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Abstract

Targeting Arginine Auxotrophy in Colorectal Cancer

Constantinos Alexandrou

Arginine is a semi essential amino acid with numerous functions in cellular metabolism. Loss-
of-expression of urea cycle enzymes in several malignancies results in arginine auxotrophy
and sensitivity to arginine starvation. Lack of expression of the urea cycle enzymes
argininosuccinate synthase 1 (ASS1) and ornithine transcarbamylase (OTC) identifies patients
bearing urea-cycle defective cancers and therefore likely to benefit from arginine deprivation
therapies. PEGylated formulations of the arginine-degrading enzymes arginine deiminase
(ADI) and arginase are currently being tested in numerous clinical trials to ascertain the anti-

tumour efficacy of pharmacological arginine deprivation.

Here, we report remarkable arginine auxotrophy in colorectal cancer (CRC). We show that
CRC cell lines are unable to grow in arginine-free medium and, in vivo, dietary withdrawal of
arginine decreases the growth of xenograft tumours in mice subcutaneously implanted with
ASS1-deficient CRC cells. In addition, CRC cell lines with low or undetectable expression of
ASS1 are sensitive to pharmacological arginine depletion mediated by ADI treatment.
Notably, ASS1-expressing, ADI-resistant cell lines remain auxotrophic for arginine and are
susceptible to arginase activity in vitro and in vivo. Arginase degrades arginine in urea and
ornithine. Cells with fully functional urea cycle can reutilize ornithine through the enzyme
OTC. All CRC cell lines analysed show lack of expression of OTC and analysis of tissue
microarrays unveils a common lack of OTC expression in CRC patients, suggesting that
defective expression of OTC could contribute the observed arginine auxotrophy. Finally, in
drug combination studies, we demonstrate that ADI and arginase synergise with the

chemotherapeutics 5-Fluorouracil and Oxaliplatin in at least 2 of the cell lines tested.

In summary, we demonstrate that reduced expression of ASS1 and OTC enzymes results in
arginine auxotrophy in CRC, a metabolic vulnerability that is amenable to arginine depleting

strategies.
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1.1 Colorectal Cancer — Statistics

Recent epidemiological studies report that colorectal cancer (CRC) is one of the primary
causes of cancer-associated deaths worldwide (Ferlay et al.,, 2012, Siegel et al., 2017).
According to Cancer Research UK (CRUK), CRC is the 4" most common cancer in the UK with
more than 40,000 new cases diagnosed every year (Figure 1-1A) (Cancer Research UK, 2013-
2015). Encouragingly, CRC mortality rates have shown a progressive decline over the last 50
years (Figure 1-1B), largely due to the introduction of colonoscopy and primary cancer
screening programs such as Bowel Cancer Screening Programme (BCSP) (Logan et al., 2012;
NHS.UK), improved surgical procedures and patient stratification strategies for more
personalised treatment (Welch and Robertson, 2016). Combination treatment approaches
with antimetabolites such as fluoropyrimidines and Oxaliplatin have decreased the risk of
relapse in patients with advanced stage Ill who have undergone surgical removal (Figure 1-
1C), extending their overall 5-year survival at around 60%. Despite that, almost 30% of the
patients treated with these drugs demonstrate relapse which usually leads to death within 2
to 3 years. Promising efforts to improve adjuvant therapy of advance stage Ill and IV CRCs
with targeted immunotherapy have recently demonstrated durable responses but only in a
subset of patients deficient in miss match repair genes (dMMR)/ microsatellite instable high
(MSI-H) metastatic CRC (mCRC) (Overman et al., 2018). Taken together, there is still urge for
better understanding of cancer biology, mechanisms of resistance and the identification of
novel biomarkers that could detect patient populations susceptible to alternative treatment

strategies for more effective, less cytotoxic regimens.

2|Page



_/

Average Number of New Cases

and Age-Specific Incidence Rates, UK

40005 Male Cases r600 S
. <

Female Cases ~ g

3000 -
Males Rate L 400 o

a

2000+ - Females Rate L . . ]
©

- 3

i 200 ¢

1000 . =
°

g

°

&

0 - o e e e -0

LI S B e I e e e
“‘l QQ \‘ \Q 'b‘ "Q '5‘ ‘EQ .. .Q "‘ ‘,Q &‘ 5§ ‘. ,\Q " %QQQl
R DA R R R A A

AEENENE RN NI R R SR RN R AR

Average Number of New Cases per Year

& Age at Diagnosis
/B Colorectal Cancer Mortality rates over time \} /C Five-Year Net Survival (%) by Slage,\
Adults Aged 15-99, UK
60 1
100 9
50
g ai o Males
<. 40 4 = Females
S s s
g : 60
- 2
= 30 5o
o Male 2
2 204 z
hod Female 204
4
107 === Combined 0 - T - T T
A > N Q O
] o N Q)
C) 4 o o
0 ; T ‘; T ; T ‘: T 9‘9 \’Q "g 6\"Q &
Q N Q Ol Q
A COMC SR S SN N N K
\Q \9 ,\Q \‘b \‘b ,1'0 ,»0 N

l» \3
r;,,@
Yearof Death

Figure 1-1: CRC statistics, (A ) Average number of new cases occurring in the UK based on age, (B) Mortality
rates, (C) % Five-year Net survival distribution of CRC patients among different stages of the disease (Data
acquired from Cancer Research UK).

1.2 Colon Physiology

Colon or large intestine encompasses the lowest part of the gastrointestinal track (Gl) from
the caecum to the anus. It can be divided into 6 distinct regions, namely caecum, ascending
colon, transverse colon, descending colon, sigmoid colon and rectum. Although stomach and
small intestine are the two primary segments of the Gl where digestion and absorption takes
place, colon still has a significant role in those functions (Szmulowicz, 2016). Accordingly,

colon is responsible for water and electrolyte absorption, salvage of unabsorbed nutrients
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(Rombeau, 2003; Christl and Scheppach, 1997) as well as transport of intestinal contents and

expulsion of faeces.

Salvage of unabsorbed nutrients, such as complex carbohydrates and resistant to digest
proteins occurs mainly via saccarolytic and proteolytic fermentation. These processes are
catalysed by the gut microbiome (bacteria) which is present within the intestinal
microenvironment (Nordgaard, 1998). While bacterial digestion of complex carbohydrates
takes place in the ascending and proximal transverse colon, the undigested proteins along
with mucinous proteins and shedded intestinal epithelial cells, which reach the colon are
digested primarily in the distal segment. This compartmentalisation relies primarily on the
limited availability of carbohydrates in the distal colon which are the nutrient substrate of
choice for most anaerobic bacteria. Fermentation of complex carbohydrates primarily
generates short chain fatty acids (such as butyrate, propionate and acetated), whereas
bacterial digestion of proteins produces short-chain fatty acids, branched chain amino acids
(leucine, isoleucine and valine) amines, ammonia, phenols, indoles and sulphurs. Although
toxic constituents like ammonia, phenols, indoles and sulphurs have been associated with
ulcerative colitis and colonic carcinogenesis, substances such as butyrate play a pivotal role
in colonic function. Reportedly, butyrate is the primary source of energy of the absorptive
colonic epithelial cells, covering 70-90% of the energy demands while it acts as an
antidiarrheal agent by promoting water, sodium and chloride absorption (Rombeau, 2003;

Christl and Scheppach, 1997; Hammer et al., 2008).

Colon’s architecture is intended to maximise nutrient and water absorption from food. The
epithelial cells, which cover the outer inner layer exposed to the lumen (mucosa), invaginate
into the underlying lamina propria (connective tissue) to form the crypts (Semrin et al., 2010;
Shen 2009) (Figure 1-2A). The intestinal epithelium represents one of the best known
paradigms of self-replenishing tissues in mammals. Due to anoikis —a process of programmed
cellular death due to the absence of correct cell/ECM attachment (Frisch and Francis, 1994) —
as well as extreme mechanical forces within the lumen that cause the shedding of epithelial
cells, human intestinal epithelium renews every 3-5 days (Leblond and Stevens, 1948). Under
normal conditions, anoikis restricts proliferation of a rather high proliferative monolayer of
cells and prevents reattaching of those in distant locations, acting at the same time as a

defence mechanism against mutated cells. This tissue maintenance is sustained by a highly
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proliferative, dynamic and multipotent stem cell population located at the base of the crypts.
These intestinal stem cells (ISCs) generate the transit amplifying cells (TA cells) which migrate
towards the villus area and are the progenitors of differentiated intestinal lineages. After
multiple divisions these progenitors stop proliferating and differentiate into enterocytes to
satisfy the demand for absorption, goblet cells that secrete mucus to aid the faecal movement
via lubrication of the mucosal surface, enteroendocrine cells and tuft cells. Enteroendocrine
cells orchestrate normal intestinal function, such as gut motility, control of glucose levels and
nutrient absorption),via hormone secretion in response to food stimuli (Gribble and Reimann,
2016), whereas tuft cells may be implicated in the regulation of physiologic response to
nutrients, as studies have shown that these cells express chemosensory proteins related to
the ones found in taste buds (Bezencon et al., 2007; Hofer et al., 1996; Mace et al., 2007), and
orchestrate immune response against parasite infections (Gerbe et al., 2016). Opposite to the
migration of cells towards the top of the intestinal crypt, another population of cells namely
Paneth cells, descends towards the base of the crypt (Ireland et al., 2005). These highly
specialized epithelial cells secrete antimicrobial factors that modulate the host-microbe
interactions as well as factors that control the ISCs niche (Clevers and Bevins, 2013) (Figure 1-
2C). As reviewed by Clevers and Schepers in 2012, the intestinal crypt homeostasis and its
remarkable proliferative rate are principally maintained by the Wnt signalling (Schepers and
Clevers, 2012), which explains why genetic aberrations in Wnt pathway are the main driving

forces of CRC, as will be discussed below.
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Figure 1-2: Structure of the Intestinal Epithelium (A) Tissue organisation and crypt structure of normal human
colon. (B) Micrograph of a normal human colorectal mucosa. Crypts are in parallel alignment with a significantly
increased presence of goblet cells. Mucosa is delimited by yellow brackets, submucosa and muscularis by red and
blue respectively (C) Intestinal crypt organisation, the ISCs are situated at the bottom of the crypt (green) along
with supportive Paneth cells (yellow). Stem cells are fuelling the transit amplifying compartment with new cells

which will eventually move upward and differentiate into functionally specialized intestinal cells. (Adapted from
Barker, 2014)
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1.3 Genetic Aetiology of CRC

CRC has often been described as a complex and heterogeneous disease driven mainly by a
progressive sequence of genetic and epigenetic changes that, along with lifestyle factors,
promote the transformation of normal colonic epithelium to early adenomas and
adenocarcinomas (Figure 1-3) (Vogelstein et al., 1988). Epidemiological studies over the past
decade suggest that westernised diets high in unsaturated fats, excessive caloric intake, meat
consumption, alcohol and decreased physical activity are some of the most prominent
lifestyle factors that may promote/contribute to CRC development (Potter, 1999; Slattery,
2000; Huxley et al., 2009). On the other hand, important advances in genome editing and
next generation sequencing have identified several genes responsible for CRC predisposition,
as well as a broad range of genetic alterations that are present in sporadic CRC cases. In an
effort to understand the pathophysiology of CRC and genetic heterogeneity of the disease
Vogelstein et al., described a series of driver genetic events in key tumour suppressor genes
and oncogenes that accumulate over time and result in tumour initiation and progression in
a stepwise fashion (Vogelstein et al., 2018). Among the most frequently genetically altered
genes and pathways identified in CRC are the adenomatous polyposis coli (APC) and WNT--
catenin, KRAS, BRAF TP53, PI3K catalytic subunit-a (PIK3CA), SMAD family member 4
(SMAD4), Transforming growth factor beta 1 (TGF-8) and DNA mismatch — repair pathways
(Sjoblom et al., 2006; Cancer Genome Atlas Nework, 2012; Seshagiri et al., 2012). The
hierarchical, non-random accumulation of these alterations over different stages of the

disease is responsible for CRC initiation and progression (Vogelstein et al., 2013)

1.3.1 The Adenomatous Polyposis Coli (APC) gene and Wnt Signalling in CRC

Adenomatous polyposis coli (APC) is a tumour suppressor gene located on chromosome 5q21-
g22. It encodes for a 312 kDa protein that counterbalances the Wnt signalling pathway via
binding and degradation of the transcription factor B-catenin. APC inactivation is one of the
earliest events in the development of CRC and its importance is reflected by the high
mutational frequency (60-70%) in sporadic cases (Fearon, 2011; Fearon and Vogelstein, 1990)
Additionally, 30-40% of sporadic CRCs exhibit loss of heterozygosity (LOH) of chromosome 5q
(Powell et al., 1992; White et al., 2012).
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Further to its sporadic occurrence, APC inactivation can also be inherited via germ line
mutations that lead to the Familial Adenomatous Polyposis Syndrome (FAP). FAP patients
carry a defective copy of the APC that, following LOH of the functional remaining allele, leads
to the development of hundreds of benign colonic polyps. Similarly to sporadic tumours,

III

these polyps can progress to adenocarcinomas through the “conventional” histopathological
stages of hyperplastic polyps to adenomas and eventually adenocarcinomas determined by
the progressive accumulation of other mutations (Vogelstein et al., 1988; Thirlwell et al.,

2010)

APC which has been characterised as the “gatekeeper’” of colorectal tumours is involved in
several cellular functions that include cell migration, cell to cell adhesion, proliferation, and
apoptosis within the intestinal crypt (Polakis, 2007; Aoki and Taketo, 2007; Brocardo and
Henderson, 2009). As previously mentioned APC’s chief role lies in its ability to negatively
regulate the WNT-B catenin signalling pathway which is vital for stem cell homeostasis and
transit amplifying cells proliferation within the intestinal crypt compartment (Secreto et al.,
2009; Zhang et al., 2009). In “canonical”’ conditions, in the absence of Wnt ligands, APC
protein acts as a binding partner with Axin to recruit B-catenin and promote its
phosphorylation by casein kinase 1 alpha (CK1a) and glycogen synthase kinase 3 (GSK3-B).
This multiprotein complex in known as the B-catenin destruction complex, because
phosphorylated B-catenin is targeted for ubiquitination by the B transducin repeat containing
(B-TrCP) E3 ubiquitin protein ligase and subsequent degradation by the proteasome (Figure
1-3A). (Aberle et al., 1997; Kitagawa et al., 1999).

In the presence of Wnt ligands, the phosphorylated cytoplasmic tail of low density lipoprotein
receptor-related protein (LRP), recruits Axin to the membrane via interactions with
Dishevelled (Dvl) subsequently resulting to the inactivation of the destruction complex (Figure
1-3). Accumulation of the newly synthesized and unphosphorylated B-catenin in the
cytoplasm results to its translocation to the nucleus. B-catenin in the nucleus interacts with T
cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors leading to the
transcriptional activation of Wnt target genes, such as, c-Myc, epidermal growth factor
receptor (EGFR), Cyclin D1 and Lgr5 (Figure 1-3B) (He et al., 1998; Shtutman et al, 1999,
McCormick and Tetsu, 1999). Wnt Signalling plays a pivotal role in tissue homeostasis and

repair both during development and adulthood via Wnt target genes that regulate
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proliferation, differentiation and migration (Schepers and Clevers, 2012). Most importantly,

hyper activation of Wnt signalling is thought to be the initiating force for most CRCs as

uncontrolled activation of Wnt target genes following loss of APC initiates the pathological

transformation of the intestinal epithelium (McCormick and Tetsu, 1999).

A

WNT Signalling OFF
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Figure 1-3: Canonical WNT Signalling Pathway. (A) In the absence of Wnt ligands, Wnt Signaling is OFF due to
dissociation of Frizzled receptor and LRP. This dissociation furthers enables AXIN-APC complex to target 8-catenin
for proteasomal degradation mediated via phosphorylation by GSK3-8 and CK1; (B) Wnt ligands promote
recruitment of AXIN-APC complex on the membrane via Dvl and further leading to its inactivation. Accumulation

of unphosphorylated 8-catenin in the cytoplasm and subsequent translocation in the nucleus initiates Wnt target
genes transcription. Adapted from Clevers and Nusse, 2012).
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1.3.2 MAPK Pathway

The mitogen-activated protein kinases (MAPK) signalling pathway plays an important role in
cell proliferation, survival, invasion as well as intestinal epithelial differentiation (Taupin and
Podoloski, 1999; Dhillon et al., 2007; Garnett and Marais, 2004; Mercer et al., 2005). It is now
well established that its deregulation often drives the initiation and progression of CRC (Fang
and Richardson, 2005). MAPK Signal transduction is mediated by families of serine/threonine
kinases and double specificity threonine/tyrosine kinases (Dhanasekaran et al., 1998). MAPK
cascade can be further sub classified in four distinct pathways that involve the extracellular
signal regulated kinases (ERK MAPK, Ras/Raf/MEK/ERK), the Big MAP kinase-1 (BMK-1), c-Jun
N-terminal kinase (JNK) and p38 (Cossa et al., 2013). Activation of receptor tyrosine kinases
(RTKs), such as EGFR, by binding of ligands at the cell membrane, results in a cascade of signal
transduction that affects the expression of genes related to cell cycle, metabolism, survival

and apoptosis (Fang and Richardson, 2005).

The EGFR signalling is an important pathway in CRC. Its pathological activation via oncogenic
mutations or copy number variations of the EGFR gene, causes downstream activation of the
MAPK cascade, contributing to malignant transformation and cancer progression.
Immunohistochemical analysis revealed that in 35-50% of CRC cases, EGFR is overexpressed,
and multiple studies have associated increased EGFR expression with worse prognosis
(Goldstein and Armin, 2001; Rego et al., 2010; Galizia et al., 2006; Ljuslinder et al., 2011;
Resnick et al., 2004; Kario et al., 2005).

Under physiologic conditions, EGFR regulation is controlled via protein tyrosine phosphatases
and binding of de novo EGFR inhibitors (Anastasi et al., 2003; Kario et al., 2005; Gur et al.,
2004; Tarcic et al., 2009; Laederich et al., 2004). Binding of the epidermal growth factor (EGF)
to EGFR induces the dimerization of two receptor monomers (homodimerization). This
dimerization triggers the auto-phosphorylation of the EGFR intracellular domain in multiple
tyrosine residues. As a consequence, these phosphorylated residues recruit adaptor proteins,
including son-of-sevenless (SOS) and growth factor receptor bound protein 2 (GRB2) via
interactions with the adaptor molecule Shc (Lowenstein et al., 1992; Batzer et al., 1994). This
results in the conformational change of SOS, which further recruits the inactive Kirsten rat
sarcoma viral oncogene homolog (KRAS). KRAS is a GTP binding protein that oscillate between

an active (GTP-bound) and an inactive (GDP bound) state. SOS is a guanine nucleotide
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exchange factor (GEF) factor that promotes biding of GTP and activation of KRAS (Hubbard
and Miller, 2007; Margolis and Skolnik, 1994). Once active, KRAS recruits V-Raf murine
sarcoma viral oncogene homolog B (BRAF) kinase to the cell membrane via direct binding,
where it gets activated via dimerization and auto — phosphorylation at Thr599 and Ser602
(Dhillon et al., 2007; Kohler et al., 2016). Subsequently, BRAF kinase promotes a cascade of
downstream phosphorylations/activations of kinases MEK1 and MEK2 at Ser218 and Ser222
(Dhillon et al., 2007). Finally, MEK1 and MEK2 phosphorylate ERK kinase (Lu and Xu, 2006)
which activates multiple cytoplasmic and nuclear targets involved in cell proliferation and
survival (Figure 1-4) (Montagut and Settleman, 2009, Neuziller et al., 2013, Schlessinger et al.,
2000, Bernards and Settleman 2004).

Signal transducers and activators of transcription (STAT) proteins can also be activated by the
Janus family of tyrosine kinases (JAK) and EGFR via interactions with the phosphorylated
cytoplasmic tyrosine residues of the receptor. In response to cytokines and growth factors,
STAT proteins promote the activation of genes involved in proliferation, survival,
differentiation and apoptosis. Expression of STAT family of transcription factors has also been

reported to be upregulated in CRC (Ma et al., 2004, Quesnelle et al., 2007).
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Figure 1-4: EGFR — MAPK Signalling Pathway. Activation of EGFR by EGF leads to its homodimerisation or
heterodimerisation and subsequent autophosphorylation in tyrosine residues in the intracellular portion of the
receptor. This results in the recruitment of multiple proteins. STAT transcription factors (grey) bind directly on the
receptor unlike RAS/RAF/MEK/ERK (orange) which require the presence of specific adaptor proteins (yellow),(Shc,
Grb2 and SOS. Subsequent activation of the RAS/RAF/MEK/ERK signalling results in the transcriptional activation
of genes required for cell proliferation and survival. Alternatively EGFR can also act as a transcription factor via
endocytosis and importin mediated nuclear translocation (Adapted from Scaltriti and Baselga, 2006).
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1.3.3 Frequently mutated oncogenes and tumour suppressors in CRC

1.3.3.1 KRAS

The Ras family is comprised of three genes KRAS, NRAS and HRAS which encode for small-GTP
proteins. These Ras small GTP-binding proteins exhibit high homology in their amino acid
sequence and are equally abundantly expressed, however murine genetic studies reveal that
only KRAS is critical for normal development (Downward, 2003; Johnson et al., 1997;
Malumbres and Barbacid, 2003). As described in section 1.3.2 the membrane bound KRAS
gets activated when coupled with GTP and stimulates a variety of effectors/signal
transducers, including MAPK and the PI13K/Akt pathway (Malumbres and Barbacid, 2003). The
activation and inactivation of KRAS occurs via circles of a GTP bound active and a GDP bound
inactive state, respectively. The transition from an inactive to an active state and vice versa is
regulated via the GTPase-activating proteins (GAPs) and GEFs. Accordingly, as their names
imply, GAPs trigger the hydrolysis of GTP bound on KRAS to GDP by KRAS itself, while GEFs
facilitated the switch from a KRAS-GDP to a KRAS GTP (Pylayeva et al., 2011; Giehl, 2005;
Karnoub and Weinberg, 2008).

With mutational frequencies between 35-45%, KRAS is one of the most commonly mutated
oncogenes in CRCs. Codons 12 and 13 are the two predominant hot spots, however mutations
can also be found at codons 61, 146 as well as in other residues to a lesser extent. Mutations
at codons 12 and 13 decrease the rate of GTP hydrolysis by 3 to 9-fold via disruption of KRAS
GTPase activity (Lowy and Willumsen, 2003). The subsequent sustained activation of KRAS
results in increased proliferation, alterations in cellular metabolism, suppression of apoptosis

and enhanced invasion (Pylayeva et al., 2011; Downward, 1998).

1.3.3.2 BRAF

RAF family of oncogenes encodes for serine/threonine kinases which act downstream the
MAPK signalling pathway (Section 1.3.2 and 1.3.3.1) (Garnett et al., 2007; Mercer et al., 2004;
Wan et al., 2004). BRAF kinase mediates the signal transduction downstream of KRAS and
EGFR signalling. In CRC, BRAF mutations can be found in 10-20% of sporadic cases, 95% of
which are positive for the activating mutation BRAFV®®F, Substitution of valine to glutamate

in the kinase region of BRAF results to its constitutive activation which ultimately leads to a
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500-fold increased kinase activity in comparison to the wild type. This activation results in the
downstream activation of effectors including MEK and the subsequent uncontrolled

activation of EGFR signalling in an EGFR independent manner (Scaltriti and Baselga, 2006).

1.3.3.3 PI3KCA

The phosphatidylinositol-4, 5-biphosphate 3-kinase catalytic subunit alpha (PI3KCA) gene
encodes for one subunit of a heterodimeric lipid kinase, phosphoinositide 3-kinase (PI13K),
which acts as the main signalling hub downstream of RTKs, promoting cell growth,
proliferation and survival (Fruman and Rommel, 2014). Upon RTK-growth factor stimulation,
phosphatidylinositol-4, 5-biphosphate (PIP;) is converted to phosphatidylinositol-4, 5-
triphosphate (PIPs) via phosphorylation by PI3K. PIPs is a pivotal second messenger that
recruits AKT and PDK1 to the cytoplasmic membrane, where phosphoinositide-dependent
kinase 1 (PDK1) phosphorylates AKT at Threonine 308. With downstream targets that include
protein and lipid kinases, E3 ubiquitin ligases, cell cycle regulators, transcription factors,
metabolic enzymes, and regulators of G proteins, AKT undoubtedly is a central node in cellular
signal transduction. The diversity of AKT downstream targets affects a range of cellular
functions that include proliferation, growth, cell survival, metabolism and migration (Manning

and Cantley, 2007).

For instance, the initial step towards activation of cellular growth, occurs via activation of the
mammalian target of rapamycin complex 1 (mTORC1), which is mediated via phosphorylation
and subsequent inactivation of tuberous sclerosis complex 2 (TSC2) by AKT (Inoki et al., 2002;
Potter et al., 2002; Manning et al.,, 2002). Alternatively, AKT phosphorylation by
mTORC2/RICTOR at Serine 473 results in its full activation and further signal transduction that
activates mTORC1, which regulates translation, protein synthesis and autophagy. Notably,
inhibition of mMTORC1 initiates a robust negative feedback loop via which growth factor
receptor signalling is elevated by increased activation of PI3K, AKT and MAPK pathway (Saxton
and Sabatini, 2017; Carracedo et al., 2008).

Back in the late 90s, Cross et al., reported the first identified AKT target, the GSK3 (Cross et
al., 1999). GSK3 involvement and regulation by WNT signalling (Section 1.3.1) is not exclusive,

as studies have shown that GSK3 can also be regulated independently via growth signals and
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the PI3K/AKT cascade. In the presence of exogenous growth signals, AKT phosphorylates both
GSK3a and GSK3b at residues (Ser21) and (Ser9), respectively, ultimately leading to their
deactivation. Under normal conditions GSK3 exhibits a diverse range of phosphorylations in
downstream targets which are further targeted for degradation by specific E3 ubiquitin
ligases (Kaidanovich-Bellin and Woodgett, 2011). Among these targets is the transcription
factor c-Myc (Sears et al., 2000; Welcker et al., 2004).

PI3K/AKT signalling pathway affects the regulation of Forkhead box O (FoxO) family of
transcription factors. FoxO transcription factors are the main regulators of several tumour
suppressor genes, including Fas ligand (FasL) and the pro apoptotic B-cell lymphoma 2 (Bcl-2)
interacting mediator of cell death (BIM). Their involvement in pro-survival and cell cycle signal
control, renders them important components of CRC pathogenicity. Compelling evidences
show that FoxO3a can be deactivated in response to MAPK and PI3K/ AKT signalling pathway.
In this regard, FoxO3a targeted phosphorylation by ERK and AKT and subsequent degradation
mediated by E3-ubiquitin ligase murine double minute 2 (MDM2), can promotes survival and

tumorigenic events (Hu et al., 2004; Yang et al., 2008).

Several mutations in the catalytic subunit of PI3K have been found to increase its activity and
subsequent production of the secondary messenger PIP3; in human malignancies (Carson et
al., 2008). Reportedly, two of the most commonly found mutations occurring in cancer are
the H1047R and E542K/E545K. More specifically, substitution of Histidine to Arginine at
residue 1047 of the kinase domain pl10a of PI3K enhances its interaction with the
cytoplasmic membrane in a KRAS interaction-independent manner (Burke and Williams,
2015). On the other hand, substitution of Glutamic acid to Lysine at residues 542 and 545
disrupts the interactions between N-SH2 domains of the regulatory subunit p85a, resulting in
a constitutively active kinase (Burke et al., 2012; Miled et al., 2007). PIK3CA single point
mutations are found in 15 to 25 % of sporadic CRCs, whereas double somatic mutations have
been reported in 6-9% of CRC patients (Samuels et al., 2004; Wood et al., 2007; Abubaker et
al., 2008).
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1.3.34 PTEN

Another important regulator of the PI3K, with relevance for CRC, is the Phosphatase and
Tensin homolog (PTEN) gene. PTEN is a tumour suppressor gene located on chromosome 10.
PTEN protein functions both as protein and lipid phosphatase and it is primarily involved in
the regulation of PI3K/AKT signalling pathway by antagonising PI3K via dephosphorylation of
the secondary messenger PIP3 to PIP, (Chalhoub and Baker, 2009). Ultimately, genetic
alteration that inactivates PTEN results in enhancement of PI3K/AKT signalling pathway and
further increase in cell proliferation, growth and survival (Carracedo and Pandofli, 2008). Of
note, loss of PTEN function via hereditary germline mutations leads to Cowden syndrome in
which patients exhibit elevated risk for benign gastrointestinal tumours. Beyond germline
alterations, PTEN biallelic inactivation can occur through sporadic mutations, promoter

hypermethylation and LOH and can be found in approximately 20-30% of sporadic CRCs.

1.3.3.5 TP53

TP53 is one of the most frequently mutated tumour suppressor genes in human cancers and
has been extensively characterised as the “guardian of the genome” because of its pivotal
role in DNA damaged response (Whibley et al., 2009, Campbell et al., 2010). The p53 gene
located on chromosome 17p encodes for a transcription factor that regulates the expression
of genes in response to cellular stress, such as DNA damage and hypoxia. P53-regulated genes
promote cell cycle arrest, apoptosis and cellular senescence, thereby curbing tumour
progression (Kastenhuber and Lowe, 2017). Typically, in response to DNA damage, the DNA
damage response (DDR) kinase ATM activates p53 via phosphorylation, which stabilizes p53
protein by inhibiting its proteasomal degradation (Haupt et al., 1997; Honda et al., 1997;
Kubbutat et al., 1997). P53 can then activate target genes components of the DNA repair
system, which facilitated DNA repair (Williams and Schumacher, 2016), or can induced cell
death/senescence. Indeed, one of the most-well known functions of p53 is its ability to
mediate proliferative arrest in response to DNA damage via activation of the cyclin dependent
kinase inhibitor p21 (Harper et al., 1993; el-Deiry et al., 1993). Alternatively, p53 can also
promote cell death via induction of the pro-apoptotic BCL-2 family members which in turn
mediate caspase dependent apoptosis (Clarke et al., 1993; Miyashita et al., 1994). Several

tumour suppressor genes, including p53, can have one of their alleles inactivated via LOH.
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Reportedly, about 70% of CRCs show 17p LOH (Fearon and Vogelstein, 1990; Aoki and Taket,
2007). Additionally, mutations in p53 are present in 40-50% of the sporadic CRC cases
(Takayama et al., 2006).

1.3.4 Pathways of Genomic Instability in CRC

1.3.4.1 Chromosomal Instability

Chromosomal Instability (CIN) is the most common type of genomic instability found in CRC
(70-85% if CRCs) and it’s mainly described by alterations in chromosome numbers and their
structure, some of them which may include aneuploidy via loss of the entire chromosome 18,
and 17p, in addition to polyploidy in chromosomes 13 and 20 (Muleris et al., 1985; Muleris et
al., 1990). CIN, although poorly understood, may be driven by errors during chromosomal
segregation and mitotic spindle formation (Grady, 2004; Barber et al., 2008). The molecular
mechanisms underlying CIN appear to be complex and highly heterogeneous as they could be
driven by alterations in several genes including Mad2, BubR1 and Bub3 and APC (Alberici and
Fodde, 2006). Recent utilisation of comparative genomic hybridisation (CGH) arrays, helped
researchers to measure amplifications and deletions in CIN in a high resolution output (Arriba
et al., 2017). CIN positive tumours demonstrate up to 70% co-existence with mutationsin APC
gene, thus further highlighting the importance of both CIN and APC/ Wnt signalling as driving
forces in malignant transformation (Pino and Chung, 2014). As mentioned previously (see
section 1.3.3.5), LOH plays a pivotal role in the inactivation of tumour suppressor genes,
including p53. Adding to this, downregulation of the budding uninhibited by benzimidazoles
1 homolog beta (BubR1) promoted by TP53 LOH, results in abnormalities during anaphase
and chromosomal segregation, which further support the occurrence of CIN phenotype (Zhao

et al,, 2014).

1.3.4.2 Microsatellite Instability

The study of one the first described inherited cancer syndromes, the Hereditary Non polyposis
Colorectal Cancer (HNPCC) syndrome (~3% of CRC cases), by Lynch in 1966 led to the
identification of individuals with an autosomal dominant pattern of hereditary CRC (Lynch et

al., 1966) without polyposis. These tumours were characterised by increased lymphocytic
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infiltration and medullary-growth patterns among other unique histological features
(Messerini et al., 1996; Jenkins et al., 2007). Further studies revealed variations between
HNPCC and several predisposition genes among different families suggesting that HNPCC was
a rather genetically heterogeneous syndrome (Peltomaki et al., 1993; Linblom et al., 1993).
Extended genetic analysis of tumour tissues from patients revealed significant length
variations of short nucleotide tandem repeats - termed microsatellite DNA sequences - in
comparison to normal tissue (Aaltonen et al.,, 1993). These observations were consistent
among all HNPCC patient samples, therefore these cancers were classified as Microsatellite
instable (MSI). Accordingly, MSI tumours can be further sub classified into 2 distinct
categories: MSI-high and MSI-low. MSI-high tumours were later on linked to mutated Miss
Match Repair (MMR) genes (etc., MLH1, MSH2) (Parsons et al., 1993). It has been reported
that defects in MMR system can increase the mutation occurrence by 100-fold (Thomas et al.,
1996). During the early stages of cancer development, cancer cells heterozygous for MMR
mutations are more likely to lose their second allele. Loss of function of DNA repair genes
results in the rapid accumulation of mutations in oncogenes and tumour suppressor genes,
further accelerating the progression of the disease (Vilar et al., 2010; Fisher and Kolodner,
1995; Rustgi, 2007). Similarly to the HNPCC syndrome, defects in MMR genes are also present
in approximately 15% of sporadic tumours (Rustgi, 2007; Thibodeau et al., 1993). The majority
of sporadic MSI high tumours exhibit defective MMR system, which is predominantly
deregulated due to deactivation of mutL homolog 1 (hMLH1) protein via methylation of its

promoter (Nagasaka et al., 2010; Cunninghan et al., 1998).

