreased (Figure 3.4.3-6). Among these
were included hexokinase (HK2), two glucose transporters (SLC2AT1,

SLC2A3) and a regulator of pyruvate dehydrogenase (PDK1) which
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were all decreased by PLX4032. This demonstrated that PLX4032
decreased the expression of genes involved in glycolytic metabolism,
and this effect was exacerbated by the addition of CB839.
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Figure 3.4.3-5: Results of an enrichment analysis performed on genes measured

by RNAseq and ranked by their m value in a comparison of PLX4032 against

vehicle (above) and combination against vehicle (below) treatment in A375

derived tumours.
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Figure 3.4.3-6: A heatmap of the 29 genes significantly regulated by the

combination treatment and attributed to “transcription of HIF1a targets” in an

enrichment analysis. Colours represent average log, fold change for the reads of

each gene in each treatment group compared to vehicle treated tumours.

Having shown that PLX4032 treatment affected the expression of

glycolytic genes, the levels of glucose, glucose-6-phoshate, pyruvate
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and lactate were measured in response to PLX4032 and CB839
treatment. These treatments did not significantly change the levels
of glucose, glucose-6-phosphate or lactate, but their combination
resulted in significant depletion of pyruvate (Figure 3.4.3-7). This
demonstrated that the change in expression of glycolytic genes

resulted in a decrease in the product of glycolysis - pyruvate.

Glucose Lactate
1.5x107+ 4x1010-,
s . . © 3x10104
g 1x1074 o’ : . > o .
> s < ool & .
© 0°® if? ""'H 5 © A .”‘.o E ‘....
@ s.106 @ & [x1010] 7{' sl 48
0 T T 0 ’ : ‘
PLX4032 - - + + PLX4032 - + o+
CB839 -+t CB839 S
Glucose 6 Phosphate Pyruvate
p=0.0052
1x10° 8x107-
7
o 8x10 © 6x107- . .
< 6x1071 < -
7 .—.‘ .7. (1]
_;é 4)(1077 . ° _;‘5 4%x10 e ?’.. Lo—..... W
[} ° . [} o, ° ..? T...L
* 2x107- e . L. O 107 ':. : -::
T e M :
0 | | ‘ ‘ 0 T T
PLX4032 - -+ 4 PLX4032 - - + o+
CB839 - + - + CB839 - + - +

183



Figure 3.4.3-7: Levels of Glucose, Lactate, Glucose-6-Phosphate and Pyruvate
levels measured from tumour tissue taken from NSG mice that were
subcutaneously injected with A375 cells and treated with PLX4032, CB839 or a
combination of the two. Samples were taken at endpoint and metabolite levels
were measured using LC-MS. Large points represent one tumour, which was
generated from an average of 3 tumour fragments in the same colour,
represented by small points (Ntumours=6, Nfragments=3). Lines above groups represent
the p value from an unpaired t test performed between six tumours in each

treatment group.

The reduction in glycolytic genes and in pyruvate suggested a
reduction in glycolytic activity. Reduced use of glycolysis would
subsequently cause a reduction in ATP generation from the ETC.
Thus, to determine if changes in levels of pyruvate resulted in a
change in ATP generation, we measured the ratio of ATP/AMP.
demonstrating that combination treatment reduced the ATP/AMP

ratio (Figure 3.4.3-8).
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Figure 3.4.3-8: The ratio of ATP to AMP measured from tumour tissue taken from
NSG mice that were subcutaneously injected with A375 cells and treated with
PLX4032, CB839 or a combination of the two. Samples were taken at endpoint
and metabolite levels were measured using LC-MS. Large points represent one
tumour, which was generated from an average of 3 tumour fragments in the
same colour, represented by small points (Ntumours=6, Nfragments=3). Lines above
groups represent the p value from an unpaired t test performed between the six

tumours in each treatment group.
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Chapter 4: Discussion

