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Abstract

The MYC oncogene reprograms cellular metabolism to fulfil the biosynthetic
demands of cancer cells. A key aspect of this process involves the uptake of
essential amino acids through the L-type amino acid transporter (LAT1), which is
crucial for MYC-driven glutamine metabolism and tumour formation. LAT1 is an
obligate antiporter, transporting amino acids across the membrane by exchanging
an intracellular amino acid for an extracellular one. Given that glutamine, a
bidirectional LAT1 substrate, serves as a primary fuel for the Krebs cycle, the
heightened demand for glutamine in MYC-driven cancer cells could impact LAT1
function. Identifying how MYC-transformed cells maintain LAT1 activity during
extensive glutamine catabolism could unveil potential metabolic vulnerabilities. This
research reveals histidine as the primary bidirectional LAT1 substrate in Myc-driven
mammary tumour cells and emphasizes the essential role of histidine in maintaining
amino acid homeostasis. Our results demonstrate that Myc-driven mammary
tumours exhibit increased histidine levels and uptake, influenced by glutamine
availability. We show that histidine availability sustains LAT1-transport activity,
mTORC1/4EBP1 signalling, and protein translation, providing Myc-driven tumour
cells with a proliferative advantage. Under histidine scarcity, Myc- and Atf4-
dependent upregulation of specific amino acid transporters, including Lat1, maintains
essential amino acid levels and supports proliferation. We establish that histidine
contributes to Myc-driven tumour growth and propose that dietary histidine restriction
could be a viable treatment strategy on its own or in combination with other drugs.
Together, these results identify histidine availability as a metabolic vulnerability in
glutamine-addicted cancers and underscore its important role in maintaining amino

acid homeostasis in Myc-driven cancer cells.
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Chapter 1 Introduction

Chapter 1. Introduction
1.1 Breast Cancer

At the outset of this PhD project, breast cancer became recognised as the most
commonly diagnosed cancer among women in 159 countries'. Surpassing lung
cancer as the dominant cause of cancer death in women in 110 countries. Indeed,
in 2020, there were 2.3 million cases of BC diagnosed globally, making it
responsible for 1 in 6 cancer-related deaths among women?. In the United
Kingdom, BC is the most commonly diagnosed cancer, accounting for 15% of all
cancers diagnosed?. Much of this is due to increased detection through organised
mammographic screenings, which are associated with increased BC incidence
rate®*. Indeed, the majority of cases are diagnosed at earlier stages as a result of
routine mammographic screenings*®. Therefore, this early detection gives BC
patients a better prognosis than other aggressive cancers. Breast cancer that is
detected when it is localised (stage | to Il) has a 99% 5-year survival rate, which
drops to 86% for regional disease (stage Il to lll) and 27% for metastatic disease
(stage IV)®. Significantly, although high-resource countries observe the highest
incidence rates of BC, low-resource countries experience disproportionately higher
mortality rates?. Even within high-resource countries, women of African descent
demonstrate an increased mortality rate compared to other demographics, which is
not fully explained by socioeconomic status or access to healthcare?’#, If these
trends continue, and without accounting for the effect of the COVID-19 pandemic
on breast cancer screening®'?, the global burden of BC is projected to rise to 3
million new cases and 1 million deaths per year by 2040, solely due to population
growth and ageing?. This underscores the critical need to enhance treatment
strategies and improve our understanding of the risk factors to effectively manage

the burden of BC on the population and public healthcare system.

The most significant risk for breast cancer is age, with greater than 70% of BC
cases observed in women over 50 years old?. However, there are many risk factors
associated with BC, which vary depending on the subtype. These include genetic,
reproductive (menopause status, age at first birth, breastfeeding, parity), and

lifestyle-related factors (diet, metabolic syndrome, exercise)!'~"'3. Significantly,
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these risk factors unequally impact each subtype of BC. While molecular subtypes
of breast cancer can share some similarities, they are often regarded as distinct
diseases due to their unique biological behaviours, responses to treatments, and
clinical outcomes. Therefore, understanding the biological differences between

subtypes is crucial for developing targeted therapies.

1.1.1 Overview of Subtypes

Classical classification of BC subtypes relies on immunohistochemical scoring of
the expression of hormone receptors for estrogen (ER), progesterone (PR), and
human epidermal growth factor (HER2, encoded by ErbB2)'4. Therefore, the four
widely recognised breast cancer subtypes fall into their respective groups
depending on the expression of these receptors. These subtypes include luminal A,
luminal B, HER2-positive, and triple-negative (TN). Loosely, these subtypes are
grouped based on ER expression. Luminal A/B tumours are characterised as
primarily HER2-negative ER+/ PR+/-, whereas HER2-positive express HER2 and
are ER-negative'. In contrast, the TN subtype is characterised by the absence of
these hormone receptors and can be further classified into basal-like or claudin-
low, among others™. Classification into these subtypes is required to tailor
treatment strategies, which have successfully treated hormone-receptor positive

and HER2-positive tumours.

Incorporating molecular subtyping of BC samples alongside traditional
immunohistochemical classification can improve patient stratification'®. This
ensures the best treatment strategies are implemented while elucidating other
potential therapeutic targets. Global gene expression profiling has identified four
subtypes: ER-positive Luminal-like (ErbB2-low, further classified into Luminal-A
and B'%8), basal-like (ER-negative), ErbB2-positive (ER-low), and normal-like'®.
Notably, while these subtypes were broadly characterised as ER-high and ER-low,
significant variation and overlap exist within these categories (Figure 1-1).
Subsequent research from van 't Veer et al. (2002) demonstrated that gene
expression profiling of BC can reveal differences in disease outcomes among these
subtypes'’. In addition to improved identification of patients that would benefit from

adjuvant chemotherapy and hormone- or HER2- targeted therapies, this can also
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identify specific genes associated with tumours with worse prognoses. Gene
expression assays, such as Oncotype DX, are now frequently used in breast
cancer treatment'®. This highlights the substantial genetic variation within each
subtype and underscores the importance of identifying these subtypes for tailored

treatment strategies and improved patient outcomes.

m ER+
B TNBC
B HER2+

Figure 1-1. Molecular subtypes within clinical subtypes of breast cancer.
Reproduced Fig.1 from Zagami & Carey (2022), Triple negative breast cancer: Pitfalls
and progress, npj Breast Cancer'®. Licensed under a Creative Commons Attribution 4.0
International License. No changes were made to this image.

1.1.1.1 Prognosis

Classification of tumours provides valuable prognostic information and guides
treatment decisions. Luminal-A tumours account for 50-60% of breast cancers. As
mentioned above, luminal-A tumours are ER+, PR=20%, HER2 negative, and Ki67
(marker for proliferation index)-low?°. Luminal-A BC has a favourable prognosis,
with low relapse rates'2'-23, Luminal-B tumours account for 15-20% of BCs and
can be HER2-positive or negative'®?°, They are associated with high Ki67 scores
and have a similar prognosis to non-luminal subtypes if left untreated?*. These are

typically associated with an aggressive phenotype, with worse overall survival
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(08)1%21.25, As a standard, tumours in which more than >1% of cells express ER by
immunohistochemistry are considered ER-positive and are typically treated with
adjuvant endocrine therapy, such as tamoxifen or aromatase inhibitors?62”.Gene
expression assays can aid in determining whether an ER+ tumour patient would
benefit from chemotherapy in addition to endocrine therapy?%28. Recently, there has
been increased interest in treating HER2-low tumours, which are more common in
ER-positive than ER-negative BC, with HER2-targetting treatments such as
trastuzumab antibody-drug conjugate, which improved outcomes for this tumour
type?®30. HER2-positive tumours account for 15-20% of BCs, display over-
expressed or amplified HER2/ErbB2, and lack ER and PR'52°. These tumours are
highly proliferative and aggressive, and without treatment they have poor prognosis
and OS?’. HER2-positive breast cancers have greatly benefited from HER2-
targeted therapy, trastuzumab being one of the first treatments approved in
combination with chemotherapy as an adjuvant therapy for HER2-positive BC?".
Triple-negative breast cancer accounts for 15-20% of BCs and is common in
women younger than 403", women of African descent?, and BRCA1 mutation
carriers®?. TNBC is heterogeneous and displays several subtypes. However, the
basal-like subtype accounts for 70-80% of TNBC cases'®?°. Due to the lack of
hormone receptors and HER2 expression in TNBC, it has limited response to
adjuvant endocrine or HER2-targetted therapy. Therefore, management often
requires a combination of chemotherapy, surgery, and radiation33. Basal-like
tumours have a poor prognosis, decreased time to relapse, and an increased
likelihood of metastasis to the brain and visceral organs compared to the other
subtypes'®3334 Underscoring the unmet requirement for alternative therapeutic

targets for this BC subtype.

1.1.2 Triple Negative Breast Cancer

Triple-negative BC is an aggressive subtype of breast cancer characterised by poor
prognosis, shorter disease-free survival (8% to 16%), and a high risk of relapse.
Furthermore, TNBC is more likely to be detected as an interval cancer, emerging
between routine screenings rather than during scheduled screenings®. This

contributes to later-stage detection, increasing the likelihood of metastatic disease
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and significantly reducing survival rates from 91% in localised BC to just 12% in
metastatic cases® Furthermore, women diagnosed with stage IV TNBC have an
average OS of 12 months, compared to 36 months for those with ER+ /HER2-
negative tumours®’. This highlights the challenge of treating TNBC. Besides
surgery, the mainstay treatment is chemotherapy, used in both neoadjuvant and
adjuvant settings. However, Poly (ADP-ribose) polymerase (PARP) inhibitors,
immune checkpoint inhibitors (ICls), and antibody-drug conjugates (ADCs) have
been approved for the treatment of advanced-stage TNBC in the United States and
Europe®®. In addition, gene expression profiling of tumours has revealed numerous
potential targets in TNBC, some of which are in phase I/ll clinical trials for TNBC.
For example, the RAS/MAPK and PISK/AKT/mTOR pathways downstream of
receptor tyrosine kinases, such as epidermal growth factor receptor (EGFR), are
dysregulated in TNBC. However, EGFR inhibitors such as gefitinib and afetinib
have shown limited efficacy in phase Il trials in TNBC33°, Indeed, gefitinib as a
neoadjuvant therapy with chemotherapy did not significantly improve complete
response or overall objective response compared to the placebo-treated group®.
Furthermore, gefitinib led to increased toxicity, with many patients discontinuing
treatment due to adverse events. While afatinib had limited efficacy in a phase II
trial as a standalone neoadjuvant therapy, a subsequent phase | study
demonstrated more promise when combined with chemotherapy*®. However,
recent results suggest that many TNBC patients were resistant to afatinib targeted-
EGFR inhibition due to compensation from PI3K (Phosphoinositide 3-kinase) and
JAK2 (Janus kinase 2) pathways*'. Similarly, inhibitors targeting the PI3K pathway,
such as Buparlisib showed limited efficacy in TNBC in a phase Il trial*?. These
results highlight the challenges in developing treatments that effectively target
TNBC and underscore the value of identifying novel targets. Notably, the role of
metabolic reprogramming in TNBC has been increasingly recognised, revealing
ample metabolic targets that could offer effective treatment options for this

challenging BC subtype.

1.1.2.1 Metabolic reprogramming in TNBC

Metabolic reprogramming has been considered a hallmark of cancer since 1924,

when Otto von Warburg discovered the uncoupling of glycolysis from oxygen in
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proliferating cancer cells — termed the Warburg effect*3. Just over a century past
this pivotal discovery, cancer is understood to be a complex metabolic disease.
While the metabolic reprogramming of cancer presents powerful therapeutic
potential, the metabolic flexibility inherent to these cells calls for careful
consideration. Proto-oncogenes often control metabolic activities; however, not all
metabolic activities are essential for the survival of cancer cells. Therefore,
determining which enables survival is necessary to identify exploitable targets**.
Gong et al. (2021) utilised multiomic data from a TNBC cohort and identified that
TNBCs could be stratified into three metabolic subtypes (Table 1-1)*°. Metabolic-
Pathway-Stratification (MPS)-1 correlated with the luminal androgen receptor
subtype and was characterised by a lipogenic phenotype. Indeed, tumours of this
subtype had increased mRNA expression of metabolic genes involved in lipid
synthesis, which correlated with a significant accumulation of lipids. MPS2 was
characterised by glycolytic, with increased pathways enriched for glycolysis, Krebs
cycle, and purine and pyrimidine metabolism. These tumours were identified as
comprising the basal-like subtype and were associated with worse relapse-free
survival. A specific metabolic phenotype or molecular subtype did not characterise
the MPS3 subtype. Notably, TNBC cell lines and patient-derived organoids that
recapitulate MPS-1 and MPS-2 subtypes were sensitive to inhibitors that target de
novo lipid synthesis and glycolysis, respectively. Importantly, MPS1 tumours had a
higher frequency of PI3K (PIK3CA, PIK3R1, PTEN) and receptor tyrosine kinase
(RTK)-Ras (HRAS) mutations than MPS2 and MPS3 subtypes. Notably, this could
suggest that targeting metabolic pathways in combination with growth factor
signalling inhibitors (such as those currently in phase I/ll trials) may be a potential

therapeutic strategy.
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Table 1-1. Key characteristics of metabolic subtypes in TNBC.
Based on metabolic pathway subtypes described in Gong et al., (2021)*. RFS:

relapse free survival.

Subtvoe TNBC Metabolic Metabolic Therapeutic  Prognostic
yp Subtype Phenotype Pathways Sensitivity  Implications
Lipid "
Luminal metabolism: fatty Senlz?ltil(\j/e 9 Favourable
MPS1 Androgen Lipogenic acid, cholesterol, pia (3-year RFS,
: synthesis o
Receptor and steroid g 91%)
! : inhibitors
biosynthesis
Carbohydrate
and nucleotide  Sensitiveto 0" (3-3()ear
. . Sl . RFS, 81%),
MPS2 Basal-like Glycolytic metabolism: glycolysis :
e high tumour
Krebs cycle, inhibitors
. N grade
purine/pyrimidine
Partial No specific
dysregulation of drug Favourable
MPS3 Mixed Mixed . sensitivity (3-year RFS,
metabolic : n
athwavs profile 91%)
P y identified

MYC (encoding c-MYC, and henceforth MYC) is a proto-oncogene that

orchestrates cell metabolism, including genes involved in glycolysis, glutaminolysis,

and biosynthesis (which will be discussed in greater detail in the next section)?6.

Although MY C was not identified as uniquely enriched in any metabolic subtypes, it
was amplified in 29.1% of the MPS-1, 40.0% of MPS-2, and 38.8% of MPS-3,

highlighting the broad impact MYC has on cellular metabolism and metabolic

reprogramming. Importantly, in a multi-platform genomic and transcriptomic

analysis of 825 BCs, MYC hyperactivation was identified as a critical oncogenic
driver in basal-like subtypes of TNBC and amplified in 40% of TNBC*>47. Although

amplification of chromosome 824, where MYC is located, occurs across all BC

subtypes, it is amplified MYC that uniquely characterises the basal-like molecular
subtype*’. Chandriani et al. (2009) identified a “Core MYC Signature”, a set of 398

genes responsive to MYC activation*®. Compared to microarray data from 146

breast tumour samples, hierarchical clustering revealed that basal-like tumours

exhibited the highest levels of MYC expression and a significant overlap with the

Core MYC Signature. Suggesting that MYC has a prominent role in this breast

cancer subtype*®. Therefore, identifying metabolic vulnerabilities associated with

MY C-driven metabolic rewiring of TNBC is warranted and necessary.
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Understanding the metabolic adaptation of this challenging breast cancer subtype
and how these adaptations contribute to metastasis and drug resistance will be
imperative to inform treatment strategies that can work in combination with

established TNBC therapies, such as immunotherapy.

1.2 MYC

Cancer has historically been studied as a proliferative disorder driven by
oncogenes. However, producing the biomass necessary to sustain the proliferation
of cancer cells requires a coordinated network driven by MYC. The primary function
of MYC is to transcriptionally regulate cell mass through an extensive and varied
repertoire of transcriptional targets*®. Cellular biomass constitutes proteins, lipids,
and nucleic acids, the biosynthesis of which is dependent on metabolic pathways
that acquire, utilise, and produce various nutrient sources. The role of MYC as a
metabolic regulator was first noted in 1997 when lactate dehydrogenase (LDH) was
discovered as a MYC target gene that cooperates with MYC-mediated
transformation of fibroblast cells®®>!. Subsequently, MYC was shown to regulate
the transcription of most glycolytic enzymes®2. Fast forward three decades, MYC is
considered a master regulator of metabolism, coordinating the uptake of nutrients,
their catabolism, and their use as building blocks for macromolecule biosynthesis.
Given the widespread dysregulation of MYC across many cancer types, identifying
effective therapeutic strategies has been a significant research priority in the field.
However, challenges in directly targeting MYC have led to the exploration of
alternative strategies. One promising avenue is MYC-driven metabolic rewiring,
which supports the aberrant cellular growth caused by MYC hyperactivation but
also presents an Achilles’ heel. Consequently, significant research efforts have
sought to identify metabolic dependencies and vulnerabilities in MY C-amplified
tumours. The role of MYC in cancer and emerging therapeutic strategies targeting

metabolism in these tumours will be discussed in detail below.
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1.2.1 MYC in cancer

The oncogenic potential of MYC was recognised during a period when viral
infections were established as the cause of animal tumours; a time that saw
significant discoveries in oncogenes®. Before MYC was identified as a proto-
oncogene, researchers had isolated a retrovirus, MC29, from avian tumours®*. This
virus was shown to have the ability to transform cells in vitro. Subsequent studies
revealed that the retroviruses contained a specific 1500 bp nucleotide sequence;
this sequence was named v-Myc, reflecting its role in myelocytomatosis, a type of
tumour that affects chickens®. Subsequently, the sequence encoding v-MYC was
found in the genomes of uninfected vertebrates beyond just birds. This led to the
hypothesis the MC29 virus had acquired this sequence from the host genome®*.
This sequence was confirmed to be a critical transforming element of these
retroviruses®>%¢, leading to significant research efforts to understand its function
and role in oncogenesis. Indeed, MYC was quickly recognised as a human
oncogene after it was found to be involved in chromosomal translocations in Burkitt

lymphoma®7-%8,

MYC is a basic-helix-loop-helix (bHLH) protein that binds with preference to the
canonical E-box®, 5-CACGTG-3’, dependent on dimerization with another bHLH
protein, MYC-associated factor-X (MAX)®. Three paralogs, c-MYC, N-MYC, and L-
MYC, comprise the MYC family of proteins. c-MYC is ubiquitously expressed,
whereas N-MYC and L-MYC are found in specific tissues®'. In normal healthy cells,
MYC expression correlates with periods of cellular growth and is a critical regulator
of genes involved in cell cycle, growth, and proliferation®2. Indeed, MYC regulates
the expression of many genes that positively regulate the cell cycle while
simultaneously inhibiting those that act as negative regulators®. However, beyond
its role in cell cycle regulation, MYC regulates apoptosis through the intrinsic
apoptosis pathway, effectively balancing pro-survival and pro-apoptotic signals.
This duality in MYC-targeted transcription prevents unchecked cellular growth and
proliferation. However, dysregulation of MYC disrupts this balance, highlighting its
potential to drive oncogenesis. As a result, MYC is under tight control in normal
healthy cells at transcriptional and post-translational levels. Concordantly, MYC is a

short-lived protein that is degraded within 20 minutes®¢. MYC levels are primarily
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regulated by the ubiquitin-proteasome system (UPS), where MYC is
polyubiquitinated and degraded by the 26S proteasome®°-¢662. This process
involves three key enzymes: E1 activates ubiquitin in an ATP-dependent manner,
E2 transfers the activated ubiquitin to the target protein, and E3 ligases facilitate
the transfer of ubiquitin to the target, with E3s determining substrate specificity®®.
Polyubiquitin chains, primarily at lysine 48 (K48), are formed and recognized by the
26S proteosome for degradation. The selectivity of the UPS is influenced by degron
elements within MYC'’s transactivation domain (TAD), which interact with E3
ligases to regulate MYC stability®”. A number of E3 ligases regulate MYC stability,
but the best-studied is Fbw7, which requires phosphorylation MYC at T58 and S62
within its TAD®8%°. Phosphorylation of S62, driven by signalling pathways such as
ERK, stabilizes MYC but also primes phosphorylation of T58 by GSK3-B7°. This
results in the dephosphorylation of S62 and recognition of phosphorylated T58 by
Fbw7, leading to MYC degradation. MYC is activated downstream of multiple
signalling pathways, requiring the integration of signals from growth factors and
nutrients”". Not surprisingly, tumours induced by MYC often acquire additional
genetic alterations that uncouple MYC input from growth factor signalling pathways
or checkpoints’'. This is evidenced by a transgenic model with tetracycline-
inducible MYC under an MMTV (mouse mammary tumour virus) promoter, which
develops mutations in potent oncogenes such as Kras’2. Notably, MYC-driven
tumours lacking concurrent Kras mutations regressed upon de-induction of MYC.
This highlights that while MYC can initiate tumourigenesis, its oncogenic potential
is enhanced through the acquisition of additional mutations, highlighting its role in

both the initiation and progression of tumours.

Genetic alterations of MYC are observed across myriad tumours. Indeed, some of
the estimations suggest that MYC is dysregulated in up to 70% of all cancers*®.
Significantly, elevated MYC expression in cancers can occur without direct genetic
alterations in MYC. This elevation is often driven by oncogenic signalling pathways,
such as aberrant PI3K/AKT signalling resulting from PIK3CA mutations”3. While
protein stabilising mutations in MYC have been described in Burkitt's
lymphoma®474, these are relatively rare compared to MYC copy number gains.
Indeed, recurrent mutations in MYC occur in only about 0.7% of cancers in The

Cancer Genome Atlas (TCGA) database, a pan-cancer atlas of genome
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sequencing across 33 cancers. At the same time, amplification of at least one of
the MYC paralogs is detected across all cancers’. Indeed, analysis of MYC
alterations across this database revealed amplification of c-MYC across 21% of all
cancers’3. Notably, MYC amplification appears to be more frequent in some cancer
types than others. A meta-analysis of MYC amplification across 26 distinct studies
of human BC revealed that, on average, 1 in 6 breast cancers have amplification of
MYC, with a 95% confidence interval of 12.5 - 18.8%7°. Furthermore, the authors
suggested that MYC amplification could be an independent prognostic factor for
BC. Using 6 of the 26 studies revealed that patients with MYC-amplified tumours
had decreased disease-free survival and OS. These patients were approximately
twice as likely to experience relapse or death compared to those without MYC
amplification’®. Furthermore, the frequency of MYC amplification was increased in
the high-grade tumours, from 12.5% for grade | tumours to 31.4% for grade 37°.
However, other studies suggest this may be observed in up to 70% of high-grade
BCs’®.These results indicate a role for MYC in aggressive tumour types and

underscore the importance of understanding how MYC induces and enables BC.

1.2.2 MYCin TNBC

The association of MYC in BC was recognised in 1986, shortly after the discovery
of v-Myc. Escot et al. (1986) observed frequent amplification of MYC in 38% of a
small cohort of 121 human primary BCs’’. Within the next decade, significant
research emerged on the frequency of MYC alterations in breast cancer, observing
amplification of MYC in 1 to 50% of BCs’®. An association between MYC and
basal-like BC was demonstrated by seminal research from Perou et al. (2000)78.
Gene expression profiling of breast cancer revealed that certain genes were
associated with specific subtypes, as mentioned above. Among these genes, they
observed an increased frequency of enhanced MYC expression in basal-like
tumours (50%) compared to luminal (11%) and ErbB2-overexpressing (9%)
tumours’®. More recently, analysis of MYC expression across subtypes in two
different breast cancer databases (TCGA and METABRIC) revealed significant bias
for MYC amplification in the basal-like subtype’. Indeed, 34.05% (TCGA) and
44.02% (METABRIC) of basal-like tumours had MYC amplification, compared to
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7.22% (TCGA) and 12.99% (METABRIC) in Luminal A tumours (Figure 1-2)7°.
Notably, nearly % of BRCA1-mutated breast cancers are of the TNBC subtype.
However, significant variability from 42-100% was noted across studies®?. MYC
amplification is a common feature of BRCA1-dysregulated breast tumours. Indeed,
MYC amplification was observed in up to 53% of BRCA1-mutated tumours and
23% of tumours without BRCA1 mutations. However, more than half of these
tumours lacking mutations in BRCA1 exhibited promoter hypermethylation,
highlighting the association between MYC amplification and dysregulated
BRCA18%-82. BRCA1 has been demonstrated to bind MYC and form complexes that
modulate the transcriptional activity of MYC?'82, Therefore, loss of BRCA1 function
could drive amplification of MYC or aberrant MYC regulation®'#2. Currently, an
alternative treatment for TNBC is neoadjuvant therapy with PARP1 inhibitors, such
as olaparib'®33, Cells with BRCA1/2 mutations cannot repair DNA through
homologous recombination. Therefore, they rely more on PARP1 to repair single-
stranded DNA breaks, sensitising them to PARP1 inhibition®. However, PARP1
inhibitors such as Olaparib have shown limited efficacy in patients with germline
BRCA mutations and TNBC at both early- and late-stage due to resistance
mechanisms'%36:84_Strikingly, combining CDK inhibition with PARP inhibition
suppresses MYC, thereby preventing MYC-induced restoration of homologous
recombination in TNBC xenografts®38°. Indeed, MYC amplification has been linked
to drug resistance across various tumour types, highlighting the critical need to
identify and target MYC-driven dependencies in TNBC. Given the limited treatment
options available for TNBC, addressing these dependencies could significantly
enhance therapeutic strategies. These synthetic lethal interactions targeting MYC-
dependencies in TNBC have emerged over the last decade and include metabolic
targets such as glutamate and fatty acid biosynthesis®. However, significant work
remains to fully understand these mechanisms and translate these findings into

effective clinical treatments.
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Figure 1-2 The percentage of MYC amplified tumours within each subtype.

Data from the TCGA database (n=1084). Data adapted for visual presentation from
Table 1 from AlSultan et al. (2020), Investigational New Drugs, © 2020 Springer Nature®.
Reproduced with permission. License ID: 5877841268828.

1.2.3 Targeting MYC Therapeutically

In preclinical tumour models, ablating MYC inhibits or retards tumour growth,
underscoring its therapeutic potential’>’. However, significant barriers have
hindered the development of MYC-targeted inhibitors. MYC is often considered
“‘undruggable” due to its structure, which is not conducive to small molecule
enzymatic or allosteric inhibitors. Additionally, its nuclear localisation makes it
inaccessible to larger monoclonal antibodies®. However, several strategies show
potential in targeting MYC®:8_These include (i) inhibition of MYC-MAX
dimerization (see review on OmoMYC®), (ii) prevention of MYC expression, and
(iii) exploiting synthetic lethal interactions, a strategy particularly relevant to this

thesis, which aims to target vulnerabilities specific to MYC-dependent cancers.

Metabolic rewiring driven by MY C-hyperactivation is a double-edged sword. While
increased nutrient uptake and catabolism give MY C-driven cancer cells a fithess
advantage over other cells in the tumour microenvironment (TME), it also leads to
metabolic dependencies. As the tumour grows, the ever-changing TME,

characterised by poor vascularization, hypoxia, and limited nutrient availability, can
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disproportionately affect MYC-driven cancer cells that have been rewired to rely on
specific nutrients to meet their biosynthetic demands. As a result, identifying
metabolic genes that are synthetic lethal with MYC overexpression has become a
key area of interest. However, few enzymes in metabolic pathways have been
identified as synthetic lethal with MYC in screens®%2. It is important to note that
metabolic rewiring is influenced not only by oncogenes like MYC but also by the
tissue of origin®3. Thus, synthetic lethal interactions identified in cell lines with
ectopic MYC expression®!92.9495 may not accurately reflect the tissue-specific
metabolic vulnerabilities driven by MYC. Another challenge is that MYC hijacks
metabolic pathways essential for normal proliferating cells, which may limit the
potential of synthetic lethal interactions that selectively target MY C-overexpressing
cells. Therefore, the impact on normal cells must be considered when identifying
metabolic vulnerabilities in MYC-dependent tumours. Despite these challenges,
targeting various aspects of MYC-driven metabolic rewiring in preclinical cancer

models has shown promising efficacy*¢7".

1.2.4 Myc-driven metabolic rewiring

Over the past 30 years, research into MYC’s role in cancer has expanded
dramatically from the initial discoveries of LDHA and ornithine decarboxylase as its
first target genes®®""%6. MYC has since been implicated in nearly every aspect of
cellular metabolism, influencing processes like carbohydrate metabolism, oxidative
phosphorylation, fatty acid metabolism, nucleotide biosynthesis, and amino acid
metabolism (Figure 1-3)%.7187 Initially, cancer metabolism research was dominated
by the “Warburg Effect”, which centred on glucose as the primary fuel for cancer
cells. However, a pivotal study by Yuneva et al. (2007) shifted the focus towards
glutamine as a critical nutrient for cancer cell survival and proliferation®”, laying the
groundwork for the last decade and a half of research into oncogene-induced
metabolic rewiring. While this study coined the term glutamine “addiction” from
glutamine deprivation studies in MY C-transformed cells, it expanded beyond
glutamine by highlighting the potential role of other amino acids in tumourigenesis,
often driven by MYC and other oncogenes®. Despite these advances, much of the

research has concentrated on a handful of nutrients, while other vital nutrients and
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amino acids remain less understood. Identifying the role of these overlooked
nutrients, alongside advancing therapeutic strategies against existing metabolic

targets, is necessary.
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Figure 1-3. MYC-regulated metabolic pathways in cancer*.

Enzymes highlighted in red are known direct or indirect targets of MYC activation.
Glucose enters the cell through the glucose transporter (GLUT)%2 and is phosphorylated
by hexokinase (HK) to form glucose-6-phosphate (G-6-P). G-6-P can proceed through
glycolysis or the pentose phosphate pathway (PPP). The PPP, facilitated by G-6-P-
dehydrogenase (G6PD), generates 2 NADPH and 1 ribose per glucose molecule,
contributing to nucleotide synthesis. In parallel, G-6-P can also feed into the de novo
serine biosynthesis pathway. This pathway, branching off from 3-phosphoglyceric acid,
is driven by phosphoglycerate dehydrogenase (PHGDH), phosphoserine
aminotransferase (PSAT), and phosphoserine phosphatase (PSPH)%. Serine (Ser) is
subsequently converted to glycine (Gly) by serine hydroxymethyltransferase 1 (SHMT1,
cytoplasmic isoform), a key enzyme in the folate cycle and one carbon (1C) metabolism,
which is crucial for nucleotide biosynthesis, antioxidant production, and methylation
processes'®. The methionine cycle regenerates methionine (Met) and produces
cysteine (Cys) from homocysteine and serine. Cys, along with Gly and glutamate (Glu),
is a crucial component of glutathione (GSH), essential for neutralising reactive oxygen
species (ROS). The xCT transporter also facilitates cysteine import into cells'®'. Lactate
is generated from pyruvate (Pyr) by LDHAS2. Alternatively, Pyr can enter the Krebs cycle,
be converted to acetyl-CoA (AcCoA), and subsequently be used to generate citrate from
oxaloacetate. Citrate can either continue through the Krebs cycle or be exported into the
cytoplasm, where it is then converted into AcCoA by ATP Citrate Lyase (ACLY). This
cytoplasmic AcCoA is utilised for fatty acid (FA) synthesis involving Acetyl-CoA
carboxylase (ACC), fatty acid synthase (FASN), and stearoyl-CoA desaturase (SCD)'%2.
Free FAs can also be imported via the FA transporter, CD36. Glutamine (GIn) is
transported into cells by alanine-serine-cysteine transporter 2 (ASCT2), serving as an
anaplerotic substrate for the Krebs cycle. It is converted into Glu via glutaminase (GLS1)
or vice versa via glutamine synthetase (GS). Glu can then be converted into alpha-
ketoglutarate (a-KG). EAA transporters, LAT1/3 mediate branched-chain amino acids
(BCAAs, leucine, valine, isoleucine), which are then converted to branched-chain keto
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acids (BCKAs) via branched-chain amino acid transaminase 1 (BCAT1)'%. BCKAs
produce AcCoA, which fuels the Krebs cycle and FA synthesis. Leucine (Leu) is also
critical for activating the mammalian target of rapamycin complex 1 (mMTORC1), a key
regulator of cellular growth and translation. Tryptophan (Trp) plays. A significant role in
cancer metabolism is converted into kynurenine through the action of indoleamine-
pyrrole 2,3-dioxygenase (IDO) and arylformamidase (AFMID). This image was created
with biorender.com.

1.2.4.1 Glutamine Metabolism

Glutamine is a primary biosynthetic resource for cancer cells, providing both carbon
and nitrogen for the production of nucleotides, amino acids, and lipids*.
Additionally, glutamine catabolism (glutaminolysis) fuels the Krebs cycle,
supporting the bioenergetic demands of cancer cells'%4. Glutamine can be
synthesised from glutamate and ammonia via glutamine synthetase (GS), which is
highly expressed in tissues such as the liver, kidney, skeletal muscle, and brain°®,
The skeletal muscle and liver are major amino acid reservoirs, allowing cells to
maintain glutamine levels through de novo synthesis and uptake under normal
physiology'%¢1%7. Notably, GS expression can predict glutamine dependence.
Luminal BC cells, which express high levels of GS, are insensitive to exogenous
glutamine'®. In contrast, basal BC cells have low GS expression, rendering them
glutamine-auxotrophic'®1%°. High GS expression is also linked with slower-
growing, less aggressive luminal A BCs, whereas basal BCs with low GS
expression are more proliferative and aggressive''. In agreement, tissues with
high self-renewal capacity, such as the intestine, rely on exogenous glutamine to
fuel the Krebs cycle'%. Similarly, MYC-driven transformation increases glutamine
demand Krebs cycle anaplerosis®”-'"'. Indeed, MY C-overexpressing cells divert
glucose from the Krebs cycle, secreting glucose-derived metabolites as lactate
while using glutamine to fuel the Krebs cycle''!. As a result, MYC-driven cancer
cells are susceptible to glutamine depletion, which can be rescued by
supplementing cells with intermediates of the Krebs cycle, such as membrane
soluble, dimethyl a-ketoglutarate (a-KG)'""". This regulation of both glycolysis and
glutamine metabolism by MYC provides cancer cells with the metabolic
intermediates necessary for nucleotide, non-essential amino acids (NEAAs), and
FA synthesis, as well as a rapid supply of ATP generation, all of which are
necessary for biosynthesis''?. Glutamine metabolism is further regulated by the

enzyme glutaminase (GLS), which converts glutamine to glutamate (Figure 1-3)'"".
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MYC indirectly upregulates GLS by repressing microRNAs, mir-23a/b, which
generally suppress GLS expression''®. There are two GLS isoforms: GLS1, the
predominant form in most tissues, and GLS2, primarily expressed in the liver, brain,
and pancreas''. High GLS1 expression is associated with poor outcomes in BC
patients, particularly in basal-like BCs, which exhibit high GLS1 and low GS levels,
correlating with decreased survival. Conversely, luminal BCs have low GLS1 but

high GS expression, contributing to a more favourable prognosis.

The heightened expression of GLS1 in TNBC has positioned it as a promising
therapeutic target. The GLS1 inhibitor CB-839 has shown effectiveness in
preclinical models of TNBC'%®''5, However, due to tumour heterogeneity, GLS1
inhibition alone is often insufficient, prompting the exploration of additional
therapeutic targets that sensitise cells to GLS inhibition''®. These targets, which
vary across tumour types, include glycolysis''”-'20, FA oxidation'?''22, and cystine
import via xCT'23-125, The combination of GLS1 inhibitors with inhibitors of these
pathways has shown promise. Understanding the compensatory mechanisms of
tumours is crucial as it can guide the development of more effective therapies. For
instance, the potential synthetic lethality with GLS1 inhibition is its paralog, GLS2.
GLS2 can compensate for GLS1 inhibition in cells that express both paralogs'¢126.
Luminal BCs have high expression of GLS2, whereas TN or basal-like subtypes of
BC do not express GLS2 expression'?’. Coincidentally, luminal breast cancer cells
are relatively resistant to GLS inhibition compared to TNBC due to compensation
from GLS2'?’. Targeting both GLS1 and GLS2, therefore, is a better strategy for
this breast cancer subtype. This highlights how even tumours originating from the
same origin can have different compensatory mechanisms determining their

treatment response.

In addition to being a carbon doner, glutamine donates amino and amido groups for
various biosynthetic processes. Glutamate derived from glutamine can be
converted to a-KG through glutamate dehydrogenase (GLUD1/2), producing
ammonia as a byproduct. Alternatively, aminotransferases can transfer the
glutamine-derived amino group from glutamate to produce NEAAs such as alanine,
aspartate, serine, and a-KG for the Krebs cycle (Figure 1-4)'2®. Many cancers

upregulate aminotransferases to support NEAA production, redox balance,
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nucleotide biosynthesis, and Krebs cycle anaplerosis'?®-'32, Indeed, ectopic
overexpression of GLUD1 was sufficient to reduce cellular proliferation due to
reduced aminotransferase activity in mammary epithelial cells, highlighting the
importance of these pathways to normal cellular function and tumourigenesis'?®133,
Targeting aminotransferase activity, for example, with aminooxy acetic acid, has
shown potential in preclinical models''7-12%.132 Glutamine also supports de novo
nucleotide synthesis as a nitrogen donor, donating its amido group for de novo
pyrimidine and purine synthesis (Figure 1-4)'28134_ This metabolic flexibility allows
cancer cells to exploit glutamine in a tumour and oncogene-specific manner'24135-
41 Beyond its role as a metabolic precursor, glutamine also regulates the
mammalian target of rapamycin complex 1 (mMTORC1) by mediating the uptake of

EAAs'#?, indicating a significant role for glutamine in cellular growth.
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Figure 1-4. Glutamine as a nitrogen donor'%,

GLS1 converts glutamine to glutamate, donating its carbon skeleton and amino group.
Glutamate can be converted to a-KG through GLUD1 and release ammonia or through
aminotransferases, which produce a-KG and NEAAs. Glutamine can also directly
contribute its amido group to pyrimidine and purine synthesis. GLS7: Glutaminase.
GLUD1: Glutamate dehydrogenase 1. OAT: Ornithine aminotransferase. GOT2:
glutamic-oxaloacetic transaminase 2. GPT2: glutamic-pyruvic transaminase 2. PSATT:
phosphoserine aminotransferase 1. CAD: Carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase, and dihydroorotase. CTPS: Cytidine triphosphate
synthetase. PPATT: palmitoyl protein thioesterase 1. PFAS:
phosphoribosylformylglycinamidine synthase.

The increased demand for glutamine in cancer cells is met by amino acid

transporters from the solute carrier (SLC) family, including high-affinity glutamine
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transporters, sodium-dependent neutral amino acid transporter 1/2 (SNAT1/2), and
alanine-serine-cysteine transporter 2 (ASCT2)'43.144_ These transporters are often
upregulated during tumourigenesis and can be regulated by MYC and cellular
stress''3145, The potential of targeting glutamine uptake, either through transporter
inhibition or dietary restriction, offers a promising therapeutic strategy. However,
the redundancy of SLC transporters and their overlapping substrate specificities
complicate targeted approaches'414¢_ Indeed, while ASCT2 knockout (KO) initially
slowed tumour growth in a TNBC xenograft, upregulation of SNAT1 and SNAT2
compensated for the loss of ASCT2, resulting in minimal impact on overall tumour
burden#®. ASCT2 is of particular interest due to its upregulation in MYC-driven
cancers'’. Inhibition of ASCT2 activity, through gene interference or inhibition, has
been shown to impair tumourigenesis'#’-'%!. Although ASCT2 inhibitors such as
GPNA and V-9032 have demonstrated promising results, issues in selectivity have
hindered their clinical translation®?-1%°, Furthermore, while ASCT2 is considered
the primary glutamine transporter in cancer, it also transports other neutral amino
acids such as serine, asparagine, or threonine, all of which have essential roles.
Recently, ASCT2 has been identified as a critical transporter for serine uptake in
cancer cells'®®. Therefore, inhibiting amino acid transporters could have serious off-
target effects if the metabolic dependencies of specific tumour types are not well

understood.

An alternative strategy is to starve cells of glutamine, exploiting the fact that
tumours often have lower glutamine levels compared to circulation and in normal
tissues''. However, several challenges arise: (i) the skeletal muscle and liver can
provide glutamine through de novo glutamine synthesis or proteolysis'®’, (ii)
immune cells rely on glutamine for anti-tumour functions'®, (iii) NEAAs can protect
cells from glutamine depletion'’. Different NEAAs have been demonstrated to
protect cells from glutamine limitation across cancer models3%137.141.159,160
Determining which metabolites become critical for cellular adaptation to glutamine
limitation will likely depend on the TME, location, and oncogenic lesion. Identifying
the processes that glutamine supports and the compensatory mechanisms active
within a given context (i.e., MYC-driven TNBC) will be necessary to target

glutamine metabolism effectively.
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1.2.4.2 Essential Amino Acid Metabolism

There are nine essential amino acids: phenylalanine, valine, threonine, tryptophan,
isoleucine, leucine, histidine, methionine, and lysine. Apart from methionine, these
amino acids cannot be synthesised de novo, meaning that cells must acquire them
from their environment through amino acid transporters. While the role of EAAs in
cancer metabolism is less well studied than glutamine and other NEAAs, recent
findings suggest they play important roles beyond their traditional function in
protein synthesis. Notably, the MYC oncogene has been shown to promote the

uptake and metabolism of EAAs.

MYC drives increased demand for EAAs by activating the transcription of genes
involved in ribosome biogenesis and protein synthesis, which are essential for
cellular growth and proliferation'®’. It not only upregulates components of the
translation machinery but also enhances the expression of amino acid transporters
on the cell surface to facilitate EAA uptake'®?. This increased availability of EAAs
stimulates mTORC1 signalling, a key regulator of global translation. Specifically,
MYC directly binds to the promoters of the L-type amino acid transporters, LAT1
and LAT3, encoded by SLC7A5 and SLC43A1, respectively'. LAT1 and LAT3
mediate the uptake of EAAs and are crucial for the uptake of BCAAs like leucine. A
feed-forward loop exists in which MYC upregulates LAT1 and LAT3 expression,
leading to increased EAA uptake, which sustains MYC translation and its metabolic
activities'®3. However, when LAT1 and LAT3 are ablated, EAA uptake is reduced,
resulting in decreased MYC translation and its downstream targets, including
genes involved in glucose and glutamine metabolism'®3. This reduction is partly
mediated by the integrated stress response (ISR) activation, which responds to
amino acid deprivation by inhibiting global protein synthesis'64. This highlights the
important role of EAAs in maintaining mTORC1 signalling, protein translation, and,
therefore, MYC-dependent transformation. Significantly, this also links LAT1/3-
mediated uptake of EAAs to MYC-dependent glutamine addiction.

While all EAAs are required for protein synthesis, they do not equally regulate
MmTORC1. mTOR is a growth-factor-responsive serine/threonine kinase that forms

two distinct complexes, mTORC1 and mTORC2, each involved in different cellular
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processes'®®. mTORC2 regulates cell movement and cytoskeletal organisation
through kinases such as PKCa and AKT and is primarily influenced by growth
factor signalling via the PI3K pathway. In contrast, mnTORC1 integrates signals
from nutrient availability and growth factors to regulate anabolic and catabolic

cellular processes'®®,

mTORC1 promotes cell growth by inducing protein translation through the
regulation of crucial downstream targets such as 4E-BP1 (eukaryotic translation
initiation factor 4E-binding protein 1) and S6K1 (ribosomal protein S6 kinase beta-
1)'66, These targets increase the synthesis of key translation machinery
components and promote translation'8%.16” Additionally, mMTORC1 suppresses
autophagy when nutrients and growth factors are available. mTORC1 activation
thus involves a complex signalling cascade that starts with nutrient sensing at the

lysosomal surface.

mTORC1 activation integrates signals from nutrient availability and growth factors,
depending on Rag GTPases and Rheb, respectively. Rag GTPases exist as
obligate heterodimers, Rag A or B bound to Rag C or D. These Rags are tethered
to the lysosome by the Ragulator complex, where mTORC1 is activated. Nutrient
availability, particularly amino acids, plays a significant role in mTORC1 activation.
When amino acids are abundant, RagA/B is bound to GTP, and RagC/D is bound
to GDP, promoting the recruitment of mMTORC1 to the lysosome'5:168-170_ Thijg
process is further modulated by regulatory proteins such as GTPase-activating
proteins (GAPs). GATOR1, a GAP, negatively regulates mTORC1 by converting
RagA/B to an inactive GDP-bound state'”"'72, In contrast, GATOR2, an upstream
negative regulator of GATOR1, enables the GTP-bound active state of RagA/B,
thereby promoting mTORC1 recruitment, where it is activated by Rheb.

The mechanisms by which amino acids and nutrients are sensed by mTORC1 are
continuously emerging. However, it is widely acknowledged that mMTORC1 is
particularly sensitive to leucine and arginine levels (Figure 1-5)'"3-175_ However, it
can also indirectly sense methionine levels through S’adenosylmethionine (SAM;
Figure 1-5)'"8, a product of the methionine regeneration pathway. Leucine and
arginine are sensed by SESTRIN2 and CASTOR1, respectively (Figure 1-5)'74175,
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which mediate their mTORC1 modulating capabilities through GATOR2. When
leucine levels are low, SESTRIN2 binds GATORZ2, leading to the release of
GATOR1 and inhibition of mMTORC1. SESTRINZ2 can also sense isoleucine and
methionine; however, it is significantly less sensitive to the levels of these amino
acids'”®. Another mechanism of leucine sensing is through leucyl-tRNA synthetase
(LRS)'”3. Leucine binds LRS, which subsequently translocate to the lysosomal
membrane and mediates GTP hydrolysis of Rag D, promoting the GDP-bound
active state of Rag D, thereby activating mTORC1'73. Like SESTRIN2, LRS can
bind isoleucine and methionine with lower affinity. The exact reasons why LRS acts
as a GAP towards Rag D specifically, despite its similarity to Rag C, are not fully
understood. However, RagD has been shown to recruit mTORC1 to the lysosome
more effectively than Rag C'”7. mTORC1 also exhibits differential substrate
specificity depending on whether RagC or RagD is present. For instance, RagA/B-
RagC heterodimers promote canonical mMTORC1 signalling through S6K1 and 4E-
BP1, whereas RagA/B-RagD dimers inhibit the transcription factor EB'”7, which
regulates autophagy and lysosome biogenesis'”®. Thus, leucine sensing by LRS
may help promote cellular anabolism by inhibiting catabolic processes to avoid
premature protein degradation. However, the GAP activity of LRS remains
controversial, as other groups have failed to demonstrate the GAP activity of
isolated LRS'®. Therefore, the exact mechanisms that underlie how leucine
availability is relayed to mTORC1 remain to be determined, and additional

mechanisms of leucine sensing are still being explored'80-182,
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Figure 1-5. Mechanisms of mMTORC1 activation via amino acids.

Leucine, Arginine and SAM are detected by sensors in the cytosol (Sestrin2, LRS,
CASTOR1, and SAMTOR). These signals activate Rag GTPases (RagA/B and
RagC/D), which help recruit mTORC1 to the lysosome where it is activated by Rheb
downstream of growth factor signalling pathways. Data adapted for visual
presentation from Figure 2 from Takahara et al. (2020), Journal of Biomedical
Science'®. under a Creative Commons Attribution 4.0 International License. Image
created with biorender.com.

MY C-driven metabolic reprogramming also facilitates the degradation of EAAs by
upregulating critical enzymes in these pathways (Figure 1-3). For example, MYC
enhances tryptophan uptake through LAT1 and promotes its conversion into
kynurenine via the enzyme arylformamidase (AFMID)'4. Inhibiting the kynurenine
pathway or downstream interactions has shown therapeutic potential in certain

MY C-dependent cancers'®. Additionally, MY C-induced tryptophan uptake supports
liver cancer cell growth by producing the oncometabolite indole-3-pyruvate '8°.
MYC also upregulates BCAT1, an aminotransferase involved in BCAA catabolism,
which has been linked to increased cancer cell migration and invasion®3,
Methionine has been well studied due to its role in one-carbon metabolism. The
methionine regeneration pathway produces SAM, a global methyl donor, through

MAT-2A, which catalyses the transfer of a methyl group from methionine onto ATP,
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producing SAM'8_ Oncogenic MYC has been associated with methionine
addiction'” and can regulate MAT-2A activity through a mTORC1-dependent
signalling axis, which supports histone methylation and tumour growth 88,
Importantly, dietary methionine restriction has demonstrated efficacy in numerous
preclinical models and shows significant promise as a treatment strategy in clinical
trials'®-19°_ This supports the idea that targeting EAA metabolism, or availability, is
a feasible treatment strategy for cancer. While significant progress has been made
in understanding the role of EAAs in MYC-driven tumourigenesis, further research

is needed to explore the functions of other lesser-known EAAs fully.

1.3 SLC7AS5/LATA1

1.3.1 SLC transporters

The SLC superfamily is an ever-expanding group of transporters responsible for
moving a wide range of solutes into and out of cells. Over 450 SLC genes have
been identified in the human genome, organised into 65 subfamilies based on
sequence similarity'®'%2_ These transporters facilitate the transport of amino acids,
nucleotides, metal and inorganic ions, fatty acids, co-factors, vitamins, and other
organic ions and compounds into cells'®3. Although subfamilies are primarily
grouped by their substrate specificity, this can vary within subfamilies. SLC
transporters are highly specialised, with tissue-specific and temporal expression
patterns'94195. Some are only expressed in specific cell types; for example, the
lysosomal transporter, SLC11A1, is required for phagocyte function but not for
lymphocytes'®®. In contrast, others like SLC2A1, which encodes GLUT1, are
ubiquitously expressed to support basic cellular processes, such as maintaining
glucose transport'®’. Furthermore, the expression of SLC transporters changes
over time, with some predominantly present during periods of rapid proliferation
and growth, such as during embryonic development or cancer'%%%8, The temporal
dynamics of SLC transporter expression are regulated by a network of proteins that
control their transcription, post-translational modifications, localization, and

function92,

Unlike other transporter superfamilies, SLC transporters do not share a common

evolutionary origin, resulting in significant structural diversity across subfamilies'’.
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However, SLC transporters are typically characterised as 12-pass or 10-pass
transmembrane proteins. The two prominent structural folds in this family are: (i)
the major facilitator superfamily (MFS) fold, with 12 transmembrane helices
arranged in two mirrored groups of six, and (ii) the leucine transporter (LeuT)-like
fold, with 10 transmembrane helices in two mirrored groups of five'®' (Figure
1-6).These structural features influence how SLC transporters change
conformation to transport substrates. For example, MFS transporters primarily use
a “rocker-switch” mechanism oscillating between outward and inward states. LeuT-
like transporters primarily use a “gated-pore” mechanism where the gate opens to
reveal the binding site, allowing for substrate binding and release’®'. Some
transporters with distinct structural folds utilise different transport mechanisms,
such as an “elevator” mechanism, where the substrate-binding domain moves
across the cell membrane like an elevator'®'. Different energy coupling
mechanisms are also used to support transport across the SLC family. Importantly,
SLC transporters from different subfamilies can have different folds but transport
similar substrates, while those with similar structures can have different substrate
specificities and mechanisms of transport. This diversity allows for significant
redundancy and overlap of substrates, which is integral for cell survival, given their

importance in nutrient uptake.

45



Chapter 1 Introduction

I
I
I
I
| A N
. I
Elevator e

Figure 1-6. Prominent structures associated with members of the SLC transporter
superfamily.

These include the rocker-switch, gated-pore, and elevator models, associated with the
MFS fold and LeuT-like structural folds. The red spheres indicate the substrate.
Reproduced from Figure 1 from SLC Transporters: Structure, Function, and Drug
Discovery, MedChemComm, © Royal Society of Chemistry, with permission®. License
ID: 1608526-1. No changes were made to the image.

As mentioned above, members of the SLC superfamily mediate transport across
membranes using various energy-coupling mechanisms, including secondary
active transport (via symporters and antiporters) and facilitated diffusion (Figure
1-7)199-201 Both mechanisms rely on electrochemical gradients of ions or
substrates. Facilitated diffusion is typically carried out by uniporters, which
transport substrates along their concentration gradient. For example, SLC2A1
(encoding GLUT1), enables passive glucose uptake when intracellular glucose
levels are low?°2, In contrast, secondary active transporters harness the energy
from the movement of an ion or molecule down its concentration gradient to drive

the transport of another molecule against its gradient. When both substrates move
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in the same direction, the transporter is termed a symporter; when they move in
opposite directions, it is classified as an antiporter. The net charge resulting from
transport can vary; it is classified as electronegative if negative charge accumulates
intracellularly, electropositive if positive charge accumulates, and electroneutral if
there is no net change in charge. Well-characterized symporters include
SLC38A1/2 (encoding SNAT1/2, respectively), which co-transport Na* along its
gradient with amino acid substrates into the cell?®'. In contrast, LAT1 (encoded by
SLC7A5) is an antiporter that exchanges intracellular amino acid substrates for
extracellular ones and does not contribute to net amino acid uptake in the way
symporters do. lon and substrate gradients critically influence the capacity of
secondary active transports to accumulate substrates. For example, SLC38A3/5
(encoding SNAT3/5, respectively) mediate electroneutral Na*- amino acid symport
coupled with H*, antiport, limiting net amino acid uptake to the prevailing Na+ and
H* gradients?®'. In contrast, SNAT1 and SNAT2, which do not exchange H*, are

better equipped to drive intracellular amino acid accumulation.
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Figure 1-7. Overview of SLC transporter amino acid exchange mechanisms.

Amino acid uptake is mediated by members of the SLC1, SLC6, SLC7, SLC38, and
SLC43 families (Table 1-2)''. There are significant differences in substrate
specificity and transport mechanisms within these families. For example, the SLC7
family partially includes cationic amino acid transporters (CATs, SLC7A1-4) and
large neutral amino acid transporters (LATs, SLC7A5-11)23, LATs form
heterodimers with SLC3 family subunits, such as SLC3A2 (4f2hc), while CATs

function as monomeric N-glycosylated transporters?°3. Both transporters have LeuT
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folds, but CATs facilitate diffusion of cationic amino acids like arginine, while LATs
function as exchangers for a broader range of amino acids??3. Transport substrates
also have significant redundancy, both within and across SLC subfamilies. For
instance, SLC7 and SLC43 subfamilies transport neutral amino acids (Table
1-2)?%4. SLC43 transporters, such as SLC43A1/2 (LAT3/4), are facilitative diffusers,
whereas SLC7 transporters, such as SLC7A5/8 (LAT1/2), are exchangers?®.
Facilitative diffusion of amino acids may help maintain baseline levels of amino
acids by responding to changes in their availability and transporting them along
their concentration gradient?'. In contrast, an exchanger can modulate the
composition of amino acids available to the cell. Therefore, both allow cells to

precisely regulate amino acid concentrations in response to their environments.

Table 1-2. Characteristics of SLC subfamilies that transport amino acids.
LeuT: leucine transporter-type fold. MFS: Major facilitator superfamily.

SLC Key

. Members Fold Mechanism Function
Subfamily members
glutamate (excitatory
AA transporters) and
ASCT1/2 Na+/K+ H+ neutral amino acid
S v EAAT1/2 Oz dependent transporters (alanine-
serine-cysteine
transporters)2°®
DAT, neurotransmitter and
SLC6 20 serTNET  tedT la/Ch amino acid
P transport2°®
CAT1 Na+ cationic amino acid
SLC7 15 LAT1 Other/LeuT  independent/ and large neutral
xCT dependent amino acid
transport?

neutral amino acid

SLC38 11 SNAT1-3 Other Na+ transport/ glutamine,
dependent ?
asparagine and
histidine transport2°7
SLC43 s LAT3 MFS _ Neriel neutral amino acid
independent

transport?%4

SLC-mediated transport of essential nutrients is crucial for maintaining cellular
homeostasis. At the cellular level, SLC transporters regulate the overall metabolic
state by providing essential nutrients for biosynthesis. At the whole-body level, SLC

transporters play critical roles in nutrient absorption in the intestine and kidney,
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neurotransmitter signalling, and energy homeostasis by regulating glucose and
amino acid levels?°®. The importance of SLC transporters in these processes is
underscored by the pathological consequences of inborn errors or dysregulation?°%-
21 For example, lysinuric protein intolerance is caused by mutations in SLC7A7,
leading to defective cationic amino acid absorption and resulting in a multisystemic
disorder?'2. Moreover, several SLC transporters are embryonically lethal when
deleted in animal models, emphasising their critical role in development?'3:214,
Notably, SLC transporters are key targets of activating transcription factor 4
(ATF4), which regulates genes that reestablish cellular homeostasis in response to
stress?'S. Therefore, SLC transporters are also often dysregulated in cancer and
metabolic disease, highlighting the crucial role of SLC transporters in sustaining

metabolic demands.