1.3.4.3 CpG Island Methylator Phenotype

Another common alternative molecular mechanism of gene inactivation among CRC patients
is the epigenetic silencing of genes which is mainly driven via abnormal DNA methylation
(Toyota et al., 1999). In humans, areas within the promoter region of genes can be rich in
cytosine preceding guanine (CpG) dinucleotides. In normal cells, these so-called CpG islands
can regulate up to 50% of the human genes expression via methylation or demethylation of
cytosine residues (Toyota et al., 1999, Hughes et al., 2012). DNA methyltransferases (DNMT)
catalyse the enzymatic transferring of a methyl group to the 5’ of a cytosine within the CpG

islands producing 5-methylcytosine residues (Lao and Grady, 2011). Hypermethylation of CpG
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islands - within the promoter region of genes - results in their transcriptional silencing by
interfering with sequence specific binding of transcription factors. CRCs with high methylation
frequencies are described as CpG island methylator phenotype (CIMP) high and they all share
distinctive molecular and clinicopathological characteristics that may include MSI-high, BRAF
mutations, epithelial serration (sessile serrated adenomas) and localisation in proximal colon

(Spring et al., 2006).

1.3.5 Modelling the pathways leading to CRC based on genetic alterations and
clinicopathological features
Adenomas are defined as confined small lesions that protrude above the surrounding mucosa
and to date are considered as precursors of CRC (Brenner et al., 2007). However, only a small
percentage of these benign lesions progress to adenocarcinomas. Reportedly, patients
bearing adenomas with an average size of 1 cm have 10-15% chances of developing cancer
over a significantly prolonged period of time that in some cases extents to over 10 years
(Stryker et al., 1987). In this regard, the occurrence of adenomas in individuals at the age of
50 is estimated at 12%, with more than 25% of these treated as cases with high-risk lesions.
Notably, in Western countries, the prevalence of adenomas rapidly increases at around 50%

after the age of 50 (East et al., 2017).

Morphologically, adenomas can be divided into pedunculated adenomas (with a stalk) and
sessile adenomas (without a stalk). Conventional adenomas can be further characterised
based on their histology as tubular, tubulovillous and villous adenomas (Shinya and Wolff,
1979). In addition, over the recent years the existence of hyperplastic polyps which are
considered as precursor lesions of the serrated pathway (Serrated pathway will be discussed
below) has been widely accepted. These polyps are now being identified as serrated polyps,
and have been distinguished by World Health Organisation (WHO) in 3 different types:
hyperplastic polyps (HP), sessile serrated adenomas/polyps (SSA/Ps) and traditional
adenomas (TSAs) (Jass, 2007; Bettington et al., 2013). Most hyperplastic polyps are localised
in the distal colon and their diameter does not exceed the 5mm. Morphology of hyperplastic
polyps in micrographs is commonly characterised by straight arrangement of the villi/crypts
and proliferation zones limited at the lower compartment of the crypt (Torlakovic et al.,
2008). SSA/Ps which are often bigger than hyperplastic polyps, localise predominantly in the
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proximal colon and account for approximately 15-20% of all major precursor lesions. Crypt
organisation in SSA/Ps demonstrates irregularities which are reflected by dilatation of the
base of the crypts, branched or dysmature crypts as well as crypts with distinctive L- or
inverted T- shapes (East et al., 2017; Torlakovic et al., 2008). Lastly, TSAs, which are mainly
found in the distal colon, account for approximately 1% of the serrated polyps. These lesions
are described by ectopic crypt formation, in which case the crypts do not invaginate fully in

the muscularis mucosa (Bettington et al., 2015)

After almost 3 decades, Fearon’s and Vogelstein’s simplified model of adenoma — carcinoma
sequence (Fearon and Vogelstein, 1990) (Figure 1-5) remains fundamental and evolves as the
research’s community collective effort adds new findings to further extent our understanding
of the complexity of the disease. According to Vogelstein’s model, APC driven adenomas
develop to carcinomas via the progressive accumulation of mutations in at least seven genes,
such as KRAS, SMAD4, PI3KCA and TP53, (Fearon and Vogelstein, 1990; White, 1998; Polakis,
2000) (Figure 1-5).

Unique histopathological features as well as identification of common genetic aberrations
within the distinct premalignant precursors and tumours, gave researchers the possibility to
further classify CRCs in 3 distinctive evolutional routes. Accordingly, the traditional pathway,
which has been described by Vogelstein as the adenoma-carcinoma sequence, is the most
common, with prevalence of approximately 50-70% of CRC cases. Adenocarcinomas, usually
located in the distal colon, can rise from tubular, tubulovillous or villous adenomas after the
successive accumulation of mutations in APC, KRAS, PI3KCA, TP53 and CIN. Alternatively, the
serrated pathway occurs in approximately 10-20% of the CRCs. As mentioned previously, in
the serrated pathway, the transformation of normal mucosa to adenocarcinoma occurs via
precursor lesions named “serrated polyps’’, which are identified with BRAF mutations and
CIMP-high/MSlI-high. This pathway results in tumours localised predominantly in proximal
colon and typically feature CIMP, MLH1 deficiency, MSI and relatively good prognosis
(Pancione et al., 2012). A third more heterogeneous pathway gives rise to colorectal tumours
via partially serrated villous adenomas, SSA/P or TSA, which are characterised by KRAS, BRAF,
APC mutations as well as moderate CIMP phenotype, absence or moderate MSI and generally
poor prognosis. This pathway is common among 10-30% of all CRCs. Lastly, studies also

describe the occurrence of a more infrequent pathway, which involves the de novo “birth”
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of tumours from normal epithelium, without the pre-existence of intermediate precursor
lesions (Minamoto et al., 1994; Umetani et al., 2000). These superficial-type of tumours are
driven by APC and TP53 mutations and exhibit a significant association with LOH at
chromosome 3p. Nonetheless, as reviewed by Yamagishi et al., in 2016, colorectal
carcinogenesis as a complex heterogeneous disease may result occasionally by convergence

of these pathways and amalgamation of different genotypes (Yamagishi et al., 2016).

A
Chromosomal Instability (CIN)

Dysplastic crypt, early and late adenoma
KRAS SMAD2/4

Microsatellite instability (MSI)

Benign / Pre-cancerous

Normal Colon  Hyperplastic Polyp Tubular Adenoma  Pedunculated Sessile'Serrated.  Adenocarcinoma
Tubular Adenoma Adenoma

Figure 1-5: Modeling the progression of CRC from normal epithelium to cancer (A) Schematic representation of
morphological and genetic changes occuring during the transformation of normal colonic epithelium to
adenocarcinoma and metastasis (Diagram adopted from DiPiro et al., 2011). (B) Micrographs of normal colonic
epithelium, benign/pre-cancerous lesions and malignant adenocarcinoma (C) Colonoscopy pictures presenting
stereomorphological characteristics of normal colon, hypeplastic polyps, tubular and pedunculated tubular
adenomas, sessile serrated adenomas and advanced adenocarcinomas (Colonoscopy Images acquired from

www.kolumbus.fi)
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1.3.6 Molecular Subtypes in CRC — A synopsis

As discussed, CRC is a complex heterogeneous disease driven by the accumulation of multiple
genomic alterations that can give rise to tumours with distinct molecular, clinicopathological
characteristics, as well as differential drug responses and clinical outcomes (Souglakos et al.,
2009). As described previously, CRCs can be initiated by three different molecular pathways
that involve CIN, MSI and CIMP. Among others, detection of KRAS and BRAF mutations as well
as TNM scoring and MSI status assessment have been implemented in clinical practice to
guide the clinical patients management and predict response to adjuvant chemotherapy in
CRC. For instance, detection of KRAS/NRAS mutations in CRC patients, has been used as a
predictive biomarker to exclude patients from anti-EGFR targeted therapies (Raponi et al.,
2008, Souglakos et al., 2009), yet the response rates of KRAS/NRAS wild-type patients to anti-
EGFR monotherapy fluctuates somewhere between 20-30% (Rodriguez-Salas et al., 2016).
This paradigm highlights the importance of intratumoural and interpatient heterogeneity in
CRC as well as the complex interplay between alternated pathways driven by genetic
instability. Combinations of these factors, along with hormonal changes, comorbidities and
external influences, such as diet may contribute further to differential responses to drug
treatments (Rodriguez-Salas et al., 2016), thus further increasing the demand for more robust

patients stratification.

Utilising gene expression profiling from large datasets of CRC specimens, several independent
research groups managed to identify CRC subtypes. Via an unbiased, hierarchical clustering,
these tumours were classified in 4 distinctive molecular subtypes (Consensus Molecular
Subtypes, CMS) (Sjoblom et al.,2006; Leary et al., 2008; Vogelstein et al., 2013; De Souza E
Melo et al., 2013 (Sadanandam et al., 2014).).

Accordingly, CMS1 (14% of cases) includes patients with a hypermutation, hypermethylation
phenotype and high frequency of BRAF'®%E mutations, along with a strong immune infiltration
of the tumour microenvironment and worse survival after relapse. The CMS2 which accounts
for the 37% of tumours, is driven by mutations in APC, KRAS, TP53, and PI3KCA and follows
the conventional adenoma — carcinoma sequence first described by Vogelstein. CMS3 (13%
of CRC cases) is identified as the metabolic subtype and is driven by KRAS oncogenic
transformation and alterations in metabolic pathways, such as glycolysis and lipid

metabolism. Finally, CMS4 which accounts for a substantial 23% of cases, is characterised as
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the mesenchymal subtype with a TGF-B signature as well as activation of angiogenesis,
stromal infiltration and activation of the epithelial mesenchymal transition (EMT) (Figure 1-
6). This subtype has been associated with worse relapse-free and overall survival (Dienstmann

et al.,, 2017).
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Figure 1-6: CRC transcriptomic subtypes. Alternative ways of colorectal adenoma—carcinoma sequence with
accumulation of genomic and epigenomic aberrations. CMS1 is characterised by a hypermutation,
hypermethylation phenotype and augmentation for BRAF'*°°F mutations, along with a strong immune infiltration
of the tumour microenvironment. CMS2 is driven by mutations in APC, KRAS, TP53, and PI3KCA following the
conventional adenoma — carcinoma sequence whereas, CMS3 and CMS4 evolve from CMS2 via truncated
mutations. CMS3 is identified as the metabolic subtype and is driven by KRAS oncogenic transformation and
alterations in metabolic pathways. Finally CMS4 is characterised by activation of TGF-8 as well as a strong EMT
signature. (Adapted from Dienstmann et al., 2017)
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1.4 Staging of Colorectal Cancer

The staging methodology “tumour-node-metastasis” (TNM) has been extensively utilised to
classify CRC cases, predict prognostic outcome and support treatment strategies in clinical
practice. It was firstly introduced by Denoix (Denoix, 1954) and the American Committee on
Cancer (AJCC) and Union against Cancer (UICC) (Zinkin 1983, Jessup et al., 2002), as a staging
system that could overcome the limitations and confusion of previously used methods. As a
result TNM rapidly replaced the previously used Dukes’ staging system (Dukes, 1923, De Vita
et al., 2001). Briefly, the Dukes’ staging consists of four distinct stages A, B, C and D. Stage A
refers to lesions that have not penetrated the colonic and rectal wall and are restrained within
the mucosa. Stage B which indicates extrarectal/extracolonic invasion without lymphoid
involvement is further divided in B1 and B2, depending on whether the tumours have invaded
into the mucosal propria (B1) or have not (B2). Similarly to B, Stage C is sub classified into
Stage C1 and C2. C1 defines rectal and colonic tumours that are positive within the lymph
nodes but have not invaded through the colorectal wall, and C2 tumours that are positive for
lymph node invasion and have also penetrated the colorectum. Finally, Dukes Stage D
indicates the presence of metastasis to distant organs (Figure 1-7) (Astler and Coller 1954,

Beahrs, 1982, Turnbull, 1975).

The newer and more unified TNM system involves the identification / characterisation of 3
distinct tumour features that are assessed accordingly based on tumour localisation and size
(T), involvement of the lymph nodes (N) and presence or absence of metastasis (M) (Table 1-
1). Combination of these categories into stage groups describes prognosis and guides
treatment strategies for individual patients. Accordingly, Stage | patients are characterised by
good prognosis (90% 5-year survival rate) with limited invasion of the colorectal wall and no
evidence of nodal involvement and presence of metastasis. Patients with Stage Il CRC have
an 80% survival rate at 5-year. They are characterised by a more advanced disease where
there is evident penetration of the colorectal wall but similarly to Stage | no lymph node
invasion nor metastasis are present. Stage |l disease describes patients with nodal invasion
and a 5-year survival rate reduced to 60% and, finally, Stage IV identifies patients with
metastatic disease and the poorest prognosis (~10% 5-year survival rate) (Horton et al., 2005).

Sub classifications comparison of the different staging methods is presented in Table 1-1.
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Figure 1-7: CRC staging as defined by Dukes Staging Method. Dukes Stage A: lesion has infiltrated the mucosa
of the intestinal wall and has not spread to the submucosa, Dukes Stage B: Lesion has penetrated the muscle
layer and in later stages could also spread though the serosa in nearby tissues, Dukes Stage C: Lesion has
expanded through the mucosa and grown into the muscle layers. Lymph node infiltration is also present at this
point, Dukes Stage D: Carcinoma has grown throughout most layers of the intestinal wall, spread into nearby
lymph nodes and possibly to distant sides. (Colon Cancer Vector acquired from 123F.com)

Table 1-1: American Joint Committee on Cancer Stage Groupings for Colorectal Cancer - Comparison between
Dukes’ and TNM staging systems. Tis: in situ carcinoma, T1: submucosa, T2: muscularis propria, T3: subserosa,
T4: other organs, NO: no node metastasis, N1: 1-3 nodes, N2: >4 nodes, MO: no distance metastasis, M1: distant
metastasis. MAC: modified Astler-Coller classification based on Dukes’ Staging. Adopted by Horton et al., 2005

Stage T N M Dukes MAC
0 Tis NO MO = =
T1 NO MO A A
l T2 NO MO A B1
1A T3 NO MO B B2
1B T4 NO MO B B3
1A T1-T2 N1 MO C c1
1B T3-T4 N1 MO (¢ c2/c3
Hc Any T N2 MO C c1/c2/c3
\% Any T Any N M1 - D
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1.5 Chemotherapy of CRC

Due to the high intratumoural and interpatient heterogeneity CRC treatment approaches and
responses to drugs vary. To date, treatment options depend primarily on CRC staging at
diagnosis. Surgery is the first-line treatment for most stage I-Ill localised cancers. Complete
excision of primary colonic tumours can increase the overall 5-year survival to approximately
90% and 70% in stage Il and stage Ill CRC respectively (Siani and Pulica 2014). For advanced
staged Ill and IV CRCs, chemotherapy may precede surgery (neoadjuvant therapy) to reduce
tumour volume or follow surgical resection (adjuvant therapy) to minimise the risk of relapse.
Alternatively, chemotherapy can also be used as a palliative option to improve the quality of
life and prolong survival of terminal CRC patients. The most commonly used

chemotherapeutic drugs with relevance to this dissertation are Fluorouracil and Oxaliplatin.

1.5.1 5-Fluorouracil

The fluoropyrimidine 5-Fluoruracil (5-FU) is a uracil analogue that belongs to the widely used
family of antimetabolite drugs. Intracellularly, 5-FU can be metabolised in three distinct
metabolites, namely, fluorodeoxyuridine monophosphate (FAUMP), fluorodeoxyuridine
triphosphate (FAUTP) and flourouridine triphosphate (FUTP). Formation of these metabolites
results in subsequent inhibition of thymidylate synthase (TS) and disruption of RNA functions
(Longley et al., 2003). TS is a dimeric enzyme that catalyses the conversion of deoxyuridine
monophosphate (dUMP) to deoxythimidine monophosphate (dTMP), ultimately providing
cells with thymidylate which is essential for DNA replication and repair. The methyl group
required for the reductive methylation of dUMP to dTMP by TS is provided by the 5, 10-
methylenetetrahydrofolate (CH,THF) which directly binds on TS. FAUMP blocks the
interaction of dUMP with TS via direct binding to the nucleotide-binding site of TS and ternary
complex formation with CH,THF (Sommer and Santi., 1974; Santi et al., 1974). Alternatively,
RNA function is heavily disrupted via extensive incorporation of FUTP in the newly synthesised
RNA. This results in both inhibition of RNA maturation (Kanamaru et al., 1986; Ghostal and
Jacob, 1994) and disruptions in post transcriptional modifications of tRNAs (Santi and Hardy,
1987; Randerath and et al., 1983).
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1.5.2 Oxaliplatin

Oxaliplatin {[oxalate (2- )-O, O’] [1R, 2R-cyclo-hexanediamine-N, N’] platinum-(Il)} is one of
the most commonly used diaminocyclohexane (DACH) platinum based anticancer drugs in the
clinic. Similarly to cisplatin and carboplatin, oxaliplatin forms a spectrum of analogous adducts
between adjacent GG or GA residues, ultimately leading to disruption of DNA replication and

transcription (Todd et al., 2009, Fink et al., 1997).

Bolus administration of 5-FU or Capecitabine orally, in combination with Irinotecan or
Oxaliplatin are to date the first options in neoadjuvant and adjuvant chemotherapy of CRC.
Clinical trials have shown that combination treatments of 5-FU with Oxaliplatin and
Leucovorin (FOLFOX) or Irinotecan (FOLIFIRI) (Van Cutsem et al., 2014) deliver response rates
around 40-50% (De Gramont et al.,, 2000, Douillard et al., 2000). Alternatively, for the
treatment of metastatic CRC (mCRC) combinations of monoclonal immunotherapies with
bevacizumab (anti-VEGF), cetuximab (anti-EGFR), fluoropyrimidines and Oxaliplatin or
Irinotecan have also shown to improve the response of patients (Van Cutsem et al., 2009, Van
Cutsem et al., 2011, Bokemeyer et al., 2011, Douillard et al., 2013, Van Cutsem et al., 2015,
Bokemeyer et al., 2015, Hurwitz et al., 2004, Saltz t al., 2008).

Despite the encouraging improvements in patient’s response rates, these chemotherapeutic
drugs often result in normal tissue toxicity which may include lower numbers of neutrophils,
neurotoxicity, diarrhoea, stomatitis and necrosis at the site of the intravenous injection

(Dranitsaris et al., 2007, Todd et al., 2009, de Gramont et al., 1997, Ocvirk et al., 2010).
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1.6 Cancer Metabolism — An Emerging Hallmark of Cancer

CRC remains until now one of the best described paradigms of intratumoural and interpatient
heterogeneity (Souglakos et al., 2009). It represents a complex disease with multiple genetic
drivers that can give rise to tumours characterised by sustained proliferative signalling,
replicative immortality, resistance to cell death, inactivation of tumour suppressor genes,
invasion and metastasis (Hanahan and Weinberg 2000). In 2011, Hanahan and Weinberg
introduced the concept of metabolic reprogramming as one of the new emerging hallmarks
of cancer. The high proliferative status of cancer cells is not solely supported by uncontrolled
cell proliferation but often involves modifications in cellular metabolism to support the
rapidly proliferative cells with essential nutrients and energy in a rather dynamic and often
nutrient derived microenvironment. With regards to this anomalous metabolic rewiring,
“aerobic glycolysis’” was one of the first metabolic alterations observed and described by
Warburg in the early 20th century. (Warburg 1930; 1956). Accordingly, highly metabolically
active and glucose demanding cancer cells, metabolise large amount of glucose via glycolysis
rather than oxidative phosphorylation even in the presence of sufficient oxygen supply. It was
then found that glycolysis covers the demand of cancer cells for energy and intermediate
macromolecules much faster, but also contributes to achieving redox homeostasis through
balancing of NADPH/NADP+ and NADH/NAD+ (Hu et al., 2017). Years later scientists managed
to exploit and incorporate this knowledge into clinical practice, as 18F-deoxyglucose-positron
emission tomography (18-FDG-PET) became one of the standard imaging methods used to-
date in cancer imaging (Cohade et al.,, 2013). 18-FDG-PET exploits the glucose avidity of
cancerous tissue compared to the normal surround tissue. Since then the discovery of several
other metabolic alterations in human cancer rendered metabolism one of the most exciting
and promising fields in cancer research. Indeed, one of the most successful examples of
anticancer therapy is the use of antimetabolites such as methotrexate and the previously
described fluoropyrimidines, which primarily target nucleotide metabolism (Van der Heiden,

2011).
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1.6.1 Metabolic Reprogramming in Cancer

The substantial development in analytical tools and the fast advancement in cancer genomics
and metabolomics over the past decades have substantially reshaped and deepened our
understanding of the metabolic rewiring in cancer. The limited availability of nutrients makes
the metabolic adaptations a necessity for cancer growth and survival (Van der Heiden et al.,
2011, Newsholme et al., 1985, Tatum et al., 2006). Through rewiring of their metabolism, the
rapidly dividing cells are able to support their needs for energy (ATP), macromolecules and
the maintenance of an appropriate cellular redox status (Cairns et al., 2011). Intriguingly,
emerging evidences indicate the close association between metabolic activities and
oncogenic signalling pathways (Figure 1-8). As discussed previously (Section 1.3.2, 1.3.3),
RAS/MAPK and PI3K/AKT cascades can be triggered in response to external growth factors or
mutations (Alberolalla et al., 2003, Ramijaun, 2007, Ahmad et al., 2011; Vara et al., 2004).
Activation of PI3K/AKT signalling results in increased glucose intake, which is supported by
increase in the expression and enhanced membrane translocation of the glucose transporter
(GLUT1), (Lien et al., 2016). Transcriptional regulation of GLUT1 by PI3K occurs via multiple
mechanisms which may include, activation of c-Myc (Osthus et al., 2000) or mTORC1 which
regulates indirectly hypoxia induced factor 1 a (HIF1a) (Thomas et al., 2006; Wieman et al.,
2007; Duvel et al.,, 2010). PI3K/AKT signalling can alternatively enhance glycolysis via
phosphorylation and enzymatic activation of phosphofructokinase (PFK), (Lee et al., 2017).
Finally, mTORC1 AKT-driven activation results in increased protein, lipid (Krycer et al., 2010,
Yang et al., 2002) and nucleotide biosynthesis (Saxton and Sabatini, 2017).

The oncogenic activities of c-Myc have been described in several types of cancers — and are
mostly characterized by the transcriptional activation of multiple genes and microRNA’s
involved in cellular proliferation (Munoz-Pinedo et al., 2012). Studies over the past decade
demonstrated that c-Myc regulates glutaminolysis directly by increasing the glutamine intake
and by promoting expression of glutaminase 1 (GLS1), the first enzyme of glutaminolysis (Gao
et al., 2004). As mentioned above, c-Myc contributes to the Warburg effect (increased
aerobic glycolysis) through the enhanced expression of the glucose transporter GLUT1 and
lactate dehydrogenase A (LDHA) (Dang et al., 2009). In summary, these examples outline the
ability of oncogenes to induce metabolic reprogramming necessary to sustain the growth of

rapidly proliferating cancer cells (Figure 1-8).
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Figure 1-8: Interactions between Metabolic and Genetic Reprogramming in Cancer (Adapted from Sciacovelli
etal., 2014)

1.6.2 Arginine Metabolism

Arginine, is generally classified as a non-essential amino acid due to its sufficient endogenous
synthesis in adult humans. However, during early developmental stages, or in cases of
infection and inflammation or small intestine and kidney dysfunction, insufficient levels of
endogenous synthesis may render arginine conditionally essential (Flynn et al., 2002; Barbul,
1986; Abumrad and Barbul, 2004). Arginine is often characterised as one of the most versatile
amino acids in mammals. Beyond its role in protein synthesis as a structural component of
proteins, it serves as a precursor for the synthesis of several other biomolecules, including
polyamines (putrescine, spermidine and spermine), creatine, nitric oxide (NO), urea, proline,
glutamate and agmatine (Morris et al., 1998). In adult humans, the de novo synthesis of
arginine involves the synergistic metabolic functions of both the small intestine and kidney.
The spatial and differential expression of the arginine metabolic enzymes results in the
intestinal release of citrulline into the blood circulation and its uptake and conversion into
arginine by the kidney. More specifically, the epithelial cells of the small intestine utilise

glutamine, glutamate and proline to synthesise ornithine which is then converted into
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citrulline before being released into the blood circulation. The synthesis of citrulline from
ornithine is catalysed by two enzymes, namely, ornithine transcarbamylase (OTC) and
carbamoyl synthase 1 (CPS-1) (Figure 1-9). More specifically ornithine, along with carbamoyl
phosphate, which is synthesised from bicarbonate and ammonia via the action of CPS-1, are
utilised by OTC to synthesize citrulline. Once released in blood circulation, citrulline is
absorbed by the tubular cells of the kidney, where in a two-step enzymatic process,
argininosuccinate synthase (ASS1) converts citrulline and aspartate into argininosuccinate,
whereas argininosuccinate lyase (ASL) converts argininosuccinate into fumarate and arginine
(Figure 1-9 and Figure 1-11) (Morris et al., 1998). Alternatively, citrulline can also be utilised
by several other cell types for the de novo synthesis of arginine. These cell types include
macrophages, endothelial cells, adipocytes, myocytes and neurons (Eagle, 1959; Jackson et
al., 1986; Morris, 1999). Despite the fact that arginine is classified as a non-essential amino
acid, its de novo synthesis via the intestinal — renal axis is responsible for only 5-15% (30% in
new-borns) of the total arginine, with most of the arginine’s need satisfied through nutrition
and protein degradation (Morris et al.,1998). (Delage et al., 2010). Under normal conditions
arginine metabolism can be compartmentalised according to tissue function. Accordingly,
arginine and urea cycle in the liver are used for the elimination of nitrogenous waste, whereas
endothelial cells use arginine as an intermediate to generate NO through the citrulline cycle

(Husson et al., 2003).
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Figure 1-9: Urea and TCA Cycle, Abbreviations: POX: Proline Oxidase; PYCR1/2: Pyrroline 5 Carboxylate
Reductase 1/2; CPS1: Carbamoyl-phosphate synthase 1; ODC: Ornithine Decarboxylase; OAT: Ornithine
Aminotransferase; OTC: Ornithine ASS1: Argininosuccinate Synthase 1; ASL:
Argininosuccinate Lyase; NOS: Nitric Oxide Synthetase; ARG1: Arginase 1; FH: Fumarase; SDH: Succinate
Dehydrogenase; SCS: Succinyl-CoA synthase; KGDHC: a-Ketoglutarate Dehydrogenase; GLUD: Glutamate
Dehydrogenase; GLS: Glutaminase; IDH2/3: Isocitrate dehydrogenase; AH: Aconitase; CS: Citrate Synthase; PDH:
Pyruvate Dehydrogenase; ACLY: Adenosine Triphosphate Citrate Lyase; MDH: Malate Dehydrogenase (Adopted
from Kuo and Feun. 2010).

Transcarbamylase;
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1.6.3 Regulation of Growth Proliferation and Survival by Arginine Availability: the crucial role
of the mTOR pathway

In humans, the mammalian target of rapamycin (mTOR) signalling responds to nutrient
availability, mainly amino acids, and regulates protein synthesis and other metabolic
pathways, such as nucleotide and fatty acid synthesis (Saxton and Sabatini, 2017). When
nutrients are abundant, mTOR signalling is activated to enhance protein synthesis and
anabolism of nucleotides and lipids. mTOR is a serine/threonine kinase, which exists as part
of two distinct heteromeric complexes, the mTOR complex 1 (mTORC1), which regulates
protein translation and cell proliferation and the mTOR complex 2 (mTORC2), which is
primarily responsible for the activation of the PI3K/AKT pathway through direct
phosphorylation of Akt (Saxton and Sabatini, 2017). mTORC1 consists of five distinctive
protein subunits: the mTOR kinase, the regulatory protein associated with mTOR (RAPTOR)
and the mammalian lethal with Sec13 protein 8 (mLST8) (Hara et al., 2003; Kim et al., 2003).
The two additional negative regulatory components, are the proline-rich Akt substrate of
40kDa (PRAS40) and DEP domain containing mTOR interacting protein (DEPTOR) (Peterson et
al., 2009). mTORC1 activity relies on substrate recruitment mediated by RAPTOR (Nojima et
al.,2003) and stabilisation of its kinase activation loop by mLST8 (Yang et al., 2013). On the
contrary, mTORC2 contains the rapamycin insensitive companion of mTOR (RICTOR) instead
of RAPTOR, along with mTOR, mLST8, DEPTOR (Peterson et al., 2009) as well as Protor1/2
(Woo et al., 2007; Pearce et al., 2007) and mSin1 (Yang et al., 2006; Frias et al., 2006).

Studies have shown that amino acid sensing through the mTORC1 is regulated by both an
intra-lysosomal and a cytosolic mechanism. Accordingly, under canonical conditions,
sufficient availability of amino acids within the lysosomal matrix stimulates the interaction of
the amino acid transporter SLC38A9 with the Rag-Ragulator-v-ATPase complex. This complex
further initiates the interaction between Ras-related GTPases (Rag proteins) and the mTORC1,
which, in turn, allows the binding between Raptor and mTOR. Rag proteins are heterodimeric
GTPases that comprise of RagA, RagB, RagC and Rag D (Sancak et al., 2010; Bar-Peled et al.,
2012). Their association with the Ragulator protein at the surface of the lysosomes results in
the recruitment of mTOR and subsequent, activation of the mTORC1 on the lysosomal surface

which is enabled by the GTP-loaded Ras homolog enriched in the brain G protein (Rheb)
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(Figure 1-10) (Jung et al., 2015; Rebsamen et al., 2015; Zoncu et al., 2011; Bar-Peled et al.,
2012; Wang et al., 2015).

Alternatively, sensing of leucine and arginine concentrations in the cytosol occurs through a
distinct pathway that involves Gap activity toward Rags 1 and 2, GATOR1 and GATOR2
complexes (Bar-Peled et al., 2013). Recent studies have shown that Arginine can activate
MTORC1 via direct binding to the cellular arginine sensor for mTORC1 (CASTOR1). Cytosolic
arginine promotes the disassociation of CASTOR1 from GATOR2, a known mTOR inhibitor.
This relieves mTORC1 from GATOR2 inhibitory activity (Figure 1-10) (Saxton et al., 2016b;

Chantranupong et al., 2016) further promoting the activation of mTORC1 by the Rag proteins.

Once assembled and activated the mTORC1 phosphorylates the eukaryotic elongation and
initiation factor binding proteins 1-3 (4E-BP1-3) (Brunn et al., 1997; Gingras et al., 1999) and
activates the ribosomal protein S6 kinase (p70S6K), which, in turn, then phosphorylates the
ribosomal protein S6. Phosphorylation of 4E-BP1 by the active mTORC1 releases the
eukaryotic initiation factor 4E (elF4E) from 4E-BP’s inhibitory activity, thus enabling the cap
dependent translation of mRNA transcripts involved in growth and cell cycle (Hsieh et al.,
2010; Thoreen et al., 2012). Additionally, activation of the ribosomal protein S6 enhances the
translation of pyrimidine-rich-5 TOP motifs that promote the production of ribosomal
proteins involved in protein synthesis (Peterson and Schreiber, 1998; Dufner and Thomas,

1999).

Recent findings have also characterised mTORC1 as a regulator of nucleotide synthesis. Ben-
Sahra et al, in 2016 showed that mMTORC1 increases the expression of
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2). Accordingly, MTHFD2 is critical for
purine synthesis as it provides one-carbon units via the mitochondrial tetrahydrofolate cycle.
Additionally, it has been shown the mTORC1 further activates the trifunctional, multi-
domain enzyme carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase (CAD), which catalysed the first step of the pyrimidine de novo synthesis
pathway (Ben-Sahra et al., 2013; Robitaille et al., 2013).

mTORC1 does not only promotes growth via protein synthesis but also inhibits the catabolic
“self-eating’’ process of autophagy, via inhibition of the UNC-51 like kinases (ULKs) (Dunlop
and Tee, 2013).
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Autophagy is an evolutionary conserved catabolic process by which proteins and cellular
organelles are degraded via engulfment by autophagosomes and fusion with lysosomes in an
effort to provide cells with essential energy and macromolecules (Mizushima, 2007;
Mizushima et al., 2011). Regulation of this catabolic process is mediated by the expression of
autophagy-related genes (ATGs) (Mizushima et al., 2011. As Levy et al., reviewed in 2017,
autophagy consists of 5 distinctive steps: “initiation, nucleation of the autophagosome,
expansion and elongation of the autophagosome membrane, closure and fusion with the
lysosome, and the degradation of intravesicular products”, followed by recycling of the
digested metabolites (Levy et al., 2017). Briefly, under starvation, inactivation of the mTORC1
relieves ULK1 from its inhibitory activity, thus allowing the initiation of autophagy. Activation
of autophagy occurs via the ULK1 complex which further activates downstream effectors,
including a class Il PI3K complex, ATG14 and activating molecule in BECN1-regulated
autophagy protein 1 (AMBRA1), ultimately promoting vesicle nucleation and autophagosome
formation. Autophagosomal expansion is mediated by ATG5-ATG12 along with ATG16. During
this stage LC3A proteins are recruited to the autophagosomal membrane via interactions with
phosphatidylethanolamine (PE). The synergistic action of ATG4B and ATG7 conjugates LC3A
with PE to produce LC3B which is incorporated into the expanding membrane. Consequently,
lysosomal fusion with autophagosomes results in the degradation of their contents, hence

supplying cells with macromolecules (Levy et al., 2017).