4.1 Inhibition of Glutaminase Causes Greater Growth
Inhibition for Cells under BRAF Inhibition

| showed in vitro that glutaminase inhibition is more effective at
reducing the growth of BRAF inhibitor resistant cells kept in PLX4720,
than for their parental counterparts (Figure 3.1.1-3). This effect was
maintained in the physiological culture medium, Plasmax™. In
addition, BRAF inhibitor resistant cells had increased expression of
glutaminase in both DMEM and Plasmax™ (Figure 3.1.1-2), suggesting
that these cells have a higher capacity for glutaminase activity. This
aligned with the previous experiments, showing that BRAF inhibitor
resistant cells maintained in PLX4720 had greater growth inhibition
by a first generation glutaminase inhibitor (BPTES), as well as by
glutamine starvation(Baenke et al., 2016). Further to this, however, |
found that the presence of BRAF inhibition sensitized A375R cells to
glutaminase inhibition, even though they had previously been
exposed to long term BRAF inhibition (Figure 3.1.1-4). This suggested
that in A375R cells, BRAF inhibition directly caused metabolic
rewiring that exposed the metabolic vulnerability of glutaminase
dependence. Indeed, changes in aspects of the metabolism such as
pyrimidine synthesis and one-carbon metabolism were previously
shown to occur in response to a short-term exposure to BRAF
inhibition in A375 cells(Karki et al., 2021), however other studies
investigating the importance of glutamine anaplerosis in the

presence of BRAF inhibition have used cells exposed to long-term
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BRAF inhibition and have therefore used these models to report
findings on BRAF inhibitor resistance (Corazao-Rozas et al., 2013;
Baenke et al., 2016; Li et al., 2016).

Results from in vivo experiments corroborated this finding by
showing that the combination of PLX4032 and CB839 inhibited the
growth of A375 and YUMM1.7 derived tumours, compared to PLX4032
treatment alone (Figure 3.3.1-1&3). Therefore, in these models, the
addition of a glutaminase inhibitor to BRAF inhibition was
therapeutically beneficial. | showed that for A375 derived tumours in
the absence of PLX4032, CB839 did not significantly affect tumour
growth (Figure 3.3.1-1). In addition, by subjecting xenografted A375
and YUMM1.7 derived tumours to continuous and prolonged
treatment with PLX4032 treatment throughout their initial growth
phase, | generated tumours that had overcome PLX4032 treatment.
This constitutes a model that replicates the growth of BRAF inhibitor
resistant melanoma in patients, however | found that these BRAF
inhibitor resistant tumours were not sensitized to CB839 treatment
(Figure 3.3.2-1&2). Taken together with the in vitro results, this
demonstrates that the presence of a BRAF inhibitor is required to
sensitize BRAF mutant melanoma to glutaminase inhibition.
Translationally, these results imply that treatment with glutaminase
inhibitors should be given simultaneously with BRAF inhibition to
maximize their efficacy. However, it should be noted that in
COLO829 derived tumours, growth was inhibited by CB839 regardless
of the presence of BRAF inhibition (Figure 3.3.1-2).
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4.2 In Vivo CB839 Treatment Changes Serum
Metabolites which has the Potential to Affect its

Efficacy

CB839 is currently under clinical trials to determine its efficacy in
combination with other targeted and chemotherapeutic
agents(Varghese et al., 2021), however its use in combination with
PLX4032 had not been investigated. | showed that CB839 treatment
could be administered to immunocompromised NSG and
immunocompetent C57BL/6 mice in combination with PLX4032
without weight loss or adverse effects (Figure 3.2.2-2). Interestingly,
CB839 caused changes in the levels of several amino acids and
hexose derivatives in the serum of tumour-free mice, including
increased glucose-6-phosphate, fructose-6-phosphate, glutamine,
lysine, alanine, proline, asparagine an ornithine (Figure 3.2.1-2). This
demonstrated that the effects of CB839 on non-tumour glutaminase,
such as that expressed in the kidney(Katt, Lukey and Cerione, 2017)
can indirectly change the availability of nutrients available to

tumours.