Cancer cells exhibit an increased demand for certain nutrients due to abnormal
growth and proliferation, often in an oncogene-, tissue-, and microenvironment-
specific manner. The repertoire of solute transporters expressed determines the
availability of these nutrients??'. As a result, many SLC transporters are implicated
in tumourigenesis. Among plasma membrane SLC transporters mediating amino
acid uptake, several are involved in tumourigenesis: SLC1A5, SLC7A5, SLC7A11,
SLC6A14, SLC38A1, SLC38A2, SLC43A1, and SLC7A1?'®. Furthermore,
SLC1A5™7.1901%6217 ' 5) C7A11123218 S| C7A5219-221 SL.C38A 1?22, and SLC38A2%23
are critical amino acid transporters in TNBC. Importantly, MYC directly binds the
promoters of several of these transporters??4, highlighting their role in sustaining
MY C-driven metabolic rewiring. Notably, SLC1TA5/ASCT2 and SLC7AS5/LAT1 are
particularly important in cancer'®'. These transporters have been demonstrated to
work together to maintain amino acid homeostasis, and their co-regulation by MYC
supports the coupling of these transporters’#2. However, there are discrepancies
regarding the requirement of ASCT2 for LAT1 function that remain to be

addressed.

1.3.2 LAT1 Structure and Function

LAT1 is a high-affinity Na+-independent transporter of large neutral amino acids

with branched or aromatic side chains (leucine, isoleucine, phenylalanine,
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methionine, tyrosine, histidine, tryptophan, and valine). However, it can also
transport glutamine and asparagine with lower affinity??522¢_ In addition to its amino
acid substrates, LAT1 has been demonstrated to transport amino acid derivatives,
such as L-DOPA??7, LAT1 acts in an obligatory heterodimer with SLC3A2,
4f2/CD98, to facilitate amino acid transport?2%226228 |mportantly, LAT1 is the
transport-competent unit of this heterodimer and 4f2 acts to stabilise LAT1 and
support LAT1 transporter activity at the plasma membrane??®2%_ LAT1 contains 12
transmembrane domains and utilises a “rocking bundle” mechanism that exposes
the substrate binding site and enables LAT1 transition between inward or outward-
facing states, thereby facilitating the movement of substrates across the membrane
in both directions??8. LAT1 mediates the uptake of its substrates with varying
affinities, with the highest affinity for histidine and the lowest affinity for glutamine
and asparagine (Table 1-3)??5226, However, these affinities can differ across
tissues, indicative of tissue-specific requirements?3'. LAT1 mediates amino acid
uptake by exchanging intracellular amino acids for extracellular amino acids with a
1:1 stoichiometry?3'.232_ Notably, only specific substrates can be transported
bidirectionally; these include glutamine, histidine, and tyrosine??°. Therefore, LAT1

transport is dependent on the intracellular availability of these amino acids.

The importance of LAT1 in tumours was evident from the earliest study, spurring
the last two decades of research into this integral amino acid transporter??®. While
LAT1 has overlapping substrates with other LAT proteins (Table 1-3), its
expression is limited to specific tissues and found to be selectively upregulated in
tumours''225 LAT1 expression is primarily restricted to the blood-brain barrier
(BBB), lymphocytes, and placenta, whereas other LAT transporters, such as LAT2
are ubiquitously expressed in the epithelial cell tissues (Table 1-3)?%'. LAT1 has a
higher affinity for its substrates than LAT2, supporting rapid proliferation and
specialised functions within tissues and cancer?®3. For instance, LAT1 expression in
the blood-brain barrier is required to uptake BCAAs, high-affinity LAT1
substrates?**. Deletion of LAT1 at the BBB of mice had severe neurological
abnormalities and has been associated with intrinsic mutations in SLC7AS in

patients with autism?34.
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Table 1-3. Classification of LAT transporters.
The table shows a list of Km values taken from a curated list by Gauthier-Coles et al.
(2021)%°". These Km values represent values published from a single study of each
transporter. Gauthier-Coles et al. (2021) estimated some of the Km values.
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SLC Acronym Transport Tissue Substrates  Affinity (uM)
Leu 20
lle 25
Val 47
Met 20
Brain, spleen, Phe 14
SLC7A5 LAT1 Antiporter placenta, Tyr 28
testis?03
Trp 21
His 12
Gin 1640
Asn 2150
Arg 138
Lys 138
His 138
Leu 236
Brain, small Tyr 500
SLC7A6 y+LAT2 Antiporter i?]fas:ti?ﬁi’ dt::;is,, -Fl;:; 222
lung, thymus?%
Gin 295
Met 236
Cys 500
lle 500
Ala 1000
Arg 340
Lys 68
His 44
Small intestine, | g 44
SLC7A7 y+LAT1  Antiporter kid;;yéesnﬁﬁe”’ Tyr 200
lung?%3 Phe 300
Gin 60
Met 60
lle 60
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SLC Acronym Transport Tissue Substrates  Affinity (uM)
His 181
Trp 58
Tyr 46
Phe 45
Small intestine, Val 124
kidney, lung, lle 97
heart, spleen,
liver, brain, Leu 119
SLC7A8 LAT2 Antiporter placenta, Met 204
prostate, ovary,
fetal liver, Gin 151
testis, skeletal Asn 81
muscle?3 Cys 109
Thr 69
Ser 116
Ala 187
Gly 265
Liver, skeletal =0 Loz
musc]e, lle 1418
SLC43A1 LAT3 Uniporter pancreas, Val 1885
kidney, testis,
ovaryi206253,  Phe 1206
Met 2000
Leu 3733
Placenta,
kidney, small e 4000
SLC43A2 LAT4 Uniporter intestine, brain, /3| 4000
testis, heart,
spleen192204.235 Phe 4694
Met 4000

One of the mechanisms by which LAT1 supports rapidly proliferating cells is
through the uptake of leucine. Indeed, LAT1 KO results in a significant reduction in
leucine uptake'632%4236_ mTORC1 integrates signals from leucine availability and
growth factors to regulate protein translation and cellular growth'6%75_ Therefore,
LAT1 has been implicated in the regulation of mMTORC1"42236-238  Additionally, while
LAT1 is primarily localised in the plasma membrane, it is also recruited to the
lysosome membrane by lysosomal protein transmembrane 4 beta (LAPTM4B),
where it is necessary for mTORC1 activation?%. In addition to its role in mediating
mTORC1 signalling, LAT1 is critical for the activation of general control
nonderepressible 2 (GCN2), a serine/threonine kinase that is activated when amino

acids are low, regulating cell response to amino acid starvation through the ISR.
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Indeed, LAT1 ablation has been demonstrated to be sufficient for the induction of
ATF4, a key downstream effector of the ISR?3¢. Therefore, LAT1 is essential in the
regulation of two key signalling pathways during cellular growth, both of which are

essential for MYC-driven tumourigenesis??4240-242

1.3.3 Glutamine in LAT1 Function

LAT1 is an obligatory antiporter, therefore the uptake of one of its substrates is
dependent on the efflux of another. LAT1 can use histidine, glutamine, or tyrosine
as efflux substrates. LAT1 and ASCT2 are targets of MYC-driven metabolic
reprogramming and are often concordantly upregulated in cancer's!.163.243.244
ASCT2 is a Na+ dependent antiporter, responsible for maintaining glutamine levels
in cancer cells'’, although it also transports small neutral amino acids, such as
asparagine and serine'®. Aside from providing cancer cells with glutamine for
biosynthesis, ASCT2 is critical in facilitating LAT 1-activity. Glutamine uptake
through ASCT2 was shown to be exported by LAT1 and coupled to leucine uptake,
activating mTORC1 signalling™?. This was essential for leucine-mediated activation
of mMTORC1/S6K1 signalling. However, subsequent studies demonstrated that
ASCT2 KO did not affect LAT1 transporter activity and was dispensable for
mTORC1 activation in multiple cancer cell lines'. SNAT1/2 have been
demonstrated to compensate for ASCT2 KO in other cancer models'#*. Therefore,
these compensatory pathways could maintain glutamine-facilitated LAT1 transport.
However, other studies suggest that asparagine, rather than glutamine, is the
preferred exchange substrate facilitating amino acid uptake?*®. The discrepancies
between these findings may arise from several factors, notably the low affinity of
LAT1 for glutamine (Table 1-3). Because LAT1 binds glutamine poorly, high
intracellular glutamine concentrations are necessary for it to function effectively as
an exchange substrate. These concentrations can vary significantly depending on
the cell type and experimental conditions. Importantly, standard cell culture media
contain glutamine at concentrations 2- to 5- fold higher than physiological levels,
and tumours often experience even more restricted glutamine availability?4°.
Moreover, media typically provide glutamine at 5- to 20- fold higher concentrations
than other amino acids™', potentially skewing LAT1 activity, which is sensitive to

substrate availability. The mismatch between experimental and physiological
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conditions helps explain observed differences in cellular responses to ASCT2
ablation in vitro versus in vivo'&24’, While glutamine likely contributes to LAT1-
mediated uptake of EAAs, its effectiveness may be context-dependent, influenced
both by its availability in the TME and by the competing demands from other

metabolic pathways driven by specific oncogenic lesions.

1.3.4 Histidine in LAT1 Function

LAT1 has been identified as the “high-affinity histidine transporter” due to its
exceptionally high affinity for histidine (Table 1-3)?26.232.229.248.249  Gjgnificantly, unlike
the other EAAs, which are preferentially transported inward, histidine can be
transported bidirectionally??®. To facilitate the transport of extracellular amino acids,
the extracellular affinity of LAT for its substrates is in the uM range, while the
intracellular affinity is in the mM range?*8. Notably, concentrations of amino acids
are higher in the cytosol compared to the extracellular environment?°'2%0, This
asymmetry enables LAT1 to transport substrates even when present at low
extracellular concentrations by utilizing substrates available at higher
concentrations within the cytosol?#325', Notably, many factors determine the
concentration of amino acids in the cytosol, including the expression of cell surface
amino acid transporters, cellular metabolism, and proliferation. Furthermore, the
higher concentration of glutamine in the medium compared to histidine may bias
LAT1 towards the use of glutamine as an exchange substrate, which may not
accurately reflect the role of LAT1 under physiological conditions or during MYC-
driven metabolic reprogramming when the demand for glutamine catabolism is

enhanced.

Despite the high affinity of LAT1 for histidine as a bidirectional substrate, the
contribution of histidine to LAT1-activity in cancer has not received significant
attention. The sole study demonstrating the requirement for histidine as a
bidirectional substrate in vivo was in the BBB?**. Indeed, a conditional deletion of
Slc7a5 in the endothelial cells of blood vessels and BBB in mice resulted in a
significant accumulation of histidine with a concurrent decrease in BCAAs?34. This

demonstrated that histidine was the primary bidirectional LAT1 substrate in the
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BBB and may also highlight that under physiological settings, histidine is preferred

over glutamine.

Unlike glutamine, histidine catabolism is restricted to specific tissues?®?, making
histidine a metabolic dead end in some cell types. Therefore, histidine may be
preferred over glutamine as a LAT1 exchange substrate. This switch from
glutamine to histidine for LAT1 activity could facilitate cancer cells, allowing them to
continue catabolising glutamine for biosynthetic processes while maintaining EAA
uptake via histidine-facilitated LAT1 antiport. Investigating the role of histidine in
these contexts could unveil its essential role in mMTORC1 signalling and amino acid

homeostasis.
1.4 Histidine and its role in cancer

1.4.1 Histidine Metabolism

Histidine is primarily metabolised through 3 distinct pathways: (i) decarboxylated by
histidine decarboxylase (HDC) to produce histamine in the mast cells, the stomach,
and brain, (ii) combined with B-alanine to produce the dipeptide, carnosine, in the
brain and skeletal muscle, and (iii) degraded to produce glutamate and one-carbon
intermediates in the liver and skin (Figure 1-8)?%2. The histidine degradation
pathway appears to occur primarily in the liver and skin due to the high expression
of key rate-limiting enzymes in these tissues. The first step of histidine degradation
is conversion into trans-urocanate by histidine ammonia lyase (HAL), which is
highly expressed in the liver and skin?52:2°3 and binds histidine with a Km of 1-4 mM.
This concentration is significantly greater than the physiological concentration of
histidine in the blood, at 70-120 uM?%2. This may act to balance histidine
degradation with its availability, as cells cannot synthesize histidine de novo, and
suggest that histidine degradation only proceeds when histidine concentrations are
high. Trans-urocanate is then hydrolysed into 4-imidozolone-5-proprionate by the
liver-enriched protein urocanase (UROC1). This product is then converted into
formiminoglutamate (FIGLU). Glutamate formiminotransferase cyclodeaminase
(FTCD) transfers one-carbon unit from FIGLU onto tetrahydrofolate (THF) to
produce glutamate and 5’-10’-methenyl-THF. This step implicates histidine in

central and one-carbon metabolism in the liver. 5’-10’-methenyl-THF can be
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converted into several different intermediates of the folate cycle, such as 5’,10’-
methylene THF for nucleotide synthesis, or 5’-methyl-THF for regeneration of
methionine in the methionine regeneration cycle?®?. Indeed, the histidine
degradation pathway contributes to one-carbon metabolism in cancer cells?%#255,
Despite histidine’s capacity to contribute carbon and nitrogen to glutamate
production and one-carbon metabolism, intrinsic errors in genes encoding enzymes
in this pathway do not result in severe pathophysiology. The most significant of
these is histidinemia, which is characterised by impaired HAL function and an
increase in plasma histidine levels, with the disease manifesting as asymptomatic
in most patients or mental retardation in the minority?>2. Therefore, it is unclear how

essential histidine degradation is to physiological metabolism.
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Figure 1-8. Simplified schematic of histidine metabolism.

Dashed lines indicate multiple enzymatic steps that have not been shown here. Key
enzymes and products in His catabolism are depicted. CS: Carnosine Synthetase;
HDC: Histidine Decarboxylase; HAL: Histidine Ammonia lyase; UROC1: Urocanase;
AMDHD1: Amidohydrolase Domain Containing 1; FTCD: formimidoyltransferase
cyclodeaminase.

1.4.2 Histidine Metabolism in Cancer

The role of histidine in cancer has emerged in recent years. Some studies have
identified altered histidine levels in patients with cancer?5¢-2%8, leading to an
increased interest in the potential role of histidine metabolism in cancer. The

possible use of histidine supplementation has been of particular interest for limiting
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drug resistance. This phenomenon was first observed in a CRISPR-Cas9-based
screen in cancer cells treated with the anti-folate drug, methotrexate, which is
widely used in the treatment of several cancers such as acute lymphoblastic
leukaemia (ALL)?%°. These authors found that depletion of FTCD, the enzyme that
converts FIGLU into glutamate and consumes THF to produce 5’,10’-methenyl
THF, confers resistance to methotrexate treatment?%®. Indeed, KO of FTCD or HAL
increased THF pools and decreased levels of downstream intermediates of the
folate cycle, suggesting that histidine catabolism drains cellular THF?%°, Therefore,
histidine supplementation sensitised cells and tumour xenografts to methotrexate
treatment by enhancing histidine catabolism and depleting THF levels?%°.
Subsequently, others have used histidine supplementation combined RTK
inhibitors (Sorafenib) in HCC cells?®® or with a chemotherapeutic drug, gemcitabine,
in pancreatic cancer cells and xenografts?®. In both studies, histidine
supplementation enhanced the anti-tumour efficacy of the drug. However, it is
unclear whether this was mediated through histidine metabolism. Indeed, in
pancreatic cancer cells, histidine supplementation increased the accumulation of
histidine but did not contribute to downstream intermediates of its metabolism
assessed with stable isotope tracing of histidine?®°. However, in both experiments,
histidine supplementation resulted in significant but varied metabolic alterations,
suggesting histidine may have important roles in cellular metabolism in a tissue-

dependent manner.

In a Drosophila neural tumour model, using Myc/eiF4E (eukaryotic initiation factor
4E) dependent neural mutant clones, nerfin-1 and Notch®Vad or a Myc-
independent/S6K-dependent neural mutant clone, Prospero, Froldi et al. (2018)
demonstrated that Myc-dependency sensitised clones to histidine restriction?6".
How histidine supports Myc/eiF4E-dependent cellular growth and dedifferentiation
in nerfin-1 or Notch®vated clones was not determined. However, the authors found
that HDC activity may be necessary for this process, as genetic knockdown (KD) of
CG3454 (a predicted HDC) reduced nerfin-1 clonal volume. However, this
appeared to be independent of histamine-mediated signalling?®'. Furthermore,
MYC and elF4E phenocopied the effect of histidine on clonal growth. However,
histidine sensitivity could be overcome by Myc overexpression?®!. These results

suggest an essential interaction between histidine and MYC/elF4E, by which
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histidine supports Myc/elF4E-driven cellular growth, which is inhibited under
histidine restriction but can be “rescued” by increased Myc or histamine.
Considering the role of Myc in cellular metabolism, this could suggest that histidine
is a critical amino acid for Myc-driven tumourigenesis. Furthermore, given the
essential role of LAT1 in regulating mTORCH1 signalling, and the potential
implication of histidine in LAT1 function, understanding the interplay between MYC,

LAT1, and histidine may reveal potential metabolic vulnerabilities.

1.5 Thesis Aims

A significant body of research has demonstrated “glutamine addiction”,
characteristic of MYC-dependent tumourigenesis®”111111.141 Much of this work has
focused on the biosynthetic roles of glutamine in supporting tumour growth.
However, glutamine has been demonstrated to have essential roles in EAA uptake
and mTORC1 signalling, mediated through the LAT1 transporter, although this has
been faced with contention'2148_ Significantly, LAT1 relies on high intracellular
levels of glutamine to facilitate its exchange??8. This prompts us to consider how
MY C-driven cancer cells balance an increased demand for glutamine catabolism

with an increased demand for EAAs in an environment often limited in glutamine.

Our hypothesis proposes a novel perspective on the use of histidine as a LAT1
exchange factor for EAA uptake in MYC-driven cancer cells with extensive
glutamine catabolism. Given the crucial role of LAT1 in MYC-translation and
metabolic reprogramming’®3, histidine could be a key vulnerability in these tumours,

opening up new avenues for targeted therapies.

To investigate this hypothesis, this thesis will focus on three primary objectives:
(1) To evaluate the relationship between glutamine availability and histidine
requirement in Myc-driven tumourigenesis.
(2) To investigate the role of histidine in LAT1-mediated transport and mTORC1
signalling.
(3) To target the role of histidine to impede Myc-driven mammary

tumourigenesis.
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Chapter 2. Materials & Methods

2.1 Reagents and Chemicals

Table 2-1. Stable Isotopes.
All isotopes were ordered from Cambridge Isotope Laboratories

Stable Isotope
L-Histidine ('3Cs)
L-Glutamine (amide-'N)
L-Glutamine ('3Cs)
L-Leucine ('3Cs)
D-Glucose ('3Cs)
L-Valine ('3Cs, °N)

Catalogue Number
CLM-2264-PK
NLM-557-PK
CLM-1822-H-PK
CLM-2262-H-PK
CLM-1396-PK
CNLM-442-H

Table 2-2. qPCR primers.
Primers with references were sourced, while those without were designed using Primer-

BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Gene Forward Primer (5’- to-3’) Reverse Primer (5’- to-3’)
cMyc TTGGAAACCCCGCAGACA CGGAGTCGTAGTCGAGGTCA
cMY(C?62 CCTTCTCTCCGTCCTCGGAT TCTTGTTCCTCCTCAGAGTCG
Slc7a5%%®  CTGGTCTTCGCCACCTACTT GCCTTTACGCTGTAGCAGTTC
Slc7a6?%*  TCTACCTTCGCTGGAAAGAGCC GCCACCAGAAACAAGGAGCAGA
Slc7a7?%*  AAGGTGTTGGCGCTGATTGCAG AGAGTGCCAGAGCAATGTCACC
Slc7a82%64 GCATACGTCACTGCAATGTCCC GGAGCCATTGACTCCACCAAAC
Slc38a1?%¢ TACCAGAGCACAGGCGACATTC ATGGCGGCACAGGTGGAACTTT
Slc38a2?64 GCGTTGGCATTCAATAGCACCG TCGTAGATGGGAAGAACAGCGG
Slc38a3 CTACGAGCAGTTGGGCTACC TGCCATCCATGTACCACACC
Slc38a5 TGAATGGAACCCTCTCTGCG CCCCATGATAGCGTTGCTGA
Slc38a8 ATCCTCTTGAAGTCCGCTCTG GCATGCCTCCTGCCTTGTAG
Slc43a1?%*¢ TTCCTGTGGAGCCTTGTCACCA CTCCACCTTCTGTCTCTGCTCA
Slc43a2?6¢ CAGCATCCTTGAGTTCCTGGTC TGATGTAGCCGATGACAGGAGC
Slc1a5262 GCCTTCCGCTCTTTTGCTAC GACGATAGCGAAGACCACCA
Slc7at GCAAAAACCTGCTCGGTCTG TCATAGGTGTTGAGGCAGCG
Slc36a1 GGTCGGGAGAGGTAGAGGTT AAAGAGCAGACACTGACGGG
HaP55 GGTGGCCTT AGAGGACAATG GCTCCCGGTATTTGCTGTAT
Amdhd1?® TCCACGAGTTTGCAATGAAG CTCCACCGTGAAGTTGATCC
Ftca?% AACCTGCTAAGCACCAAGGA GGACC TTTTTCAGACGTCCA
Atf4 TCCCTTTCCTCTTCCCCTCC GGATTTCGTGAAGAGCGCCA
Polr1a?%5 CGTTCATCGAGGACTACCAGT TCTTCATCAGTGGGAGCTTCA
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Polr1b?55 ATGGCGACCCTTACTACAGC GTTGTCCACAACACAGTTTTCTTTA
Polr1c?5 CGGTAACTACGCCGGTTATG ATTTGCACCACGTCCACAC

Polr1d?55 AGCGCCACCTGAGGATTT TTGAGGTCTTCAATCCTGATATTTT
Polr1e5% GAAAGGTCACATCGGAAGACA  GGGCAGAGACTTCAGCATTT
Ubtf?85 TCACTAGCACCCACTTGCTC GCTTCTCCGTTCATTCTCCA

Sirt7265 TGTCATGCAACTCCTCATGAAT GGTCGCCAAGGAGAAGATT
Rrn3%5 GCCTCCTGCCATGTACAGTT CAAAAATGCTTCTGCAAATCC

Fb/?¢5 AGGAGGATGCCCTTGTCAC GGTTCCAGGCTCTGTACTCAA
Got1 CCATCAGTCTTTGCCCAGGT TCATCTGTGCGGTACGCTCC
Got2 GCCTAAAGCCAGAGCAGGTAG TCTGTTCCTTTGCACCTGGG
Gls1 AGTCTGGAGGGAAGGTTGC GTTCCCAGGTCATTAACAGCA
B-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
HPRT TGAC ACTGGCAAAACAATGCA  GGTCCTTTTCACCAGCAAGCT

Table 2-3. Recombinant DNA.

Plasmid Source Item No.
pMDLg/pRRE Didier Trono (Addgene) 12251
pRSV-Rev Didier Trono (Addgene) 12253
pMD2.g Didier Trono (Addgene) 12259
psPAX2 Didier Trono (Addgene) 12260
pLenti PGK V5-LUC Neo Eric Campeau (Addgene) 21471
pBabepuro-Gateway Matthew Meyerson (Addgene) 51070
FUCas9Cherry Marco Herald (Addgene) 70182
FgH1tUTG Marco Herald (Addgene) 70183
pVSV-G Akitsu Hotta (Addgene) 138479
pDONR™221 ThermoFisher Sci Inc. 12536017
pBabepuro-GLUL This project N/A

Table 2-4. Antibodies used for WB, IF, and IHC analysis.
CST: Cell Signalling Technology, SCBT: Santa-Cruz Biotechnology.

Antibody Supplier Item No.
4E-BP1 CST 9644
Active Caspase-3 Bio-Techne AF835
Akt CST 9272
ASCT2 (H-52) SCBT sc-99002
Asns Proteintech 14681-1-AP
ATF4 (SD20-92) ThermoFisher MA532364
BrdU B44 BD Biosciences 347580
c-Myc [Y69] Abcam ab32072
CD11b Abcam ab133357
CD11c (D1V9Y) CST 97585
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Antibody
CD163 [EPR19518]
CD3G [EPR4517]
CD45 (D3F8Q)
CD68 [EPR23917-164]
CD8 [EPR21769]
Cyclin B1
E-cadherin (24E10)
elF2a (D7D3)
Gls1 [EP7212]
Gls2
Glutamine Synthetase
GOT1
GOT2
GSK-3a (D80OEBG)
H3K4me
H3K4me3 [14-10C-E4]
HER2/ErbB2 [EP1045Y]
K48-liknked Poly-Ub [EP8589]
Ki67
LAT1 (human)
LAT1 (mouse)
LC3B (E7X4S)
mTOR
P-4E-BP1 (Ser65)
P-elF2a (Ser51) (D9G8)
P-GSK3a (Ser21) (36E9)
P-p44/42 MAPK (Thr202/Tyr204)
P-RPS6 (Ser240/244) (D57.2.2E)
p21 Waf1/Cip1
p44/42 MAPK
p53
Phospho-AKT (Ser473)
Puromycin [12D10]
RPS6 (54D2)
SQSTM1/p62
Ubiquitin (E412J)
Vimentin (R28)
Vinculin [EPR8185]
B-actin-Peroxidase
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Supplier
Abcam
Abcam

CST
Abcam
Abcam

CST

CST

CST
Abcam

ProSci Inc.

BD Biosciences

Proteintech
Proteintech
CST
Abcam
Merck
Abcam
Abcam
Abcam
CST
2BScientific
CST

CST

CST

CST

CST

CST

CST

CST

CST

SCBT

CST

Merck

CST
Abcam
CST

CST
Abcam
Merck

Item No.
ab182422
ab134096
70257
ab283654
ab217344
4138
3195
5324
ab93434
6217
610518
14886-1-AP
14800-1-AP
4337
ab8995
05-745R
ab16901
ab140601
ab15580
5347
KAL-KE026
43566
2972
9451
3398
9316
9101
4858
2947
9102
sc-126
9271
MABE?343
2317
ab91526
43124
3932
ab129002
A3854
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Chemicals/Reagents Source Item No.
10X T4 PNK Buffer New England Biolabs B0201
10X Tango ThermoFisher Inc BY5
2-Hydoxypropyl beta-cyclodextrin Merck Life Sci Ltd. H107
2-Mercaptoethanol Bio-Rad Laboratories 1610710
4x Laemmli Sample Buffer Bio-Rad Laboratories 1610747
Adenine Cambridge Bioscience HY-B0152
Bafilomycin A1 ThermoFisher Inc J61835.MCR
Bovine Serum Albumin (BSA) Merck Life Sci Ltd. A9647
BP Clonase™ Il ThermoFisher Inc 11789020
BRD-0705 Gift from Alejandro Gutierrez?%®
BrdU Cambridge Bioscience 40024-BT
Cholera Toxin Merck Life Sci Ltd. C8052
Concanamycin A Merck Life Sci Ltd. C9705
Corning™Matrigel™ Fisher Scientific 11553620
D-Histidine ThermoFisher Inc B21027.06
DH5a competent cells ThermoFisher Inc 18265017
dithiothreitol (DTT) ThermoFisher Inc R0862
DMEM, high glucose, no glutamine Gibco 11960044
DNase | ThermoFisher Inc 18068015
dNTP Mix (10 mM) ThermoFisher Inc R0192
Doxycycline Merck Life Sci Ltd. D9891
ECL Select WB Detection Reagent Cytiva RPN2235
EGF Recombinant Mouse Protein ThermoFisher Inc 10144983
Ethidium Bromide 10 mg/mL Bio-Rad Laboratories 1610433
Fast Digest Esp31 (BsmBl) ThermoFisher Inc ER0451
FBS Gibco A5256701
Glutamine Gibco 25030081
GPNA Selleck Chem S6670
HALT™ Protease Inhibitor Cocktail ThermoFisher Inc 78429
HBSS ThermoFisher Inc 14170070
HEPES (1M) Gibco 115630056
Homocysteine Merck Life Sci Ltd. 69453
Hydrocortisone Merck Life Sci Ltd. H0888
Insulin Merck Life Sci Ltd. 11882
L-Histidine Merck Life Sci Ltd. H6034
L-Isoleucine ThermoFisher Inc J63045.14
L-Leucine Merck Life Sci Ltd. L8912
L-Methionine Merck Life Sci Ltd. M5308
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Chemicals/Reagents Source
LR Clonase™I| ThermoFisher Inc
Methylcobalamin (Vit B12) Merck Life Sci Ltd.
MG-132 Selleck Chem
Nanvuranlat (JPH203) Batch 03 Selleck Chem
Nanvuranlat (JPH203) Batch 05 Selleck Chem
Nitrocellulose Membrane Bio-Rad Laboratories
NP-40 (10% in H20) Cambridge Bioscience
One Shot™ OmniMAX™ 2T1R ThermoFisher Inc
PEI MAX Generon
Pen/Strep (5,000 U/mL) Gibco
Pictilisib (GDC-0941) Selleck Chem
Pierce 660 Protein Assay Reagent Fisher Scientific
Pierce BCA Protein Assay Reagent A ThermoFisher Inc
Pierce BCA Protein Assay Reagent B ThermoFisher Inc
Polybrene Merck Life Sci Ltd.

Fisher Scientific

Bertin Instruments
ThermoFisher Inc
Cambridge Bioscience
ThermoFisher Inc

Ponceau S

Precellys ceramic kit 1.4 mm
ProLong Gold Anitfade Mountant
Propidium lodide

Puromycin Dihydrochloride

Q5 High Fidelity

New England Biolabs

Quick CIP New England Biolabs
Random Hexamers 2B Scientific
Rapamycin Selleck Chem

RNase A ThermoFisher Inc
RNaseOUT™ ThermoFisher Inc
S.0.C. Medium ThermoFisher Inc

Sapanisertib (INK 128)

SuperScript™IIl Reverse Transcriptase

Selleck Chem

ThermoFisher Inc

T4 PNK New England Biolabs
T7 DNA Ligase New England Biolabs
Telaglenastat (CB-839) Selleck Chem
Trametinib (GSK1120212) Selleck Chem
Transferrin Merck Life Sci Ltd.
Triiodothyronine Generon

Triton X-100 Merck Life Sci Ltd.
TRIzol ThermoFisher Inc
Tween-20 Merck Life Sci Ltd.

VivoGlo Luciferin

Promega

Item No.
11791020
M9756
S2619
S8667-03
S8667-05
1620112
2111-100
C854003
24765-100
15070063
S1065
10177723
23223
23224
H9268

17435103
432-3751
P10144
14289
11417620
M0491
M0525
PM-301S
S1039
R1253

10777019
15544034
S2811

18080044
M0201
M0318
S7655
S2673

90190

AOB9374
T8787

15596026
P9416
P1043
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Table 2-6. Commercial Assays and Kits

Kit Source Item No.

Nucleospin Gel and PCR Clean-up Fisher Scientific 12303368
QIAprep Spin Miniprep Qiagen 27104
QIAGEN Plasmid Midi Qiagen 12143
Proteome Profiler Mouse Cytokine Array Bio-Techne ARY006
Kit, Panel A

Mouse IFNgamma ELISA Abcam ab282874

2.2 Cloning

2.21 CRISPR-Cas9

2.2.1.1 sgRNA Design

CRISPR/Cas9 target sites for SLC7A5 in humans and mice, as well as c-Myc in
mice, were identified using the CHOPCHOP web tool
(https://chopchop.cbu.uib.no/) and 24 bp oligonucleotides were synthesised with a
4-bp overhang, where the forward oligo included a TCCC overhang and the
reverse complement oligo included an AAAC overhang to clone into the BsmBl site
of FgH1tUTG (gift from Marco Herold (Addgene plasmid # 70183;
http://n2t.net/addgene:70183; RRID: Addgene_70183) as previously
described(Table 2-7)%.

Table 2-7. sgRNA oligonucloetides
Sense (5'-TCCC...) Anti-Sense (5'-AAAC...)
sgSLC7A5 TGTCTCCACAGTGCTGCTCA TGAGCAGCACTGTGGAGACA
sgSIc7AS CGCGGGCGCCAAGAGGCGCG GCCGAGAGCATGGCGGTCGC
sgMyc TCGGGCTCATCTCCATCCCG CGGGATGGAGATGAGCCCGA

2.2.1.2 Cloning sgRNA into FgH1tUTG

The oligos were annealed in a total volume of 10 pyL (Table 2-8) in a 96-well Bio-
Rad T100 Thermal Cycler PCR (Bio-Rad Laboratories, Inc) under the following

conditions: 30 minutes at 37°C, 2 minutes at 95°C, a 45-minute temperature
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decline from 95°C to 25°C, and a final hold at 12°C. This mixture was then diluted
at 1:200 for further use.

Table 2-8. Components of reaction to
anneal oligonucleotides

Reagent Volume
10X T4 PNK Buffer 1L
T4 PNK 1L
ddH20 6 uL
Forward (100 uM) 1L

Reverse Complement (100 uM) 1 uL
Total Volume 10 uL

The FgH1tUTG vector was digested for 1 hour in a total volume of 20 pyL at 37°C
(Table 2-9). After the restriction digestion, 1 pL of quick CIP (Calf-intestinal alkaline
phosphatase) was added to prevent re-ligation. The entire volume was run on a 1%
agarose gel (1x TAE buffer (2 M Tris, 1M glacial acetic acid, 50 mM EDTA, pH 8.5)
and stained with 0.5 pg/mL ethidium bromide (Bio-Rad Laboratories, Inc)). The
linearized vector was excised from the agarose gel, and the plasmid DNA was
extracted using the NucleoSpin® Gel and PCR Clean-up commercial kit
(MACHEREY-NAGEL GmbH & Co.).

Table 2-9. Restriction enzyme

digest of FgH1tUTG.

Reagent Volume
FgH1tUTG vector 1 Mg
10X Tango Buffer 2 uL
FastDigest BsmBI 1 uL
DTT (10 mM) 1L
ddH20 X pL
Total Volume 20 yL

The linearised vector and annealed oligos were ligated at a 1:3 ratio with T7 DNA
Ligase (New England Biolabs) according to manufacturer instructions and ligated
for 1 hour at room temperature. Subsequently, 5 uL of the ligation mixture was
used to transform chemically competent DH5a Escherichia coli (E. coli)

(ThermoFisher Scientific Inc.), which were incubated overnight at 37°C.

65



Chapter 2 Materials and Methods

2.2.1.3 Validation

Colonies were selected and cultured overnight in 2 mL of LB medium
supplemented with 100 pg/mL ampicillin. Plasmid DNA was extracted using the
QIAprep Spin Miniprep Kit (QIAGEN) according to the manufacturer’s instructions.
The plasmid DNA was sequenced by Source Bioscience Sanger DNA sequencing
with the 5- CAGACATACAAACTAAAGAAT-3’ sequencing primer.

2.2.2 Plasmid Construction for Protein Overexpression

To generate a plasmid expressing the GLUL gene encoding GS, the gene was
amplified from cDNA extracted from T47D cells. Primers were designed to target
the GLUL coding sequence, and four 5’ G residues and 25-bp attB flanking regions
were added to the primer to insert the PCR product into the pDONR™221 Gateway
plasmid (Table 2-10).

GLUL was amplified from 0.5 ug of cDNA using the Q5 High-Fidelity DNA
Polymerase (New England Biolabs) following the manufacturer’s instructions in a
final volume of 50 pyL. Gene amplification was done using a 96-well Bio-Rad T100
Thermal Cycler PCR (Bio-Rad Laboratories, Inc) (Table 2-11). The entire volume of
the PCR reaction was run on a 1% agarose gel (1x TAE buffer and stained with 0.5
pg/mL ethidium bromide (Bio-Rad Laboratories, Inc)). The 1145-bp gene was
excised from the agarose gel and extracted using the NucleoSpin® Gel and PCR
Clean-up commercial kit (MACHEREY-NAGEL GmbH & Co.).

Table 2-10. GLUL targeting primers with attB flanks for Gateway™ cloning.

Primer Sequence (5')
attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCGATGACCACCTC
GLULF AGCAAGTTC
attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTGTTAATTTTTGTAC
GLULR TGGAAGG
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Table 2-11.Thermocycling
conditions for GLUL primers.

Temp (°C) Time Cycles
98 1 min 1X
98 10s
60 60s x40
72 30s
72 2 min 1X
12 N/A

The attB-PCR was inserted into pPDONR™221(ThermoFisher Scientific Inc.) with
BP Clonase™ Il (ThermoFisher Scientific Inc.) following the manufacturer’s
instructions and 1 L of the reaction was transformed into competent One Shot®
OmniMAX™ 2 T1 Phage-Resistant cells (ThermoFisher Scientific Inc) and
incubated overnight at 37°C.

2.2.2.1 Validation

Colonies were selected and cultured overnight in 2 mL of LB medium
supplemented with 50 pg/mL kanamycin. Plasmid DNA was extracted using the
QlAprep Spin Miniprep Kit (QIAGEN) according to the manufacturer’s instructions.
Positive clones were sequenced using the M13 universal sequencing primer (Fwd
5- GTAAAACGACGGCCAGT) by Source Bioscience Sanger DNA sequencing.
Sequences were carefully checked to ensure no mutations were within the coding

sequence of GLUL.

2.2.2.2 Cloning into Lentiviral Expression Vector

GLUL from pDONR™221-GLUL was inserted into pBabepuro-gateway (a gift from
Matthew Meyerson (Addgene plasmid # 51070; http://n2t.net/addgene:51070;
RRID: Addgene_51070)) using LR Clonase™ Il (ThermoFisher Scientific Inc.) as
instructed by the manufacturer, and 1 yL of the reaction was transformed into
competent One Shot® OmniMAX™ 2 T1 Phage-Resistant cells (ThermoFisher
Scientific Inc) and incubated overnight at 37°C. Colonies were similarly amplified
and extracted as above, and successful insertion of GLUL into pBabepuro-gateway

was validated using restriction enzyme digestions.
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2.2.3 Transformation and Amplification of Plasmids

Each cloning reaction (ligation/ LR Clonase/BP Clonase) was transformed into 50
pL of indicated competent bacteria and incubated on ice for 30 minutes. After this,
they were heat shocked at 42°C for 30 seconds and transferred onto ice for 2
minutes. Recovery was done by adding 250 uL of S.0.C. Medium (ThermoFisher
Scientific Inc) to each sample and incubating at 37°C for 1 hour with rotation at 220
rom. Each transformation (50-100 uL) was plated on LB agar plates containing

relevant antibiotic for positive selection and incubated overnight at 37°C.

For amplification of the plasmid DNA, positive clones were cultured overnight in 2
mL of LB medium at 37°C with 220 rpm rotation. For midi-preps, 500 uL of the 2-
mL culture was spiked into 50 mL of LB medium and cultured overnight at 37°C
with 220 rpm rotation. Plasmid DNA was isolated from cells using the QIAGEN®

Plasmid Midi Kit (QIAGEN) according to manufacturer instructions.

2.3 Cells and in vitro experimental procedures

2.3.1 Cells

The MYC310, MYAZ16.1e, MYAZ6.6g, and MYAZ12.3i MMTV-Myc mammary
tumour cell lines were generated by previous PhD students, Dr Benedict Mclintyre
and Dr Emma Still. Briefly, MMTV-Myc mammary tumours were collected and
minced on ice with sterile razor blades. The chunks were then dissociated in 10
mL/gram of tissue of Digestion Buffer (MMEC media supplemented with 1% BSA, 1
mg/mL Collagenase (Type L)) for 30 minutes at 37°C, at 200 rpm. The mixture was
filtered through a 70 um mesh filter and pelleted by centrifugation at 530 xg for 5
minutes. The supernatant was discarded, and the pellet was washed with 5 mL of
RBC lysis solution (170 mM Tris, 150 mM ammonium chloride, pH 7.4) and
centrifuged as before. The cell pellet was resuspended in MMEC media and

propagated to generate a tumour cell line (Table 2-12).
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Table 2-12. MMEC media composition.
Component Final Concentration

DMEM N/A
iFBS 10%
HEPES 10 mM
Glutamine 2 mM
Insulin 5 ug/mL
Hydrocortisone 1 pg/mL
EGF 10 ng/mL
Pen/Strep 100 pyg/mL

The other cell lines used in this project, 67NR, BT-549, MDA-MB-231, Hs578T,
T47D, AU565, MCF7, HCC202, SKBR3, MDA-MB-453, and MDA-MB-157,
HEK293T, and Phoenix-AMPHO were obtained from the Francis Crick cell lines
repository from Cell Services. Cell Services authenticated all human cell lines by
STR (short tandem repeat) profiling. Furthermore, all cell lines used in this project
(mouse and human) were tested for mycoplasma contamination by Cell Services
and confirmed negative. The primary mouse cell lines were cultured in MMEC
media, and the remaining cell lines were cultured in DMEM (Gibco) supplemented
with 10% heat-inactivated FBS, 2 mM glutamine (Gibco), and 1% Penicillin-
Streptomycin (Pen-Strep). Cells were maintained in standard cell culture conditions

in a humidified incubator at 37°C and 5% CO and at atmospheric oxygen levels.

Experimental DMEM including (i) amino acid-free DMEM, (ii) histidine, isoleucine,
methionine, leucine, and glutamine-free DMEM, (iii) histidine and glutamine-free
DMEM, and (iv) glutamine and glucose-free DMEM were all prepared by the Media
Preparation service at the Francis Crick based on the composition of DMEM. L-
histidine, L-isoleucine, L-methionine, L- leucine, L-glutamine and D-glucose were
supplemented at the indicated concentrations. Where mentioned, homocysteine,
vitamin B12, D-histidine, and doxycycline were supplemented into DMEM. In
experiments with stable isotope labelling, the unlabelled amino acid was replaced
by the stable isotope in the medium; these included [U-'3C]-histidine, [U-'3C]-
glutamine, [amide-"°N]-glutamine, and [U-"3C]-glucose (all Cambridge Isotope
Laboratories, Inc.) at the indicated concentrations. Experimental media was
supplemented with heat-inactivated, dialysed FBS, which was prepared by

dialyzing 50 mL of FBS against 2 L of calcium-and-magnesium-free PBS (137 mM
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NaCl, 2.7 mM KCI, 10 mM NazHPOs, 1.8 mM KH2PO4, pH 7) using dialysis tubing
with a 3,500 Da molecular weight cut-off (Cat No. 68035, ThermoFisher Scientific
Inc.). The PBS was changed daily for 5 days.

2.3.2 Generating Stable Knockdown Cell Lines

MYAZ16.1e and 67NR cells with stable knockdown of Atf4 were generated via
lentiviral transduction. Lentiviral particles were produced by transiently transfecting
HEK293T cells grown in 60-mm cell culture dishes with 2 pg of the shRNA
containing vectors, pLKO-puro shAtf4 and shLuc plasmids were a gift from Dr
Andrés Méndez Lucas (Universitat de Barcelona), along with 750 ng of the psPAX2
packaging plasmid and 250 ng of the pMD2.g envelope plasmid. Transient
transfection was achieved using standard chemical transfection with 10 pg/mL
polyethylenimine (PEI) transfection at a 3:1 ratio of PEI to DNA. Media was
changed 16 hours after transfection, and virus-containing supernatants were
collected after an additional 48 hours, spun at 1000 xg for 5 minutes, and filtered
through a 0.45 ym PES filter. For infection, MYAZ16.1e and 67NR cells were
plated in 6-well plates at an optimised density to reach ~60-80% confluency at
infection and incubated with 1 mL of virus-containing supernatant and 1 mL of
standard medium with 8 ug/mL polybrene for 48 hours. Cells were then selected
with 5 pyg/mL (MYAZ16.1e) and 1 pyg/mL (67NR) puromycin until all the cells on the
respective control plates were killed. Multi-clonal cultures were propagated and

used for experiments, and knockdowns were confirmed by RT-qPCR.

2.3.3 Generating Stable Knockout Cell Lines

BT-549 and MYAZ16.1e cells were used to knockout SLC7A5/SIc7a5 or Myc using
a two-vector system. Cells were first transduced with lentiviral particles containing
only Cas9 with a fluorescent cherry promoter (FUCas9Cherry (a gift from Marco
Herold (Addgene plasmid # 70182; http://n2t.net/addgene:70182; RRID:
Addgene_70182)). These cells were then selected for a pure population and
subsequently transduced with lentiviral particles containing (i) an empty FgH1tUTG
vector or (i) FgH1tUTG containing the desired sgRNA. Notably, the FgH1tUTG is
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an inducible sgRNA with a constitutive fluorescent GFP reporter. After which,

double-positive cells were selected.

Lentiviral particles were produced in HEK293T cells as described above; however,
a third-generation lentiviral packaging system was used with 2 ug of the vector:
pMDL (1 pg), pRSV-rev (500 ng), and p-VSV-G (600 ng).

For BT-549 sgSLC7AS cells, a bulk population of double-positive cells expressing
FuCas9Cherry and FgH1tUTG were selected via flow-assisted cell sorting for
mCherry and GFP using an Avalon cell sorter. For MYAZ16.1e cells, a bulk
population of mCherry positive FUCas9Cherry expressing cells were sorted. After
the transduction with FgH1tUTG with sgSic7a5 and sgMyc, the cells were sorted as
double-positive single cells into a single well of a 96-well cell culture plate to
generate clonal populations using the MoFlo XDP cell sorter (Beckman Coulter Life
Sciences), assisted by the Flow Cytometry service at the Francis Crick. Knockouts

were confirmed by immunoblotting.

2.3.4 Generating Stable Overexpression Cell Lines

Phoenix-AMPHO cells were plated in a 60-mm cell culture dish and transfected
with 5 ug pBabepuro-GLUL at a 1:3 ratio with PEI. The media was changed after
16 hours and the virus-containing supernatant was collected after another 48
hours. MYAZ16.1e cells were transduced in a 6-well plate with 1 mL of the virus-
containing supernatant, 1 mL of MMEC media, and 8 ug/mL polybrene and cultured
for 48 hours. Positive cells were selected with 5 pg/mL puromycin until all cells on
the control plate were killed. The culture was propagated, and successful

overexpression of GS was confirmed via immunoblotting.

HEK293T cells were plated in a 60-mm cell culture dish and transfected with 2 pg
pLenti PGK V5-LUC Neo (was a gift from Eric Campeau (Addgene plasmid #
21471; http://n2t.net/addgene:21471; RRID: Addgene_21471)) and 750 ng psPAX2
and 250 ng pMD2.g using standard chemical transfection of PEI at a 3:1 ratio PEI
to DNA. MYAZ16.1e cells were transduced as described above and selected with
500 pg/mL Geneticin™ (Thermo Fisher Scientific Inc.).
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2.3.5 Small Molecule Inhibitors

A range of inhibitors, including CB-839, JPH203, GDC0941, Trametinib,
Rapamycin, Ink128, Concanamycin A (ConA), Bafilomycin A1 (BafA1), MG-132,
GPNA, BRD-0705 were used to modulate pathway activity as required for each
experiment. The specific inhibitors, their concentrations, and treatment conditions

are provided in the corresponding figure legends.

2.3.6 Proliferation Assays

For proliferation assays, the indicated cells were washed with PBS prior to
changing to the indicated experimental conditions. If the proliferation assays lasted
for >3 days, the experimental media was refreshed. Cell proliferation was quantified
using the IncuCyte® imaging system (Sartorius) which tracks living cells and

quantifies the confluency of cells over time.

2.3.7 SUnSET

To measure nascent global protein synthesis, the SUnSET(surface sensing of
translation)?® assay was used; prior to the collection of cells for the preparation of
lysates, they were administered 10 pg/mL of puromycin for 10 minutes. To confirm
the efficacy of puromycin incorporation into proteins, cells were treated with 100 nM
of cycloheximide (CHX) 20 minutes before the addition of puromycin, for a total
time of 30 minutes. After which cells were washed with ice-cold PBS on ice and

lysed as described below for western blot (WB) analysis.

2.3.8 BrdU-PI Cell Cycle Analysis

MYAZ16.1e, MYAZ6.6g and MYAZ12.3i cells were seeded in 5 x150-mm plates at
8.0 x 108 cells/plate and cultured overnight. These plates correlated to a control
(pre-starved), starved (-AA), histidine preloaded (-AA+H), starved replenished (-
AA/DMEM) and histidine preloaded replenished (-AA+H/DMEM). Besides the
control plate, the media was changed to amino acid free medium (DMEM without

amino acids supplemented with 2% dFBS and 1% Pen-Strep) with or without 200
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MM of histidine for 48 hours. After which the medium was changed to amino acid
replete MMEC media on the indicated plates for 15 hours. One hour prior to
collection, 10 uM bromodeoxyuridine (BrdU) was added to each plate, and cells
were detached with Trypsin (Gibco) for collection and neutralised with MMEC
media, cells were pelleted via centrifugation at 300 xg for 5 minutes and the pellet
was washed with PBS. The supernatant was discarded, and for every 2.0 x 10°
cells, the cell pellet was resuspended in 50 pyL of HBSS with 2% FBS, followed by
the dropwise addition of 1 mL ice-cold 70% ethanol while gently vortexing. Cells
were then incubated on ice for 60 minutes to allow fixation before proceeding with

BrdU and PI (propidium iodide) staining.

The following protocol is for 2.0 x 10° cells. The cells were pelleted at 500 xg for 5
minutes, the supernatant was carefully removed, and cells were washed twice with
HBSS containing 2% FBS. The pellet was resuspended in 1 mL of 2N HCI with
0.5% Triton X-100 and incubated at room temperature for 30 minutes. Following
another centrifugation, cells were resuspended in 1 mL of 0.1 M sodium borate

(NaB4O7, pH 8.5) and incubated for at least 30 minutes at room temperature.

Cells were then pelleted and resuspended in 0.5 mL of antibody solution (PBS, 1%
BSA, 0.2% Tween-20) containing mouse anti-BrdU antibody (1:100, BD
Biosciences). After incubation at room temperature for 30 minutes, cells were
washed with 1 mL PBS, pelleted, and resuspended in 500 pL antibody solution
containing Alexa Fluor™ 488 goat anti-mouse secondary antibody (1:200,
ThermoFisher Scientific Inc.). The mixture was incubated in the dark for 30 minutes

at room temperature.

Following a PBS wash, cells were pelleted again and resuspended in 0.5 mL
propidium iodide (PI) solution (0.1 mg/mL in HBSS with 0.6% NP-40), vortexed
gently, and 0.5 mL RNase A solution (0.2 mg/mL in HBSS) was added. The cells
were incubated for 30 minutes at 37°C in the dark. Finally, cells were filtered

through a 40 um mesh filter and stored at 4°C in the dark until analysis.

The samples were analysed for FITC- (i.e., BrdU) and Pl-positive cell detection

using a BD FACSAria™ Ill Cell Sorter (BD Biosciences), assisted by a postdoctoral
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fellow in our lab, Dr Sharavan Venkateswaran. Single cells were identified by
gating based on forward and side scatter. Compensation and gating were done
using unstained and single-stained controls. The FITC-positive cells were detected
using the 530/30 band-pass filter, and Pl was detected in the 695/40 band-pass
filter. Between 5,000 to 10,000 events were collected for each sample. Data was
analysed by Dr. Sharavan Venkateswaran using FlowJo software (BD
Biosciences). Both parameters were plotted against each other, and the
populations were identified as G0/G1, S, and G2/M based on Pl (DNA-content) and
FITC (BrdU)-Positive cells. FITC(BrdU)-negative cells were denoted as G0/G1 and
G2/M and separated by their DNA content. BrdU positive cells were denoted as S-

phase.

2.3.9 Immunofluorescence

For indicated experiments, cells on glass coverslips were washed three times with
ice-cold PBS, then fixed in 4% paraformaldehyde (PFA) in PBS for 12 minutes at
room temperature. After fixation, cells were washed five times with PBS. Blocking
and permeabilisation were performed using 3% BSA and 0.2% Triton-X in PBS for
12 minutes at RT. Cells were washed three times with PBS, followed by incubation
with the indicated primary antibody solution (3% BSA in PBS) at the appropriate
dilution overnight at 4°C. The primary antibodies used were ASCT2 (Santa Cruz
Biotechnology) and BrdU (BD Biosciences).

After incubation with the primary antibody, cells were washed five times with PBS
and incubated with the required secondary antibody solution (3% BSA in PBS), for
1 hour at room temperature in the dark. Cells were washed five times with PBS
before nuclear staining by incubating cells with DAPI (1:10,000) for 5 minutes. Cells
were washed another 5 times before mounting onto slides with ProLong™ Gold

Antifade Mountant (ThermoFisher Scientific Inc.).
The staining was imaged with an Axio-Imager M2 upright microscope (ZEISS) and
images were prepared with the opensource image analysis software, FIJI

(https://github.com/fiji).
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2.4 Mouse models and in vivo experimental procedures

2.41 Mouse Models

All mouse procedures and husbandry complied with United Kingdom Home Office
under the Animals (Scientific Procedures) Act 1986 regulations and received
approval from the Animal Welfare and Ethical Review Panel under the project
license number PP3464389 at the Francis Crick Institute. The mouse models
utilised in this project included wildtype FVB/NJ and NOD-SCID (Nod-Pkrdcsed)
females (from in-house colonies at the Francis Crick Institute), and transgenic
MMTV-MYC (Tg(MMTV-MYC)141-3Led, MGI ID: 2447500), and MMTV-ErbB2
(Tg(MMTV-ErbB2)NK1Mul, MGI ID: 3050871), originally obtained from The
Jackson Laboratory, but crossed onto the FVB/N mouse strain for >10 generations.
Mice were genotyped to confirm expression of MYC and ErbB2. Mice were bred

and housed under specific-pathogen-free conditions at the Francis Crick Institute.

2.4.2 Tumour initiation by Mammary Fat Pad Injection

In vivo experiments were either done directly on transgenic MMTV-Myc and
MMTV-ErbB2 mice, or on orthotopic allografts generated through mammary fat pad
injection of MYAZ16.1e cells or tumour cells that were dissociated and isolated
from MMTV-Myc or MMTV-ErbB2 tumours, as described above, and prepared,
without passaging (PO0), in FBS with 10% DMSO and stored in liquid nitrogen.

MYAZ16.1e mammary tumour cells and derivative cell lines cultured overnight
were detached with Trypsin (Gibco), neutralised with MMEC media, and washed
two times with PBS. Cells were counted and resuspended to 10.0 x 108 cells/mL.
Individual aliquots per mouse were prepared by combining 12 uL of the cell
suspension with 48 pL of Matrigel (Corning) to make a total volume of 60 yL. The
resulting mixture consists of a 1:4 ratio of cell suspension to Matrigel™, and 1.2 x
105 cells. From these aliquots, 50 uL of the suspension was injected into the fourth
inguinal mammary fat pad of 8- to 10- week-old virgin FVB/NJ or NOD-SCID mice,
as indicated. MMTV-Myc and MMTV-Erbb2 PO cells were prepared via a similar
method. However, they were thawed at 37°C and centrifuged at 300 xg for 5
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minutes before being washed two times with PBS. Furthermore, the cell
suspension was modified to inject a 2.5 x 10° cells/mouse. Tumours were detected
within two weeks of injection and were carefully monitored for signs of distress,
poor health, or weight loss. Weight loss of 20% from the initial measurement or
15% in the last 72 hours was used as a criterion for humane euthanasia.