In response to nutrient stress and amino acid deprivation mTORC1 gets inactivated and this
causes opposite effects from the ones previously mentioned, that is extensive induction of
autophagy and inhibition of protein translation and nucleotide biosynthesis. (Delage et al.,

2012; Syed et al., 2013; Changou et al., 2014).
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Figure 1-10: mTOR signalling pathway — The amino acid sensing pathway upstream of the mTORC1. (Adapted
from Saxton and Sabatini, 2017).
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1.6.4 Rewiring of Arginine Metabolism in CRC

Among arginine-derived metabolites, polyamines have been investigated broadly for their
implication in CRC development and progression (Gerner and Meyeskens et al., 2004; Gerner,
2010; Basuroy and Gerner, 2006; Vargas et al., 2012). Their involvement in transcriptional
control via stabilization and remodelling of chromatin structures (Childs et al., 2003) as well
as the translational regulation via promoting phosphorylation changes or unique post
translational modifications, such as hypusination of proteins of the translational machinery

(Landau et al., 2010) highlight their importance in cell growth and cancer development.

Ornithine decarboxylase (ODC), the first enzyme and the rate limiting step in polyamine
synthesis that converts ornithine to putrescine, has been shown to be regulated by the Wnt
signalling pathway (Fultz and Gerner 2002). Accordingly, ODC expression is driven by c-Myc,
a transcriptional regulator controlled by the Wnt signalling (TC et al., 1998, Bello-Fernandez
etal., 1993). In fact, c-Myc upregulation driven by loss of APCin CRC results in increased levels
of ODC and polyamine concentrations within the tumours. Reportedly, some polymorphisms
of the ODC gene, are considered as risk factors for CRC (Martinez et al., 2003). In the FAP
mouse model, small intestine exhibits significantly increased concentrations of polyamines
and ODC, in comparison to normal mice (Erdman et al., 1999), thus supporting the rationale
of targeting polyamine biosynthesis. Accordingly, pharmacological inhibition of ODC using
difluoromethylomithine (DMFO) has been investigated as a potential target for the treatment
and prevention of CRC (Gerner and Meyeskens et al., 2004; Gerner, 2010; Basuroy and
Gerner, 2006; Vargas et al., 2012). Despite restricted antitumor efficacy in late stage tumours
(Horn et al., 1987), DMFO has shown promising antigrowth capabilities in early stage
adenomas (adenomatous polyps) in both humans (Meyskens et al., 2008) and animal studies

(Ignatenko et al., 2011).

Arginine can also be catabolized into NO via the oxidative pathway. The enzyme responsible
for this conversion is nitric oxide synthase (NOS) and exists in three distinct isoforms eNOS
(endothelial), iNOS (inducible) and nNOS (neuronal). Although NO is well known for its
involvement in neurotransmission and vasorelaxation, it is also implicated in several
metabolic processes which further affect cell proliferation (Korde et al., 2013). Upregulation
of NOS in CRC tumours implies that NO and or its reactive by-products derived from these

enzymes play a critical role in colon carcinogenesis via regulation of proliferation and
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apoptosis (Zafirellis et al., 2010). Recent evidence from Lu et al., 2013 reveal that there is a
significant accumulation of arginine and citrulline in CRC tumours which is also accompanied
by a significant increase of the arginine transporter CAT-1. Taken together, the authors report
that overexpression of CAT-1, ASS1, ASL and NOS suggest the presence of an accelerated
arginine metabolism that channels the exogenous arginine to different biosynthetic routes,

therefore implying that CRCs may be arginine dependent (Lu et al., 2013).

Animal studies indicate that arginine and several of its end product molecules (such as
polyamines and nitric oxide) are implicated in cancer development. The antigrowth
capabilities of arginine withdrawal have been reported in the early 30s when Gilroy observed
that supplementation of an arginine free diet in mice could result in decrease in growth of
tumour allografts (Gilroy, 1930). Several studies followed since then, demonstrating the anti-
proliferative effects of arginine deprivation in HELA cells (Lane et al., 1965) and macrophages
(Currie et al., 1978). Similar antigrowth capabilities of arginine withdrawal were reported
later by Yerushalmi in 2006 in genetically engineered mice (Yerushalmi et al., 2006), whereas
removal of dietary arginine demonstrated inhibition of the development of liver metastases
(Yeatman et al., 1991). These findings testify the modulatory effect of arginine in cancer

development and progression.

1.6.5 Exploiting Arginine Auxotrophy in Cancer

Auxotrophy is the inability of an organism to synthesise de novo a specific organic compound
essential for its growth (Agrawal et al., 2012). Several cancer types, including melanoma
(Ensor et al., 2002) hepatocellular carcinoma (HCC) (lzzo et al., 2004), lymphoma (Delage et
al., 2012) and sarcoma (Bean et al., 2016) have been identified as arginine-auxotroph cancers.
Their dependency on external supplementation of arginine is emerging as a primary need for
cell growth. ASS1 expression has been identified as one of the key biomarkers of arginine
auxotrophy. Its decreased expression due to epigenetic silencing has been well documented
in several studies (Lan et al., 2014, Huang et al., 2013) and held responsible for ensuing
arginine auxotrophy. However, more recently, other enzymes implicated in arginine

metabolism have shown deregulated expression. Accordingly, in a subset of glioblastomas,
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ASL deficiency plays a significant role in the tumour dependency on external arginine sources
(Philips et al., 2013). In addition, Mussai et al., identify patients with acute myeloid leukemia
(AML) deficient for ASS1 and OTC reliant on external arginine supplementation and
susceptible to arginine depleting strategies (Mussai et al., 2015). Similarly in HCC, ASS1
positive cell lines that lack OTC expression respond to arginine depletion both in vitro and in
vivo (Cheng et al., 2007).

Association between ASS1 downregulation and clinical aggressiveness in several malignancies
exposes ASS1 role as a potential tumour suppressor gene. Reportedly, ASS1 deficiency in
oesophageal adenocarcinoma has been associated with lymphatic dissemination (Lagarde et
al., 2008), whereas in patients with myxofibrosarcoma (Huang et al., 2013), bladder cancer
(Allen et al., 2014) and osteosarcomas (Kobayashi et al., 2010) ASS1 downregulation was
correlated with worse survival (Lan et al., 2014). Downregulation of ASS1 could further divert
exogenous arginine sources towards alternative biosynthetic pathways. In this regard,
melanoma tumours with high expression of iNOS, have been linked with ASS1 deficiency and
worse prognosis. It is well established that NO is held responsible for induction of pro survival
mechanisms in melanoma, hence external arginine sources could feed NO and pro survival
signalling (Ekmekoglou et al., 2006; Su et al., 1981). Adding to this, there are also evidences
that ASS1 silenced-tumours acquire advantages in both metastatic proclivity and drug
resistance (Delage et al., 2010). For instance, in ovarian cancer, ASS1 deficiency has been
linked with resistance to platinum-based drugs and further associated with decreased overall
survival as well as relapse-free survival (Nicholson et al., 2009). Similarly, in HCC, ASS1
downregulation has also been correlated with resistance to cisplatin (McAlpine et al., 2014),
while Kim and colleagues linked decreased ASS1 and inverse P-glycoprotein (P-gp) expression
with Doxorubicin resistance in sarcomas (Kim et al., 2016). Finally, in osteosarcomas, ASS1
reduced expression was associated with pulmonary metastasis in post neoadjuvant
chemotherapy and curative resection patient samples (Kobayashi et al., 2010), whilst in
myxofibrosarcomas stable re-expression of ASS1 promotes a slower closure phenotype in
wound healing experiments as well as reduced invasion of tumour cells in matrigel invasion
assays (Huang et a., 2013).

Although the reason for ASS1 silencing is still not fully understood, studies suggest that ASS1
loss in cancers promotes pyrimidine synthesis (Rabinovich at al.,, 2015). As previously

described in section 1.6.2, the physiological role of ASS1 is to catalyse the enzymatic
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conversion of citrulline and aspartate into argininosuccinate. As Rabinovich et al., reported,
selective downregulation of ASS1 in tumours increases the cytosolic levels of aspartate.
Accumulation of aspartate, which serves as a substrate for the CAD enzymatic complex,
increases pyrimidine biosynthesis via enhanced substrate availability for the CAD enzymes
and by increasing CAD phosphorylation by S6 kinase-mTOR axis (Rabinovich at al., 2015).
Arginine auxotrophy has been exploited as a metabolic vulnerability in several malignancies.
Cancer cells deficient in either ASS1, ASL or OTC are susceptible to arginine deprivation
strategies and pharmacological agents are currently being tested in both pre-clinical and
clinical settings for their antitumor efficacy.

As illustrated by Figure 1-11, arginine depletion could be achieved with the use of several
arginine-degrading enzymes, such as arginine decarboxylase (ADC), nitric oxide synthase
(NOS), arginine deiminase (ADI) and arginase (Morris, 2004). However limited stability, poor
enzymatic activity and reduced Km for arginine in vivo render most of them unsuitable for
clinic use. Regardless, two of the most potent enzymes, ADI and arginase, have found their
way to clinical settings and have been utilised over the recent years with the purpose of

archiving arginine depletion in cancer patients.

1.6.5.1 PEGylated Arginine Deiminase (ADI-PEG20)

The ability of the mycoplasma-derived ADI to degrade arginine to citrulline and ammonia was
reported as early as the 1930s (Horn, 1933). In 1963 Kraemer described the anti-growth
capabilities of mycoplasma strains in murine lymphoma cell cultures in vitro (Kraemer, 1963;
Kraemer, 1964). Several years after, Takaku and colleagues demonstrated that the ADI
enzyme purified from Mycoplasma arginini was indeed responsible for Kraemer’s initial
observation (Takaku et al., 1992). The 43kDa protein has an enzymatic activity of 70%, at pH
values 6.0 to 7.5 at 50 °C. Its potency to deplete arginine is dramatically higher compared to
bovine liver arginase despite the fact that ADI affinity for arginine (Km value = 0.3mM) is 30
times lower (Miyazaki et al., 1987). To overcome the limitations of decreased half-life (~5hr)
and high antigenicity in mammals, scientists formulated a PEGylated version of the enzyme
(Ni et al., 2008). In this regard, ADI has been conjugated with polyethylene glycol (PEG)

molecules (20kDa), via succinimidyl succinate amide bonds, leading to a compound known as
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ADI-PEG20. These PEG molecules are highly water soluble synthetic polymers which
contribute to extend the in vivo half-life of ADI to 7 days (Holtsberg et al., 2002). Intramuscular
administration of ADI-PEG20 (51U/animal) in mice can effectively catabolise free arginine to
almost undetectable levels (Beloussow et al., 2002).

To date, the PEGylated ADI has been tested extensively in multiple malignancies in preclinical
models and clinical trials. Among others, the anti-tumour efficacy of ADI-PEG20 has been
confirmed in HCC (Ensor et al., 2002), prostate cancer (Kim et al., 2009), small cell lung
carcinoma (SCLC) (Kelly et al., 2012), pancreatic cancer (Bowles et al., 2008), lymphoma
(Delage et al., 2012), melanoma (Stelter et al., 2013), glioblastoma (Syed et al., 2013),
myxofibrosarcomas (Huang et al., 2013) and breast cancer (Qiu et al., 2014). Given the
promising anti-tumour efficacy of ADI-PEG20 as a single treatment, scientific interest has also
focused on assessing the efficacy of ADI-PEG20 in combination with existing
chemotherapeutic agents. In summary, studies report that ADI-PEG20 exhibits synergistic
and/or additive effects with 5-FU, PI3K inhibitors, Chloroquine (CQ), Pemetrexed, Cytarabine
and tumour necrosis factor (TNF) related apoptosis-inducing ligand (TRAIL) in several
malignancies, such as prostate cancer, mesothelioma and more recently breast cancer (Kim
et al., 2009; Allen et al., 2014; Tsai et al., 201; You et al., 2013; Qju et al., 2014; Delage et al.,
2012).

In Phase I/ clinical trials, intramuscular administration of ADI-PEG20 at 1601U/m? per week
in patients with metastatic HCC, extended their overall median survival to at least 400 days,
with more than 40% of the patients exhibiting response (lzzo et al., 2004). In a similar setting,
groups of advanced HCC patients received either 80 or 1601U/m? ADI-PEG20 per week for a
total period of 6 months. In summary, results from this study demonstrated increased survival
of up to 15.8 months without any significant difference between the two doses (Glazer et al.,
2010, Yang et al., 2010). Overall, these studies report that administration of ADI-PEG20 was
well tolerated with most common adverse effects being fatigue, allergic reactions on the
injection site, followed less commonly by diffuse skin rashes, neutropenia and rarely
anaphylactic reactions and serum sickness (Philips et al., 2013). A recent large scale (635
patients) randomised Phase Ill clinical trial in patients with advanced HCC revealed no overall
survival benefit. Lack of response was accompanied by increased immunogenicity (anti-ADI-

PEG20 antibodies) in patients treated with ADI-PEG20. This was further correlated with an
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approximately 45% decrease in mean blood ADI-PEG20 levels at week 12 (Abou-Alfa et al.,
2018).

In patients with metastatic melanoma (MM), weekly administration of 1601U/m? resulted in
25% clinical responses with at least one patient exhibiting complete response (Ascierto et al.,
2005). However, in a similar setting, another Phase I/l clinical trial reported stable disease as
the best response (Ott et al., 2013).

In 2013 Szlosarek et al., conducted the first prospective randomised study in mesothelioma
(the Arginine Deiminase and Mesothelioma, ADAM study), in an effort to evaluate the role of
ASS1 as a predictive biomarker of response to ADI-PEG20 treatment. In this Phase Il trial,
administration of ADI-PEG20 improved the progression-free survival compared to the group
which was receiving best supportive care only (3.2 vs 2.0 months respectively, p value = 0.03)
with an additional 46% of the participants exhibiting partial metabolic response by PET-CT
(Szlosarek et al., 2013).

In a follow up study, the efficacy of ADI-PEG20 was evaluated in combination with cisplatin
and Pemetrexed in ASS1 deficient thoracic cancers. Results obtained from this small scale
Phase | dose escalation trail reveal a response rate of 78% (Beddowes et al., 2017). A Phase
[I/11l in malignant pleural mesothelioma is currently on going. Ongoing clinical trials with ADI-

PEG20 are presented in Tables 1-2; 1-3.
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Figure 1-11: Mammalian Metabolism of Arginine — An overview. Metabolic fate of arginine and arginine
intermediate metabolites. Abbreviations: CAT-1: cationic amino acid transporter 1 ASS1: argininosuccinate
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Table 1-2: Ongoing Clinical Trials for ADI-PEG20 (a), (Source:

www.clinicaltrials.gov)

Title Status Study Results Conditions Interventions Locations
20T ADI.PE(.;ZO el - . ’ Drug: ADI-PEG20 Facility National Cheng Kung University,
Advanced Solid Cancers Recruiting No results available Advanced solid cancers 7 ; .
Drug: Pembrolizumab Tainan, Taiwan
Pleural Mesothelioma Malignant,
Advanced Peritoneal, Mayo Clinic Rochester, Rochester,
Mesothelioma Malignant Minnesota, United States; Centre for
Phase 1 Study in Subjects With Tumors Active. not Advanced, Non-squamous Non- Experimental Cancer Medicine (CECM),
2 Requiring Arginine to Assess ADI-PEG20 recrui'tin No Results Available small Cell Lung Carcinoma Stage *  Drug: ADI-PEG20 London, England, United Kingdom;
With Pemetrexed and Cisplatin € HIB/IV (NSCLC), Metastatic Uveal Cambridge Hospital, Cambridge, United
Melanoma, Hepatocellular Kingdom; Guys Hospital, London, United
Carcinoma (HCC), Glioma, Kingdom
Sarcomatoid Cancers
ADI-PEG20 in  Combination  With + Drug: ADI-PEG20 Sarcoma Oncology Centre, Santa Monics,
e - . . o California, United States; Washington
3 Gemcitabine and Docetaxel for the Recruiting No Results Available Soft Tissue Sarcoma * Drug: Gemcitabine L - . .
" University School of Medicine, Saint Louis,
Treatment of Soft Tissue Sarcoma * Drug: Docetaxel , .
Missouri, United States
Phase 18 Trial With ADI-PEG20 Plus Nab- Active, not Memorial Sloan-Kettering Cancer Centre
4 Paclitaxel and Gemcitabine in Subjects - No Results Available Advanced Pancreatic Cancer * Drug: ADI-PEG20 B !
X i recruiting New York, New York, United States
With Pancreatic Cancer
Memorial Sloan-Kettering Cancer Centre,
New York, New York, United States; Chang
Gung Medical Foundation - Kaohsiung,
Phase 1-2 Study ADI-PEG20 Plus FOLFOX Advanced Gastrointestinal (GI) Kaohsiung, Taiwan; National Cheng Kung
5 in Subjects With Advanced Recrulting No Results Available Malignancies, Hepatocellular Drug: ADI-PEG20 University Hospital, Tainan, Taiwan;

Gastrointestinal Malignancies Focusing
on Hepatocellular Carcinoma

Carcinoma, Gastric Cancer
Colorectal Cancer

Mackay Memorial Hospital, Taipei, Taiwan;
Taipei Veterans General Hospital, Taipei,
Taiwan; Tri-Service General Hospital,
Taipei, Taiwan; Chang Gung Medical
Foundation - Linkou, Taoyuan, Taiwan
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Table 1-3: Ongoing Clinical Trials for ADI-PEG20 (b), (Source: www.clinicaltrials.gov)

Title Status Study Results Conditions Interventions Locations

Phase 1 Trial of ADI-PEG20 Plus

6 Docetaxel in Solid Tumors With Active, not No Results Available Solid Tumors * Drug: ADI-PEG20 University of California at Davis,
Emphasis on Prostate Cancer and Non- recruiting Prostate Cancer Sacramento, California, United States
Small Cell Lung Cancer
Kaohsiung Medical University Chung-Ho;
Phase 1 Study of ADI-PEG20 Plus Low « Drug: ADI-PEG20 Memorial Hospital, Kaohsiung, Taiwan
7 Dose Cytarabine in Older Patients With Recruiting No Results Available Acute Myeloid Leukemia ) National Cheng Kung University Hospital,

* Drug: Cytarabine

AML Tainan, Taiwan; Chang Gung Memorial

Hospital - Linkou, Taoyuan, Taiwan

Mayo Clinic, Phoenix, Arizona, United
States; UCLA Haematology & Oncology -
Santa Monica, Los Angeles, California,
United States; University of California San
Francisco Helen Diller Comprehensive
Cancer Centre, San Francisco, California,
United States; H. Lee Moffitt Cancer Centre
& Research Institute, Tampa, Florida,

Phase 2/3 Study in Subjects With MPM * ADI-PEG 20 plus Pemetrexed United States; University of Chicago,

8 w/Low ASS1 Expression to Assess ADI- Recruiting No Results Available Mesothelioma and Cisplatin Chicago, llinoks, United States; University
PEG20 With Pemetrexed and Cisplatin * Placebo plus Pemetrexed of Maryland, Marlene & Stewart
P Cisplatin Greenebaum Comprehensive Cancer

Centre, Baltimore, Maryland, United
States; Henry Ford Hospital, Detroit,
Michigan, United States #Mayo Clinic,
Rochester, Minnesota, United States;
Memorial Sloan Kettering Cancer Centre,
New York, New York, United States; MD
Anderson Cancer Centre, Houston, Texas,

United States
Study in Patients With Tumours * Drug: Atezolizumab
Requiring Arginine to Assess ADI-PEG20 Not yet . " * Drug: Pemetrexed
9 With Atezolizumab, Pemetrexed and recruiting No Results Avallable Carcinoma, Non-Small-Cell Lung * Drug: Carboplatin

Carboplatin *  Drug: ADI-PEG20
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1.6.5.2 PEGylated Recombinant Human Arginase 1 (rhArg1peg5000)

The manganese —containing enzyme Arginase catalyses the conversion of free arginine into
ornithine and urea, therefore can be potentially utilised to target OTC, ASS1 and ASL deficient
tumours. Reports of arginase anti-tumour efficacy go back in the 60s when murine and calf
derived arginase enzymes were found to inhibit DNA synthesis in 3T3 fibroblasts (Holley et
al., 1967) and decrease tumour growth in rats (Bach and Swaine, 1965). Despite the limited
enzymatic effectiveness in human plasma due to higher optimal pH values (pH 9.6), recent
modifications have managed to increase both the bioavailability and Km of the enzyme.
Accordingly, PEGylation process has increased the bioavailability of the enzyme from few
minutes to 3 days, while Km has also been improved from 6mM to 2.9mM. These features,
along with lack of immunogenicity and effectiveness in ASS1 positive, ASS1 negative and ADI-
PEG20 refractory tumours (Dillon et al., 2002; Tsui et al., 2009), render rhArg1peg5000 (PEG
BCT-100) a noteworthy therapeutic agent alternative to ADI-PEG20 (Dillon et al., 2002).

Preclinical studies showed, that rhArglpeg5000 can effectively decrease circulating arginine
to negligible levels within 24 hr. Results were also accompanied by a directly proportional 7-
fold increase in ornithine concentration. Moreover, these studies revealed a significant anti-
tumour effect of rhArglpeg5000 in Hep3B and T-cell acute lymphoblastic leukemia (T-ALL)
cell xenografts, both as a single treatment and in combination with 5-FU and Cytarabine

(Hernandez et al., 2010; Cheng et al., 2007).

Concerns about rhArglpeg5000 related toxicity had been issued by Mauldin et al. According
to their dose-escalation study, intraperitoneal administration of the highest 10mg/kg
biweekly dose of arginase resulted in “uniform lethality, tremendous weight loss, and bone
marrow necrosis’’ in experimental mice. This phenotype was rescued by supplementation of
citrulline, which extended the survival of mice significantly (Mauldin et al., 2012).
Nevertheless, in accordance with previous studies, rhArglpeg5000 anti-tumour efficacy has
been confirmed both in vitro and in vivo, in several malignancies, including HCC, prostate
cancer, leukemia and metastatic melanoma (Hsueh et al., 2012; Lam et al., 2011) with no

evidence of life-threatening toxicity.

In the clinical setting, a recent trial assessed the safety, pharmacokinetics (PK)/

pharmacodynamics (PD) parameters and efficacy of rhArglpeg5000 in patients with
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advanced HCC (Yau et al., 2015). rhArg1lpeg5000 was administered intravenously, at weekly
doses of 1600 U/kg. Overall drug treatment, unlike preclinical mouse models described by
Mauldin and colleagues, was well tolerated with no major adverse effects. Reportedly, 15%
of the patients exhibited liver dysfunction, while 3 other percentiles of patients (10% each)
suffered from abdominal pain, abdominal distention and tumour pain. However, none of
these adverse effects were directly correlated with the treatment (Yau et al., 2015). As
depicted by Table 1-4, to date there are 3 ongoing clinical trials in melanoma, prostate cancer,
AML, ALL and paediatric solid tumours that are designed to test further the efficacy of
rhArglpeg5000 as monotherapy, and evaluate potential adverse effects

(www.clinicaltrials.gov).
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Table 1-4: Ongoing Clinical Trials for rhArg1peg5000 (PEG-BCT-100), (Source: www.clinicaltrials.gov)

Title Status Study Results Conditions

Interventions

Locations

Recombinant Human Arginase 1 (rhArgl)

1 in Patients With Advanced Arginine T No results * Melanoma
Auxotrophic Solid Tumaors available * Prostate Adenocarcinoma
Efficacy and Safety Study of Recombinant
. . . . No results
2 Human Arginase 1 in Patients With Active, not recruiting available * Acute Myeloid Leukemia
Relapsed or Refractory Acute Myeloid !
Leukemia
A Study Evaluating the Safety and Activity No results * Paediatric Solid Tumor
3 of PEGylated Recombinant Human Not yet recruiting . * Paediatric AML
Arginase (BCT-100) (PARC) el b2 + Paediatric ALL

PEG-BCT-100

PEG-BCT-100

PEG- BCT-100

California Cancer Associates for
Research and Excellence, cCARE,
San Diego, California, United States;
John Wayne Cancer Institute, Santa
Monica, California, United States

The University of Hong Kong, Queen
Mary Hospital, Hong Kong
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1.6.5.3 Mechanisms of Resistance to Arginine Depleting Strategies

Arginine depleting strategies, including pharmacological and dietary depletion, induce a
cellular adaptive responses which support cancer cells to overcome arginine starvation. Re-
expression of ASS1, induction of autophagy and production of ADI-PEG20 neutralising

antibodies are among the main mechanisms of resistances to arginine deprivation.

As previously mentioned, ASS1 is silenced via methylation of its promoter in human tumours
and demethylation of the ASS1 promoter is a common mechanism leading to re-expression
of the enzyme and acquired resistance in arginine-starved cancers (Delage et al., 2012;
Szlosarek et al., 2013). Alternatively, studies in melanoma and breast cancer cell lines treated
with ADI-PEG20 or cultured in arginine-free medium, revealed that ASS1 gene is regulated by
two transcriptional factors, namely c-Myc and hypoxia induced factor 1 alpha (HIF-1a). c-Myc
and HIF-1a bind on the regulatory E-box sequence (5'-CACGTG) upstream of the ASS1 gene
transcriptional starting site, thus promoting, in the case of c-Myc, or suppressing, in the case

of HIF-1a, the expression of ASS1 (Tsai et al., 2009; Hann and Eisernman 1984).

In the presence of ADI-PEG20, VHL-mediated proteasomal degradation of HIF1a relieves E-
box regions from HIF-1a. inhibitory activity and it allows c-Myc to bind to the E-box sequences
leading to increased ASS1 transcription (Tsai et al., 2012). It has also been proposed that in
ADI-PEG20-treated cells, c-Myc is stabilized via inhibition of the ubiquitin-mediated protein
degradation apparatus, hence resulting in increased expression of ASS1 (Tsai et al., 2012).
There is in fact evidence that ADI-PEG20 enhances the formation of the ubiquitin-specific
protease 28 (USP28), which removes ubiquitin molecules attached on c-Myc via the subunit
of the E3 ubiquitin ligase complex, F-box and WD40 domain-containing protein 7a (Fow7a).
USP28 counteracts the action of Fbw7a and inhibits proteasomal degradation of c-Myc. This
stabilisation of c-Myc is regulated by a complex interplay between signalling pathways that
involves the phosphorylation of c-Myc itself by ERK and GSK-3[. Reportedly, c-Myc ubiquitin
targeted proteasomal degradation is promoted by the kinase GSK-3B, in which case
phosphorylation of c-Myc at threonine residue 58 (T58) results in its recognition by the
Fbw7a. Alternatively, phosphorylation of c-Myc at serine 62 (562), mediated by ERK, prevents
c-Myc ubiquitination and subsequent degradation. Furthermore, it’s been also shown that
PI3K/AKT promotes the stabilisation of c-Myc via inactivation of GSK-3pB (Stephen et al., 2014).

As discussed previously (Section 1.6.3), mTOR signalling regulates autophagy in response to

49 |Page



energy and amino acid availability. Upon arginine starvation mTORC1 inactivation promotes
induction of autophagy to supply the arginine deprived cells with amino acids derived from
intracellular organelles breakdown. Induction of autophagy has been described in several
cancers, including lymphomas (Delage et al., 2012), glioblastoma (Syed et al., 2013),
melanoma (Manca et al., 2012; Wang et al., 2013), and prostate cancer (Kim at al., 2009), as

a contributor to cancer resistance to arginine deprivation.

Finally, the mycoplasma derived ADI-PEG20 has shown evidences of immunogenicity in
humans in phase Il clinical trials. Accordingly, HCC patients were found positive for anti-ADI
antibodies after 50 days of exposure to the drug, in which time the levels of arginine in plasma
were back to baseline levels. These data suggest that anti-ADI antibodies contributes to ADI-

PEG20 resistance (Glazer et al., 2010; Abou-Alfa et al., 2018).
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1.7 Hypothesis and Thesis Aims

Tumours deficient in urea cycle enzymes have been targeted extensively with arginine
depleting agents ADI-PEG20 (Polaris Pharmaceuticals Inc.), and rhArglpeg5000 (BCT
International) over the last decade. Here we make an effort to study whether CRC is
dependent on external arginine supplementation. This effort stems from multiple
observations: (a) previous studies suggests that most CRCs exhibit high expression of ASS1
(Rho et al., 2008, Dillon et al., 2004), however CRC is a heterogeneous disease (Guinney et al.,
2015) and therefore arginine auxotrophy might be exposed in a subset of cancer patients; (b)
normal colon tissue is not endowed with the ability to complete arginine biosynthesis and this
might extend to CRCs; (c) arginine auxotrophy can manifest independently of ASS1 status
(Bobak et al., 2013). Hence, we hypothesise that subsets of CRC may be arginine auxotrophic
in an ASS1-independent fashion and that CRC patients could benefit from arginine depleting

strategies. In this regard, this PhD study was structured to carry out the following aims:

e Toinvestigate whether CRC cell lines are arginine auxotrophic when grown in arginine-

free medium.