| showed in vitro, that changes in the availability of external
nutrients may indeed affect the growth response of melanoma to
CB839. The commercial media, DMEM which has higher glutamine
levels increased the consumption of glutamine and secretion of
glutamate (Figure 3.1.2-1). Furthermore, cells in DMEM medium had
higher glutaminase activity (Figure 3.1.2-2). Consequentially, culture
of A375 cells in DMEM resulted in growth inhibition by CB839,

whereas in Plasmax, growth was unaffected (Figure 3.1.1-3).
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Therefore, a change in the external availability of metabolites,

including increased glutamine, can affect the efficacy of CB839.

Therefore, whilst CB839 was able to exert a significant effect on
tumour growth, further consideration of its systemic effects may
enable precision medicine to ensure its optimal efficacy. For
example, alterations to the diet could counteract the changes caused
by CB839 should they be found to constitute a toxicity, or to
exacerbate its effects should they be found to increase the efficacy
of CB839. In addition, the interaction of the metabolic changes
caused by CB839 should be considered when prescribing a

combination treatment.

4.3 BRAF Inhibition Reduces the Expression of
Glycolytic Genes and Increases Dependence on

Glutaminolysis

Since BRAF inhibition in combination with glutaminase inhibition
could reduce the growth of mutant BRAF melanoma, | investigated
how BRAF inhibition affects glutaminase use. | showed that cells
under long term BRAF inhibition had higher expression of
glutaminase, regardless of the media in which they were cultured
(Figure 3.1.1-2). Cells cultured under long term BRAF inhibition did not
have a difference in their basal level of glutamine compared to their
parental counterparts (Figure 3.1.3-1). However, using glutamine
tracing, | showed that cells under long term BRAF inhibition had a
lower proportion of glutamate and a-ketoglutarate directly from

glutamine, compared to their parental counterparts (Figure 3.1.3-2&3).
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This suggested that cells under long term BRAF inhibition had

reduced glutaminase activity.

| showed that cells treated with long-term BRAF inhibition had
greater depletion of glutamate and a greater build-up in glutamine
under glutaminase inhibition compared to their parental
counterparts (Figure 3.1.3-1). Despite this, the proportion of glutamate
derived directly from glutamine was significantly reduced by
glutaminase inhibition only in COLO829 cells (Figure 3.1.3-2).
Therefore, glutaminase inhibition decreased overall glutamate pools
to a greater extent in cells under long term BRAF inhibition. This
demonstrates that cells under long term BRAF inhibition are more
dependent on glutaminase to maintain their total pools of glutamate

and thus TCA cycle intermediates.

In vivo, | showed that expression of genes encoding for enzymes and
transporters enabling glycolysis were decreased by BRAF inhibition in
tumours (Figure 3.4.3-6). Interestingly, the gene signature of HIF1a
expression was made more significant by the addition of glutaminase
inhibition (Figure 3.4.3-5). The change in HIF1a target genes aligns
with the fact that expression of HIF1a is reported to be increased by
mutant BRAF in melanoma(Kumar et al., 2007), and thus its inhibition
would result in a reduction in HIF1a activity. In addition, glucose
tracing with A375 and COLO829 cells in vitro has previously shown
the BRAF inhibitor resistant subclones under BRAF inhibition had
reduced flux of glucose, although this was for cells cultured in the
non-physiological medium, DMEM(Baenke et al., 2016). Indeed, the
levels of the glycolytic product, pyruvate and the ratio of ATP/AMP
were both decreased in vivo by combined PLX4032 and CB839
treatment in tumours (Figure 3.4.3-7&8), suggesting a decrease in
glycolytic flux. Whilst | have not demonstrated whether reduced
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glycolysis results in increased dependence on glutaminase, a reduced
flux of glucose derived carbons into the TCA cycle by BRAF inhibition
may indeed exacerbate the need for glutamine anaplerosis (Figure 4.3-
1). A reduced flux of glucose derived carbons could not increase the
use of the TCA cycle but could increase the dependence on