Calipers were used to measure the length and width of tumours, and the tumour
volume was calculated by determining the ellipsoid volume?®°:

length X width?
2
Tumours were measured by the Biological Research Facility at the Francis Crick

Institute.

2.4.3 Diets

For amino acid restriction diets, the following TestDiet® Baker AA synthetic diets

(IPS Product Supplies Ltd.) were used:

e S5WTU: no added histidine

e 5GFQ: 0.1% added histidine (20% histidine diet)

e S5WAT1: histidine control diet

e 5BYB: no added glutamine or non-essential amino acids (5BYB)

e 5BYA: glutamine control, which includes glutamine but no NEAAs.

Other amino acids were proportionally increased in these diets to maintain overall

amino acid intake.

Mice were placed on the histidine diets at 5-6 weeks of age and for 3 weeks prior to
tumour initiation via mammary fat pad injection. During the first week, mice were
weaned onto their respective diets through a stepwise increased in the amount of
the experimental diet relative to their regular diet. This included 2 days at 25%, 2
days at 50%, and 2 days at 75% before being placed on 100% experimental diet
for the remainder of the experiment. Mice remained on the same diet until the
experimental endpoint. For the glutamine diets, mice were started on the diet from
4-5 weeks of age and continued for 6 weeks until tumour initiation by mammary fat

pad injection. To assess the efficacy of the diets, approximately 50-200 uL of blood
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was routinely collected from tail vein bleeds. This was allowed to clot on ice for 10
minutes before centrifugation at 1,600 xg for 10 minutes at 4°. The serum was
transferred to a new Eppendorf, flash frozen in liquid nitrogen, and moved to long-

term storage at -80°C.

The other experimental diets used in this project were Teklad custom rodent diets

(Envigo):

e TD.08541: 0.625 g/Kg Doxycycline hyclate on a standard diet base
e T.2918Mi.12: standard diet

For the doxycycline diet treatments, mice were placed on the standard or
doxycycline diet when tumours reached 100 mm? and maintained on the diet

throughout the experiment.

The Biological Research Facility at the Francis Crick Institute weighed mice daily
for the first week of experimental diets and then once a week for the duration of the

experiment.

244 JPH203 Preparation and Administration

JPH203 (Selleck Chem) was prepared for intraperitoneal injections by first
dissolving 1.25 or 2.0 mg of JPH203 in DMSO. This solution was then diluted with
a mixture of 25% w/v (2-Hydroxypropyl)-B-cyclodextrin (Merck) in 0.9% saline,
resulting in a final solution where the drug and diluent were mixed in a 1:4 ratio.
The final preparation has a concentration of 1.25 mg/mL or 2 mg/mL JPH203,
respectively, with 20% DMS0O/20% B-cyclodextrin in 0.9% saline. The vehicle was
20% DMSO/20% B-cyclodextrin in 0.9% saline.

Mice received a daily intraperitoneal (IP) injection of JPH203 at the indicated

experimental concentrations and duration. Daily administration of JPH203 was

done by the Biological Research Facility at the Francis Crick Institute
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2.4.5 Stable-isotope Labelling

Stable-isotope labelling was achieved either through a bolus injection (one injection
of histidine or leucine for 5 minutes or 2x injections of glutamine for 15 minutes
each) or a 3-hour infusion of histidine. The short-term histidine and leucine boluses
were used to assess uptake and transporter function into tissues, whereas the
long-term infusion assessed 3C incorporation from histidine into various
metabolites. The glutamine was used to assess whether the tumour's capacity to

take up and catabolize glutamine was affected.

[U-"3C]-histidine (Cambridge Isotope Laboratories) was diluted to 25 mg/mL in
0.9% saline and administered through intravenous (1V) injection into the tail vein at
0.107 mg/gBW (body weight). [U-"*C]-leucine (Cambridge Isotope Laboratories)
was diluted to 20 mg/mL in 0.9% saline and administered through the tail vein at
0.086 mg/gBW. [U-'3C]-glutamine (Cambridge Isotope Laboratories) boluses were
separated into two consecutive 15-minute boluses due to the poor solubility of
glutamine. [U-"3C]-glutamine was diluted to 40 mg/mL in 0.9% saline and

administered through the tail vein for a combined total of 0.34 mg/ gBW.

Infusions of [U-'3¢]-histidine were provided through a tail vein catheter, using an
Aladdin AL-1000 pump (World Precision Instruments) in mice under general
anaesthesia with isofluorane. [U-'3€]-histidine was dissolved to 40 mg/mL in 0.9%
saline. A 0.12 mg/gBW bolus was first administered, followed by a 3.45
Mg/gBW/min infusion for 3 hours.

At the end of the bolus or infusions, the blood was collected via cardiac puncture,
incubated on ice to clot for 10-30 minutes, and centrifuged at 1,600 xg for 10
minutes at 4°C. The serum was transferred to a new Eppendorf and flash-frozen in

liquid nitrogen before storage at -80°C until further use.

2.4.6 IVIS Bioluminescence Imaging

Bioluminescence images were captured using the IVIS Spectrum (PerkinElmer
Inc), and the bioluminescence signal within the region of interest (ROI) was

quantified with the Living Image® software (Revvity). Mice bearing orthotopic
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allografts of MYAZ16.1e V5-Luc-expressing cells received an IP injection of 150
mg/kg D-Luciferin (30 mg/mL in 0.9% saline, Promega Corporation). Approximately
10 minutes post-injection, the mice were placed in an induction chamber under
general anaesthesia with isoflurane and then transferred to the IVIS Spectrum
imaging chamber, where anaesthesia was maintained. Bioluminescence images
were captured 15 minutes post-injection. The ROl was drawn around the tumour

area, and the total flux (photons/second) was calculated.

2.4.7 Tumour Interstitial Fluid Collection

To collect tumour interstitial fluid (TIF), tumours collected from mice were first
washed in 0.9% saline and blotted on Whatman filter paper to remove any residual
blood. The tumours were placed into chilled 0.22 um filter centrifuge tubes (Costar,
Product No.8160) and centrifuged 500 xg for 10 minutes at 4°C. The resulting TIF
volume was measured, flash-frozen in liquid nitrogen, and stored at -80°C for future

use.

2.4.8 In vivo SUnSET

For in vivo measurement of nascent global protein translation, mice were
administered an IP injection of 0.02 mg/gBW puromycin (5 mg/mL in 0.9% saline).
After 30 minutes, tissues were dissected and flash-frozen in liquid nitrogen before

storage at -80°C for future WB analysis.

249 Immunohistochemistry and Analysis

Dissected tissues were placed in 10% neutral buffered formalin and incubated for
48 hours at 4°C with rotation. Tissues were then stored in 70% EtOH and
dehydrated for up to one week before embedding in paraffin blocks. Haematoxylin
and Eosin (H&E) staining, along with immunohistochemistry (IHC), was performed
by the Experimental Histopathology (EHP) service at the Francis Crick Institute.
IHC markers used include Ki67, Cleaved Caspase 3 (CC3), Lat1, Myc, CD45, CD3,
CD8, CD11b, CD68, CD163, CD11c. Images were acquired using an Axioscan 7

brightfield microscope slide scanner (Zeiss) at 20x magnification.
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2.4.9.1 Cell Positive Detections

Cell detection for IHC staining was performed using the open-source image

analysis software, QuPath (version 0.5.1) (https://qupath.github.io/) with the

positive cell detection tool (Analyze 2 Cell Analysis 2 Positive cell detection). Key
parameters were defined based on stain intensity and localization. For
quantification of Ki67, CC3, CD45, CD8, and CD3 a Nucleus:DAB OD mean was
applied, as the nucleus was obscured by staining, and a cell expansion of 5 was
used. The minimum and maximum areas were set to 10 ym and 400 ym,
respectively, and the staining threshold was set to 0.05. Staining intensity was not
scored, and the total number of positive cells was quantified as a percentage of the

total cells within the tumour.

2.4.9.2 Membrane Staining Scoring

A previously published method was employed to score LAT1 IHC staining intensity
at the cell membrane?’°. Briefly, this method used a custom Groovy script to detect
cells, and thresholds were applied to score staining as high (> 1.0), medium (> 0.6
and < 1.0), or low (> 0.3 and < 0.6) based on the mean DAB signal intensity in the
membrane compartment, following image deconvolution and cell segmentation.
The resulting quantification provides the total number of cells and the number of

cells classified as high, medium, or low.

2.4.10 Cytokine Array

The Proteome Profiler Mouse Cytokine Array Kit (Bio-Techne Ltd.) was used to
assess changes in the cytokine profile within mammary tumours on control or
histidine diets according to manufacturer protocol. Protein lysates were prepared
as described previously for tumour tissue, and 250 ug of each sample was loaded
onto each membrane. Membranes were imaged using an Amersham
ImageQuant™ 800 (Cytiva Life Sciences). Images were taken consecutively every
1 minute for up to 10 minutes. To quantify pixel intensity for each
cytokine/chemokine the Protein Array Analyzer for ImageJ macro was used in FIJI
(https://github.com/fiji )2"".
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2.4.11 IFNy Assay

To quantify IFNy in tumours from mice fed either a control diet or histidine-reduced
diet, a Mouse IFN gamma ELISA kit (Abcam Ltd.) was used according to the
manufacturer’s instructions. For each reaction, 50 ug of tumour protein lysate was
prepared as previously described. IFNy concentration for each sample was

determined by interpolation from a standard curve.

2.5 Tumour Slice Culture

An Ex vivo tumour slice culture system was carried out as previously published?2.

A brief overview is provided below.

2.5.1 Tissue Processing

Large (> 500 mm?3) MMTV-Myc mammary tumours were dissected from mice, cut in
half using a sterile razor blade for easier handling and stored in ice-cold PBS for
processing. Automated slicing was carried out using a Leica VT1200 S Semi-
Automatic Vibrating Blade Microtome (Leica Biosystems). Tumour slices were cut
to a thickness of 300 um and transferred to a cell-culture dish with sterile ice-cold

PBS. Tumour slices were all prepared within 2 hours of tumour collection.

2.5.2 Culture Conditions

Medium |, as detailed in Naipal et al. (2016)?"2, was used as the culture medium
(Table 2-13). The Media Preparation service at the Francis Crick Institute was used
to prepare DMEM and HAM’s F12 and amino acid-free versions. Tissue slices were
cultured in 2 mL of media in a 12-well tissue culture plate and cultured at 5% CO2
at 37°C and atmospheric oxygen levels and were subjected to rotation with an
orbital microplate shaker. After 24 hours, the media was changed to experimental
conditions, where DMEM and HAM'’s F12 were replaced with the amino acid free
version, and tumour slices were either starved in the presence or absence of 1.6
mM histidine for 48 hours. After 48 hours, the respective tissue slices were
replenished with the complete Medium | for indicated times. For WB analysis, the

tumour slices were provided with 10 pg/mL of puromycin for 10 minutes prior to
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collection. At collection, the slices were washed in PBS, flash frozen in liquid

nitrogen, and stored at -80°C until further use.

Table 2-13. Medium | Composition.
For ex vivo tumour slice cultures?’2

Component Final Concentration

DMEM 66.60%
HAM's F12 33.30%
iFBS 2%
Glutamine 2 mM
Hydrocortisone 0.3 pg/mL
Insulin 4 pg/mL
Transferrin 4 pg/mL
Triiodothyronine 1 ng/mL
EGF 8 ng/mL
Cholera toxin 7 ng/mL
Adenine 0.2 mg/mL
Pen/Strep 1%

2.6 Metabolomics for LC-MS

All polar extracts were analysed by Liquid-Chromatography Mass-Spectrometry
(LC-MS) using a Q Exactive Plus (Orbitrap) Mass Spectrometer coupled to a
Vanquish UHPLC system (ThermoFisher Scientific Inc.), conducted by Dr. Paul
Driscoll of the Metabolomics Science Technology Platform at the Francis Crick
Institute as previously described?”3. Chromotographic separation was performed on
a SeQuant Zic pHILIC (150 mm x 4.6 mm, 5-um particle) column (Merck). The LC
parameters were set to a flow rate of 300 yL/min, and 5 pL of each sample was
injected. MS was operated to alternate between positive negative polarity modes,
scanning across a mass range of 70-1050 m/z with a resolution of 70,000. Quality
control samples were regularly analysed to monitor system stability and

performance.

2.6.1 Tissue

Tissues were ground in liquid nitrogen using a mortar and pestle, then lyophilised

overnight in a FreeZone 4.5 Freeze Dry System (Labconco). Notably, the normal
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mammary gland was not lyophilised; therefore, the dry weight of this tissue was not
determined. Polar metabolites were extracted using a biphasic extraction method.
For each sample, 3-5 mg of lyophilised tissue was extracted with 1.2 mL of
chloroform and 0.6 mL of methanol (2:1) containing the internal standard, 5 pMjsinay
[U-T3C'SN]-valine. Samples were vortexed at maximum speed for 30 seconds each,
sonicated for three rounds of 8 minutes and incubated for 1 hour at 4°C. Following
this, samples were centrifuged at 21,000 xg for 20 minutes at 4°C, and the
supernatant (SN1) was collected and vacuum-dried using a rotational-vacuum-
concentrator RVC 2-33 CD (Christ). The remaining pellet was re-extracted with 500
ML methanol and 250 pL water (Optima™LC/MS Grade, fisher scientific,
10095164) (2:1). After vortexing for 30 seconds and sonication for three 8-minute
rounds at 4°C, the samples were centrifuged at 21,000 xg for 20 minutes at 4°C.
The resulting supernatant (SN2) was combined with SN1 and vacuum dried. The

final pellet was retained for protein quantification.

Once the samples were thoroughly dried, biphasic partitioning was performed to
separate the polar phase. A 1:3:3 ratio of chloroform:methanol:water was added to
each sample, followed by vortexing for 30 seconds. Samples were then centrifuged
at 21,000 xg for 5 minutes at 4°C, resulting in three distinct phases: a top polar
phase, an interphase of insoluble proteins and debris, and a bottom apolar phase.
The polar phase was either vacuum-dried for storage at -80°C or 100 yL was

submitted to the facility at the Francis Crick Institute for analysis.

2.6.2 Cells

Cells were seeded in triplicate in a 6-well cell culture plate for all metabolomics
experiments with the indicated experimental conditions. At collection, cells were
rinsed with ice-cold PBS before submerging the plate in liquid nitrogen and
maintaining it on dry ice until metabolite extraction. Cells were scraped with 750 pL
of ice-cold MeOH, 250 uL water with 5 uMisinay [U-13C'°N]-valine and 250 uL
chloroform (3:1:1). Samples were vortexed at maximum speed for 30 seconds each
and sonicated for 3 rounds of 8 minutes and incubated overnight at 4°C. Then,
samples were centrifuged at 21,000 xg for 10 minutes at 4°C. The supernatant was

collected and 500 uL of water was added, adjusting the methanol:water: chloroform
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ratio to 3:3:1 and enabling biphasic partitioning. The samples were vortexed and
centrifuged at 21,000 xg for 5 minutes at 4°C. The polar phase was vacuum-dried
using a rotational-vacuum-concentrator RVC 2-33 CD (Christ). The vacuum-dried
polar phase was either stored at -80°C until submission or resuspended in 100-200
pL of a 1:1 mixture of methanol: water, and 100 yL was submitted to the
Metabolomics facility for LC-MS analysis. The pellet was retained for protein

quantification.

2.6.3 Protein Quantification from MeOH:Chloroform Lysates

The cell pellets following methanol chloroform extraction were used for protein
extraction for LC-MS data analysis normalization. For experimental subsets where
the mammary fat pad was not included in the analysis, the dry weight was used for
normalization. Pellets were resuspended in 100 pL of freshly prepared Urea lysis
buffer (6M Urea, 15 mM DTT, 2% CHAPS). Samples were vortexed for 30 seconds
each and sonicated for 8 minutes and incubated at room temperature on an orbital
shaker at 100 rpm for 30 minutes. Samples were then centrifuged at 10,000 xg for
5 minutes at room temperature. BSA standards were prepared in the urea lysis
buffer and the Pierce™ 660nm protein assay kit (ThermoFisher Scientific Inc.),
which is compatible with high concentrations of urea, was used to quantify protein.
Briefly, 10 uL of each sample was loaded into a well of a 96-well plate and 150 yL
of the assay reagent was added to each sample. The samples were then incubated
for 5 minutes in the dark at RT. Absorbance was then measured on an Infinite
M1000 Pro Multimode Microplate Reader (Tecan Group) at a wavelength of 660
nm. Total protein content for each sample was quantified by interpolating from a

standard curve of known concentrations that was prepared.

2.6.4 Media/Serum

Media from in vitro experiments and serum collected from blood were extracted
following the same protocol. For each sample, 10-15 pL was first precipitated with
3:1 ratio of ice-cold methanol with the serum or media. Samples were vortexed and
incubated on ice for five minutes for precipitation and then centrifuged at 21,000 xg

for 10 minutes at 4°C. A 1:1 mixture of methanol and water was prepared with 5
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UMinay [U-"2C"®N]-valine. The supernatant was then collected for biphasic
partitioning with a 3:3:1 ratio of methanol: water: chloroform. The samples were
vortexed and then centrifuged at 21,000 xg for 5 minutes at 4°C, revealing three
phases. The top polar phase was isolated and submitted to the Metabolomics

facility at the Francis Crick Institute for LC-MS analysis.

2.6.5 LC-MS Data Analysis

The LC-MS data analysis was performed using either the TraceFinder software
(version 5.1, ThermoFisher Scientific Inc.) or Xcalibur™ software (ThermoFisher
Scientific Inc). Compound identification across both platforms was based on
accurate mass measurements (= 5 ppm), retention time (+ 0.5 min), and matching

isotope patterns.

TraceFinder was used for the method development, data processing, semi-
automated peak detection, and report generation, providing quantified peak areas.
A compound database containing accurate masses was employed for method
development, and retention times were verified using standard mixes containing
relevant compounds. Peak areas were normalized against the internal standard
area and either the total protein content (ug) or dry weight (mg). To quantify
fractional enrichment and apply natural isotope abundance correction, a custom
script (IDLE, Python version 3.12) developed by the Metabolomics facility at the
Francis Crick Institute was used. Fractional enrichment is presented as the
percentage of all labelled isotopologues (> m+0) relative to the total amount of the

metabolite.

XCalibur was used for most of this project but was later discontinued due to
software issues. Compound identification and retention times were determined
using FreeStyle™ (version 1.7, ThermoFisher Scientific Inc.) by comparing to
standard mixes of relevant compounds. A method for peak detection was
developed in XCalibur using the Processing Setup function, which incorporated
relevant compounds and their retention times. Samples were processed using the
Sequence Setup function, and peak areas were quantified in Quan Browser

through semi-automated peak detection, which generated the final reports. For
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normalization and natural isotope abundance correction, an in-house LC-MS data
analysis script, developed by Dr. Avinash Ghanate (https://avi-
crick.shinyapps.io/MS-Wizard/), was applied.

Normalized relative abundance indicates peak area (arbitrary units) normalized to
the peak area of the internal standard ([U-'3C'SN]-valine) and either the dry weight
(milligram, tissue), protein (microgram, cells and tissues with the NMG), or volume

(microlitre, media and blood).

Percent labelling or fractional enrichment was quantified as the proportion of a
specific metabolite that contains any labelled atom (m+1 and above) relative to the
total amount of that metabolite (m+0 to m+n). This reflects the percentage of

molecules with any incorporation of the stable isotope tracer.

2.7 Quantitative Real-Time PCR

2.7.1 RNA Extraction

Cells were washed with ice-cold PBS and scraped with 0.5- 1.0 mL of TRIzol™
(ThermoFisher Scientific Inc.). For tissues, 1 mL of TRIzol™ was added to
approximately 3-5 mg of tissue. RNA was extracted according to the
manufacturer’s instructions. Then, 1 ug of RNA was treated with 1U of DNase (1
U/uL ThermoFisher Scientific Inc.) before reverse transcription. The RNA quality
and concentration were measured using a NanoDrop™ 2000 spectrophotometer

(ThermoFIsher Scientific Inc.). RNA was stored at -80°C until future use.

2.7.2 Reverse Transcription

1 ug of DNase-treated RNA was incubated with 0.5 yM random hexamers
(0.5uM/uL, Jena Bioscience GmbH) and 10 nmol dNTP mix (10 mM, ThermoFisher
Scientific Inc.) and heated to 65°C for 5 minutes and incubated on ice for up to 5
minutes. This was then used for reverse transcription reactions with
Superscript™IIl Reverse Transcriptase and treatment with RNase OUT (both
ThermoFisher Scientific Inc.) according to the manufacturer’s instructions. The
cDNA was then stored at -20°C until further use.
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2.7.3 qPCR

Quantitative PCR was performed on the ViiA 7 Real-Time PCR system (Applied
Biosystems) using Power SYBR™ Green PCR Master Mix (ThermoFisher
Scientific Inc.), following the manufacturer’s instructions. In brief, 100 ng of cDNA
and 5 pmol of forward and reverse primers were used in each 10 pL reaction,
loaded onto a MicroAmp Optical 384-Well Reaction Plate (ThermoFisher Scientific
Inc.). Primer sequences are listed in (Table 2-2). Thermal cycling conditions
included an initial enzyme activation step at 10 minutes at 95°C, followed by 40
cycles of denaturation at 95°C for 15 seconds and annealing at 60°C for 60
seconds. A melting-curve analysis was performed at the end of amplification to

verify primer specificity.

Relative gene expression was calculated from Ct values using the 22t method,
normalized to B-actin or HPRT. Primer binding efficiencies were not calculated.
Each sample was run in triplicate, with a standard deviation below 0.2; a single
technical replicate was discarded if it markedly shifted the standard deviation away

from 0.2. No-template controls were included to check for contamination.
2.8 Immunoblotting

2.8.1 Cell and tissue lysis

Prior to lysis, cells were scraped on ice in ice-cold PBS and centrifuged at 300 xg
for 5 minutes at 4°C, the supernatant was discarded and the cell pellet was
resuspended in 100-200 pL of Triton-X lysis buffer (1% Triton X-100, 150 mM
NaCl, 50 mM Tris (pH 8.0)) supplemented with Halt™ Protease Inhibitor Cocktail
(100X, ThermoFisher Scientific Inc.) and phosphatase inhibitors 10 mM sodium
fluoride (NaF) and 1mM sodium orthovanadate (Na3zVO4) and samples were
vortexed for 15 seconds at maximum speed. Tissue samples and tumour slices
were lysed in Triton-X lysis buffer supplemented with protease and phosphatase
inhibitors using the Precellys Cryolys Evolution tissue homogenizer with ten 1.4
mm ceramic beads per sample (both Bertin Technologies). Cell and tissue samples
were subsequently processed the same. Samples were incubated on ice for 15

minutes, then centrifuged at 21,000 xg for 15 minutes at 4°C to pellet cell debris.
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The supernatant was collected, and protein was quantified using the Pierce™ BCA
Protein Assay kit (ThermoFisher Scientific Inc.) according to manufacturer’s
protocols. Briefly, 2 uL of each sample was loaded in duplicate in a 96-well plate,
along with protein standards prepared from a known concentration of BCA, and
200 uL of a 50:1 mixture of Reagent A and Reagent B was added to each well. The
samples were incubated at 37°C in the dark for up to 30 minutes. Absorbance was
measured on an Infinite M1000 Pro Multimode Microplate Reader (Tecan Group) at
562 nm. The concentration of each sample was interpolated from a standard curve.
Samples were prepared to 1-2 pg/uL using 4x Laemmli Sample Buffer
supplemented with 10% 2-mercaptoethanol (both Bio-Rad Laboratories, Inc.) and

directly loaded onto SDS-polyacrylamide gel or stored at -20°C for future use.

2.8.1.1 Histone Extraction

Cells were harvested by scraping in ice-cold PBS and centrifuged at 300 xg for 5
minutes at 4°C to pellet cells. The supernatant was discarded, and the cell pellet
was resuspended in Triton X-100 lysis buffer supplemented with protease and
phosphatase inhibitors at a concentration 107 cells/mL. The suspension was gently
vortexed for 10-15 seconds and incubated on ice for 15 minutes, followed by
centrifugation at 6,500 xg for 10 minutes at 4°C to pellet the nuclei. The nuclei were
washed with half the volume of Triton X-100 lysis buffer used in the first extraction,
gently resuspended by vortexing, and centrifuged as above. The supernatant was
discarded, and the pellet was resuspended in 100 pL of 0.2 N HCI (in Triton X-100
lysis buffer) and sonicated for 8 minutes to free histones. This suspension was
rotated overnight at 4°C, then centrifuged again at 21,000 xg for 10 minutes at 4°C.
The supernatant containing the histones was collected and neutralised with 2M
NaOH (approx. 10 yL). The protein concentration was measured using the
Pierce™ BCA Protein Assay Kit as described above, and samples were prepared

in 1x Laemmli sample buffer at 1 pg/pL.

2.8.2 SDS-PAGE

Samples were incubated at 37°C for 20 minutes, and 10-20 ug were loaded onto
10-12% SDS-polyacrylamide gels and electrophoresed at 100-120V for 1-1.5
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hours. Proteins were transferred onto a nitrocellulose membrane (Bio-Rad

Laboratories, Inc.) via wet transfer at 400 mA (approx 160 V) for 1 hour at 4°C.

The membranes were then probed for successful transfer with Ponceau S staining
solution (ThermoFisher Scientific Inc.) before being blocked in 1% BSA (phospho
blots, in Tris-buffered saline, 0.1% Tween-20 (TBST)) or 5% non-fat dry milk (0.1%
TBST) for 1 hour at room-temperature or overnight at 4°C. Membranes were
washed 5x with TBST prior to incubation with primary antibodies (Table 2-4).
Primary antibodies were diluted in 3% BSA in TBST and membranes were
incubated at room temperature for 1 hour or overnight at 4°C. Membranes were
washed for 3 rounds of 10 minutes with TBST and subsequently incubated with
HRP-conjugated secondary antibodies for up to 1 hour at room temperature.
Membranes were incubated in ECL WB detection reagent (Cytiva Life Sciences)
and proteins were visualised using an Amersham ImageQuant™ 800 (Cytiva Life
Sciences). For total levels of phosphorylated proteins and actin or vinculin, proteins
were stripped from blots using a stripping buffer (0.2 M Glycine, 1% SDS, 0.1%
Tween-20, pH 2.2) for 5 to15 minutes. Blots were re-blocked for 1 hour and re-

probed with relevant primary antibodies.

For protein quantification, densitometric analysis was performed using FIJI

(https://github.com/fiji). Protein levels were normalized to the loading control and

subsequently to unphosphorylated protein levels (where relevant). The values were
presented as minimum-maximum normalized values, where the minimum was set

to no detection (0).
2.9 Computational Analysis
2.9.1 RNA-seq Data Analysis

2.9.1.1 Lab-Generated RNA-seq Datasets

The RNA-seq dataset generated by Dr. Chandan Seth-Nanda’s was analysed by
Dr. Deborah Schneider-Luftman from the Bioinformatics & Biostatistics Science
Technology Platform at the Francis Crick Institute. Reads from RNA-sequencing

were processed using the nf-core RNA-seq pipeline?’* (version 3.3), aligned to the
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mouse genome assembly GRCm38 with Ensembl release 95 transcript
annotations, using STAR?"® for alignment and RSEM?7® for transcript quantification.
Gene-level abundance estimates from RSEM were used for downstream analysis
with the DESeq2?’” package in R. Gene-expression was standardized with
variance stabilising transformation across all samples in the dataset to ensure
comparability, this was followed by principal component analysis of the transformed
data. Hierarchical clustering based on Euclidean distances was used to generate

heatmaps.

The RNA-seq dataset generated by Dr. Josep Tarrago-Celada was analysed using
R (version 2024.04.2). Raw gene expression counts were filtered to include genes
of interest. Gene annotations were retrieved from Ensembl using the biomaRt
(version 2.58.2) package. The filtered data was normalized using Z-score
normalization across all samples for each gene to ensure the expression values
are comparable across samples. Hierarchical clustering was conducted, and a
heatmap was generated with pheatmap (version 1.0.12) program to visualise the
expression of the top 100 genes, identified based on average expression. Gene
ontology (GO) analysis was performed using the clusterProfiler (version 4.10.1)
package in R, on the top 100 highly expressed genes in each condition (iMMEC vs.
IMMEC_MYC). Ensembl gene IDs were converted to Entrez IDs using the
org.Mm.eg.db (version 3.18.0) database. GO enrichment analysis was conducted
with the molecular function (MF) ontology, applying Benjamini-Hochberg correction
for multiple testing. The results were visualised using a dot plot to display enriched
GO terms for the IMMEC and iMMEC_Myc conditions.

2.9.1.2 Publicly Available Datasets

Gene expression data was obtained from the DepMap Expression Public 24Q2
dataset for cell-type specific expression patterns

(https://depmap.org/portal/data_page/?tab=overview). This dataset provides RNA-

seq-based log2 transformed gene expression levels (log(TPM+1)) for >2000
human cancer cell lines. The data was filtered for the indicated cell lines on the

DepMap portal and the genes of interest were extracted with R (version 2024.04.2).
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The gene expression was visualised with the pheatmap (version 1.0.12) program in
R.

For comparative expression of genes involved in histidine metabolism in tissues of
wild-type FVB/n females, gene expression data were obtained from the Gene
Expression Omnibus database ((https://www.ncbi.nlm.nih.gov/geo/) under the
accession number GSE75957%78. The data was filtered in R (version 2024.04.2) to

include indicated samples and genes. A heatmap was generated using the

pheatmap program to visualise gene expression patterns, the reads per sample
million (RPSM) values were Z-score normalized for each gene across all samples

and hierarchical clustering was applied to genes and samples.

2.9.1.3 Estimation of Usage Bias for Asparagine Codons

Coding sequences from the GENCODE v24 annotation were used to investigate
asparagine codon (AAT, AAC) usage bias in R (version 2024.04.2) as was adapted
from Darnell et al. (2018)?"° (https://github.com/rasilab/adarnell_2018). Using the
BSgenome.Hsapiens.UCSC.hg38 (version 1.4.5) reference genome coding

sequences were extracted. Codon frequencies were computed for asparagine, and
AAN (AAA, AAG) codons as controls. A binomial probability distribution was
employed to calculate the expected frequency of asparagine codons for each gene
using the average genome-wide frequency. The observed counts of asparagine
were then compared to these expected values to derive Z-scores, indicating bias
towards or against asparagine codon usage. GO enrichment analysis was
conducted for the top 5% of genes exhibiting the highest bias in asparagine codon
usage using the topGO library, focusing on MF and cellular component (CC)
ontologies. Results were visualised through histograms and dot plots to highlight

significant GO terms associated with asparagine-rich proteins.

2.10 Quantification and Statistical Analysis

Graph preparation and statistical analyses were conducted using GraphPad Prism
(version 10.1.1). The specific statistical tests applied are described in the

corresponding figure captions.
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Some data presented in heatmaps, where metabolites of varying abundances were
displayed together, were normalized using a min-max scaling. This method scales
the values between 0 and 100%, with O representing the absence of a metabolite
and 100% representing the highest abundance observed for that metabolite across

samples. This normalization formula used is:

X —X;
T 100

Xnorm = X — X
max min

Xnorm 1S the normalized value (as a percentage).
X is the original value.
Xmin is the minimum value, set to 0% (metabolite not detected).

Xmax 1S the maximum value for that metabolite across all samples, set t0100%.
Outliers were removed using the ROUT (Robust Regression and Outlier Removal)

method as implemented by GraphPad Prism (version 10.1.1). The Q value was set
to 5%.

92



Chapter 3 Results

Chapter 3. MYC-driven mammary tumours have an

increased demand for histidine
3.1 Introduction

Breast cancer is a highly heterogeneous disease; therefore, selecting a mouse
cancer model that accurately reflects this heterogeneity improves our
understanding of tumourigenesis to develop better therapeutic strategies targeting
tumour progression. MMTV-Myc-driven mammary gland tumours (MGTs) exhibit
significant genetic complexity and histological heterogeneity, representative of
specific human breast cancer subtypes. This heterogeneity is reflected in diverse
pathway activation in MMTV-Myc tumours?2°-282_ Triple-negative BCs are often
Myc-amplified and there is a lack of targeted therapeutic strategies for this
subtype®’-28°. MYC is widely acknowledged as a master regulator of cellular
metabolism. Thus, significant effort has been made to understand how the Myc
oncogene reprograms cellular metabolism to support tumourigenesis. This strategy
hopes to reveal metabolic vulnerabilities that underlie the progression of these
difficult-to-treat tumours. While much of this research in cancer metabolism has
concentrated on glutamine and glucose metabolism and certain non-essential
amino acids (NEAAs) like serine, the role of other amino acids in Myc-driven
tumour progression remains largely unexplored 46:99:283 Essential amino acids
serve as necessary building blocks for macromolecular biosynthesis but also have
crucial roles in cellular signalling, such as, but not limited to, mTORC1 activation
173,175,176,284 Breast cancers have an increased demand for EAAs to sustain
proliferation 285, However, EAAs cannot be synthesised de novo; thus, they must be
taken up from the extracellular environment. SLC7 family transporters are essential
mediators of EAA uptake. SLC7A5 (LAT1) is particularly important because it is
often overexpressed in various tumours and plays a crucial role in mTORC1
signalling 226286 |n contrast, SLC7A8 (LAT2) is predominantly expressed in normal
breast epithelial cells. Recent research found that the SLC7A5/SLC7A8 ratio in
breast cancer cells and patient samples positively correlated with EAA uptake?3®. A
higher SLC7A5/SLC7A8 ratio was associated with poor prognosis and OS,

regardless of tumour subtype or stage?3®. Additionally, MYC copy number
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variations (CNVs) were linked to SLC7A5/SLC7A8 scores, with higher scores
observed in breast cancers with Myc amplification?®. Furthermore, as highlighted
earlier, LAT1 and MYC participate in a feedforward loop. Where LAT1 mediated
uptake of EAAs supports translation of MYC and MYC-driven metabolic
reporgramming'®3. These findings indicate that Myc orchestrates enhanced
demand and supply of EAAs in tumours, suggesting that targeting EAA uptake
through LAT1 inhibition or EAA deprivation could be an effective anti-tumour
strategy. However, further research is needed to elucidate the mechanisms by
which EAAs support Myc-driven tumour growth and to identify which EAAs are
most crucial for tumour development and progression. This will help determine
metabolism of which EAA(s) is the most effective target for designing metabolism-

based treatment strategies.

Given that SLC7AS is upregulated in various tumour types, we included a
comparative mouse model in our study to evaluate the requirement for LAT1 in
Myc-driven tumourigenesis. Like MYC, the oncogene ERBBZ2 (encoding HER?2) is
amplified in 25-30% of breast cancers 27, Therefore, we decided to use the MMTV-
Neu/ErbB2 (henceforth MMTV-ErbB2) model, expressing an activated rat form of
HER2 (NeuNT) 282, Compared to MMTV-Myc MGTs, MMTV-ErbB2 tumours exhibit
little molecular or histological heterogeneity 22'. MMTV-ErbB2 tumours are
characterised by significant involvement of metabolic processes and nucleic-acid
metabolism 262288 Therefore, these tumours could show a similar demand for
EAAs, and thus LAT1 activity, as MMTV-Myc tumours. In agreement with this, high
levels of SLC7A5 mRNA and protein levels were observed in TNBC, HER2+, and
luminal B subtypes. By comparing MMTV-Myc and MMTV-ErbB2 tumours, we can
determine whether Myc-driven tumourigenesis relies more on Sic7ab and its
associated metabolic and signalling pathways. Identifying this specificity is
necessary for the development of targeted therapies, leading to improved
treatments for Myc-driven breast cancers, which have proven challenging to target

with conventional therapies®.

In chapter 3 we will first investigate Slc7a5 transcript and protein levels in MMTV-

Myc and MMTV-Erbb2-driven mammary gland tumours compared to
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untransformed normal mammary glands (NMG). We will then assess the uptake of

the high-affinity LAT1 substrate, histidine, using [U'3C]-histidine in these tumours.

Aims

To understand the importance of Slc7a5 in Myc-driven tumourigenesis, this chapter
will:
1) Determine transcript and protein levels of Sic7a5/Lat1 in Myc- and ErbB2-
driven MGTs.
2) Assess uptake of histidine in MMTV-Myc and MMTV-ErbB2 driven MGTs.

3) Interrogate the role of histidine metabolism in Myc-driven tumour cells.

3.2 Lat1 mRNA and protein levels are significantly upregulated

in Myc-driven mammary gland tumours.

MYC binds the promoter of SLC7AS5, thus regulating its expression 162163, To
assess whether Slc7a5 mRNA expression was affected during Myc-driven
mammary gland tumourigenesis, unpublished bulk RNA-sequencing data provided
by Dr Chandan Seth-Nanda, a previous post-doctoral fellow in our lab, were
analysed. The samples analysed included NMGs from 6-week-old MMTV-Myc™
mice and the progression from NMGs from 6 weeks MMTV-Myc** mice to
hyperplastic 12-week-old mammary glands to small (<3 x 3 mm) and large (10 x 10
mm) tumours. The analysis revealed a subset of Slc transporters positively
correlated with Myc-driven tumourigenesis. Most of these include those of the Sic7,
Slc43a2, and Sic38a2 families (Figure 3-1A), previously identified as Myc-target
genes 162163 Furthermore, Slc7a5 expression is observed as early as 12 weeks,
during hyperplasia, and throughout tumourigenesis (Figure 3-1A). Slc3a2, encoding
CD98, which anchors LAT1 to the plasma membrane, also correlates with Myc-
driven cell transformation, tumour progression, and Sic7a5 expression (Figure
3-1A).

Next, | compared Slc transcript expression via RT-gPCR in large MMTV-Myc and

MMTV-ErbB2 tumours. Specific transporters were increased in Myc-driven MGTs
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compared to ErbB2-driven tumours. These included Sic71a5, encoding Asct2, a
recognised Myc-target gene?®®, and Slc7a5 (Figure 3-1B). This was confirmed at
the protein level and compared to age-matched NMG controls (Figure 3-1C).
Indeed, Myc-driven MGTs had increased Lat1 and Asct2 protein expression
compared to the NMG and Erbb2-driven MGTs. In agreement with the RNA-seq
data, the NMG had low Lat1 expression, suggesting that Lat1 expression is
associated with Myc-driven mammary gland transformation. Furthermore, IHC
images confirmed increased LAT1 expression in MMTV-Myc compared to MMTV-
ErbB2 MGTs. Strong immunoreactivity was observed at the cell membrane of Myc-
driven tumours (Figure 3-1D). The percentage of total cells scored high, medium,
low or negative for Lat1 membrane staining was quantified. ErbB2-driven
mammary gland tumours that were positive for Lat1 mostly had medium expression
and significantly more negative cells (Figure 3-1E). In contrast, Myc-driven tumours
had significantly increased high-expressing cells (Figure 3-1E). This is indicative of
an important role for LAT1 in Myc-driven tumourigenesis. Considering LAT1
functions as an obligatory antiporter, identifying the specific substrates that mediate

its activity could uncover a potential metabolic vulnerability in these tumours.
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Figure 3-1. Myc-driven MGTs have increased expression of Slc7a5/Lat1.

(A) Heatmap displaying Slc gene expression patterns from RNA-sequencing data
throughout MMTV-Myc mammary tumourigenesis. (B) RT-gPCR of MMTV-Myc (n=5)
and MMTV-ErbB2 (n=6) MGTs (> 500mm?3), with relative expression normalized to -
actin. Data represent mean + s.d.; two-tailed unpaired t-tests with FDR correction
(Benjamini, Krieger, and Yekutieli method, g<0.05). (C) WB of MMTV-Myc and MMTV-
Erbb2 tumours and the NMG, protein levels are normalized to B-actin and min-max
normalized. (D) Representative IHC staining of LAT1 expression in MMTV-Myc and
MMTV-ErbB2 tumours. (E) LAT1 IHC scoring of MMTV-Myc (n=14) and MMTV-ErbB2
(n=9) tumours, with black points indicating the representative tumours in panel D. Data
represents mean+ s.d. Two-way ANOVA with Sidak correction (*p<0.05, **p<0.01,
***p<0.001).
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3.3 Myc-driven mammary gland tumours have increased

histidine uptake.

LAT1 is a high-affinity histidine transporter that can transport histidine
bidirectionally, unlike other high-affinity EAA substrates preferentially transported
inward. Therefore, histidine uptake was assessed in Myc-driven MGTs compared
to the NMG and MMTV-ErbB2 tumours. MMTV-Myc’ age-matched wild-type mice
and MMTV-Myc** and MMTV-ErbB2** tumour-bearing mice were given an
intravenous bolus of 0.107 mg/gBW [U-'3C]J-histidine after 5 minutes the NMGs or
MGTs and serum were collected for LC-MS analysis. The levels of histidine
isotopologues were quantified in these tissues to assess histidine levels and uptake
(Figure 3-2A). Corresponding with higher Lat1 expression, Myc-driven MGTs had a
significantly higher total abundance of histidine than the NMG controls and the
Erbb2-driven tumours (Figure 3-2A). Furthermore, Myc-driven tumours also had
higher levels of m+6 histidine than the NMG controls and ErbB2 tumours, indicating
higher histidine uptake (Figure 3-2B). The fractional enrichment of histidine in the
serum was lower in MMTV-Myc mice than in WT or MMTV-ErbB2 mice; this could
be due to the increased uptake of histidine in these tumours or due to suboptimal
bolus administration (Figure 3-2C). The total abundance and m+6 histidine was not
normalized to serum enrichment. Therefore, the m+6 histidine uptake in Myc-driven
MGTs may be underestimated. This may suggest histidine has an important role in

LAT1 function in Myc-driven tumours.
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Figure 3-2. Myc-driven MGTs have increased uptake of histidine.

LC-MS analysis of MMTV-Myc (n=9), MMTV-ErbB2 (n=5), and NMG (n=7) following a
bolus of 0.107 mg/gBW [U-'3C]-histidine. (A) Total abundance of histidine; (B)
abundance of the m+6 isotopologue. Data are mean + s.d. One-way ANOVA with Tukey
correction. (C) '3C enrichment of histidine in the serum; data shown as mean + s.d. One-
way ANOVA with Tukey correction. *p<0.05, **p<0.01.

Several SLC transporters mediate histidine transport, including those of the SLC38
and SLC7 families. To assess whether histidine uptake in the MMTV-Myc tumours
was dependent on Lat1, MMTV-Myc and MMTV-ErbB2 tumour bearing mice
received an intraperitoneal (IP) injection of 12.5 mg/kg of a LAT1 inhibitor, JPH203,
for 30 minutes before administration of an IV bolus of 0.107 mg/gBW histidine for 5
minutes. The serum, liver, and tumour were collected for LC-MS analysis (Figure
3-3A). Notably, the experiments with MMTV-ErbB2 and MMTV-Myc mice were
carried out independently, which could result in some technical discrepancies.
However, JPH203 was identified in MMTV-Erbb2 and MMTV-Myc tumours and
livers (Figure 3-3B, F). Furthermore, similar serum fractional enrichment of histidine
was observed among all groups (Figure 3-3C, G). Surprisingly, Lat1 inhibition was
more effective at inhibiting uptake of the m+6 isotopologue of histidine in ErbB2-
driven MGTs than Myc-driven MGTs (Figure 3-3D, H). The liver was selected as a
control because it predominantly expresses SLC43A1 (LAT3), whereas LAT1 is
typically observed in fetal liver and hepatoma cells?®°. This makes the liver an
appropriate negative control for evaluating Lat1-mediated histidine uptake. Indeed,
JPH203 did not affect histidine uptake in the livers of both MMTV-ErbB2 and
MMTV-Myc mice (Figure 3-3E, I). Therefore, this suggests that although Lat1
expression and histidine uptake are significantly increased in Myc-driven tumours,

other transporters may contribute to the uptake of histidine levels in these tumours.
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In contrast, ErbB2 tumours appear to depend on Lat1-mediated histidine uptake to
a greater extent. These differences could be due to increased expression of other
histidine transporters in Myc-driven tumours compared to ErbB2 tumours, such as
Slc7a6, which is also upregulated in Myc-driven tumours (Figure 3-1A, B).
Furthermore, while no significant difference was observed in MMTV-Myc tumours
following JPH203 treatment, the high degree of heterogeneity in this model may
have contributed to the variability in tracer uptake. With only six samples per group,
the study may have been underpowered, and a larger cohort could be necessary to
determine the extent of LAT1 contribution to histidine uptake in MMTV-Myc
tumours, and whether this is different from MMTV-ErbB2 tumours.
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Figure 3-3. Other transporters may compensate for LAT1 inhibition in Myc-driven
MGTs.

(A) Experimental schedule for LAT1 inhibition with JPH203 30 minutes before IV bolus
of [U-"3C]-histidine for 5 minutes. (B-l) LC-MS analysis of tumours: (B-E) MMTV-ErbB2
and (F-l) MMTV-Myc, treated with vehicle or JPH203. (B,F) JPH203 abundance in the
MGT and liver. (d,h) 3C enrichment of histidine in the serum, with normalized relative
abundance of m+6 histidine in the (d,e) MGT and (e,i) liver. Sample sizes: ErbB2 vehicle
(n=4), ErbB2 JPH203 (n=4), Myc vehicle (n=6), Myc JPH203 (n=6). Data are mean +
s.d. Unpaired two-tailed t-test (*p<0.05, **p=<0.01, ***p=<0.001).
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3.4 Histidine is primarily catabolised in the liver of healthy

animals.

Increased histidine uptake was observed in Myc-driven MGTs, and several studies
have highlighted the importance of histidine catabolism in cancer cells 254255259,
However, whether histidine catabolism is required for in vivo Myc-driven
tumourigenesis is unknown. Histidine can participate in several pathways: it can be
decarboxylated by HDC to produce histamine, combined with 3-alanine to form the
dipeptide carnosine, or degraded through a process initiated by HAL (Figure 3-4A).
Histidine degradation is a multi-step process that produces glutamate and transfers
a one-carbon unit onto THF, catalysed by FTCD (Figure 3-4A). This histidine-
derived one-carbon unit can enter the folate cycle and contribute to methionine
regeneration and methylation processes through SAM (Figure 3-4A). The
contribution of histidine to these pathways was assessed in multiple tissues from
healthy adult mice, including the brain, mammary gland, liver, quadriceps, lungs,
and serum. Wildtype 12-15 wk female FVB/N mice were infused with [U-13C]-
histidine for 3 hours before collection of tissues and serum to trace *C through
metabolic pathways (Figure 3-4B). Serum samples were evaluated for histidine
measurements to ensure '*C-histidine enrichment was similar across mice.
Fractional '*C enrichment analysis showed 80.5% + 5.5% enrichment in the serum
of all infused animals (Figure 3-4C). Different levels of histidine enrichment were
observed across the brain (63.3% + 6.5%), quadriceps (64.6% + 8.1%), NMG (68.7
% + 7.9%), liver (74.1% + 5.8%), and lungs (75.9% + 6.6%) (Figure 3-4C). In the
unlabelled samples, tissues and serum from the control mouse ranged from 1.1%
(NMG) to 3.5% (lungs) enrichment (Figure 3-4C). Histamine was heterogeneously
labelled in the NMG (14.6 + 20.9%, p-value = 0.0436, n=4) and quadriceps (18.3%
+ 29.2%, p-value = 0.0118, n=4) (Figure 3-4C). Carnosine labelling was observed
the highest in the serum (33.9% + 4.7%, p-value<0.0001, n=4), but also observed
in the NMG (0.5 % + 6.4%, p-value = 0.1839, n=4) and the lung (6.834 + 8.1%, p-
value = 0.339, n=4), with no labelling observed in the quadricep muscles (Figure
3-4C). Glutamate was significantly labelled in the liver (15.1 % % 6.1%, p-value=
0.035, n=4) compared to the control mouse (Figure 3-4C). This also resulted in

glutamine (8.2% + 3.5%, p-value = 0.2526, n=4) labelling in the liver. No labelling
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was observed in methionine or SAM across all tissues (Figure 3-4C). To better
understand the contribution of histidine to these metabolite pools, the total
abundance of metabolites across tissues was first quantified and normalized based
on the internal standard and protein weight. Subsequently, the relative abundance
of each metabolite was normalized to the minimum and maximum values across all
tissues. This approach allows for the representation of the tissues with the highest
metabolite levels. Despite histidine contributing to carnosine production, the relative
carnosine pools in the NMG were low compared to the brain and quadriceps
(Figure 3-4D), where carnosine is found at high concentrations 2°'. Similarly,
carnosine labelling in the lung, despite the low carnosine pools, could indicate
contamination from blood. Surprisingly, histidine did not contribute to carnosine
pools in brains and quadriceps despite large pools within these tissues (Figure
3-4C, D). This could indicate that carnosine has a slow turnover rate, meaning that
synthesis from histidine might not be detectable within the 3-hour infusion period.
Histamine levels were relatively high in the NMG and lung; however, labelling from
histidine was only observed in the NMG and quadricep (Figure 3-4C, D). Given that
the quadricep had low histamine levels, this could be sample contamination from
the mammary gland during dissection or, more likely, due to histamine producing
mast cells within the skeletal muscle?®2. Levels of glutamate and glutamine are
relatively high in the brain and NMG, yet histidine did not contribute to maintaining
these pools in these tissues (Figure 3-4C, D). Lastly, SAM is observed at similar
levels across tissues, but histidine does not contribute a one-carbon unit to SAM in
this experiment (Figure 3-4C, D). This could be due to high levels of methionine
available within these tissues (Figure 3-4D). Together, these results suggest that
the histidine degradation pathway is predominantly active in the liver, with no
activity detected in the other tissues tested. While histidine does contribute to
carnosine and histamine synthesis, labelling was inconsistent across the mammary
glands of different mice, suggesting variable metabolic activity in these tissues.
Additionally, some tissues with relatively large pools of these metabolites did not

show labelling, suggesting these pools are stable and not actively turning over.

To correlate pathway utilisation to enzyme expression, | analysed publicly available
RNA-seq data from normal tissues- including brain, muscle, lung, virgin mammary

gland, and liver- of adult female FVB/n mice 278, The data was normalized by tissue
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of origin; thus, the relative expression of genes was compared within each sample
rather than across different tissues. This approach allowed us to assess whether
the expression of a gene of interest within a tissue deviates from the average
expression of all genes within the sample. Notably, all the genes involved in
histidine degradation are highly expressed exclusively within the liver, including
Hal, Amdhd1, Uroc1, and Ftcd (Figure 3-4E). Whereas low expression of Hdc,
which catalyses histamine synthesis, and Carns (encoding carnosine synthase
(CS)), which produces the carnosine dipeptide, is observed (Figure 3-4E). This
aligns with our data from the '*C-histidine infusions, where significant labelling was
observed in glutamate and glutamine but not in histamine or carnosine (Figure
3-4C). The other tissues, where labelling in glutamate was not observed, show little
to no expression of enzymes involved in the histidine degradation pathway (Figure
3-4E). Instead, the skeletal muscle and brain express higher levels of Carns
(Figure 3-4E). Increased labelling of carnosine was observed in the NMG but not in
the brain or the skeletal muscle; however, these tissues had relatively higher pools
of carnosine (Figure 3-4C, D).Furthermore, the increased labelling of histamine in
the NMG was corroborated by the higher relative expression of Hdc (Figure 3-4C,
D). However, despite the relatively high levels of Hdc in the lungs, no labelling is
observed in this tissue (Figure 3-4C-E). Overall, histidine utilisation across different
tissues correlated with gene expression data and confirmed the tissue-specific
nature of the histidine degradation pathway. In the next section, to assess the fate
of histidine in transformed mammary epithelial cells, we used tumour cells isolated
from a MMTV-Myc mammary tumour (MYAZ16.1e).
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(A) Schematic of histidine metabolism showing incorporation of *C from histidine tracer.
(B) Experimental strategy for [U-'3C]-histidine infusions in WT FVB/N mice. (C, D) LC-
MS analysis of intermediates of histidine metabolism: (C) heatmap showing '3C
enrichment in indicated tissues and serum; (D) Total abundance of indicated metabolites
across tissues. (E) Heatmap showing relative gene expression of histidine metabolism
enzymes and Slc transporters from GSE75957, displaying Z-scores scaled across
tissues. Hierarchical clustering was applied to genes and samples. Red arrows indicate

key genes involved in histidine metabolism.
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3.5 Myc-driven tumour cells do not catabolise histidine.

To evaluate the contribution of histidine degradation to the Krebs cycle and
methionine regeneration cycle, MYAZ16.1e cells were cultured in 200 pyM of [U-
13C]-histidine for 24 hours under four different conditions: a) high/ctl (2.0 mM)
glutamine, b) low (0.1 mM) glutamine, ¢) 10% methionine, and d) 10% methionine
supplemented with homocysteine (Hcy) and vitamin B12 (Figure 3-5A). The low
glutamine condition was used to assess incorporation into glutamate, as high
glutamine levels in standard cell culture could mask histidine’s contribution. To
investigate histidine’s role in methionine regeneration, cells were cultured in 10%
methionine. Since homocysteine and vitamin B12 are required for methionine
synthase (MS) activity and are not present in culture media, they were added to
ensure the availability of essential metabolites. Importantly, all conditions had
similar 3C-histidine enrichment (Figure 3-5B, C). Cells cultured in low glutamine
had significantly decreased levels of glutamate, suggesting that glutamine is
essential for glutamate production in these cells and that these cells are incapable
of compensating for glutamate (Figure 3-5D). Furthermore, no labelling from
histidine was observed in glutamate or glutamine under either low or high
glutamine conditions (Figure 3-5E). Therefore, histidine does not appear to be

degraded for glutamate production.

Regarding methionine regeneration, 10% methionine was sufficient to reduce
intracellular methionine pools. Despite homocysteine and vitamin B12
supplementation, methionine levels were not rescued. However, the levels of SAM
and SAH (S’adenosylhomocysteine) were (Figure 3-5F). This suggests that
methionine is likely being consumed faster than it is being produced. However,
despite the active flux into the methionine regeneration cycle in the presence of
homocysteine and vitamin B12, no labelling from histidine was observed in
methionine or SAM (Figure 3-5G). Levels of methylated histones, H3K4me and
H3K4me3, further supported this. Indeed, histidine-deficient media did not appear
to affect the methylation of these histones, whereas methionine limitation resulted
in a significant decrease in methylation (Figure 3-5H). Supplementing methionine-
depleted media with homocysteine and vitamin B12 ultimately rescued the

reduction in methylation observed (Figure 3-5H). In contrast, supplementation into
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histidine-depleted media attenuated histone methylation. This is likely due to SAH
accumulation due to abundant homocysteine levels, which negatively regulates
SAM activity?®®>. RT-qPCR was used to assess expression levels of rate limiting
enzymes involved in histidine catabolism. Myc-driven tumour cell lines (MYC310
and MYAZ16.1e) and immortalised mammary epithelial cells (iMMECS) were
analysed for Hal, Amdhd1, and Ftcd. FTCD catalyses glutamate production
downstream of histidine degradation, transferring a one-carbon unit onto THF,
ultimately contributing to the cytoplasmic folate cycle (Figure 3-4A). Since histidine
degradation was only observed in the liver, it is unsurprising that we do not see the
expression of these enzymes in the IMMECS or the Myc-driven tumour cells
(Figure 3-51). In contrast, Sic7a5 transcript expression significantly increased in
MYC310 and MYAZ16.1e cells compared to IMMECS (Figure 3-51). Overall, these
results suggest that histidine degradation is not active in these cells, and histidine

may have a role independent of catabolism in Myc-driven tumourigenesis.
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Figure 3-5. Histidine is not catabolised in MYC-driven MYAZ tumour cells.