To perform in vivo xenograft studies where tumour growth of mice fed with arginine-

free diet will be monitored.

e To determine the expression levels of urea cycle enzymes in CRC cell lines and Patient
Sample Tissue Microarrays with a focus on expression profile of ASS1 and OTC.
Accordingly, to assess ADI-PEG20 and rhArg1peg5000 anti-proliferative efficacy in CRC
cell lines.

e To assess the efficacy of these arginine depleting agents in vivo in xenograft studies.

e To identify candidate mechanisms of resistance against ADI-PEG20 and
rhArglpeg5000 treatment.

e And finally to evaluate whether arginine depleting agents in combination with existing

chemotherapeutic drugs could have a synergistic effect in vitro.
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Chapter 2 - Materials and Methods

52| Page



2.1 Materials, Reagents and Buffers

Table 2-1: Reagents, materials used and suppliers

Reagents — Materials

Supplier

1X Click-iT® Saponin-based Permeabilization and Wash Reagent
5-ethynyl-2’-deoxyuridine (EdU)
5-Fluorouracil (5-FU)
ADI-PEG20
Ammonium Persulphate (10%)
Arginine Free Diet (57M7)
Arginine Free Medium based on DMEM/F12 Formulation
Bicinchoninic acid (BCA) assay
Bovine Serum Albumin (BSA)
Chloroquine (CQ)
Click-iT™ EdU buffer additive
Click-iT™ fixative
CL-Xposure Film
Complete Lysis-M Buffer
Copper protectant
Coulter® Isoton® |l diluent
DAB chromogen
Dimethyl sulfoxide (DMSO)
DMEM/F12 medium (1:1) (1X)

Dulbecco’s Modified Eagle Medium (DMEM) - high glucose (4500mg/L)

EDTA (Ethylenediaminetetraacetic acid)
Enhanced Chemiluminescence Luminol (ECL)
Etoposide
Fetal calf serum (FCS)

FxCycle™ Violet stain
Glutamax
Haematoxylin
Hank’s Balanced Salt Solution (HBSS — 10X)
HEPES 1M (Buffer Solution)

Human Recombinant Arginase 1 (non-PEGylated)
HyClone™ Dialysed Fetal Bovine Serum
HyClone™ Vitamin Solution (100X)
Lipofectamine® RNAIMAX
Loading Buffer (2x Laemmli)
Matrigel
McCoy’s 5A (1X)

Methanol
Minimum Essential Medium Eagle (MEM)
Normal Control Diet(5CC7)
Novolink™ DAB Substrate Buffer (Polymer)
Novolink™ Polymer

Novolink™ Polymer Detection System
ON-TARGETplus ASS1 siRNA
ON-TARGETplus Non-targeting siRNA pool
Opti-MEM® reduced serum medium
Oxaliplatin
PageRuler™
Penicillin - Streptomycin (Pen Strep)
Peroxidase Block
Phosphate Buffered Saline (PBS, pH 7.2) tablets
PhosSTOP phosphatase inhibitor cocktail tablets
Post Primary Block
Protease Inhibitor cocktail tablet
Protein Block

Protogel® 30% (w/v) Acrylamide: 0.8% (w/v) Bisacrylamide Stock Solution (37.5:1 ratio)

Protogel® Resolving Buffer (4X) 1.5M Tris-HCl, 0.4% SDS, pH 8.8)
Protogel® Stacking Buffer (0.5M Tris-HCl, 0.4% SDS pH 6.8)
Recombinant Mycoplasma Arginine Deiminase (non-PEGylated)

Redilect D-Luciferin Ultra Bioluminescent Substrate
rhArg1peg5000 (PEG-BCT-100)

Running Buffer - Tris Glycine SDS PAGE Buffer (10x) — 0.25M Tris base, 1.92M glycine, and 1% (w/v) SDS

Semi-skimmed milk powder
Sodium Bicarbonate (NaHCO,)
Syringes/needles
TEMED (N, N, N’, N'-tetramethylethane-1,2-diamine)
Tris-HCI
Trypsin/EDTA
Tween® 20
UltraPure™ DEPC treated water

Invitrogen™
Invitrogen™
Sigma-Aldrich Ltd. UK
Polaris Pharmaceuticals
Sigma-Aldrich Ltd. UK
TestDiet® USA
Home-made
Thermo Scientific™
Sigma-Aldrich Ltd. UK
Sigma-Aldrich Ltd. UK
Invitrogen™
Invitrogen™
Thermo Scientific
Roche, Germany
Invitrogen™
(Beckman Coulter, UK)
Leica Biosystems Ltd
Sigma-Aldrich Ltd. UK
Gibco®, Life Sciences™
Sigma-Aldrich Ltd. UK
Sigma-Aldrich Ltd. UK
Geneflow Ltd, UK
Sigma-Aldrich Ltd. UK
Invitrogen Ltd, UK
Invitrogen™
Invitrogen Ltd, UK
Leica Biosystems Ltd
ThermofFisher Scientific
ThermoFisher Scientific
BioLegend, Inc
GE Healthcare, UK
GE Healthcare, UK
Invitrogen, UK
Sigma-Aldrich Ltd. UK
BD Biosciences, Oxford, UK
Gibco®, Life Sciences™
Fischer Scientific, UK
Gibco®, Life Sciences™
TestDiet® USA
Leica Biosystems Ltd
Leica Biosystems Ltd
Leica Biosystems Ltd
Dharmacon, Inc.
Dharmacon, Inc.
Invitrogen, UK
Sigma-Aldrich Ltd. UK
Thermo Scientific
Gibco®, Life Sciences™
Leica Biosystems Ltd
Oxoid, UK
Roche, Germany
Leica Biosystems Ltd
Roche, Germany
Leica Biosystems Ltd
Geneflow Ltd, UK

Geneflow Ltd, UK
Geneflow Ltd, UK
Peprotech, Inc

PerkinElmer, Inc
Bio-Cancer Treatment International, Ltd

Geneflow Ltd, UK

Marvel, UK
Sigma-Aldrich, Ltd. UK
BD Biosciences, UK
Sigma-Aldrich Ltd. UK
Sigma-Aldrich Ltd. UK
Gibco®, Life Sciences™
Sigma-Aldrich, Ltd. UK
Thermeo Scientific, UK
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2.2 Cell lines

Table 2-2: Cell Lines — Genetic Profiling — Media Requirements, L: Allelic Loss, NL: No Allelic Loss, mt: Mutant,
wt: Wild Type, MSI: Microsatellite Instability, MSS: Microsatellite Stable

Tissue of Msl Media
Cell Lines L Stage APC KRAS BRAF P53 .
Origin Status Requirements
Col tal McCoy’s 5A (1X) +
HCT 116 olorecta Dukes D M NL G13D wt wt GlutaMAX™
Carcinoma

+10% FCS
McCoy’s 5A (1X) +
HCII:;G CC:::;E;:; Dukes D M NL 613D wt wt GlutaMAX™
+10% FCS
Dulbecco’s Modified

Eagle’'s Medium -
Colorectal H

SW 480 i Dukes B MSS L-mt wt G12v R273H;P309S DMEM (4500mg
Adenocarcinoma
glucose/L)

+10%FCS
Minimum Essential

i Medium Eagle (MEM
RKO CD\-OFIIC - MSI - wt V600E wt edium Eagle ( !
Carcinoma +1% Glutamax
+10% FCS

Dulbecco’s Modified
Eagle’s Medium —

HT 29 Colorectal Dukes C MSS  NL-mt wt V600E R273H DMEM (4500meg
Adenocarcinoma glucose/L)

+1% Glutamax
+10%FCS

2.3 Methods

2.3.1 Maintenance and Passaging of Adherent Cells

All cell lines were resuscitated from a departmental liquid nitrogen bank and let to grow in a
humidified incubator at 37 °C supplemented with 5% CO,. At 70-80% confluency, cells were
passaged using a typical tissue culture protocol. Following, two times wash with phosphate
buffer saline (PBS) cells were detached using 2X pre-warmed trypsin (5min). After trypsin
inactivation a single-cell suspension in fresh warmed media was transferred to a 15mL falcon
tube (Corning CentriStar®) and centrifuged at 1500rpm for 5 minutes. The cell pellet was then
resuspended in fresh warmed medium. Using a Z2 Coulter Particle Count and Size Analyser
(Beckman Coulter, UK), cells were counted and reseeded at a desired seeding density (Cell

Culture Flask, CELLSTAR® growth area: 175 cm?).
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Table 2-3: DMEM/F12 Formulation — Amino Acids

Amino Acids Molecular Weight  Concentration (mg/L) mM
Glycine 75 18.75 0.25
L-Alanine 89 4.45 0.0499
L-Arginine hydrochloride 211 147.5 0.699
L-Asparagine-H,0 150 7.5 0.05
L-Aspartic acid 133 6.65 0.05
L-Cystine 2HCL 313 31.29 0.099
L-Glutamic Acid 147 7.35 0.05
L-Glutamine 146 365 2.5
L-Isoleucine 131 54.47 0.415
L-Leucine 131 59.05 0.450
L-Lysine hydrochloride 183 91.25 0.498
L-Methionine 149 17.24 0.115
L-Phenylalanine 165 35.48 0.215
L-Proline 115 17.25 0.15
L-Serine 105 26.25 0.25
L-Threonine 119 53.45 0.449
L-Tryptophan 204 9.02 0.044
L-Tyrosine disodium salt 261 55.79 0.213
dehydrate
L-Valine 117 52.58 0.4517
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Table 2-4: DMEM/F12 Formulation — Cell Culture Reagents

Components Molecular Weight Concentration mM
Sodium Bicarbonate
84 2438 L 29.02
(NaHCO,) (me/L)
MEM Vitamin Solution
0.1%
(100X) ¢ (vAY)
HEPES 1M (Buffer
.19
Solution) 2L
Penicillin -
Streptomycin (Pen - 0.1% (v/v)
Strep)
's B
Hank’s Balanced Salt 10% (v/v)

Solution (HBSS — 10X)

2.3.2 Preparation of Whole Cell Lysates

Prior to harvesting and cell lysis treated plates were placed directly on ice to maintain the
phosphorylated state of their proteins. Old media was removed prior washing with ice cold
phosphate buffer saline (PBS) twice. After a 10-minute incubation on ice with cOmplete Lysis
M buffer cells were scraped vigorously from petri dishes and transferred in prechilled
Eppendorf tubes. Following 1 hr incubation on ice cell lysates were centrifuged at 14000rpm
for 5 minutes at 4 °C. The supernatant was transferred and stored in new prechilled Eppendorf

tubes and stored at -20 °C until further use.

2.3.3 Protein Quantification — Thermo Scientific™ Pierce™ BCA Assay

The protein quantification of whole cell lysates was based on a colorimetric assay and Bovine
Serum Albumin (BSA) standards. The absorbance (595nm) of BSA (y-axis) was plotted against
known concentrations of BSA (x-axis) to obtain a linear regression. The protein concentration
of unknown protein samples was calculated using their reading absorbance and the equation

provided by the standard curve (y=ax+b, where “a’’ is the slope, “y”’ is the reading absorbance

of unknown sample and “x”’ the concentration of the unknown sample).
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2.3.4 SDS — Page Electrophoresis

2.3.4.1 Gel Preparation

Unless otherwise stated, for all proteins (except Total 4E-BP1 / Phospho 4E-BP1 and LC3A/B,
15% gel), a 10% resolving gel was casted. A gel casting apparatus (Bio-Rad, mini gel apparatus)
was set up prior the preparation of a 10% Resolving Gel. A 5% Stacking gel was then prepared
(Table 2.5) and a 10 or 15 well comb was inserted into the stacking gel. Gels were let to set
before they were wrapped in wet blue roll paper, cling membrane and stored at 4 °C until

use.
Table 2-5: Reagents for 5% stacking, and 10% and 15% resolving gels

Reagents 5% Stacking Gel (10 mL) 10% Resolving Gel (20 mL) 15% Resolving Gel (20 mL)

Distilled / deionized water 5.7 mL 8.1mL 5.4 mL

ProtoGel® Stacking Buffer (0.5M

2.5mL
Tris-HCl, 0.4% SDS, pH 6.8) m
ProtoGel® Resolving Buffer (4X)
5mL 5mL
(1.5M Tris-HCl, 0.4% SDS, pH 8.8) m m
ProtoGel® 30% (w/v)
Acrylamide: 0.8% (w/v) Bis-
1.7mL 6.7 mL 9.4 mL
Acrylamide Stock Solution m " "
(37:5:1)
10% Ammonium Persulfate 1004t 200ut 200t
TEMED (N,N,N’,N’ — tetra
15 pL 15puL 15 pL

methyl-ethylenediamine)

2.3.4.2 Sample Preparation

Whole cell lysates were let to thaw on ice. Appropriate volumes of protein lysate were diluted
in water and equivalent volumes of sample loading buffer (2x Laemmli, Sigma, UK) to provide
samples of equal concentration (30ug for 10 well gels or 15ug for 15 well gels). Samples were
then placed at a heat block for 5 minutes at 100 °C. Denaturation of proteins was followed by

a quick vortex and pulse spin. The samples were kept on ice until loading.

2.3.4.3 Running and Transferring
Protein samples were run at 40mA for 90 minutes (or alternatively to the point where the
lowest band of PageRuler™ ladder was at the end of the gel). Following the SDS-PAGE

electrophoresis, proteins were transferred to a nitrocellulose membrane. Transfer
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“sandwiches” were prepared using the following alignment: Black cassette — sponge —
Whatman™ filter paper — gel - nitrocellulose — Whatman™ filter paper — sponge — clear
cassette. Subsequently, cassettes were placed into a blotter assembly in tank filled with

transfer buffer. Proteins were transferred at 100 Volts for 1 hr at room temperature.

2.3.4.4 Detection of Proteins

Following transfer of proteins, membrane blots were blocked with 5% milk for 2 hr at room
temperature. Blots were then washed for 5 minutes to remove any excess of blocking
solution. Primary antibody solution was added according to Table 2-6 and membranes were
incubated overnight at 4°C. The following day, blots were washed with PBST for 10, 5 and 5
minutes respectively and incubated with the horseradish peroxidase (HRP)-conjugated
secondary antibodies, diluted in 3% milk, for 1 hr at room temperature. Prior to detection,

membranes were washed twice with PBST, once for 10 and 5 minutes respectively.

An Enhanced Chemiluminescence Luminol (ECL) reagent was prepared by mixing two
reagents, A and B in 1:1 ratio right before use. After a 2-minute incubation, membranes were
drained off from any excess ECL solution, wrapped in plastic film and placed in a
Hypercassette™ (Amersham, UK). The membrane was exposed to Thermo Scientific CL-
XPosure Film for 15 seconds to 5 minutes and developed using an automated developer
(AGFA Curix 60, Germany). Alternatively, high resolution images were captured using the
GeneGnome XRQ system (Syngene, UK). The protein band intensity was measured using
densitometry performed with Imagel (Imagel 1.49u) software. Proteins presented as double
bands were selected and quantified as a whole. The relative expression levels of the proteins

were normalized against actin.
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Table 2-6: Working dilutions of primary and secondary antibodies used.

. . Working Secondary Working
Pi Antibod Manufact Manufact
rimary Antibody anutacturer Dilution Antibody anutacturer Dilution
Santa Cruz
4E-BP1 Antibody Rabbit Cell Signali
Moy Rabhi cRSiBnating 1:1000  Anti-Rabbit  Biotechnology,  1:10000
mAb Technology
INC
Santa Cruz Santa Cruz
Actin (C-11) Goat mAb . 1:5000 Anti-Goat Biotechnology, 1:10000
Biotechnology, INC
INC
Santa Cruz
i-CPS1 anti
Anti-CPS an.tlbody Mouse Abcam plc. 1:1000 Anti-Mouse Biotechnology, 1:10000
Antibody
INC
Anti-Ki67 antibody Rabbit Abcam pl. 1:1000 Anti-Rabbit Leica Biosystems N/A
mAb Ltd
Anti-Ornithine Santa Cruz
Carbamoyltransferase Abcam plc. 1:1000 Anti-Mouse Biotechnology, 1:10000
antibody INC
Argininosuccinate Lyase Santa Cruz Santa Cruz
(ASL) Biotechnology, INC 1:1000 Anti-Mouse Biotechnology, 1:10000
INC
Santa Cruz
Argininosuccinate Synthase Polaris . i
1:1000 Anti-M Biotechnology, 1:10000
(ASS1) Mouse mAb Pharmaceuticals, INC ntirviouse 0 ecINr;:o O8Y.
. . ) Santa Cruz
c-Myc (D84C12) Rabbit Cell Signaling 1:1000  Anti-Rabbit  Biotechnology,  1:10000
mAb Technology
INC
" . . . Santa Cruz
8 CILRE e re L s Cell Signaling 1:1000  Anti-Rabbit  Biotechnology,  1:10000
mAb Technology
INC
. . . Santa Cruz
Cyclin D3 (DCS22) Mouse Cell Signaling 1:1000  Ant-Mouse  Biotechnology,  1:10000
mAb Technology
INC
LC3A/B (D3U4C) XP° Rabbit  Cell Signali santa Cruz
anbl el >ignaling 1:1000  Anti-Rabbit  Biotechnology,  1:10000
mAb Technology
INC
LC3B (D11) XP° Rabbitmab  Co SiEnaling 11000 Anti-Rabbit  -c'c@ Biosystems N/A
Technology Ltd
Cell Signalin santa Cruz
PARP (46D11) Rabbit mAb gnaiing 1:1000  Anti-Rabbit  Biotechnology,  1:10000
Technology
INC
Phospho-4E-BP1 i . Santa Cruz
. Cell Signaling ) . .
(Thr37/46) (236B4) Rabbit 1:1000 Anti-Rabbit Biotechnology, 1:10000
Technology
mAb INC
Phospho-56 Ribosomal Cell Sienalin Santa Cruz
Protein (Ser235/236) Techfolo E 1:1000  Anti-Rabbit  Biotechnology,  1:10000
(D57.2.2E) XP* Rabbit mAb gy INC
Santa Cruz
S6 Ribosomal Protein Cell Signaling ) . . . .
(5610) Rabbit mAb Technology 1:1000 Anti-Rabbit B|otec|||:|rlcologv, 1:10000
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2.3.5 Cell Proliferation Assay

The day prior to treatment, cells were plated in 24 well plates at a density of 4000 cells per
well and let to adhere overnight. Cells in exponential growth were changed to home-made
arginine free medium (see components in Table 2-3 and 2-4) or control medium or
DMEM/F12 (1:1) + 10% Dialyzed Fetal Bovine Serum (FBS) containing various concentrations
of drugs. Vehicle controls were included. After 6 days quadruplicate samples were assessed
for cell growth by cell counting utilizing the Z2 Coulter Particle Count and Size Analyser. Prior
to counting cells were detached in a routine-typical tissue culture fashion. Old media was
discarded, and cells were washed with PBS before trypsinised with 2X Trypsin-EDTA. Trypsin
was neutralized with fresh media and 1mL single cell suspension was transferred into coulter

cups with 9mL of Coulter® Isoton® Il diluent. Cells were counted between 8-20 um.

2.3.5.1 Drug Combination Studies and Evaluation of Synergy

Single treatment ICso values obtained from corresponding dose-response curves were used
for the design of the combination experiments. In a 6x6 checkerboard layout; drug
concentrations were crossed combined at an equipotency ratio [(ICso0)1/(ICso)2] to ensure that
the observed effects were achieved by equal contribution of both drugs. Similarly, to previous
cell proliferation assays, cells were counted after 6 days of treatment and data obtained from
diagonal constant ratio combinations were analysed and evaluated for synergism, additivity
or antagonism using the CompuSyn Software (CompuSyn Inc.) according to the Chou and

Talalay method (Chou, 2006).

2.3.6 Click-iT® EdU Alexa Fluor® 488 Flow Cytometry Assay

10° cells were seeded in large flasks 24 hours before treatment. Cells in exponential growth
were changed to arginine free media or medium containing catabolizing agents 24 and 72 hr
prior to FACS analysis respectively. The final day; cells were pulsed with 10uM 5—ethyl-2'—
deoxyuridine (EdU) for 1 hr at 37 °C, 5% CO2. Cells were harvested according to routine tissue
culture protocols and washed with 1% BSA in PBS. After fixation and permeabilization, cells
were incubated 15 minutes at room temperature, protected from light. Click-iT® Reaction
Cocktail were added to cells according to manufacturer’s instructions and mixed well.
Samples were further incubated at room temperature for 30 minutes protected from light. A
total DNA staining was achieved by adding 1 pL FxCycle™ Violet stain (Life Technologies, UK)

in samples containing 1 mL cell suspension. After mixing thoroughly, samples were incubated
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for 30 minutes on ice, protected from light. Samples were analysed for total DNA staining in
Aria Analyser (BD FACSARIA™ II), using 405nm excitation. Emission was collected in a 450/50
band-pass. For the detection of EJU with Alexa Fluor® 488 azide, we used a 488nm excitation
with a green emission filter (530/30 nm). Samples of untreated cells, stained and unstained

with EdU or FxCycle™, were also included.

2.3.7 ON-TARGETplus siRNA, ASS1 “knock-down”

6cm dishes were plated with approximately 75.000 cells and let to grow at 30-40% confluency.
Prior to transfection, 5nmol vials of ON-TARGETplus ASS1 siRNA were reconstituted using
250uL of UltraPure™ DEPC treated water, aliquoted into 10uL aliquots (20pmol/uL) and
stored at -20 °C until use. Similar procedure was followed for the ON-TARGETplus Non-
targeting siRNA pool. The day of transfection, siRNA aliquots were let to thaw on ice. The
growth media of cells was replaced by 3.5 mL fresh warm growth medium. In two Eppendorf
tubes, mixtures of 250uL Opti-MEM® reduced serum medium + 5l Lipofectamine® RNAIMAX
and 250uL Opti-MEM°®-reduced serum medium + 5SuL (100pmol) siRNA were prepared
respectively. The two solutions were mixed well and incubated at room temperature for 5
minutes. 500uL of the previous transfection mix were added to the cells and dishes were
incubated overnight at 37 °C, 5% CO,. Followed by 24 hours transfection, cells were exposed
to 750ng / mL of ADI-PEG20 for 48 hours. Controls of untreated and untrasfected cells were
also included. At the end of the experiment cells were harvested according to previously
mentioned tissue culture protocols, counted and whole cell lysates where prepared for

western blot analysis.

2.3.8 Immunohistochemistry
Formalin-fixed and paraffin-embedded (FFPE) tissue sections (4um) were prepared using
standard protocols. Following deparaffinization, rehydrated sections were boiled for 20

minutes in antigen retrieval buffer (1X Tris-EDTA, pH 9 or Citrate buffer pH 6).

2.3.8.1 Novolink™ Polymer Detection System

The immunostaining was performed using the Leica Novolink™ Polymer Detection System
(Leica Biosystems, Newcastle, UK). Endogenous peroxidase activity was neutralised using
peroxidase block for 5 minutes. Sections were then blocked in protein block buffer for 30
minutes and incubated in primary antibodies for 2 hr at room temperature. Peroxidase
chromogenic reaction was then developed with DAB working solution according to
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manufacturer’s instructions. Slides were counterstained with haematoxylin and mounded
with DPX mounting media. Pictures were taken using the Hamamatsu NanoZoomer-XR Digital
slide scanner. Immunostaining was evaluated with Aperio ImageScope software from Leica
and the semi quantitative approach of H-score using the following formula: [1x (% weak

positive cells) + 2x (% positive cells) + 3x (% strong positive cells)].

2.3.8.2 Tissue Microarray Study (TMA)
Accordingly, TMA slides with 650 CRC case samples were constructed and provided by the

Grampian Biorepository (www.biorepository.nhsgrampian.org). All tissue samples had come

from patients who underwent surgery for primary CRC from 1994 to 2009 at Aberdeen Royal
Infirmary (Aberdeen, UK). Excluded from this study were all the patients who had received
neoadjuvant chemotherapy or radiotherapy to the date of death from any cause. All alive
patients at the time of the censoring (March 2012) were also excluded from this study. The
median survival was 103 months (95% CI=86-120 months), the mean survival was 115 months
(95% Cl=108-123 months) and the median follow up time calculated by the ‘reverse Kaplan-
Meier’ method, was 88 months (95% CI=79-97 months). Clinicopathological features of the
patients are presented in table ii in appendices. No written permission was required from
patients for the use of FFPE samples. This TMA cohort was approved by the Grampian

Biorepository Scientific access group committee (TRO00054).

TMA slides were processed according to standard immunohistochemical protocols described
in section 2.3.8.1. Expression levels of ASS1 and OTC were assessed blindfolded by WB using
PathXL (Clinical Pathology platform) and the semi quantitative approach of H-Score. Results
were further validated against automated classification of expression levels using Aperio

ImageScope (Leica) and analysed for agreement using the Cohen’s Kappa coefficient.

2.4 Animal Studies

All animal work was carried out under the PPL# 60/4370 in accordance with the Animals

(Scientific Procedures) Act of 1986.

2.4.1 Preparation, injection and monitoring of tumour xenografts
Prior to xenografting, HCT 116-luc2, RKO and SW 480 cells were harvested at 70-80%
confluency and resuspended to a final volume of 100ul Matrigel (BD Biosciences): Serum Free

medium [1:1] per mouse.
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8-week-old, nude Balb/c mice were purchased from Charles River Laboratories, UK. Mice
were exposed to 12h light/dark cycles and kept in ventilated cages in groups of 4, under
pathogen free conditions. Mice were injected subcutaneously with 100uL of 108 million cells
on their right flank. Following a week of inoculation, mice with established tumours were
randomized in groups of 8 (n=8) and treated accordingly with ADI-PEG20 5IU/animal once a
week or rhArglpeg5000 5mg/animal twice a week or vehicle control (PBS). Balb/c mice baring
HCT 116-luc2 tumours were immediately administrated the Arginine free diet or control diet
(5CC7) right after the initial cell injections. Body weight and tumour size were closely
inspected and measured twice a week. Further to digital calliper measurements, mice bearing
HCT 116 luc2 tumours were monitored via the IVIS Spectrum Preclinical Imaging System
(PerkinElImer®) once a week. Prior to in vivo imaging mice were administered subcutaneously
with 150 mg/kg Xenolight RediJect D-Luciferin (PerkinElmer®), anesthetised and imaged with
IVIS Spectrum Preclinical Imaging System (PerkinElmer®) 10 minutes post injection
(Procedures described were performed by Justina Janus). When tumours reached the 17mm
diameter animals were culled for assessment under terminal anaesthesia (5-3% Isoflurane).
Blood was collected by cardiac puncture. Tumours were excised, weighted and considerable
portions were fixed in formalin for immunohistochemistry. Smaller pieces were snap-freezed

in liquid nitrogen and stored in -80°C for protein and DNA/RNA extraction.

2.5 Statistical Analysis

The error bars represent the xStandard Error of the Mean (+SEM). Statistical significance
between two groups was determined by two-tailed unpaired Student’s t-test, whereas
multiple One-Way Anova analysis was conducted to compare controls against multiple drug
concentrations (Prism version 7.0, GraphPad Software, Inc.). The animal xenograft studies
were assessed for statistical significance using the mixed linear regression model in Stata
software by Dr Maria Viskadouraki (StataCorp LP, College Station, TX, USA). Statistical analysis
of TMA cohort patient data including the Mann-Whitney U test, Wilcoxon signed rank test,
chi-squared test, and Cox multi-variate analysis (variables entered as categorical variables)

was performed using IBM SPSS version 24 for Windows 7™ (IBM, UK)."”
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Chapter 3 — Results
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3.1 Investigating the effects of Arginine Withdrawal in vitro

Preliminary data from previous work in our lab had shown evidences of decreased growth of
CRC cell lines exposed to arginine free medium. Based on these observations we were led to
further examine the effects of arginine withdrawal in CRC and investigate whether dietary or
pharmacological depletion of arginine could potentially be used as targeted therapeutic

strategy for CRC patients.

3.1.1 Investigating the effects of L-Arginine withdrawal on cell growth

In order to confirm and expand previous observations, and assess whether L-Arginine external
supplementation was essential for the growth of CRC cell lines, we monitored the growth by
cell counting over a 7 day period. All 4 cell lines tested, namely HCT 116, RKO, SW 480 and HT
29 showed a remarkable dependency in external arginine supplementation. Essentially, cells
failed to grow in the absence of L-Arginine and its metabolites ornithine and citrulline over

the entire period of the experiment, suggesting arginine auxotrophy (Figure 3-1).
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Figure 3-1: Removal of L-Arginine from Culture Media Inhibits the Cell Proliferation in Colon Cancer Cell Lines.
Growth kinetics of human colon cancer cell lines with or without L-Arginine in Culture media. (A) HCT 116, (B) SW
480, (C) RKO, (D) HT 29 cells were seeded in 24well plates and let to adhere overnight in normal growth media.
Cells in exponential growth were changed to control and arginine free medium at day 1. The number of cells was
counted over a 7-day period. The percentage (%) of Cell Growth was calculated relative to the cell numbers in
corresponding H,0-treated cells (Control), which were chosen as 100% of growth at the end of the experiment.
The results were obtained from three independent experiments. The error bars represent the + Standard Error of
the Mean (+SEM, n=3).
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3.1.2 Investigating the effects of L-Arginine withdrawal on cell cycle

The antiproliferative and antigrowth effects of arginine starvation were further investigated
by direct measurement of DNA synthesis utilizing the Click-iTe EAU Flow Cytometry assay.
Similarly to BrdU, 5-ethynyl-2’- deoxyuridine (EdU) is a thymidine analogue, which is
incorporated into DNA during active DNA synthesis. The detection of EdU incorporation is
based on a copper catalysed covalent reaction between an azide and an alkyne. Accordingly,
an azide coupled to Alexa Fluore 488 is able to detect the alkyne found in the ethynyl moiety
of EdU. Consistent with previous growth kinetics, results obtained from 3 independent
experiments demonstrated a significant decrease in EdU incorporation in all 4 cell lines
examined tested after 24 hr exposure to arginine free conditions (Figure 3-2). Accordingly,
EdU incorporation was almost completely abolished in HCT 116, RKO and SW 480, whereas in
HT 29 the decrease reached the 80% in comparison to control.

To further understand the mechanism(s) underlying proliferative arrest and inhibition of DNA
synthesis induced by the withdrawal of arginine from culture media, we examined the
expression of the proliferation marker Cyclin D1 via western blotting. The antiproliferative
effects of arginine withdrawal are also reflected by the decreased levels of Cyclin D1. In time
course experiments, cell lysates from arginine fed (+) and arginine starved (-) cells were
collected sequentially at 4 different time points over a 24 hr period of time. The results
obtained from the western blot analysis demonstrate a significant decrease of Cyclin D1
expression after 6, 10 and 24 hr in most cells cultured in arginine free media (Figure 3-2B).
Accordingly, in HCT 166, RKO 144 and SW 480 the relative expression levels of Cyclin D1
decrease consistently after 6, 10 and 24 hr upon arginine withdrawal, whereas in HT 29 cells
the expression of Cyclin D1 decreases significantly after 2 and 6 hr and recovers to normal
levels after 10 and 24 hr respectively. The recovery of Cyclin D1 expression in HT 29 is
supported by the marginal but detectable EdU incorporation in arginine-free samples in the

corresponding Click-iTe EDU Flow Cytometry assays (Figure 3-2).
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Figure 3-2: Withdrawal of Arginine from Culture Media decreases the DNA Synthesis and Expression of Cyclin
D1 in Colon Cancer Cell Lines. (A) Dual parameter plot of Click-iT® EdU® Alexa Fluor® 488 and FxCycle™, EdU
and FxCycle™ Violet Fluorescence were detected and measured using 488nm excitation / 530/30 bandpass filter
and 405nm excitation / 450/40 bandpass filter respectively. Dual positive cells in blue signify the cells in the S-
phase, whereas from left to right, cells in green indicate cells in Go/G: and G2M respectively. (B) % Click-iT® EdU
incorporation of colon cancer cell lines at 1 hr post EdU with or without L-Arginine in culture media for 24 hr. (C)
Western blots of Cyclin D1. Whole cell lysates from Arg+ and Arg free treated cells were collected over a time
course of 24 hours. Actin was used as loading control. The results were obtained from three independent
experiments. The error bars represent the + Standard Error of the Mean (+#SEM, n=3) (*p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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3.1.3 Investigating the effects of L-Arginine withdrawal on mTOR pathway

To investigate whether the observed reduction if proliferation was concomitant with
inhibition of the amino acid and energy-sensing mTOR pathway, we further analysed the
expression and phosphorylation levels of downstream targets of the mTOR pathway via
western blotting.

Activation of p70S6 kinase (p70S6K) by mTORC1 and subsequent phosphorylation of the S6
Ribosomal protein (RS6), induced by growth factors and mitogens, results in increased
translation of mMRNA transcripts containing an oligopyrimidine track in their 5’ untranslated
regions (Peterson and Schreiber,1998).

Accordingly, these 5’ untranslated regions are present in mRNA transcripts that encode
elongation factors and ribosomal proteins essential for mRNA translation, as well as proteins
involved in cell cycle progression (Jefferies et al., 1997). Similarly to previously described time
course experiments, we demonstrate that the ratio of phosphorylated S6 Ribosomal protein
/ total S6 ribosomal protein is noticeably decreased in 3 out of 4 cell lines examined. In HCT
116 phosphorylated levels of RS6 were decreased after 6, 10 and 24 hr upon arginine
withdrawal, whereas in SW 480 and HT 29 levels were decreased in earlier time points but
recovered at 24 hr (Figure 3-3C, D and F).

We further investigated the phosphorylation levels of 4E-BP1. The extracellular concentration
of nutrients, such as glucose and amino acids is tightly associated with the cap-dependent
translation. These factors can stimulate the cap-dependent translation regulated by mTOR
and its downstream targets 4E-BP1. Dissociation of 4E-BP1 from elF4E and therefore
promotion of assembly of the elF4F complex is triggered by inactivation of 4E-BP1 via
phosphorylation by mTORC1 (Saxton and Sabatini, 2017). Western blots presented in Figure
3-3A reveal a more prominent decrease in phospho 4E-BP1 in HCT 116 after 10 and 24 hr .
Similar reduction was also observed in RKO and SW 480. The least affected cell line HT 29
exhibits a reduction after 2 and 6 hr, which is followed by a full recovery of the

phosphorylation levels after 10 hr (Figure 3-3D).
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Figure 3-3: Withdrawal of L-Arginine from Culture Media decreases the phosphorylation of 4E-BP1 and S6
Ribosomal Protein. (A, B) Western blots of Total and Phospho S6 Ribosomal Protein (5240/244). (C, D) Western
blots of Total and Phospho 4E-BP1 (Thr37/46). Whole cell lysates from +Arg and —Arg treated cells were collected
over a time course of 24 hr. (E, F) Phospho / Total Ratio % of 4E-BP1 and S6 as obtained by Image) densitometry
and normalisation against actin.
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3.2 Investigating the effect of Arginine Withdrawal in vivo

3.2.1 Investigating the effect of dietary deprivation of L-Arginine on the growth of HCT 116-
luc2 in BALB/c mice
Driven by the remarkable antiproliferative effect of arginine withdrawal in vitro, we made an
effort to investigate whether dietary withdrawal of arginine could also affect the growth of
colon cancer cells in vivo. In a pilot in vivo xenograft experiment, HCT 116-luc2 cells were
subcutaneously injected in immunocompromised nude mice. Animals were subsequently
randomized in two groups, one fed the control diet (5CC7) and one fed the arginine free diet
(57M7). The growth of tumour xenografts was monitored closely for approximately 30 days.
Direct measurements with a digital calliper demonstrated a statistically significant decrease
in tumour volume (p value = 0.03) in animals fed with arginine free diet (Figure 3-4A). These
findings are also supported by a statistically significant difference in tumour weight (Figure 3-
4C). The animal welfare was monitored closely by measuring the animal body weight at least
once a week. Despite the statistically significant difference (p value = 0.0005) in the overall
animal body weight between the two diet groups throughout the experiment (Figure 3.4D),
we demonstrate via the final normalized body weight at the end of the experiment the

difference in animal body weight stemmed from different tumour burden (Figure 3-4E).
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Figure 3-4: Dietary Withdrawal of L-Arginine Decreases the Growth of HCT 116-luc2 Xenografts in nude
BALB/c. Nude immunocompromised mice (n=8) were injected subcutaneously with HCT 116-luc2 and groups of
mice (n=4) were fed the normal 5CC7 diet or L-Arginine free diet (57M7). Tumour volume was calculated by direct
calliper measurement once per week. (A) Growth curves of tumour xenografts in BALB/c mice fed with control or
arginine free diet (n=4 per group, P value=0.03 by mixed linear regression analysis). Data points represents Mean
(+SEM) (B) Representative excised tumour xenografts at the of the experiment (C) Tumour weight of excised
tumour xenografts (n=4 per group, P value=0.046, by Student’s t-test) (D) Body weight of BALB/c mice on control
diet or arginine free diet alone (n=4 per group, no significant difference) (E) Normalized body weight of BALB/c
mice at the end of the experiment (n=4 per group, ns=no significance, Student’s t-test)). The error bars represent
the + Standard Error of the Mean (+SEM). Animal body weight measurements between the two groups were
analysed by one-way ANOVA, statistical significance was determined using the Bonferroni-Dunn method, with
alpha = 0.05. Statistical significance of differences in tumour weight and normalized final animal weight was
assessed by two-tailed Student’s t-test (*p<0.05, n=4 per group).
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3.2.2 Monitoring the growth of HCT 116-luc2 xenografts using the IVIS® Spectrum Preclinical
Imaging System

The xenograft tumour growth was also monitored twice per week, via bioluminescence using
the IVISe Spectrum Preclinical System. HCT 116-luc2 cells, stably transfected with a luciferase
plasmid were used as a bioluminescence source to record the xenograft tumour growth.
Sequential images of anesthetized mice (3% Isoflurane), injected with D-Luciferin
subcutaneously (150mg/kg) were taken. The tumour area was isolated using specialized
software (Livinglmage4.5) and the total flux (photons per minute) was plotted against time to
reflect the overall growth of the tumour xenografts over time. Due to the use of
bioluminescence in this imaging method we were able to detect only living cells capable to
metabolize the D-Luciferin.