glutamine for oxidative metabolism.
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Figure 4.3-1: Diagram depicting how glucose and glutamine derived carbons
contribute to the function of the TCA cycle and allow the production of

glutamate.
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4.4 Glutaminase Activity is Required for Aspartate
Synthesis and Maintenance of NAD*/NADH

Homeostasis

| showed that in vitro glutaminase inhibition consistently caused a
decrease in aspartate more pronounced than in any other
proteogenic amino acid (Figure 3.1.4-2). Furthermore, glutamine
tracing demonstrated that glutamine derived aspartate was produced
in A375, A375R, COLO829 and COLO829R cells, and that it was
reduced in response to glutaminase inhibition (Figure 3.1.5-1). |
showed that glutaminase inhibition resulted in a reduction in the
intermediates of pyrimidine synthesis in vitro (Figure 3.1.4-3). This
suggested that glutamine derived aspartate was required for
nucleotide synthesis. Glutamine derived aspartate has indeed been
reported to be essential for malignant cell growth due to its use in
nucleotide synthesis(Sullivan et al., 2015; Kodama et al., 2020).
Despite this, it was not evident that the synthesis of nucleotides was
limiting the proliferation of glutaminase inhibited cells, as indicated
by the lack of rescuing activity of exogenously supplied nucleotide

precursors (Figure 3.1.4-5).

Nonetheless, 10mM aspartate was able to partially rescue cell growth
from glutaminase inhibition (Figure 3.1.5-2). Whilst this is a
supraphysiological concentration of aspartate, this amino acid is
poorly transported into most mammalian cells(Birsoy et al., 2015;
Sullivan et al., 2015). This experiment demonstrated that the
reduction in aspartate caused by glutaminase inhibition was
detrimental to cell growth. Another function of aspartate is in the

malate-aspartate shuttle, which allows the transfer of cytosolic
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electrons in the form of NADH (mainly produced by glycolysis) into
the mitochondria to be used by the ETC(Alkan et al., 2018). A drop in
glutamine derived aspartate may be associated with a lower
NAD*/NADH ratio through the activity of OGDH and MDH, which
require NAD* for their activity and are needed to generate glutamine
derived oxaloacetate from which to produce aspartate (Figure 4.3-
1)(Sullivan et al., 2015; Luengo et al., 2021). In support of this, the
NAD*/NADH ratio was increased in cells under long term BRAF
inhibition and slightly decreased by glutaminase inhibition,
suggesting a link between the NAD*/NADH ratio and glutaminase
activity in A375, A375R, COLO829 and COLO829 cells.

| showed that addition of oxaloacetate and pyruvate could rescue
growth from glutaminase inhibition, whereas malate could not. As
previously mentioned, oxaloacetate can increase the availability of
pyruvate in the medium due to its spontaneous decarboxylation(Tsai,
1967). However, both oxaloacetate and pyruvate are distinct from
malate in their ability to rescue the growth from glutaminase
inhibition (Figure 3.1.5-4). The link between these two rescuing
metabolites, may be due to their ability to regenerate NAD* (Figure
4.4-1) although further experiments are required to confirm this. |
also showed that pyruvate supplementation rescued growth from
glutaminase inhibition, whereas addition of lactate caused an even
further growth reduction in some conditions (Figure 3.1.4-5). In
addition, | showed that addition of dimethyl-a-ketoglutarate could
fully rescue the growth of COLO829R cells from glutaminase
inhibition and produce NAD* (Figure 3.1.4-6) (Figure 4.4-1).
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Figure 4.4-1: A diagram depicting the generation of NAD* (highlighted in blue) by
oxaloacetate, pyruvate, and a-ketoglutarate (aKG) (highlighted in red).