(A) Experimental schedule and culturing conditions with 200 uM [U-'3C]-histidine for 24
hours. (B-G) LC-MS analysis: (b,c) *C enrichment of intracellular histidine; (D) total
abundance of glutamine (gln) and glutamate (glu) under 2.0 mM or 0.1 mM glutamine
conditions; (E)'*C enrichment of glutamine and glutamate; (F) total abundance of
methionine (Met), SAM, and SAH cultured in 10% Met conditions; (G) '*C enrichment of
met, SAM, and SAH. (H) WB of histone extracts from cells cultured under indicated
conditions, protein levels were normalized to ponceau and min-max normalized.
(representative of three biological replicates). (I) RT-gPCR of mRNA expression of key
enzymes in histidine degradation in IMMECs and Myc-driven tumour cells (MYC310 and
MYAZ16.1e) Data shown as mean + s.d. One-way ANOVA with Sidak correction,
representative of 1 replicate (*p<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001).
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3.6 Discussion

MY C-overexpressing cancer cells depend on LAT1 to sustain MYC-dependent
transcriptional amplification necessary for tumour cell growth and proliferation'®3, Of
the LAT family of EAA transporters, LAT1 is the predominant form overexpressed

in many cancers 2°*. Here, we observed increased Lat1 mRNA and protein
expression in Myc-driven MGTs compared to the NMG and ErbB2-driven MGTs.
Coincidentally, Myc-driven tumours also had increased levels of EAAs and
increased uptake of the high-affinity LAT1 substrate, histidine, independent of
histidine catabolism. Unravelling the role of histidine in LAT1 transporter function

could reveal therapeutic strategies to target Myc-driven tumourigenesis.

Myc-driven transcriptional regulation of Sic7a5 is well understood. However, how
LAT1 activity is maintained in Myc-driven mammary gland tumourigenesis is
unknown. Myc upregulates protein synthesis, thereby increasing the demand for
EAAs. This is supported by the increased levels of EAAs observed in Myc-driven
MGTs. Histidine is among the least abundant amino acids in whole-body protein,
second to tryptophan 2°52%_ |n Myc-driven MGTs, tryptophan levels were not
significantly increased compared to the NMG or ErbB2-driven MGTs, consistent
with its low demand for protein translation. In contrast, despite the similarly low
requirement for histidine in protein translation, histidine levels were significantly
elevated in Myc tumours. This suggests that the increased uptake of histidine may
reflect a role for histidine beyond its function in protein synthesis in Myc-driven
mammary tumourigenesis. Unlike some other amino acids, the role of histidine in
cancer has only recently gained attention and remains comparatively understudied.
However, histidine catabolism has emerged as an exploitable vulnerability in some
cancers. In leukaemia cell lines, histidine degradation consumed THF pools,
sensitising these cells to treatment with the anti-folate methotrexate 2%.
Furthermore, in heterotopic leukaemia xenografts, combination treatment with
histidine and methotrexate significantly decreased tumour size compared to
methotrexate alone. In a similar study, extracellular histidine suppressed
tumourigenesis in hepatocellular carcinoma (HCC) cells, making these cells more
sensitive to treatment with the chemotherapeutic agent sorafenib. Histidine

treatment induced metabolic changes in these cells, leading to the dysregulation of
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genes involved in glycolysis and amino acid transport. However, how histidine
supplementation exerts these metabolic changes was not determined. In this
chapter, we employed stable isotope tracing of histidine to measure the
contribution of histidine to key metabolites across different tissues. Importantly,
evidence of histidine degradation into glutamate was exclusively observed in the
liver. This was complementary to the increased expression of enzymes involved in
histidine catabolism in this tissue. The production of glutamate from histidine
requires that one-carbon unit be transferred onto THF. This produces 5-formimino
THF, which is metabolised into 5,10-methenyl THF and can be metabolised into 5-
formyl THF2%22%5_ 5-formyl THF is a storage form of folate and can replenish folate
pools, protecting against the toxic effects of anti-folate drugs like methotrexate.
Alternatively, 5-formyl THF can be converted into other forms of folate, such as 5-
methyl THF, which plays a role in the methionine regeneration cycle. Notably,
histidine has been shown to contribute up to 6% of methyl groups to methionine
under nutrient starvation conditions?®*. However, despite glutamate production, we
observed no contribution from histidine to methionine in liver samples. This
suggests that the one-carbon unit generated by histidine degradation is not used
for methionine regeneration in the liver under normal circumstances. In contrast,
other tissues had low expression of enzymes involved in histidine degradation.
Rather, the brain and muscle have relatively high expression Carns, which agrees
with our observation of high carnosine pools in the brain and skeletal muscle
relative to other tissues, which aligns with previous studies?®'. However, no
labelling was observed in these tissues, suggesting the carnosine pools are stable.
Carnosine has many functions, particularly in the muscle, where it has a crucial role
in buffering lactic acid, enhancing ion/proton exchange, and improving muscle
contraction, relaxation, and endurance®®’. Furthermore, it can act as a
neurotransmitter in the brain, with carnosine's antioxidative, anti-inflammatory, and
anti-aggregate properties showing promise in treating neurodegenerative diseases
such as Alzheimer's?%®2%_|n contrast, the role of carnosine in the mammary gland
is unexplored; however, the broad range of functions attributed to carnosine has
shown promise in various diseases, including cancer. Indeed, carnosine
supplementation inhibited the proliferation of breast cancer cells and tumours in
breast cancer xenografts3°9-3%2_ |n this chapter, enrichment of '*C from histidine

was observed in carnosine pools in the NMG despite low Carns expression in this
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tissue. However, the NMG has relatively less carnosine than the brain or muscle.
Therefore, it is unclear whether this carnosine is produced in the NMG or if it is
taken up. Interestingly, the adult mammary gland expresses relatively high levels of
Slc15a2, encoding Pept2, an essential carnosine transporter in the kidneys3%,
Furthermore, the mammary gland expresses relatively high levels of Cndp2, a
carnosine dipeptidase, suggesting that carnosine may be imported and hydrolysed
to provide cells with B-alanine and histidine. Thus, these data suggest it is unlikely
that histidine is utilised significantly for carnosine production in the mammary gland.
In contrast, histamine levels are relatively higher in the NMG and the lung
compared to the other tissues; this is corroborated by the high expression of Hdc in
these tissues. Notably, high histamine levels have been observed in mammals'
mammary glands?®2. Indeed, histamine concentration and HDC activity in the
murine mammary gland peak during the proestrus and oestrous phases3%4:3%,
Therefore, the observed variability in histamine enrichment from histidine across
our samples may be attributed to the mice being at different stages of their
oestrous cycles. Given the importance of increased HDC and histamine levels
during these phases of rapid cell proliferation and differentiation, it is not surprising
that breast cancer cells have increased HDC and histamine levels as well.
However, the role of histamine in breast cancer is not straightforward. Generally,
breast cancer cells and tumours have increased expression of HDC, therefore
histamine, compared to normal epithelial cells or normal tissue3%6-3%_However,
others have demonstrated downregulation of HDC in breast cancer compared to
normal tissues 3°°. Indeed, higher HDC expression has been linked to improved OS
and disease-free survival in breast cancer, and aggressive breast cancer subtypes,
such as TNBC, exhibit the lowest HDC expression levels3%°. However, mast cells
are abundant within the mammary gland and tumours and are the predominant
source of histamine?®23%, Therefore, elevated levels of histidine observed in breast
cancers could result from infiltration of inflammatory cells. In agreement with the
pro-tumourigenic role of histamine, mast cell depletion was found to reduce tumour
size and metastasis in the PyMT mouse model of breast cancer®'?. Histamine
exerts its biological effect through binding to receptors (H1-4) on the cell surface.
The receptor is thought to determine the differences in histamine response across
breast cancer cell lines and tumours. Histamine binding to the H2 receptor

promotes proliferation and tumour growth3''312 In contrast, binding to the H4
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receptor elicits an anti-cancer effect and is associated with improved OS in breast
cancer307:309313-315 ‘Indeed, histamine administration in a mouse model of TNBC
was observed to significantly reduce tumour burden in immunocompromised and
immunocompetent mice, indicative of a tumour cell-intrinsic mechanism39%:314,
Therefore, to better understand the contribution of histidine to histamine synthesis
and tumourigenesis in this Myc-driven tumour model, stable isotope tracing of
histidine into histamine should be done, with careful consideration of the immune
system. However, given the extensive research on histamine’s role in breast
cancer, we chose to focus on the contribution of the histidine degradation pathway

in Myc-driven cancer cells.

Myc-driven cancer cells are dependent on exogenous glutamine to meet
bioenergetic demands®”'%. Indeed, Myc-driven transformation is characterised by
increased glutaminolysis?*4. Therefore, utilising histidine as a carbon source could
provide an additional source of glutamate. However, we did not observe any
contribution from histidine into glutamate or glutamine in Myc-driven tumour cells.
Coupled with the lack of labelling in methionine or SAM, this suggests that the
histidine degradation pathway is inactive in these cells. This was supported by the

absence of enzymes involved in histidine degradation, Hal, Amdhd1, and Ftcd.

In line with previous studies, the data in this chapter highlight a relationship
between Myc and S/c7ab/Lat1. Underscoring the importance of understanding the
contribution of LAT1 in Myc-driven tumourigenesis. Intriguingly, histidine levels and
uptake were significantly increased in Myc-driven MGTs compared to the NMG and
ErbB2-driven MGTs. The abundance of other LAT1 substrates were also higher in
Myc-driven tumours, such as phenylalanine and leucine. However, in contrast to
histidine, phenylalanine and leucine are the most abundant amino acids in proteins.
Therefore, there is an increased demand for these EAAs for protein synthesis?®.
While there is a possibility that the increase in histidine is simply a byproduct of
increased LAT1 expression, other high-affinity LAT1 substrates, such as tryptophan
or tyrosine, are not significantly increased in Myc-driven MGTs compared to the
NMG or MMTV-ErbB2 tumours. Therefore, given that histidine is not catabolised in
Myc-driven tumour cells and histidine is present at relatively low levels in proteins

compared to other EAAs such as leucine, it remains to be determined whether this
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increased demand for histidine plays a functionally relevant role in supporting Myc-
driven tumourigenesis. Thus, in the following chapters, | sought to uncover the
mechanisms that drive histidine requirement and identify the role of histidine in

supporting Myc-driven tumours, aiming to reveal potential therapeutic strategies.

Summary

To summarise, this chapter has:

1) Confirmed increased Sic7a5/Lat1 mRNA and protein expression in the
MMTV-Myc MGT model compared to the normal mammary gland and
MMTV-ErbB2 MGTs.

2) ldentified enhanced histidine uptake in MMTV-Myc MGTs.

3) Revealed the contribution of histidine metabolism to pathways that produce
carnosine, histamine, glutamate, methionine, and SAM across healthy adult
murine tissues.

4) Demonstrated that histidine is not catabolised through the histidine

degradation pathway in Myc-driven tumour cells.
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Chapter 4. Glutamine availability influences

histidine requirement
4.1 Introduction

Cells cannot synthesise EAAs; therefore, they must rely on uptake via amino acid
transporters. Cancer cells have an increased demand for EAAs to sustain rapid cell
growth and proliferation. Therefore, amino acid transporters are upregulated in
myriad tumours. Indeed, several amino acid transporters are MYC target genes,
some of which are essential for MYC-driven transcriptional amplification®3.
Previous work has shown that SLC7A5 (encoding LAT1) is required for critical
amino acid uptake in MYC-driven cancer cells. This supports the translation of
MYC, thus maintaining MY C-driven metabolic rewiring, cellular proliferation, and
tumourigenesis'®. This links LAT1 to glutamine metabolism in MYC-driven
tumourigenesis, suggesting that LAT1 promotes glutamine addiction. For example,
SLC7A5 knockdown in BE-2C cells with amplification of N-MYC displayed
significant depletion of glutamine and Krebs-cycle intermediates, including
glutamate'®®. Previous research has shown glutamine to be indispensable to LAT1-
mediated uptake of EAAs, such as leucine'?. This was demonstrated through
coupling of the glutamine transporter, ASCT2, with LAT1. Whereby glutamine
uptake via ASCT2 was followed by glutamine efflux through LAT1. However, others
have found that ASCT2 knock-out did not affect LAT1 activity, as demonstrated by
leucine uptake'38. Therefore, this suggests that other substrates may be utilised for
LAT1-mediated amino acid exchange in MYC-driven cancer cells and tumours.
Interestingly, while glutamine has been proposed to be a critical LAT1 exchange
substrate, LAT1 binds glutamine with low affinity with a Km=~1.5 - ~2.0 mM 226,
Therefore, large amounts of free intracellular glutamine would be necessary to
produce the concentration gradient necessary for exchange through LAT1.
However, glutamine availability may be limited in the tumour microenvironment due
to competition among different cell types, such as immune cells'8. Furthermore,
glutamine availability may vary within other regions of the tumour with inadequate
vascular supply of nutrients 24¢. In addition to these different variables that may

affect exogenous glutamine availability, oncogenes such as MYC may compound
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these effects due to increased demand for glutamine catabolism to meet
biosynthetic and energetic demands®’:1%4244_ Previous work by Dr Emma Still, a
past PhD student in our lab, demonstrated that MMTV-Myc-induced tumours had
significantly increased glutamine catabolism compared to MMTV-ErbB2 tumours
316 Here, Dr. Still showed that not only was there increased contribution from
glutamine catabolism into the Krebs cycle, but these Myc-induced tumours also
utilised more glutamine into non-essential amino acids, aspartate, proline, and
serine when compared to ErbB2-induced tumours 3'6. Importantly, Myc-driven
tumours expressed lower RNA and protein levels of glutamine synthetase (GS)
than the NMG, demonstrating that these tumours could have reduced glutamine
synthesis and may rely more heavily on exogenous glutamine to meet glutamine
demands®'é. This was supported by increased RNA and protein expression of the
glutamine transporter, Slc1a5 (encoding Asct2)3'®. Thus, these data suggest that
Myc-driven tumours from this MMTV-Myc model have an increased demand for
exogenous glutamine, which is catabolised to support several biosynthetic
pathways. Therefore, while glutamine levels may be sufficient in tumours such as
Erbb2-driven tumours or tumours where glutamine levels are maintained to be
transported by LAT1 with low affinity, it is likely that other LAT1 substrates may
become critical for the uptake of EAAs via LAT1 when glutamine is limited.
Interestingly, it is well documented that LAT1 has the highest affinity for histidine,
with a Km between 5 - 50 uM?2624°, Furthermore, experiments with reconstituted
hCD98/hLAT1 complexes in liposomes preloaded with each individual amino acid
and incubated in [*H]-histidine demonstrated that histidine is the preferred
bidirectional substrate for LAT1%?°. Tyrosine and glutamine were also used as
substrates, but to a much lesser extent. In contrast, other high-affinity essential
amino acids, such as isoleucine and leucine, did not promote the accumulation of
[3H]-histidine in the liposomes. Consequently, Chapter 4 will investigate whether
glutamine availability and utilisation dictate the demand for histidine, another
bidirectional LAT1 substrate, using tumour cell lines derived from MMTV-Myc
tumours and other established human cancer cell lines. These experiments aim to
reveal whether glutamine and histidine have potential overlapping roles in these
tumours, setting the stage for further analysis of the role of histidine in Myc-driven

cancer cells and tumours.
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This chapter will first characterise the Myc-driven tumour cell lines to confirm that
these cells are glutaminolytic, as demonstrated in the MMTV-Myc-driven tumours
by Dr. Emma Still. Using these cells and the human cancer cell lines, a series of
experiments will be conducted to assess the effect of exogenous glutamine
availability, glutamine utilisation, and glutamine levels on histidine uptake. This will
be achieved by employing several molecular biology techniques, assessing gene
and protein expression of genes involved in glutamine catabolism and amino acid
transporters, and liquid-chromatography mass spectrometry to trace glutamine,

glucose, and histidine uptake and utilisation.

Aims

This chapter aims to address these aspects of my hypothesis:
1) Myc-driven cancer cells and tumours depend on exogenous glutamine for
Krebs cycle anaplerosis.
2) Glutamine availability and utilisation underlie the requirement for histidine.

3) Glutamine and histidine have overlapping roles in Myc-driven tumour cells.

4.2 Myc-driven cancer cells depend on exogenous glutamine

for central carbon metabolism and proliferation.

Initially, the aim was to use tumour cell lines derived from MMTV-Myc and MMTV-
ErbB2-driven MGTs. ErbB2-driven tumours were less glutaminolytic than Myc-
driven tumours, which could provide an excellent comparative model to assess the
interplay between glutamine limitation and histidine requirement in two mammary
tumour models driven by different oncogenes. Furthermore, given the increased
Slc7ab/Lat1 gene and protein expression in Myc- compared to ErbB2-driven MGTs
(Figure 3-1B-D) and the corresponding increased uptake of U-['3C]-histidine in the
Myc-driven tumours, ErbB2-driven tumour cell lines would be a helpful comparative
in vitro model to assess the role of histidine. Therefore, we first compared Myc-
driven tumour cell lines (MYC310, MYAZ6.6g and MYAZ16.1e) to an ErbB2-driven
tumour cell line (MYDAZ2.1d). These cell lines were previously derived from
individual MMTV-Myc or MMTV-Erbb2 tumours by past PhD students Dr. Emma

Still and Dr. Benedict McIntyre and have been passaged multiple times.
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Surprisingly, when protein expression of ErbB2 and Myc was assessed in these
cell lines, none of the cell lines had amplified levels of ErbB2 in contrast to ErbB2-
driven tumours, while all of them expressed high levels of Myc similar to MMTV-
Myc tumours (Figure 4-1A). We next interrogated whether the culture medium
could alter the expression of ErbB2. As outlined in the Materials and Methods
Chapter, the tumour cell lines are cultured in MMEC medium that contains growth
factors, EGF, and insulin (Table 2-12). The addition of EGF to the culture medium
has been shown to accelerate ErbB2 internalisation, which could lead to its
degradation 3'7. Therefore, tumour cell lines were cultured in a medium without
growth factors (GF), EGF and Insulin for 24 or 48 hours and ErbB2 protein
expression was assessed. However, while ErbB2 expression stabilised with GF
withdrawal in MYC310 cells compared to expression in cells cultured in GF-
containing media, MYDAZ2.1d cells had decreased expression of ErbB2 (Figure
4-1B). Therefore, this loss of ErbB2 expression does not appear to result from
being cultured in GF-containing media. However, these cells had been passaged
12 times since isolation at the point of this experiment. Therefore, | cannot negate
the effects of repetitive exposure to EGF and Insulin. Given that Myc-expression
was reduced when cultured in a GF-free medium within 24 hours (Figure 4-1B) and
is required to maintain mammary epithelial cell growth, differentiation, and function,
this condition is not ideal for our experiments. To determine how quickly ErbB2
expression was lost in cells isolated from ErbB2-driven MGTs, cells were freshly
isolated from three ErbB2 tumours (1.1c, 2.2a, and 2.2b). The fresh tumour cells
were collected along with subsequent early passages. Surprisingly, ErbB2
expression was lost as early as one passage (Figure 4-1C). However, these cells
were passaged in complete MMEC medium with growth factors. Therefore, this
effect could be due to the presence of EGF in the culture media. As a result, the
experiments in this thesis only used Myc-driven tumour cell lines and various
human cancer cell lines to avoid altering culture conditions significantly to maintain

ErbB2 expression in MMTV-Erbb2 tumour-derived cell lines.
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Figure 4-1.ErbB2 is lost from MMTV-ErbB2 MGT-derived tumour cell lines.
(A) WB of lysates from Myc-driven (red) and ErbB2-driven (blue) tumour cell lines and
representative MMTV-Myc and MMTV-ErbB2 tumours. (B) WB of Myc-driven and
ErbB2-driven tumour cell lines cultured with or without growth factors (GF) for indicated
times. (C) WB of three ErbB2 tumour cell lines derived from individual MMTV-ErbB2
MGTs at indicated passages. All western blots are representative of 1 replicate.

Using Myc-derived tumour cell lines (MYAZ16.1e, MYAZ6.6g, and MYAZ12.3i), we
first sought to confirm the glutaminolytic phenotype observed by Dr Emma Still in
the MMTV-Myc-driven MGTs. As expected, these cells maintain elevated levels of
Myc compared to cultured mammary epithelial cells isolated from the MFP
(Appendix 1A, B). Furthermore, when MYAZ16.1e cells were cultured in different
concentrations of glutamine, a significant proliferative defect was observed in cells
cultured with less than 1 mM of glutamine (Figure 4-2A, B). To determine whether
glutamine is required for anaplerosis in the Krebs cycle in these cells, they were
cultured in glutamine-deplete media with dimethyl a-ketoglutarate (DMKG), a
membrane-permeable esterified a-ketoglutarate. Indeed, the addition of DMKG was
able to rescue the proliferative defect observed in cells cultured in glutamine-
depleted media (Figure 4-2C). BT-549 and MDA MB 231 TNBC cell lines were also
used to assess glutamine requirement. BT-549 cells have endogenous
amplification of Myc, but MDA MB 231 cells also display relatively high levels of
Myc (Appendix 1A, C). Both cell lines depend on exogenous glutamine; however,
while proliferation can be fully rescued upon adding DMKG in BT-549 cells, it is
only partially rescued in MDA MB 231 cells (Appendix 1D, E). In MYAZ16.1e cells,
the requirement for glutamine catabolism for the Krebs cycle was further supported
by the low ICso value of the GLS1 inhibitor, CB-839, observed in these cells (Figure
4-2D).
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Figure 4-2.Myc-driven tumour cells are glutamine auxotrophs.

(A) Confluency of MYAZ16.1e cultured in different concentrations of glutamine (GiIn) and
imaged every 4 hours, representative of 1 independent replicate. (B) Quantification of
panel A relative to the confluency at 2.0 mM glutamine after 48 hours. (C) Confluency of
MYAZ16.1e cells cultured under indicated conditions relative to 2.0 mM glutamine after
72 hours, representative of 1 biological replicate. (D) ICso curve of CB-839 growth
inhibition on MYAZ16.1e cells after 72 hours, representative of 1 biological replicate. All
data are shown as mean + s.d. One-way ANOVA with Sidék correction: ****p<0.0001.

To further interrogate the contribution of glutamine to the Krebs cycle, the MYAZ
cell lines were cultured with 2.0 mM or 0.1 mM U-["*C]-glutamine for 24 hours. This
will determine whether glutamine is required to maintain levels of Krebs cycle
intermediates and assess the incorporation '*C from glutamine into these
metabolites. Glutamine limitation significantly reduced glutamate abundance, Krebs
cycle intermediates fumarate and malate, and oxaloacetate-derived aspartate
(Figure 4-3A). Furthermore, glutamine is the primary carbon source for glutamate
(80.62% + 4.08% ), a-ketoglutarate (82.22% + 4.48), succinate (56.76% + 8.99),
fumarate (72.64% + 3.22%), malate (70.15% + 3.18%), and aspartate (66.09% =
4.41%), and a significant contributor to oxaloacetate (49.09 + 5.58%) and citrate
(47.48% + 2.96%). Which was significantly suppressed by low glutamine conditions
(Figure 4-3B). Therefore, glucose likely maintains oxaloacetate and citrate levels to
compensate for glutamine limitation, but this is insufficient to support all Krebs-
cycle intermediates' levels. Similarly, BT-549 and MDA-MB-231 cells also use
glutamine as the primary carbon source for Krebs cycle intermediates (Appendix

1F). These results confirm that Myc-driven tumour cell lines and TNBC cells are

118



Chapter 4 Results

glutamine auxotrophic and depend on glutaminolysis for Krebs cycle anaplerosis.

Therefore, these tumour cell lines were appropriate for further experiments.
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Figure 4-3.Myc-driven tumour cells use glutamine as the primary fuel for the
Krebs cycle.

LC-MS analysis of Myc-driven tumour cells cultured in 0.1 or 2.0 mM [U-"3C]-glutamine
for 24 hours: (A) Total abundance of Krebs cycle intermediates, data represented as
mean + s.d.; different shapes depicting each biological replicate (n=3). Unpaired two-
tailed t.test (****p<0.0001), and (B) heatmap showing *C enrichment of Krebs cycle
intermediates. OAA = oxaloacetic acid.

4.3 Exogenous glutamine limitation increases cellular

requirement for histidine.

Glutamine was shown to be an essential exchange factor for LAT1-mediated EAA
uptake '#2. However, glutamine is a low-affinity LAT1 substrate; therefore, high
concentrations of free intracellular glutamine are necessary to provide the
concentration gradient necessary for exchange through LAT1. Since glutamine is
essential for central carbon metabolism in Myc-driven cancer cells, we
hypothesised that there would be increased cellular demand for histidine in
glutamine-limited conditions. Myc-driven tumour cell lines (MYAZ16.1e, MYAZ6.6q,
MYAZ12.3i) cultured in high or low glutamine were subsequently incubated with

200 puM of U-['3C]-histidine for 10 minutes, after which the cells were collected for
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LC-MS analysis and the intracellular levels of the m+6 isotopologue of histidine
were compared (Figure 4-4A). First, we assessed transcript and protein levels of
Lat1 in high and low glutamine conditions. Cells cultured in low glutamine had
significantly increased Sic7a5 expression, as well as the glutamine transporter
Slc1a5, whereas the EAA uniporter, Sic43a1 (encoding Lat3), was unchanged with
glutamine limitation (Figure 4-4B). Furthermore, an increase in Atf4 transcription
suggests activation of the ISR upon glutamine limitation may be driving these
transcriptional changes (Figure 4-4B), which has been previously demonstrated3'®.
This induction of Lat1 and Asct2 upon glutamine limitation was also observed at the
protein level (Figure 4-4C). Therefore, we sought to determine whether histidine
uptake was altered in cells cultured in low glutamine due to enhanced Lat1
expression. Indeed, cells cultured in low glutamine conditions took up significantly
more of the m+6 isotopologue of histidine than those cultured in high glutamine
(Figure 4-4D). If this increased histidine uptake indicates an overlapping role with
glutamine, then increased histidine availability should result in a decreased
requirement for glutamine. Therefore, cells were preloaded with different
concentrations of histidine or asparagine, from 0 to 1 mM, without other amino
acids (Figure 4-4F). Asparagine is an NEAA that was shown to be another
important essential amino acid exchange factor, and LAT1 binds with a similar
affinity as glutamine 226245, Subsequently, cells were replenished with AAs,
including 2.0 mM glutamine, for 2.5 minutes and then collected for analysis via LC-
MS (Figure 4-4F). Interestingly, increasing intracellular abundance of histidine
correlated with decreased glutamine uptake, which was not observed in
asparagine-preloaded cells (Figure 4-4G).
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Figure 4-4. Glutamine limitation increases histidine uptake in Myc-driven cancer
cells.

(A) Schematic of the experimental timeline of MYAZ16.1e culture conditions with 20
minutes [U-13C]-histidine administration before collection. (B) RT-qPCR of fold change
in gene expression normalized to B-actin in cells cultured in 0.1 mM glutamine relative
to 2.0 mM glutamine conditions (one-way ANOVA with Sidak correction, representative
of 3 independent replicates). (C) Representative WB of proteins in panel B. Protein levels
are normalized to vinc and fold change relative 2.0 mM glutamine was determined. (D-
E) LC-MS analysis: (D) total abundance of intracellular m+6 histidine levels and (E)
intracellular*C enrichment (unpaired two-tailed t-test, representative of 3 independent
replicates). (F) Experimental strategy for histidine and asparagine preloading in
MYAZ16.1e cells. (G) LC-MS analysis of intracellular glutamine levels relative to starved
cells (two-way ANOVA with Dunnett correction, representative of 3 independent
replicates). All Data are shown as mean + s.d. *p<0.05, ****p=<0.0001.

Next, we sought to determine the fate of histidine in cells cultured with low and high
glutamine. If histidine is used as an exchange substrate, we expect to see the m+6
isotopologue of histidine in the media. To assess this, cells subjected to 200 uM of
U-["3C]-histidine for 20 minutes were washed and replenished with complete media

for 10 minutes (Figure 4-5A), and the cells and media were then collected for
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analysis. In both high and low glutamine conditions, cells rapidly depleted the m+6
isotopologue of histidine (Figure 4-5B). In agreement, significantly increased levels
of m+6 histidine were observed in the media from cells cultured in low compared to
high glutamine (Figure 4-5C). This suggests that cellular histidine is effluxed in high
and low glutamine conditions, perhaps as an exchange substrate for amino acid
antiporters, such as LAT1. Significantly, cells cultured in low glutamine have
increased histidine uptake and can efflux more histidine, which may provide an
advantage to glutamine-addicted Myc-driven cancer cells, providing the ability to

maintain levels of EAAs even when glutamine is limited.
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Figure 4-5.Cells cultured in low glutamine have increased histidine efflux.
MYAZ16.1e cells cultured in 2.0 mM or 0.1 mM glutamine for 24 hours and administered
200 uM [U-"3C]-histidine for 20 minutes. (A) Schematic of experimental timeline for
sample collection following [U-'3C]-histidine uptake. (B-D) LC-MS analysis of histidine:
(B) total abundance of intracellular m+6 isotopologue before and after media change
(one-way ANOVA with Sidak correction), (C) abundance of m+0 and m+6 histidine
isotopologues in the medium (two-way ANOVA with Tukey correction), and (D)
intracellular and extracellular '3C enrichment of histidine (one-way ANOVA with Sidak
correction). Data are presented as mean + s.d. Results are representative of one
biological replicate. **p<0.01, ***p<0.001, ****p<0.0001.
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4.4 Glutamine Synthetase levels are negatively correlated with

histidine requirement in BC cell lines.

GS levels are associated with glutamine independence in breast cancer cell lines
198 Therefore, breast cancer cell lines with different GS levels were selected to
assess whether the capacity to maintain intracellular glutamine pools reduces the
requirement for histidine. These cell lines were selected by identifying those with
low, mid, and high levels of GS expression by analysing previously published and
publicly available single-cell RNA sequencing data®'®. Hs578t (low GS), T47D (mid
GS), and AU565 (high GS) were selected. Protein expression of ErbB2, MYC, GS,
GLS1, GLS2, LAT1 and ASCT2 were assessed (Figure 4-6A). AU565 is a HER2+
breast cancer with endogenous amplification of MYC; as expected, we observe
higher levels in both ERBB2 and MYC (Figure 4-6A). In line with RNA-sequencing
data, Hs578t cells had no GS protein expression, T47D cells expressed low levels,
and AU565 cells expressed high levels of GS (Figure 4-6A). Furthermore, GS is
induced further in T47D and AU565 cells when cultured in low glutamine conditions
(Figure 4-6A). Furthermore, Hs578t cells have high levels of GLS1 when compared
to T47D and AU565 cells (Figure 4-6A). This suggests that Hs578t cells are
glutaminolytic and depend on glutamine for Krebs cycle anaplerosis, whereas
T47D and AU565 cells can produce glutamine through GS activity. These protein
expression patterns were supported by gene expression data from the DepMap
2492 publicly available dataset (Appendix 2A). Given these results, we
hypothesised that Hs578t cells would depend on exogenous glutamine for
proliferation, whereas AU565 would not. Indeed, the ICso value of glutamine
limitation for inhibiting cell proliferation in AU565 cells was 0.25 nM (R? = 0.45)
compared to 12.23 uM (95% ClI: 6.5 to 22.00 uM, R?=0.82) in T47D cells, and
279.0 uM (95% CI: 234.7 to 328.3 uM, R?=0.86) in Hs578t cells (Figure 4-6B).
Each cell line was cultured in low or high U-['3C]-glutamine for 24 hours and then
200 uM of U-["3C]-histidine was added to the medium for 10 minutes. These human
breast cancer cell lines lack UROC1 (encoding urocanase), unlike liver cancer cell
lines such as HepG2 and Huh7, an enzyme involved in histidine catabolism
upstream of glutamate production (Appendix 2A). UROC1 is required to produce 4-
imidazolone-5-propionate, which is the precursor to FIGLU?%3. Without FIGLU,

glutamate cannot be produced from histidine. However, this must be confirmed with
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longer incubations with U-['3C]-histidine. We first assessed the contribution of
glutamine into glutamate and Krebs cycle intermediates, a-KG, fumarate, malate, and
citrate. Consistent with their elevated GLS1 expression, Hs578t cells rely on GIn to fuel
the Krebs cycle (Figure 4-6C). Indeed, a reduction in the percent of labelled glutamine-
derived glutamate (m+5), a-KG (m+5), fumarate (m+4), malate (m+4), citrate

(m+4, m+5) was observed in T47D and AU565 cells (Figure 4-6C). In contrast, T47D
and AUS565 cells have increased contribution into glutamate and Krebs cycle
intermediates from other carbon sources, as indicated by the increased abundance of
unlabelled (m+0) metabolites compared to Hs578t cells (Figure 4-6C). However,
despite the relatively high levels of GS in these cells, there was still a significant
reduction in the total abundance of glutamine when cultured in low glutamine
(Figure 4-6D). Given the high glutamine concentration in cell culture media these
cells may take up significantly more glutamine than is needed to maintain
biosynthetic processes, whereas Hs578t cells likely require more glutamine for
glutaminolysis. Indeed, under glutamine replete conditions, Hs578t cells have lower
glutamine levels than T47D and AUS565 cells, which may be indicative of increased
catabolism (Figure 4-6D). The relative abundance of Krebs cycle metabolites was
measured under high and low glutamine conditions for all cell lines. While the
abundance of all intermediates was reduced in glutamine low conditions, T47D and
AU565 cells had increased abundance of these intermediates compared to Hs578t
cells (Figure 4-6F-I). Furthermore, there was a significant increase in the amount of
unlabelled (m+0) a-KG, malate, and citrate in AU565 cells when cultured in low
glutamine compared to high glutamine, highlighting the ability of these cells to use
alternate carbon sources when glutamine is not available (Figure 4-6F,H,l). Therefore,

GS expression was a good predictor of glutamine independence in these cells.
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Figure 4-6.GS expression positively correlates with glutamine independence.

(A) WB of Hs578t, T47D, and AU565 cells cultured in 2.0 mM and 0.1 mM glutamine.
Myc-driven MGT and liver as positive/negative controls. Protein levels were normalized
to B-actin and min-max normalized. Representative of 3 independent replicates. (B)
Normalized relative confluency of cells cultured in 0-2.0 mM glutamine, relative to 2.0
mM glutamine. A non-linear fit of log(glutamine) vs. normalized response was applied to
determine ICso values. Representative of 2 independent replicates. (C) % labelling of
glutamine and Krebs cycle intermediates in cells cultured in 2.0 mM [U-'3C]-glutamine
for 24h (two-way ANOVA with Sidak correction). (D-l) Isotopologue abundance of
glutamine, glutamate, and Krebs cycle intermediates in cells cultured in 2.0 mM or 0.1
mM total abundance of glutamine with isotopologue abundance in cells cultured with 0.1
or 2.0 mM glutamine [U-3C]-glutamine for 24h (two-way ANOVA with Sidak correction).
Data represent mean + s.d. (n=3) *p<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001.
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Similar to the previous sections, the intracellular abundance of U-['3C]-histidine was
assessed to determine whether the glutamine-dependence correlated with histidine
requirement. The abundance of the m+6 isotopologue of histidine under high and
low glutamine was measured, and its abundance under low glutamine was
normalized to that of the high glutamine condition. Therefore, a value higher than
1" indicates that histidine uptake was increased under low glutamine conditions.
Hs578t cells took up significantly more histidine when cultured in low glutamine
relative to high glutamine (Figure 4-7A). Surprisingly, T47D cells did not take up
more histidine, and AU565 cells took up significantly less in low glutamine than in
high glutamine (Figure 4-7A). Importantly, all cell lines express LAT1, and there
does not appear to be significant induction of LAT1 upon glutamine limitation
(Figure 4-6A) as observed in the murine Myc-driven tumour cell lines (Figure 4-4C,
D). Therefore, these differences in histidine uptake cannot simply be described by
differences in LAT1 expression across cell lines. Consequently, glutamine-
dependent, GS-low cells that cannot maintain sufficient glutamine pools to meet
cellular demands may have an increased demand for histidine. This may result in
these cells being more sensitive to deprivation of histidine. However, no significant
differences were observed when comparing sensitivity to histidine limitation in
these cell lines under glutamine-high conditions (Figure 4-7C). Furthermore, each
cell line required very low concentrations of histidine to maintain proliferation
(Figure 4-7C). Importantly, these cell lines have significantly different proliferative
rates, confounding the conclusions that can be drawn from these results. Indeed,
Hs578t cells proliferate significantly faster than T47D and AU565 cells (Appendix
2B). However, these cells also display significantly different cellular morphology
and size (Appendix 2C). Unfortunately, confluency was used to measure
proliferation. Given these differences in cellular morphology, cell number would
have been preferable in this case. Nonetheless, we aimed to assess the correlation
between GS levels and histidine requirement utilising an isogenic system to avoid

these confounding factors.
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Figure 4-7.Glutamine dependent BC cells have increased histidine uptake.

(A-B) LC-MS analysis of Hs578t, T47D, and AU565 cells cultured in low (0.1) and high
(2.0) glutamine and administered 200 uM [U-'3C]-histidine for 10 minutes: (A) fold
change of abundance of intracellular m+6 histidine in cells cultured in low glutamine
relative to high glutamine (one-way ANOVA with Sidak correction, representative of 1
replicate), and (B) '3C enrichment of histidine (representative of 1 replicate).(C)
Normalized relative confluency of BC cells cultured in 0 to 120 uM of histidine relative to
120 uM histidine at 72 hours. A non-linear fit of log(histidine) vs. normalized response
was applied to determine ICso values. Represents 2 independent replicates. All data
presented as mean + s.d. *p<0.05, ****p<0.0001

4.5 The ectopic overexpression of GS in Myc-driven tumour

cell lines did not maintain glutamine pools.

Thus far, the data demonstrate that exogenous glutamine availability and utilisation
for Krebs cycle anaplerosis influence histidine uptake. Furthermore, cells with
greater GS expression, are less sensitive to decreased exogenous glutamine,
which correlates to a reduced requirement for histidine when cultured in glutamine-
limited conditions. To examine whether endogenous glutamine production is
sufficient to dictate histidine requirement, we constructed a plasmid that
overexpresses GLUL (Figure 4-8A), the gene encoding GS, as described in detail
in the Materials & Methods Chapter. MYAZ6.6g cells were transduced with this
plasmid to produce GLUL OE cells, which were compared to cells expressing the
empty vector (EV) (Figure 4-8B). Surprisingly, GLUL OE cells were not less
sensitive to glutamine limitation than EV cells (Figure 4-8C). The 1Cso value of
glutamine that is insufficient for proliferation was 198.2 yM (95% CI: 176.3 to 223.0
uM, R?=0.96) in EV cells and 179.8 uM (95% CI: 150.2 to 213.0 uM, R?= 0.92) in
GLUL OE cells. This implies that the glutamine levels produced by ectopic GS in

these cells are insufficient to maintain proliferation.
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Figure 4-8.0verexpression of GLUL did not confer glutamine independence in
Myc-driven tumour cells.

(A) Vector map of pBabepuro GLUL overexpressing vector generated by SnapGene. (B)
WB of GS overexpression in EV and GLUL OE MYAZ6.6g cells. (C) Normalized relative
confluency of MYAZ6.6g pBabe EV and pBabe-GLUL OE cells cultured in 0 to 2 mM of
glutamine relative to 2 mM glutamine at 72 hours. A non-linear fit of log(glutamine) vs.
normalized response was applied to determine ICs values. Represents 2 independent
replicates.

EV and GLUL OE cells were cultured in either low or high-glutamine media to
confirm whether GS was functional. Like wild-type cells (Figure 4-4C), when
cultured in low glutamine, EV and GLUL OE cells had increased levels of GS,
LAT1, and ASCT2 (Figure 4-9A). Therefore, aside from GS overexpression, no
differences were observed in GLUL OE cells. To determine whether GLUL OE cells
had increased GS activity, cells were cultured in high and low glutamine with U-
['3C]-glutamine or U-['*C]-glucose. When both EV and GLUL OE cells were
cultured in high glutamine conditions, there was no incorporation of '3C from
glucose into glutamine (Figure 4-9B). However, upon glutamine limitation, GLUL
OE cells (13.6% = 0.4%) had significantly increased incorporation of glucose-
derived "*C compared to EV cells (3.6% + 2.8%; Figure 4-9B). However, GLUL OE
cells could still not maintain glutamine levels (Figure 4-9C). Thus, like previous
results in Myc-driven tumour cells (Figure 4-4D), when EV and GLUL OE cells were
administered U-['3C]-histidine, both cell lines had significantly increased abundance
of the m+6 isotopologue of histidine when cultured in low glutamine media
compared to high glutamine (Figure 4-9D). Furthermore, uptake of m+6 histidine
was not significantly reduced in GLUL OE compared to EV cells cultured in low
glutamine media (p = 0.0530, 2-way ANOVA).

128



Chapter 4 Results

Glutamine
Ak
e
A B Feskedeok
3C.-GIn 13C,-Gle
£V _CLULOE kkkk  okk | *kkk  pmey mmey
GIn (mM) 01 20 01 20 1 1 5 .
oo — 100+ I_| ESGLUL OF B GLUL OE
£ 7
100 £ . /
75 '..' ASCT2 g 60 é ’é
o £ A%
— 40 Z
e — 5 //
1004 vinc o %
£ 20 A é
g )/
Gln(mM) 2001 2001 2001 2001
Empty Vector GLULOE
Histidine M+6
Glutamine
C D *% * Glutamine (mM)
10— FdEkk  kkk * * 15+ 20
] oo = 0.1
=) g ¢ =2
< < .
o a 104 [ )
< <
3 3
x 44 4
. - 5_
E E o
o 24 [=]
z Z
0- o<
Gin(mM) 2001 20 01 20 01 20 01 Empty Vector GLULCE

Empty Vector GLUL OE

Figure 4-9.GLUL/GS overexpression did not compensate for glutamine limitation.
(A) WB from lysates of empty vector (EV) control or GLUL OE MYAZ6.6g cells cultured
in 0.1 or 2.0 mM glutamine (GIn), representative of 1 replicate. (B-D) LC-MS analysis of
cells cultured in [U-"3C]-glutamine or [U-"3C]-glucose for 24 hours in 2.0 mM or 0.1 mM
glutamine: (B) '3C enrichment in glutamine, (C) total abundance of glutamine, (D)
abundance of m+6 histidine in cells administered 200 uM [U-13C]-histidine for 20 minutes
in cells cultured in 2.0 mM or 0.1 mM glutamine, representative of 2 replicates. All data
represent mean + s.d.; two-way ANOVA with Sidak correction. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

These experiments aimed to determine whether maintenance of glutamine pools
due to increased GS activity would decrease cellular demand for histidine. While
the generated GLUL OE cells overexpressed GS, the results suggest that ectopic
GS was inefficient to produce sufficient amounts of glutamine and protect cells from
glutamine limitation. Indeed, GLUL OE cells were glutamine auxotrophic and had
no advantage in glutamine-limited conditions compared to EV controls.
Furthermore, only a small percentage of glutamine was enriched with 3C from

glucose in GLUL OE cells upon glutamine limitation, and glutamine abundance was
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not maintained. Thus, this model could not provide the conditions necessary to
assess the dependence of histidine requirement on intracellular glutamine levels
and dependence on exogenous glutamine, therefore, further optimisation and

characterisation are required to investigate this relationship further.

4.6 Glutamine compensates for histidine limitation.

Given that both glutamine and histidine can be used as LAT1 exchange substrates,
mediating the uptake of EAAs, we hypothesised that increasing the availability of
glutamine should compensate for histidine limitation if histidine is used as a LAT1
exchange factor in Myc-driven tumour cell lines. Myc-driven tumour cell lines were
cultured in 100%, 25%, and 5% of the histidine in DMEM in 2 mM or 4 mM
glutamine. Cells cultured in 5% histidine did not sustain proliferation in 2 mM or 4
mM glutamine (Figure 4-10A, B). However, the proliferative defect observed in cells
cultured with 25% histidine in 2 mM glutamine was significantly rescued in 4 mM
glutamine (Figure 4-10A, B). At the same time, cells cultured in 100% histidine with
4 mM glutamine did not grow faster than those cultured in 2 mM glutamine.
Therefore, these results suggest that glutamine may compensate for histidine
limitation. Importantly, SUnSET analysis at different concentrations of histidine
shows that cells cultured in 5% of histidine are unable to maintain protein
translation, display activation of the ISR as evidenced by induction of Atf4, and
attenuate mTORC1 signalling as shown by decreased phosphorylation of Rps6
(ribosomal protein S6) (Figure 4-10C). Thus, as glutamine cannot compensate for
the proteinogenic role of histidine, increasing glutamine availability is expected not
to rescue the proliferative defect observed. However, cells cultured in 25% histidine
do not have decreased protein translation, but Atf4 induction and mTORC1
attenuation are observed (Figure 4-10C). This indicates that histidine is essential in
maintaining cellular amino acid homeostasis and mTORC1 signalling and that
glutamine may compensate for this role when histidine is limited. These data
suggest that increased glutamine abundance can protect cells from histidine
limitation, alluding to the possibility that glutamine and histidine have overlapping
roles. The next chapter aims to determine the role of histidine in Myc-driven cancer

cells.
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Figure 4-10. Glutamine can rescue proliferation under histidine limitation.
(A) Normalized confluency of MYAZ16.1e cells cultured in 100%, 25%, or 5% histidine
in the presence of 2.0 mM or 4.0 mM glutamine to starting confluency at Ohr. (B)
Quantification of normalized confluency at 48 hours of panel A. Representative of 3
independent replicates (two-way ANOVA with Tukey correction; ***p<0.001,
****p<0.0001). (C) WB of MYAZ16.1e cells cultured in indicated levels of histidine for 48
hours. Representative of 1 replicate.

4.7 Myc-driven mammary gland tumours depend on
exogenous glutamine for tumour growth.

To determine whether the limitation of exogenous glutamine affects the demand for
histidine in Myc-driven MGTs, FVB/N mice were placed onto either a control diet
(CD) or glutamine deficient diet (QDD) for six weeks (Figure 4-11A). After this,
MYAZ16.1e tumour cells were orthotopically injected into the mammary fat pad

(MFP; Figure 4-11A). In the end, mice were given an intravenous 5-minute bolus of
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0.107 mg/gBW U-["3C]-histidine and histidine uptake was assessed in the MGT via
LC-MS (Figure 4-11A). As expected, based on in vitro results in Myc-driven tumour
cells, mice fed a QDD had decreased tumour burden, demonstrating that

exogenous glutamine is necessary for Myc-driven tumourigenesis (Figure 4-11B-
D).
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Figure 4-11.Myc-driven MGTs rely on dietary glutamine.

(A) Schematic of experimental timeline of monitoring Myc-driven tumourigenesis in mice
fed a CD (control diet) or QDD (glutamine deficient diet. (B) Tumour volume of mice (n=9
mice per group; two-way ANOVA with Sidak correction). (C) Representative
bioluminescence images of mice bearing luciferase-expressing MYAZ16.1e orthotopic
allografts 1 (T1) and 4 (T4) weeks after tumour cell injection. (D) Quantification of
bioluminescent signal (photons/second/cm?/steradian) from panel C (n=9 mice per

group). Data represent mean + s.d. Two-way ANOVA with Tukey correction. **p<0.01,
***p<0.001.

Tumours and blood serum in CD and QDD mice were compared using LC-MS to
assess glutamine levels and intermediates of glutamine metabolism. Paradoxically,
serum glutamine levels were maintained on the QDD (Figure 4-12A). This may
suggest that other tissues, such as the liver3?°, might release glutamine when it is
limited. This could provide the necessary exogenous glutamine stores to be utilised
by the tumour. Indeed, glutamine is maintained in MYAZ16.1e tumours in mice fed
a QDD (Figure 4-12B). Furthermore, tumours from mice on the QDD had increased
protein expression of ASCT2, indicative of increased glutamine uptake in these
tumours (Figure 4-12C, D). As reviewed in the Introduction Chapter, glutamine is
deaminated by GLS1 to produce glutamate and ammonia (Figure 4-12E).
Glutamate can then be fed into the Krebs cycle. To assess the impact of glutamine

availability on the abundance of these intermediates, fold change was calculated by
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dividing the abundance of each intermediate in tumours from mice on the CD by
the corresponding abundance in the tumours from the QDD-fed mice. This
approach enabled the determination of the relative increase or decrease in
metabolite levels when glutamine was abundant compared to when it was
withdrawn from the diet. Given that glutamine levels remain constant, it is not
surprising that significant changes in the abundance of Krebs cycle intermediates
were not observed in QDD compared to CD mice (Figure 4-12F). However, a slight
decrease in glutamate levels was observed (Figure 4-12G). Previous work done by
PhD student Amy Spicer has shown increased glucose incorporation into Krebs
cycle intermediates upon glutamine starvation. Therefore, these results reflect the
robust ability of tumours to compensate for glutamine deprivation through
maintenance of systemic glutamine levels, upregulation of glutamine transporters,
and utilisation of alternative carbon sources. However, despite this, there was
insufficient glutamine to support tumour growth, suggesting glutamine may be a

limiting nutrient in Myc-driven tumourigenesis.

133



Chapter 4 Results

A Serum Glutamine B MGT Glutamine C D
ns MGT,
0.247 o CD 2.0q ns Q
) ° ) 88 5
< © QDD < 45l 00 ]
5 0184 =" kDa @
< 8doo oo 3 o 75 8
B 0.1 2 9g° o ASCT2 i
c
g £ © © [
£ S 0.5+ o
§ 0064 S 37E| B-actin &
0.00+————— 00-—T— 71—
QO L0
& <§>° cb QbD &
E MGT Krebs Cycle G MGT Glutamate
. Abundance
E S 3
< 2.0+ 0.0541
4 o .
L-Glutamine (Gln) L-Glutamate (Glu) 2 o
E » < 1.54
o o GLs a 2 2 i 8 E O%O
LS1 .
HaNJk/\‘)LCS 7? 6J‘\/\HLO 8 o 2104 © °
NMy  HO  NH,* NH; 5 1da-o- 9% % 1 __cp ; 0
g @ - E o5
a R z
o o 0%
uo_ 0 ‘L;L T T T T % 00‘_|—?_

0\0 ’S‘SD.({‘& ‘5& \é@ ‘é@ CcD QbpD
P é"b *@* 0‘@
& ¢

Figure 4-12. MGTs from mice fed a QDD maintain glutamine levels and Krebs
cycle intermediates.

(A-B) LC-MS analysis of glutamine abundance in (A) serum and (B) MGTs of mice fed
a CD and QDD (n=9 each group; unpaired two-tailed t-test). (C) Representative WB of
ASCT2 levels in a CD and QDD MGT. (D) Quantification of protein levels from panel C
(unpaired two-tailed t-test, CD (n=5), QDD (n=4)). (E) Mechanism of glutamine
deamination catalysed by GLS1. (F) Fold-difference in the abundance of Krebs cycle
intermediates in MGTs from mice on the QDD compared to the CD (two-way ANOVA
with Sidak correction).(G) LC-MS analysis of glutamate levels (Unpaired two-tailed t-
test). All data are presented as mean +s.d. *p<0.05.

The fractional enrichment and isotopologue abundance of histidine were quantified
to determine whether histidine uptake is altered in MGTs from mice on the CD
compared to QDD. The enrichment of '3C histidine in the serum from the U-["*C]-
histidine bolus was not significantly different in mice fed the CD (83.62% * 4.76%)
compared to QDD (85.48% + 5.55%) (Figure 4-13A). When the fractional
enrichment was quantified in the MGTs, a trend towards a significant increase in U-
['3C]-histidine enrichment in tumours from mice on the QDD (78.27 + 1.53%)
compared to CD (74.80 + 5.02%) was observed (Figure 4-13B). However, there
was no difference observed in the abundance of the m+6 isotopologue of histidine
in MGTs from mice fed the CD or QDD (Figure 4-13C). Together, these results
suggest that although the depletion of dietary glutamine resulted in a significant

reduction in tumour volume, it was not effective at reducing glutamine levels in the
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tumour, therefore, histidine uptake was not affected as was observed with these

tumour cells in vitro.
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Figure 4-13. MGTs from mice fed a QDD did not have increased histidine uptake.
LC-MS analysis of histidine in mice on a CD or QDD given a 5-minute IV bolus of 0.107
mg/gBW [U-"3C]-histidine (n=9 in each group): (a-b) '*C enrichment of histidine in the (a)
serum and (b) MGT (Unpaired two-tailed t-test) and (¢) abundance of m+0 and m+6
histidine isotopologues (two-way ANOVA with Sidak correction).

4.8 Discussion

Myc-driven cancer cells rewire cellular metabolism and heavily rely on glutamine to
fuel the Krebs cycle. The results from this Chapter confirmed this phenotype in
tumour cells derived from MMTV-Myc-driven MGTs. Indeed, these cells depend on
high concentrations of exogenous glutamine (>1 mM) for proliferation, and the
proliferative defect in the absence of glutamine could be rescued upon the addition
of DMKG, which is in line with published research®-244. Furthermore, these data
revealed that Myc-driven cell lines (MYAZ -16.1e, -6.6g, -12.3i) with an increased
requirement for exogenous glutamine imported more histidine under glutamine
limitation. Specifically, glutamine availability, dependence, and catabolism dictated
histidine requirements. Importantly, this histidine was effluxed from the cell in Myc-
driven tumour cell lines, indicating its use as a bidirectional LAT1 substrate.
Furthermore, glutamine could compensate for histidine limitation independent of

histidine catabolism.
Myc-driven murine tumour cell lines and Hs578t cells cultured in low glutamine had

significantly increased histidine uptake compared to cells cultured in high

glutamine. Previous work has suggested that histidine catabolism is required for
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cytidine triphosphate synthase (CTPS) filament formation during glutamine
deficiency 2%*. Similar to these results, they observed increased histidine uptake in
glutamine-free media. This histidine contributed to protein methylation required for
CTPS filament formation, which was achieved by donating one carbon to
methionine regeneration. The methionine was used to produce SAM, and the one-
carbon unit was ultimately transferred from SAM to methylate proteins, such as
CTPS. However, in the previous chapter, stable isotope tracing with histidine did
not reveal any contribution from histidine into the methionine cycle, even when
methionine was limited and histone methylation is attenuated. Instead, following
histidine uptake, this histidine was found in the media. Furthermore, cells cultured
in low glutamine, which imported significantly more histidine than those cultured in
high glutamine, also effluxed significantly more histidine. Since glutamine is a
bidirectional LAT1 substrate, an increased dependency on glutamine for Krebs
cycle anaplerosis compounded with exogenous glutamine limitation could affect
glutamine availability for LAT1 mediated exchange. Therefore, to maintain levels of
EAAs, increased histidine uptake could compensate for glutamine by maintaining
LAT1 activity. Thus, when glutamine is sparse, increasing histidine uptake could
provide an advantage for tumour cells to better tolerate these adverse conditions

and maintain levels of EAAs.

Glutamine is the second most rapidly consumed nutrient, after glucose, by most
human cancer cell lines. However, as mentioned, the requirement for glutamine is
heterogeneous across cancer cell lines. Although mammalian cells can produce
glutamine from glutamate via GS activity, not all cancer cells express GS. Cancer
cells that cannot synthesise glutamine depend more on exogenous glutamine to
meet biosynthetic demands. In agreement with previous studies'®, in this Chapter,
breast cancer cell lines that express high levels of GS are less sensitive to
glutamine limitation. However, we also observed increased histidine uptake in low
GS cells (Hs578t) cultured under low glutamine compared to high glutamine. In
contrast, cells with high GS expression (T47D and AU565) did not increase
histidine uptake under low glutamine. Furthermore, these cells were able to better
maintain levels of TCA cycle intermediates compared to the low-GS cells. These
results reveal a potential association between glutamine dependency and

availability with histidine requirement. However, these tumours breast cancer cell
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lines are derived from tumours of different subtypes and have distinct genetic

signatures and phenotypic differences. To overcome some of these caveats and
draw a more direct comparison, GLUL was overexpressed in Myc-driven tumour
cell lines. However, this could not rescue proliferation or glutamine levels in cells

cultured in low glutamine.

The increased import of histidine observed in cells cultured in low glutamine
compared to high glutamine suggests a decreased requirement for histidine when
there is sufficient exogenous glutamine. However, reducing histidine availability
diminished cellular proliferation, suggesting that histidine is necessary for cellular
proliferation independent of its proteinogenic role. Interestingly, this chapter
revealed that increasing glutamine availability can rescue cells cultured in reduced
histidine, restoring proliferation to normal levels. Histidine can contribute to
glutamine pools by producing glutamate via histidine catabolism. If histidine
catabolism significantly contributed to glutamate pools in Myc-driven cancer cells,
then glutamine could compensate for histidine limitation through glutaminolysis.
However, in the previous Chapter, using stable isotope tracing of histidine, there is
no incorporation of 3C from histidine into glutamate, even when glutamine levels
were insufficient to maintain glutamate pools. Therefore, glutamine compensates

for a role independent of histidine catabolism in Myc-driven tumour cells.