As shown in the representative images acquired from two individual mice in Figure 3-5A, the
overall tumour area and emission signal were lower at all-time points in mice fed with
arginine-free diet. However, analysis of total flux (photons per second) against time reveals
no significant differences between the two groups (Figure 3-5B). The reason for this lack of
significance is unknown, but it is possible that the reduction of the total flux in mice at late
time points reflects ensuing necrosis within the tumours.

Finally, immunohistochemical analysis of tumour xenograft sections for Ki67 reveals no
significant differences in overall proliferation rates between mice fed with arginine free diet

in comparison to the control, while both groups were tested positive for a ASS1 (Figure 3-6).
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Figure 3-5: Bioluminescent in-vivo Imaging of HCT 116-luc2 Xenograft tumours using the IVIS® Spectrum
Preclinical Imaging System. HCT 116-luc2 tumour xenografts were imaged twice per week. Prior to imaging,
mice were injected subcutaneously with Redilect D-Luciferin (150mg/kg), anaesthetized (3% Isoflurane) and
placed in imaging chamber. Sequential images were taken every 2 minutes. (A) Representative sequential images
from individual mice fed with Control (5CC7) and Arginine Free Diet (57M7) over time. (B) Total Flux (photons per
second) variation over time. The tumour area was selected and the bioluminescence emission quantified using
the Livinglmage4.5 software. The error bars represent the + Standard Error of the Mean (+SEM), n=4 per group.
Statistical significance of difference in total flux between the two groups was determined by one-way ANOVA,
statistical significance was determined using the Bonferroni-Dunn method, with alpha = 0.05.
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Figure 3-6: Immunohistochemical analysis of HCT 116 — luc2 tumour xenografts, Control vs Arginine Free Diet.
Immunohistochemical staining of xenograft tissue sections with Haematoxylin and Eosin, Ki67 and ASS1 staining.
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3.2.3 Summary

In summary, this first part of the study has identified that CRC cell lines can potentially be
arginine dependent if external arginine supplementation and arginine precursor’s citrulline
and ornithine are not provided. All cell lines tested failed to grow in the absence of arginine
in the medium. The antigrowth effect of arginine deprivation in vitro was also mirrored by an
arrest in total DNA synthesis, as assessed using EdU incorporation assays. Moreover, cell cycle
marker Cyclin D1 was also significantly decreased upon 24 hr of arginine withdrawal. In
agreement with similar studies (Feun et al., 2008; Savaraj et al., 2010; Chantranupong et al.,
2016), our in vitro data suggest that arginine withdrawal can also decrease mTOR activity and
translation as reflected by decreased phosphorylation levels of its downstream targets 4E-

BP1 and ribosomal protein S6.

Finally, dietary removal of arginine in vivo led to a significant decrease in tumour volume and
weight, as well as reduced photon emission signal measured by IVIS®. Conversely, these data
were not accompanied by a significant reduction in proliferation and Ki67 marker, indicating
that systemic or tumoural adaptation to arginine free diet was able to sustain similar
proliferation levels in both groups. Adding to this, a trend towards decreased photon emission
signal in the control group suggests the presence of necrosis within the tumour tissue possibly
due poor vascularisation that led to limited availability of oxygen and nutrients. Hence, this
might have also affected the proliferation rates of the control, thus further altering the

difference between control vs arginine free diet tumours.

Plasma arginine and ornithine levels from published work in mice infused with arginine-free
diet reveal a significant decrease in total flux, however citrulline, proline and glutamine
remain unvaried. According to Marini et al., the plasma concentration of arginine in mice fed
with arginine versus mice fed with arginine free diet was 119410 umol/L and 72+5 pumol/L
respectively. Their study also revealed that plasma ornithine exhibits a significant reduction
of approximately 50%. In conclusion Marini et al, report that plasma arginine, ornithine as
well as dietary glutamine and proline (to a lesser extent), were all contributing to de novo
synthesis of citrulline during arginine starvation (Marini et al., 2010). In line with these
findings, our results indicate that arginine free diet can limit the growth rate of HCT 116

xenografts, however plasma arginine and citrulline levels are sufficient to support the growth
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of established ASS1 positive tumours in prolonged exposure to arginine free diet in which

citrulline may be utilised for further intratumoural and systemic de novo synthesis of arginine.

3.3 Investigating the effects of arginine catabolising enzymes in vitro

3.3.1 Investigating the effect of arginine catabolising enzymes on cell proliferation

Prompt by the promising in vitro data obtained from arginine-free experiments, our next task
was to investigate whether arginine catabolising enzymes could potentially be used to target
CRC. In a series of cell proliferation assays, arginine sensitive cell lines from previous
experiments were exposed to various concentrations of commercially-available arginine
catabolising enzymes, Arginine Deiminase (ADI, Peprotech) (Figure 3-7) and Human

Recombinant Arginase 1 (BioLegend®) (Figure 3-8).
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Figure 3-7: Enzymatic Depletion of L-Arginine from Culture Media with Arginine Deiminase (ADI) Inhibits
Growth of Colon Cancer Cell Lines. Colon cancer cell lines (A;) HCT 116, (Ay) RKO, (Au) SW 480, (Aw) HT 29, were
cultured in DMEM/F12 medium containing various concentrations of Arginine Deiminase (ADI). Quadruplicate
samples were assessed for cell growth by cell counting. The percentage (%) of Cell Growth from ADI treated cells
was calculated relative to the cell numbers in corresponding PBS-treated (Control) cells, which was chosen as
100%. (Ay) Dose — Response Nonlinear Regression Curves. ICsp values were obtained from a nonlinear regression
analysis of concentration of the drug vs. response curves utilizing GraphPad Prism. The results were obtained
from three independent experiments. The error bars represent the + Standard Error of the Mean (+SEM) from 3
independent replicates (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-8: Enzymatic Depletion of L-Arginine from Culture Media with Recombinant Human Arginase | Inhibits
Growth of Colon Cancer Cell Lines. Colon cancer cell lines (A;)) HCT 116, (Ay) RKO, (Am) SW 480, (Aw) HT 29, were
cultured in DMEM/F12 medium containing various concentrations of Recombinant Human Arginase |.
Quadruplicate samples were assessed for cell growth after a 6-Day Period of treatment by cell counting. The
percentage (%) of Cell Growth from Recombinant Human Arginase | treated cells was calculated relative to the
cell numbers in corresponding PBS-treated (Control) cells, which was chosen as 100%. (A,) Dose — Response
Nonlinear Regression Curves. ICso values were obtained from a nonlinear regression analysis of concentration of
the drug vs. response curves utilizing GraphPad Prism. The results were obtained from three independent
experiments. The error bars represent the + Standard Error of the Mean (+SEM) from 3 independent replicates
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-9: Protein Expression Levels of ASS1 in colorectal cancer cell lines. (A) ASS1 protein expression levels
were determined by Western blot analysis (representative results). (B) Relative Expression Levels of ASS1
normalized against actin loading control. The error bars represent the + Standard Error of the Mean (+SEM) (n=
3 independent experiments).

As shown in Figure 3-7, 3 out of 4 colorectal cancer cell lines were sensitive to ADI treatment
with statistically significant and robust reduction in cell growth starting from 0.025 uM/mL of
drug concentration. Interestingly, despite the marginal decrease in cell growth, SW 480 cells
were substantially resistant to ADI treatment (Figure 3-7An). The % growth of SW 480 cells
was never below 70% of the of control cells.

Conversely, all cell lines exposed to recombinant human arginase 1 exhibited a significant
response at enzyme concentrations as low as 0.05uM/mL. Indicatively, ICso values fluctuated
from 0.09 — 0.22 uM/mL, with the ADI-resistant SW 480 cell line exhibiting the highest
sensitivity (Figure 3-8Ay).

The mycoplasma derived enzyme, arginine deiminase (ADI) catalyses the conversion of
arginine intro citrulline and ammonia. Cells can regenerate arginine from citrulline in two
steps via the urea cycle. ASS1 catalyses the conversion of citrulline into argininosuccinate,
whereas ASL further converts argininosuccinate to arginine. Therefore, the ability of cells to
de novo synthesize arginine from citrulline depends on the expression and activity of both
ASS1 and ASL (Feun et al., 2011). Western blot assessment of ASS1 expression in ADI-sensitive
(HCT 116, RKO, and HT 29) and resistant (SW 480) cell lines showed significant differences.
The relative expression levels of ASS1 were significantly lower in the ADI-sensitive cell lines

(Figure 3-9).

79| Page



3.4 Tissue Microarray Study

3.4.1 Investigating the expression levels of ASS1 and OTC in CRC patients
The promising anti-growth effects observed following arginine withdrawal and depletion, led

us to investigate the expression levels of ASS1 and OTC in CRC patients.

As previously mentioned in Section 1.6.5, PEGylated forms of the mycoplasma derived
arginine deiminase and recombinant human arginase are currently being tested in clinical
trials in ASS1 and OTC deficient tumours, respectively. Hence, analysis of expression of
arginine metabolism enzymes can potentially identify individuals susceptible to arginine

depleting strategies.

Preliminary online dataset analysis on Oncomine® (ThermoFisher®, UK) confirms the robust
ASS1 upregulation in colorectal cancer (Figure 5-1C, Appendices). On the contrary, mRNA
levels of OTC are significantly lower in the cancer tissue compared to normal tissue control
(Figure 5-1A and B). To validate the bioinformatics data, we assessed the expression levels of

ASS1 and OTC using a TMA containing more than 600 cases of CRC.

The results presented in Figure 3-10A,, confirm the robust expression of ASS1 protein, with
more than 45% of all CRC cases being characterised as strong positive and 33.76% positive.
Interestingly, we observed a subset of CRC patients with low or undetectable ASS1 levels
(15.69% and ~3% respectively). OTC expression profiling in TMAs is in agreement with results
obtained from online dataset analysis, identifying more than 90% of all cases as weak positive
(73.65%) or negative (24.49%) with regard to OTC protein levels (Figure 3-10A; and Figure 3-
11).
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Figure 3-10: Tissue Microarray Study — Expression levels of related to arginine metabolism enzymes, ASS1 and
OTC in CRC Patients. (A,) Distribution of ASS1 and (Ay) Negative, Weak Positive, Positive and Strong Positive in
CRC (B) Representative micrographs from ASS1 IHC staining at 40x magnification (C,, Cy) H-Score distribution of
ASS1 and OTC staining in Dukes Stages respectively (The error bars represent the + Standard Error of the Mean
(£SEM); (***p<0.001, two-tailed Student’s t-test), (D, Dy) Kaplan-Meier plot — Survival Distribution of 650 CRC
patients stratified by ASS1 and OTC expression (1% quartile: negative/blue, 2™ quartile: weak positive/green 3™
quartile: positive/yellow, 4" quartile: strong positive/purple. Survival curves were analysed for statistically
significant difference via the Chi-Square test.
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ASS1 expression differed significantly between Dukes stages (Figure 3-10C;), however there
was no relation between ASS1 expression level and patients’ survival (Figure 3.10D)) Similarly
to ASS1, OTC showed a significant trend towards lower levels in later stages of the disease,

without any significant effect on survival (Figure 3-10Dy; and Figure 3-12Ay,, By).
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Figure 3-11: Comparison of immunohistochemical staining between Normal vs colorectal cancer tissue
sections stained for ASS1 and OTC antibodies. (A, B)) Representative cores of Normal vs CRC cases stained with
for ASS1 and OTC. (A, By) Expression distribution of ASS1 and OTC in Normal vs CRC cases. Pictures in circles
represent the overall staining and tissue differentiation within individual cores whereas square pictures represent

areas within the cores at 20x magnification. The error bars represent the + Standard Error of the Mean (+SEM),
(****p<0.0001, two-tailed Student’s t-test).
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Figure 3-12: Comparison of immunohistochemical staining of colorectal cancer tissue sections for ASS1 and OTC antibodies in relation to Dukes’ staging. (A, B))
Representative cores of CRC patients of ASS1 and OTC in progressive stages of the disease, Dukes A, B and C. (Ay, By) % distribution - trend of ASS1 and OTC expression in CRC
in correlation to Dukes’ staging. Pictures in circles represent the overall staining and tissue differentiation within individual cores whereas square pictures represent areas
within the cores at 20x magnification
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3.4.2 Summary

Despite the lack of any link between ASS1 / OTC expression and patients’ survival we managed
to identify a small fraction of CRC cases where patients were characterised as negative or
ASS1 deficient. To that extent, OTC down-regulation in the vast majority of the cases, along
with the previously mentioned subset of ASS1 negative specimens, renders CRC patients

potentially susceptible to ADI-PEG20 and rhArglpeg5000 treatment.

3.5 Investigating the effects of arginine catabolizing agents in vitro

Prompted by the robust response of CRC cell lines to arginine catabolizing enzymes (Section
3.3) and the altered expression of urea cycle enzyme, we investigated the effects of
pharmacological depletion of arginine utilizing the PEGylated forms of arginine deiminase,
ADI-PEG20 (Polaris Pharmaceuticals, San Diego) and recombinant human arginase 1

(rhArglpeg5000, BCT International Ltd).

3.5.1 Investigating the effect of ADI-PEG20 on cell growth

CRC cell lines were exposed to a range of concentrations of ADI-PEG20 over a 6-day treatment
period. As expected 3 out of 4 cell lines (HCT 116, RKO and HT 29) were sensitive to ADI
treatment with statistically significant and robust reduction in % cell growth with I1Cso values
ranging from 0.034 to 0.036 pg/mL (Figure 3-13Ay). SW 480 remained resistant to arginine
deiminase treatment with a growth reduction never greater than 20% in comparison to the

control (Figure 3-13Ay)).
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Figure 3-13: Pharmacological Depletion of L-Arginine from Culture Media with ADI-PEG20 Inhibits Growth of
Colon Cancer Cell Lines. Colon cancer cell lines (A;) HCT 116, (Ay) RKO, (Am) SW 480, (Aw) HT 29, were cultured in
DMEM/F12 medium containing the indicated concentrations of ADI-PEG20. Quadruplicate samples were
assessed for cell growth after a 6-Day Period of treatment by cell counting. The percentage (%) of Cell Growth
from ADI-PEG20 treated cells was calculated relative to the cell numbers in corresponding PBS-treated (Control)
cells, which was chosen as 100 (A,) Dose — Response Nonlinear Regression Curves. ICs; values were obtained
from a nonlinear regression analysis of concentration of the drug vs. response curves utilizing GraphPad Prism.
The results were obtained from three independent experiments. The error bars represent the + Standard Error of
the Mean (+SEM). (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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3.5.2 Investigating the effect of ADI-PEG20 on cell cycle

The anti-proliferative effects of ADI-PEG20 were further investigated by direct measurement
of DNA synthesis utilizing the Click-iTe EAU Flow Cytometry assay. CRC cells lines were exposed
to 0.5 pg/mL ADI-PEG20 for a 72 hr period of time. Prior to analysis cells were pulsed for 1 hr
with EdU and analysed for EdU incorporation using FACS.

Cytofluorimetric data revealed partial reduction of EdU incorporation after 72 hr drug
exposure in ASS1 deficient cell lines RKO and HT 29. The reduction in EdU incorporation in
RKO was never greater than 40%. HT 29 exhibited a far less but still significant reduction at
around 25% percent in comparison to the control. As expected the ASS1-positive, SW 480 did
not show any significant decrease in DNA synthesis. Interestingly, in contrast to their response
to drug treatment, HCT 116 revealed a paradoxical increase in active DNA synthesis upon 72
hr of exposure to the drug suggesting that ASS1 expression even at lower levels is sufficient

to rescue the cell cycle arrest (Figure 3-14B).

Results from EdU incorporation assay were also reflected by data obtained from time course
experiments where the expression of Cyclin D1 and Cyclin D3 was gradually recovered to

normal levels after 24, 48 and 72 hr of exposure to ADI-PEG20 (Figure 3-14C, Dy, )

Ensuing resistance to ADI-PEG20 treatment has been reported and attributed to re-
expression of ASS1 enzyme. (Shen et al., 2003, Manca et al., 2011, Tsai et al., 2012). The ability
of ASS1 to regenerate de novo arginine from citrulline via a two-step process renders cancer

cells capable to tolerate arginine depletion with ADI.
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Figure 3-14: ADI-PEG20 impairs cell proliferation by decreasing Cyclin D1 / Cyclin D3 levels and active DNA
synthesis. (A) Dual parameter plot of Click-iT® EdU® Alexa Fluor® 488 and FxCycle™, EdU and FxCycle™ Violet
Fluorescence were detected and measured using 488nm excitation / 530/30 bandpass filter and 405nm
excitation / 450/40 bandpass filter respectively. Dual positive cells in purple signify the cells in the S-phase,
whereas from left to right, cells in blue indicate cells in Go/G; and G.M respectively (B) % Click-iT® EdU
incorporation of colon cancer cell lines with or without ADI-PEG20 in culture media for 72 hr. (C) Western blots
of Cyclin D1 and Cyclin D3. Whole cell lysates from Control and ADI-PEG20 treated cells were collected after 72
hr. Actin was used as loading control (indicative results - all actin controls are presented in the manuscript at the
end of this thesis, (D, Dy) Relative Expression Levels of Cyclin D1 and Cyclin D3 compared to their respective
controls. The error bars represent the + Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01, ***p<0.001,
**¥%p<0.0001, two-tailed Student’s t-test).
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Here, we showed that after their initial response to ADI-PEG20, ASS1- deficient CRC cell lines
manage to re-express ASS1 upon 72 hr exposure to the drug. More specifically, RKO and HT
29 cells increased their ASS1 expression almost by 80 and 60% respectively (Figure 3-15). In
agreement with Tsai et al., re-expression of ASS1 was correlated with high levels of c-Myc
which was stabilised upon 48 and 72 hr suggesting transcriptional regulation of ASS1 gene by

c-Myc in 2 out of 4 cell lines tested (Figure 3-15A, C) (Tsai et al., 2012).

The ASS1 positive cell line SW 480, exhibited relatively similar levels of ASS1 expression
throughout the course of the experiment while HCT 116 levels of ASS1 were also increased.
Interestingly, increased ASS1 expression in HCT 116 was not only observed in the treatment
group but also in the controls, suggesting that, limited availability of arginine in exhausted
media, or changes in cell confluency can stimulate re-expression of ASS1 in highly

proliferative, metabolically demanding cells.

HCT 116 did not show any correlation between ASS1 expression and c-Myc stabilization,

suggesting the existence of alternative ways of ASS1 regulation in CRC.
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Figure 3-15: Re expression of ASS1 is associated with stabilisation of c-Myc in RKO and HT 29 cell lines treated
with ADI-PEG20. (A) Time course Western blot analysis of ASS1 and c-Myc in response to ADI-PEG20, at 24, 48
and 72 hr accordingly, (B) Relative Expression levels of ASS1 in response to ADI-PEG20 (Control vs Treatment),
(C) Linear correlation between ASS1 and c-Myc expression in CRC cell lines treated with ADI-PEG20. The error
bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
two-tailed Student’s t-test).
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3.5.3 Investigating the effects of ASS1 in the ADI-PEG20 resistant cell line, SW 480

To confirm that ASS1 is a key biomarker of sensitivity to ADI and ADI-PEG20 treatment, we
silenced ASS1 expression in the ADI resistant cell line SW 480 using siRNA technology.
Transient knockdown of ASS1 decreased cell proliferation in response to ADI-PEG20
treatment by almost 50% in comparison to the scramble control (Figure 3-16C) Western blot
analysis confirmed the successful knockdown of ASS1 (Figure 3-16A). Accordingly, reduction
in cell growth in ASS1-knockdown, ADI-PEG20-treated cells was accompanied by a significant

reduction in Cyclin D1 levels (Figure 3-16B).
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Figure 3-16: Knockdown of ASS1 expression decreases cell proliferation and Cyclin D1 levels in cells treated
with ADI-PEG20. SW 480 colorectal adenocarcinoma cells were left untrasfected or transfected with ASS1 siRNA
or scramble control. After 24hr cells were exposed to ADI-PEG20 or PBS vehicle control for 48hr. (A) Western blot
analysis of ASS1 and Cyclin D1 in SW 480 cells and SW 480 transfected as indicated (representative result of
triplicate experiments). (B) Relative expression levels of ASS1 and Cyclin D1 normalized against Actin. (C) % Cell
Growth of SW 480 Control and SW 480 — ASS1 siRNA transfected cells (72h post transfection). (D) Dose —
Response Curves of SW 480 cells exposed to ranges of concentrations of ADI-PEG20 and rhArg1peg5000 over a
6-Day treatment. The results were obtained from three independent experiments. The error bars represent the +
Standard Error of the Mean (+SEM) (*p<0.05, two-tailed Student’s t-test).
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3.5.4 Investigating epigenetic silencing as a way of ASS1 regulation

- + - + - + - + - 5-Azacytidine (5pM)
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Figure 3-17: Investigating regulation of transcription of arginine-metabolism related enzymes. Western blot
analysis of OTC, CPS1, and ASS1 after 72 hours treatment with 5-Azacytidine (5uM). The results were obtained
from three independent experiments (representative results).

Several reports (Delage et al., 2012; Lan et al., 2013) have identified that regulation of ASS1
gene expression can be controlled epigenetically via methylation of CpG dinucleotides in its
promoter regions. RKO and HT 29 are CIMP positive (Ahmed et al., 2013) therefore, we tested
whether urea cycle enzymes ASS1 and OTC are regulated through methylation. Lysates from
cells exposed to the DNA methyltransferase inhibitor, 5-Azacytidine, were examined via
western blotting. Results presented in Figure 3-17 suggest that only in RKO cells ASS1
suppression is methylation dependent. Interestingly, none of the cell lines tested were
positive for OTC expression suggesting that OTC gene expression is not regulated via
promoter methylation (Figure 3-17). These results are in line with previous observations

reported in Section 3.4, where we showed that OTC expression is robustly low in CRC.
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3.5.5 Investigating the effect of rhArg1peg5000 on cell growth

Similarly to the non-PEGylated enzyme (Section 3.3.1), rhArglpeg5000 exhibited a
remarkable anti-proliferative efficacy in all 4 cell lines tested. After a 6-day period of
treatment, HCT 116, RKO and SW 480 and HT 29 responded to drug concentrations as low as
0.050 pg/mL. All cell lines exhibited an extremely significant decrease in growth at higher
doses of 0.100-0.500 pg/mL. The ICs of rhArglpeg5000 fluctuated from 0.047 to 0.09 pg/mL
(see Table in Figure 3-18). Most importantly, the ADI-PEG20 refractory cell line SW 480
became auxotrophic for arginine indicating the opportunity of alternative targeting of ASS1

positive tumours (Figure 3-18).
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Figure 3-18: Pharmacological Depletion of L-Arginine from Culture Media with PEGylated Recombinant
Human Arginase | (rhArg1peg5000) Inhibits Growth of Colon Cancer Cell Lines. Colon cancer cell lines (A;) HCT
116, (Ay) RKO, (Am) SW 480, (Aw) HT 29, were cultured in DMEM/F12 medium containing various concentrations
of Recombinant Human Arginase I. Quadruplicate samples were assessed for cell growth after a 6-Day Period of
treatment by cell counting. The percentage (%) of Cell Growth from rhArg1peg5000 treated cells was calculated
relative to the cell numbers in corresponding PBS-treated (Control) cells, which was chosen as 100%. (Ay) Dose —
Response Nonlinear Regression Curves. ICsp values (the half maximal concentration of a drug that results in 50%
of cell growth compared with the PBS-treated control) were obtained from a nonlinear regression analysis of
concentration of the drug vs. response curves utilizing GraphPad Prism. The results were obtained from three
independent experiments. The error bars represent the + Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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3.5.6 Investigating the effect of rhArg1peg5000 on cell cycle

To further investigate the antiproliferative capabilities of rhArglpeg5000, we assessed the
active DNA synthesis utilizing the EdU incorporation assay. Similarly to arginine free media
experiments (Figure 3-19), we found that depletion of arginine using 0.5 pg/mL
rhArglpeg5000 led to a significant proliferative arrest in all cell lines tested (Figure 3-19B),
with dramatic reduction in % EdU incorporation in RKO, SW 480, and HT 29, upon 72 hr
treatment. HCT 116 also exhibited a significant decrease in EdU incorporation, though to a

lesser extent.

In agreement with these findings, rhArglpeg5000 treatment decreased expression of
proliferation markers, Cyclins D1 and D3 (Figure 3-19C, D,, Dy). All cell lines displayed a sharp
decrease in Cyclin D3 with a mild recovery occurring at 72 hr in SW 480 and HT 29. A less
prominent, yet significant, decrease in Cyclin D1 expression was observed in RKO and SW 480.
Despite the dramatic reduction in Cyclin D3 at all time-points, HCT 116 analysis reveals only a
small reduction in Cyclin D1 at 48 hr, in line with results obtained from EdU incorporation
assay. The cell lines’ response to rhArglpeg5000 was independent of ASS1 expression,
signifying the potential use of arginase as an alternative approach for arginine depleting
strategies. This notion is strongly supported by Western blot analysis that reveals no

compensatory expression of OTC in any of the cell lines (Figure 3-20).
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Figure 3-19: rhArg1peg5000 impairs cell proliferation by decreasing Cyclin D1 / Cyclin D3 levels and active DNA
synthesis (A) Dual parameter plot of Click-iT® EdU® Alexa Fluor® 488 and FxCycle™, EdU and FxCycle™ Violet
Fluorescence were detected and measured using 488nm excitation / 530/30 bandpass filter and 405nm
excitation / 450/40 bandpass filter respectively. Dual positive cells in purple signify the cells in the S-phase,
whereas from left to right, cells in blue indicate cells in Go/G: and G;/M respectively (B) % Click-iT® EdU
incorporation of colon cancer cell lines with or without rhArg1peg5000 in culture media for 72 hr. (C) Western
blots of Cyclin D1 and Cyclin D3. Whole cell lysates from Control and rhArg1peg5000 treated cells were collected
after 72 hr. Actin was used as loading control (indicative results - all actin controls are presented in the
manuscript at the end of this thesis. (D, Dy) Relative Expression Levels of Cyclin D1 and Cyclin D3 compared to
their respective controls. The error bars represent the + Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01,
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Figure 3-20: Expression profiling of OTC in CRC cell lines in response to rhArg1peg5000. CRC cell lines exposed
to rhArg1peg5000 over a time course experiment were interrogated for OTC expression at 24, 48 and 72 hr via
western blotting, (A) HCT 116 (B) RKO (C) SW 480 (D) HT 29. Human liver lysate was used as a positive control.
The results were obtained from three independent experiments (representative results).

3.5.7 Investigating the expression levels of ASS1 in response to rhArglpeg5000

ASS1 expression profiling over a time course experiment at 24, 48 and 72 hr showed a gradual
increase of ASS1 expression in HCT 116 and HT 29. In agreement with previous observations,
ASS1 re-expression in HT 29 correlated with increased stabilisation of c-Myc at 48 and 72 hr
(R?=08555, p value=0.0001). Remarkably, in RKO, rhArglpeg5000 treatment supresses
significantly the expression of ASS1 at 48 and 72 hr (Figure 3-21), suggesting that expression
of ASS1 in this cell line may be controlled by alternative mechanisms influenced not just by

reduced arginine availability but an also robust decrease of its substrate citrulline.
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Figure 3-21: Re expression of ASS1 is correlated with stabilisation of c-Myc in HT 29 cell lines treated with
rhArg1peg5000. (A) Time course Western blot analysis of ASS1 and c-Myc in response to rhArg1peg5000, at 24,
48 and 72 hr, (B) Relative Expression levels of ASS1 in response to rhArg1peg5000 (Control vs Treatment), (C)
Linear correlation between ASS1 and c-Myc expression in CRC cell lines treated with rhArg1peg5000. The error
bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,
two-tailed Student’s t-test).
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3.5.8 Summary

Overall, in Section 3.5 we show that CRC cell lines are sensitive in response to pharmacological
depletion of arginine. Both ADI-PEG20 and rhArglpeg5000 exhibited robust anti-proliferative
capabilities in corresponding cell proliferation assays, with the latter further demonstrating
profound decrease in % EdU levels in FACS analysis. Despite the durable, anti-proliferative
response of CRC cell lines to ADI-PEG20 treatment, EdU incorporation assay revealed
significant increase in % EdU levels in HCT 116 and a less prominent but still significant
decrease in RKO and HT 29. Notably, the SW 480 cell line was resistant to ADI-PEG20
treatment. Differential response to ADI-PEG20 was correlated to increased levels of ASS1 in
at least 3 out of 4 cell lines. These results come to agreement with several studies that
highlight re expression of ASS1 as one of the predominant mechanisms of resistance to ADI-
PEG20 treatment (Shen et al.,, 2003, Manca et al., 2011, Tsai et al.,, 2012). Furthermore,
Western blot analysis revealed significant accumulation of c-Myc in 2 out 4 cell lines, namely
RKO and HT 29, which was also correlated with ASS1 expression. Remarkably, none of the cell
lines treated with rhArglpeg5000 managed to re express OTC, thus suggesting
pharmacological depletion of arginine with rhArglpeg5000 as an alternative therapeutic

approach for ASS1 proficient / ADI-PEG20 refractory and OTC deficient CRCs.
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3.6 Investigating the effects of arginine catabolising agents in vivo

3.6.1 Investigating the effect of ADI-PEG20 on the growth of RKO xenografts

Next, we investigated whether pharmacological depletion of arginine with ADI-PEG20 could
negatively affect the growth of tumour xenografts in vivo. For the purposes of this experiment
we chose to implant subcutaneously the RKO cell line, which exhibited the best in vitro
response among the ASS1 negative lines. A week after subcutaneous injection,
immunocompromised nude mice were randomised and administered 5IU of ADI-PEG20 /
animal or PBS once a week. In vivo ADI-PEG20 dose was determined based on previous pre-
clinical studies in HCC, NCSLC and AML (Kelly et al., 2012; Miraki-Moud et al., 2015; Ensor et
al., 2002).

Tumour volume measurements revealed that ADI-PEG20 administration decreases
significantly the volume of RKO tumour xenografts in mice (Figure 3-22A). Despite the
significant difference in tumour volume, the weight of the excised tumours did not reveal any
significant differences (Figure 3-22B). Body weight measurements between vehicle control
and treatment groups throughout the course of the experiment indicate plausible adverse
effects in regards to the welfare of the animals, however normalised body weight of the
animals at the end of the experiment reveals that the initial weight of the animals did not
alter significantly throughout the entire course of the experiment (Figure 3-22C), further
indicating that the differences observed were due to failure of the treated mice to put on

weight.

Western blot analysis of tumour lysates (Figure 3-23) shows a marginal but significant
downregulation of both Cyclins D1 and D3 in comparison to the control, further supporting

the differences in proliferation rates observed in vitro.
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Figure 3-22: Pharmacological depletion of L-Arginine with ADI-PEG20 Decreases the Growth of RKO Xenografts
in BALB/c nude mice. Nude immunocompromised mice (n=16) were injected subcutaneously with RKO and
groups of mice (n=8) were administered 5/U/animal ADI-PEG20 or PBS by I.P. once a week. Tumour size was
calculated by direct calliper measurement once per week. (A) Growth curves of tumour xenografts in BALB/c mice
with or without ADI-PEG20 (n=8 per group, p value=0.045) (B,) Weight of excised tumour xenografts (n=8 per
group) (By) Excised tumour xenografts at the of the experiment (C;) Body weight of BALB/C mice, control vs ADI-
PEG20 (n=8) and (Cy, Ciy) normalized body (=animal weight-excised tumour weight) weight of BALB/c mice at the
end of the experiment (n=8 per group, no significance). The error bars represent the + Standard Error of the Mean
(+SEM). Statistical significance of difference in tumour volume between the two groups was determined by linear
regression analysis. Statistical significance of differences in tumour weight and animal weight was assessed by
Student’s t-test. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-23: Expression Levels of Cyclin D1 and D3 in RKO xenogradfts treated with ADI-PEG20. Lysates from
tumour xenografts were prepared and subjected to western blotting with antibodies against Cyclin D1, Cyclin D3
Human Liver Lysate was used as a positive control for OTC, CPS-1 and ASS1. Actin was used as a loading control
(B, By) Relative expression levels of Cyclin D1 and Cyclin D3 respectively). The error bars represent the + Standard
Error of the Mean (+#SEM). (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-24: Histology and immunohistochemical analysis of RKO xenograft tumours treated with ADI-PEG20.
Immunohistochemical staining of tumour xenograft sections with H&E (Haematoxylin and Eosin), proliferation
marker Ki67 and urea cycle enzyme ASS1. 10 individual fields of view where (A) Ki67 Immunoscoring (B) ASS1

Immunoscoring analysed with Aperio ImageScope®. The error bars represent the + Standard Error of the Mean
(£SEM) (*p<0.05, **p<0.01)
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Immunohistochemical staining of FFPE xenograft tissues revealed significant differences in
Ki67 and ASS1 staining (Figure 3-24). The proliferation index marker Ki67 was significantly
reduced in tumours treated with ADI-PEG20. In agreement with the in vitro data (Figure 3-

15), ASS1 was significantly over-expressed in the treatment group.
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Figure 3-25: Immunohistochemical staining of LC3B in (A;) RKO control and, (Ay) RKO xenograft tumours treated
with rhArg1peg5000. The error bars represent the + Standard Error of the Mean (+SEM). (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, two-tailed Student’s t-test).