Pyruvate, oxaloacetate, and dimethyl-a-ketoglutarate
supplementation increased the NAD*/NADH ratio but did not increase
the intracellular levels of aspartate. Conversely, aspartate
supplementation did not increase the ratio of NAD*/NADH (Figure
3.1.5-7). These results showed that the essential function of
glutaminase is not only in the maintenance of the NAD*/NADH ratio
in the malate-aspartate shuttle, nor is it solely to increase the
NAD*/NADH ratio to enable aspartate production. Glutaminase use is
required for these two functions, separately though. Given that use
of both transamination reactions and redox reactions are closely
linked through the activity of the malate aspartate shuttle (Figure
1.3.4-1), the rescuing activities of these supplements may have a
common point of convergence in the malate-aspartate shuttle.
However, further experiments are required to determine whether
these supplements change the uptake or use of glutamine and

glutamate to affect the dependence on glutaminase.
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4.5 BRAF and Glutaminase Inhibition Affect the
expression of the Urea Cycle Enzyme,

Argininosuccinate Lyase

Having shown that aspartate levels in tumours were responsive to
glutaminase inhibition in vitro (Figure 3.1.4-2), | measured the levels
of aspartate in tumours in vivo and showed that glutaminase
inhibition did indeed reduce the levels of aspartate, even though it
had not caused a significant effect on tumour growth. However, the
combination of glutaminase and BRAF inhibition which had
significantly reduced tumour growth, increased the levels of
aspartate (Figure 3.3.1-1) (Figure 3.4.2-1). | therefore sought to find
metabolites whose levels were changed in response to the
combination treatment. 41 metabolic features were found whose
abundance in tumours changed significantly in response to
combination treatment, but not in each of the individual treatments
alone. These involved an increase in serine, asparagine and methyl
nicotinamide and a decrease in deoxyglucose-6-phosphate,
acetylornithine, succinyl-homoserine, myo inositol and hexanoate
(Figure 3.4.1-3). Further investigation is required to determine
whether the changes in these metabolites are causative of changes in

tumour growth.

In vivo | showed that BRAF inhibition caused an increase in tumoral
glutamine but no change in the levels of tumoral glutamate (Figure
3.4.2-2). Neither glutamine nor glutamate was changed significantly
in the serum by BRAF inhibition alone (Figure 3.4.2-3). Together these
results indicated that either glutamine catabolism is decreased, or

glutamine uptake is increased by BRAF inhibition. These results
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contrasted with the findings In vitro, which showed that long term
BRAF inhibition did not cause changes in basal levels of glutamine or
glutamate (Figure 3.1.3-1). However, several changes exist between
the in vitro and in vivo conditions, including a different length of
exposure to BRAF inhibition, and a difference in the availability of
nutrients in the serum. Further experiments are needed to decipher
the cause of the increase in tumour glutamine on BRAF inhibition,
however these results show a novel finding that BRAF inhibition

alters glutamine metabolism in tumours.

Having shown that glutamine and aspartate levels were changed by
BRAF inhibition, | checked the levels of other metabolites using our
in-house list of standards which showed that several metabolites
were in fact changed by BRAF inhibition (Figure 3.4.2-4). Interestingly,
citrulline levels were decreased by BRAF inhibition and by
glutaminase inhibition (Figure 3.4.2-5). Given that BRAF inhibition
prevents tumour growth by reducing the transcription of genes
downstream of the RAS-RAF-MEK-ERK signalling cascade, | theorised
that BRAF inhibition might elicit its effects on the metabolism by
altering the transcription of metabolic genes. Therefore, | used
RNAseq to determine if BRAF inhibition changed the transcription of
metabolic genes. | found that in vivo, BRAF inhibition increased the
transcription of argininosuccinate lyase (ASL) but did not change the

expression (Figure 3.4.1-1).