The role of LAT1 as a high affinity histidine transporter is well appreciated. In some
tissues, such as at the BBB, histidine efflux through LAT1 is essential to maintain
levels of BCAAs®?'. However, the question of how LAT1-mediated histidine
exchange supports tumourigenesis has not received sufficient attention. The
results in this chapter begin to unravel the metabolic basis of histidine requirement
in Myc-driven and glutamine-addicted cancer cells and tumours. We reveal an
association between two bidirectional LAT1 substrates, histidine and glutamine.
Whereby glutamine dependency and availability determine histidine requirement.
This data has alluded to a redundant role shared by glutamine and histidine.
Interestingly, following the import of histidine, we observed efflux of this imported
histidine shortly after, suggesting histidine may be used as an exchange substrate.
The core of solid tumours has been observed to have significantly reduced

glutamine levels compared to the periphery?*6. In comparison, histidine levels were
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unchanged, if not slightly higher, in the core region compared to the periphery?,
This observation suggests that glutamine availability may be a limiting factor for
tumour growth, especially for tumour cells with an increased demand for glutamine
catabolism, as discussed in this chapter. Conversely, histidine, due to its high
affinity for LAT1 and availability within the tumour microenvironment, serves as a
more reliable substrate for LAT1, thereby supporting the maintenance of essential

amino acid pools necessary for tumourigenesis.
Summary

To summarise, this Chapter has:
1) Evaluated LAT1 gene and protein expression in Myc-driven MGTs.
) Characterised glutamine dependency in MGTs and tumour cell lines.
3) Demonstrated elevated histidine import in glutaminolytic tumour cell lines.
) Revealed a compensatory role for glutamine in sustaining proliferation under
histidine limitation, suggesting a degree of functional redundancy between

glutamine and histidine.
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Chapter 5. Histidine is the preferred LAT1 exchange

factor in Myc-driven cancer cells
5.1 Introduction

Histidine is a high-affinity LAT1 substrate and has been shown to act as a
bidirectional substrate, whereas the other EAA substrates are preferentially
transported inwards. The role of histidine in mediating LAT1 function has been
previously demonstrated as essential for the uptake of BCAAs across the BBB.
Indeed, deletion of Sic7a5 from the endothelial cells of the BBB resulted in elevated
histidine levels in the brain and a significant reduction in leucine, isoleucine, and
valine, which resulted in motor delay and autism-related phenotypes 3?'. However,
despite this high affinity for histidine as an exchange substrate, most research has
focused on the glutamine in facilitating LAT1-mediated exchange for EAAs such as
leucine 2. In the previous chapter, we revealed an association between glutamine
availability and dependency with histidine requirement. These data indicated
histidine’s use as an exchange substrate in glutamine-limited environments. This
suggests that the tumour context in which LAT1 is expressed could play a critical
role in its function. Understanding how LAT1 requirements vary across tumours
expressing different oncogenes could uncover significant metabolic vulnerabilities,

essential for developing effective strategies targeting LAT1.

LAT1 is overexpressed in a broad range of solid tumours, including prevalent
cancers such as those of the breast?86:322 prostate3?®, and lung®?4-328, In
comparison, LAT1 is generally absent in normal, healthy tissue. This highlights the
important role of LAT1 in tumourigenesis and underscores its potential as a specific
target for cancer therapy. Indeed, deletion, knockout, or inhibition of LAT1 has
successfully attenuated tumour growth in various tumour models, such as
pancreatic, thyroid, and colon cancer?36.237.329-331 However, other groups have
challenged the view that LAT1 is vital to tumour growth, suggesting that due to the
mechanism of LAT1-mediated amino acid uptake, this transporter acts as a
‘harmoniser’ rather than a ‘loader’?°'24, Therefore, cells are capable of

compensating in the absence of LAT1. LAT1 functions as an amino acid
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exchanger, facilitating the exchange of one amino acid for another without a net
increase in the overall intracellular amino acid pool. However, this exchange allows
the cell to adjust the composition of specific amino acid pools to meet metabolic
and biosynthetic requirements, ensuring the most critical amino acids are available
to meet cellular demands in developing tumours. LAT1 is particularly important for
leucine uptake, which plays several key roles. Leucine is the most abundant amino
acid in proteins®3? | given that cells cannot produce leucine de novo, so maintaining
cellular pools of leucine is essential to maintaining unremitting cellular proliferation.
This increased dependency on exogenous leucine for protein synthesis likely
underlies its role as a key regulator for mMTORC1 signalling, relaying information
about nutrient status to initiate anabolic or catabolic responses. mTORC1 controls
cellular growth in response to growth factors and amino acids. Free amino acids,
such as leucine, can translocate mMTORC1 to the lysosomal surface, where it is
activated. Recruitment of mTORC1 to the lysosome is mediated by Rag GTPases,
which are anchored to lysosomes in a nutrient-dependent manner'’®. These Rag
GTPases function as heterodimers, consisting of Rag A/B paired with RagC/D.
Cytoplasmic free leucine modulates Rag activation through various mechanisms
173,175,180-182 SESTRIN1/2 are cytoplasmic leucine sensors that bind leucine when
freely available in the cytoplasm'”5'82_|n the absence of leucine, SESTRK 1/2 bind
and inhibit GATORZ2, an inhibitor of GATOR1. GATOR1 is a GTPase-activating
protein (GAP) for RagA/B, resulting in an inactive state. In the inactive state,
mTORCH1 is not recruited to the lysosome, where it is activated by Rheb333:334,
Therefore, mTORC1 activation requires dual activation from amino acids and
growth factors. Given that leucine is a key effector of mTORC1 signalling, LAT1 is
important in maintaining mTORC1 signalling. LAT1 can also be localised to the
lysosome via the chaperone, LAPTM4b. LAPTM4b-mediated lysosomal localisation
of LAT1 enhanced leucine uptake into lysosomes and was crucial for mTORCA1
activation. Therefore, LAT1 regulates leucine levels in the cytoplasm and
lysosome, two key sites for mTORC1 nutrient sensing. Therefore, LAT1 ablation

and inhibition strongly inhibit mTORC1 activation in vitro and in vivo?3.

mTORC1 controls protein synthesis by phosphorylating 4E-BP1 and S6K1. In its
unphosphorylated state, 4E-BP1 suppresses translation by binding and

sequestering elF4E, an essential component of the elF4E cap-binding complex.
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Phosphorylation of 4E-BP1 by mTORC1 causes it to release elF4E, enhancing the
5 cap-dependent translation of MRNAs33533¢_ The regulation of protein translation
by mTORCH1 is primarily mediated through 4E-BP1, as mTOR inhibition did not
impact protein translation in cells lacking 4E-BP1 and 4E-BP23%". In contrast,
deletion of S6K1/2 in mice did not affect global protein synthesis, which remained
sensitive to mTOR inhibition3®. However, research suggests that phosphorylation
of S6K1 by mTORC1 upregulates transcription of rRNA, the primary component of
ribosomes, through increased activity of RNA Polymerase | (RNAPOL1) via
regulation of upstream binding factor (UBF) and transcription initiation factor 1A
(TIF-1A; also known as RRN3). S6K1subsequently phosphorylates RPS6, a
component of the ribosomal 40S subunit®°. The specific role of RPS6 in
translation is unclear; some studies suggest RPS6 is essential for the translation of
TOP mRNAs34%341 involved in ribosome biogenesis, while others show that RPS6
deficient mice did not have impaired translation of TOP mRNAs3*2. Furthermore,
substituting serine phosphorylation sites for alanine residues in Rps6 did not affect
global protein translation 342, Rather, these phosphorylation sites were
determinants of cell size and substituting alanine residues resulted in a significant
decrease in size. This is further supported by a study which showed that the
translation of TOP mRNAs is carried out in a 4E-BP1-dependent manner 3%’. This
suggests that 4E-BP1 has a more prominent role in regulating global protein

translation downstream of mTORC1 activation.

This chapter will first interrogate histidine’s role as an amino acid exchange factor
in Myc-driven tumour cell lines and in tumours ex vivo and in vivo. It will compare
the requirement for histidine as a LAT1 substrate to other recognised amino acid
exchange factors at physiological and supraphysiological concentrations.
Furthermore, here, we assess the functional significance of histidine exchange in
tumour cell lines. Molecular and biochemical approaches were employed to dissect
metabolic pathways and histidine function in Myc-driven cancer cells. This was
achieved by integrating techniques such as LC-MS and stable isotope tracing to
garner detailed insights into histidine and interactions with other amino acids, as
well as CRISPR-Cas9 mediated genetic knockout and pharmacological inhibition to

assess the impact on histidine function. Using ex vivo and in vivo tumour model
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systems, we aimed to evaluate the role of histidine in more representative

physiological settings.
Aims

This chapter aims to address these aspects of my hypothesis:
1) Histidine is a bidirectional LAT1 exchange substrate.
2) Myc-dependent tumour cells preferentially utilise histidine over glutamine to
uptake EAAs through LAT1.

3) Histidine is important for mMTORC1 signalling in Myc-dependent cancer cells.

5.2 Histidine is exchange for amino acids through LAT1.

LAT1 can transport histidine bidirectionally; however, whether histidine is required
for LAT1-mediated amino acid uptake in Myc-driven cancer cells is unknown. To
test whether intracellular histidine is exchanged for other amino acids, MYAZ16.1e
cells were cultured in amino acid-free DMEM (-AA) without or with 1.6 mM histidine
(histidine preload) for 48 hours (Figure 5-1A). A control plate (Ctl) was collected
before amino acid starvation to assess levels of amino acids before starvation
(Figure 5-1A). The preloading concentration of histidine was determined empirically
by treating cells with a range of concentration (0 — 6.4 mM) and selecting the
highest concentration that did not induce significant cell death during nutrient
starvation (this was only assessed visually). A final concentration of 1.6 mM was
chosen, which is approximately tenfold higher than its reported physiological
plasma concentration of histidine. This approach is consistent with previous studies
investigating amino acid exchange substrates. For example, asparagine and
glutamine have been used at concentrations of 2 mM and 10 mM, respectively,
both approximately 20 times their physiological levels'#?245, However, these studies
employed significantly shorter incubation periods (1 hour); therefore, a less
physiologically extreme approach was taken here to minimise cellular stress over
the longer time course. This prolonged preloading period reduced experimental
variability by allowing cells to reach steady-state intracellular concentrations of
histidine. In addition, it can represent in vivo-like conditions, where the tumour core

may be depleted of amino acids for prolonged periods. Therefore, in subsequent
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experiments, this experimental design helped assess whether intracellular histidine
accumulation was advantageous to cancer cells. Following the 48 hours of
preloading, cells were either collected (-AA or -AA+H) or washed and replenished
with histidine-free DMEM for 2.5 minutes (-AA/DMEM or -AA+H/DMEM) and the
cells and media were collected and flash frozen in liquid nitrogen before metabolite

extraction and LC-MS analysis (Figure 5-1A).

We first quantified the abundance of histidine intracellularly in these samples. As
expected, histidine preloading (-AA+H) significantly increased cellular histidine
pools compared to starved cells (-AA) (Figure 5-1B). Notably, upon replenishment
with DMEM, intracellular histidine levels significantly decreased in histidine-
preloaded cells (Figure 5-1B). This could suggest that upon nutrient availability,
cells immediately utilise histidine for protein synthesis. Alternatively, it could be
indicative of histidine efflux. To assess whether this is the case, cells and media
were collected at regular intervals up to 30 minutes following amino acid
replenishment. Intracellular histidine levels were compared to the abundance of
histidine before DMEM replenishment (0 min), and the extracellular levels of
histidine in the media were compared to the histidine-free DMEM that was used to
replenish amino acid levels in cells. Supporting the hypothesis that histidine is used
for exchange, the intracellular levels of histidine were depleted after 30 minutes of
replenishment; in contrast, the levels of histidine in the media cumulatively
increased over this time (Figure 5-1C). To assess if histidine exchange for other
amino acids is a general tumour cell phenomenon, we also evaluated intracellular
histidine levels following preincubation with 1.6 mM of histidine during amino acid
starvation in TNBC cell lines, BT-549 and MDA MB 231. We observed a significant
decrease in intracellular histidine levels upon reintroduction of amino acids in BT-
549 cells but not MDA MB 231 cells (Figure 5-1D). This indicates that different
cellular contexts mediate the requirement for histidine in amino acid exchange, as
we expect. Overall, intracellular histidine is effluxed from the cell upon nutrient
availability in MYAZ16.1e mammary tumour cells and BT-549 tumour and breast

cancer cell lines, which indicates its role as an amino acid exchange factor.
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Figure 5-1.Histidine is effluxed from the cell in Myc-dependent tumour cells.

(A) Schematic of experimental strategy for histidine preload in the absence of amino
acids. Cells were starved of amino acids in the presence or absence of 1.6 mM histidine
for 48 hours and replenished with DMEM for 2.5 minutes. (B-D) LC-MS analysis: (B)
total abundance of intracellular histidine, (C) total abundance of histidine in the cell (left
y-axis) and media (right y-axis) over 30 minutes of DMEM replenishment. Time O’
represents starved cells after 48 hours of histidine preload or starvation. (D) total
abundance of intracellular histidine in amino acid starved or histidine preloaded TNBC
cell lines, BT-549 and MDA-MB-231 (MD-231). All data are presented as mean +s.d.,
and represent 1 replicate. Two-way ANOVA with Sidak correction. ***p<0.001,
****p<0.0001.

SLC transporters mediate the uptake of amino acids, with each transporter having
varied substrate affinities. Therefore, we quantified the levels of amino acids
present in DMEM to determine whether the uptake of specific amino acids was
enhanced under histidine-preloaded conditions. MYAZ16.1e cells, along with TNBC
cell lines, BT-549 and MDA MB 231, were cultured in amino acid-depleted DMEM

with or without histidine preload and then replenished with amino acid-repleted
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DMEM as described above. The net uptake of each amino acid was calculated by
deducting the abundance after replenishment (-AA/DMEM or -AA+H/DMEM) from
the abundance before replenishment (-AA or -AA+H). A positive value indicates
amino acid influx, whereas a negative value indicates a net efflux from the cell. In
MYAZ16.1e cells, intracellular levels of specific amino acids increased after 2.5
minutes of DMEM replenishment. Significant increases in EAAs such as leucine,
isoleucine, methionine, phenylalanine, tryptophan and lysine were observed in
histidine-preloaded cells (Figure 5-2A). An insignificant increase in valine was
observed in histidine-preloaded cells (Figure 5-2A). In contrast, there was no effect
on threonine uptake in histidine-preloaded cells (Figure 5-2A). The intracellular
levels of NEAAs found in DMEM were also quantified; here, we observed increased
uptake of tyrosine and arginine in histidine-preloaded cells (Figure 5-2B). While
asparagine and proline are not observed in DMEM, the levels of these amino acids
increased or were maintained following starvation in amino acid-starved cells.
Interestingly, upon nutrient availability, the intracellular abundance of these
metabolites is decreased, which could indicate amino acid exchange utilising
asparagine or proline when histidine is unavailable (Figure 5-2B). In support of the
previous chapter, histidine-preloaded cells have less glutamine uptake than starved
cells (Figure 5-2B).
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Figure 5-2. Histidine preloaded cells have increased uptake of specific amino
acids.

LC-MS analysis of cells starved of amino acids or preloaded with 1.6 mM histidine and
replenished with DMEM for 2.5 minutes. The x-axis represents the difference between
the abundance of indicated amino acids after replenishment and before replenishment.
A net positive value is indicative of influx and a net negative value is indicative of efflux.
Change in intracellular abundance of (A) essential amino acids and (B) non-essential
amino acids. Data are presented as mean +s.d. representing 3 independent replicates.
Multiple unpaired t-tests with Holm-Sidak correction. **p<0.01, ***p<0.001, ****p<0.0001.

Similar results were observed in BT-549 and MDA MB 231 cells; however,
differences in SLC transporter expression may dictate the uptake of specific amino
acids across these cell lines. For example, the import of cationic amino acids,
lysine and arginine, are not significantly increased in BT-549 cells under histidine
preloaded conditions, whereas only arginine is observed in MDA MB 231 cells
(Figure 5-3). Furthermore, methionine uptake is not significantly increased in BT-
549 or MDA MB 231 cells (Figure 5-3A, C). Notably, in these TNBC cell lines, the
uptake of certain NEAAs showed an opposite trend to EAAs. Indeed, serine and
glutamine influx were increased in BT-549 and MDA MB 231 cells starved of amino
acids compared to histidine-preloaded cells (Figure 5-3B, D). Furthermore,
asparagine efflux in starved cells is significantly increased compared to preloaded
cells (Figure 5-3B, D). Importantly, threonine levels do not increase significantly in

cells preloaded with histidine in all cell lines tested. Indeed, the opposite trend is
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observed in BT-549 cells, with a significant influx of threonine in starved cells
(Figure 5-3A). Threonine is the only EAA that LAT1 does not transport; therefore,
given that threonine import is not increased in histidine-preloaded cells, this
indicates histidine is exchanged through LAT1. Increased uptake of LAT1
substrates in histidine preloaded MDA MB 231 cells was surprising, considering the
lack of histidine efflux observed in these cells. Further experiments will be
necessary to interrogate histidine exchange in these cells. Overall, these results
suggest that histidine is used as an exchange substrate for a specific subset of
EAAs, which is dependent on the cell line but appears to consistently include

leucine, isoleucine, methionine, phenylalanine, tryptophan, and tyrosine.
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Figure 5-3.Histidine preload increases uptake of specific amino acids in TNBC
cells.

LC-MS analysis of TNBC cells starved of amino acids or preloaded with 1.6 mM
histidine for 48 hours and replenished with DMEM for 2.5 minutes. The x-axis depicts
the difference in a bundance of indicated amino acids after replenishment and before
replenishment. A net positive value indicates influx, and a net negative value indicates
efflux. Change in intracellular abundance of (A, C) EAAs and (B, D) NEAAs are shown.
Data are presented as mean #s.d. representing 3 independent replicates. Multiple
unpaired t-tests with Holm-Sidak correction. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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LAT1 is strongly stereoselective for L-histidine, although this level of
stereoselectivity does not apply to all LAT1 substrates??®. For example, D-isomers
of leucine, phenylalanine, and methionine were able to competitively bind to LAT1
binding sites and inhibit uptake of L-leucine??. However, this level of
stereoselectivity is not a universal feature among all SLC7 family members. For
example, Asc1/CD98hc (SLC7A10), is capable of efficiently transporting both D-
and L-serine3#3. LAT1’s more restricted stereoselectivity provides a useful tool for
experimental validation, therefore, we used D-histidine to confirm whether LAT1
mediates histidine efflux. BT-549 cells were cultured in amino acid-free DMEM(-
AA) in the presence or absence of 1.6 mM of D-histidine or L-histidine for 48 hours
before nutrient replenishment with histidine-free DMEM for 2.5 minutes. Cells could
accumulate D-histidine and L-histidine; however, significantly decreased
intracellular histidine was observed in cells cultured with D-histidine compared to L-
histidine (Figure 5-4A). As was observed previously, intracellular levels of histidine
are significantly reduced upon amino acid replenishment in L-histidine preloaded
cells. In contrast, intracellular levels of histidine are unchanged upon nutrient
replenishment in D-histidine preloaded cells (Figure 5-4A). Coincidentally,
intracellular leucine uptake is not significantly increased in D-histidine preloaded
cells compared to starved cells upon amino acid replenishment (Figure 5-4B). In
contrast, as seen before, leucine levels were significantly increased in L-histidine
preloaded cells (Figure 5-4B). The net intracellular levels of amino acids were
compared across each condition, and uptake of phenylalanine, leucine, isoleucine,
and tyrosine were significantly higher in L-histidine preloaded cells compared to D-
histidine preloaded cells (Figure 5-4C). Furthermore, significant differences
between amino acid starved and D-histidine preloaded cells were only observed for
glutamine and phenylalanine (Figure 5-4C). Together, these results suggest that

histidine exchange for EAAs is mediated through LAT1.
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Figure 5-4. Histidine exchange is mediated through a stereoselective transporter.
LC-MS analysis of MYAZ16.1e cells starved of amino acids or preloaded with 1.6 mM of
D-Histidine or L-Histidine for 48 hours and replenished with DMEM for 2.5 minutes. Total
intracellular abundance of (A) histidine and (B) leucine. (C) The relative influx of
indicated amino acids. The x axis represents the net uptake calculated as the difference
in total abundance after replenishment and before replenishment. All data are presented
as mean ts.d.; representative of 1 replicate. Two-way ANOVA with Tukey correction.
**p<0.01, ***p<0.001, ****p=<0.0001.

To confirm LAT1-mediated histidine exchanges, CRISPR-Cas9 mediated knockout
of SLC7A5 was employed. To avoid any compensatory mechanisms resulting from
LAT1 KO, BT-549 cells were transduced with two distinct vectors: (1) a constitutive
expression vector for the Cas9 endonuclease linked to the mCherry fluorescent

marker protein and (2) a doxycycline (dox)-inducible vector containing an SLC7A5
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sgRNA cassette. This second vector is controlled by a ubiquitin promoter and
regulated by a tetracycline repressor with the GFP protein for fluorescent tracking.
Double-positive cells were selected via flow cytometry, and a mixed clone culture
was used for these experiments. LAT1 protein expression was assessed in BT-549
sgSLC7AS cells upon adding doxycycline. LAT1 protein expression was observed
in vehicle but not doxycycline-treated cells (Figure 5-5A). Therefore, these cells
were used in histidine preloading experiments. Cells were cultured for 48 hours in
the presence of 1 ug/mL doxycycline before the medium was changed to amino
acid free DMEM with or without histidine as described above. Representative
samples were collected to confirm LAT1 knockout before metabolite extraction and
LC-MS analysis. Notably, this system became slightly leaky as the cell lines were
passaged. Indeed, BT-549 cells expressing the dox-inducible sgSLC7AS vector
have decreased LAT1 expression compared to BT-549 cells expressing an empty
sgRNA cassette without doxycycline (Figure 5-5B). However, the addition of
doxycycline did ablate LAT1 protein expression (Figure 5-5B). Therefore, we
compared intracellular histidine levels in the vehicle (dox-off) and doxycycline (dox-
on) treated BT-549 sgSLC7AS5 cells. Compared to dox-off cells, dox-on cells had
significantly reduced histidine levels in histidine-preloaded cells (Figure 5-5C).
Notably, while dox-off cells significantly reduced intracellular histidine levels upon
amino acid replenishment, this was not observed in dox-on cells (Figure 5-5C).
Therefore, intracellular histidine pools are partially maintained by LAT1, as was
indicated in D-histidine preloading experiments. Furthermore, histidine efflux
depends on LAT1 activity. Consistently, while leucine levels were significantly
increased in dox-off cells in histidine-preloaded cells compared to starved cells
upon nutrient replenishment, this was not observed in dox-on cells (Figure 5-5D).
When comparing the net abundance of amino acids in dox-on and dox-off cells,
significant changes are observed in high-affinity LAT1 substrates such as leucine,
isoleucine, phenylalanine, and tyrosine (Figure 5-5E). Furthermore, upon LAT1
knockout, starved cells had significantly increased glutamine uptake compared to
histidine-preloaded and dox-off cells (Figure 5-5E). Together, these results confirm

that LAT1 mediates histidine amino acid exchange.
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Figure 5-5. Histidine is a bidirectional LAT1 substrate that facilitates uptake of
EAAs.

BT-549 cells with doxycycline-inducible KO of LAT1 were generated. (A) WB of LAT1
expression in BT-549 sgSLC7AS5 cells subjected to different doxycycline conditions. (B)
WB of LAT1 expression in cells used in panels C-E treated without or with 1 ug/mL
doxycycline. (C-E) LC-MS analysis of BT-549 sgSLC7A5 cells subjected to 1 ug/mL
doxycycline for 48 hours (dox-on) or vehicle (dox-off) before amino acid starvation or
preload with 1.6 mM histidine for 48 hours and replenished with DMEM for 2.5 minutes.
Total abundance of (C) histidine and (D) leucine. (E) The relative influx of indicated
amino acids. The x-axis represents the net uptake calculated as the difference in total
abundance after replenishment and before replenishment. All data are presented as
mean ts.d.; representative of 1 replicate. Two-way ANOVA with Tukey correction.
*p<0.05, **p=<0.01, ***p<0.001, ****p<0.0001.
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Next, we employed a pharmacological approach using the LAT1 inhibitor, JPH203,
to confirm the role of LAT1 in histidine-mediated exchange in MYAZ16.1e cells.
Using the same histidine preloading experimental design described above, starved
and preloaded MYAZ16.1e cells were replenished with histidine-free DMEM in the
presence or absence of JPH203 or GPNA for 2.5 minutes. Cells and media were
subsequently flash-frozen before metabolite extraction and LC-MS analysis. Given
that LAT1-mediated amino acid exchange was previously described as a couple to
ASCT?2 activity, we utilised GPNA, an ASCT2 inhibitor, to compare the effect on
LAT1 activity. However, GPNA is not a very selective ASCT2 inhibitor, and recent
studies have demonstrated the ability of GPNA to inhibit members of the SNAT
family (SNAT1,-2,-4,-5) and LAT family (LAT1/2) of transporters'®3. Therefore, the
changes observed here upon GPNA inhibition may not wholly reflect the role of
ASCT2. The results suggest that ASCT2 and LAT1 activity are not coupled in Myc-
driven cancer cells. Histidine levels were first quantified intracellularly; here, we
observed the expected increase in intracellular histidine levels in preloaded cells
with a significant reduction in these levels upon amino acid replenishment in DMSO
and GPNA-treated cells (Figure 5-6A). In contrast, we did not observe a significant
decrease in histidine levels upon amino acid replenishment in JPH203-treated cells
(Figure 5-6A). Consequently, while media levels of histidine are increased in
DMSO and GPNA-treated cells, JPH203 treatment significantly reduces levels of
histidine in the media following amino acid replenishment (Figure 5-6B). Therefore,
histidine efflux appears primarily mediated through LAT1 in Myc-driven tumour
cells, consistent with our observations in BT-549 cells. The abundance of amino
acids was quantified across these conditions to assess the effect on amino acid
uptake. As seen previously, histidine-preloaded cells had increased uptake of
lysine, isoleucine, leucine, methionine, phenylalanine, tryptophan, tyrosine, and
arginine upon amino acid replenishment compared to starved cells (Figure 5-6C).
On the other hand, starved cells had increased uptake of threonine and glutamine
compared to histidine-preloaded cells (Figure 5-6C). Furthermore, starved cells had
increased levels of asparagine, which were subsequently reduced upon amino acid
replenishment (Figure 5-6C). When starved or preloaded cells are replenished with
amino acids in the presence of GPNA, decreased glutamine uptake is observed,
indicative of successful ASCT2 inhibition (Figure 5-6C). Decreased threonine

uptake is also observed upon GPNA inhibition (Figure 5-6C). Threonine can be
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transported by ASCT2 or SNAT1, which GPNA could inhibit. Furthermore, GPNA
exposure partially inhibits the decrease in asparagine levels upon amino acid
replenishment (Figure 5-6C). Suggesting asparagine may be the bidirectional
substrate that helps mediate the uptake of ASCT2 substrates, such as glutamine
and threonine, during starvation. Therefore, these results indicate that uptake
through these transporters may be more active without histidine availability. In
comparison, the uptake of LAT1 substrates was slightly decreased under exposure
to GPNA in histidine-preloaded cells (Figure 5-6C). However, this could be due to
the off-target effects of GPNA on LAT1 or LAT23*4. In contrast, inhibition of LAT1
using JPH203 strongly inhibited the uptake of tyrosine and EAAs, excluding
threonine in amino acid-replenished histidine-preloaded cells (Figure 5-6C,
Appendix 3). In MYAZ16.1e cells, histidine preloading significantly increased the
uptake of cationic amino acids, lysine and arginine, which was not blocked by
JPH203 (Figure 5-6C, Appendix 3). Therefore, histidine may be used as an
exchange substrate for other transporters. For example, Slc7a6 (encoding yLAT2)
has an affinity towards lysine and arginine and was positively correlated with Myc-
driven tumourigenesis and mRNA expression was increased in Myc-driven MGTs
compared to ErbB2-driven MGTs (Figure 3-1A, B). These data highlight histidine as
a bidirectional LAT1 substrate in Myc-driven tumour cells and TNBC cell lines.
Histidine accumulation primes cells for increased uptake of EAAs and other
context-dependent substrates that may depend on the cellular expression of
different amino acid transporters, such as yLAT2. This increased EAA uptake in
cells that can accumulate high levels of intracellular histidine could facilitate cell

survival in nutrient adverse environments.

154



Chapter 5. Results

A Cellular Histidine mmct B Media Histidine
sk -AA
S -AA/DMEM
1 -AA+H
0.5+ Hokokok BS-AA+HDMEM 1.5 *
_ _ *
2 0.4+ 3
y 1 1.0
< 0.3+ 5%' <
2 : 97 2
E 027 ’// Eos]
$ Z 2
0.1 7
Z
0.0- Z 0.0
DMSO - s - - 4 - DMSO -  + - - o+ - -
GPNA (0.1 mM) - - - 4 - - - 4 - GPNA (0.1 mM) - -+ - -+ -
JPH-203 (0.1 mM) - e e+ e -y JPH-2030AmM) - - - + - - &
MYAZ16.1e MYAZ16.1e
Min-Max
MYAZ16.1e: Intracellular Amino Acid Uptake Norm Val (%)

100
80
60
40
20
0

-AA/DMEM
-AA/DMEM +GPNA 0 0160 <0.0001
-AA/DMEM +JPH203 0.0002

-AA+H/DMEM 00061 <0.0001
-AA+H/IDMEM+GPNA -
-AA+H/DMEM+JPH203 -<0.0001

00008 <0.0001 0.0039 <0.0001 00001 <0.0001 0.0252

o

2

Q‘(‘ '\‘Q ’\*‘ \7’-9

Figure 5-6. Histidine exchange can be blocked by pharmacological inhibition of
LAT1.

LC-MS analysis of MYAZ16.1e cells amino acid starved or preloaded with 1.6 mM
histidine for 48 hours and replenished with DMEM in the presence of indicated inhibitors
for 2.5 minutes. Total abundance of (A) intracellular and (B) extracellular histidine. Data
are presented as mean + s.d. One-way ANOVA with Tukey correction, representative of
1 independent replicate. *p<0.05, ****p=<0.0001. (C) Heatmap of intracellular amino acid
abundance in cells preloaded with 1.6 mM His and replenished % inhibitors (2.5 min),
normalized to the maximum per amino acid, with p-values displayed relative to the -
AA/DMEM condition.

5.3 Histidine is the preferred LAT1 exchange substrate in Myc-

driven tumour cells.

LAT1-mediated amino acid exchange is dependent on substrate affinity and
availability. The concentration of histidine used in the preloading experiments
above was supraphysiological. Therefore, the utilisation of histidine as a LAT1
amino acid exchange substrate was compared to established amino acid
exchangers, asparagine and glutamine, at a range of concentrations from 50 uM to
1 mM. Cells were starved of amino acids and preloaded with either histidine,
asparagine, or glutamine at the indicated concentrations for 48 hours. After this,
media was replenished with histidine, asparagine, or glutamine-free DMEM for 2.5

minutes, and cells were collected for metabolite extraction and LC-MS analysis.
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Leucine uptake was significantly increased in histidine-preloaded cells with as little
as 200 uM preloading and increased in a concentration-dependent manner (Figure
5-7A). In contrast, asparagine preloading up to 1 mM did not increase leucine
uptake despite being significantly above physiological levels of asparagine in
plasma from healthy adults (Figure 5-7A). Glutamine preloading at 1 mM resulted
in a significant leucine uptake compared to starved cells. However, leucine uptake
under these conditions was significantly less than in histidine-preloaded cells
(Figure 5-7A). Similar trends were observed for other LAT1 substrates, such as
phenylalanine, tryptophan, tyrosine, methionine, and isoleucine. In comparison,
cells with glutamine and asparagine preload had increased uptake of threonine and

serine compared to histidine-preloaded cells (Appendix 4).

We next assessed whether the uptake of these amino acids was mediated through
Lat1. Therefore, cells were preloaded with 1 mM of histidine, asparagine, or
glutamine and amino acids were subsequently replenished with or without JPH203.
Intracellular amino acid levels were quantified across these conditions and
normalized to the levels of the respective amino acid in starved cells (Figure 5-7B).
Therefore, a fold change of >1 indicates increased uptake, whereas a fold change
of <1 indicates reduced uptake. Interestingly, JPH203 treatment in DMEM
replenished starved cells only significantly impacted histidine uptake (Figure 5-7B).
In contrast, the uptake of other Lat1 substrates was not markedly reduced. This
suggests that under starvation conditions, Lat1 is essential for histidine uptake.
Comparing levels of amino acids in histidine-, asparagine-, or glutamine-preloaded
cells replenished with DMEM, it is evident that histidine preload results in
significantly increased levels of LAT1 substrates, particularly leucine,
phenylalanine, tryptophan, and tyrosine (Figure 5-7B, Appendix 5). Furthermore,
when histidine preloaded cells are replenished in the presence of JPH203, the
uptake of these metabolites is significantly attenuated (Figure 5-7B, Appendix 5). In
comparison, asparagine-preloaded cells do not appear to depend on Lat1 to
transport amino acids, as the uptake of amino acids in asparagine preloaded cells
are not reduced in the presence of JPH203 (Figure 5-7B, Appendix 5). Glutamine
does appear to be exchanged for some amino acid substrates via Lat1, such as
leucine, isoleucine, phenylalanine, tryptophan, and tyrosine (Figure 5-7B, Appendix

5). However, glutamine does not appear to be as efficient of a LAT1 exchange
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substrate as histidine despite being available in the media at the same
concentration, as indicated by the reduced abundance of Lat1 substrates in

glutamine preloaded cells compared to histidine preloaded cells (Figure 5-7B,

Appendix 5).
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Figure 5-7. Histidine is a more efficient LAT1 substrate than glutamine.

LC-MS analysis of intracellular amino acid levels. MYAZ16.1e cells were amino acid
starved or preloaded with indicated concentrations of asparagine, glutamine, or histidine
for 48 hours and subsequently replenished with DMEM for 2.5 minutes. (A) Total
abundance of intracellular leucine, the 0.0 mM condition depicts amino acid starved cells
replenished with DMEM. Data is presented as mean + s.d. and is representative of 2
independent replicates. Stars denote statistical significance compared to amino acid
starved cells (two-way ANOVA with Tukey correction) and letters denote statistical
significance comparing preload conditions (two-way ANOVA with Dunnett correction: a
vs. b (p<0.0001), a vs. ¢ (p<0.0001), b vs. ¢ (p= 0.0014). (B) Heatmap showing
intracellular abundance of indicated amino acids in MYAZ16.1e cells starved or
preloaded with 1.0 mM of histidine, asparagine, or glutamine, and replenished with
DMEM with vehicle (0.1% DMSO) or JPH203 for 2.5 minutes. Colour scale represents
mean fold change in abundance following replenishment relative to amino acid starved
cells (=1). Values >1 indicate increased uptake and <1 indicate decreased uptake
relative to starved cells.

Considering that glutamine preload could not facilitate the uptake of Lat1
substrates to the extent of histidine preload even when available at the same
concentration, we hypothesised that this was due to its metabolic requirement. As
demonstrated in previous chapters, histidine is a metabolic dead-end in these Myc-
driven tumour cell lines, whereas glutamine catabolism is required to fuel the Krebs
cycle. Therefore, we assessed the incorporation of glutamine into Krebs cycle
intermediates in amino acid starved cells preloaded with glutamine at
concentrations from 50 uM to 1 mM. Interestingly, even during amino acid
starvation, cells utilise glutamine for anaplerosis in the Krebs cycle (Figure 5-8A).
However, glutamine levels are significantly lower when preloaded in media

containing 500 uM of glutamine and depleted when <200 uM (Figure 5-8A).
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Coincidentally, pools of Krebs cycle intermediates are reduced, as observed
previously. This agrees with previous data showing a proliferative defect in cells

cultured in media containing <500 uM of glutamine (Figure 4-2A, B).
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Figure 5-8. Glutamine is used to fuel the Krebs cycle even during amino acid
starvation.

(A) LC-MS analysis of Krebs cycle intermediates in cells starved of amino acids and
preloaded with indicated concentrations of [U-'3C]-glutamine for 48 hours. Total
abundance (left Y-axis) and '*C enrichment (right Y-axis). Data are presented as mean
+s.d.; representative of 1 replicate.

In addition to Krebs cycle intermediates, glutamate is crucial for the biosynthesis of
NEAAs such as proline, alanine, aspartate and serine. Indeed, glutamine
contributes to the biosynthesis of these NEAAs through glutamate (Figure 1-4).
Glutamine is also a direct nitrogen source for asparagine biosynthesis. Indeed, we
observed a concentration-dependent increase in proline, alanine, aspartate, and

asparagine levels in glutamine-preloaded cells (Figure 5-9). Increased serine levels
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were also increased in glutamine preloaded cells in a concentration-dependent
manner, but serine is available in DMEM (Appendix 4H). Therefore, we cannot
disentangle serine production from serine uptake in glutamine preloaded cells. In
summary, histidine is a more efficient bidirectional LAT1 substrate, leading to
significantly increased uptake of EAAs. In contrast, glutamine is preferentially
catabolised, which reduces the ability to facilitate EAA uptake when exogenous

concentrations are <500 uM.

A Proline B Alanine
0.08, e O His 0.008+ -
~ O Asn =)
< 0.06- @ on <0008 @
g 2
= .04 E; 0.004
(4 ) C
g 0.02- § 00021
S =
0‘00-|'|'l‘l'lb 0.000+——T—"T1T—+T1T+1T
00 02 04 06 08 10 0.0 02 04 06 08 1.0
Preload Concentration (mM) Preload Concentration (mM)
c D -
Aspartate Asparagine
0008" . I 00025— dededede Fekdk
2 0.006- a 2 00020+
2 £ 00015 ?
< 0.004- =
& [-1}
4 @ 0.00104
E 0.002- E
S S 0.0005
b
0.000 0.0000H g ?
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
Preload Concentration (mM) Preload Concentration (mM)

Figure 5-9. Glutamine is used for NEAA biosynthesis during amino acid starvation.
(A-D) LC-MS analysis of NEAAs in MYAZ16.1e cells starved of amino acids and
preloaded with indicated concentrations of glutamine for 48 hours and replenished with
DMEM for 2.5 minutes. Total abundance of (A) proline, (B) alanine, (C) aspartate, and
(D) asparagine. The 0.0 mM condition depicts amino acid-starved cells replenished with
DMEM. Data is presented as mean + s.d. and is representative of 2 independent
replicates. Stars denote statistical significance compared to amino acid starved cells
(two-way ANOVA with Tukey correction) and letters denote statistical significance
comparing preload conditions (two-way ANOVA with Dunnett correction: a vs. b
(p<0.0001))
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The concentration of glutamine is higher than that of histidine in the serum of
healthy adults. Indeed, glutamine concentrations range from 390 to 650 uM
compared to 26 to 120 uM of histidine. Therefore, the preferred bidirectional LAT1
substrate could vary under physiological concentrations. Furthermore, the
availability of these amino acids could differ in the serum compared to the tumour
microenvironment. Therefore, we evaluated absolute concentrations of histidine
and glutamine in the serum, tumour interstitial fluid (TIF), MGT, and livers of
orthotopic allografts of MYAZ16.1e. Standard curves for histidine and glutamine
were generated by running a series of standards of [U-'3C]-glutamine and [U-'3C]-
histidine ranging from 7.5 nM to 75 pM through LC-MS alongside our experimental
samples. The standard concentrations were correlated to the normalized relative
abundances of these metabolites detected to generate the standard curve (Figure
5-10A). From there, the concentrations of glutamine and histidine in our samples
were interpolated. As expected, the serum concentration of glutamine (294.3 + 65.4
pMM; n=10) was significantly higher than histidine (47.50 + 10.9 uM; n=10) in
tumour-bearing animals (Figure 5-10B). These were within the expected range of
these metabolites. Notably, while the concentration of histidine in the TIF (133.7 +
38.1 uM, n=9) was increased compared to serum levels, the concentration of
glutamine in the TIF (165.7 £ 64.4 uM, n=8 (1 detected outlier)) was significantly
reduced (Figure 5-10B). This could reflect the increased demand for exogenous
glutamine for catabolism in Myc-driven MGTs. We then compared the fold change
in glutamine to histidine levels across the serum, TIF, MGTs, and the livers of
tumour-bearing mice. Notably, while the glutamine levels significantly exceeded
histidine in the serum and liver, they were not significantly different in the TIF or
MGT (Figure 5-10C). Therefore, glutamine is likely limiting in these Myc-driven
MGTs, whereas histidine may be a readily available substrate to facilitate LAT1
activity. It is important to note that many amino acids were significantly increased in
the TIF compared to the serum, including tyrosine, another bidirectional LAT1
substrate (Figure 5-10D).

In the previous experiments, glutamine and histidine were preloaded separately,

and LAT1-mediated exchange was compared. To better mimic in vivo conditions,

MYAZ16.1e cells were preloaded with concentrations of [U-"3C]-glutamine (300
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uM) and [U-"3C]-histidine (50 uM) observed in the serum as previously described.
They were then replenished with amino acids in the presence or absence of
JPH203 for 2.5 minutes. As observed previously, histidine levels were depleted
upon nutrient replenishment (Figure 5-10E). Notably, it took 30 minutes to deplete
intracellular histidine in cells preloaded with 1.6 mM of histidine, compared to 2.5
minutes in cells preloaded with 50 yM. However, upon Lat1 inhibition, histidine
efflux was impeded (Figure 5-10E, F). In comparison, while glutamine levels were
significantly reduced upon amino acid replenishment, this was not dependent on
Lat1 inhibition and likely not due to glutamine efflux (Figure 5-10G, H). Indeed, only
labelled histidine was observed in the media following amino acid replenishment
(Figure 5-101, J). Furthermore, this was inhibited in the presence of JPH203 (Figure
5-101). Therefore, given that at physiological serum concentrations, histidine is
preferentially used as a bidirectional Lat1 substrate, despite being available at 1/6
the concentration of glutamine. Considering that the concentration of glutamine in
the TIF and MGT are only 1.7x and 2x more than histidine, respectively, this
supports an essential role for histidine in maintaining EAA pools in Myc-driven
MGTs.
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Figure 5-10. Histidine is used as the preferential LAT1 exchange substrate at
physiological levels.

(A) Standard curves for histidine and glutamine, the abundance of m+6 isotopologues of
glutamine and histidine are on the y-axis and the known concentrations are on the x-
axis. (B) Concentration of histidine and glutamine in the serum (n=10) and TIF (n=9) of
mice bearing MYAZ16.1e orthotopic MGTs interpolated from standard curves in panel A
(one-way ANOVA with Sidak correction). (C) Fold difference in the concentration of
glutamine relative to histidine in the serum (n=10), TIF (n=9), MGT (n=10), and liver
(n=4). (one-way ANOVA with Sidak correction). (D) Heatmap showing mean total
abundance of indicated amino acids in the serum and TIF. Colour scaling represents
min-max normalized values (Multiple unpaired t-tests with Sidak-Bonferroni correction).
(E, F) LC-MS analysis of cells preloaded with 300 yM [U-'3C]-glutamine and 50 uM [U-
13CJ-histidine for 48 hours before replenishment with DMEM with vehicle (0.1% DMSO)
or JPH203 (0.1 mM) for 2.5 minutes. Intracellular analysis: (E) abundance of m+6
histidine, (F) '*C enrichment of histidine, (G) abundance of m+5 glutamine, and (H) '°C
enrichment of glutamine. (I, J) Extracellular (media) analysis (l) abundance of m+6
histidine and (J) abundance of m+5 glutamine. All data are presented as mean + s.d.;
representative of 1 replicate. One-way ANOVA with Sidak correction. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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5.4 Interrogating the role of asparagine during amino acid

starvation

Asparagine was observed to promote cancer cell proliferation via exchange with
extracellular amino acids, particularly serine, arginine, and histidine 245, Indeed, it
was reported that cells prefer to use asparagine rather than glutamine. Across all
cell lines used, we observed a consistent increase in intracellular asparagine levels
under amino acid starvation but not in cells preloaded with histidine. Furthermore,
upon amino acid replenishment, asparagine levels were significantly reduced
(Figure 5-11A). Quantifying the abundance of asparagine in the cell and media for
up to 30 minutes after amino acid replenishment, we observe a decrease in cellular
asparagine and an increase in extracellular asparagine in the media (Figure
5-11B). Therefore, this suggests that the asparagine produced during starvation
may be used for amino acid exchange. Hence, we aimed to determine why
increased asparagine levels were not observed in histidine-preloaded cells.
Asparagine can be synthesised from glutamine via asparagine synthetase (ASNS)
(Figure 5-11C). Therefore, we assessed whether glutamine was differentially
catabolised in starved compared to histidine-preloaded cells. Before amino acid
starvation, cells were cultured in 2.0 mM of [amide-"°N]-glutamine for 24 hours.
Subsequently, cells were starved of amino acids in the presence or absence of 1.6
mM histidine. Cells were replenished with DMEM and collected as described
previously. The incorporation of the amido group into asparagine was quantified.
Interestingly, before amino acid starvation, 82.93% of asparagine was enriched
with "®N from glutamine; however, upon amino acid starvation, only 30.37%
enrichment was observed despite significantly increased intracellular abundance
(Figure 5-11D, E). Indeed, significantly increased levels of unlabelled (m+0)
asparagine were observed in amino acid-starved cells compared to the m+1
isotopologue of asparagine, which was not significantly increased in starved cells
(Figure 5-11F). Furthermore, similar enrichment of asparagine was observed in
starved and histidine-preloaded cells (Figure 5-11D). Therefore, increased de novo
asparagine biosynthesis from glutamine cannot explain the increase observed
during starvation. Notably, increased serine uptake was observed in amino acid-
starved cells compared to histidine-preloaded cells (Figure 5-11G), previously

observed in the TNBC cells. These data support the hypothesis that asparagine
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may facilitate the uptake of necessary amino acids to support cellular proliferation

in nutrient-adverse environments.
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Figure 5-11. Asparagine levels increase during amino acid starvation in a
glutamine-independent manner.

MYAZ16.1e cells were starved of amino acids or preloaded with 1.6 mM histidine for 48
hours followed by 2.5 minutes of DMEM replenishment. (A) Intracellular abundance of
asparagine. (B) Intracellular (left y-axis) and extracellular (media, right y-axis)
asparagine abundance over 30 minutes of DMEM replenishment. The 0-minute time
point indicates the abundance of asparagine in starved cells prior to DMEM
replenishment. (C) Mechanism of asparagine biosynthesis via ASNS. (D-G) MYAZ16.1e
cells were cultured in 2.0 mM [amide-'5N]-glutamine before amino acid starvation or
preloading with 1.6 mM histidine and then replenished with DMEM for 2.5 minutes: (D)
intracellular >N enrichment of asparagine and (E) intracellular asparagine abundance
(one-way ANOVA with Sidak correction). (F) Asparagine isotopologue abundance (two-
way ANOVA with Tukey correction). (G) Intracellular serine abundance (one-way
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ANOVA with Sidak correction). All data presented as mean + s.d.; representative of 1
replicate. *p<0.05, **p<0.01, ***p=<0.001.

Resistance to asparaginase, an enzyme widely used to treat leukaemia that
depletes asparagine, has been linked to GSK3a-mediated protein degradation,
which supplies leukaemia cells with asparagine?®®. This resistance can be
overcome by activating the Wnt/STOP pathway, which inhibits GSK3a-dependent
protein ubiquitination and subsequent protein degradation, thereby sensitising the
cells to asparaginase treatment 2%¢. Therefore, we hypothesised that increased
asparagine levels observed during starvation resulted from increased protein
degradation. We assessed K48-linked protein ubiquitination in starved cells and
histidine preloaded cells. Additionally, cells were starved of amino acids in the
presence of MG-132, a proteasome inhibitor, and BRD0705, a GSK3a inhibitor.
Cells subjected to 24 hours of amino acid starvation exhibited minimal K48-linked
polyubiquitination as detected by western blot compared to cells preloaded with
histidine (Figure 5-12A). This could suggest that the UPS is less active under
histidine preload or more active under amino acid starvation. Similarly, increased
K48-linked polyubiquitination was observed in cells preloaded with histidine
compared to amino acid-starved cells for 48 hours (Figure 5-12A). MG-132 and
BRDO0705 treatment blocked the UPS system in amino acid-starved cells, as
evidenced by increased K48-polyubiquitination (Figure 5-12A). Interestingly,
although decreased proteasome activity was observed in histidine-preloaded cells,
there was increased autophagy in these cells compared to amino acid-starved cells
(Figure 5-12A). Furthermore, GSK3a phosphorylation was increased in histidine
preloaded cells, which could underlie the increased autophagy observed in these
cells. We next assessed whether MG-132 or BRD0705 treatment was sufficient to
block asparagine production during starvation. As observed previously, amino acid-
starved cells accumulated asparagine uptake, which was significantly reduced
upon amino acid replenishment (Figure 5-12B). However, MG-132 or BRD0705
treatment in amino acid-starved cells completely blocked the observed increase in
asparagine (Figure 5-12C). In comparison, proline, another amino acid whose
levels were increased in amino acid starved cells compared to histidine-preloaded
cells, was not impacted by MG132 or BRD0705 treatment (Figure 5-12C).
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Therefore, these results suggest that asparagine is released due to increased

protein degradation during amino acid starvation.
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Figure 5-12. Asparagine is released through proteolysis.
(A) WB of MYAZ16.1e cells starved of amino acids or preloaded with 1.6 mM histidine
for indicated times. Protein levels were normalized to ponceau and unstarved control
cells (+ AA). Representative of 2 independent replicates. (B-C) LC-MS analysis of
MYAZ16.1e cells starved of amino acids in the presence or absence of MG-132 or
BRDO0705 for 48 hours and replenished with DMEM for 2.5 minutes, intracellular
abundance of (B) asparagine and (C) proline is shown. Data are presented as mean +
s.d.; one-way ANOVA with Sidak correction, representative of 1 replicate. ****p<0.0001.
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To identify the source of asparagine in starved cells, we calculated bias in the

usage of asparagine codons AAT and AAC for 29,811 endogenous coding

sequences based on the genome-wide average usage frequency of these codons

to identify proteins enriched in asparagine codons. Intriguingly, coding sequences

that showed an increased usage of asparagine codons were notably

overrepresented in gene ontology (GO) terms related to the plasma membrane, cell

adhesion, and transmembrane signalling (Figure 5-13A). Selective degradation of
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plasma membrane proteins is essential in maintaining pools of amino acids for
protein synthesis 3#°. Furthermore, this study suggested that plasma membrane
protein degradation occurred at the early stages of starvation. However,
degradation of plasma membrane proteins was mediated by the multivesicular
body (MVB) pathway, whereas the UPS system rapidly degraded cytoplasmic
proteins to supply pools of amino acids. Given that many plasma membrane
proteins are enriched in asparagine, this suggests that targeting the endosomal
sorting complex required for transport (ESCRT) necessary for the MVB pathway

may be a more selective way of targeting asparagine degradation.
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Figure 5-13. Genes enriched in asparagine codons are associated with GO terms
involving the plasma membrane.

(A) Top 10 CC (cell compartment) and MF(molecular function) GO terms predicted to
have the highest asparagine codon usage bias (AAT, AAC). Size of dot indicates the
number of genes associated with each term and the colour scale indicates the adjusted
p-values. P-values were adjusted for multiple testing using the Benjamini-Hochberg
method. GO terms are displayed on the x-axis and their significance is reflected on the
y-axis.

An MRes student in our lab, Wei Du, conducted further experiments interrogating
asparagine's role during amino acid starvation. Importantly, Wei’s research

highlighted that asparagine release was not blocked explicitly in histidine-preloaded
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cells. High availability of other amino acids, especially BCAAs, such as leucine and
valine, completely abrogated asparagine release (unpublished data). Furthermore,
cells preloaded with leucine and valine significantly reduced UPS activity, as K48-
linked polyubiquitination suggested (unpublished data). Notably, Wei’s results
indicated that MG132-mediated inhibition of proteasome degradation during amino
acid starvation resulted in decreased serine uptake, purine synthesis, and global
methylation, which attenuated cellular proliferation when nutrients were made
available (unpublished data). However, further work is necessary to understand
these mechanisms to identify more specific targets and determine the implication of

asparagine release in nutrient-adverse conditions in vivo.

5.5 Histidine preloading primes cells for increased
mTORC1/4E-BP1 signalling.

LAT1 is a high-affinity leucine transporter. Importantly, leucine is one of the most
abundant amino acids in proteins and is encoded by the highest number of codons
(TTA, TTG, CTT, CTC, CTA, CTG). Therefore, sensing leucine availability is
important in regulating mTORC1 activity. Indeed, leucine is sensed via multiple
mechanisms, including LRS, SESTRIN2, and more recently demonstrated,
SAR1B'73175.181 Therefore, given LAT1’s important role in maintaining leucine
levels, its activity is essential for mTORC1-dependent cellular growth. Due to
increased leucine uptake in cells preloaded with histidine, we hypothesised that
histidine availability would enhance mTORC1 pathway activation. To confirm our
hypothesis, we collected BT-549 cells at different time points following DMEM
replenishment after amino acid starvation in either the presence or absence of 1.6
mM histidine. Phosphorylation of RPS6 and 4E-BP1 were assessed as outputs of
mTORC1 activation (Figure 5-14A). Histidine preloaded cells had significantly
increased phosphorylation of 4E-BP1, indicating increased mTORC1 pathway
activation in these cells (Figure 5-14B). However, unexpectedly, the opposite trend
was observed for RPS6. Indeed, histidine-preloaded cells had decreased RPS6
phosphorylation compared to starved cells in the absence of histidine (Figure
5-14B). Furthermore, Myc protein levels were also reduced in histidine-preloaded

cells. Notably, increased total RPS6 and 4E-BP1 levels was observed, thereby
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modulating mTORC1 activity. While 4E-BP1 undergoes rapid phosphorylation in
histidine-preloaded cells, the phosphorylation level stabilised due to increased 4E-
BP1 protein levels (Figure 5-14B, C). In contrast, phosphorylation of RPS6 occurs
steadily over time, with a near significant increase in phosphorylation relative to
histidine-preloaded cells observed after 20 minutes (Figure 5-14B, D). We
confirmed that this RPS6 and 4E-BP1 activation occurs downstream of mTORC1
and PI3K signalling as shown by ablated phosphorylation in the presence of the
PI13K inhibitor, GDC0941, or the mTORC1 inhibitors, rapamycin and Ink128
(Appendix 6). However, inhibition of ERK did not affect the phosphorylation of
RPS6 or 4E-BP1 (Appendix 6). This may be due to oncogenic PI3K signalling in
BT-549 cells, which may be sufficient for TSC2 inhibition and, therefore, activation
of RHEB and subsequent mTORC1 activation. mMTORC1 activation was also
assessed in MYAZ16.1e and MDA MB 231 cells. However, the Ras/ERK pathway
can lead to mTOR-independent serine 235/236 phosphorylation on RPS6, sites
where S6K1 can also phosphorylate. Therefore, the potential role of ERK in RPS6
activation cannot be discounted 4. Similar trends were observed in MYAZ16.1e
cells, with increased 4e-bp1 phosphorylation in histidine-preloaded cells, stabilising
after 20 minutes (Figure 5-14E). However, despite increased leucine uptake in
preloaded cells compared to starved cells, we did not observe any differences
between mTORC1 pathway activation in MDA MB 231 cells preloaded with
histidine (Figure 5-14F). Together, these results indicate a potential role for
histidine-facilitated amino acid exchange in the mTORC1/4E-BP1, which appears
to be cell type-dependent.
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Figure 5-14. Histidine availability enhances mTORC1/4E-BP1 signalling in Myc-

dependent cancer cells.