Evidence from the literature suggest that induction of autophagy supports growth during
arginine starvation (Delage et al.,, 2012), therefore we decided to investigate whether
autophagic flux was present in xenograft tumours treated with ADI-PEG20. For the purposes
of this experiment we probed dissected tumours via immunohistochemistry, for the

autophagic marker LC3B.
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Microtubule-associated protein 1A/1B-light chain 3, LC3, which has been extensively used as
a marker of autophagy; is a ~17kDa soluble cytosolic protein that is expressed and distributed
evenly in all cells. During the catabolic process of autophagy, LC3 is engulfed by endocytic
formations called autophagosomes. During this engulfment, the cytosolic LC3A is bound to
phosphatidylenolalime to form LC3B which is subsequently recruited on the membranes of
autophagosomes. During lysosomal degradation, lysosomes fuse with autophagosomes to
form autolysomes. This results in the rapid degradation of LC3B, hence inhibition of
autophasomal degradation and subsequent accumulation of LC3B by chloroquine is

considered to be an autophagic marker of lysosomal turnover (Levy et al., 2017).

Immunohistochemical staining for LC3B presented in Figure 3-25 indicates an extremely
significant increase in LC3B positive cells, suggesting the induction of autophagic flux in

tumours treated with ADI.

3.6.1.1 Summary

Overall, results obtained from this in vivo study reveal the potential anti-proliferative
capabilities of ADI-PEG20 in CRC. Even after significant upregulation of ASS1 expression, ADI-
PEG20 was capable of slowing down proliferation as indicated by the significant decrease in
tumour volume, proliferation markers Cyclin D1, D3 and nuclear Ki67. Identifying potential
alternative mechanisms of resistance in arginine depleting strategies such as regulation of
ASS1 re-expression and autophagy may lead to more efficacious combination strategies in the

future.
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3.6.2 Investigating the effect of rhArg1peg5000 on the growth of RKO and SW 480 xenografts
Next, we sought to investigate whether pharmacological depletion of arginine via
rhArglpeg5000 could effectively decrease the tumour growth in ASS1-positive and negative
CRC lines in vivo. Toward this end, we selected ASS1-negative RKO and ASS1-positive SW 480

lines.

After a 7-day period following subcutaneous injection of cancer cells, mice were administered
intraperitoneally 0.5mg of rhArglpeg5000 per animal or PBS twice a week (Dose
administration was determined based on manufacturer’s directions). Tumour growth was
monitored weekly until tumours reached the end point limit of 177mm diameter. Results
presented in Figures 3-26A and 3-27A reveal a significant decrease in tumour volume in both
RKO and SW 480 in mice treated with rhArglpeg5000. The antigrowth capabilities of
rhArglpeg5000 were accompanied by a significant reduction in excised tumour weight in RKO
xenografts (Figure 3-26B). Despite the lower tumour growth rate observed in SW 480

xenografts, no tumour weight differences were observed (Figure 3-27B).

Comparison of normalised body weight did not reveal any differences between the control
and treatment groups (Figure 3-26C and Figure 3-27C) suggesting the PEGylated arginase was

well tolerated.

Additionally, tumour lysates were probed for Cyclin D1 and D3. Despite the differences in
tumour growth and weight, no significant changes were observed in either Cyclins D1 or D3

in RKO (Figure 3-28) and SW 480 xenografts (Figure 3-29).

Results obtained from immunohistochemical staining against Ki67 come in line with previous
observations suggesting that differences in tumour volume were not associated with

alterations in proliferation rates (Figure 3-30 and 3-31).
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Figure 3-26: Pharmacological depletion of L-Arginine with rhArglpeg5000 Decreases the Growth of RKO
Xenografts in BALB/c nude mice. Nude immunocompromised mice (n=8) were injected subcutaneously with RKO
and groups of mice (n=7) were administered 0.5mg/animal rhArg1peg5000 or PBS once a week. Tumour size was
calculated by direct calliper measurement once per week. (A) Growth curves of tumour xenografts in BALB/c mice
with or without rhArg1peg5000 (n=7 per group, p value=0.012)(B;) Tumor weight of excised tumor xenografts
(n=8 per group) (By) Excised tumour xenografts at the of the experiment (C;) Body weight of BALB/C mice, control
vs rhArg1peg5000 (Cy, Ciy) normalized body weight of BALB/c mice at the end of the experiment (n=7 per group,
no significance). The error bars represent the + Standard Error of the Mean (+SEM). Statistical significance of
difference in tumour volume between the two groups was determined by linear regression analysis. Statistical
significance of differences in tumour weight and normalized final animal weight was assessed by two-tailed
Student’s t-test. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 3-27: Pharmacological depletion of L-Arginine with rhArg1peg5000 Decreases the Growth of SW 480
Xenografts in BALB/c nude mice. Nude immunocompromised mice were injected subcutaneously with RKO and
administered 0.5mg/animal rhArg1peg5000 (n=7) or PBS (=7) twice a week. Tumour size was calculated by direct
calliper measurement once per week. (A) Growth curves of tumour xenografts in BALB/c mice with or without
rhArg1peg5000 (n=7 per group, p value=0.03) (B;) Tumour weight of excised tumour xenografts (n=7 per group)
(By) Excised tumour xenografts at the of the experiment (D) Body weight of BALB/c mice with or without
rhArg1peg5000 (C) Final and (Cy, Ci) normalized body weight of BALB/c mice at the end of the experiment (n=7
per group, no significance). Statistical significance of difference in tumour volume between the two groups was
determined by linear regression analysis. Statistical significance of differences in tumour weight and normalized
final animal weight was assessed by Student’s t-test. The error bars represent the + Standard Error of the Mean
(£SEM) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 3-28: Expression Levels of Cyclin D1 and D3 in RKO xenografts treated with rhArg1peg5000. (A) Lysates
from tumor xenografts were prepared and subjected to western blotting with antibodies again Cyclin D1, Cyclin
D3 Human Liver Lysate was used as a positive control for OTC, CPS-1 and ASS1. Actin was used a loading control.
(B, By) Relative expression levels of Cyclin D1 and Cyclin D3 respectively (n=8). The error bars represent the +
Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-29: Expression Levels of Cyclin D1 and D3 in SW 480 xenografts treated with ADI-PEG20. (A) Lysates
from tumor xenografts were prepared and subjected to western blotting with antibodies again Cyclin D1, Cyclin
D3 Human Liver Lysate was used as a positive control for OTC, CPS-1 and ASS1. Actin was used a loading control
(B, By) Relative expression levels of Cyclin D1 and Cyclin D3 respectively (n=7). The error bars represent the *
Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-30: Histology and immunohistochemical analysis of RKO xenograft tumours treated with
rhArg1peg5000. Immunohistochemical staining of tumour xenograft sections with H&E (Haematoxylin and
Eosin), proliferation marker Ki67 and urea cycle enzyme OTC and ASS1. 10 individual fields of view where (A) Ki67
Immunoscoring, (B) OTC Immunoscoring, (C) ASS1 Immunoscoring were analysed with Aperio ImageScope®. H-
Scores were interrogated for statistical significance via two-tailed Student’s t-test. The error bars represent the
+ Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 3-31: Histology and immunohistochemical analysis of SW 480 xenograft tumours treated with
rhArglpeg5000. Immunohistochemical staining of tumour xenograft sections with H&E (Haematoxylin and
Eosin), proliferation marker Ki67 and urea cycle enzyme OTC and ASS1. 10 individual fields of view where (A) Ki67
Immunoscoring, (B) OTC Immunoscoring, (C) ASS1 Immunoscoring were analysed with Aperio ImageScope®. H-
Scores were interrogated for statistical significance via two-tailed Student’s t-test. The error bars represent the
+ Standard Error of the Mean (+£SEM). (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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One of the primary reasons for acquired ADI resistance in tumours is the re — expression of
ASS1, therefore expression profiling of urea cycle enzymes was deemed necessary to address
possible adaptive mechanisms of resistance. Accordingly, tumour xenograft were also
assessed for OTC and ASS1 levels by immunohistochemical analysis. Both RKO and SW 480
xenografts exhibited a mild positivity for OTC in control and treatment groups, which in both

occasions was not affected by arginase treatment (Figure 3-30; 3-31).

On the other hand, ASS1 expression in RKO xenografts showed significant suppression
following treatment with rhArglpeg5000. On the contrary, SW 480 xenografts remained

strongly positive for ASS1 in both treatment and control groups.

As described earlier in Section 3.6.1, tumour xenografts were also assessed for the autophagic
marker LC3B. Unlike ADI-PEG20 treatment, LC3B scoring in mice treated with rhArglpeg5000

demonstrated no significant accumulation of LC3B in comparison to the control (Figure 3-32).
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Figure 3-32: Immunohistochemical staining of LC3B in RKO and SW 480 xenograft tumours treated with
rhArg1peg5000. Neither, (A) RKO or (B) SW 480 xenografts demonstrate a significant accumulation of LC3B

when mice are administered rhArg1peg50000. The error bars represent the + Standard Error of the Mean (+SEM)
(ns: so significance, two-tailed Student’s t-test).
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3.6.3 Summary

The in vivo results presented in this section suggest a higher level of complex interactions and
potential metabolic adaptations between the host, tumour and tumour microenvironment
that could further affect and abolish the in vivo efficacy of rhArglpeg5000. Overall we showed
that in both RKO and SW480, rhArglpeg5000 can significantly reduce the growth of tumour
xenografts in mice as reflected by reduced tumour volume regardless of expression of ASS1
and Ki67 staining. Lack of differences in tumour weight and proliferation markers indicates
plausible adaptive resistance mechanisms after prolonged exposure to rhArglpeg5000, which
unlike ADI-PEG20 may not be driven by induced autophagy. Similarly to previous data (see
section 3.2.3), evident lack of difference in Ki67 between control and treatment groups,
despite the significant volume differences may reflect the presence of necrosis within the
centre of the tumour as well as altered doubling times of cells. The Ki67 antigen is present
throughout all stages of cell cycle, namely G1, S, G2 and M phase except GO and has been
used extensively used by clinicians to assess the mitotic index of tumours in patients.
However, rapidly proliferating tumours, characterised by cells with short doubling times could
signify only a fraction of the growing cells within the tumour. In this regards correlation of the
mitotic index (Ki67 staining) and proliferation rate may not be strictly linear (Beresford et al.,

2006).

Although the significance of ASS1 downregulation in rhArgpeg5000-treated RKO xenografts is
not known, it may suggests that differential intracellular concentrations of arginine, citrulline,
ornithine and argininosuccinate, could affect the expression patterns and

localisation/channelling of urea cycle enzymes within the tumour cells.

Alternatively, limited availability of arginine and subsequent, transcriptional inactivation of c-
Myc via inhibition of mTOR signalling could further result in ASS1 downregulation. Taking this
into consideration further experimentation is needed to assess the levels of this metabolites

in response to ADI-PEG20 and rhArglpeg5000 treatment.

Several studies over the past decade have highlighted the involvement and complex crosstalk
of multiple signalling pathways in cancer cells in order to achieve a metabolic rewiring that
could help tumours to overcome arginine depleting strategies. Among others, mTOR pathway
(Savaraj et al., 2010; Chantranupong et al., 2016) PI3K/Ras/MAPK (Tsai et al., 2012),
autophagy (Kremer et al., 2017; Savaraj et al., 2010 ) and ER stress induced UPS (Bobak et al.,
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2016) have been reported as pathways involved in response to arginine depleting agents. In
this case, lack of detection of autophagic flux suggest a more thorough investigation of these
pathways and their interactions both in vivo and in vitro could help us address alternative
mechanisms of resistance and identify new targets for future combinational therapeutic

interventions in CRC.
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3.7 Investigating the effects of arginine catabolising agents on autophagy

As previously mentioned, numerous studies have identified autophagy as an induced
response in nutrient energy and amino acid starvation (Saxton and Sabatini, 2017). In vivo
evidences from our xenograft work indicate that autophagy could potentially be involved in
arginine starvation resistance as a pro-survival mechanism. Hence, in this section | will discuss
our findings on autophagy in relation to pharmacological depletion of arginine in CRC cell

lines.

3.7.1 Investigating the effects of ADI-PEG20 on autophagy

In a time-dependent manner, lysates from cells exposed to 0.5 ug/mL of ADI-PEG20 were
investigated via Western blotting for autophagy-related markers LC3A/B and SQSTM1/p62.
In an effort to estimate whether autophagic flux is occurring; results obtained were compared
to cells treated with vehicle control (PBS), chloroquine only and combination of ADI-PEG20

and chloroquine.

The lysosomotropic agent chloroquine accumulates inside endosomes and lysosomes and
raise the pH leading to the inhibition of lysosomal enzymes that are active in an acidic
environment. Thus, this further leads to prevention of lysosome — autophagosome fusion
(Klionsky et al., 2016) and subsequent inhibition of autophagy. If autophagy flux is active,
chloroquine-mediated inhibition of autophagosome degradation causes autophagosome

accumulation, which can be promptly detected by an increase in LC3B.

In addition to LC3B, the ubiquitin binding protein Sequestosome 1 (SQSTM1, p62) has also
been used as a marker of autophagy (Klionsky et al., 2016) Studies have shown that p62 acts
as a scaffold for the trafficking of polyubiquinated targets thus supports their degradation via
proteasomal or lysosomal degradation. Thus, p62 expression is dependent on starvation in
which case p62 synthesis is increased and simultaneously in autophagic degradation where

p62 levels are reduced by autophagy (Klionsky et al., 2016).

Western blot analysis showed a significant accumulation of LC3B in 2 out of 4 cell lines treated
with ADI-PEG20. HCT 116 exhibited a significant increase in LC3B when treated with a
combination of ADI-PEG20 and chloroquine at 24 and 48 hr (Figure 3-33A and B) in
comparison to chloroquine only. RKO demonstrated a similar accumulation of LC3B after 72

hr treatment (Figure 3-34A and B). Inhibition of autophagy with chloroquine was
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accompanied by a reduction of Cyclin D1 in HCT116 cells treated with ADI-PEG20. In RKO cells
despite induced autophagy at later time points no significant reduction in cyclins was
observed. Neither SW 480 (Figure 3-35B) nor HT 29 (Figure 3-36B) cells showed evidences of
induced autophagy in response to ADI treatment. Overall no significant changes in p62

expression were observed.
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Figure 3-33: Investigation of autophagic flux in HCT 116 treated with ADI-PEG20 (A) Western Blot analysis of
Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from HCT 116 untreated (DMSO) or treated with Chloroquine
(30uM) and/or ADI-PEG20 (1ug/mL) as indicated for 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C)
Cyclin D1 (D) and Cyclin D3. The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, two-tailed Students t-test).
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Figure 3-34: Investigation of autophagic flux in RKO treated with ADI-PEG20 (A) Western Blot analysis of Cyclin
D1, D3, p62 and LC3A/B in whole cell lysates from RKO untreated (DMSO) or treated with Chloroquine (30um)
ADI-PEG20 (1ug/mL) at 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D) and Cyclin D3.
The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01, ***p<0.001,
***%p<0.0001, two-tailed Student’s t-test).
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Figure 3-35: Investigation of autophagic flux in SW 480 treated with ADI-PEG20 (A) Western Blot analysis of
Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from SW 480 untreated (DMSO) or treated with Chloroquine
(30um), ADI-PEG20 (1ug/mL) at 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D) and
Cyclin D3. The error bars represent the * Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-36: Investigation of autophagic flux in HT 29 treated with ADI-PEG20 (A) Western Blot analysis of
Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from HT 29 untreated (DMSO) or treated with Chloroquine
(30um), ADI-PEG20 (1ug/mL) at 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D) and
Cyclin D3. The error bars represent the * Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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3.7.2 Investigating the effects of rhArg1peg5000 on autophagy

In agreement with prior observations (see Section 3.6.2) no significant increase of LC3 level
was detected in RKO cells treated with rhArglpeg5000 and chloroquine (Figure 3-38). In
SW480, blockage of autophagy via chloroquine in combination with rhArglpeg5000 induces
a small but significant reduction in Cyclin D3 at 72 hr which was also accompanied by an also

significant accumulation of LC3B and p62 (Figure 3-39).

Despite the increased accumulation of LC3B in HCT 116, no differences were observed in
Cyclins D1 and D3 in response to pharmacological inhibition of autophagy (Figure 3-37).
Unexpectedly, HT 29 cells exhibited a statistically significant decrease in LC3B when both
chloroquine and rhArglpeg5000 were administered, whereas at the same time Cyclin D3
levels were decreased significantly at 72 hr (Figure 3-40). Regardless of the contradicting
results, Western blot data showed a noteworthy accumulation of p62 in cells treated with
rhArglpeg5000 and/or chloroquine at 72 hr, which suggests increased trafficking of

polyubiquinated proteins for degradation.
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Figure 3-37: Investigation of autophagic flux in HCT 116 treated with rhArg1peg5000 (A) Western Blot analysis
of Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from HCT 116 untreated (DMSO) or treated with
Chloroquine (30um), rhArg1peg5000 (0.5ug/mL) at 24, 48 and 72 hr, (B) Relative expression levels of LC3B (C)
Cyclin D1 (D) and Cyclin D3. The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-38: Investigation of autophagic flux in RKO treated with rhArg1peg5000 (A) Western Blot analysis of
Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from RKO untreated (DMSO) or treated with Chloroquine
(30um), rhArg1peg5000 (0.5ug/mL) at 24, 48 and 72hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D)
and Cyclin D3. The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-39: Investigation of autophagic flux in SW 480 treated with rhArg1peg5000 (A) Western Blot analysis
of Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from SW 480 untreated (DMSO) or treated with Chloroquine
(30um), rhArg1peg5000 (0.5ug/mL) at 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D)
and Cyclin D3. The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 3-40: Investigation of autophagic flux in HT 29 treated with rhArg1peg5000 (A) Western Blot analysis of
Cyclin D1, D3, p62 and LC3A/B in whole cell lysates from HT 29 untreated (DMSO) or treated with Chloroquine
(30um), rhArg1peg5000 (0.5ug/mL) at 24, 48 and 72 hr. (B) Relative expression levels of LC3B (C) Cyclin D1 (D)
and Cyclin D3.The error bars represent the + Standard Error of the Mean (+SEM, n=3) (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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3.7.3 Investigating the effect of rhArg1peg5000 on apoptosis via inhibition of autophagy

The observation of floating cells in culture plates treated with rhArglpeg5000 led us to
examine potential induction of apoptosis. Thus, in a time course experiment cells treated with
rhArglpeg5000 were compared against cells treated with Etoposide, a well-known inducer of
apoptosis. It is well documented that the nuclear poly ADP-ribose polymerase (PARP) is
involved in DNA repair in response to environmental stress (Satoh and Lindahl, 1992). During
apoptosis, this 116 kDa protein is targeted by ICE-like caspases (Lazebnik et al., 1994) and
caspase-3 (Nicholson and Thornberry, 1997), generating fragments of 89kDa. Hence, cleaved
PARP has been extensively used as a marker of apoptosis (Bulares et al., 1999). Western blots
analysis revealed a significant accumulation of the apoptotic marker cleaved PARP in
rhArglpeg5000 treated cells after 24, 48 and 72 hrin 2 out of 4 cell lines tested (Figure 3-41).
Both HCT 116 and RKO exhibited a significant accumulation of cleaved PARP, further

suggesting induction of apoptosis.

Our results are in line with similar studies from Xu et al., where they show that
pharmacological depletion of arginine with rhArglpeg5000 in small cell lung carcinoma (SCLC)
induces cell cycle arrest and apoptosis via oxidative stress (Xu et al., 2018). Adding to this,
another recent study from Shen et al., in NSCLC reports that induction of autophagy in
response to rhArglpeg5000 has a cytoprotective role against reactive oxygen species (ROS),
while inhibition of autophagy with CQ results in induced apoptosis (Shen et al., 2017).
Alternatively, Bobak et al., report that arginine withdrawal can promote endoplasmic
reticulum (ER) stress and subsequent activation of the unfolded protein response (UPR)
(Bobak et al., 2016). Accordingly, research has shown that prolonged ER stress, can trigger
the switch from cellular survival and autophagy to cellular death and apoptosis (Garcia-Navas
et al., 2012). As a proof of concept, HCT 116 cells exposed to rhArglpeg5000 were co-treated
with the widely used inhibitor of autophagy, chloroquine. Western blots presented in Figure
3-41C reveal a robust increase in cleaved PARP suggesting that the induction of autophagy

can potentially act as a cytoprotective response to arginine starvation.

In addition to these observations, data acquired from antibody arrays and western blotting
(results presented in appendices, Figure5-4 and 5-5) suggest that mTOR inhibition during
arginine starvation with rhArg1peg5000 could be primarily responsible for induced autophagy

as monitored in HCT 116 in earlier and RKO in later time points. Subsequent restoration of
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arginine availability via autophagy could result in extended cell survival and sustained cell
proliferation which is reflected by increased phosphorylation of Akt, PRAS40 and mTOR's
downstream target 4E-BP1. The proline-rich Akt substrate (PRAS) is a 40kDa protein that has
been extensively characterised as an inhibitory intermediate between the Akt and mTOR.
Studies have shown that phosphorylation of PRAS40 by Akt results in its dissociation from the
mTOR, and further deactivation of his inhibitory activity via phosphorylation by the mTOR
itself (Saxton and Sabatini, 2017).

Results shown in Figure 5-5 demonstrated a drop in phosphorylation of 4E-BP1 in HCT 116 as
early as 2 hr upon treatment with rhArglpeg5000. Decreased phosphorylation remained
present up to 24 hr with a recovery occurring at 48 and 72 hr respectively. On the contrary,
RKO cells demonstrated a marginal reduction of phospho-4E-BP1 levels at 8h with a dramatic
drop of the same phosphorylated protein taking place after 72 hr. With no surprise, this time-
dependent changes in phosphorylation levels of 4E-BP1 suggest the inactivation of mTOR
pathway and further support the induction of autophagy in previous experiments

(Appendices, Figure 5-5).
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Figure 3-41: Apoptosis as detected by cleaved PARP in CRC cell lines in response to rhArg1peg5000. Cells were
incubated with rhArg1peg5000 at 0.5 ug/mlL or 25uM Etoposide for 24, 48 and 72 hr. A DMSO vehicle control
was also included. (A) Western blot analysis was utilised to detect the amount of PARP (at 116 kDa) and cleaved
PARP (89 kDa) (representative results). (B, By, B and By) Relative expression levels of cleaved PARP (blots were
compared to Etoposide and normalised against actin, Error bars represent the +Standard Error of the Mean
(£SEM, n=3), statistically significant values of *p < 0.05 were determined compared with the control (PBS
treated cells) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, two-tailed Student’s t-test). Two-tailed Student’s
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3.7.4 Summary

Overall, these data suggest that induction of autophagy could partially be responsible for
resistance to arginine catabolising strategies in CRC. The cytoprotective role of autophagy,
initiated by lack of arginine is reflected via the enhanced accumulation of LC3B in HCT 116
upon 24 hr of exposure to ADI-PEG20 and subsequent decrease in Cyclin D1 levels when cells
were co-treated with chloroquine. Results come to agreement with previously described EdU
incorporation experiments where we showed that HCT 116 exhibited a significant increase in
DNA synthesis after 24 hr in response to ADI-PEG20. Similarly, RKO showed a significant
increase in LC3B after 72 hr, which may explain the decrease in EdU incorporation levels in

comparison to HCT 116.

On the contrary, HCT 116 cell line exhibited significant accumulation of LC3B in response to
rhArglpeg5000 after 48 and 72 hr, which partially justifies the sharp decrease in EdU
incorporation at 24 hr (Section 3.5.6). Inhibition of autophagy with chloroquine resulted in
increased cleaved PARP in HCT 116 and RKO when both cell lines were exposed to
rhArglpeg5000. In response to rhArglpeg5000, the ADI-PEG20 refractory cell line SW 480
demonstrated a robust increase in LC3B when this was accompanied with chloroquine. This

accumulation in LC3B at 72 hr was accompanied by an also significant decrease in Cyclin D3.

Taken together, our results suggest that induction of autophagy is not only cell line dependent
but also time dependent as ADI-PEG20 and rhArglpeg5000 alter differently the availability of
arginine and its precursors in the media. Further experimentation is needed to elucidate the

significance of autophagy in rhArglpeg5000 and ADI-PEG20 treated CRC lines.
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3.8 Combination studies — In vitro

3.8.1 Investigating the synergistic action of arginine catabolising agents with 5-Fluororacil or
Oxaliplatin
Despite the rapid developments in personalised medicine, the antimetabolite drug 5-
Fluorouracil and the platinum compound Oxaliplatin remain the key drugs for treatment of
CRC. Results from a recent Phase I/1l clinical trial in HCC (NCT02102022) reveal favourable
efficacy of ADI-PEG20 in combination with FOLFOX, while similar Phase II/l trials in pleural
mesothelioma (Szlosarek et al., 2017), are currently investigating the synergistic effects of
ADI-PEG20 with platinum-based therapy and antimetabolites. Hence, we investigated
whether pharmacological depletion of arginine synergizes with current therapeutic

approaches.

We examined the effects of combinations on cell growth utilizing the CompuSyn® software
and Chou and Talalay method (Chou, 2006) In a 6x6 checkerboard layout, as previously
described in materials and methods, we crossed combined a range of combinations of both
ADI-PEG20 and rhArglpeg500 with 5-FU and Oxaliplatin (see Figures 3-42; 3-43). Results
obtained from fixed ratio concentrations (highlighted with red squares in Figures 3-42; 3-43)
were used to calculate the combination index value, Cl. Cl values greater than 1 (CI>1) indicate
antagonism, equal to 1 (Cl=1) additive effect and smaller than 1 (Cl<1) synergism (for details

see Table 5-2 in Appendices) (Chou, 2006).

An in depth view of the combination index values acquired from each combination/cell line is
presented using classic isobolograms (Figures 3-44; 3-45). In isobolograms, lines connecting
the x-axis and y-axis correspond to single doses of the two drugs required to independently
reduce the growth by 50 (ICso, blue), 75 (ICys, red), 90 (ICq0, green) and 95% (ICos, purple).
Then, same-coloured data points displayed within the axes represent the effective
combination —i.e. dose of the two combined drugs required to achieve reduction of growth
at 50, 75, 90 and 95% respectively. Data falling on the lower left side of the line that connects
the two single doses indicate synergism (Cl<1), combination output located nearby the
coloured lines additive effect (Cl=1), whereas data points in the outer right-hand side of the

coloured line of the chart signal antagonism (CI>1).
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Figure 3-42: Investigating synergistic drug combinations using ADI-PEG20 + 5-Fluorouracil or Oxaliplatin - Drug
combination matrix heatmaps. (A, B) HCT 116, (Ay, Bu) RKO, (Am, Bm) SW 480, (Aw, Bi) HT 29 drug matrixes
with (A;— Aw) ADI-PEG20 + 5 Fluorouracil and (B;— Byy) ADI-PEG20 + Oxaliplatin. In a 6x6 checkerboard layout
ranges of concentrations of drugs were companied and response was monitored via cell counting 6 days post
treatment. Variations in maroon and green colours from light to dark depict the % of growth in comparison to
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Figure 3-43: Investigating novel synergistic antiproliferative drug combinations using rhArglpeg5000 + 5-
Fluorouracil or Oxaliplatin - Drug combination matrix heatmaps. (A, B) HCT 116, (A, Bu) RKO, (Am, Bu) SW
480, (A, Bw) HT 29 drug matrixes with (A;— Aw) rhArg1peg5000 + 5 Fluorouracil and (B;— Byy) rhArg1peg5000 +
Oxaliplatin. In a 6x6 checkerboard layout ranges of concentrations of drugs were companied and response was
monitored via cell counting 6 days post treatment. Variations in maroon and green colours from light to dark
depict the % of growth in comparison to the control. Results presented in this figure were obtained from three
independent experiments.
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Figure 3-44: |sobologram Analysis of constant combination ratios for ADI-PEG20 + 5-Fluorouracil and ADI-PEG20 +
Oxaliplatin. Values shown on the y and x axis correspond to the dose concentrations for each single drug required
to achieve a 50% (blue), 75% (red), 90% effect (green) and 95% (purple) reduction in growth. Coloured symbols
within the axes crossing lines represent the combination of the two drugs required to achieve reduction of growth
at 50, 75, 90 and 95% respectively and they indicate synergism if located below the corresponding coloured line,
addictive effect if in proximity of the coloured lines additive effect and antagonism if above the corresponding
coloured line. (A, Ay, Am) ADI-PEG20 in combination with 5-Fluorouracil; (B, By, By) ADI-PEG20 in combination with
Oxaliplatin. Results presented in this figure were obtained from three independent experiments.
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Figure 3-45: Isobologram Analysis of constant combination ratios for rhArglpeg5000 + 5-Fluorouracil and
rhArg1peg5000 + Oxaliplatin. Values shown on the y and x axis correspond to the dose concentrations for each
single drug required to achieve a 50% (blue), 75% (red), 90% effect (green) and 95% (purple) reduction in growth.
Coloured symbols within the axes crossing lines represent the combination of the two drugs required to achieve
reduction of growth at 50, 75, 90 and 95% respectively and they indicate synergism if located below the
corresponding coloured line, addictive effect if in proximity of the coloured lines additive effect and antagonism if
above the corresponding coloured line. (A, Au, Am,An) rhArg1peg5000 in combination with 5-Fluorouracil; (B, By,
By, By) rhArg1peg5000 in combination with Oxaliplatin. Results presented in this figure were obtained from three
independent experiments.
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Figure 3-46: An overview of Combination index, Cl values at ICso, IC75, and ICsp. Cl values <1 indicate synergism,
equal 1 additive effect, and >1 antagonism. (For further details, refer to Table ii, appendices section). Results
presented in this figure were obtained from three independent experiments.

Overall at ICqo we show that 2 out of 4 cell lines tested exhibited a nearly additive effect when
treated with rhArglpeg5000 + 5-FU with Cl values ranging from 1.083 to 1.087 (SW 480 and
RKO respectively). Similarly, RKO, SW 480 and HT 29 showed nearly additive effects when
combined with arginine catabolising agents and 5-FU or Oxaliplatin. Accordingly, the Cl at ICq
of RKO cells when administered ADI-PEG20+5-FU was 1.1. SW 480 exhibited also a nearly
additive effect when treated with ADI-PEG20+Oxaliplatin (CI=1.01). Similar results were also

observed with HT 29 when exposed to rhArglpeg5000+Oxaliplatin (CI=1.09) (Figure 3-46).

Pharmacological depletion of arginine exhibited synergistic effects with 5-FU and Oxaliplatin
in RKO and HT 29. Moderate synergism was observed in RKO and HT 29 when cells were

exposed in ADI-PEG20+Oxaliplatin with identical Cl values of 0.7966. Similarly, moderate
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synergism was also detected when HT 29 cells were treated with ADI-PEG20+5-FU (Cl=0.795)
(Figure 3-46).

Notably, in some of the combinations, we observed antagonism between rhArglpeg5000 and
cytotoxic drugs, which may such potential interplay between arginine depletion and
chemotherapeutic agents. Nevertheless, the ultimate goal in drug combination is to achieve
a decrease in the administered dose of each single drug, while retaining the efficacy and
reducing the normal tissue toxicity (Chou, 2006). Therefore, to further investigate whether
drug combination is a valuable option for arginine deprivation therapy in CRC, we employed
the CompuSyn® software to simulate the Fraction affected - Dose Reduction Index Plot (Fa-
DRI) (Figures 3-47; 3-48). DRI can estimate the amount of —fold concentration of each agent
that can be reduced in combination with a second drug to give a specific effect (Fraction
affected, Fa?), compared against the concentrations of each agent alone. Synergism has been
associated with advantageous DRI, where values greater than 1 indicate that single agents
are favourable for dose reduction in combination, nevertheless even additive effects or even

slight antagonism may result in a DRI>1 (Chou, 2006).

Our analysis shows that in at least 3 cells lines DRI was greater than one (DRI>1) when cells
were exposed to ADI-PEG20 and 5-FU, whereas combinatorial treatment of ADI-PEG20 and
Oxaliplatin did not reveal sound evidence of a favourable DRI (Figure 3-47). Interestingly, all
four cell lines exhibited DRI values considerably greater than 1 when treated with
rhArglpeg5000 and 5-FU or Oxaliplatin, indicating that, despite the moderate antagonism
suggested by Cl values (Figure 3-46), 5-FU and Oxaliplatin antiproliferative efficacy could be

maintained using lower doses in combination treatments (Figure 3-48).

1 Fraction affected (Fa): opposite to the % of growth, Fa signifies the % of cells that have been affected by the
treatment in comparison to the control.
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Figure 3-47: Fraction Affected (Fa) — Dose Reduction Index (DRI) plots. Automated computer simulation of DRI
values. DRI values >1 are favourable to dose reduction of the two drugs while still maintaining the same inhibitory
effects. The error bars represent the + Standard Error of the Mean (+SEM, n=3). (A, Ay, Am, Aw) Fa-DRI plots of
ADI-PEG20 + 5-Fluorouracil and (B, By, B, Biv) ADI-PEG20 + Oxaliplatin in HCT 116, RKO, SW 480 and HT 29 cell
lines, respectively.