ASL is responsible for the conversion of argininosuccinate to arginine
and fumarate, and thus its overexpression could increase the
availability of arginine and fumarate (Figure 4.5-1). Silencing of
argininosuccinate synthase (ASS1), the enzyme responsible for
argininosuccinate synthesis, is reported to occur in BRAF inhibitor
resistant melanoma, increasing their dependence on exogenous
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arginine(Li et al., 2016, 2017), although ASS1 was expressed in our
model (Figure 3.4.3-1 & Figure 3.4.2-7). On the other hand, it has also
been reported that increased ASS1 expression results in increased
expression of glutaminase and sensitivity to its inhibition in
melanoma(Long et al., 2013). Increased expression of ASL in
response to BRAF inhibition is not a previously reported phenomenon.
However, the reversal of ASL was reported to result in arginine
auxotrophy, similar to silencing of ASS1(Zheng et al., 2013).
Increased expression of ASL therefore might increase the capacity for
production of arginine. Further experiments are required to
determine the expression and activity of ARG1 and OTC in tumours,
but increased ASL expression may increase the capacity for use of

the urea cycle.

Our experiments showed a decrease in systemic ammonia in mice
treated with BRAF inhibition (Figure 3.4.2-8), which supports the idea
that BRAF inhibition favours ammonia clearance via the urea cycle of
inhibits ammonia production. However, the increase in tumour
aspartate under BRAF inhibition (Figure 4.4.2-1) was surprising in
conjunction with increased ASL expression, given that decreased
expression of the upstream ASS1 was reported to conserve aspartate
levels(Rabinovich et al., 2015). Increased expression, and activity of
ASL in tumours allows the return of aspartate derived carbons back
to the TCA cycle, while directing aspartate derived nitrogen toward
disposal in urea (Figure 4.5-2). This means that theoretically,
increased urea cycle use would result in the disposal of aspartate
derived (and by extension glutamine derived) nitrogen in urea, while
conserving carbon. This may be disadvantageous if met with a second
hit of decreased glutamine derived nitrogen caused by glutaminase
inhibition.
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Figure 4.5-2: Diagram depicting the urea cycle and the use of aspartate derived
carbon (circled in blue) and nitrogen (circled in brown). Aspartate derived
carbon and nitrogen are shown in filled yellow and ammonia derived nitrogen
are shown in grey, with carbon and nitrogen from other sources filled in white.
The enzymes fumarate hydratase (FH), malate dehydrogenase (MDH2),
glutamate-oxaloacetate transaminase (GOT2), Argininosuccinate synthase
(ASS1), Argininosuccinate lyase (ASL), Arginase (ARG1) and Ornithine

transcarbamylase (OTC) are represented in the diagram.

BRAF inhibition and glutaminase inhibition individually reduced the
levels of citrulline (Figure 3.4.2-5). This indicates the urea cycle as a
putative point of mechanistic interaction between glutaminase and
BRAF inhibition. Circulating citrulline is decreased by glutaminase
inhibition, so tumour citrulline may be decreased because of this
systemic effect, or alternatively because of reduced ammonia
production from glutaminase in the tumours. By reducing citrulline
levels, glutaminase inhibition reduces the levels of a key
intermediate of the urea cycle. As discussed above, BRAF inhibition

increases the expression of ASL, which may increase the activity of
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the urea cycle. If this were the case a decrease in citrulline would
oppose this change by decreasing levels of the intermediates

available for use of the urea cycle.