Cells were starved of amino acids or preloaded with 1.6 mM histidine for 48 hours and
replenished with DMEM for indicated times. (A) Visual representation of canonical
downstream mTORCH1 targets. (B) WB of BT-549 cells, representative of 3 independent
replicates. (C-D) quantification of relative (C) P-4E-BP1 and (D) P-RPS6 expression in
replicates from panel A. Protein levels were normalized to vinculin or mTOR and then to
the 0’ time point (two-way ANOVA with Sidak correction). (E) WB of MYAZ16.1e cells,
representative of 1 replicate. (F) WB of MDA MB 231 cells, representative of 1 replicate.

To determine whether this mTORC1 activation in replenished cells depended on

LAT1 and histidine mediated uptake of EAAs, mTORC1 pathway activation was

assessed in cells preloaded with D-histidine. Previously, we showed that D-

histidine preloaded BT-549 cells could not exchange histidine for essential amino

acids, including leucine. Therefore, we assessed the phosphorylation of 4E-BP1
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and RPS6 following nutrient replenishment in these cells. As expected, no apparent
differences were observed in either RPS6 or 4E-BP1 phosphorylation in histidine
preloaded cells (Figure 5-15A). LAT1 KO in BT-549 cells similarly ablated histidine
exchange for EAAs such as leucine. Therefore, we assessed mTORC1 pathway
activation downstream of LAT1 activity in these cells. Like D-histidine preloaded
cells, BT-549 sgSLC7AS5 cells treated with doxycycline to induce LAT1 KO and
preloaded with histidine did not have increased 4E-BP1 phosphorylation as was
observed in dox-off cells (Figure 5-15B, C). Furthermore, dox-on cells starved of
amino acids without histidine preload also did not have increased RPS6
phosphorylation as was observed in dox-off cells (Figure 5-15B, C). However,
although these western blots show a trend consistent with our hypothesis, the P-
4E-BP1 immunoblots exhibit reduced clarity and signal-to-noise ratio, impacting
band intensity quantification. Therefore, these results are preliminary and must be
rerun with optimised conditions for the 4E-BP1 antibody. Nonetheless, these
results point to an important role for both LAT1 in mediating mTORC1 activity in
starved cells through RPS6 phosphorylation, and both LAT1 and histidine in
preloaded cells through 4E-BP1 phosphorylation.
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Figure 5-15. mTORC1 activation is dependent on LAT1.

(A) WB of BT-549 cells that were starved of amino acids or preloaded with 1.6 mM D-
histidine for 48 hours and replenished with DMEM for indicated times. Representative of
2 independent replicates. (B-C) BT-549 sgSic7a5 cells were cultured in 1 pg/uL
doxycycline for 48 hours prior to amino acid starvation or preload with 1.6 mM histidine
for 48 hours and replenished with DMEM for indicated times. WB of (B) dox-on and (C)
dox-off conditions. Representative of 1 replicate.

Two complexes must form for translation initiation: the pre-initiation and cap-
binding complexes. The protein 4E-BP1, when in its hypo-phosphorylated state,
inhibits the formation of the cap-binding complex. It does this by binding the cap-
binding protein, elF4E, which generally interacts with elF4G to assemble the
complex. By sequestering elF4E, 4E-BP1 prevents its association with elF4G,
thereby blocking the assembly of the cap-binding complex. Without forming this
complex, the pre-initiation complex is not adequately recruited the mRNA, halting
translation initiation. mMTORC1 regulates the assembly of the cap-binding complex
by modulating the activity of 4E-BP1. When mTORC1 phosphorylates 4E-BP1, it
dissociates 4E-BP1 from elF4E, allowing the cap-binding complex to assemble.

This mechanism highlights the critical role of 4E-BP1 in regulating protein
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translation in response to nutrient availability, as its activity is directly influenced by
mTORC1 signalling. Therefore, we hypothesised that histidine preload would prime
cells for increased protein translation due to rapid 4E-BP1 phosphorylation and
amino acid uptake observed in histidine-preloaded cells. To assess the effect of
histidine availability on protein translation the SUnSET technique was utilised to
detect changes in protein synthesis by western blotting. MYAZ16.1e cells were
starved of amino acids in the presence or absence of 120 uM histidine or 1.6 mM
histidine for 48 hours. After this, cells were replenished for the indicated times with
complete DMEM. Before cell collection for protein lysates, they were administered
10 pg/mL puromycin for 10 minutes. Western blots were probed for puromycin to
assess nascent protein translation under these conditions. As expected, histidine-
preloaded cells had increased puromycin incorporation and, therefore, protein
translation compared to amino acid-starved cells (Figure 5-16A). Furthermore,
protein translation occurred more quickly following amino acid starvation in histidine
preloaded cells. Indeed, protein translation was observed as early as 30 minutes in
cells preloaded with supraphysiological levels of histidine. In contrast, it was
observed to a lesser extent after 2 hours of nutrient replenishment in starved cells
(Figure 5-16A). Notably, cells that were starved in physiological concentrations of
histidine at 120 yM had increased puromycin incorporation after 2 hours and
compared to starved cells, but also greater levels at 24 hours compared to cells
preloaded with 1.6 mM histidine (Figure 5-16A). In line with this observation, there
is a concentration-dependent decrease in puromycin incorporation in cells
preloaded with histidine (Figure 5-16B). As shown previously, increased 4E-BP1
protein expression was observed in cells preloaded with 1.6 mM of histidine (Figure
5-14A, B). Decreased protein translation after a prolonged period could be due to
negative feedback driven by ER stress, activating the ISR and ATF4 upregulation
and its target gene, 4E-BP13*". The expression of ISR proteins, such as PERK
(PKR-like ER kinase), elF2a, and ATF4, must be assessed to confirm this
hypothesis. To assess whether the rapid protein translation observed in cells
preloaded with 1.6 mM of histidine was due to increased availability of EAAs,
intracellular levels of amino acids were quantified following amino acid
replenishment for up to 30 minutes. We observed a consistently significant
increase in intracellular EAA levels, such as leucine, methionine, isoleucine, and

phenylalanine, for up to 10 minutes (Figure 5-16C-F). This was followed by a
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decrease in intracellular levels. In comparison, without histidine preload, starved
cells had significantly slower and reduced uptake of EAAs (Figure 5-16C-F). This
suggests that histidine-preloaded cells can accumulate EAAs for protein translation
significantly faster than starved cells. In comparison, the intracellular levels of other
amino acids, such as threonine and glutamine, were not significantly altered in
histidine-preloaded cells (Figure 5-16G, H). Intracellular glutamine levels were
significantly higher in starved cells (Figure 5-16H). To summarise, the increased
uptake of LAT1 substrates facilitated by histidine exchange leads to increased

mTORC1/4E-BP1 activation, increasing 5’-cap-dependent mRNA translation.
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Figure 5-16. Histidine preload enhances protein translation.

(A) MYAZ16.1e cells were starved of amino acids or preloaded with 0.12- or 1.6-mM
histidine for 48 hours and replenished with DMEM for indicated times. WB of puromycin
incorporation. Puromycin levels were normalized to ponceau staining and min max
normalized. Representative of 2 independent replicates. (B) WB of puromycin
incorporation in MYAZ16.1e cells preloaded with histidine at indicated concentrations
and replenished for 24 hours. Puromycin levels were normalized to -actin and min-max
normalized. Representative of 1 replicate. (C) LC-MS analysis of MYAZ16.1e cells
starved of amino acids or preloaded with 1.6 mM of histidine for 48 hours and replenished
with DMEM for up to 30 minutes. The 0-minute time point denotes the abundance prior
to replenishment. Data are mean + s.d.; two-way ANOVA with Sidak correction.
Representative of 1 replicate. ***p<0.001, ****p<0.0001.

175



Chapter 5. Results

mTORC1 signalling is an important regulator of ribosome biogenesis, which is
facilitated through phosphorylation of S6 kinases downstream of mMTORC1
activation. Activated S6K1 can positively regulate Pol | transcription, which is
essential for rRNA synthesis 3*8. Furthermore, RPS6, which is phosphorylated
downstream of S6K1, is a component of the 40S ribosomal subunit and is involved
in the transcription of ribosomal biogenesis genes 34'. Given the increased
phosphorylation of RPS6 observed in amino acid starved compared to histidine
preloaded cells (Figure 5-14A, C), the mRNA expression of ribosomal biogenesis
genes was quantified via RT-gPCR. Significant increases in mRNA expression
between starved and histidine-preloaded cells were observed in Polr1a, Polr1d,
Rrn3, and Fbl, indicative of an upregulation of rRNA transcription and processing
machinery and an increased demand for ribosome biogenesis (Figure 5-17A).
Polr1a and Polr1d encode subunits of RNA polymerase | (RNAPOLI1); however,
no increase is observed in Polr1b, Polric, or Polr1e. Therefore, this does not
necessarily suggest an increase in RNAPOL1 activity, which is responsible for the
transcription of rRNA genes, including the 18S, 5.8S, and 28S subunits. For
RNAPOL1-mediated transcription of RRN3, a pre-initiation complex must be
formed. This requires the activity of RRN3 (also known as TIF-1A) and upstream
binding transcription factor (UBF, encoded by Ubtf), which direct RNAPOL1 to
rDNA promoters to start transcription. However, while we observe significant
changes in Rrn3 transcription in starved cells, this is not evident for Ubtf (Figure
5-17A). Furthermore, we do not observe any changes in Sirt7 (encoding Sirtuin 7)
transcription, which is important in stimulating the transcription of rDNA genes
through deacetylation of the 1e subunit of RNAPOL1 and maturation of pre-rRNA.
However, we observe upregulation in Fb/ (encoding fibrillarin), a crucial regulator of
pre-rRNA cleavages. Surprisingly, increased mRNA expression of Polr1a, Polric,
Polr1d, Rrn3 and Fbl are observed during amino acid starvation compared to

control cells.

Ribosome biogenesis is the most costly process in the cell, accounting for greater
than 70% of all transcription and 25% of all translation®*°. Therefore, regulation of
ribosome biogenesis in nutrient-scarce environments is imperative. Therefore, pro-
growth cellular processes such as protein synthesis and ribosome biogenesis are

rapidly inhibited under these conditions. One of the ways this is achieved is through
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the mTOR pathway, which can modulate protein synthesis and rRNA transcription.
Indeed, mTOR-dependent modulation of TIF-1A/UBF activity is one mode that
directly blocks RNAPOL1 transcription3483%, Therefore, given the inactivation of
mTORC1 during amino acid starvation, it is likely that ribosome biogenesis is
inhibited; however, perhaps transcription of genes necessary for ribosomal
machinery is maintained in preparation for when nutrients become available to
begin protein synthesis rapidly. Another possible explanation for this is abnormal
ribosome biogenesis due to Myc-amplification. We observed increased Myc levels
in amino acid-starved cells compared to histidine-preloaded cells (Figure 5-17B, C).
Indeed, Myc regulates early ribosome biogenesis through RNA Pol I, I, and Ill-
mediated processes. Indeed, Myc enhances rDNA transcription and rRNA
processing through its interaction with transcription factors UBF and SL13%". This
boosts ribosome production and is essential for the abnormal cellular growth in
cells with Myc overexpression. Using RNA-sequencing data generated by a post-
doctoral fellow in our lab, Josep Tarrago-Celado, on iIMMECs expressing
exogenous cMYC produced by a PhD student in our lab, Michael Kossifos,
expression of genes involved in ribosome biogenesis was evaluated. We first
computed the average of each gene across all samples. The top 100 genes with
the highest average expression were mapped based on these averages. The
variability of gene expression across different samples was then assessed by
comparing individual sample expression to the calculated average expression of
each gene. This data set revealed significant changes in ribosome biogenesis
genes in IMMECs with ectopic Myc expression (iIMMEC_Myc) compared to wild
type IMMECs (Appendix 7A). Subsequently, Gene Ontology (GO) enrichment
analysis was performed to examine molecular functions associated with the top
genes in the WT iIMMEC and iIMMEC_Myc to determine whether molecular
functions related to ribosome biogenesis were altered upon Myc overexpression.
The top 500 genes were independently computed for IMMEC and iMMEC_Myc
samples and mapped onto GO terms for molecular function. The GO terms were
similar in IMMEC and iIMMEC_Myc, with structural constituents and transcription
coregulator activity being the top 2 hits (Appendix 7B, C). However, top GO terms
in IMMEC_Myc cells included catalytic activity acting on RNA, mRNA binding, and
rRNA binding (Appendix 7C). In contrast, IMMEC cell genes were enriched for GO

terms in transcription coactivator activity, methyltransferase activity, and histone
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modifying activity (Appendix 7B). Overall, these data support the role of Myc in
regulating multiple aspects of ribosome biogenesis. When this data set was
analysed for expression of genes encoding RNAPOL1 subunits and the genes
involved in the early stages of ribosome biogenesis as quantified via gqPCR, most of
these genes were observed to be increased in IMMEC_Myc cells (Figure 5-17D).
Notably, the genes upregulated in amino acid starved cells are similarly
upregulated upon ectopic Myc expression (Figure 5-17A, D). This supports the
hypothesis that this increase in ribosome biogenesis genes could be due to Myc
activity in the absence of mMTORC1 activation. Notably, a recent study
demonstrated that Myc overexpression was sufficient to stimulate 47S pre-rRNA
biogenesis independent of mMTORC1 activation in skeletal muscle cells®2.
Therefore, given that rRNA is a limiting factor for ribosome production and protein
synthesis, increased mRNA production of genes critical to these processes may act

to reactivate ribosome biogenesis quickly when nutrients become available.
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Figure 5-17. Amino acid-starved cells have increased transcription of ribosomal
biogenesis genes.

(A) RT-gPCR of ribosome biogenesis genes relative to B-actin in MYAZ cells starved of
amino acids or preloaded with 1.6 mM histidine for 48 hours and then replenished with
DMEM for 30 minutes. Representative of 3 biological replicates (two-way ANOVA with
Tukey correction). (B) RT-gPCR of Myc gene expression relative to HPRT in BT-549
cells starved of amino acids or preloaded with 1.6 mM histidine and replenished for 30
minutes. Representative of 1 independent replicate (one-way ANOVA with Sidak
correction). (C) Quantification of Myc protein levels normalized to vinculin and relative to
0 minutes in BT-549 cells replenished for indicated times. Representative WB in Figure
5-14 panel A. (two-way ANOVA with Sidak correction on 3 independent replicates). Data
are presented as mean + s.d. *p<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001. (D) Heatmap
showing expression of ribosomal biogenesis genes in IMMEC and iMMEC_Myc cells,
colour scaling depicts Z-scores scaled for each gene across samples. Hierarchical
clustering was applied to genes and samples.

Given the rapid reactivation of protein translation observed in histidine-preloaded
cells when amino acids were available, we hypothesised that these cells would
have a proliferative advantage compared to starved cells. We first assessed
whether a greater percentage of cells entered the cell cycle if preloaded with
histidine. MYAZ16.1e cells were starved of amino acids in the presence or absence

of 200 pM of histidine for 48 hours. Subsequently, they were replenished with
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complete DMEM for 24 hours, and cells were administered 10 yM BrdU for 1 hour
before collection. BrdU incorporation was measured with immunofluorescence, as
described in the Materials & Methods chapter, to indicate the proportion of cells
actively undergoing proliferation. As expected, there was no BrdU incorporation in
starved or preloaded cells. However, no differences in BrdU incorporation were
observed after 24 hours of amino acid replenishment (Figure 5-18A). When positive
cells were quantified, a slight but insignificant increase in the percentage of BrdU+

cells was observed in histidine-preloaded cells (Figure 5-18B).

To gain a more detailed understanding, we performed flow cytometry using BrdU
incorporation and Pl staining as described in the Materials & Methods Chapter.
This allowed us to simultaneously assess BrdU incorporation for proliferation,
which is incorporated into DNA during the S phase. Pl staining for cell cycle
distribution to distinguish cells in GO/G1, S, and G2/M phases (Figure 5-18C). For
this, MYAZ16.1e, MYAZ6.6g, and MYAZ12.3i tumour cell lines were treated as
described above. Upon amino acid starvation, there is a significant increase in cells
stuck in the G1 and G2 phases, which decrease upon amino acid replenishment
(Figure 5-18C). Inversely, there was a total loss of cells in the S phase during
amino acid starvation, as expected (Figure 5-18C). Upon amino acid
replenishment, we saw a significant increase in the percentage of cells actively
dividing. Notably, we observed an insignificant increase in the percentage of cells
in the S phase in histidine-preloaded cells compared to starved cells (Figure
5-18C). Therefore, these data did not conclusively reveal whether histidine

availability primes cells for cell division when nutrients become available.

For a more comprehensive view, overall cellular proliferation was assessed. RPS6
and Myc are essential cell growth regulators. Therefore, cell size was quantified
given the increased expression of these proteins in amino acid-starved cells
compared to histidine-preloaded cells. This was important in determining whether
confluency could accurately be used as a measure of proliferation between these
conditions. Following 24 hours of amino acid replenishment, cell diameter was
measured. While histidine-preloaded cells tended to be slightly larger in diameter
than starved cells, no significant differences were observed (Appendix 8).

Therefore, MYAZ -16.1e, -6.6g, and -12.3i cells were starved of amino acids in the
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presence or absence of 0.2 mM or 1.0 mM of histidine for 48 hours, after which
media was changed to complete DMEM for up to 48 hours. In line with the
increased mTORC1 signalling and protein translation, a slight but significant
increase in proliferation was observed in cells preloaded with histidine compared to
replenished amino acid starved cells (Figure 5-18D). Importantly, replenishing
amino acid-starved cells with increasing concentrations of histidine did not result in
a concentration-dependent increase in proliferation (Appendix 6C). This indicates
that the proliferative advantage is not a result of increased histidine availability for
protein synthesis or other functions but a result of its availability for bidirectional
exchange. Together, these data indicate that the bidirectional exchange of histidine
for LAT1-mediated uptake of EAAs can provide a proliferative advantage upon the
reintroduction of amino acids. This could give the tumours an advantage in aiding

survival in adverse nutrient conditions.
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Figure 5-18. Histidine preload does not significantly increase cell replication.
Cells were starved of amino acids or preloaded with 0.2 mM histidine for 48 hours and
replenished with DMEM. (A) Representative IF images of nuclear BrdU in MYAZ16.1e
cells were replenished with DMEM for 24 hours and cultured with 10 uM BrdU for 1 hour.
Scale bar, 200 um. (B) Quantification of panel A, 5 randomly selected regions were
imaged and analysed by ImagedJ for 3 independent replicates (one-way ANOVA with
Tukey correction, ****p<0.0001). (C) MYAZ6.6g, -12.3i, and -16.1e were replenished with
DMEM for 15 hours and cultured with 10 uM BrdU for 1 hour. Cells were stained for BrdU
and with Pl and the percentage of cells in each phase of the cell cycle was quantified via
flow cytometry as shown in panel C. two-way ANOVA with Tukey correction,
representative of 3 biological replicate. (D) Confluency of DMEM replenished MYAZ cell
lines preloaded with the indicated concentrations of histidine for 48 hours, normalized to
confluency at the time of replenishment. Representative of 3 biological replicates. A non-
linear Gompertz growth curve was applied. Statistical analysis was a two-way ANOVA
with Dunnett correction. All data represented as mean +s.d.

5.6 Assessing histidine exchange in tumours.

To confirm the role of histidine as the primary LAT1 exchange substrate in Myc-
driven MGTs, | attempted to mimic preloading experiments in vivo. Since no
previous studies have used labelled histidine to preload tumour cells in vivo we

conducted a pilot study to determine whether we could effectively increase the total
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abundance of histidine in tissues of wild-type fasted mice. In the pilot study, wild-
type FVB/N mice were divided into control, oral gavage (OG), and IV groups
(Figure 5-19A). All mice were fasted overnight for 12 hours and provided with
drinking water supplemented with1.05 mg/mL [U-'3C]-histidine. The oral gavage
and IV group also received a single bolus of 0.15 mg/gBW [U-"3C]-histidine at the
start of the fasting period via oral gavage and IV injection, respectively (Figure
5-19A). Blood serum was collected before the bolus and intermittently throughout
the 12-hour fasting period. After 12 hours, the lungs, liver, NMG, and serum were
collected (Figure 5-19A). During this fasting period, we observed a significant
decrease in serum methionine and threonine; however, after 8 hours of fasting, the
levels of these metabolites began to increase (Figure 5-19B, C). Conversely,
overnight fasting significantly increased serum BCAA levels (Figure 5-19D-F).
These results agree with a study in humans, which observed increased
concentrations of leucine and valine and decreased concentrations of methionine

and threonine in serum from humans following 48 hours of fasting3%2.
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Figure 5-19. Overnight fasting in mice results alters amino acid profiles in serum.
(A) Schematic of experimental strategy of [U-'3C]-histidine administration in mice fasted
overnight. (B-F) LC-MS analysis of serum abundance of indicated amino acids every 3
hours in control (n=3), oral gavage (OG, n=3) and intravenously (IV, n=4) administered
[U-13C]-histidine. Data are presented as mean + s.d.; two-way ANOVA with Dunnett
correction. *p<0.05,**p<0.01, ***p<0.001, ****p<0.0001.

The abundance and enrichment of histidine were quantified in serum and tissues to
determine whether there was a significant accumulation of histidine from either a
bolus or drinking water during this period. Intravenous injection achieved a
significantly increased concentration of histidine in the serum compared to the
control and OG-treated mice at 3 hours, which subsequently declined (Figure
5-20A). Similarly, increased enrichment of '3C-histidine was observed in IV bolused
mice at 3 hours (Figure 5-20C). In contrast, no differences in histidine levels were
observed in any of the tissues, MFP, liver, or lung. However, OG and IV boluses

resulted in slight but improved enrichment of histidine in tissues compared to
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control mice who were only administered [U-"3C]-histidine in drinking water (Figure
5-20B D). These results suggest that a single histidine bolus cannot increase tissue

histidine accumulation.
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Figure 5-20. A single bolus of histidine is unable to increase histidine levels in
fasted mice.

LC-MS analysis of serum and tissue from mice fasted overnight that received [U-'3C]-
histidine through drinking water alone (ctl, n=3), OG (n=4), or IV (n=4) administration.
(A) Serum abundance of histidine every 3 hours during overnight fasting period. (B)
Total abundance of histidine in tissues collected at the end of the 12 hour fasting

period. (C) 13c-enrichment of histidine in the serum every 3 hours during overnight
fasting period.(P) "*C-enrichment of histidine n tissues collected at the end of the 12

hour fasting period. All data are presented as mean + s.d.; two-way ANOVA with
Dunnett correction. *p<0.05, ***p<0.001.

To evaluate whether we could improve histidine accumulation, we repeated this
experimental design in tumour-bearing mice. We compared subcutaneous (SQ),
intraperitoneal (IP), and IV histidine boluses, which were administered at regular
intervals throughout the 12-hour fasting period, in line with maximum dosing
volumes and frequencies outlined in our PPL (Figure 5-21A).

Furthermore, fasted mice were compared to mice fed ad libitum. Blood serum was
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only collected at the beginning and end of the fasting period to avoid disturbing the
mice frequently during their dark cycle. At the endpoint, muscle, liver, MGT, and
serum were collected (Figure 5-21A). In line with previous research, the body
weight of mice at the end of fasting was significantly lower than at the start,
whereas mice fed ad libitum maintained weight throughout their dark cycle (Figure
5-21B, C). The amount of weight loss observed in mice after 12 hours of fasting is
dependent on strain and gender; however, FVB/N males who fasted for 12 hours
were found to lose 12% of their body weight 354355 In contrast, we only observed a
1.14 g body weight loss on average, accounting for an average of 5.6% loss in
body weight. We then quantified the serum and tissue concentrations of amino
acids using LC-MS. In the control mice fed ad libitum, the levels of every amino
acid increased in the serum as expected (Figure 5-21D). Surprisingly, we observed
an overall increase in many amino acids in the fasted cohort. In line with the pilot
study, significant increases in serum BCAAs were observed (Figure 5-21E).
However, in contrast to previous results, decreased levels of methionine and
threonine were not observed. Only glutamine serum concentrations were
significantly reduced after 12 hours of fasting (Figure 5-21E). Comparing the serum
levels of fed and fasted mice at the end of the dark cycle, we observed decreased
levels of many amino acids; however, no significant differences were observed
(Figure 5-21F). Quantification of amino acid levels across the tissues collected
revealed tissue-specific changes. In the MGT, the abundance of most amino acids
are reduced compared to fed mice (Figure 5-21G).This is similar to what is
observed in the serum of fasted mice compared to fed mice, which suggests that
the changes observed in the MGT recapitulate the changes observed in the serum
and likely reflect nutrient availability in the TME. Indeed, the abundance of amino
acids in the TIF reflected dietary changes in lung adenocarcinoma and pancreatic
ductal adenocarcinoma xenografts*3°. Unlike the MGT, the abundance of amino
acids in the livers of fasted mice is more heterogeneous, with reductions in
asparagine and alanine levels and an increase in the levels of glutamate and serine
(Figure 5-21H). In contrast, significant increases in many amino acids are observed
in the skeletal muscle. Indeed, levels of many EAAs are significantly increased
(Figure 5-211). Significant increases in BCAAs, methionine, phenylalanine, and
tryptophan were observed (Figure 5-211). Increases in NEAAs, asparagine,

glutamate and proline were also observed. Muscles serve as the body’s primary
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reservoir for amino acids, releasing them during periods of need, such as fasting or
starvation 25635’ These data reflect system wide changes expected due to
overnight fasting. Nevertheless, the decrease in amino acid levels in the MGT is
similar to those observed in the in vitro amino acid starvation experiments,
suggesting that overnight starvation could facilitate histidine preloading. This
provides the necessary conditions to evaluate whether the role of histidine

observed in vitro is replicated in tumours.
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Figure 5-21. Similar metabolic changes are observed in fasted tumours and amino

acid starved tumour cells.

(A) Schematic of experimental strategy: mice with MYAZ16.1e mammary tumours were
fed ad libitum or fasted overnight for 12 hours with or without [U-'3C]-histidine
administration as indicated. (B-C) Body weight of (B) fed (n=4) and (C) fasted (n= 17)
mice at the start and end. Data presented as mean + s.d. (D-I) LC-MS analysis of amino
acid levels in serum and tissues. Heatmaps show the mean total abundance of indicated
amino acid and colour scale represents the min-max normalized values for each
individual amino acid: total abundance of serum amino acids in the (D) fed cohort and
(E) fasted ctl cohort (n=5) at the beginning (T,) and end (Tr) of 12 hours (multiple paired
t-tests with Holm-Sidak correction, *p<0.05, **p<0.01), and (F) normalized total
abundance in fed or fasted mice at the end (Tr) of 12 hours. (G-l) normalized abundance
of amino acids in tissues of ctl (n=4) and fasted-ctl (n=5) mice (multiple paired t-tests
with Holm- Sidak correction, *p<0.05, **p<0.01).
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We assessed whether the new strategy of histidine administration (Figure 5-22A)
was sufficient to increase the abundance of histidine in the MGT. Intravenous
administration of histidine significantly increased the total abundance of histidine in
the MGT and muscle but not the liver (Figure 5-22A-C). Indeed, IV histidine
boluses led to a 2-fold increase in histidine abundance compared to fasted MGTs
(Figure 5-22A). Significant increases in enrichment of '*C in histidine were
observed for all tissues for each administration route, with no significant differences
detected between the routes, indicative of rapid equilibration of histidine in the
tumour (Figure 5-22D-F). Therefore, this provided the conditions necessary to
assess whether increased histidine accumulation in the tumour could replenish
amino acid pools and increase mTORC1/4E-BP1 activity as observed in vitro. We
then assessed mMTORC1 signalling to ensure fasted tumours had decreased
mTORC1 activation. Surprisingly, all tissues could maintain phosphorylation of
RPS6 despite decreases in amino acid availability observed within the MGT (Figure
5-22G-l). After these initial attempts to optimise histidine preloading in vivo, we
decided to discontinue this line of investigation due to challenges in achieving the
necessary conditions that recapitulate the in vitro experiments. Longer-term fasting
may be required for mTORC1 inhibition; however, given the high cost associated
with sustained [U-"3C]-histidine administration, it was decided first to pursue a more

controlled experimental strategy.
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Figure 5-22. mTORC1 signalling was unaffected in fasted mice.
FVB/N mice with MYAZ16.1e mammary tumours were fasted overnight with [U-'3C]-
histidine administered via IP (n=4), SQ (n=4), or IV (n=4) injection, or unbolused (n=5).
LC-MS analysis of histidine in indicated tissues: (A-C) normalized total abundance of
histidine in each tissue for each cohort. (D-F) '3C enrichment of histidine in each tissue
for each cohort. Data are presented as mean = s.d.; one-way ANOVA with Dunnett
correction (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). (G-H) WB of tissues from fed
(n=4) or fasted-ctl (n=5) cohorts. Protein expression was normalized to vinculin, and min-
max normalized. Unpaired two-tailed t-test.
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We next sought to evaluate histidine exchange in an ex vivo tumour slice culture
system. Tissue slices from fresh MMTV-Myc MGT were prepared and cultured as
described and detailed in the Materials & Methods chapter (Figure 5-23A). After 24
hours of acclimation, tumour slices were starved of amino acids in the presence or
absence of 1.6 mM histidine for indicated times and replenished with complete
DMEM for 1 hour. Ten minutes before collection, tumour slices were administered
10 ug/mL puromycin. Protein lysates were prepared for western blot analysis. We
assessed mTORCH1 signalling in the ex vivo tumour slice culture by evaluating
Rps6 and 4e-bp1 phosphorylation. Like 2D cell culture experiments, amino acid
starvation reduced mTORC1 activity at 24 and 48 hours of starvation compared to
control cells cultured in amino acid-replete conditions (Figure 5-23B). Furthermore,
replenishing tumour slices reactivated mTORC1 signalling, as expected (Figure
5-23B). Notably, after 1 hour of replenishment, histidine-preloaded tumour slices
had increased levels of phosphorylated 4e-bp1, as was observed in tumour cell
lines preloaded with histidine (Figure 5-23B). This correlated with increased
puromycin incorporation in histidine-preloaded tumour slices (Figure 5-23B). No
significant differences were observed in Rps6 phosphorylation across conditions.
However, differences may be observed at earlier time points of replenishment. As
seen in cell experiments, amino acid-starved cells had increased Myc levels
compared to histidine-preloaded cells; however, following 60 minutes of
replenishment, these levels were more similar (Figure 5-23B). We may see these
differences maintained at early time points of replenishment. As mentioned in
previous chapters, MMTV-Myc tumours have significant intratumour heterogeneity;
therefore, the cellular composition of each tumour slice could vary. To circumvent
this possibility, three slices from the same tumour were combined per sample;
however, | cannot negate the possibility that variations in Myc levels could exist at
the initiation of starvation and could affect the results observed. Notably, while we
observe an increase in puromycin incorporation after replenishment in histidine-
preloaded cells, the opposite is true of amino acid-starved cells (Figure 5-23B).
Indeed, greater puromycin incorporation was observed at 24 and 48 hours of
starvation than after 1 hour of amino acid replenishment (Figure 5-23B). This could
suggest underlying differences in the tumour slices across each condition.
Furthermore, the lack of puromycin incorporation in control slices cultured in amino

acid-replete conditions indicates a technical error (Figure 5-23B). Given similar
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findings in the tumour slice culture system compared to tumour cell lines, histidine
exchange was interrogated via LC-MS analysis. Tumour slices were prepared from
three individual MMTV-Myc MGTs, and histidine preload conditions were achieved
as previously described. Three technical replicates were combined per condition for
each biological replicate. Like cells, supplementation of 1.6 mM histidine during
starvation significantly increased intratumoural histidine levels. However, an
insignificant decrease in histidine levels was observed following replenishment with
histidine-free DMEM (Figure 5-23C). Notably, this is due to one tumour with
increased histidine levels observed following amino acid replenishment (Figure
5-23C). This highlights a requirement for a greater sample number. However,
despite this increase in histidine availability, increased uptake of high-affinity LAT1
substrates such as leucine was not observed (Figure 5-23D). Furthermore, no
significant differences were observed in the net uptake of EAAs or NEAAs in amino
acid-starved or histidine-preloaded cells (Figure 5-23E, F). Due to the variability
observed between tumours, further optimisation with increased tumour sample size
would be necessary to determine whether histidine is a bidirectional LAT1

substrate in tumours in vivo.
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Figure 5-23. Histidine availability enhances mTORC1/4E-BP1 signalling and
protein translation in MGT ex vivo cultures.

(A) Schematic of tumour slice preparation. (B) WB of MMTV-Myc tumour slices starved
of amino acids or preloaded with 1.6 mM histidine for 24 or 48 hours. Tumolur slices that
were cultured in these conditions for 48 hours were then replenished with DMEM for 1
hour. Protein quantification was normalized to vinculin and min-max normalized. Three
tumour slices were grouped in each lysate. (C-F) LC-MS analysis of tumour slices
starved of amino acids or preloaded with 1.6 mM histidine and replenished for 10 minutes
with DMEM. Data represent 3 biological replicates (MMTV-Myc MGTs) each with 3
tumour slices combined. (C-D) intracellular total abundance of (C) histidine and (D)
leucine (one-way ANOVA with Sidak correction, *p<0.05). (E-F) The relative influx of
indicated amino acids. The x-axis represents the net influx, calculated as the difference
in total abundance after replenishment and before replenishment (two-way ANOVA with
Sidak correction). All data are presented as mean + s.d.

Given the identified role of histidine as the preferred bidirectional LAT1 substrate in
tumour cells in vitro over glutamine, if histidine were exchanged within tumours, we
would expect an accumulation of histidine upon Lat1 KO. Therefore, we generated
inducible Lat1 KO MYAZ16.1e cells using the lentiviral guide system described in

BT-549 cells above. Several clones with Lat1 KO were confirmed via western blot
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(Figure 5-24A). Inhibition of Lat1 via JPH203 in MYAZ16.1e cells results in a
significant decline in the rate of proliferation (Appendix 9). Therefore, we
hypothesised that KO of Lat1 would lead to a significant decrease in proliferation in
all the clones tested. Therefore, proliferation was compared in dox-on and dox-off
conditions in clones 1,3 and 4. Lat1 KO in clones 1 and 3 significantly decreased
the proliferation rate (Figure 5-24B, C). In contrast, a significant increase in
proliferation was observed in clone 4 (Figure 5-24D). To confirm functional Lat1
KO, several clones were starved of leucine for 24 hours before administration of [U-
13C]J-leucine for 10 minutes. Decreased leucine uptake was observed across all
clones, suggesting leucine uptake was impacted due to Lat1 knockout (Figure
5-24E). Given that cells were starved of leucine before leucine administration, both
dox-on and dox-off cells had similar enrichment in leucine (Figure 5-24F). Further
investigation confirmed a significant decrease in leucine abundance and
enrichment in clones 1 and 3 upon doxycycline administration compared to dox-off
cells and MYAZ16.1e cells transduced with the Cas9 vector and an empty guide
cassette (Figure 5-24G, H). This was consistent with an overall decrease in each
Lat1 substrate in dox-on cells, except for histidine, the only Lat1 substrate that
increased in clone 3 (Figure 5-24l). However, histidine levels did not significantly
increase in clone 3, as would be expected if cells used histidine as an exchange
substrate (Figure 5-24B). Similarly, no differences were observed in the
intracellular levels of tyrosine or glutamine, the other lower-affinity bidirectional Lat1
substrates (Figure 5-24K, L). This lack of accumulation could be due to a sustained
demand for EAAs, such as histidine for protein translation and overall cellular
compensation to maintain histidine homeostasis. Since histidine is the only Lat1
substrate in clone 3 observed at increased levels upon Lat1 KO, it supports the
hypothesis that it is an exchange substrate. Notably, although there was a
significant reduction in leucine uptake in clone 4, the levels of amino acids differ in
clone 4 compared to the ctl and clone 3 cells (Figure 5-24l). Indeed, the
significantly reduced glutamine levels in dox-off clone 4 cells suggest that this
clonal population may exhibit distinct compensatory mechanisms and altered
amino acid metabolism compared to the ctl cells (a batch population of MYAZ16.1e
cells expressing an empty guide cassette) and clone 3. Considering that the dox-off
state of clone 4 is significantly different than that of the batch population the clone

was derived from, alterations or adaptations may have occurred during clonal
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selection. In support of this, dox-induced KO of Lat1 in this clonal population did not
lead to a proliferative decline as observed in clone 3 (Figure 5-24D). Therefore, we
injected clones 1 and 3 into FVB/N mice to interrogate the role of histidine in Lat1-
mediated uptake of EAASs.
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Figure 5-24. LAT1 KO cells have reduced leucine uptake and proliferation.
MYAZ16.1e clones with doxycycline inducible knockout of Slc7a5/Lat1. All clones were
administered 1 ug/mL doxycycline for 48 hours. (A) WB of Lat1 protein expression in
several tested clones. The loading control is a cross-reactivity band for Lat1. (B-D)
Normalized confluency in three tested clones. Confluency was measured every 4 hours
and normalized to the starting confluency at 0 hr (repeated measures two-way ANOVA
with Geisser-Greenhouse correction and Sidak for multiple comparisons). (E-F) heatmap
of average leucine (E) abundance and (F) '*C enrichment in indicated sgSic7a5 clones
starved of leucine for 24 hours and then administered 0.8 mM [U-'3C]-leucine for 10
minutes. The colour scale represents log10 transformed values. Representative of 1
replicate. (G-L) sgSlc7a5 clones 3 and 4 were cultured in the presence or absence of
doxycycline for 48 hours and administered 0.8 mM [U-13]-leucine for 10 minutes: (G) '*C
enrichment of leucine, (H) total abundance of leucine, and (I) heatmap of mean total
abundance of indicated amino acids. Colour scale represents min-max normalized
values for each amino acid. (J-L) total abundance of (J) histidine, (K) glutamine, and (L)
tyrosine. Data are presented as mean + s.d. One-way ANOVA with Tukey correction.
*p<0.05, **p=<0.01, ***p<0.001, ****p<0.0001.
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Orthotopic MGT allografts were generated by injecting cells into the mammary fat
pad of Nod-SCID mice. The injected cells included: i) parental, ii) empty sgRNA
vector (sgCtl), iii) clone 1 (C1) and iv) clone 3 (C3) (Figure 5-25A). After ten days,
when tumours were palpable, mice were put onto a standard control or a 0.625
g/Kg doxycycline diet fed ad libitum (Figure 5-25A). Tumour growth was monitored
until most mice reached a tumour volume of 500 mm? (Figure 5-25A). After this, the
MGT and blood serum were collected for further analysis. In vivo, clone 1 grew
slower than the dox-fed mice with parental and sgCtl tumours (Figure 5-25B, C).
Furthermore, no differences were observed in tumour growth or final tumour weight
(Figure 5-25B, C). In contrast, as expected, control-fed mice bearing C3 tumours
increased at a rate similar to that of dox-fed parental and sgCtl tumours. When
mice bearing C3 tumours were fed a dox diet, tumours grew slower (Figure 5-25B).
However, at collection, there was no significant difference in tumour weight (Figure
5-25C). This agreed with in vitro results; while induction of Lat1 KO in clone 3
resulted in retarded proliferation, it did not ablate proliferation (Figure 5-24C). This
was also observed upon Lat1 inhibition in the parental cell line (Appendix 9). Thus,
highlighting the robust compensatory mechanisms in cells and tumours when Lat1
function is disrupted. Indeed, LAT2, which has broad tissue expression, is also
expressed in tumours and shares overlapping substrate specificity with LAT1,
including a higher affinity for glutamine. It is possible that LATZ2 is upregulated in
these tumours and compensates for LAT1 function3%®; however, this was not
investigated in our study. Before conducting metabolomics analysis, we assessed
Lat1 protein levels in these tumours to confirm efficient Lat1 KO. Lat1 expression
was similar in parental and sgCtl tumours from dox-fed mice (Figure 5-25D).
However, Lat1 protein expression was visible in C1 tumours from mice fed a dox
diet, although significantly reduced compared to dox-fed sgCtl tumours (Figure
5-25E, F). Notably, Lat1 expression was decreased in C1 tumours from mice fed a
control diet, compared to sgCtl tumours, suggesting that this system may be leaky
in vivo (Figure 5-25E, F). Interestingly, despite the insufficient KO of Lat1, there
was a significant increase in Atf4 expression in dox-diet C1 tumours compared to
sgCtl tumours (Figure 5-25E, F). Therefore, the control-fed C1 tumours may grow
slower than parental and sgCtl tumours due to a reduction in Lat1 protein
expression. However, when assessing Lat1 protein expression in C3 tumours, a

significant decrease in Lat1 protein expression was observed in dox-fed and
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control-fed mice compared to sgCtl tumours (Figure 5-25G, H). Furthermore, while
there was an insignificant reduction in phosphorylation of 4e-bp1, a significant
decrease in Rps6 phosphorylation was observed in C3 tumours from dox-fed and
control-fed mice (Figure 5-25G, H). However, only C3 tumours from dox-fed mice
had higher Atf4 protein expression than sgCtl and control-diet C3 tumours (Figure
5-25G, H). However, in contrast to the tumour growth trends observed in C1 dox-
and control-fed mice, C3 tumours grew at a similar rate to WT and sgCtl tumours
(Figure 5-25B, C). Due to inefficient LAT1 KO in vivo, we decided not to proceed
with a thorough investigation of these tumours. Indeed, even in the absence of
doxycycline, there was a significant reduction in the expression of Lat1, similar to
the levels achieved in the doxycycline-treated groups. Given the time constraint
and the need to prioritise other approaches, | chose not to continue with further

metabolic analysis of these tumours.
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Figure 5-25. LAT1 was not knocked out efficiently in vivo

(A) Schematic of experimental timeline. FVB/n mice were injected with MYAZ16.1e
sgSlc7ab clones 1 (C1) and 3 (C3), wild-type (Parental), or expressing an empty sgRNA
cassette (sgCtl), and put on a control (C1: n=4, C3: n=3) or doxycycline-containing (C1:
n=4, C3: n=3, Parental: n=4, sgCtl: n=4) diet 10 days after injection. Tumour growth was
monitored for 5 weeks and the MGT and serum were collected at the end. (B) Tumour
volume over time (data presented as mean + s.d.; repeated measures two-way ANOVA
with Geisser-Greenhouse correction and Dunnett test for multiple comparisons). (C)
Tumour weight at collection (data presented as mean + s.d.; one-way ANOVA with
Dunnett test). (D) WB of LAT1 expression in parental or sgCtl MGTs. (E) WB of LAT1
and ATF4 expression in sgCtl and C1 (dox-on and dox-off) MGTs. (F) Heatmap showing
average normalized protein expression from panel E, letters represent statistically
significant differences from sgCtl MGTs. P-values are as follows: LAT1: p=0.013; ATF4=
p<0.0001 (two-way ANOVA with Tukey). (G) WB of LAT1, ATF4 and mTORC1 protein
expression. (H) Heatmap showing average normalized protein expression from panel G.
Letters represent statistically significant differences from sgCtl MGTs. P values are as
follows: LAT1: p=0.0243, p=0.0159; P-Rps6: p=0.0339, p=0.0394. All proteins were
normalized to B-actin expression.

Together, these attempts at assessing the importance of histidine as a Lat1

exchange substrate within tumours were unsuccessful. The ex vivo tumour slice
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culture system provides a promising avenue to confirm the role of histidine in Lat1
exchange and mTORC1/4E-BP1 signalling in a model that more closely
recapitulates the TME. Further work optimising experimental conditions with

increased sample sizes will be necessary to validate in vitro results.

5.7 Discussion

As mentioned, LAT1-mediated uptake of EAAs, such as leucine, depends on
coupling with the glutamine transporter ASCT2'42, Fifteen years ago, Nicklin et al.
(2009) showed that glutamine imported via ASCT2 was subsequently used for
exchange through LAT1, essential for leucine uptake and mTORC1 signalling.
However, preincubation experiments were done using 10 mM of glutamine, which
is significantly higher than physiological serum levels. Therefore, this increase in
glutamine availability could support glutamine catabolism and facilitate LAT1-
mediated uptake of EAAs, but it may not be physiologically relevant. Indeed,
ASCT2 KO was shown not to affect LAT1-activity in cancer cell lines '*8. In this
chapter, our results confirm that histidine, rather than glutamine, is used as the
primary LAT1 exchange factor in Myc-driven cancer cells. While our preincubation
experiments initially used a supraphysiological (1.6 mM) concentration of histidine
to assess the role of histidine as a LAT1 exchange substrate, further experiments
under physiological histidine and glutamine concentrations were used to confirm
this preference. Importantly, we observe that histidine-mediated LAT1 activity
promotes activation of the mTORC1/4E-BP1 signalling axis, rapidly increasing
global protein translation and promoting cellular proliferation. In contrast, when
cells are starved of amino acids without histidine preload, there is increased
asparagine release due to proteasomal degradation, and subsequently used for
amino acid transport. Furthermore, these cells had enhanced mMTORC1/RPS6
activation compared to histidine-preloaded cells, increased Myc protein and mRNA
expression, and increased expression ribosomal biogenesis genes. Therefore,
histidine availability under nutrient scarcity was sufficient to alter mTORC1 activity
in response to AA availability. These results suggest that cancer cells that can
accumulate more histidine have a survival advantage during nutrient scarcity,
acting to improve the uptake of EAAs required for cellular proliferation and rapidly

initiate protein translation.
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One of the more surprising aspects of this chapter was enhanced activation of the
mTORC1/4E-BP1 axis but reduced activation of mMTORC1/RPS6 signalling. There
are several reasons why this may occur. While RPS6 is directly downstream of the
mTORC1 target, S6K1, it is also activated by various factors. Indeed, a published
siRNA screen revealed 632 validated regulators of RPS6 phosphorylation®°. Many
of these were determined to be regulators of mMTORC1 signalling. Intriguingly, the
glutamine tRNA synthase (QARS) was observed to inhibit RPS6 phosphorylation in
an mTORC1 dependent manner. Depletion of QARs significantly inhibited amino
acid-stimulated RPS6 phosphorylation in several cancer cell lines. However, the
exact mechanisms of this repression remain to be determined 3*°. In our data,
glutamine uptake was significantly increased in amino acid starved compared to
histidine-preloaded BT-549 cells, consistent with increased RPS6 phosphorylation.
In contrast, enhanced RPS6 activity or increased glutamine was not observed
under amino acid starvation in MDA MB 231. Therefore, when glutamine is
available to bind QARs, it may no longer inhibit the phosphorylation of RPS6, which
could account for the increased RPS6 phosphorylation observed. However, this
remains to be elucidated. Another possibility is that depending on the availability of
amino acids, mMTORC1 could be differentially activated. For example, glutamine
and asparagine were found to activate mTORC1 independent of Rag GTPase
activity and instead depend on the small GTPase, Arf1, for mTORC1 activation
360361 The data presented here showed a significant increase in leucine uptake in
histidine-preloaded cells compared to starved cells and previous investigations
have demonstrated that leucine was crucial for 4E-BP1 phosphorylation 62, In
support of this, LAT1 KO, which ablated leucine uptake in histidine-preloaded cells,
attenuated mTORC1/4E-BP1 activation. Therefore, while maximal phosphorylation
of 4E-BP1 is observed in the presence of all EAAs, leucine alone is sufficient for
4E-BP1 phosphorylation3¢2. This contrasts with S6K1, which is stimulated by
several amino acids®®. Therefore, the mTORC1/S6K1/RPS6 pathway may
respond to the availability of several individual amino acids (i.e., glutamine, leucine,
arginine, histidine, serine, valine, methionine, alanine, asparagine, cysteine and
threonine), whereas mTORC1/4E-BP1 signalling could be activated as a response
to increases in the availability of specific amino acids, such as leucine. Notably, in a

previous study using Drosophila models of neural tumourigenesis, including nerfin-
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1 and Propspero mutant clones in the CNS, dietary histidine was explicitly required
for nerfin-1 mediated dedifferentiation in a Myc-dependent manner?4'. In contrast,
Prospero mutant clones, which do not depend on Myc for dedifferentiation, were
relatively insensitive to histidine availability. Importantly, this study found that the
growth of nerfin-1 mutant clonal growth depended on 4E-BP but not S6K1,
whereas the opposite trend was observed in Prospero mutant clones?®'. Therefore,
neural lineages highly sensitive to dietary histidine availability (nerfin-1 mutant
clones) demonstrate a vital requirement for Myc- and eiF4E- mediated cellular
growth. These data underscore that i) the intracellular milieu could differentially
activate mTORC1 signalling, and ii) histidine availability primes Myc-driven cancer
cells for increased activation of 4E-BP1, leading to a rapid increase in global
protein translation. Given the critical role of 4E-BP1 in Myc-driven
tumourigenesis®", this relationship between histidine and 4E-BP1 warrants further

investigation.

Unexpectedly, despite significant increases in EAA uptake, 4E-BP1 inhibition, and
global protein translation in histidine-preloaded cells, only a slight, albeit significant,
increase in proliferation was observed upon reintroduction of amino acids. One
upstream mediator of the ISR is PERK, a key component of the unfolded protein
response (UPR) due to the accumulation of misfolded or unfolded proteins in the
ER. Aberrant MYC signalling in cancer results in increased protein translation;
therefore, activation of PERK in MYC-driven transformation is required to sustain
MY C-dependent transformation and tumour growth3®3. Furthermore, concurrent
activation of ATF4 by GCN2 and PERK resulted in cooperative transcription of 4E-
BP1 alongside MYC?#’. Induction of 4E-BP1 balances protein synthesis by
inhibiting protein synthesis, thus relieving proteotoxic stress and sustaining MYC-
driven tumourigenesis®#’. In our experiments, an increase in total 4E-BP1 levels
was observed in histidine-preloaded cells, which balanced levels of phosphorylated
4E-BP1. Therefore, it is possible that the rapid increase in protein translation
observed could lead to increased PERK/elF2a/ATF4 signalling, 4E-BP1, and
subsequent reduction in protein synthesis. While we see an initial increase in
protein translation at 30 minutes to 2 hours of amino acid replenishment in cells
that accumulate high concentrations of histidine, at 24 hours, these levels were

lower than in starved cells or cells preloaded with physiological levels of histidine.
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This could indicate that the rapid protein synthesis observed could lead to
activation of the UPR. However, further analysis would be necessary to compare
the PERK arm of the ISR in amino acid replenished starved and preloaded cells.
Therefore, while increased global protein translation may initially provide a
proliferative advantage to Myc-driven cancer cells, eventually, this is balanced by

4E-BP1 upregulation.

This chapter shows that MYAZ16.1e, BT-549, and MDA MB 231 cells have
significantly increased uptake of EAAs such as leucine. While histidine preload
increased mMTORC1/4E-BP1 activation in MYAZ16.1e and BT-549 cells, this was
not observed in MDA MB 231 cells. MDA MB 231 cells had significantly increased
levels of LAT1 substrates such as tryptophan, isoleucine, leucine, phenylalanine,
valine, and tyrosine, although to a lesser extent than BT-549 cells. However, MDA
MB 231 cells did not accumulate as much histidine as BT-549 cells and only
slightly reduced intracellular histidine levels upon nutrient replenishment, as
observed in MYAZ16.1e and BT-549 cells. Therefore, it is unclear how preloaded
MDA MB 231 cells mediate increased uptake of LAT1 substrates. To better
understand the role of histidine in MDA MB 231 cells, it will be crucial to confirm
how histidine exchange is affected by LAT1 KO. Notably, BT-549 cells have
endogenous amplification of MYC, whereas MDA MB 231 cells do not. As
mentioned above, Froldi et al. found that Myc levels dictated sensitivity to dietary
histidine?®'. Prospero mutant clones that did not depend on Myc for
dedifferentiation similarly were not sensitive to dietary histidine limitation. In
contrast, histidine-sensitive nerfin-1 clones depend on Myc for growth and
dedifferentiation. These clones were also dependent on 4E-BP for growth.
Therefore, this could indicate that this requirement for LAT1-mediated histidine
exchange for mTORC1/4E-BP1 signalling could similarly depend on MYC for
cellular growth and proliferation. Notably, MDA MB 231 cells can proliferate upon
MYC knockdown (KD) in vitro and in vivo, making them more similar to the
histidine-insensitive Prospero phenotype®“. This is significant because it indicates
that the importance of LAT1 for mTORC1 activation, and thus histidine, may
depend on Myc status. Further assessment in cells with Myc ectopic expression will

be necessary to confirm this hypothesis.
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Of particular importance, in this chapter, we revealed that the concentration of
glutamine was significantly lower in the TIF of Myc-driven mammary tumours than
in the plasma. In contrast, histidine concentration significantly increased in the TIF
relative to the plasma. This results in similar relative concentrations of histidine and
glutamine in the TIF and tumour. Given the demand for glutamine catabolism and
not histidine catabolism in Myc-driven cancer cells, coupled with increased LAT1
substrate affinity for histidine compared to glutamine, histidine is likely the primary
LAT1 substrate in tumours. In cells, we observe that even cells preloaded with 6-
fold less histidine than glutamine still preferentially used histidine for exchange
through LAT1. We attempted to confirm the role of histidine in LAT1-mediated
exchange in vivo using [U-'3C]-histidine preloading experiments and Lat1 KO
tumours. Unexpectedly, we demonstrated that mTORC1 signalling was maintained,
if not slightly enhanced, in the MGT, liver, and muscle of fasted mice relative to
control mice. This contradicts other studies that demonstrated significant
attenuation of mMTORC1 signalling in livers and muscles following 12-24 hours of
fasting in female and male mice'823¢5, In our experiments, mice were overnight
fasted on wooden bedding, as they were usually housed. However, a study
demonstrated that mice housed with wooden bedding consumed this bedding far
more than other types (cellulose or corncob)3®. Furthermore, all mice housed with
or without bedding had a more minor reduction in weight following overnight fasting
than mice housed on a metal grid that were prevented from consuming their
faeces3%. Therefore, it is possible that a combination of woodchip bedding and
coprophagy could deliver enough sustenance to sustain mTORC1 signalling in the

liver.

While significant research efforts have assessed LAT1 requirement in cancer cell
proliferation and tumourigenesis, implicating LAT1 in mTORC1 signalling and
cellular growth, this data is the first to show a preferential utilisation of histidine as a
bidirectional LAT1 substrate in Myc-driven tumour cell lines. Furthermore, we
showed differential activation of mMTORC1 upon amino acid replenishment in
histidine-preloaded cells compared to starved cells, suggesting that amino acid
availability could alter downstream mTORC1 pathway activation and function.
Histidine preload increased global protein translation, leading to a slight but

significant proliferative advantage in Myc-dependent tumour cells. Given the
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nutrient gradient often observed in poorly vascularised solid tumours, tumour cells
with increased accumulation of histidine could be better suited to maintain EAA
pools and protein translation than those less capable. Furthermore, tumour cells
with high intracellular levels of histidine may have an improved ability to
metastasise and colonise diverse tissue microenvironments and adapt to changes
in amino acids available in the extracellular environment. Significantly, a recent
study has demonstrated in a CRISPRa screen that aside from SLC7A5,
overexpression (OE) of SLC38A3 in cells cultured in low histidine media could
rescue proliferation3®”. SLC38A3 encodes SNAT3, which was thought to facilitate
glutamine loading primarily but can also transport histidine and asparagine
unidirectionally. However, SLC38A3 OE did not rescue cells from glutamine
limitation, suggesting it may be more critical for histidine loading®®’. Our RNA-seq
data from large MMTV-Myc tumours had increased SLC38A3 expression (Figure
3-1A); therefore, inhibiting SNAT3 could limit histidine accumulation in Myc-
dependent tumours; however, SNAT3 inhibitors have not been developed to date.
Overall, this data suggests that limiting histidine availability or targeting histidine
import could represent a promising therapeutic strategy to limit the progression of

Myc-dependent tumours.

Summary

To summarise, this Chapter has:

1) Evaluated histidine exchange in Myc-dependent tumour and breast cancer
cell lines.

2) lIdentified histidine as a bidirectional LAT1 substrate.

3) Quantified concentrations of glutamine and histidine in the serum, TIF, and
Myc-driven MGTs.

4) Demonstrated a preference for histidine as a LAT1 substrate over glutamine
at physiological concentrations.