136 | Page



rhArg1peg5000 + 5-Fluorouracil rhArg1peg5000 + Oxaliplatin

A B,
HCT 116 - Dose Reduction Index (DRI) Plot HCT 116 - Dose Reduction Index (DRI) Plot
0.5 0.5
x ppppggEassncc” X
2 oo IR EEEERSST 0 8 god. Ll g BRI
o o
=] o
- -
-0.5 T 1 -0.5 T 1
0.0 0.5 1.0 0.0 0.5 1.0
Fraction Affected, Fa Fraction Affected, Fa
Ay B, )
RKO -Dose Reduction Index (DRI) Plot RKO -Dose Reduction Index (DRI) Plot
1.59 0.5
1.04
I x
% 0.5 }i Em 0.0 e SRR
2 3 2
3 iii!!iii...... =
0.0 e .-
0.5 r . -0.5 T 1
0.0 0.5 1.0 0.0 0.5 1.0
Fraction Affected, Fa Fraction Affected, Fa
AIII BIII
SW 480 - Dose Reduction Index (DRI) Plot SW 480 - Dose Reduction Index (DRI) Plot
1.0 1.0
0.549
= 0.57 =
© ©
o 0 ,0] 8RR RQRNYENeneem
H vee® g
a4 god-ri g B e g @O -
PR A
Gecec? -0.51
°2"*
-0.5 T 1 -1.0 T 1
0.0 0.5 1.0 0.0 0.5 1.0
Fraction Affected, Fa Fraction Affected, Fa
AI\l' BIV
HT 29 - Dose Reduction Index (DRI) Plot HT 29 - Dose Reduction Index (DRI) Plot
1.0 1.0
® rhArgipeg5000 rhArg1peg5000
5-Fluorouracil 0.54 Oxaliplatin
= 0.57 =
x ©
=) B gode g BT LS
o o
o o
3 M,_.I.i!.!.!.!!.!I.!.I.l.l.o...o....._. 3
0.5
-0.5 T 1 -1.0 T 1
0.0 0.5 1.0 0.0 0.5 1.0
Fraction Affected, Fa Fraction Affected, Fa

Figure 3-48: Fraction Affected (Fa) — Dose Reduction Index (DRI) plots. Automated computer simulation of DRI
values. DRI values >1 are favourable to dose reduction of the two drugs while still maintaining the same inhibitory
effects. The error bars represent the * Standard Error of the Mean (+SEM, n=3). (A, Au, A, Aw) Fa-DRI plots of
rhArg1peg5000 + 5-Fluorouracil and (B, By, By, Bw) rhArg1peg5000 + Oxaliplatin in HCT 116, RKO, SW 480 and
HT 29 cell lines, respectively.
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To date, CRC remains one of the leading causes of cancer associated deaths worldwide, with
the UK alone recording over 16000 deaths between 2014 to 2016 (Cancer Research UK). Early
detection of lesions, patient stratification strategies, as well as improved surgical procedures
have contributed to a progressive decline in mortality rates over the last 50 years. The 5-year
relative survival rate of CRC patients at stage | disease is estimated at approximately 90%,
however this drops dramatically to almost 10% in patients who are diagnosed at stage IV.
Nowadays, the first line of treatment for high risk stage Il and stage Ill CRC patients remains
the adjuvant chemotherapy with fluoropyrimidines and platinum based drugs or Irinotecan
(Andre et al., 2015). Reportedly, combinations of these agents decrease the risk of relapse in
stage Ill patients who have undergone surgical resection, extending their overall 5-year
survival to approximately 60%. Conversely, almost 30% of these patients will demonstrate
relapse, which sequentially leads to death within 2-3 years. In recent years, efforts to improve
adjuvant therapy of advanced stage Ill and mCRCs with targeted immunotherapy have led to
promising results (Overman et al., 2018; Douillard et al., 2010; Price et al., 2014; Helbling et
al., 2013), yet a large proportion of patients still remain unresponsive to these therapies
(Martini et al., 2017). Despite recent developments in first line therapy and implementation
of predictive biomarkers in the clinic to tailor effective treatment strategies for individuals,
there is still a need to further understand evolving mechanisms of drug resistance and identify
novel biomarkers that could benefit subsets of patients susceptible to alternative, more

effective and less cytotoxic regimens.

Despite first observations on altered metabolism in tumours been reported almost a century
ago, recent advancements in molecular and biochemical tools have substantially reshaped
and deepened our understanding of the metabolic reprogramming in cancer and how these
mechanisms, and functional outcomes of cancer-related metabolic modifications contribute
at different stages of the disease. Renewed research interest over the past decades made
evident that metabolic rewiring involves alterations that can affect the intratumoural flux of
metabolites and redirect the metabolic fate of nutrients to support and sustain the hyper
proliferative status of cancer cells. In this regard, rewiring of cellular metabolism has been
recognised as one of the new emerging hallmarks of cancer and several attempts have been
made to exploit cancer metabolism for a positive clinical outcome. For instance, lack of

asparaginase synthase in Acute Lymphoblastic Leukaemia (ALL) renders malignant cells
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auxotrophic for the non-essential amino acid asparagine and therefore vulnerable to
asparaginase treatment. With response rates ranging from 78-96% in younger ALL patients,
asparaginase treatment represents to date one of the most successful implementations of
metabolism — based strategies in the clinic (Heiden and DeBerardinis, 2017; Koprivnikar et al.,

2017).

The inability of cancer cells to synthesize arginine de novo, mainly due to the lack of ASS1 and
OTC, renders multiple malignancies auxotrophic for arginine and dependent on external
arginine sources. Extended in vitro and in vivo assessment of PEGylated arginine depleting
enzymes, namely, ADI-PEG20 and rhArglpeg5000, in several malignancies has highlighted the
anti-tumour efficacy of arginine deprivation, which is currently being evaluated in clinical
trials (Section 1.6.5.1 and 1.6.5.2). Here, in this study we made an effort to assess whether
CRC is dependent on external arginine supplementation and further investigate whether CRC

patients could benefit from arginine depleting strategies.

The first part of this project was focused on confirming and expanding our preliminary data,
which have previously shown decreased growth of CRC lines in arginine free media. Indeed,
in cell proliferation assays, we show that CRC cell lines are extremely reliant on external
arginine sources as none of the 4 cell lines tested were able to grow in the absence of arginine
or its precursors, ornithine and citrulline, from the media (Section 3.1.1). In agreement with
results obtained from cell proliferation assays, DNA synthesis and cell cycle assessment via
FACS analysis reveals an extremely significant reduction in %EdU levels, further indicating
inhibition of DNA synthesis and cell cycle arrest. These observations are mirrored by a gradual
and significant decrease in Cyclin D1 (Section 3.1.2). Lastly, consistent with the role of arginine
as an activator of the amino acid and energy sensing mTOR pathway, removal of arginine from
the medium results in reduced mTOR activity and subsequent hypo phosphorylation of its

downstream targets 4E-BP1 and RS6 (Section 3.1.3).

Arguably, one of the biggest challenges in cancer research is the implementation of metabolic
therapeutic approaches in clinical practice as often results obtained in vitro are not
recapitulated in vivo, where both systemic metabolism and tumour microenvironment may
affect tumour growth. In this study, we show that dietary restriction of the non-essential
amino acid arginine was indeed able to reduce the overall volume and weight of tumour
xenografts. As discussed already in the Introduction (Section 1.6.4) the anti-growth
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capabilities of dietary restriction of arginine have been reported in multiple publications,
however, it might be argued that the levels of circulating arginine and its precursors are still
sufficient to sustain proliferation. Indeed, data acquired from Ki67 staining and imaging with
IVIS®, xenograft tissues from the arginine free diet group show that HCT 116-luc2 cells are
able to maintain proliferative potential, however at lower rates as depicted by the reduced
tumour volume and weight. As previously discussed (Section 3.2.3), based on dietary studies
in mice fed with arginine-free diet (Marini et al., 2010), we can speculate that a reduction of
plasma levels of arginine by 50% is sufficient to restrict tumour growth of xenografts but, at
the same time, precursors of arginine, such as dietary glutamine and proline can contribute
for the de novo synthesis of citrulline which ultimately could be utilised for the synthesis of
arginine in normal tissues as well as ASS1 positive tumours. Adding to this, HCT 116-luc2
xenografts tested positive for ASS1 during their prolonged engraftment, underling a potential
metabolic adaptation for utilisation of citrulline. However, the levels of arginine and citrulline
within the tumour cells remain unknown. Overall, these results suggest that CRC cell lines are

arginine auxotrophic and likely to be responsive to enzymatic depletion of arginine.

To validate this hypothesis, commercially-available arginine depleting enzymes, ADI and
recombinant human arginase 1 were tested in vitro, and compared against PEGylated
formulations of the same enzymes that are currently being evaluated in clinical trials (Tables
1.2 and 1.3). Accordingly, we demonstrate that 3 out 4 cells lines are sensitive to ADI
exposure, whereas all 4 cell lines exhibit a dose dependent response to recombinant human
arginase 1. ASS1 expression profiling via western blotting reveals 5-fold increase higher
expression in the ADI resistant SW480 cell line in comparison to sensitive cell lines. Transient
knockdown of ASS1 in SW480 using siRNA results in almost 50% reduction in cell growth and

expression of Cyclin D1.

The anti-proliferative efficacy of both ADI-PEG20 and rhArglpeg5000 were further
investigated via FACS analysis and EdU incorporation assays. Here, we report that among the
two agents, rhArglpeg5000 was the most efficacious, with all 4 cell lines tested
demonstrating a dramatic decrease in EAU upon 72 hr of treatment. A less prominent, yet
significant, decrease in DNA synthesis is observed in at least two cell lines when treated with
ADI-PEG20. Further analysis via western blotting reveals that all cell lines manage to re

express ASS1 upon 72 hr of exposure to ADI-PEG20. Results were accompanied by gradual
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recovery in Cyclin D1 and D3 levels, further suggesting acquired resistance to ADI treatment.
Remarkably, none of the cell lines treated with rhArglpeg5000 was tested positive for OTC
and any time point. As shown by us and others, differential expression of ASS1 and OTC
dictates response to ADI and recombinant arginase, respectively, and tumours deficient for

ASS1 and OTC are amenable to arginine depleting strategies (Delage et al., 2010).

Scientific consensus about CRC being one of the most highly ASS1 expressing tumours, and
evidence of OTC downregulation obtained through analysis of publicly available datasets, led
us to further validate the levels of ASS1 and OTC in TMAs. In agreement with what was already
known from the literature (Rho et al., 2008), we confirm that the vast majority of the CRC
cases are positive (33.76%) or extremely positive (45%) for ASS1. Notably, a subset of patients
were identified with low or undetectable ASS1 levels (15.69% and ~3% respectively), while
OTC expression profiling identifies a staggering 73.65% of patients as weak positive and an
additional 24.49% as negative. The ASS1 negative tumours in a subset of the cases and
negative expression of OTC, together with the in vitro data, are promising evidences that CRCs

may be amenable to pharmacological depletion of arginine.

Although the functional outcome of ASS1 and OTC downregulation in tumours is not fully
understood, several studies have correlated ASS1 deficiency with decreased overall survival
and worse prognosis (Ekmekoglou et al., 2016, Su et al., 1981; Nicholson et al., 2009). In this
project, the TMA study reveals no significant correlation between ASS1 and OTC expression
and accumulative survival in CRC patients, although a significant trend towards lower ASS1
levels was observed in higher grade tumours. It must be mentioned that chi-square analysis
of TMAs was conducted between negative, weak positive, positive and strong positive
tumours from different sites of the bowel, whereas in other studies accumulative survival is
compared between 2 quartiles, namely —low and —high. Taking this into account, future
comparison of CRC cases between ASS1-low vs ASS1-high and OTC-low vs OTC-high could lead
to a better separation of the groups and more definitive conclusions. Furthermore,
correlation with next generation sequencing data or analysis of CRC epigenome could also
elucidate the driver mechanisms behind differential expression of these enzymes in CRC
patients. Additionally, advances in quantitative pathology software analysis and tissue
imaging could help us better understand the functional role of deregulated urea cycle

enzymes in CRC. Co-profiling of CPS-1, ASL, NOS and arginine transporters along with ASS1
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and OTC on the same tissues via utilisation of commercially available multiplex imaging kits,
such as the Opal™ Multiplex (PerkinElmer) which can multiple fluorescently-labelled targets
within the same slide could increase our ability to predictive susceptibility of CRC patients to
arginine catabolising strategies and further address important questions on how deregulated

urea cycle affects the progression of the disease.

Nevertheless, robust data from in vitro studies and TMA analysis prompt us to investigate
whether the anti-proliferative effects of ADI-PEG20 and rhArglpeg5000 could be translated
in vivo. We show that ADI-PEG20 affects the growth of ASS1-deficient cells (RKO), while
rhArglpeg5000 decreases the tumour growth in mice bearing OTC-deficient cells,
independently from their ASS1 status (RKO and SW 480). Despite, the significant differences
in overall tumour burden, Ki67 analysis failed to show significant decrease in arginase-treated
tumours. Lack of difference in proliferation rates may reflect potential adaptive mechanisms
of resistance within the tumour tissues or otherwise limitations of Ki67 staining. As discussed
already in Section 3.6.2.1, Ki67 may not be the most appropriate marker of cell proliferation
as it is present throughout all stages of the cycle. Alternatively, for future experiments we
propose the use of a BrdU pulse 2 hr prior sacrificing the mice. This could give a clearer
guantification of tumour cells in S phase that actively incorporate BrdU into newly synthetized

DNA.

Moreover, considering technical limitations when identifying and counting tumour cells
within the xenograft tissue, we propose dual staining for tumour specific markers along with
the antigen of interest. In parallel, RNA scope in situ hybridization of target genes would also
increase the validity of IHC staining and, at the same time, eliminate any false positive results
due to non-specific staining of the latter. Finally, an assessment of cell death through TUNEL
assay or detection of cleaved caspase 3 is also warranted, as the decreased tumour volume

might be partially attributed to increased cell death in treated tumours.

Although ADI-PEG20 and rhArgl1peg5000 have been extensively characterised in several pre-
clinical and clinical studies (Section 1.6.5.1 and 1.6.5.2), the lack of PK/PD studies in our in
vivo experiments remains a limitation. Drug bioavailability, as well as levels of arginine and
the related metabolites, ornithine and citrulline, both in plasma and within the tumours
would further our understanding of the in vivo data and, perhaps, explain the lack of
difference in proliferation rates and provide information on potential adaptive mechanisms
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of resistance. Recent advancements in molecular analytical tools such as mass spectrometry
imaging techniques would also deepen our understanding of the complex interactions
between oncogenes, proteins and metabolites via giving us a thorough spatially resolved
picture of the altered metabolism within the tumour xenografts from anatomical to
subcellular levels (Aichler and Walch, 2015). Lastly, utilisation of patient derived xenografts
(PDXs), instead of CRC cell lines in future experiments would be a more appropriate predictive
pre-clinical model to evaluate the efficacy of arginine depleting strategies. Preservation of
histological and cellular structure of the original tumour tissue, as well as robust maintenance
of the genetic profile of the original tumour, are some of the advantages that render PDXs
attractive pre-clinical models to investigate response/resistance mechanisms of targeted

therapies (Pompili et al., 2016).

Nonetheless, as mentioned previously, the lack of difference in proliferation rates may not
depend solely on methodological limitations, but it might stem from adaptive responses to
prolonged arginine starvation. In this regard, we show that re-expression of ASS1 and
induction of autophagy are evident in both in vitro and in vivo experiments. Accordingly, in 2
cell lines (RKO and HT 29), the gradual re-expression of ASS1 in response to ADI-PEG20 is
correlated with significant accumulation of c-Myc, which is a well-known transcriptional
regulator of the ASSI gene. Similar results obtained from in vivo testing of ADI-PEG20
confirmed the adaptive re-expression of ASS1. Furthermore, the evident increased
accumulation of LC3B in xenograft tumours treated with ADI-PEG20 led us to further
investigate the effect of arginine depleting strategies on induction of autophagy. Overall,
significant accumulation of LC3B in vitro is detected at multiple time points which may differ
from one cell line to another in response to both ADI-PEG20 and rhArglpeg5000, indicating
that the rate and extent of autophagy induction in response to arginine starvation is cell type
specific as well as drug dependent. As reported already in several studies (Delage et al., 2012;
Syed et al.,, 2013; Manca et al.,, 2012; Wang et al., 2013; Kim et al., 2009), induction of
autophagy appears to be a common response to arginine depleting agents, however further
experimentation is needed to characterise this phenomenon and its role in arginine
starvation. Despite the fact that LC3B and p62 have been used extensively over the past
decades as markers of autophagy there are certainly some limitations. Different antibody

affinities for LC3A and B and differential expression of LC3 and p62 among different cell lines
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could perhaps be addressed with newly developed detection kits (etc. CYTO-ID® from Enzo
Life Sciences, Inc.). Accordingly, these kits rely on lysosomal specific dyes which can be
monitored via real time confocal microscopy, incorporating into pre-autophagosomes,

autophagosomes and autophagolysosomes.

Nonetheless, inhibition of autophagy via chloroquine, in combination with rhArglpeg5000
results in significant accumulation of cleaved PARP in at least 2 cell lines. This confirms the
cytoprotective role of autophagy during arginine starvation, yet further characterisation with
FACS analysis / Annexin V is needed to increase the validity of these observations, together
with translation of this combination approach in vivo. Following on from reports of atypical
cellular death via impaired mitochondrial function and depolarization of mitochondrial
potential and ROS production in response to arginine starvation (Changou et al., 2014; Qju et
al., 2014) further screening of cleaved caspases 3 and 9 as well as reactive oxygen species
assays would further help us address the mechanisms behind arginine depletion induced
apoptosis in CRC. Lastly, the generation of isogenic cell lines that exhibit different expression
of OTC and ASS1 enzymes may be a more appropriate model to compare response and

address mechanisms by which cells manage to overcome arginine starvation.

Arginine depleting enzymes appear to be promising alternative agents for the treatment of
CRC, however substantial lack of robust efficacy in pre-clinical and clinical trials led most work
focus on investigating the relevance of arginine starvation in combination with platinum
based drugs and 5-FU (Nicholson et al., 2009; McAlpine et al., 2014; Long et al., 2016; Savaraj
et al., 2015). In an effort to investigate potential synergistic effects of arginine depleting
agents with 5-FU and oxaliplatin, we conducted a series of in vitro combination studies using
the Chou and Talalay method (Chou, 2006). We report that ADI-PEG20 exhibits either
synergistic or antagonistic effects, which are drug or cell line dependent, while combination
treatment with rhArglpeg5000 reveals mostly antagonistic effects. ADI-PEG20 synergises
with Oxaliplatin in all 3 ASS1 deficient lines whereas synergism with 5-FU is evident only in
one of them, namely HT 29. Taken together, these data warrant caution when using arginine
deprivation therapies in combination with standard chemotherapy in CRC, as responses to
treatment may vary significantly. Clearly, confirmation of these data in xenograft or PDXs is

also warranted.
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As it stands, the effects of these combinations in signalling pathways are unknown and due
to the complexity of the interactions in response to multiple chemotherapeutic drugs,
thoughtful decisions in designing of future experiments need to be made. Employment of
RNA sequencing (RNAseq) in combination with stable isotope labelling by amino acids in
culture (SILAC)-based quantitative proteomics and subsequent enrichment analysis will be
able to identify target genes and changes in protein phosphorylation affected in response to
the treatment. This could further provide a detailed mechanistic insight that could potentially
be used to predict response to combination therapies that could be tested in patient derived

xenograft avatars and 3-dimensional organoid cultures derived from primary tumours.

Overall, we show that CRC cell lines are unable to grow in arginine-free medium, while in vivo
dietary withdrawal of arginine decreases the growth of xenograft tumours in mice
subcutaneously implanted with ASS1-deficient CRC cells. Additionally, CRC cell lines with low
or undetectable expression of ASS1 are sensitive to pharmacological arginine depletion
mediated by ADI treatment. Remarkably, ASS1-expressing, ADI-resistant cell lines remain
auxotrophic for arginine and are susceptible to arginase activity in vitro and in vivo. All CRC
cell lines analysed show lack of expression of OTC and analysis of tissue microarrays unveils a
common lack of OTC expression in CRC patients, suggesting that defective expression of OTC
could contribute the observed arginine auxotrophy. Finally, in drug combination studies, we
demonstrate that ADI and arginase synergise with the chemotherapeutic agents 5-FU and
Oxaliplatin in at least 2 of the cell lines tested. Taken all together, we propose that reduced
expression of ASS1 and OTC enzymes results in arginine auxotrophy in CRC, a metabolic

vulnerability that is amenable to arginine depleting strategies (Alexandrou et al., 2018).
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Figure 5-1: Online Dataset Analysis for OTC and ASS1 expression in CRC (A) meta-analysis of OTC expression in
CRC datasets performed using the online tool cancerMA (p<0.001). The forest plot showing the expression levels
of OTC gene in CRC. Each dataset is illustrated by a square; the position on the x-axis representing the measure
estimate of OTC gene expression (expressed as logarithm of “fold over control tissue”, Ig2FC ratio), the size of
the square being proportional to the weight of the study, and the horizontal line through it reflecting the
confidence interval of the estimate. The diamond sign indicated the calculated average OTC Ig2FC ratio and its
confidence interval. (B) FC= fold over normal tissue control values and associated p values (C) log2 median
expression of ASS1 in normal vs colon adenocarcinoma as indicated by online dataset analysis of TCGA performed
using the online tool Oncomine (https.//www.oncomine.org.)

148 | Page


https://www.oncomine.org./

Table 5-1: Clinicopathological information of CRC patient samples (Tissue Microarray)

Sex
Male 340 52.3 ¥x2= 0.027, p=0.870
Female 310 47.7

Age
<70 305 46.9 X2=29.213, p<0.001
270 345 53.1

Screen detected

Yes 52 8 X2=16.381, p<0.001
No 508 92

Tumour site
Proximal colon 261 40.2 Proximal v distal, x2= 8.418, p=0.004
Distal colon 245 37.7 Distal v rectal, x2= 0.906, p=0.341
Rectum 144 22.2 Colon v rectum, x2=0.098, p=0.754

Tumour differentiation
Well/moderate 600 92.3 %2=0.976, p=0.323
Poor 50 7.7
Extra-mural venous invasion
Present 140 21.5 X2=100.946, p<0.001
Absent 510 78.5

Mismatch repair protein status

Deficient 96 15.2 X2=2.848, p=0.091
Proficient 536 84.8

pT stage
T 30 4.6 T1v T2, x2=0.382, p=0.536
T2 114 17.5 T2 v T3, x2=24.739, p<0.001
T3 411 63.2 T3 v T4, ¥2=30.159, p<0.001
T4 95 14.6

pN stage
NO 364 56 NO v N1, x2=54.071, p<0.001
N1 177 27.2 N1 v N2, x2=17.636, p<0.001
N2 109 16.8

Dukes stage

A 120 18.5 Av B, x2=5.059, p=0.025
B 244 37.5 B v C, x2=65.510, p<0.001
286 44
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QuPath Software Aperio - ImageScope

Figure 5-2: Software image analysis — Tissue Microarray scoring assessment of ASS1 in CRC patients. (A, Ay,
Au) QuPath Software analysis, (B, By, Bi) Aperio - ImageScope. Prior to staining scoring, tissue microarray cores
were de arrayed and tumoural areas were identified utilizing sophisticated software algorithms. Individual

tumour cells were then identified and distinguished from stromal and immune cells before final scoring of the
DAP intensity.
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Figure 5-3: Software image analysis — IHC scoring assessment of OTC in CRC patients. (A, A, Ayu) QuPath
Software analysis, (B, By, Bu) Aperio - ImageScope. Prior to staining scoring, tissue microarray cores were de
arrayed and tumoural areas were identified utilizing sophisticated software algorithms. Individual tumour cells
were then identified and distinguished from stromal and immune cells before final scoring of the DAP intensity.
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Figure 5-4: Human (manual) vs Software Scoring of TMAEs, Interrater reliability — Cohen’s kappa coefficient.
Cohen’s Kappa values < 0 indicate no agreement, 0.01-0.20 none to slight, 0.21-0.4 fair, 0.41-0.6 moderate, 0.6-

0.8 substantial and 0.81-1 almost perfect agreement.
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Figure 5-5: Investigating the effects of rhArg1peg5000 on mTOR pathway. Representative images from western
blots of Total / Phospho 4E-BP1 (Thr37/46) and Total / Phospho S6 Ribosomal Protein (S240/244).
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Figure 5-6: PathScan- Akt Signalling Antibody Array analysis of HCT116, RKO, SW 480 and HT 29 after 10 and
24 hours treatment with 0.5 uM rhArg1peg5000. (B, By, By, By) Relative intensity of multiple phosphorylated
proteins is shown. The error bars represent the + Standard Error of the Mean (+SEM) (*p<0.05, **p<0.01,
**¥p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 5-7: The effect of 5-Fluorouracil on cell growth after treating colorectal cancer cell lines for 6 days. (A))
HCT 116, (Au) RKO, (Am) SW 480, (Aw) HT 29, were cultured in DMEM/F12 medium containing the indicated
concentrations of 5-Fluorouracil. Quadruplicate samples were assessed for cell growth after a 6-Day Period of
treatment by cell counting. The percentage (%) of Cell Growth from 5-Fluorouracil treated cells was calculated
relative to the cell numbers in corresponding PBS-treated (Control) cells, which was chosen as 100 (A,) Dose —
Response Nonlinear Regression Curves. ICsp values were obtained from a nonlinear regression analysis of
concentration of the drug vs. response curves utilizing GraphPad Prism. The results were obtained from three
independent experiments. The error bars represent the + Standard Error of the Mean (+SEM). (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Figure 5-8: The effect of Oxaliplatin on cell growth after treating colorectal cancer cell lines for 6 days. (A;) HCT
116, (Ay) RKO, (Am) SW 480, (Aw) HT 29, were cultured in DMEM/F12 medium containing the indicated
concentrations of Oxaliplatin. Quadruplicate samples were assessed for cell growth after a 6-Day Period of
treatment by cell counting. The percentage (%) of Cell Growth from Oxaliplatin treated cells was calculated
relative to the cell numbers in corresponding PBS-treated (Control) cells, which was chosen as 100 (A,) Dose —
Response Nonlinear Regression Curves. ICsy values were obtained from a nonlinear regression analysis of
concentration of the drug vs. response curves utilizing GraphPad Prism. The results were obtained from three
independent experiments. The error bars represent the + Standard Error of the Mean (+SEM). (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, two-tailed Student’s t-test).
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Table 5-2: Description and symbols of synergism or antagonism in drug combination studies analysed with the
combination index method (Table adapted from Chou, 2006).

Range of Combination Index

Description Graded Symbols
<0.1 Very strong synergism +++++

0.1-0.3 Strong synergism ++++
0.3-0.7 Synergism +++
0.7-0.85 Moderate synergism ++
0.85-0.9 Slight synergism +
0.9-1.1 Nearly additive +
1.1-1.2 Slight antagonism =
1.2-1.45 Moderate antagonism --
1.45-3.3 Antagonism
3.3-10 Strong antagonism -

>10

Very strong antagonism
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. Tumors deficient in the urea cycle enzymes argininosuccinate synthase-1 (ASS1) and ornithine

. transcarbamylase (OTC) are unable to synthesize arginine and can be targeted using arginine-

. deprivation therapy. Here, we show that colorectal cancers (CRCs) display negligible expression of
OTC and, in subset of cases, ASS1 proteins. CRC cells fail to grow in arginine-free medium and dietary

* arginine deprivation slows growth of cancer cells implanted into immunocompromised mice. Moreover,

. we report that clinically-formulated arginine-degrading enzymes are effective anticancer drugs in

. CRC. Pegylated arginine deiminase (ADI-PEG20), which degrades arginine to citrulline and ammonia,
affects growth of ASS1-negative cells, whereas recombinant human arginase-1 (rhArglpeg5000), which
degrades arginine into urea and ornithine, is effective against a broad spectrum of OTC-negative CRC
cell lines. This reflects the inability of CRC cells to recycle citrulline and ornithine into the urea cycle.
Finally, we show that arginase antagonizes chemotherapeutic drugs oxaliplatin and 5-fluorouracil (5-
FU), whereas ADI-PEG20 synergizes with oxaliplatin in ASS1-negative cell lines and appears to

© interact with 5-fluorouracil independently of ASS1 status. Overall, we conclude that CRC is amenable

. toarginine-deprivation therapy, but we warrant caution when combining arginine deprivation with
standard chemotherapy.

. Arginine is a semi-essential amino acid in adult mammals that is required for protein synthesis, and is the main
. substrate for the biosynthesis of nitric oxide, polyamines, proline, creatine, and agmantine'. Moreover, arginine,
. together with leucine, is chiefly responsible for the activation of the mTOR pathway, which in turn stimulates
* protein translation and other metabolic pathways, such as lipid metabolism and nucleotide biosynthesis?. Under
. physiological conditions, cells satisfy their arginine requirements through direct uptake from the bloodstream
: and/or through biosynthesis mediated by urea cycle enzymes. Two main enzymes are necessary to produce argi-
nine; ASS1 condensates citrulline and aspartate to form argininosuccinate, which is then converted to arginine
and fumarate by argininosuccinate lyase (ASL) (Supplementary Fig. S1)".
: A variety of cancers display reduced expression of ASS1 and, to a lesser extent, ASL**. These tumors are una-
: ble to synthesize arginine and are therefore auxotrophic, i.e. depending on external supplementation of arginine
. for their growth and survival. Resolute efforts to harness this metabolic vulnerability have led to the develop-
ment of arginine deprivation therapies enabled by the availability of arginine degrading enzymes®. Two com-
. pounds are currently under clinical evaluation in several malignancies: mycoplasma-derived arginine deiminase
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(ADI-PEG20) and human arginase-1 (rhArg1peg5000, BCT-100)%’. ADI-PEG20 degrades arginine into citrul-
line and ammonia, whereas arginase hydrolyses arginine into urea and ornithine. Cells lacking ASS1 or ASL are
incapable of recycling citrulline and ornithine and are therefore susceptible to arginine deprivation.

ASS1 expression is transcriptionally regulated. In some tumors, such as glioblastoma, bladder cancer and
hepatocellular carcinoma, methylation of the promoter region of the ASSI gene mediates its silencing; alterna-
tively, hypoxia-inducible factor 1. (HIF1a)-mediated repression of the ASSI promoter has also been reported in
cancers such as melanoma*3-1°. Traditionally, ASS1 has been adopted as the predictive biomarker for sensitivity to
arginine deprivation therapy®. Hence, tumors with low expression of ASS1 have been extensively tested for their
response to arginine degrading enzymes, whereas tumors with higher expression of ASS1, including CRC'®, have
been deemed ineligible to arginine deprivation therapy. Nonetheless, mounting evidence indicates that mod-
ulation of other urea cycle enzymes, such as OTC, can cause arginine auxotrophy and sensitivity to arginine
deprivation therapies®!7-1%.

Here, we unmask a striking arginine auxotrophy in CRC. We show that CRC cell lines are unable to prolif-
erate in arginine-free media and their growth in vivo is diminished by administration of an arginine-free diet.
Mechanistically, we identify a methylation-independent downregulation of the OTC enzyme in CRC. Reduced
OTC expression correlates with sensitivity of CRC cell lines to rhArglpeg5000 treatment in vitro and in vivo,
independently of ASS1 expression. Indeed, resistance to arginase treatment necessitates recycling of ornithine
into the urea cycle. This event is mediated by the mitochondrial enzyme OTC, which conjugates ornithine and
carmaboylphosphate, a compound synthesized by mitochondrial carmaboylphosphate synthase 1 (CPS1), to
form citrulline (Supplementary Fig. S1A). Intriguingly, we also describe a subset of CRC specimens and cell lines
expressing low levels of ASS1 and responsive to ADI-PEG20 treatment. Finally, using the Chou-Talalay method
for drug combination, we report the feasibility of using arginine deprivation therapy in combination with cur-
rent chemotherapeutic regimens for CRC. Overall, our results reveal that CRC is amenable to treatment with
arginine-deprivation therapy.

Results

CRC cell lines display arginine auxotrophy. To assess whether external arginine supplementation is nec-
essary to sustain CRC growth, we cultured CRC cell lines in arginine-free medium or in a control medium con-
taining all amino acids. Notably, all cell lines tested failed to grow in the absence of arginine (Fig. 1A), indicating
auxotrophy. The halted growth was accompanied by an arrest of DNA replication (Fig. 1B and C) and decreased
expression of the cell cycle marker Cyclin D1 (Fig. 1D), and was reverted upon arginine repletion (Supplementary
Fig. S1B). Consistent with the role of arginine in regulating mTOR signaling, we observed decreased mTOR
activity, as indicated by the loss of the higher molecular weights rapamycin-sensitive phosphosites of the 4E-BP1
protein®® (Supplementary Fig. S2).

To investigate whether the identified arginine addiction prevails in vivo, HCT116 cells where subcutaneously
injected in immunocompromised athymic nude mice. After injection, mice were randomized to an arginine-free
diet or a control diet (0.83% arginine) and tumor growth measured by calipers. Nutritional deprivation of argi-
nine was effective in slowing tumor growth, as demonstrated by diminished tumor volume and weight (Fig. 1E
and F and Supplementary Fig. $3). Notably, dietary arginine deprivation did not affect animal body weight during
the 35-day duration of the experiment (Fig. 1G). Overall, these findings identify arginine auxotrophy as a meta-
bolic vulnerability in CRC.

Downregulation of OTC and ASS1 expression in CRC.  To investigate the mechanism responsible for
the arginine dependence of CRC, we scored a TMA cohort, consisting of over 600 cases of CRC (Supplementary
Table S1), for expression of OTC and ASS1 proteins. OTC expression was low or absent in virtually all cases.
Interestingly, we also identified a subset of CRC patients (~18%) that expressed low or undetectable ASS1 levels
(Fig. 2A and B, Supplementary Fig. S4).

Low expression of OTC and ASS1 was then confirmed by assessment of protein levels in a panel of CRC cells
lines (Fig. 2C). No cell line showed evidence of OTC expression, which was promptly detected in control human
liver. With regard to ASS1, its expression pattern in cell lines mirrored the heterogeneity observed in TMA;
SW480 cells showed sustained expression of the enzyme, HCT116 cells expressed ASS1 moderately, whereas the
expression of the enzyme was absent in HT29 and RKO cell lines. Finally, we analyzed gene expression datasets
using the online platforms CancerMA and Oncomine?"*? and we confirmed downregulation of the OTC gene
expression in colorectal tumors (Supplementary Fig. S5).