Further experiments will be needed to demonstrate whether BRAF
inhibition is affecting the activity of the urea cycle, as well as
whether it is essential for growth or just an artefact of BRAF
inhibition. Indeed, silencing of the upstream enzyme ASS1 was
reported to increase growth by conserving aspartate derived nitrogen
for their contribution to pyrimidine synthesis(Rabinovich et al.,
2015). However, in cells with a reduced growth due to BRAF
inhibition, an increase in ASL activity might not be detrimental
unless coupled with a second metabolic hit i.e. the inhibition of
glutaminase. However, pools of aspartate are increased by BRAF
inhibition, suggesting that the increased activity of the urea cycle is
not imposing any further burden on the pools of aspartate. Further
investigation will therefore also be required to determine the
significance of increased ASL expression in response to BRAF
inhibition. However, the change in levels of urea cycle intermediate,
citrulline in response to both PLX4032 and CB839 is a novel finding
that may yield further insights into how their combined treatment

may cause growth inhibition.
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4.5 Overveiw

In this thesis, | investigated the effectiveness of glutaminase as a
treatment for mutant BRAF melanoma. Specifically, | used the
glutaminase inhibitor CB839, which has been used in phase 1b/2
clinical trials (ClinicalTrials.gov, 2022), with the BRAF inhibitors
PLX4032 (Vemurafenib) or PLX4720 to assess their effect on growth
and metabolism in various in vitro and in vivo models of mutant BRAF
melanoma. To my knowledge this study represents the first in depth
assessment of the growth and metabolic effects of these two

clinically relevant drugs used in combination.

In vitro, | found that glutaminase inhibition resulted in greater
growth inhibition and glutamate depletion in cells selected for their
resistance to PLX4720. These cells had an increased NAD*/NADH ratio
as well as increased expression of glutaminase compared to their
parental counterparts. Glutaminase inhibition reduced the levels of
aspartate in both cell types. Aspartate levels have been reported to
limit cell survival under glutamine starvation due to the requirement
for aspartate in the malate-aspartate shuttle to maintain redox
homeostasis(Furkan Alkan et al., 2018) (Figure 4.5-1). Based on this, |
tested the importance of glutamine derived aspartate in melanoma
cells and demonstrated that aspartate supplementation as well as
supplementation of NAD* regenerating compounds could rescue

proliferation from CB839.

In vivo, | found that CB839 treatment resulted in reduced growth
inhibition only when given in combination with PLX4032.
Metabolically, CB839 treatment caused depletion of tumour

aspartate as it had in vitro, however PLX4032 increased tumour
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aspartate. BRAF and glutaminase inhibition individually caused an
increase in tumour glutamine levels, that was additive in response to
the combination. In addition, BRAF and glutaminase inhibition
individually decreased tumour citrulline levels. BRAF inhibition also
decreased systemic levels of ammonia and increased the mRNA
expression of the urea cycle enzyme, ASL. To my knowledge, the
depletion of citrulline and increase in glutamine caused by BRAF
inhibition are previously unreported. They demonstrate that PLX4032
can cause metabolic rewiring to affect the same metabolites as
CB839. | showed that BRAF inhibition decreased the transcription of
HIF1a targets, which also suggested how BRAF inhibition might
induce metabolic changes on a large scale through transcription.
Together, these findings can inform the use of combined glutaminase

inhibition with a BRAF inhibitor in melanoma.
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Figure 4.5-1: A diagram showing the links between redox homeostasis and
aspartate synthesis. NAD* and NADH are highlighted in red, glutamine in purple,
glutamate in green, and a-ketoglutarate in blue to demonstrate the relationship

between glutaminolysis and redox homeostasis.
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4.7 Future work

In this section | propose experiments to follow up on the work carried
out in this thesis, that | anticipate will increase our understanding of
the therapeutic and metabolic effects of glutaminase and BRAF

inhibition in melanoma.