5) Shown increased activation of the mTORC1/4E-BP1 signalling pathway,
leading to enhanced global protein translation and proliferation in histidine

preloaded cells.
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Chapter 6. Histidine availability is a targetable
metabolic vulnerability in Myc-driven

tumourigenesis
6.1 Introduction

The integrated stress response (ISR) is the primary signalling network by which
cells adapt to stress through reprogramming of translation, thereby restoring
cellular homeostasis and supporting survival. This plasticity in cell state as a
response to stress is imperative for cancer cell survival. Indeed, the aberrant
proliferation and protein translation associated with cancer makes it especially
vulnerable to intrinsic and extrinsic stressors. These stressors include, for example,
low nutrient availability, low ATP, increased reactive oxygen species, activation of
the UPR, or hypoxia. Therefore, as the name suggests the ISR integrates signals
from four unique serine/threonine kinases which respond to these different types of
stress, including heme-regulated inhibitor (HRI), double-stranded RNA-dependent
protein kinase (PKR), PKR-like ER kinase (PERK), and general control non-
derepressible 2 (GCN2). elF2q, a subunit of the elF2 complex which forms the
ternary complex (elF2-GTP-tRNAMet) required for initiation of protein translation, is
at the core of this signalling pathway. When any of these four upstream kinases are
activated in response to stress, they converge onto elF2q, leading to its
phosphorylation (Figure 6-1. Regulation of ATF4 translation by the ISR.. This
phosphorylation limits the formation of the ternary complex, resulting in a global
reduction in protein synthesis. However, translation of a subset of mMRNAs
containing specific sequences in their 5’ untranslated regions, known as upstream
open reading frames (UORFs), is enhanced®®®. One key example is the the
canonical ISR effector, the transcription factor ATF43°, ATF4 mRNA contains two
uORFs, uORF1 and uORF2. Under normal conditions, uORF1 is translated
efficiently, and the 40S ribosomal subunit reinitiates translation at uUORF2, which
overlaps with the main ORF (mORF) of ATF43%8, This results in ribosome recycling
at the end of uUORF2 and repression of ATF4 mORF translation. However, during
stress, phosphorylation of elF2a at Ser51 reduces ternary complex availability,

making reinitiation at UORF2 less likely*®®. As a result, the ribosome bypasses
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uORF2 and instead reinitiates at the mORF, leading to increased translation of
ATF43%8_ Activation of ATF4 reprograms cellular transcription, prioritizing the
translation of specific pro-survival mRNA transcripts, such as those involved in

amino acid synthesis and transport, that can restore homeostasis®’°.

dsRNA  ER stress

Amino acid l l Heme
deprivation deprivation
N N

PERK

\ ‘// B Enhanced translation of some mRNAs
eIFZu eIF2u
00 e|F2B

Sequestered

eIF2B j elF2a-2B complex

GDP l

" Reduced Ternary .
eif2a Complex

\l Translation inhibited

GCN2

translation of uORF2 bypassed and
Met reinitiated at the ATF4 mORF

Active General Translation

translation of ATF4 mORF bypassed

Figure 6-1. Regulation of ATF4 translation by the ISR.

(A) Under non-stressed conditions, elF2a, together with elF2(3 (B) and elF2y (y),
forms the elF2 complex, which is activated by guanine nucleotide exchange from
GDP to GTP via elF2B. This allows the delivery of the initiator tRNAMe! to the 40S
ribosomal subunit, promoting general translation initiation. During this state,
upstream open reading frames (UORFs) in transcripts such as ATF4 are efficiently
translated. Translation of uORF2, which overlaps with the main ORF (mORF),
prevents translation of ATF4. (B) In response to cellular stress, the ISR is activated
via one of four kinases, GCN2, PKR, PERK, or HRI, which phosphorylate elF2a at
Ser51. Phosphorylated elF2a forms an inhibitory complex with elF2B (elF2a-2B),
inhibiting recycling of elF2a to its GTP-bound form, thereby reducing ternary complex
(elF2-GTP-tRNAMe) and inhibiting global protein translation. Under these conditions,
translation of MRNAs containing uORFs is selectively enhanced. For ATF4, reduced
ternary complex availability causes ribosomes to bypass the start codon of uUORF2
and instead reinitiate translation at the mORF, resulting in increased ATF4 protein
expression. Image created with biorender.com.
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PERK and GCN2 are especially relevant to Myc-dependent transformation and
tumourigenesis??4240, PERK is an ER resident transmembrane protein that is
induced by the UPR. Maintaining protein quality and proper peptide folding is an
important challenge in tumours that depends on the UPR. The UPR is activated by
a number of factors; cell-extrinsic factors such as hypoxia®”*!, nutrient availability3’2,
ROS?3, and acidosis®’* are all common characteristics of the TME which perturb
ER homeostasis. In addition to coping with these extrinsic factors, oncogene
activation increases the demand for global protein synthesis, fuelling ER stress.
Indeed, MYC hyperactivation induces proteotoxic stress, thus depending on the
UPR and PERK-elF2a-ATF4 signalling for survival. Indeed, activation of PERK in
MY C-transformed cells and Ep-Myc/+ transgenic mice prevented autophagy
through preferential translation of SLC amino acid transporters and 4E-BP 1224,
However, balancing this demand for nutrients for protein synthesis requires
concerted effort from multiple arms of the ISR. It is evident that, MY C-transformed
cells also rely on GCN2 for optimal activation of the ISR and induction of ATF4.
Indeed, both PERK and GCN2 KD enhance apoptosis in MYC-transformed cells??4.
GCN2 responds to amino acid restriction by recognizing and binding to uncharged
tRNAs®’S, Importantly, Myc activation induces the transcription of tRNAs,
accumulation of these tRNAs when amino acids are limited therefore activate
GCN2.

GCN2 binds uncharged tRNAs through a C-terminal domain that is homologous
with histidyl-tRNA synthetase®’8. This leads to allosteric rearrangement and
subsequent autophosphorylation of GCN2, which then phosphorylates elF2a in the
ISR signalling cascade. Importantly, despite the homology to histidyl-tRNA
synthetase, GCN2 can bind uncharged tRNAs indiscriminately. Furthermore, GCN2
is also activated by ribosome stalling and collision, highlighting its role in initiation
and elongation stages of translation'84377. Activation of GCN2/elF2a/ATF4 induces
amino acid biosynthetic and transport pathways36%378379 |ndeed, in prostate cancer
cells, 20 out of 27 expressed SLC transcripts were significantly reduced following
treatment with the GCN2 inhibitor, GCN2iB?*'. Furthermore, amino acid uptake
assays with leucine, arginine, and lysine demonstrated that GCN2iB treatment
significantly impeded the uptake of these amino acids?*!, thereby highlighting the
important role of GCN2 in restoring amino acid levels. Importantly, while GCN2 can
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be activated by deprivation of multiple individual amino acids, the outcome of that
activation can be context dependent. ATF4 is a basic leucine zipper (bZIP) protein,
for its function as a transcription factor it must form a heterodimer with another
bZIP protein®°-383 Indeed, ATF4 can heterodimerize to at least 30 other bZIP
family members3®'. Depending on the heterodimer formed, ATF4 can regulate
different sets of genes, leading to context-specific outcomes that are dependent on
cell type and environment, providing the cell with the flexibility and plasticity
required to cope with diverse stressors?®4. The mechanisms by which ATF4
signalling targets specific subsets of genes downstream of the ISR triggered by

different kinases remain to be elucidated.

While the ISR is an Achilles heel in tumour progression, the flexibility of ATF4
transcriptional reprogramming adds a layer of complexity. These adaptations make
tumours more challenging to treat®°. Therefore, understanding these mechanisms
is imperative for improved targeted treatment strategies. Importantly, LAT1
knockout and pharmacological inhibition have been demonstrated to activate the
ISR2%6:38 ATF4 can also induce LAT1 expression during amino acid starvation by
binding to an amino acid response element (AARE) located in the first intron of
LAT1387_ Therefore, this emphasizes the important role of SLC transporters, such
as LAT1, in maintaining amino acid homeostasis. Given the important role of
histidine in LAT1 function in Myc-driven cancer cells, we hypothesised that histidine
is an important signal for amino acid sensing. Therefore, this chapter will assess
the effect of histidine limitation on Myc-driven cancer cells and compare its
deprivation to deprivation of individual high-affinity LAT1 substrates. Furthermore,
we will determine whether histidine limitation is feasible therapeutic strategy
targeting Myc-driven mammary tumours and characterize the effect of histidine

limitation in vivo.
Aims
This chapter aims to address these aspects of my hypothesis:

1) Histidine is required to maintain amino acid homeostasis in Myc-dependent

tumour cells.
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2) Histidine requirement is a therapeutic vulnerability in Myc-driven mammary

tumourigenesis.

6.2 Histidine is important in maintaining amino acid

homeostasis.

In the previous chapter we determined that Myc-dependent cancer cells rely on
histidine, rather than glutamine, as a bidirectional LAT1 substrate. Given the crucial
role for LAT1 in amino acid homeostasis, as mentioned above, we hypothesised
that histidine availability is necessary in the maintenance of EAA pools. We first
assessed whether histidine deprivation influenced mTORC1 activation and the ISR
pathway. MYAZ16.1e cells were cultured in low concentrations of histidine for up to
48 hours. Western blot analysis revealed an induction in the ISR as demonstrated
by increased phosphorylation of elF2a and a concomitant induction of Atf4 after 16
hours of histidine limitation (Figure 6-2A). Furthermore, attenuation of mMTORC1
signalling was observed, as shown by decreased phosphorylation of RPS6 at 48
hours of histidine limitation and a parallel increase in expression of the lipidated
form of LC-3, indicative of increased autophagosome formation (Figure 6-2A).
Surprisingly, we also observed a significant increase in Myc protein expression
(Figure 6-2A). ATF4 induction downstream of the ISR activates adaptive pathways
to endure periods of stress, such as prolonged amino acid limitation. Given the
previous reports on ASCT2 coupling with LAT1 to mediate uptake of EAAs, we
assessed whether levels of Sic1ab (encoding Asct2), a previously demonstrated
transcriptional target of ATF4'45388 were altered upon histidine limitation. Indeed,
we observed a significant increase in glycosylated-Asct2 after 16 hours of histidine
limitation in MYAZ cell lines (Figure 6-2B, C). Asct2 must be glycosylated for
plasma membrane trafficking to facilitate glutamine uptake, therefore, this
indicated an increase in functional Asct2 at the plasma membrane. Asct2
localization was assessed via immunofluorescence (IF) in cells cultured under
histidine limitation. Histidine limitation increased staining intensity at the plasma
membrane after 16 hours (Figure 6-2D). Therefore, histidine limitation appears to
induce the ISR, resulting in an increase in Asct2 expression at the plasma

membrane.
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Figure 6-2. Histidine limitation induces expression of ASCT2.

MYAZ16.1e cells were cultured in 10 uM histidine for indicated times. (A) WB of proteins
in the ISR and mTORC1 signalling pathways. Protein levels are normalised to -actin
and min-max normalized. Representative of 3 independent replicates. (B) WB of Asct2
expression. Protein levels were normalized to B-actin. The ratio of Glycosylated (Gly)-
Asct?2 relative to un-glycosylated Asct2 was determined and fold change to O hour was
assessed. Representative of 3 independent replicates. (C) Quantification Gly-
Asct2/Asct2 protein expression from panel B, relative to the levels at 0 hr (no histidine
deprivation). One-way ANOVA with Sidak correction (*p<0.05, **p<0.01). (D)
Representative IF images of ASCT2 localization in MYAZ16.1e cells cultured in 10 uM
histidine for indicated times.

GCNZ2 responds to the deprivation of many amino acids partially by binding to their
uncharged tRNAs. Therefore, Asct2 expression was assessed under histidine
deprivation compared to the deprivation of other high-affinity Lat1 substrates,
including leucine, isoleucine and methionine. MYAZ16.1e cells were starved of
histidine, leucine, isoleucine, or methionine for 4 or 16 hours. Western blot analysis

revealed that deprivation of all these amino acids individually is sufficient to
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attenuate mTORC1 activation as demonstrated by decreased 4e-bp1
phosphorylation, and/or activation of the ISR, as shown by increased
phosphorylation of elF2a (Figure 6-3A). Notably, deprivation of histidine resulted in
increased Myc expression at 16 hours, whereas Myc expression was significant
induced at 4 hours in isoleucine starved cells. In contrast, leucine and methionine
deprivation resulted in decreased Myc expression. Furthermore, all amino acids
except of methionine induced phosphorylation of elF2a, suggestive of differential
activation of the GCN2/elF2a pathway depending on the specific amino acid.
Importantly, histidine deprivation specifically resulted in increased protein levels of
glycosylated-Asct2 and, therefore, Asct2 localization to the plasma membrane
(Figure 6-3A, B). To determine whether this increase in Asct2 protein levels was
transcriptional, we quantified mMRNA expression of Sic7a5 in histidine-deprived cells
compared to deprivation of the other EAAs above. Strikingly, histidine deprivation
resulted in a significant increase in Slc1ab transcript expression compared to the
other EAAs at 4 and 16 hours of deprivation (Figure 6-3C). Given the important role
for histidine in mediating LAT1 function, we hypothesised that Lat1 expression
would be enhanced to compensate for histidine limitation. Indeed, histidine
limitation resulted in significant upregulation of Sic7a5 compared to the other EAAs
tested (Figure 6-3D). These results indicate that although mTORC1 and the ISR
are affected by the limitation of most EAAs, histidine limitation appears to result in
an enhanced response in Myc-driven tumour cells by upregulating the expression

of Slc transporters, such as Sic1ab and Sic7ab.
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Figure 6-3. Histidine limitation enhances transcription of amino acid transporters.
MYAZ16.1e cells were starved of histidine (his), leucine (leu), methionine (met), or
isoleucine (ile) for the indicated times. (A) WB of ASCT2, Myc, elF2a, and P-4E-BP1.
Protein levels were normalized to 3-actin and min-max normalized. Representative of 1
replicate. (B) Representative IF images of Asct2 expression in cells deprived of indicated
amino acids for 24 hours. (C-D) RT-gPCR analysis of fold change in Sic1a5 and Sic7a5
gene expression, normalized to B-actin, relative to control cells (Ctl; cells cultured in
complete DMEM). Data are presented as mean #s.d.; two-way ANOVA with Tukey
correction for 3 biological replicates (*p<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001).
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Histidine mediates uptake of EAAs and cationic amino acids in MYAZ16.1e cells,
therefore, histidine limitation should result in decreased amino acid levels.
However, considering the increase in amino acid transporters, we hypothesised
that this compensates for histidine limitation and maintains amino acid pools.
MYAZ16.1e cells were starved of histidine, or the indicated EAAs, for 8 hours or 24
hours, after which cells were collected for metabolite extraction and LC-MS
analysis. Interestingly, histidine limitation resulted in a significant increase in the
abundance of LAT1 substrates such as leucine, isoleucine, phenylalanine,
tryptophan, and tyrosine compared to deprivation of the other EAAs (Figure
6-4A,C). This agrees with data from the previous chapter, where the uptake of
these amino acids was significantly impeded by the ablation of LAT1. Furthermore,
arginine and lysine are also increased during histidine deprivation compared to
deprivation of other EAAs (Figure 6-4B). Notably, glutamine levels were maintained
during histidine deprivation, whereas they significantly decrease upon deprivation
of isoleucine, methionine, and amino acid replete conditions (Figure 6-4C). These
data support the hypothesis that increased expression of SLC transporters under

histidine deprivation increases or maintains pools of certain amino acids.
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Figure 6-4. Intracellular amino acid levels increase under histidine limitation.

MYAZ16.1e cells were cultured in MMEC media without histidine (his), isoleucine (ile),
leucine (leu), or methionine (met) for indicated times and collected for LC-MS analysis.
Normalized relative abundance of (A) EAAs, (B) cationic amino acids, and (C) NEAAs
in DMEM. Data is presented as mean + s.d. Two-way ANOVA with Sidak comparing 24
hour to 8 hr time point for each condition. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Representative of 1 replicate.
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It is important to note that the 8-hour time point was used as the comparison
because induction of the ISR under histidine deprivation was not observed at 8
hours. However, the ISR could be induced more quickly upon deprivation of
leucine, isoleucine, or methionine. The levels of most amino acids appeared to be
higher at 8 hours during leucine deprivation compared to deprivation of the other
EAAs. Given that leucine availability is sensed by mTORC1'73175, protein
translation may be quickly inhibited upon leucine deprivation, thereby resulting in
decreased utilization and increased amino acid levels. Indeed, the increase in
levels of amino acids may not be a result of SLC-mediated amino acid uptake but
rather induction of autophagy and proteasomal degradation. Therefore, markers for
autophagy and proteasomal degradation were assessed by western blot in
MYAZ16.1e cells deprived of histidine or leucine. Increased LC3-II levels were
observed at 24 hours but not 8 hours of either histidine or leucine deprivation. This
is indicative of increased autophagosome formation (Figure 6-5A). However, we
also see an increase in the delipidated precursor, LC3-Il. This suggests that LC-3
transcription may be upregulated upon deprivation of either histidine or leucine to
stimulate autophagosome formation. This could also suggest that transcription of
LC-3 exceeds autophagosome formation, or that autophagy is not proceeding
efficiently. Like LC3-Il, p62 is normally degraded through autophagy. Therefore, a
reduction in p62 protein levels is a marker for autophagy. However, under leucine
deprivation increased p62 protein expression coincided with increased LC3-Il
expression (Figure 6-5A, B). In contrast, p62 expression is reduced under histidine
deprivation. This suggests that while autophagy is active in histidine starved cells,
leucine deprivation resulted in a block in autophagic flux. Indeed, no change in
LC3-Il levels were observed upon treatment of leucine starved cells with BafA1,
which inhibits the fusion of autophagosomes with lysosomes and leads to
accumulation of LC3-Il (Figure 6-5B). This suggests that while autophagy is
initiated as a response to leucine deprivation, it is blocked at the stage of
autophagosome-lysosome fusion. Notably, only a slight increase in LC3-II levels
were observed upon histidine deprivation in BafA1 treated cells, therefore, it may
also be the case that autophagolysosome formation could be a bottleneck in these

cells during amino acid starvation.
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The UPS is another major source of amino acids during amino acid shortage;
therefore, we assessed whether there were any differences between proteasomal
degradation in histidine and leucine deprived cells that could explain the difference
in amino acid pools. MG-132 treatment was used to assess proteasome-mediated
degradation of ubiquitin-linked proteins. Surprisingly, after 8 hours of starvation,
neither histidine nor leucine-starved cells had increased UPS activity. Indeed, MG-
132 treated control cells had greater levels of poly-ubiquitinated and K48-linked-
polyubiquitinated proteins than histidine or leucine deprived cells (Figure 6-5C).
Furthermore, in the absence of MG-132 treatment there are similar levels of K48-
linked-polyubiquitinated proteins in histidine and leucine starved cells, suggesting
that there is a similar level of degradation under these conditions (Figure 6-5C).
However, leucine deprived cells appear to have decreased overall ubiquitination
compared to histidine preloaded cells, as evidence by lower ubiquitin levels in
leucine deprived cells compared to histidine deprived cells treated with MG-132
(Figure 6-5C). Therefore, differential UPS activity does not explain the difference in
amino acid pools in histidine or leucine starved cells. To better understand whether
the increase in amino acid pools observed in histidine-starved cells results from
increased transporter expression, further experimentation with inhibition of specific
transporters such as ASCT2 or LAT1 will be necessary. Nonetheless, these results
suggest a unique cellular response downstream of histidine limitation compared to
other EAAs, which results in increased amino acid transporter expression to

maintain pools of specific amino acids.
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Figure 6-5. Histidine and leucine deprivation induce macroautophagy and
proteasomal degradation to similar extents.

(A) WB of MYAZ16.1e cells starved of histidine (his) or leucine (leu) for indicated times.
Protein expression is normalized to vinculin and is quantified as a fold change relative to
8-hour control condition. WB is representative of 2 replicates. (B) WB of MYAZ16.1e
cells starved of his, leu, or amino acids for 24 hours in the presence of BafA1 or DMSO.
Protein expression is normalized to vinculin and quantified as a fold change relative to
the Ctl condition without BafA1. Representative of 1 replicate. (C) WB of MYAZ16.1e
and -6.6g cells deprived of histidine or leucine for 8 hours with MG-132 or DMSO. Protein
expression is normalized to B-actin and min-max normalized.

6.3 Myc and Atf4-mediated transcription facilitates SLC

transporter response to histidine limitation

In the previous section histidine deprivation increased expression of SLC
transporters, this was concomitant with an increase in Myc protein expression and
Atf4 induction in Myc-dependent tumour cell lines. Myc and Atf4 are transcription
factors that mediate transcription of a number of SLC transporters, and co-occupy
promoter regions of many genes'4%163224 Therefore, the role of Myc and Atf4 in
histidine deprived cells was assessed. MYAZ16.1e cells with conditional KO of Myc
were prepared using the double lentiviral system described in the previous chapter.
For these experiments, a multiclonal culture was used. Knockout of Myc was
confirmed via western blot analysis of Myc protein levels upon administration of
doxycycline. Control cells expressing the Cas9 vector and an empty guide cassette
were unaffected by doxycycline administration, whereas expression of Myc was
lost in sgMyc cells (Figure 6-6A). As expected, Myc expression is necessary for
proliferation of these Myc-driven tumour cells (Figure 6-6B). However, the residual
Myc protein expression in the dox-on condition in sgMyc cells could represent
clones within the culture with incomplete Myc KO. However, there was sufficient

reduction in Myc protein expression to assess the requirement for Myc in SLC
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transporter expression. sgMyc cells were cultured in the presence or absence of
doxycycline for 24 hours, after which they were starved of histidine for 16 hours.
Notably, under histidine-replete conditions, dox-on cells had reduced levels of both
Slc1ab and Sic7a5, indicating that Myc expression is important in maintaining the
expression of these transporters, as was alluded to in previous chapters (Figure
6-6C). As expected, histidine deprivation significantly induced the expression of
Slc1ab and Sic7a5 in dox-off conditions. However, upon dox-induced KO of Myc, a
significant decrease in this induction was observed (Figure 6-6C). Despite this,
histidine deprivation still induced expression of Slc1ab and Sic7a5 in dox-on cells
(Figure 6-6C). This suggests that while Myc may be partially involved in mediating

cellular response to histidine deprivation, it is not sufficient.
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Figure 6-6. Transcriptional response to histidine limitation is only partially
dependent on Myc.

(A) WB of MYAZ16.1e cells with doxycycline inducible sgMyc or an empty sgRNA (sgCtl)
cultured in 1 pyg/mL doxycycline for indicated times. (B) Confluency of sgMyc cells
cultured with or without doxycycline for 48 hours and imaged every 4 hours (data are
presented as mean + s.d.; repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Sidak test for multiple comparisons. Representative of 2
independent replicates). (C) RT-gPCR of Sic7a5 and Sic1a5 gene expression in
MYAZ16.1e sgMyc cells cultured with or without doxycycline in the presence or absence
of histidine for 24 hours. Gene expression was normalized to -actin and fold change is
relative to his replete dox-off gene expression. Data are presented as mean + s.d.; two-
way ANOVA with Tukey correction. **p<0.01, ****p<0.0001. Representative of 1
replicate.
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We next assessed whether Atf4 induction was necessary in mediating this
response. To investigate the role of Atf4 in histidine deprivation, we employed a
previously validated short hairpin RNA (shRNA)-mediated knockdown in
MYAZ16.1e cells. Indeed, Atf4 transcript levels were significantly reduced in shAtf4
transduced cells compared to control cells expressing an shRNA against luciferase
(shLuc) (Figure 6-7A). Therefore, these cells were cultured in the presence or
absence of histidine for 16 hours. A striking increase in Atf4 transcript levels were
observed in shLuc cells upon histidine deprivation (Figure 6-7B). In contrast, there
was no significant difference in Atf4 levels upon histidine deprivation in shAtf4 cells,
and these cells had significantly reduced expression of Atf4. Similarly, Atf4 KD had
no effect on expression of Slc1ab or Sic7a5 in control conditions, however, under
histidine deprivation there was a significant decrease in the induction of these
transporters (Figure 6-7C, D). However, there was still an insignificant increase in
Slc1ab and a significant increase in Sic7ab expression upon histidine deprivation in
shAtf4 cells. Therefore, like Myc, Atf4 appears to be partially involved in mediating
the transcriptional response to histidine deprivation. However, this could be due to
incomplete KD of Atf4.
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Figure 6-7. Transcriptional response to histidine limitation is partially dependent
on Atf4.

MYAZ16.1e cells expressing shLuc or shAtf4 were cultured in the presence (ctl) or
absence of histidine (-his) for 24 hours. (A) RT-qPCR of Atf4 mRNA expression in shLuc
and shAtf4 cells cultured in his replete (ctl) conditions (unpaired two-tailed t-test). (B-D)
RT-gPCR of Atf4, Sic1ab, and Slc7a5 gene expression normalized to B-actin (two-way
ANOVA with Sidak correction). All data are presented as mean + s.d. *p<0.05,
***p<0.001, ****p<0.0001. Representative of 1 replicate.

Given the increase in Myc-expression upon histidine deprivation, we sought to
investigate whether histidine deprivation may alter Myc expression in cells lacking
endogenous Myc amplification. Therefore, 67NR cells, which are derived from a
spontaneous murine mammary tumour in a BALB/c mouse and have low Myc
expression, were used. 67NR cells were deprived of histidine, isoleucine, leucine,
or methionine for 16 hours, after which they were collected for RT-gPCR. As
observed in MYAZ cell lines, histidine deprivation significantly induced transcription
of Myc compared to cells cultured in histidine replete conditions, and cells starved
of the other individual EAAs (Figure 6-8A). A similar trend was observed for Sic1a5
and Sic7a5, but not SIc38a1 (encoding Snat1) (Figure 6-8A). This was confirmed in

histidine deprived cells at the protein level. Indeed, cells deprived of histidine had
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significantly higher protein expression of Myc, Asct2, and Lat1 (Figure 6-8B).
Furthermore, these were induced in a dose-dependent manner, from 24 uyM to 0
pM of histidine (Figure 6-8C). This concentration is akin to 12% the concentration
of histidine in DMEM, 20% the concentration in PLASMAX, or roughly 50% of the
concentration we measured in the serum of FVB/N mice. Therefore, under histidine
limitation it appears that cells increase Myc expression, resulting in a cellular
phenotype that closely resembles that of a Myc-driven cancer cell (high Asct2 and

Lat1 expression).
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Figure 6-8. Histidine limitation induces Myc and Slc transporters in Myc-low cells.
(A) RT-gPCR of Slc gene expression in 67NR cells starved of indicated amino acids for
24 hours normalized to B-actin with fold change relative to amino acid replete conditions
(Ctl). Data presented as mean = s.d.; two-way ANOVA with Dunnett (*p<0.05, **p<0.01,
**p<0.001, ****p<0.0001), representative of 3 independent replicates. (B) Quantification
of protein expression in 67NR cells starved of histidine for 24 hours. Representative of 8
independent replicates as a fold change compared to his replete conditions. Data
presented as mean + s.d.; one-way ANOVA with Sidak correction (p<0.05,
****p<0.0001). (C) WB of 67NR cells cultured in indicated concentrations of histidine for
24 hours. Protein expression normalized to B-actin and quantified as a fold change of

120 pM histidine.

Using 67NR cells with doxycycline-inducible ectopic MYC expression, generated by
a previous post-doctoral fellow from our lab, Dr. Peter Kreuzaler, we assessed
whether the expression of Sic7a5, Sic1a5, and Slc38a1 were induced by Myc
expression. As expected, dox administration led to significant increase in Myc
expression (Figure 6-9A). Furthermore, Sic1a5 and Sic7ab5 mRNA expression was
significantly upregulated as well, however, Slc38a1 expression was not dependent
on Myc overexpression. Therefore, given the 6-fold increase in Myc mRNA levels in

histidine deprived cells, we hypothesised that Myc would be important in mediating
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the induction of Slc1ab and Sic7a5 observed. We attempted to generate a
conditional KO of Myc in 67NR cells, using the same sgRNA previously validated in
MYAZ16.1e cells. However, despite expression of the Cas9 and sgRNA cassettes,
we were unable to efficiently KO Myc in any of the 10 clones tested. In two clones
there was a 50% decrease in Myc protein levels upon dox administration for 24
hours (Figure 6-9B). Under dox-off conditions, histidine deprivation for 24 hours
induced expression of Myc, Asct2, and Lat1. In Myc KO cells, histidine deprivation
appeared to increase expression of these proteins, with a potential decrease in
Lat1 protein levels compared to dox-off cells. Overall, the results obtained from the
67NR Myc KO clones were inconclusive, as efficient gene disruption was not
achieved within the timeframe of this project. Although preliminary data suggests
that Myc induction is not necessary for induction of Asct2 downstream of histidine
limitation, and may be partially required for Lat1 upregulation, further optimization
of this knockout approach will be essential to validate these observations. As
described in other cell models, Myc overexpression induces the ISR and Atf4 224,
Indeed, we observed a significant increase in Atf4 mRNA expression upon ectopic
expression of MYC in 67NR cells. Furthermore, Atf4 was partially involved in the
induction of Slc1ab and Sic7a5 under histidine deprivation in MYAZ16.1e cells.
Therefore, to examine the role of Atf4 in histidine deprivation, we utilised the same
Atf4 targeting shRNA as was used in MYAZ16.1e cells. We observed a significant
reduction in Atf4 mRNA levels in shAtf4 expressing cells compared to shLuc cells
(Figure 6-9C). Like MYAZ16.1e cells, Atf4 levels were significantly increased under
histidine deprivation in shLuc cells, but this was ablated in shAtf4 cells (Figure
6-9D). However, while histidine deprived shAtf4 cells had significantly reduced
expression of Myc, Sic1ab, and Sic7a5 compared to histidine deprived shLuc cells,
they were significantly higher than shAtf4 cells cultured in histidine replete
conditions (Figure 6-9E-G). In contrast, S/c38a1 was not upregulated in histidine
deprived shAtf4 cells or WT cells as observed previously, however, there was
significant upregulation in histidine deprived shLuc cells (Figure 6-9H). This could
be due to off-target effects, but it was not investigated further. Therefore, Atf4
induction may be partially responsible for mediating the transcription of SLC

transporters in response to histidine limitation.
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Figure 6-9. Transcriptional response to histidine limitation is partially dependent
on Atf4 in 67NR cells.

(A) RT-gPCR of 67NR cells with ectopic expression of doxycycline inducible MYC. Gene
expression is normalized to B-actin and relative to vehicle treated cells. Data presented
as mean + s.d. One-way ANOVA with Sidak correction. Representative of 1 replicate.
(B) WB of lysates from 67NR clones expressing doxycycline inducible sgRNA against
Myc. Protein expression was normalized to B-actin and fold-change is relative to dox-off
and his replete conditions. (C-H) 67NR cells expressing shLuc or shAtf4 were cultured
in the presence (ctl) or absence of histidine (-his) for 24 hours. (C) RT-gPCR of Atf4
MRNA expression in shLuc and shAtf4 cells cultured in his replete (ctl) conditions. Data
presented as mean + s.d. unpaired two-tailed t-test. (D-H) RT-gPCR of gene expression
normalized to B-actin. Data presented as mean + s.d.; two-way ANOVA with Sidak
correction. *p<0.05, **p<0.01, ***p=<0.001, ****p<0.0001. Representative of 3
independent replicates.
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Given this induction in Atf4 and amino acid transporters upon histidine limitation in
Myc-low cells, we sought to determine whether this sensitizes 67NR cells to
treatments targeting these nodes. 67NR cells were cultured in 100% (120 uM), 20
% (24 uM), or 10% (12 uM) histidine in the presence of vehicle or the LAT1
inhibitor, JPH-203. Importantly, 67NR cells are not sensitive to histidine limitation.
Indeed, these cells can maintain proliferation for up to 72 hours in 10% histidine
(Figure 6-10A). Furthermore, 67NR cells are not sensitive to LAT1 inhibition with 10
MM JPH-203. However, when histidine is limited, it synergizes with JPH-203 and
results in a significant proliferative defect. Therefore, histidine limitation sensitizes
67NR cells to LAT1 inhibition. Indeed, reducing histidine to 20% led to a significant
decrease in the ICsg of JPH-203, from 24.4 uM to 8.9 uM, highlighting an increase
in sensitivity (Figure 6-10B). This was similarly observed in 67NR cells when
cultured in 100% histidine (120 pM) or 10% histidine (12 uM) in the presence of
increasing doses of the elF2a inhibitor, ISRIB. Under control conditions, ISRIB had
little effect on proliferation, however, under histidine limitation a dose dependent
decrease in cellular proliferation was observed (Figure 6-10C). Therefore, reduced

histidine availability was sufficient to sensitize 67NR cells to ISR inhibition.
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Figure 6-10. Histidine limitation sensitizes 67NR cells to LAT1 inhibition.

(A) Confluency of 67NR cells every 12 hours. Data presented as mean + s.d.; repeated
measures two-way ANOVA with Geisser-Greenhouse correction and Tukey test for
multiple comparisons. Representative of 2 independent replicates. (B) Absolute I1Cso
curve of JPH-203 in DMEM containing 100% or 20% histidine at 72 hours. Data
presented as mean * s.d.; two-way ANOVA with Sidak correction (****p<0.0001).
Representative of 3 independent replicates. (C) 1Cso curve of ISRIB in 67NR cells
cultured in 100% or 10% histidine. Data presented as mean + s.d.; two-way ANOVA with
Sidak correction (****p<0.0001). Representative of 2 independent replicates.
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In conclusion these results point to an important role for both the ISR and Myc in
protecting cells from histidine limitation. Furthermore, here we show that histidine
limitation can sensitize Myc-low expressing cells to inhibition of LAT1 or the ISR,
which may represent a promising therapeutic approach. A more thorough
examination of the transcriptional response to histidine limitation and the
mechanistic underpinnings of increased Myc expression could further elucidate

potential therapeutic targets in tumours with or without Myc amplification.

6.4 LAT1 inhibition does not reduce tumour burden in Myc- or

ErbB2-driven mammary gland tumours.

We have shown that histidine is important for LAT1-mediated transport of EAA in
Myc-dependent tumour cells. Therefore, we investigated whether this can be
exploited by inhibiting Lat1 during Myc-driven mammary tumourigenesis. Indeed,
inhibition of Lat1 via the selective inhibitor JPH203 has shown anti-tumour efficacy
in breast cancer xenografts 3. In collaboration with Dr Asad Mahmood, a clinical
PhD student in our lab, we assessed the anti-tumour efficacy of Lat1 inhibition on
Myc-driven MGTs compared to the Lat1-low ErbB2-driven model. MMTV-Myc and
MMTV-ErbB2 MGTs were disassociated, and cells were orthotopically injected into
mammary gland four as described in the Materials & Methods Chapter. The mice
were then randomly redistributed between the vehicle and JPH203 treatment
groups. Mice were administered a daily IP injection of the vehicle or 20 mg/kg
JPH203 for 21 days. At collection, mice were given an IV bolus of [U-'3C]-leucine
for 5 minutes to assess JPH203 efficacy. Afterwards, the MGT and serum were
collected for metabolite extraction and LC-MS analysis (Figure 6-11A). Surprisingly,
mice bearing Myc-overexpressing tumours did not have significantly reduced
tumour growth when treated with JPH203 compared to vehicle treated mice (Figure
6-11B). At collection, mice appeared to have slightly reduced tumour burden, as
assessed by tumour weight; however, this was insignificant (Figure 6-11C, D).
Blood serum enrichment of '*C-leucine confirmed that both groups received a
similar amount (Figure 6-11E). However, leucine enrichment in the serum was
slightly higher in JPH203-treated mice (Figure 6-11E). Given that leucine levels
have not reached steady-state after a 5-minute bolus, this difference could indicate

that JPH203-treated mice have reduced overall leucine uptake. However, contrary
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to this hypothesis, Myc-driven MGTs also tended to increase leucine enrichment,
suggesting increased leucine uptake (Figure 6-11F). The total and the m+6
isotopologue abundance of leucine was quantified; no difference in total abundance
was observed in JPH203 treated compared to vehicle-treated mice (Figure 6-11G).
Furthermore, the m+6 leucine abundance was similar in mice that received vehicle
or JPH203 treatment, suggesting that Lat1 may be redundant for leucine uptake in
vivo or that the inhibitor is not effective in blocking Lat1 transporter activity (Figure
6-11H). JPH203 is a competitive inhibitor; therefore, it is possible that high levels of
Lat1 substrates in the extracellular milieu could block JPH203 activity. We identified
JPH203 within the tumour samples with LC-MS and observed significant
heterogeneity in the intratumoural abundance of the administered drug across the
treatment group (Figure 6-111). This variation could result from technical errors in
drug administration and differential drug distribution or uptake within the tumours,
contributing to the overall lack of treatment effectiveness in reducing tumour
growth. Similar results were observed in the ErbB2 cohort. JPH203 treatment did
not reduce tumour growth compared to the vehicle treatment in ErbB2-driven
MGTs (Figure 6-11J, K). These data could suggest that Lat1 inhibition is insufficient
to reduce Myc-driven tumour growth despite high Lat1 expression in these
tumours. This could be due to the compensatory action of other EAA transporters,
such as those in the Lat family, or it could result from competition with Lat1
substrates such as histidine. However, the variability in JPH203 within the MGTs of
treated mice suggests that this could be due to insufficient concentrations of the
drug or technical errors and requires optimisation. Importantly, this may indicate
that a combined treatment strategy with histidine limitation, as was assessed in
vitro, could improve the anti-tumour efficacy of JPH203. Therefore, we sought to
determine whether dietary restriction of histidine could be a therapeutic strategy for

Myc-driven tumourigenesis.
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Figure 6-11. LAT1 inhibition is insufficient to inhibit Myc-driven tumour growth.
(A) Experimental timeline of JPH203 treatment. (B)Tumour growth in Myc-driven MGT
mice treated with vehicle (n=6) or JPH203 (n=7), with measurements every 2-3 days for
21 days (baseline volume at treatment start). (C) Tumour weights at collection; black
point denotes representative tumours shown in panel D. (D) Representative images of
tumours from panel C. (E-H) LC-MS analysis of leucine: (E) '*C enrichment in serum, (F)
13C enrichment in MGTs, (G) total abundance in the MGT, and (H) abundance of the
m+6 isotopologue. (I) LC-MS analysis of JPH203 abundance in the MGT. (J) Tumour
growth in ErbB2-driven MGT mice treated with vehicle (n=7) or JPH203 (n=8) over 21
days. (K) Tumour weights at collection in ErbB2-driven MGT mice. All data are presented
as mean * s.d.; unpaired two-tailed t-test.
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6.5 Histidine is required for Myc-dependent mammary

tumourigenesis.

Given the importance of histidine in mediating LAT1 activity and amino acid
homeostasis in Myc-driven mammary tumour and breast cancer cell lines, we
sought to determine whether histidine limitation could limit tumour growth in vivo.
Histidine is an essential amino acid, therefore, it cannot be produced by
mammalian cells de novo. Thus, a histidine deficient diet may not be well tolerated.
To test this, healthy female FVB/N mice were placed on a control diet (CD) or
histidine-deficient diet (HDD) to interrogate whether the diet is tolerated.
Importantly, total amino acid levels were maintained between the diets, therefore
the intake for protein synthesis is the same. Mice were acclimated to the
experimental diet by gradually increasing the proportion of the experimental diets
from 25% to 75% over the course of one week (Figure 6-12A). After the diet was
fully introduced the mice were monitored and regularly weighed (Figure 6-12A).
Blood serum was collected prior to diet initiation, after acclimation, and at the
endpoint (Figure 6-12A). After the acclimation period, the HDD resulted in rapid
weight loss, with an average weight loss of 11.5% + 2.9% within 1 week of being
fed the HDD (Figure 6-12B). In contrast, mice fed a control diet on average gained
12.58% + 7.2% (Figure 6-12B). Therefore, the humane endpoint of this was
reached and the experiment was not continued. Despite a significant reduction in
serum levels of histidine in HDD mice compared to CD mice (Figure 6-12C),
histidine levels were not significantly altered in tissues, with only a slight decrease
observed in the liver and NMG (Figure 6-12D). Thus, highlighting the robust
compensatory mechanisms within tissues to maintain levels of amino acids.
Therefore, a longer-term diet may be necessary to affect tissue levels, which is not
feasible with the HDD. Importantly, the significant reduction in serum histidine
during diet acclimation, without loss in body weight, suggested a 25 to 75%
histidine diet may be sufficient. Therefore, we sought to determine how much
dietary histidine could be reduced while balancing efficacy at reducing histidine

levels without significant impact on body weight.
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Figure 6-12. A histidine deficient diet results in significant weight loss.

(A) Schematic of experimental timeline of 5-6 week old FVB/N wild-type mice placed on
a control diet (CD, n=4) or histidine-free diet (n=5,HDD). (B) Change in body weight over
time of mice on CD or HDD. (C-D) LC-MS analysis of total abundance of histidine in the
(C) serum (two-way ANOVA with Sidak correction) and (D) tissues (multiple unpaired

two-tailed t-tests with Sidak correction). Data presented as mean * s.d.
***p50001 ’****p50.0001 .

Wildtype healthy FVB/N female mice were similarly placed on either a 100%, 50%,
25% or 10% histidine diet, and the weight of animals was monitored for up to 8
weeks. These diets were prepared by mixing a proportion of the CD with the HDD
used above, 1:1, 3:1, and 9:1 HDD to CD, respectively. Therefore, this diet had to
be administered as a mashed diet. Substantial differences in body weight were
observed in mice fed diets with different concentrations of histidine. Mice fed a 50%
histidine diet gained weight faster than mice fed a control diet (Figure 6-13A).
Importantly, dietary histidine has been demonstrated to prevent obesity and
metabolic syndrome through the actions of histamine-mediated regulation of

glucogenesis and food intake3°3°", Furthermore, histidine supplementation was

230



Chapter 6. Results

found to improve insulin resistance in obese diabetic women3%2. Therefore, we
assessed whether glucose homeostasis was affected in mice fed a 50% histidine
diet compared to mice fed a 100% histidine diet via intraperitoneal glucose
tolerance testing. Mice fed a 50% histidine diet had insignificantly increase blood
glucose levels after 30 minutes of glucose administration compared to control mice
(Appendix 10). Furthermore, while the levels of glucose were cleared rapidly,
returning close to baseline levels in control mice, glucose levels declined much
slower in mice on the 50% histidine diet (Appendix 10). This suggests that mice on
the 50% histidine diet may have insulin resistance or reduced insulin secretion. In
addition to this, 50% reduction in dietary histidine did not affect blood serum levels
of histidine (Figure 6-13B). Therefore, this diet would not be suitable for our
requirements. In stark contrast to the 50% histidine diet, after 1 week the 10%
histidine diet resulted in weight loss, culminating in an average of -6.7 % + 2.0%
after 4 weeks (Figure 6-13A). While this diet resulted in a significant reduction in
serum histidine levels (Figure 6-13B), it was not sufficient for use in our tumour
models. However, mice fed a 25% histidine diet maintained body weight on par
with mice on a 100% histidine diet and resulted in significant reduction in serum
histidine levels (Figure 6-13A, B). Together these results highlight the important
role for histidine in physiology, with small changes in dietary histidine mediating
significantly different responses. Therefore, empirically determining a suitable
concentration of histidine that does not adversely impact overall physiology but

significantly reduces histidine availability was essential.
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Figure 6-13. A 25% histidine diet significantly reduces serum histidine without
affecting body weight.

(A) FVB/N wild-type mice were placed on indicated histidine diets (n=4 per group) at 5-
6 weeks of age, and weight was measured on a weekly basis. Repeated measures two-
way ANOVA with Geisser-Greenhouse correction and Tukey for multiple comparisons.
(B) LC-MS analysis of total abundance of histidine in the serum before diet (WkO0) and
after 2 weeks (Wk2) on the diet. Data presented as mean =+ s.d. Two-way ANOVA with
Sidak correction (**p<0.01,****p<0.0001).

To our knowledge, the requirement for dietary histidine for tumourigenesis has yet
to be assessed, therefore, we sought to determine whether histidine limitation
impacted Myc-driven tumourigenesis. We decided to slightly lower the histidine diet
from 25% to 20%, to reduce levels of serum histidine further. Wild-type healthy
female FVB/N mice were placed on a control diet (100% histidine; CD) or histidine
reduced diet (20% histidine; HRD) as detailed above. In short, mice were
acclimated to the experimental diet gradually over one week and then placed on
the experimental diets for two additional weeks before SQ orthotopic injection of
MYAZ16.1e cells into the MFP (Figure 6-14A). Tumour growth and weight was
monitored throughout the experiment. When most tumours reached a volume of
>500 mm?3, mice were administered an IP bolus of puromycin for 30 minutes before
tissue, tumour, and serum collection. Interestingly, despite the promising results in
wild-type animals fed a 25% histidine diet, tumour-bearing mice on the HRD diet
had significantly reduced max and final weights compared to the CD cohort (Figure
6-14B). Dietary deprivation of EAAs has been noted to result in reduced food
consumption3%?, therefore, in a pilot study the average daily chow consumption was
compared in mice fed the CD or HRD. Each cage of mice was given approximately

50 g of food at the beginning of each week and at the end of each week the
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remaining food was weighed. The difference between start and final food weight,
was interpreted as the amount of food ingested on average by all mice. From this,
the average consumption per mouse per day was calculated. In the first week
following acclimation to the experimental diets, it appeared that mice fed the HRD
had reduced food intake compared to the CD fed mice, however, this seemed to
quickly stabilize and no significant differences in food consumption were observed
over 5 weeks (Appendix 11). Therefore, any changes in body weight observed, do
not appear to be a result of reduced food intake in the HRD cohort. However, visual
inspection indicated that these diets were particularly friable, and much of the diet
could be observed discarded within the bedding. Thus, we cannot completely
discount the possibility that the HRD mice could reduce food intake. Furthermore,
rats force fed diets lacking individual EAAs still lost weight in an EAA-specific
manner®*, therefore, this weight loss could be independent of reduced food intake.
Nonetheless, we were encouraged by the fact that mice fed the HRD did not
significantly lose weight throughout the experiment. Importantly, this diet achieved
significant reduction in serum and tumour histidine levels (Figure 6-14C, D).
Furthermore, mice fed the HRD had significantly retarded tumour growth compared
to CD mice (Figure 6-14E-G). Despite reduced body weights, tumour growth is still
inhibited even when normalized to corresponding animal body weights (Figure
6-14H). These results were consistent and reproducible in another cohort
(Appendix 12).
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Figure 6-14. The HRD significantly attenuates Myc-driven mammary
tumourigenesis.

(A) Schematic of experimental timeline of FVB/N mice placed on a CD (control diet,
n=25) or HRD (histidine reduced diet, n=25) at 4-6 weeks of age, and MGTs were
initiated through an orthotopic subcutaneous injection of MYAZ16.1e cells. (B) Body
weight of 2 cohorts of mice on CD (n=41) and HRD (n=40). Data are presented as mean
+ s.d.; two-way ANOVA with Sidak correction. (C-D) LC-MS analysis of total histidine
abundance in the (C) serum and (D) MGT. on the CD (n=9) and HRD (n=7); unpaired
two-tailed t-test. (€) Tumour volume of mice on the CD (n=25) and HRD (n=25). Data
are presented as mean * s.d.; repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Sidak for multiple comparisons. (F) Images of representative
tumours. (G) Tumour weight at collection and (H) Tumour weight normalized to
bodyweight. Data are presented as mean * s.d.; unpaired two-tailed t-test. **p<0.01,
***p<0.001, ****p=<0.0001.
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Since histidine is essential for protein translation and cells cannot synthesize
histidine de novo, we first aimed to confirm that the observed effect of dietary
histidine limitation on tumour growth was not merely due to insufficient histidine to

support its proteinogenic role. Therefore, a cohort of mice fed the CD and HRD
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were administered a bolus of puromycin to assess nascent global protein
translation. Protein lysates were prepared from the tumours and puromycin
incorporation was analysed by western blot. No differences in puromycin
incorporation were visible in the MGTs or livers of HRD mice (Figure 6-15A-C).
Therefore, this lends support to histidine requirement outside of its proteinogenic

role in Myc-driven tumourigenesis.
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Figure 6-15. The HRD impacts tumour growth independent of protein translation.
FVB/N mice bearing orthotopic allografts of MYAZ16.1e mammary tumours were put on
a CD (control diet (100% his)) or HRD (histidine reduced diet (20% His)) and a subset
were injected with 0.02 mg/gBW puromycin before collection (CD: n=9, HRD: n=8). (A)
Representative WB of puromycin incorporation into proteins in a MGT and liver from
each diet treatment. (B-C) Quantification of puromycin protein expression in panel A for
each sample normalized to B-actin; unpaired two-tailed t-test. (D) WB of MGTs from mice
fed a CD (n=6) or HRD (n=6). Protein levels were normalized to vinculin and then min-
max normalized; unpaired two-tailed t-test.

In the in vitro experiments presented above, histidine deprivation induced Myc,
Asct2, and Atf4, and attenuated mTORC1 signalling. Therefore, we assessed
whether dietary histidine limitation had similar effects on tumours. Contrary to the
effect of histidine limitation in vitro, no significant differences were observed in
tumours from mice fed a HRD compared to CD (Figure 6-15D). In a separate
experimental cohort (Appendix 12), HRD mice had a significant reduction in
puromycin incorporation in the MGT and an insignificant reduction in the liver
compared to CD mice (Figure 6-16A, B). Therefore, this suggests that histidine
may be limiting for global protein synthesis and decreased tumourigenesis could

result from insufficient histidine availability for protein synthesis. Furthermore, in
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this cohort, Myc and glycosylated/total Asct2 protein levels were increased in HRD
tumours (Figure 6-16A), resembling the results from cellular experiments with
histidine limitation. However, Lat1 levels were heterogeneous, and no induction of
Atf4 was observed (Figure 6-16A). Furthermore, rather than attenuated mTORC1
signalling, significantly increased Rps6 phosphorylation was observed and an
apparent increase in 4e-bp1 phosphorylation, although this was not quantified due
to increased background levels (Figure 6-16A). This is in apparent contradiction to
the reduced protein synthesis evident in tumours from mice fed a 20% histidine
diet. However, other reports have suggested that autophagy during amino acid
starvation can restore mTORC1 activation®%%3% |t is unclear why the effect on
protein translation differs between these two experimental cohorts. In the second
experimental cohort (Appendix 12), CD tumours grew slightly slower and were
collected 4.3 weeks post injection, compared to 3.6 weeks in the previous cohort.
This does not seem substantially different; however, it is possible that these
additional five days may result in these differences in protein translation and that
future experimental endpoints should be based on the total time on the HRD rather

than tumour size.
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Figure 6-16. Significant reduction of protein translation was observed in another
cohort of mice fed a HRD.

Another cohort of FVB/N mice bearing orthotopic allografts of MYAZ16.1e mammary
tumours were put on a CD (n=16) or HRD (n=15) and a subset were injected with 0.02
mg/gBW puromycin prior to collection (CD: n=5, HRD: n=4). (A-B) WB of (A) MGTs and
(B) livers of puromycin injected mice with a negative control in the first lane. Protein
levels were normalized to B-actin and then min-max normalized; unpaired two-tailed t-
test reported. *p<0.05.

6.6 Dietary histidine limitation invokes systemic changes in

metabolism.

6.6.1 Amino acid profiles are altered in mice fed a histidine reduced diet.

Histidine is a bidirectional LAT1 substrate, therefore, histidine limitation could affect
intratumoural amino acid pools. We assessed the abundance of amino acids in the
MGT, liver, and serum of CD or HRD mice. A striking decrease in most amino acids

was observed across the serum, MGT, and liver of HRD mice, indicative of
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substantial rewiring of amino acid metabolism (Figure 6-17A, C, F). Indeed, aside
from histidine there were significant reductions in phenylalanine, threonine, lysine,
tyrosine, and BCAAs (leucine, isoleucine, and valine) in the serum of HRD fed mice
compared to CD mice (Figure 6-17A, B). This could be due to reduced
consumption of the HRD as mentioned. Previous studies demonstrate that rats can
detect EAA imbalance in diets, which can lead to chronic hypophagia®®’. Indeed,
rats fed a threonine-deficient diet altered their food consumption patterns,
characterised by increased inter-meal intervals and decreased meal size and
ingestion rate3%®. However, if not given the option of an alternative diet, aversive
food behaviour toward the histidine reduced diet would be maladaptive. Although
we attempted to measure food intake in the pilot study, the use of metabolic
chambers would more accurately quantify food intake to determine whether
limitation of histidine, rather than deprivation, has a similar effect. In another study
comparing amino acid levels in serum from mice fed different amino acid deficient
diets, the altered serum amino acid profile was not a result of reduced food
intake®%°. Indeed, diet-restricted mice that were given less food to match the intake
of the EAA deficient diet groups had significantly different amino acid profiles 3%°.
However, this study reported significantly increased serum levels of threonine,
phenylalanine, lysine, glutamine, glycine, proline, serine and tyrosine, in murine
serum after 2 weeks of being fed a histidine free diet. We did not observe similar
changes in our histidine-reduced diet cohort. Therefore, it is unclear what is driving

this altered amino acid profile in the serum of mice fed a HRD.

Tumours from mice on the HRD had overall reduced amino acid levels (Figure
6-17C). However, despite the reduced availability of many EAAs in the serum of
these mice, only threonine levels were significantly affected aside from histidine in
the MGT (Figure 6-17C, D). Threonine is not a LAT1 substrate, furthermore,
histidine exchange did not mediate uptake of threonine in vitro. Therefore, it is
unlikely that this reduction in threonine levels resulted from decreased availability of
histidine for LAT1-mediated exchange. In contrast to the MGT, significant changes
in amino acid abundance were observed in the liver (Figure 6-17E). Surprisingly,
histidine levels were maintained (Figure 6-17D), however the levels of the majority
of other EAAs were significantly reduced, especially BCAAs such as valine (Figure

6-17C,E). During EAA deprivation, liver and skeletal muscle tissues enter a
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catabolic state, degrading proteins to provide necessary amino acids. Indeed,
dietary histidine deprivation has been shown to induce autophagy in both the liver
and skeletal muscle of mice3®°. However, autophagy can only partially restore
amino acid abundance?®. In fact, in mouse myotobes, 80% of EAA remained
undetectable during amino acid starvation, even with activation of autophagy,
suggesting incomplete replenishment®®®, Therefore, how prolonged histidine
limitation effects the metabolism within these tissues, and therefore systemic
metabolism, is not understood. Overall, these changes highlight the challenges in
utilizing EAA limited diets as a targeted tumour treatment and reveal the breadth of
changes in amino acid metabolism in the MGT, liver, and serum. This suggests that
even a 50% reduction in serum histidine levels can lead to systemic metabolic

changes.
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Figure 6-17. The HRD significantly alters amino acid profiles in the serum, MGT,
and liver.