CpG island methylator phenotype (CIMP), which causes epigenetic gene silencing through methylation of
cytosine residues at CpG-rich DNA sequences, contributes to the progression of CRC?. Both RKO and HT29
cells are CIMP positive*. Hence, in the light of the reported role of promoter methylation in mediating silencing
of the genes coding for the urea cycle enzymes, we investigated whether reversion of DNA methylation with the
DNA methylase inhibitor 5-azacytidine (5-AZA) could rescue expression of ASS1 and OTC. Our results indicate
that ASS1 suppression in RKO is indeed methylation-dependent, whereas CIMP is unlikely to mediate the loss
of ASSI in HT29. On the other hand, 5-AZA treatment did not rescue OTC expression in any of the cell line
analyzed, suggesting that the regulation of OTC gene is not regulated through promoter methylation (Fig. 2C).

CRC cell lines are sensitive to arginine deprivation by rhArglpeg5000. Prompted by the marked
arginine addiction of CRC cell lines and the impaired expression of urea cycle enzymes in cancer patients, we
tested the feasibility of targeting CRC using pharmacological arginine deprivation. Because of the prevalent loss
of OTC expression, we investigated whether depletion of arginine using rhArglpeg5000 could affect CRC cell
growth. We found that all cell lines tested, independently of ASS1 expression, showed a robust, dose-dependent
decrease in cell number upon rhArg1peg5000 treatment, with IC50 concentrations lower than 0.1 pg/ml (Fig. 3A).
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Figure 1. Arginine auxotrophy in CRC. (A) Growth curves of the indicated cell lines with or without arginine
supplementation. Data are presented as mean + SEM of three independent experiments. (B) Representative
flow cytometry scatterplots of EAU incorporation in HCT116, RKO, HT29 and SW480 CRC cell lines grown in
control medium or arginine-free medium for 24 h. EQU was measured using the Click-iT® EdU Alexa Fluor®
kit and total DNA stained using FxCycle™ Violet Stain. (C) Quantification of EQU incorporation from three
independent experiments. Data are presented as mean & SEM, two-tailed t-test. *P < 0.05, ***P < 0.001. (D)
Western blot analysis of Cyclin D1 (CycD1) protein expression in HCT116, RKO and SW480 CRC cell lines
following arginine deprivation for the indicated times. Actin was used as endogenous loading control. Original
western blots are reported in Supplementary Fig. S15. (E) Graph showing the growth of xenografted HCT116
cells in immunocompromised mice fed a control diet or an arginine-free diet. Data are plotted as mean + SEM
and were analyzed using mixed linear regression analysis (P =0.03; P < 0.05 indicates a statistically significant
difference in tumor growth rate between control and treated animals over time). (F) Weight of excised tumor
measured at endpoint. Data are plotted as mean = SEM. *P < 0.05, two-tailed t-test (n =4 animal per group).
(G) Animal body weights at endpoint plotted as mean & SEM. No statistical differences were detected between
the two diet groups, two-tailed t-test (n =4 animals per group).
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Figure 2. Reduced expression of OTC and ASS1 in CRC. (A) OTC and (B) ASS1 H-score were assessed on
CRC TMA. Representative histo-spots are shown on the left. The bar graphs indicate H-score distribution
according to Duke’s stage, whereas the distribution of protein expression within the whole TMA cohort is
reported in the pie chart. *P < 0.05 (C) Western blot analysis of OTC and ASS1 after 72 h treatment with 5uM
5-Azacytidine (5-AZA). Human liver extract was used as positive control for urea cycle enzymes, actin was used
as endogenous loading control. Original western blots are reported in Supplementary Fig. S15.

To explore the mechanism responsible for the observed growth reduction, we measured cellular proliferation
using the EAU incorporation assay and found that arginine depletion led to a sharp decrease in DNA synthesis
(Fig. 3B and C), indicative of proliferative arrest. In agreement with this result, arginine-deprived cells displayed
reduced expression of the cell cycle markers Cyclin D3 and Cyclin D1 (Fig. 3D and E). Notably, rhArgl peg5000
treatment elicited expression of ASS1 in HCT116, RKO and HT29 (Supplementary Fig. S6). ASS1 expression also
correlated with enhanced c-Myc expression in RKO and HT29 cells, in line with data showing c-Myc-mediated
ASS1 re-expression in cells treated with arginine deprivation therapy?. Intriguingly, no compensatory expression

of OTC was observed during the 72 h treatment (Supplementary Fig. S7).

Few floating cells were observed in the plates treated with rhArglpeg5000, possibly signifying a marginal
induction of cell death. Indeed, the apoptotic marker cleaved-PARP was induced in arginine-deprived HCT116

and RKO cells (Supplementary Fig. S8).

Next, we investigated whether rhArglpeg5000 treatment affects the mTOR pathway in a way similar to that
observed in arginine-free medium. To this end, the phosphorylation status of two main mTOR downstream tar-
gets, the ribosomal S6 protein and 4E-BP1, was investigated by western blotting over a short (up to 8h) and long
(up to 72h) time course. However, we did not observe durable and consistent changes in phosphorylation levels

of mTOR targets (Supplementary Fig. S9).
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Figure 3. CRC cells are sensitive to arginase treatment. (A) Dose-Response Non-Linear Regression Curves and
ICy, values of the indicated CRC cell lines treated with the rhArglpeg5000. The percentage (%) of cell growth
was calculated relative to the cell numbers in corresponding PBS-treated control samples, which was selected as
100%. ICs, values were obtained from non-linear regression analysis of concentration of the drug vs response
curves. The results were obtained from three independent experiments. Quadruplicate samples were assessed
for cell growth after a 6-day period of treatment by cell counting for each individual experiment. The error

bars represent + SEM. (B) Representative flow cytometry scatterplots of EAU incorporation in HCT116, RKO,
HT29 and SW480 CRC cell lines after 72 h treatment with rhArglpeg5000 (0.5 p.g/mL) or PBS-vehicle control.
EdU was measured using the Click-iT® EQU Alexa Fluor® kit and total DNA stained using FxCycle™ Violet
Stain. (C) Quantification of EAU incorporation from three independent experiments. Data are presented as
mean £ SEM. *P < 0.05, ###*P < 0.0001, two-tailed t-test. (D) Western blot analysis of the cell cycle markers
Cyclin D1 and D3 in cells treated for the indicated time with rhArglpeg5000 (0.5 pg/mL). Actin was used

as endogenous loading control. (E) Quantification of Cyclin D1 and D3 protein expression from triplicate
experiments. Original western blots are reported in Supplementary Fig. S15. Data are presented as mean & SEM.
*P <0.05, ¥*P <0.01, ¥**P < 0.001, ****P < 0.0001, two-way ANOVA.
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Figure 4. Pharmacological depletion of arginine using rhArglpeg5000 reduces tumor growth in vivo. (A)
Tumor growth in athymic nude mice subcutaneously injected with 10° RKO or SW480 CRC cells. Mice

were randomized into Control (n =8) and Treatment (n = 8) groups. Treated mice were administered
intraperitoneally with 0.5 mg of rhArg1peg5000/animal twice a week, while control mice were injected with

an equal volume of PBS. Data are plotted as mean = SEM and were analyzed using mixed linear regression
analysis (P =0.012 for RKO and P =0.03 for SW480, P < 0.05 indicates a statistically significant difference in
tumor growth rate between control and treated animals over time). (B) Western blotting of lysates from tumor
xenografts for assessment of urea cycle enzymes OTC and ASS1. Human liver lysate was used as a positive
control and actin as endogenous loading control. Original western blots are reported in Supplementary Fig. S15.

rhArglpeg5000 reduces tumor growth in vivo. To test whether arginine deprivation mediated by
rhArglpeg5000 could impair tumor growth in vivo, we subcutaneously implanted ASS1-negative RKO cells
and ASS1-positive SW480 cells into the hind flanks of immunocompromised athymic nude mice, which were
then randomized to twice a week treatment schedule (0.5 mg of rhArglpeg5000 per animal) or vehicle con-
trol. Arginase administration significantly slowed tumor growth in animals into which either cell line had been
implanted (Fig. 4A). Pegylated arginine was well tolerated and there was no difference in body weight recorded
between control and treated animals (Supplementary Fig. S10).

Western blotting analysis with antibodies selective for the human protein confirmed robust expression of
ASS1 in SW480-derived tumors, as well as ASS1 negativity in RKO xenograft samples (Fig. 4B). Notably, no
expression of OTC was detected in tumor isolated from rhArglpeg5000 treated animals (Fig. 4B). These findings
suggest that tumors did not acquire resistance against arginase through re-expression of urea cycle enzymes, at
least in the time frame of these experiments.

Overall, these data indicate that CRC cells are sensitive to pharmacological depletion of arginine via
pegylated-arginase in an ASS1-independent fashion.

CRC cell lines are sensitive to arginine deprivation by ADI-PEG20. As described above, RKO
and HT29 cell lines do not express detectable ASS1 protein, and around 20% of CRC patients present with no
or low expression of this biomarker (Fig. 2B and C). Hence, we investigate whether the mycoplasma-derived
enzyme arginine deiminase could represent an alternative treatment opportunity for those patients. As expected,
ASS1-positive SW480 cell lines were resistant to treatment with ADI-PEG20 in vitro, whereas ASS1-negative
HT29 and RKO showed an exquisite sensitivity to ADI-PEG20-mediated arginine deprivation, with an iden-
tical IC50 of 0.034 pg/mL (Fig. 5A). In agreement with recently reported findings®*?’, HCT116 growth was
greatly reduced by ADI-PEG20, despite detectable levels of ASS1 (Fig. 5A). The reason for the HCT116 sensi-
tivity to ADI-PEG20 is unclear, as HCT116 cells also express ASL enzyme?®. Others have attributed the effect
of ADI-PEG20 treatment to downregulation of the mTOR pathway and induction of the unfolded protein
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Figure 5. CRC cells are sensitive to arginine deiminase treatment. (A) Dose-Response Non-Linear Regression
Curves and ICs, values of the indicated CRC cell lines treated with the ADI-PEG20. The percentage (%) of cell
growth was calculated relative to the cell numbers in corresponding PBS-treated control samples, which was
selected as 100%. ICs, values were obtained from non-linear regression analysis of concentration of the drug vs
response curves. The results were obtained from three independent experiments. Quadruplicate samples were
assessed for cell growth after a 6-day period of treatment by cell counting for each individual experiment. The
error bars represent =SEM. (B) Representative flow cytometry scatterplots of EQU incorporation in HCT116,
RKO, HT29 and SW480 CRC cell lines after 72 h treatment with ADI-PEG20 (1 ug/mL) or PBS-vehicle control.
EdU was measured using the using Click-iT® EdU Alexa Fluor® kit and total DNA stained using FxCycle™
Violet Stain. (C) Quantification of EAU incorporation from three independent experiments. Data are presented
as mean + SEM. *P < 0.05, ****P < 0.0001, two-tailed t-test. (D) Western blot analysis of the cell cycle markers
Cyclin D1 and D3 and the urea cycle enzyme ASS1 in cells treated for the indicated time with ADI-PEG20

(1 pg/mL). Actin was used as endogenous loading control. Original western blots are reported in Supplementary
Fig. S15. (E) Quantification of Cyclin D1 and D3 protein expression from triplicate experiments. Data are
presented as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-way ANOVA.
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response?, a possibility corroborated by the reduced phosphorylation of the mTOR targets 4E-BP1 and S6 after
72h of arginine deiminase treatment (Supplementary Fig. S11).

When proliferation was assessed after 72h exposure to ADI-PEG20, we noticed a significant reduction of EQU
incorporation only in ASS1-negative cells, but not in ASS1-positive SW480 and HCT116 (Fig. 5B and C). Further
analysis indicated that, in all ADI-PEG20 sensitive cell lines, expression of the cell cycle markers Cyclin D1 and
D3 was reduced 24 h to 48 h after drug treatment, but had returned to normal levels at the time point of the cell
cycle analysis (72 h) (Fig. 5D and E). Similarly, the expression of ASS1 was boosted by ADI-PEG20 treatment
(Fig. 5D). These findings could explain why DNA synthesis was still substantial at the 72 h time point of arginine
deprivation, and they indicate the possibility of rapidly ensuing resistance.

ADI-PEG20 reduces tumor growth invivo.  To determine whether ADI-PEG20 could slow tumor growth
in vivo, ASS1-negative RKO cells were subcutaneously implanted into nude mice, which were then randomly allo-
cated to either treatment (5IU of ADI-PEG20/animal/week) or vehicle control groups. ADI-PEG20 administra-
tion reduced tumor volume (Fig. 6A), although treated mice failed to gain body weight (Supplementary Fig. S12).
The reduced tumor volume, was accompanied by a moderate but significant decrease in the Ki67 proliferation
index (Fig. 6B), as well as Cyclin D1 and D3 expression in ADI-PEG20 treated xenografts and (Fig. 6C and D).
Finally, as observed in vitro, ASS1 protein levels were increased in tissue isolated from arginine-deprived animals
(Fig. 6E).

Opverall, these data indicate that ADI-PEG20 treatment reduces in vivo tumorigenicity of ASS1-deficient CRC
cells.

Combination of arginine deprivation with traditional chemotherapy. Chemotherapy based on the
platinum compound Oxaliplatin and the antimetabolite 5-FU remains a key combination for first line treatment
of metastatic CRC or in adjuvant settings**?. Several publications suggest that ADI-PEG20 has a synergistic effect
when combined with platinum-based compounds®!*3*°-*2. Hence, we endeavored to assess whether combining
arginine deprivation therapy with chemotherapy might improve the treatment of CRC. To this end, we investi-
gated effects of combinations on cell growth employing the Chou-Talalay method and the CompuSyn software®
(Table 1, Supplementary Figs S13 and S14). Arginase treatment mostly resulted in antagonism (Combinatorial
Index, CI > 1) when tested with either Oxaliplatin or 5-FU. Additive effects (CI = 1) were observed under a
minority of conditions. Conversely, ADI-PEG20 in combination with Oxaliplatin elicited synergistic growth inhi-
bition in the ASS1-negative cell lines RKO and HT29 (CI < 1). Of note, with the exception of ADI-PEG20-treated
HT29, we never observed synergism between 5-FU and arginine deprivation therapy, rather, antagonism was the
most common outcome of co-treatments.

Overall, these combinatorial studies outline a complex interaction between arginine deprivation and chemo-
therapy. Whereas arginase treatment often appears to be antagonistic with chemotherapeutic drugs, ADI-PEG20,
in some circumstances, displays synergism in ASS1-deficient cells.

Discussion
ADI-PEG20 and rhArglpeg5000 (BCT-100) are under intense clinical testing in numerous malignancies.
ADI-PEG20 degrades arginine into citrulline and ammonia, whereas rhArgl peg5000 generates ornithine and
urea. Resistance of cells against these drugs depends on the expression of the urea cycle enzymes which are
capable of resynthesizing arginine from the catabolic products. Expression of ASS1 and ASL is necessary for
resistance to ADI-PEG20 monotherapy, whereas resistance to arginase requires the additional expression of
the enzyme OTC'. When investigating biomarkers of arginine auxotrophy in CRC, we recorded a consistently
poor expression of the urea cycle enzyme OTC in CRC specimens. In mammals OTC protein is expressed only
in the liver and intestine® and catalyzes the reaction between carbamoyl-phosphate and ornithine to generate
citrulline'. This reaction is enabled by the Carbamoyl-Phosphate Synthase 1 (CPS1)-mediated biosynthesis of
carbamoyl-phosphate, which channels nitrogen from glutamine into the urea cycle. The reason for OTC down-
regulation in CRC remains unclear. Loss of ASS1 expression has been associated with poor prognosis in bladder
cancer and glioblastoma*® and recent data indicate that ASS1 downregulation supports cancer growth allow-
ing aspartate channeling into pyrimidine biosynthesis®®. With regard to regulation of urea cycle enzymes, CRC
is anomalous as OTC downregulation is often accompanied by high expression of ASS1'. In CRC, ASS1 has
been proposed to support proliferation of cancer cells, possibly through the enhancement of the glycolytic flux¥.
Interestingly, preliminary evidence suggests that CPS1 is also downregulated in advanced CRC*, intimating that
the entire pathway leading to citrulline production is compromised. The reason for this phenomenon is not clear,
but it is tempting to speculate that lack of OTC and CPS1 expression enable recycling of nitrogen for reactions
such as nucleotide, amino acid, or polyamine biosynthesis. Whatever the benefit, OTC downregulation renders
cancer cells sensitive to treatment with human arginase, independently of ASS1 expression. Indeed, our in vivo
studies show that pegylated arginase diminish the growth of both ASS1-positive and negative CRC cells. This
finding is particularly interesting, as the potential therapeutic benefit of arginase in the treatment of solid tumors
has hitherto been rarely investigated'***#’, even though it has been well-established in blood malignancies!”#!-#,
Intriguingly, our TMA analysis indicates that in a fraction of CRC patients ASS1 is poorly expressed or unde-
tectable, an occurrence mirrored by RKO and HT29 cell lines, which both demonstrated significant sensitivity
to arginine deprivation via ADI-PEG20 treatment in vitro and in vivo. These data intimate that a subset of CRC
patients may be eligible to treatment with arginine deiminase, although the rapid reappearance of ASS1 in cells
treated with ADI-PEG20 monotherapy is suggestive of a rapid adaptation and fast ensuing resistance. Indeed,
restored expression of ASS1 has been reported in patients treated with single agent ADI-PEG20* and it is a
common mechanism of acquired resistance against arginine deprivation?***. Our data indicate that a similar
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Figure 6. Pharmacological depletion of arginine using ADI-PEG20 reduces tumor growth in vivo. (A)
Tumor xenografts growth in athymic nude mice subcutaneously injected with 10° RKO CRC cells. Mice

were randomized into Control (n =8) and Treatment (n = 8) groups. Treated mice were administered
intraperitoneally (IP) with 5IU of ADI-PEG20 per animal per week, while control mice were injected with
equal volume of PBS. Data are plotted as mean + SEM and were analyzed using mixed linear regression analysis
(P=0.045, P < 0.05 indicates a statistically significant difference in tumor growth rate between control and
treated animals over time). (B) Representative images of ki67-stained xenograft tumors and ki67 proliferation
index of tumors from vehicle-treated and ADI-PEG20-injected animals. Data are presented as mean = SEM
(n=7 animals per group). *P < 0.05, two-tailed t-test. Size bars = 100 pm. (C) Western blot analysis of the cell
cycle markers Cyclin D1 and D3 and urea cycle enzyme ASS1 in xenograft tumors isolated from PBS-injected
controls and ADI-PEG20-treated animals. Actin was used as endogenous loading control. Original western
blots are reported in Supplementary Fig. S15. (D) Graph bars show quantification of Cyclins levels using
Image J software. Data are presented as mean = SEM (n =7 animals per group). *P < 0.05, two-tailed t-test.
(E) Representative images of ASS1-stained xenograft tumors and ASS1 H-score index of tumors from vehicle-
treated and ADI-PEG20-injected animals. Data are presented as mean &= SEM (n=7 animals per group).

##P < 0.01, two-tailed t-test. Size bars =100 pm.
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ADI-PEG20 rhArglpeg5000
1C50 [ 1090 1C50 [ 1090
5-FU
HCT116 142 1.25 1.73 1.63
SW480 — — 1.76 1.08
RKO 1.18 11 1.05 1.09
HT29 0.89 0.80 141 125
Oxaliplatin
HCT116 1.24 1.46 1.92 1.60
SW480 — — 1.54 122
RKO 0.61 0.80 1.89 1.59
HT29 0.61 0.80 1.33 1.09

Table 1. Combination studies between ADI-PEG20 or rhArg1peg5000 and chemotherapy. CI values are
reported for both IC;, and ICy, combinations in the indicated cell lines. CI < 1 indicates synergism, CI=1
indicates addictive effect, CI > 1 indicates antagonism. Cells were counted after 6 days of treatment and data
obtained from diagonal constant ratio combinations were analyzed for synergism, additivity or antagonism
using the CompuSyn Software (CompuSyn Inc.) according to the Chou and Talalay method. Bold highlights
significant synergisms (P < 0.05).

re-expression of ASS1 activity is likely to occur in CRC, but, surprisingly, we did not observe re-expression of
OTGC, at least under the experimental conditions used. Currently, the mechanism mediating this persistent loss of
OTC expression remains elusive, although experiments with the DNA methylase inhibitor suggest that it is likely
to be independent of promoter methylation.

In several malignancies, ADI-PEG20 synergizes with platinum based chemotherapy , and a recent
clinical trial reinforces the relevance of this interaction in combination with the folate antagonist pemetrexed
in thoracic malignancies®?. Chemotherapy of CRC relies on oxaliplatin and 5-FU (FOLFOX), and an ongoing
clinical trial (NCT02102022) aims at treating patients with advanced gastrointestinal malignancies, including
CRC, with a combinations of ADI-PEG20 and FOLFOX therapy. This projected trial inspired us to search for
synergistic interactions between arginine degrading enzymes and the chemotherapeutic drugs oxaliplatin and
5-FU. Unexpectedly, arginase and arginine deiminase behaved dissimilarly in the combination studies. We failed
to identify synergistic effects of rhArgl peg5000, which mostly antagonized both oxaliplatin and 5-FU, whereas
ADI-PEG20 showed either synergistic or antagonistic effects, depending on drug used in the combination and
cell line. We observed synergism between ADI-PEG20 and oxaliplatin in ASS1-deficient CRC cell lines, but we
only observed synergism with 5-FU in ASS-1-negative HT29 cells. Therefore, our data warrant caution when
using arginine deprivation therapy in combination with traditional chemotherapy in CRC, as patients’ responses
might differ substantially, perhaps consistent with the well-established molecular heterogeneity of colon malig-
nancies?. On the other hand, the evidence of synergistic interactions intimates interesting therapeutic oppor-
tunities, at least for a subset of patients. Indeed, in a clinical study combining ADI-PEG20 with nab-paclitaxel
and gemcitabine in pancreatic cancer, objective results were observed in both ASS1-proficient and -deficient
patients*. This suggests that ASS1-deficiency may be less relevant if ADI-PEG20 is combined with other anti-
cancer agents. Also, some malignant cell lines downregulate ASS1 expression when exposed to ADI-PEG20%,
suggesting that they may be more sensitive to ADI-PEG20 monotherapy, as well as ADI-PEG20 combination
therapy. Furthermore, ADI-PEG20 inhibits migration of endothelial cells, even when co-cultured with ASS1
proficient tumors, at least in part by altering the composition and distribution of filamentous actin and attenu-
ating tumor-produced vascular endothelial growth factor®. This demonstrates that, in some cases, ADI-PEG20
can alter tumor growth in an ASS1-proficient environment, similarly to what we observed with ASS1-positive
HCT116 cells. Thus, in the absence of rigorous predictive biomarkers that identify synergistic outcomes, it is
intriguing to envisage that patient derived xenograft avatars, 3-dimensional organoid cultures or tumor tissue
explants®*-*2 could be implemented to predict individual patient’s response and to identify those subjects likely
to benefit from ADI-PEG20 and FOLFOX co-treatment. Similarly, the use of arginine deprivation therapy as
single treatment remains a promising therapeutic strategy that warrant further investigation in the preclinical
and clinical settings.

9,15,30,31

Materials and Methods
TMA Patient cohort. The patient cohort was retrospectively acquired from the Grampian Biorepository
(www.biorepository.nhsgrampian.org) and contains tissue samples from 650 patients who had undergone sur-
gery for primary CRC between 1994 and 2009 at Aberdeen Royal Infirmary (Aberdeen, UK). Exclusion criteria
included patients who had received neoadjuvant chemotherapy or radiotherapy. The median survival was 103
months (95% CI=86-120 months), the mean survival was 115 months (95% CI = 108-123 months) and the
median follow-up time (“reverse Kaplan-Meier” method) was 88 months (95% CI =79-97 months). Clinical-
pathological characteristics of the patients are summarized in Supplementary Table S1.

TMA also contains 50 normal colon mucosal samples acquired from at least 10 cm distant from the primary
cancer TMA and was constructed as previously described®->°. All the cases were reviewed and areas of tissue to
be sampled were first identified and marked on the appropriate haematoxylin and eosin stained slide by an expert

SCIENTIFICREPORTS| (2018) 8:12096 | DOI:10.1038/s41598-018-30591-7 10


http://www.biorepository.nhsgrampian.org

www.nature.com/scientificreports/

consultant gastro-intestinal pathologist. Two cores each measuring 1 mm in diameter were taken from areas of
the corresponding FFPE block and placed in a recipient paraffin block.

The use of human colorectal tissue samples in this study was approved by the Grampian Biorepository sci-
entific access group committee (TR000054). No written consent was required for the use of FFPE tissue samples
in the CRC TMA. All animal work was carried out under the PPL# 60/4370 in accordance with the Animals
Scientific Procedures Act of 1986. Animal research was approved by the local ethical committee at the University
of Leicester.

TMA slides were processed according to standard immunohistochemical protocol described below.
Expression levels of ASS1 and OTC were assessed blindfolded using PathXL (Clinical Pathology platform) and
the semi quantitative approach of H-Score. Results were validated against automated classification of expression
levels using Aperio ImageScope (Leica) and analyzed for agreement using the Cohen’s Kappa coefficient.

Cell Culture and drugs.  All cell lines were maintained in a humidified incubator (37°C, 5% CO,). HCT116
cells were cultured in McCoy’s 5A + GlutaMAX™ + 10% FCS, SW480 and HT29 in Dulbecco’s Modified Eagle’s
Medium (DMEM) (4500 mg glucose/L) + GlutaMAX™ + 10% FCS, RKO in Minimum Essential Medium Eagle
(MEM) + GlutaMAX™ 4 10% FCS. All treatments were in DMEM/F12 (1:1) 4+ GlutaMAX™ and 10% ECS. Cells
were exposed to 1 ug/mL ADI-PEG20 (Polaris Pharmaceuticals, San Diego, CA, USA), or 0.5pug/mL rhArg-
1peg5000 (Bio-Cancer Treatment International, Hong Kong) or 5uM of 5-Aza-2’-deoxycytidine (Sigma, UK) or
vehicle phosphate-buffered saline (PBS, Thermo-Scientific, UK) control, unless stated otherwise. Oxaliplatin and
5-FU were purchased from Sigma and formulated according to manufacturer’s instructions.

Cell Proliferation Assays. 4000/well cells were seeded in 24-well plates 24 h before treatment. After 24h
cells were counted (day 0) and changed to DMEM/F12 (1:1) (Gibco®, UK) +10% Dialyzed Fetal Bovine Serum
(FBS) (GE Healthcare Life Sciences) containing various concentrations of drugs or arginine. Quadruplicate sam-
ples of each concentration were assessed for cell growth by cell counting with the Beckman Z™ Series Coulter
Counter. Prior to cell counting, the treatment media was discarded, cells were washed with PBS and trypsinised
with 2x Trypsin-EDTA. Trypsin was neutralized with medium and 1 mL of cell suspension was transferred into
a Coulter cup with 9mL of Coulter® Isoton® II diluent (Beckman Coulter, UK). Cells were counted between
8-20 um.

Drug Combination studies and evaluation of synergy. Single drug ICs, values obtained from corre-
sponding dose-response curves were used for the design of the combination experiments. In a checkerboard 6 x 6
layout; drug concentrations were crossed combined at an equipotency ratio [(ICs),/(ICs),] to ensure that the
observed effects were achieved by equal contribution of both drugs. Cells were counted after 6 days of treatment
and data obtained from diagonal constant ratio combinations were analyzed for synergism, additivity or antago-
nism using the CompuSyn Software (CompuSyn Inc.) according to the Chou and Talalay method*.

EdU Incorporation.  10° cells were seeded 24 h before treatment and then changed to medium containing
arginine catabolizing agents for 72 h. Prior to FACS analysis cells were pulsed with 10 uM 5-ethyl-2-deoxyuridine
(EdU) for 1h, harvested according to routine tissue culture protocols and washed with 1% BSA in PBS. After fix-
ation and permeabilization, cells were incubated 15 minutes at room temperature protected from light. Click-iT®
Reaction Cocktail was added to cells according to manufacturer’s instructions. Samples were incubated at room
temperature for 30 minutes protected from light. Total DNA was stained with 1 uL FxCycle™ Violet stain (Life
Technologies, UK) in samples containing 1 mL cell suspension. Samples were incubated for additional 30 minutes
on ice in the dark. Samples were analyzed on BD FACSARIA™ I, using 405 nm excitation and 450/50 band-pass
emission for total DNA content, whereas a 488 nm excitation with a green emission filter (530/30 nm) was used
for detection of EAU with Alexa Fluor® 488 azide. Samples of untreated cells, stained and unstained with EdU or
FxCycle™, were also included.

Antibodies. The antibody against ASS1 was kindly provided by Polaris Pharmaceuticals Inc. Antibodies tar-
geting Cyclin D1 (DCS6 and 92G2) and Cyclin D3 (DCS22), total (53H11) total and phospho (Thr37/46) (236B4)
4E-BPI, total (5G10) and phospho (Ser235/236) (D57.2.2E) ribosomal protein S6, and total/cleaved-PARP
(46D11) were from Cell Signalling Technology (Leiden, The Netherlands). Actin (C-11) primary antibody and
secondary mouse (sc-2005), rabbit (sc-2030) and goat (sc-2020) antibodies were purchased from Santa Cruz.
OTC (ab91418) and Ki67 (ab833) antibodies were from Abcam (Cambridge, MA, USA). All primary antibodies
for western blotting were diluted at in 3% BSA at a working concentration 1:1,000 overnight. All secondary anti-
bodies were diluted at 1:10,000 in 3% milk.

Western-blot. Whole-cell lysates of CRC cell lines and xenogratft tissues were prepared in Complete Lysis-M
buffer (Roche, Germany). Protein quantification was performed using the Pierce™ BCA protein assay (Thermo
Fisher Scientific, UK). 30 ug of total protein per lane was loaded on acrylamide gel. Following the SDS-PAGE elec-
trophoresis, proteins were transferred to a nitrocellulose membrane (Geneflow, UK), blocked for 1 h in 5% milk
and incubated overnight with primary antibodies at 4 °C. Membranes were then washed with PBS-0,01%Tween
(SIGMA, UK) and incubated with appropriate secondary antibodies at room temperature for 1 h. Proteins were
visualized using the Enhanced Chemiluminescence Luminol (ECL) reagent (Geneflow Ltd., UK). Images were
captured using the GeneGnome XRQ system (Syngene, UK) or Kodak X-Ray films. The protein band intensity
was measured using Image]J software and the relative expression levels of the proteins were normalized against
actin. The protein band intensity was measured using densitometry performed with Image]J software. Proteins
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presented as double bands were selected and quantified as a whole. The relative expression levels of the proteins
were normalized against actin.

Immunohistochemistry (IHC). The immunostaining was performed using Novolink™ Polymer Detection
System (Leica Biosystems, UK). Following deparaffinization, rehydrated sections were boiled for 20 minutes in
antigen retrieval buffer (1X Tris-EDTA, pH 9). Endogenous peroxidase activity was neutralized using peroxi-
dase block for 5 minutes. Sections were then blocked in protein block buffer for 30 minutes and incubated with
primary antibodies for 2 h at room temperature. Peroxidase chromogenic reaction was developed with DAB
working solution according to manufacturer’s instructions. Slides were counterstained with haematoxylin and
mounted with DPX mounting media and scanned with Hamamatsu NanoZoomer-XR Digital scanner. Staining
was evaluated with Aperio ImageScope software (Leica) and the semi-quantitative H-score calculated using the
following formula:

[1x (% weak positive cells) + 2x (% positive cells) + 3x (% strong positive cells)].

In vivo xenograft studies.  8-week-old, female Foxn1™ mice were purchased from Charles River, UK. Mice
were kept in ventilated cages exposed to 12h light/dark cycles under pathogen free conditions. Prior to xenograft-
ing, HCT116-luc2 (Perkin Elmer), RKO and SW480 cells were harvested at 70-80% confluency and resuspended
to a final concentration of 107 cells per 1 ml Matrigel (BD Biosciences):Serum Free medium [1:1]. 10° cells were
then injected subcutaneously unto the flank of each animal. A week after, mice with established tumors were
randomized and treated with ADI-PEG20 5IU/animal once a week or rhArglpeg5000 5 mg/animal twice a week
or vehicle control (PBS). Mice bearing HCT116 tumors were randomized to arginine-free diet (57M7) or control
diet (5CC7) (TestDiet®) right after the initial cell injections. Body weight and tumor size were measured weekly.
Further to the manual measurements, mice bearing HCT-116 luc2 tumors were monitored via the IVIS Spectrum
Preclinical Imaging System (PerkinElmer®) once a week. Prior to in vivo imaging mice were administered sub-
cutaneously with 150 mg/kg Xenolight RediJect D-Luciferin (PerkinElmer®), anesthetised and imaged with IVIS
10 minutes post injection. When tumors reached 17 mm diameter animals were sacrificed under terminal anes-
thesia (3-5% Isoflurane). Blood was collected by cardiac puncture. Tumors were excised, weighted, and fixed in
formalin or snap-frozen. Study groups were not based on power calculations and experimenters were not blinded
to the randomly allocated treatment groups.

Statistical analysis. The error bars represent the +Standard Error of the Mean (+SEM). Statistical signif-
icance between two groups was determined by two-tailed unpaired Student’s t-test, whereas multiple One-Way
Anova analysis was conducted to compare controls against multiple drug concentrations (Prism version 7.0,
GraphPad Software, Inc.). The animal xenograft studies were assessed for statistical significance using the mixed
linear regression model in Stata software (StataCorp LP, College Station, TX, USA). Statistical analysis of TMA
cohort patient data including the Mann-Whitney U test, Wilcoxon signed rank test, chi-squared test, and Cox
multi-variate analysis (variables entered as categorical variables) was performed using IBM SPSS version 24 for
Windows 7™ (IBM, UK).
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