4.7.1 Determination of the direct metabolic effects of BRAF inhibition

Cells under long term BRAF inhibition (i.e. BRAF inhibitor resistant)
were used for much of this thesis due to their ability to withstand
1uM BRAF inhibition without significant undergoing a significant
amount of cell death. However, | showed that the presence of BRAF
inhibitor rather than the acquisition of resistance sensitizes
melanoma cells to glutaminase inhibition. Thus, measurement of
glutamate levels, as well as glutamine tracing should be compared in
BRAF inhibitor resistant cells in the presence and absence of BRAF
inhibition, to determine how the direct application of BRAF inhibition
is able to affect glutaminase use. This experiment will demonstrate
whether the changes in glutaminase activity in cells under long term
BRAF inhibition are caused directly by BRAF inhibition.

Furthermore, in vivo | showed that glutamine levels are increased by
BRAF inhibition. This was a surprising but intriguing result, because
BRAF inhibition sensitised cells to glutaminase inhibition. Levels of
glutamine in the serum were not changed by Vemurafenib treatment,
indicating that the changes in glutamine levels were selective for the
tumour. A follow up experiment of glutamine tracing should be

performed in vivo in the presence of Vemurafenib, as well as during
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glutaminase inhibition. This experiment may demonstrate if the
presence of BRAF inhibition results in reduced use of glutaminase, or

reduced use of another reaction consuming glutamine.

| also showed in vivo by RNAseq analysis, that BRAF inhibition
changed the expression of HIF1a targets and that this signature was
stronger in combination with CB839 treatment. This result aligned
with previously reported finding showing that that expression of
HIF1a is increased by mutant BRAF in melanoma(Kumar et al., 2007).
Moreover | showed that BRAF and glutaminase inhibition decreased
pyruvate levels and the ratio of ATP/AMP, changes consistent with a
decreased activity of glycolysis. To determine the effect of BRAF and
glutaminase inhibition on glycolytic flux, glucose tracing should be

performed in vivo under these treatments.

4.7.2 Determination of the systemic effects of CB839

| showed that CB839 treatment in vivo caused a significant change in
the level of several metabolites in the serum of mice without
tumours. A determination of the changes in serum concentration of
key metabolites in vivo may allow an in vitro determination of
whether these changes affect the response of tumour cells to CB839.
For example, media could be formulated based on the average
concentration of metabolites found in human serum under CB839
treatment, which could be used along with Plasmax™ to compare the
sensitivity of human cancer cells to CB839. The results of these two
experiments may allow the more informed use of CB839 in human
patients and may initiate a precision medicine approach to

prescribing CB839.
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4.7.3 Determination of metabolic changes caused by combined CB839
and PLX4032 treatment

The metabolomic analysis on tumours derived from A375 cells,
identified 41 metabolic features whose levels were significantly
changed by the combination treatment (PLX0432 and CB839), but not
by PLX4032 and CB839 treatment alone. Given that the combination
treatment resulted in greater growth inhibition than did either of the
treatments alone, it is expected that the metabolites of interest are
indicative of the changes caused by the interaction of PLX4032 and
CB839. We used in-house generated retention times and MS2 spectra
to identify a number of these, however levels of these metabolites in
serum have not yet been measured. Therefore, LC-MS should be used
to measure the metabolites of interest in respective serum samples.
This will elucidate if systemic metabolic changes triggered by CB839
and Vemurafenib can explain the metabolic effects of these drugs

observed in tumours of treated mice.

Furthermore, we identified that BRAF and glutaminase inhibition
both resulted in decrease in citrulline, and that BRAF inhibition
caused an increased ASL expression, which was exacerbated by
glutaminase inhibition. Given the effect of both treatments on
citrulline, this suggested that it may be a putative point of
mechanistic interaction between glutaminase and BRAF inhibition.
Therefore, to determine whether urea cycle activity might be
feasible in these cells, the expression of other enzymes in the urea

cycle - ARG1 and OTC - could be measured in the tumours either by
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immunohistochemistry or western blot. Furthermore, the effect of
arginine starvation in the presence of BRAF and glutaminase
inhibition could be determined in vitro, to show whether the
increase in ASL expression caused by BRAF and glutaminase inhibition

may increase the growth of cells under arginine deprivation.
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