Amino acid profiles in serum and tissues from mice bearing MYAZ16.1e mammary
tumours fed a CD (n=9) or HRD (n=8). (A, C, E) Heatmaps showing mean total
abundance of indicated amino acids in CD- and HRD-fed mice. Colour intensity
represents min-max normalized values as a percentage of the minimum (0) and the
maximum value for each amino acid (multiple unpaired two-tailed t-tests). (B, D, F, G)
Representative plots displaying the mean + s.d. for the significant differences identified
in panels A, C, E: (B) total abundance of leucine in serum (two-way ANOVA with Sidak
correction). (D) Total abundance of threonine in the MGT; (F-G) total abundance of (F)
histidine and (G) valine in the liver. (D, E, F analysed by unpaired two-tailed t-tests).
*p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001.
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6.6.2 Rewiring of glutamine metabolism

Other studies have demonstrated that glutamine is released by tissues such as
skeletal muscles during starvation, serving as the primary nitrogen carrier in the
blood*?'492 Furthermore, conversion of glutamine to glutamate and subsequent
transamination into NEAAs was demonstrated to work in concert with autophagy to
restore mTORC1 signalling even when EAA are absent*®®. Therefore, we
interrogated whether glutamine catabolism was affected in tumours from mice fed a
HRD. In HRD-fed mice, serum glutamine levels were insignificantly increased
(Figure 6-18A), this suggests that the histidine limitation may indeed result in
nitrogen sparing by the liver and skeletal muscles. Strikingly, significant differences
in levels of Krebs cycle intermediates, and NEAAs, aspartate and asparagine, were
observed in MGTs, but not livers, of HRD mice compared to CD mice (Figure
6-18B, C). Significant increases in levels of succinate, fumarate, malate, and
aspartate were observed, whereas asparagine abundance was reduced (Figure
6-18D-H). This was indicative of potential glutamine rewiring in tumours from mice

fed a reduced histidine diet.
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Figure 6-18. Glutamine metabolism is rewired in MGTs from mice fed a HRD.
LC-MS analysis of the abundance of Krebs cycle intermediates and amino acids in serum
and tissues from mice bearing MYAZ16.1e mammary tumours fed a CD (n=9) or HRD
(n=8). (A) Glutamine abundance in the serum (two-way ANOVA with Sidak correction).
(B-C) Heatmaps showing mean total abundance of indicated amino acids in CD and
HRD-fed mice in the (C) MGT and (D) liver. Colour intensity represents min-max
normalized values as a percentage of the minimum (0) and the maximum value for each
amino acid (multiple unpaired two-tailed t-tests). (D-H) Representative plots displaying
the mean = s.d. for the significant differences identified in the MGT in panel B (unpaired
two-tailed t-test). *p<0.05, **p=<0.01.

Stable isotope tracing of glutamine was employed to interrogate glutamine
catabolism. One cohort of mice on the CD and HRD, were administered two
consecutive 15-minute 1V boluses of 0.086 mg/gBW [U-'3C]-glutamine prior to
collection to assess whether glutamine catabolism was altered. Like the unbolused

cohort, glutamine-bolused mice on the HRD had a significant reduction in histidine
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levels in the MGT (Figure 6-19A). Furthermore, similar levels of '3C enrichment in
glutamine were achieved in both diet groups in the serum and tumour (Figure
6-19B, C). However, when the abundance of Krebs cycle intermediates was
assessed, the abundance of these metabolites was increased in the CD and HRD
in the group that received the [U-'3C]-glutamine bolus compared to the unbolused
group (Figure 6-18B,Figure 6-19D). Indeed, aside from aspartate, the significant
differences previously observed in the HRD cohort were attenuated (Figure 6-19D).
This indicates that steady state was not reached in these experiments, and that
increased glutamine availability pushes synthesis of these intermediates.
Glutamine contributes to aspartate pools via two primary pathways: i) through
GLUD1-mediated conversion of glutamate into a-ketoglutarate, which enters the
Krebs cycle, and ii) via the mitochondrial aspartate transaminase (GOT2), where
glutamate and oxaloacetate are converted to a-ketoglutarate and aspartate (Figure
1-4). Previous work in pancreatic ductal adenocarcinoma (PDAC) cells has
demonstrated that glutamine-derived aspartate can be converted into oxaloacetate
by GOT1 in the cytoplasm and subsequently into malate, which can be oxidised
into pyruvate to produce NADPH'3. This rewiring of glutamine metabolism was
essential for redox balance in PDAC cells'°. Tracing of '*C from glutamine
revealed that glutamine is incorporated into Krebs cycle intermediates, with similar
enrichment between CD and HRD mice (Figure 6-19E). Therefore, levels of key
enzymes in these pathways were assessed to determine whether there was an
increased capacity for Got2-mediated aspartate synthesis and Got1-mediated
oxaloacetate production in tumours from mice fed a HRD. Indeed, a significant
increase in Got1 and Got2 protein expression was observed in tumours from mice
fed a HRD (Figure 6-19F). Furthermore, a decrease in Asns protein levels, which
agrees with the reduction of asparagine levels observed in HRD mice (Figure
6-19D, Figure 6-18B, E). This suggests that aspartate pools are redirected to
oxaloacetate rather than asparagine synthesis. A reduction in Gls1 protein levels is
also apparent (Figure 6-19F). Got1 activity produces oxaloacetate and glutamate in
the cytosol, therefore, it is possible that this recycling of glutamate between Got2
and Got1 can maintain glutamate pools with less input from glutaminolysis.
However, despite these differences observed at the protein level, changes in Got1,
Got2, and GIs1 mRNA expression was not apparent (Figure 6-19G). Therefore, at

this point, it is
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unclear what is driving these changes. Further research investigating the overall
contribution of glutamine to aspartate pools at steady state in tumours from mice
fed a CD or HRD are necessary to draw any conclusions. During this project, cells
with genetic knockdown of Got1 and Got2 were successfully generated. However,
due to time constraints, further investigation into this line of work was beyond the
scope of this project. However, understanding the interplay between glutamine
rewiring and histidine limitation within the tumour is an interesting question. It is
tempting to speculate that histidine limitation in the MGT rewires glutamine
metabolism to meet the demand for LAT1-mediated exchange of glutamine in place
of histidine. However, given the breadth of systemic changes that result from a

histidine restricted diet, it is likely that these changes are driven by other factors.
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Figure 6-19. GOT1 and GOT2 are upregulated in MGTs from mice fed a HRD.
LC-MS analysis of the abundance of Krebs cycle intermediates and amino acids in serum
and tissues from mice bearing MYAZ16.1e mammary tumours fed a CD (n=8) or HRD
(n=7) and received a total IV bolus of 0.34 mg/gBW [U-'3C]-glutamine. (A) Histidine
abundance in the MGT (Unpaired t-test). (B) *C glutamine enrichment in the serum
(unpaired two-tailed t-test). (C) The total abundance (left y-axis) and 13C enrichment
(right y-axis) of glutamine in the MGT. (D-E) Heatmaps showing mean (D) total
abundance and (E) '*C enrichment of indicated metabolites in CD and HRD-fed mice in
the MGT. Colour intensity represents min-max normalized values as a percentage of the
minimum (0) and the maximum value for each metabolite (Multiple unpaired two-tailed t-
tests). (F) WB of MGTs from CD (n=5) and HRD (n=5) fed mice. Protein levels were
normalized to B-actin and then min-max normalized (unpaired two-tailed t-test). (G) RT-
gPCR of Myc, Got1, Got2 and GIs1 gene expression in MGTs from CD (n=5) and HRD
(n=5) fed mice (two-way ANOVA with Sidak correction). Data in bar plots are presented
as mean + s.d. *p<0.05, **p=<0.01. ***p<0.001.
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6.7 Dietary histidine limitation is less effective in

immunocompromised mice.

Despite significantly reduced tumour growth in mice fed a HRD, we did not observe
any differences in Ki67 or cleaved caspase 3 (CC3) expression in tumours from
mice fed a HRD compared to CD (Figure 6-20A).

B
?

| CD l HRD

-,

Ki67
Ki67 + Cells (%)
N w
PP

3

ORI G e W el TR i AT e e cD HRD

CC3
?

Casp3 + Cells (%)
o
w

s0um

o
(P

CD HRD

Figure 6-20. The HRD does not alter cell proliferation or induce apoptosis in
MGTs. (A) IHC and quantification of Ki67 and CC3 staining in MYAZ16.1e MGTs from
CD (n=9) and HRD (n=8) fed mice. Arrows depict positive staining for CC3. Bar plots
are presented as mean + s.d. and individual tumours are shown with the unfilled data
points depicting the representative IHC on the left. Unpaired two-tailed t-test.

Considering the significant body of literature on the role of LAT1 in immune cell
function, we interrogated whether dietary histidine limitation affected the immune
compartment of tumours. Indeed, tumours from mice fed a reduced histidine diet
had significantly increased immune cell infiltration, as demonstrated by an

increased percentage of CD45-positive cells (Figure 6-21A). LAT1 has been shown
to be crucial for the function of activated cytotoxic T-cells*®*. Therefore, the
percentage of CD3, a marker for both T-helper and T-effector cells, and CD8, a

marker for cytotoxic T-cells was quantified. There was a significant increase in
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the percentage of CD3-positive cells in the entire population of cells within tumours
from mice fed a HRD; however, when this was normalized to the CD45-positive
population, CD3-positive cells were not significantly altered within the immune
population between diet groups (Figure 6-21A). Furthermore, no differences were
observed in the percentage of CD8 positive T-cells (Figure 6-21A). More thorough
immune cell profiling will be necessary to determine whether specific immune

populations are contributing to retarded tumour growth in HRD mice.
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Figure 6-21. Mammary tumours from mice fed a HRD have increased immune
infiltration.

(A) IHC and quantification of CD45, CD3, and CD8 staining in MYAZ16.1e MGTs from
CD (n=9) and HRD (n=8) fed mice. Arrows depict positive staining for CD3 and CD8. Bar
plots are presented as mean + s.d. and individual tumours are shown with the unfilled
data points depicting the representative IHC on the left. Unpaired two-tailed t-test.
*p<0.05, **p=<0.01.

To elucidate potential immune cell interactions within the TME, cytokines were
profiled within tumours using a membrane-based antibody array against cytokines
and chemokines. It is important to note that TIF was not collected during this

experiment, therefore, bulk tumour protein lysates were used. While there was
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significant variability in cytokine levels in CD and HRD tumours, significant
alterations were only found for a few cytokines, including IFN-y, IL-4, and TARC
(Figure 6-22A-D). Significantly, these cytokines were expressed at low levels, with
mean pixel densities ranging from 0 to 5 (Figure 6-22B-D), compared to high
expressing cytokines such as ICAM-1 (Figure 6-22A,E). Therefore, these changes
were not evident by the human eye and only picked up by computer analysis.
Therefore, we attempted to confirm increased IFN-y levels with an ELISA, which
had a sensitivity as low as 1.9 pg/mL. However, this failed to confirm an increase in
IFN-y levels in the HRD tumours (Figure 6-22F). Indeed, most samples had levels
below the range of the assay (Figure 6-22F). Therefore, further optimization of the
assay may be necessary. Alternatively, the cytokine array may be insufficient to
accurately compare small changes in low expressing cytokines, and these changes
may be artifacts. However, the concomitant increase in IFN-y and decrease in IL-4
was intriguing. IL-4 is required for M2-polarised macrophages, whereas M1-
polarised macrophages require IFN-y. M1-polarised macrophages promote
antitumoural activity, whereas M2-polarised macrophages are linked to pro-tumour
effects by promoting an immunosuppressive environment*%®. Relevant to this
project, a recent study found that breast cancer patients taking antihistamines for
allergies during immune checkpoint blockade therapies had improved OS*%. The
study demonstrated that the histamine-HRH1 axis on tumour-associated
macrophages (TAMs) promoted M2-like polarization, leading to impaired cytotoxic
T-cell function*%. By blocking this pathway, either through HRH1 knockout or
antihistamine treatment, the polarization shifted toward an M1-like phenotype,
enhancing T-cell-mediated antitumour immunity“%®. Considering that histidine is a
necessary precursor for histamine synthesis, we assessed histamine levels within
the MGTs of mice fed a CD or HRD. However, histamine levels were not
significantly reduced in the HRD cohort (Figure 6-22G).
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Figure 6-22. The HRD increases IFNy and reduces IL-4 levels in the MGT.

(A-E) Cytokine array of MYAZ16.1e MGTs from CD (n=4) and HRD (n=4) fed mice. (A)
Heatmap showing mean pixel density of indicated cytokines and chemokines in CD and
HRD-fed mice in the MGT. Colour intensity represents min-max normalized values as a
percentage of the minimum (0) and the maximum value (multiple unpaired two-tailed t-
tests). (B-D) Representative bar plots displaying the mean + s.d. for the significant
differences identified in the MGT in panel A (unpaired two-tailed t-test; **p<0.01). (E)
Quantification of pixel-density of ICAM-1 from panel A. (F) IFNy ELISA binding assay in
MGTs from CD (n=17) and HRD (n=12) tumours. Most tumours were below the detection
limit (Y=0). (G) LC-MS analysis of histamine levels in the MGTs of CD (n=9) and HRD
(n=8) fed mice (mean * s.d.; unpaired two-tailed t-test).
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Histamine is primarily produced by mast cells within the mammary gland and
TME*". Therefore, since LC-MS analysis was performed on bulk tumour tissue, the
effect of a HRD on histamine production may be diluted, as the mast cell population
comprises only a small percentage of the total cell population within the tumour.
Because tumours from the HRD cohort had increased infiltration of CD45-positive
cells compared to the control diet cohort, IHC staining was performed for specific
macrophage markers, including CD11b, CD11c, CD68, and CD163, to assess
whether there were changes in macrophage populations. CD11b and CD68 identify
overall changes to the population of macrophages, CD11c is a marker for dendritic
cells and M1-polarised macrophages, and CD163 identifies M2-polarised
macrophages. Tumours from the histidine reduced diet group displayed increased
staining for all markers (Figure 6-23A). The HRD should reduce histamine
production within the TME, thus a polarization of TAMs towards the M1-like
phenotype is expected. However, it appears as though HRD tumours have
increased M2-polarised macrophages compared to CD tumours (Figure 6-23A).
Furthermore, M2-polarised macrophages are primarily observed around the
periphery of tumours from the CD cohort, whereas they are completely infiltrated in
the HRD tumours (Figure 6-23B). Notably, increased CD11c staining is observed in
HRD tumours (Figure 6-23A). To determine whether this is due to changes in
dendritic cells or M1-polarised macrophages, profiling with more specific immune
markers will be necessary. Together these data highlight that the immune system
may be involved in affecting tumour growth in mice fed a HRD, however, whether
this is due to LAT1 function, histidine limitation, or a result of an altered TME

remains to be explored.
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Figure 6-23. MGTs from mice fed a HRD have increased TAMs

(A) IHC and quantification of CD11b, Cd68, Cd163, and Cd11c staining in MYAZ16.1e
MGTs from CD (n=9) and HRD (n=8) fed mice. (B) Whole tumour section view of
infiltration. The red dashed line in the CD tumours marks the edge of the positive staining
for Cd163 and illustrates the lack of immune cell infiltration into the MGT.

To better understand the contribution of the immune system to tumour growth in
mice fed a histidine reduced diet, we repeated the experiment in MYAZ16.1e
orthotopic allografts in immunocompromised NOD-SCID mice, which are deficient
in adaptive immunity and exhibit defective macrophage function*®®. This makes
them a suitable model for investigating the overall contribution of the immune
system in tumours from the histidine-reduced diet cohort. As was described
previously, NOD-SCID female mice were acclimated to a 100%(CD) or 20% (HRD)
histidine experimental diet gradually over one week and were fed 100% of each
experimental diet for two weeks before orthotopic subcutaneous injection of
MYAZ16.1e into the MFP (Figure 6-24A). Tumour growth and body weight were

monitored. Mice fed a HRD had a striking decrease in their ability to gain weight
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compared to mice on the CD (Figure 6-24B). Furthermore, HRD mice exhibited
significant weight loss from their maximum weight (Figure 6-24B). Indeed, on
average a 6.2% + 3.3% decline in body weight from their maximum weight was
found in HRD mice compared to 0.16% + 0.32 %(med(0)) in CD mice. Importantly,
histopathological analysis of quadriceps from mice on these diets indicated that
mice fed a HRD had severe muscle loss, indicative of muscle atrophy under dietary
histidine limitation (Figure 6-24C). Therefore, the diet appears to be less well
tolerated in immunocompromised mice. However, because the experiments in
immunocompetent and immunocompromised mice were not done in parallel, we
cannot exclude the possibility that other variables may have led to reduced weight
gain. As was observed in immunocompetent mice, tumour growth was retarded in
mice fed a HRD, but unlike immunocompetent mice this decrease in tumour
volume and weight was not statistically significant (Figure 6-24D-F). Furthermore,
only an insignificant reduction in tumour weight was observed when the tumour
weight was normalized to individual body weight (Figure 6-24G). These results
suggest that reduced dietary intake of histidine enhances the antitumour response
of the immune system, which contributes to inhibition of tumour growth. However, a
slight reduction in tumour growth in weight normalized NOD-SCID mice fed a
histidine reduced diet indicates that histidine limitation likely impacts the tumour

directly as well.
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Figure 6-24. The immune system contributes to the anti-tumour efficacy of the
HRD.

(A) Schematic of experimental timeline of Nod-Scid mice placed on a CD (control diet,
n=8) or HRD (histidine reduced diet, n=8) at 4-6 weeks of age, and MGTs were initiated
through an orthotopic subcutaneous injection of MYAZ16.1e cells. (B) Body weight (left)
and change in weight of individual mice (right). Data are presented as mean * s.d.; two-
way ANOVA with Sidak correction. (C) Representative H&E images of cross sections of
quadricep muscles. Scales bars are 100 um. (D) Tumour volume of mice on the CD
(n=8) and HRD (n=8). Data are presented as mean =+ s.d.; repeated measures two-way
ANOVA with Geisser-Greenhouse correction and Sidak for multiple comparisons. (E)
Images of representative tumours. (F) Tumour weight at collection and (G) Tumour

weight normalized to grams bodyweight. Data are presented as mean + s.d. unpaired
two-tailed t-test. *p<0.05, ****p=<0.0001.
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6.8 Discussion

In a study published April of this year, SLC7A5 was identified as essential for
proliferation of cells cultured in low histidine containing media in a CRISPRI
screen®®’. In this chapter we demonstrated that upon histidine limitation,
specifically, Myc and Atf4 induction co-regulate transcription of Slc transporters
such as Slc7a5 and Slc1ab. This was shown to maintain glutamine and EAA pools,
which could be a necessary compensatory response to the loss of a bidirectional
LAT1 substrate. Furthermore, histidine limitation in Myc-low cells insensitive to
histidine deprivation results in significant induction of Sic7ab/Lat1 downstream of
Atf4, which sensitizes them to treatment with LAT1 and ISR inhibitors. Together
these results suggest that histidine is important in maintaining EAA homeostasis
and that cancer cells induce the Myc and the ISR to cope with histidine limitation
through upregulation of amino acid transporters. Therefore, we tested whether
chronic dietary histidine limitation was a viable treatment strategy to target Myc-
driven mammary tumours in vivo. These data revealed a significant requirement for
histidine in Myc-driven tumourigenesis, however, defining the mechanism by which
dietary histidine limitation impeded tumour growth has been challenging. Dietary
histidine limitation resulted in significant metabolic rewiring across multiple organs.
Furthermore, histidine limitation promoted an antitumour immune response which
significantly contributed to the inhibition of Myc-driven tumour growth under
histidine restriction. This chapter also highlights potential avenues of treatment
strategies, combining histidine limitation with inhibitors targeting the ISR or amino
acid uptake, such as the LAT1 inhibitor, JPH-203. However, it also serves as a
cautionary reminder, underscoring key considerations when employing EAA

limitation as a therapeutic strategy.

Histidine limitation, but not limitation of isoleucine or leucine, resulted in significant
increase in Myc transcription and protein levels. At odds with this, SLC7A5
knockout was demonstrated to reduce translation of MYC and downstream MYC-
dependent transcription®3. However, while histidine is the preferred bidirectional
LAT1 substrate in Myc-dependent cancer cells, LAT1 can still utilise glutamine and
tyrosine for EAA uptake??®. Therefore, upregulation of LAT1 would facilitate uptake

of EAASs, including histidine, when histidine is limited, which could support
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translation of Myc. Alternatively, Froldi et al., demonstrated an important link
between Myc-dependent cellular growth and histidine sensitivity?®'. Indeed, neural
mutant clones that did not depend on Myc/eiF4E for cellular growth were
insensitive to dietary histidine limitation. In contrast, clones that were dependent on
Myc/eiF4E for cellular growth were sensitive to histidine?®'. However, when Myc
was overexpressed in these clones, they became less sensitive to histidine
limitation?8'. Our results reinforce this relationship between histidine and Myc.
Indeed, induction of Myc upon histidine limitation, facilitates transcription of Slc
transporters, which are important in coping with histidine limitation. Furthermore,
inhibiting the function of these transporters was found to render cells sensitive to
histidine limitation. However, Myc was only partially involved in the transcriptional
response downstream of histidine limitation, and Atf4 was found to be partially
involved. Therefore, Myc and Atf4 may act in concert to regulate the response to
histidine limitation. Myc overexpression activates the ISR/ATF4 pathway through
PERK and GCN2. Indeed, both arms were found to be necessary for optimal ATF4
expression in MYC-transformed cells??4. MYC-mediated transcriptional activity
results in upregulation of tRNAs. This is necessary to meet the demands of protein
translation in MYC-transformed cells, however, it also activates the ISR pathway
through GCN2, which responds to uncharged tRNAs. Indeed, ectopic expression of
MY C significantly induced expression of uncharged tRNAs, including histidyl-
tRNAs, which prime or activate the GCN2/elF2a/ATF4 arm of the ISR??4. Therefore,
upon deprivation of amino acids such as histidine, accumulation of uncharged
tRNAs bind to GCN2 and lead to its activation. Indeed, deprivation and limitation of
histidine resulted in elF2a phosphorylation and Atf4 induction in Myc-driven tumour
cell lines, in agreement with previous reports®’84%°_ Therefore, both intrinsic factors
such as Myc amplification and extrinsic factors, such as amino acid limitation, can
activate the ISR. Prior studies have demonstrated that GCN2-dependent genes,
including many SLC transporters, are closely associated with amino acid
deprivation and transport pathways?*'. In one study, leucine deprivation in GCN2+/
+ mouse embryonic fibroblasts resulted in 731 differentially regulated genes, 61%
of these were found to be GCN2/ATF4 dependent, highlighting the scale of
transcriptional reprogramming that occurs upon activation of the ISR*'°. However,
of the GCN2-dependent genes which were upregulated, only 5 of these genes

were classified as being related to amino acid transport, including Sic6a9,
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Slc1ab, Slc7a5, Slc43a1, and Slc6a6*'°. In our data, leucine deprivation led to an
approximately 2-fold increase in Sic1a5 and Sic7ab transcript expression in Myc-
driven tumour cells. However, histidine deprivation resulted in significantly greater
induction of these genes. This raises the question of whether the transcriptional
program downstream of the GCN2/elF2a/ATF4 pathway is differentially regulated
depending on which amino acid is limited and whether it is more sensitive to
deprivation of certain amino acids. GCN2 contributes to mTORC1 inhibition during
leucine or arginine deprivation through ATF4-independent mechanisms*'",
highlighting the complexity in responses to specific amino acid shortages. Indeed,
activation of GCN2 in response to EAA deprivation elicits a highly cell-type-specific
transcriptional response*'>4'4, For example, one study that quantified the
expression of ASNS, a hallmark gene of ISR activation, across different tissues
under single EAA deficiencies found significant variation in the response depending
on both the tissue and the specific EAA3®. This suggests that the cellular response
to amino acid deprivation may be selective, based on the specific requirement of
individual amino acid for cell function. Given the important role for GCN2 in
maintaining amino acid homeostasis?*! , LAT1-mediated EAA homeostasis?*, and
the role of histidine as the preferred bidirectional LAT1 substrate, it is especially
interesting that GCN2 recognizes and binds uncharged tRNAs to a domain that is
homologous to histidyl-tRNA synthetase, which is conserved across all species
with GCN2 homologs®’®. This might suggest that GCN2 has evolutionarily been a
sensor for histidine levels, which may be an important indicator of AA homeostasis.
However, inconsistent with this hypothesis, purified GCN2 was found to bind
various uncharged tRNAs with comparable affinities, whereas charged tRNAs
bound with lower affinity'4. This suggests that GCN2 can only distinguish between
charged and uncharged forms of tRNA. However, while activation of GCN2 may
not differ between amino acids, the outcome of ATF4 activation is considered
highly context dependent®”°. Indeed, ATF4 can trigger transcription of apoptotic
genes or adaptive genes®°. Furthermore, GCN2-independent signalling
mechanisms have been identified in response to amino acid availability*'°. Future
work will be necessary to understand the mechanisms leading to this differential
response to histidine limitation compared to limitation of other EAAs, such as

leucine, isoleucine, and methionine in Myc-dependent cancer cells.
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Clinical trials with the LAT1 inhibitor, JPH203, have demonstrated an anti-tumour
effect on biliary tract cancer (BTC)#'%4'6, The success in BTC aligns with previous
studies demonstrating that LAT1 is overexpressed in 64% of resected BTC
samples and is correlated with poor prognosis3?44'7. Therefore, this suggests that
JPH203 treatment may be more effective in tumours with high LAT1 expression.
Importantly, the phase | study, which included different solid tumours, had a small
sample size (n=17), with only one patient with breast cancer. Considering that
LAT1 has been identified as an independent prognostic marker in breast cancer, it
is likely that JPH203 treatment could be effective in this tumour type as
well?19.286.322 |n this chapter we demonstrated that limiting histidine in a Myc/Lat1
low mammary tumour cell line, 67NR, resulted in significant upregulation of
Slc7a5/Lat1 mRNA and protein expression. This sensitised these cells to treatment
with JPH203, reducing the 1Cso of JPH203 from 25.4 uM to 8.4 yM when combined
with histidine limitation, indicating a >2-fold increase in potency. This suggests that
reducing histidine plasma levels, whether through dietary intervention or through
enzymatic degradation, may increase the antitumour efficacy of JPH203 and could
broaden its use to a wider range of tumours, including those that may have lower

LAT1 expression.

Dietary approaches as alternative, or complementary, to drug treatments in cancer
have gained significant attention, with recent progress demonstrating the potential
for defined diets in targeting metabolic vulnerabilities within tumours. While much of
this research focuses on caloric restriction, fats, and carbohydrates, in recent years
the role of amino acids in metabolism has garnered interest. Much of the work in
this area has focused on NEAAs, as cancers have an increased reliance on dietary
NEAAs despite the capacity to synthesize them. Limiting the availability of amino
acids from circulation can be achieved through degradative enzymes or by diet. For
a substantial period of time, asparaginase was the only degradative enzyme in
cancer treatment, used to target asparagine and has been a mainstay in treatment
of ALL#'8420_ More recently, enzymes targeting degradation of methionine (I-
Met)*21422 cysteine/cystine (Cyst(e)inase)*?**25 and arginine (ADI-PEG20)*26-428
have shown promise in different cancer models. However, degradative enzymes for
every amino acid do not yet exist or have not been tested. Furthermore, more work

is required to understand how these degradative enzymes remodel metabolism and
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how tumours adapt to them. Compared to NEAAs, dietary restriction of EAA has
received less attention, likely due to a narrower therapeutic window, as EAA are
essential for both normal and cancer cells. However, while neither healthy tissues
nor tumours can survive in the absence of EAAs for long, tumours have an
increased requirement for EAAs and, therefore, would be more sensitive than
normal tissues to the restriction of individual amino acids. Indeed, methionine-
restricted diets have been generally well tolerated in humans and have been
effective at reducing methionine plasma levels'8'%° However, restriction of other
amino acids could be less well-tolerated3®*. Therefore, further research is
necessary to determine whether individual EAA restricted diets are feasible.
Furthermore, dietary deprivation of any individual EAA has been demonstrated to
lead to a myriad of effects, some of which were tissue or EAA specific 394:3%,
Therefore, further research is needed in this area to better understand the adaptive
metabolic responses associated with dietary restriction of EAAs for cancer
treatment. In this chapter, we sought to determine whether dietary histidine
restriction could be a therapeutic approach for the treatment of Myc-dependent
mammary tumours. We observed reduced tumour growth in mice fed a HRD
compared to those fed a CD. However, the HRD led to reduced body weight,
significant alterations in the serum and liver amino acid profile, and muscle atrophy.
The potential effect of histidine restriction on the liver could be a cause for concern.
Mice fed leucine deficient diets rely on GCN2-mediated adaptation in the liver to
maintain fatty acid homeostasis and prevent severe liver steatosis*'®. However,
induction of the ISR was found to be absent in the livers of mice fed histidine-,
phenylalanine-, or methionine-deficient diets, compared to diets deficient in the
other EAAs®®. In contrast to this study, deprivation of any of the nine EAAs was
capable of repression fatty acid synthase (FAS) in a GCN2-dependent manner in
HepG2 HCC cells*?°. Therefore, more work will be necessary to understand how a
HRD affects the liver metabolome, as we observed. Muscles store amino acids in
proteins, which are released through proteolysis when amino acids are needed in
the body. When the balance between muscle protein synthesis and degradation is
skewed towards catabolism, skeletal muscle mass is lost. Indeed, muscle atrophy
was observed in mice fed any diet deficient in a single EAA, with differing potencies
underlying the individual role of these amino acids in muscle protein synthesis®®.

Branched chain amino acids, threonine and tryptophan have been demonstrated to
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be important in maximizing muscle protein synthesis*3°. This is consistent with the
observed effect of each individual EAA deficient diet on muscle atrophy in this
order of potency: lle>Val>Thr>Leu>Trp>His>Phe>Met>Lys*%-. Therefore,

histidine limitation may be more well tolerated than limitation of other EAAs.

In comparison to the liver, the levels of most amino acids were not significantly
altered in the MGT of HRD mice. However, we observed significant changes in the
abundance of Krebs cycle intermediates and NEAAs, aspartate and asparagine.
We observed an increase in protein expression of mitochondrial and cytoplasmic
aspartate transaminases, Got1 and Got2, along with a reduction in Gls1 and Asns
in MGTs from mice fed a HRD. In PDAC cells, reprogramming of glutamine
metabolism to produce aspartate via GOT2, followed by the conversion of
aspartate to malate through GOT1, and subsequent production of NADPH through
malate to pyruvate conversion, was crucial for maintaining redox homeostasis'®°.
However, this failed to be replicated in vivo, and GOT2 KD was found to be
dispensable for redox balance and growth of xenografts*3'. We observed increased
13C enrichment of glutamate, aspartate, malate and citrate compared to a-
ketoglutarate, succinate, and fumarate from [U-'3C]-glutamine in HRD and CD
tumours. Therefore, aspartate may replenish the Krebs cycle and contribute to
malate and citrate pools. However, we did not observe any differences in '°C
enrichment in the CD or HRD group, despite significant differences in the
abundance of Krebs cycle intermediates observed in the HRD. However, the [U-
13C]-glutamine bolus increased the total abundance of these metabolites, making it
difficult to discern differences in glutamine flux. Aside from the Krebs cycle and
malate-aspartate-shuttle, aspartate is essential for macromolecule synthesis
(Figure 1-4). Indeed, another study demonstrated that starvation-induced
autophagy in yeast led to increased glutamate levels to replenish nitrogen reserves
and aspartate synthesis, which was necessary for protein translation and
nucleotide synthesis**2. Understanding how tumour cells reprogram glutamine
metabolism under histidine limitation could reveal new insights into strategies that
help tumour cells cope with histidine restriction or nutrient deprivation and may
open novel therapeutic avenues that warrant further exploration. Indeed, it would
be interesting to determine whether shifting glutamine away from Krebs cycle

anaplerosis, could provide free glutamine for exchange through Lat1 to
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compensate for histidine limitation. Intriguingly, we observed a reduction in Gls1,
which suggests that there is reduced glutamine catabolism in tumours from mice
fed a HRD.

A major hindrance to antitumour immunity is competition for nutrients within the
TME. Indeed, increased uptake of amino acids by tumour cells, facilitated by
overexpression of SLC transporters, outcompete immune cells and dampen their
effector functions?%4433, Early studies have demonstrated the critical role for leucine
in the antitumour function of immune cells*34. As mentioned previously, leucine has
a crucial role in immune cell activity by regulating mTORC1'73175_ Therefore, given
the capacity of LAT1 for leucine uptake, LAT1 is essential for T-cell function.
Consistently, SLC7A5 KO in T-cells impedes lineage differentiation through
mTORC1-dependent mechanisms**. Furthermore, T-cell receptor activation
results in rapid activation of the mTORC1 signalling pathway underlying the
increased biosynthetic demands of activated T-cells*3. In accordance with this, T-
cell receptor activation induces the expression of amino acid transporters such as
ASCT24" and LAT1%%®, Indeed, induction of LAT1 upon T-cell activation is
necessary for EAA uptake and full activation*%*. Genetic and pharmacological
inhibition of LAT1 was demonstrated to impair EAA uptake and function of
activated T-cells. Therefore, histidine limitation could affect LAT1-mediated uptake
of EAAs in T-cells along with tumour cells. However, opposing this view, the
immune response appeared to be heightened in tumours from mice fed a HRD.
Compared to immunocompetent mice, the HRD had only a minor effect on tumour
growth in immunocompromised mice when normalized to body weight.
Furthermore, HRD tumours from immunocompetent mice had an increased
proportion of CD45-positive cells compared to CD tumours, indicative of an active
immune response. This appears to be inconsistent with reduced LAT1 function,
however, immune cells such as T-cells may use glutamine rather than histidine as
a bidirectional LAT1 substrate. Notably, inhibition of ASCT2 in CD4+ T-helper cells
resulted in reduced glutamine and leucine levels**”. Thereby suggesting that
ASCT2/glutamine are important in maintaining cellular leucine levels, which aligns
with ASCT2 and LAT1 coupled activity'#2. Therefore, T-cells may cope with a
reduction in histidine availability through the utilization of different exchange

substrates. Interestingly, we observed significantly increased serum glutamine,
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which may be reflected in the TIF, which could bolster LAT1 activity and
compensate for histidine limitation. In addition, glutamine has been recognised as
essential for several immune functions and is highly contested in the TME"8,
Therefore, changes in the TME due to metabolic reprogramming within the serum
and the tumour could affect immune function. However, we did not observe
significant differences in the proportion of CD3+ or CD8+ T-cells in MGTs from CD
or HRD-fed mice. Importantly, histidine is decarboxylated by HDC to produce
histamine. Mast cells use histidine to produce histamine which has been described
to affect various aspects of immune function by modulating the activity of a diverse
array of immune cells in cancer through its interaction with cell surface histamine
receptors*38. Notably, tumours from mice fed a HRD had increased macrophage
infiltration compared to those from CD mice. Recent work has highlighted that
histamine polarizes TAMs towards the M2-like pro-tumour phenotype 4%. Although
we did not observe a reduction in histamine levels in the bulk tumour tissue of HRD
fed mice, it is possible that reduced histidine availability could limit histamine
production by mast cells and alter immune function in the TME. However, currently,
we do not have enough data to determine whether histidine limitation abrogates
histamine production and affects the activity of TAMs. Given histamine’s broad
impact on both immune and tumour cells, further research is needed to determine
whether specific immune populations are responsible for the observed antitumour

response in tumours under histidine limitation.

In the last decade, efforts to understand the role of amino acid metabolism in
tumourigenesis have expanded beyond glutamine. It is well understood that
metabolic requirements in tumours are dependent on the oncogenic driver as well
as the tissue of origin®3. We have elucidated an important role for histidine in Myc-
driven tumourigenesis that can be targeted as a metabolic vulnerability. However,
the ideal amino acid candidate as a therapeutic target would affect cancer cells but
not healthy cells. Given the increased demand for histidine in Myc-driven tumours,
histidine limitation should be biased against the tumour. However, due to the
systemic effects observed due to dietary histidine limitation, more research will be
necessary to assess the feasibility of dietary limitation of histidine as a therapeutic
strategy. However, importantly, dietary limitation of other EAAs, such as

phenylalanine and methionine have proven tolerable and effective!90.189.439 \While
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using inhibitors targeted against specific amino acid transporters to limit amino acid
uptake, such as LAT1, have demonstrated efficacy in vitro and in vivo at inhibiting
tumour growth, they have been less effective in clinical trials*'®>4'®. Indeed, much of
the current strategies targeting amino acids such as glutamine, arginine, and
asparagine in cancer have revealed robust compensatory mechanisms evoked by
the tumour that lead to resistance*?. However, enzymatic degradation of amino
acids like asparagine have been effective. Nonetheless, much of the success in
targeting amino acid metabolism in cancer likely lies in combinatorial treatment
strategies. This requires a mechanistic understanding of the role of the amino acid
target within specific systems and contexts. In this chapter, we revealed that Myc
and Atf4-coregulation of amino acid transporters such as Slc7a5/Lat1 is induced
upon histidine limitation, and histidine limitation can be used to sensitize cells to
Lat1 inhibition. Therefore, the development and thorough testing of enzymes that
can deplete histidine may be a potential avenue that could improve the efficacy of
JPH203 for the treatment of breast cancers and could perhaps be applicable to
other Myc-dependent cancers. Overall, the data presented in this chapter indicates
that histidine limitation could be a promising therapeutic strategy for Myc-driven

breast cancers that warrants more attention.

Summary

To summarize, this Chapter has:

1) Evaluated the impact of histidine limitation on the ISR in Myc-driven tumour
cells.

2) lIdentified histidine as an important mediator of amino acid homeostasis.

3) lIdentified histidine limitation as a complementary strategy to enhance the
effectiveness of LAT1 or ISR inhibition.

4) Demonstrated the requirement for histidine in Myc-driven mammary
tumourigenesis.

5) Highlighted the challenges associated with limitation of EAAs such as

histidine.
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Chapter 7. Discussion

The existing literature suggests that glutamine, a low-affinity LAT1 substrate, is the
primary amino acid responsible for LAT1 function'4?, supported by concurrent
upregulation of ASCT2 and LAT1 in cancer'®'327, However, metabolism is
inherently flexible, and the tumour microenvironment, tissue of origin, and
oncogenic lesion dictate these metabolic pathways®3. Therefore, this project aimed
to determine whether MYC, an oncogene that leads to metabolic reprogramming
and “glutamine addiction”®”-111244 depends on histidine, a high-affinity LAT1
substrate, to maintain the activity of this essential amino acid transporter and
support MYC-driven tumourigenesis. In this thesis, we have demonstrated that
Myc-driven mammary tumours have increased levels of histidine compared to the
normal mammary gland and ErbB2-driven mammary tumours. Furthermore, while
glutamine is primarily catabolised for anaplerosis in the Krebs cycle, histidine is a
metabolic dead-end in these tumour cells. Importantly, Myc-driven tumour cells use
histidine rather than glutamine as the bidirectional Lat1 substrate, supporting the
transport of EAA and mTORC1/4E-BP1 signalling. Given this important role for
histidine in EAA uptake in Myc-driven tumour cells, histidine limitation resulted in
enhanced upregulation of SLC transporters that maintain amino acid homeostasis.
This revealed synthetic lethalities with histidine restriction in these tumour cells.
Finally, we show that the availability of histidine is a vulnerability in MYC-driven
tumourigenesis that can be targeted therapeutically. However, we highlight the

challenges involved in targeting the role of histidine via dietary intervention.

In the previous chapters, | have provided a detailed analysis and interpretation of
the results within the context of each chapter. In this chapter, | will combine the
previous chapters' insights into a broader understanding of the role of histidine in
Myc-driven tumours and beyond. Specifically, | will address whether histidine could
be a feasible therapeutic target and its potential applicability outside Myc-driven
TNBC subtypes. Key points include histidine’s role as a LAT1 substrate in the
context of glutamine limitation, how histidine supports cancer cell survival in
nutrient-deprived environments, and the specificity and implications of the ISR to
histidine availability. | will also critically discuss the limitations of using in vitro cell

models to study SLC transporter mechanisms and metabolic vulnerabilities in
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tumours. Finally, | will outline future directions that can further advance this

research.

7.1 MYC-driven metabolic reprogramming: glutamine

utilisation and LAT1 substrates

Understanding which transporters are essential for tumour growth and how a
cancer cell’s external [TME] and internal [metabolism] environments underscore
transporter adaptations is critical for identifying strategies targeting transporter
function. Therefore, we aimed to assess whether Myc-induced glutamine addiction
altered LAT1 transporter function. Here, we found that Myc-driven tumours have
increased demand for histidine due to limited glutamine availability in their
environment and increased catabolism. Indeed, Myc-driven tumours had increased
histidine levels and uptake compared to the normal mammary gland and ErbB2-
driven tumours, suggesting an increased requirement for this amino acid. Notably,
Myc-driven tumourigenesis correlated with increased expression of specific amino
acid transporters such as Sic7a5/Lat1, indicating an increased requirement for Lat1
substrates. This dependency for LAT1 transport in MYC-overexpressing cells has
been shown to support MYC translation and metabolic reprogramming®3, Our data
suggests that histidine uptake in cancer cells may depend on exogenous glutamine
availability, intracellular glutamine levels, and the requirement for glutamine to fuel
the Krebs cycle. This supported our hypothesis that glutamine-limited Myc-driven
tumours have an increased requirement for histidine to support LAT1 transport.
However, systems-level quantitative modelling of transporter function in cells has
previously revealed that the concentration of most amino acids within the cytosol is
consistently maintained, and the effect of metabolism (glutaminolysis was modelled
in this case) was negligible over time?°'. This would suggest that Myc-
hyperactivation, despite increasing glutamine metabolism, would be met by
increased glutamine uptake, and glutamine levels would remain stable. This is
supported by the increased expression of the glutamine transporter, Asct2, that we
observe. However, this assumption is modelled under conditions where the
availability of amino acids in the cellular environment is constant. While serum
levels of glutamine were ~8-fold higher than histidine, this was reduced to ~2-fold in

the TIF and MGT. Therefore, the reduced availability of glutamine in our tumour
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model may limit the availability of glutamine to sustain LAT1 transport. Despite this,
we found that under all conditions we tested, histidine was the preferred LAT1
substrate in Myc-dependent tumour cells. Indeed, even when cells were cultured
with serum levels of glutamine and histidine at which glutamine was 8x the
concentration of histidine in the medium, cells utilised glutamine for Krebs cycle
anaplerosis and NEAA biosynthesis and histidine for LAT1 transport. Therefore,
these data directly contradict the work from Nicklin et al. (2009), which has been
the mainstay hypothesis on LAT1 transporter function. While glutamine is a highly
abundant amino acid in the serum and can be used as an exchange substrate
through LAT1, the oncogenic lesion may determine LAT1 substrate preference.
Indeed, while glutamine is involved in several metabolic pathways, histidine is not
degraded in Myc-driven mammary tumour cells; therefore, utilising histidine rather
than glutamine as an efflux substrate would be significantly less expensive to the
cell. These dynamics likely differ depending on the metabolic requirements and the
tissue of origin. For example, when we compared the requirement for histidine in
TNBC cells to luminal BC cell lines with low GLS1 and high GS expression, there
was a significant reduction in histidine uptake. Furthermore, the requirements for
histidine can differ across tissues. Indeed, the liver is capable of degrading histidine
into glutamate?2. Therefore, this may shift histidine away from facilitating LAT1
transport in MYC-driven liver cancer compared to Myc-driven mammary
tumourigenesis, where histidine is not degraded. In addition to this, the levels of
metabolites within the TME depend on the tumour location. Indeed, recent work
demonstrates that TIF composition significantly differs in lung cancer and PDAC
xenografts**!. This highlights that SLC transporters are not passive players but
adapt and contribute to tumourigenesis depending on their metabolic

environment442:367

7.2 Histidine in mTORC1/4E-BP1 activation in MYC-dependent

cancers

mTORC1 regulation downstream of nutrient availability is complex; many amino
acids and nutrients are sensed by mTORC1 through independent mechanisms,
some of which are dependent on Rag GTPase heterodimers and some of which

activated mTORC1 through Rag GTPase-independent pathways*43. How all these
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different nutrient-sensing pathways are integrated to regulate mTORC1 activity
remains to be determined. Furthermore, whether these nutrient sensing
mechanisms modulate different canonical and non-canonical mTORC1 activity is
unknown. Froldi et al. (2019) demonstrated a differential requirement for S6K and
elF4E downstream of Tor for the growth of Drosophila neural mutant clones
dictated by Myc-dependency?®'. Importantly, Myc/elF4E clones were sensitive to
histidine restriction. Differential dependence on mTORC1 downstream targets has
not been ascribed to different amino acid sensing mechanisms, and no direct
histidine sensors have been found. Therefore, it is unclear how histidine supports
Myc/elF4E-dependent growth. We similarly observed a preferential increase in
activation of mTORC1/4E-BP1 compared to mTORC1/S6K1/RPS6 signalling axis
in histidine-preloaded Myc-dependent cancer cells, which enhanced global protein
translation and cellular growth. While the role of 4E-BP1 in regulating elF4E and 5'-
cap-dependent mRNA translation is well understood, the role of RPS6 is less
understood. Initially thought important in ribosome biogenesis, altering all five
phosphorylation sites on RPS6 did not affect ribosomal biogenesis or translation3+2.
Therefore, the functional significance of RPS6 activation downstream of
mTORC1/S6K1 in starved cells is unclear. Further investigation is needed to
determine whether differential activation remains true for S6K1 downstream of
mTORC1. Before identifying leucine sensors, leucine was hypothesised to bind
directly to 4E-BP1 and block its inhibitory activity®62. Indeed, 4E-BP1 inhibition
downstream of amino acids was completely leucine-dependent®®?. However,
leucine has similarly been demonstrated to activate mTORC1/S6K1. One caveat is
that sensors have not been uncovered for all amino acids; only leucine, arginine,
methionine, and threonine sensors have been described'”3-176.178.181.444 Notably,
aminoacyl-tRNAs for leucine and threonine have been described as cytoplasmic
leucine'”3 and threonine**® sensors, respectively. Glutamine and asparagine have
been demonstrated to activate mTORC1 through Rag GTPase-independent
mechanisms at the lysosome; how cells sense these individual amino acids
remains to be determined3®. Therefore, aminoacyl-tRNAs for other amino acids
may act as amino acid sensors upstream of mMTORC1. How mTORC1 integrates
input from these different amino acid sensing pathways and whether it results in

differential activation downstream of mTORC1 activation will be necessary to

266



Chapter 7. Discussion

understand the pathological significance of mMTORC1 signalling in response to

individual amino acids.

We observed rapid uptake and utilisation of LAT1 substrates and/or cationic amino
acids in histidine-preloaded cells. This facilitated increased protein translation but
only afforded a slight growth advantage. During nutrient starvation, cells upregulate
the expression of ‘loaders’, SLC transporters that allow for a net uptake of small
and polar amino acids such as glutamine?’. While ‘harmonisers’ (i.e., LAT1)
transport substrates rapidly, loaders can allow up to 100-fold accumulation of their
substrates in the cytosol?°'. Therefore, histidine preload may increase protein
translation due to rapid LAT1 exchange. Still, the intracellular content of amino
acids in starved cells may eventually be compensated for through ‘loaders’ such as
SNAT1/2. Therefore, this demonstrates the robust mechanisms by which cells
maintain amino acid homeostasis over time. Nonetheless, cells with higher levels of
intracellular histidine can boost global protein translation and proliferation. It's been
shown that the core of tumours has significantly less glutamine than the periphery,
whereas histidine levels were not altered throughout the tumour?4¢. Therefore, cells
that can accumulate high levels of intracellular histidine to support exchange
through LAT1 may be more capable of maintaining amino acid homeostasis and
supporting protein translation and proliferation. Furthermore, mTORC1 signalling
drives a translational program that supports epithelial-to-mesenchymal transition to
promote metastasis**®. Moreover, MYC activation can drive resistance to mTOR
inhibition in metastatic breast cancer by restoring protein synthesis**’. This
potentially centres histidine as a critical metabolite in sustaining protein translation

in tumours with MYC hyperactivation.

7.3 Implications for histidine in AA homeostasis in MYC-

dependent cancers

MY C-hyperactivated cells depend on the GCN2/elF2a/ATF4 and
PERK/elF2a/ATF4 signalling pathways of the ISR to prevent cell death and sustain
protein translation??424°, Activation of ATF4 regulates genes that promote cell
survival in nutrient-adverse conditions or during oncogene-induced stress. MYC

induces the expression of aminoacyl-tRNA synthetases, which activate the GCN2
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arm of the ISR??*. This increases the transcription of SLC amino acid transporters,
critical targets of ATF4 in response to amino acid limitation?*'. This increase in SLC
transporters maintains amino acid levels to sustain MYC-driven tumourigenesis.
The absence of any one individual EAA, except for methionine**8, results in similar
transcriptional changes across multiple cell lines**2. Indeed, specific SLC
transporters were found enriched upon restriction of any amino acid, including
members of the SLC1 (SLC1A4/5), SLC7 (SLC7A1, SLC7A3, SLC7A5, SLC7A11),
and SLC38 (SLC38A1/2)*2. Indeed, the upregulation of these transporters is
essential for rescuing nutrient limitation directly (by supplying the limited nutrient via
the high-affinity transporter) or indirectly (by providing a metabolite that
compensates for the metabolic requirement of the limited compound)*#2. In two
independent CRISPR screens under limitation or depletion of individual amino
acids, SLC7A5 was found to be essential for limitation of histidine, tyrosine,
phenylalanine, and methionine in one screen, and additionally isoleucine, leucine,
phenylalanine, tryptophan, and tyrosine in the other3¢7442. These differences
highlight cell-specific requirements for individual amino acids and the presence of
potential redundant transporters for some amino acids more than others. However,
SLC7A5 was the most significantly enriched in cells cultured under histidine
limitation in both of these studies®¢”442, This emphasises that SLC7A5 is a high-
affinity histidine transporter in multiple cell lines, and SLC7A5 upregulation during
histidine limitation is essential for cell survival in histidine-limited conditions367:442,
We similarly observed increased Lat1 expression in cells deprived of EAAs such as
histidine, leucine, isoleucine, and methionine. However, the resulting induction of
SLC transporters varied depending on the individual amino acid restricted. Indeed,
histidine limitation resulted in a striking increase that may result from the co-
regulation of these transporters by Myc and Atf4. Whether histidine restriction leads
to distinct transcriptional responses downstream or results in advanced
transcription of similar targets is not known at this time, and a more thorough
investigation of the transcriptional response in these conditions will be required to
answer this. Notably, we observed that the enhanced transcription of these SLC
transporters under histidine limitation compared to leucine, isoleucine, and
methionine could maintain or even increase intracellular levels of specific amino
acids. However, a significant caveat is that we did not use stable isotopes to

replace the amino acids within our media. It is not entirely clear whether this

268



Chapter 7. Discussion

increase results from uptake, increased protein degradation, or macroautophagy.
While this warrants further investigation, we did not observe significant differences
in autophagosome formation or UPS activity between cells starved of histidine or
leucine, which indicates that upregulation of these transporters acts to maintain
levels of histidine as well as other amino acids that (i) may be necessary in
compensating for histidine’s role as an exchange substrate (i.e; glutamine and
asparagine) or (ii) increases uptake of EAA to maintain EAA homeostasis under

histidine limitation.

While we were undertaking this project, Chidley et al. (2024) demonstrated that the
knockdown of SLC7A5 was not sufficient to reduce proliferation rates in leukaemia
cell lines under amino acid-replete conditions but demonstrated a robust
proliferative defect when any high-affinity LAT1 substrate was limited (i.e., his, ile,
leu, met, phe, trp, tyr or val)3®’. This lack of sensitivity to SLC7A5 ablation contrasts
the stark sensitivity observed in leaukemia cells with MYC amplification, which
were significantly sensitive to the ablation of LAT1'63, However, our results
recapitulate this. While Myc-dependent tumour cells were sensitive to histidine
limitation and Lat1 inhibition, we found that Myc-low mammary tumour cells were
insensitive to both. However, when we limited histidine in the media, these cells
became sensitive to Lat1 inhibition. Given the results from Chidley et al., this is
likely not specific to histidine. However, given that histidine limitation leads to a
marked increased amino acid response compared to deprivation of other LAT1
substrates (leu, ile, and met), histidine restriction may be a better strategy to
sensitise cells to inhibition of this transporter. Furthermore, in Rebsamen et al.
(2022) similar gain-of-function CRISPR screen, SLC7A5 was only enriched under
histidine, tyrosine, phenylalanine, and methionine deprivation in Hek293T and
HelLa cells**2. Therefore, cells may have multiple mechanisms to maintain levels of
amino acids, such as leucine, which is necessary to maintain mTORC1 signalling,
compared to histidine. These dependencies are likely to be cell-type and
environment-specific; for example, in the gain-of-function CRISPR screen from
Chidley et al. (2024), SNAT3 was a significant contributor to histidine uptake along
with LAT1 in histidine-limited cells but was not critical to maintain histidine levels
when knocked down®%”. SNAT3 acts as a ‘controller’, where the uptake of amino

acids such as asparagine, glutamine, and histidine is coupled to Na+-symport and
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H+-antiport, creating an electroneutral transport process?'. This mechanism limits
amino acid uptake, as the ion gradients across the membrane constrain the
accumulation. Therefore, SNAT3-mediated histidine import may contribute
significantly less histidine than LAT1 and be less essential under histidine

limitation, making complementary LAT1 inhibition a promising combination therapy.

Another unique property of histidine limitation is the increase in Myc transcription
and translation in both Myc-high and -low cells. This contrasts with the findings of
Yue et al. (2017), who demonstrated that LAT1 ablation restricted MYC translation
and significantly reduced MYC protein levels'®3. Furthermore, Froldi et al. (2019)
provided indirect evidence that histidine restriction downregulates Myc?6'. Their
study demonstrated that histidine supplementation failed to promote clonal growth
in a Myc hypomorphic background?8’. At the same time, overexpression of Myc
rescued the reduction of clonal growth under histidine limitation?®'. Therefore, it is
unclear mechanistically how histidine limitation increased Myc mRNA and protein
expression in our model. However, we observe increased Slc transporter induction
and intracellular amino acid levels. Therefore, this may support Myc translation for
some time to help cells overcome histidine limitation, as demonstrated by Froldi
and colleagues. Indeed, we found that Myc KO cells had a reduced transcriptional
response to histidine limitation, suggesting that Myc has a part in this amino acid
response. It was previously demonstrated that Myc levels can be maintained under
glutamine limitation by supplementing with asparagine, restoring Myc
expression**°, Therefore, a similar phenomenon may occur here with histidine due
to increased amino acid uptake. Overall, it appears that unique feedback between
histidine levels and Myc expression exists, and understanding the mechanisms that
underlie this relationship may elucidate further therapeutic targets that may be
synthetically lethal with histidine restriction. Notably, the increase in Myc and the
subsequent induction in SLC transporters make the cells more vulnerable to
inhibition of SLC transporters; therefore, while maintaining MYC levels under
histidine deprivation could be a compensatory mechanism, it may also be a

targetable vulnerability.
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7.4 Therapeutic targeting of histidine: dietary restriction,
transport inhibition in MYC-dysregulated breast cancer and

beyond

The prime example of targeting amino acid availability in cancer is the use of the
asparagine degrading enzyme, asparaginase, in ALL**°. Indeed, asparaginase
effectively treats leukaemia due to insufficient ASNS activity in immature
lymphocytes and leukaemia blasts to meet cellular demands, making them
auxotrophic for asparagine*>'. The lack of efficacy in asparaginase for treating
other cancers also emphasises the importance of interrogating the specific needs
of tumour types when targeting amino acids as a therapeutic strategy. Further
highlighting the complexity of amino acid targeting strategies Indeed, even within
ALL, significant heterogeneity exists in the response to asparaginase treatment due

to compensatory mechanisms that drive resistance?66:451:452,

The connection between diet and health has been acknowledged for centuries,
famously captured in Hippocrates’ (c. 460- c. 370 BCE) words, “Let food be thy
medicine and medicine be thy food,” emphasising the enduring relationship
between nutrition and health and disease. Therefore, the role of diet in cancer,
including breast cancer has received significant attention'2453-4%, However, much
of this research has focused on the role of carbohydrates and fats, with less
consideration of protein?%. Notably, the role of protein in disease has been
considered as a whole, but each amino acid impacts cellular and physiological
processes that require consideration. Many of these studies compare the efficacy
of plant-based or Mediterranean to Western diets in reducing breast cancer risk
and mortality*>”. A recently published comprehensive analysis of amino acids in
different food sources as well as in ten defined human diets (i.e., plant-based,
vegetarian, Mediterranean, American, ketogenic, paleo, etc.) found that there was
significant variation in amino acid composition in food and diet compared to
carbohydrates and fats?®. Therefore, identifying the role of these amino acids in

disease and elucidating strategies that target them is essential.
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The current strategies that exist in targeting amino acids are (i) blocking uptake, (ii)
inhibiting biosynthesis, and (iii) amino acid depletion*>°. Histidine is an essential
amino acid that cannot be synthesised de novo; therefore, histidine targeting
strategies must either block uptake or deplete it. Blocking LAT1 with JPH203 has
demonstrated efficacy in some preclinical models but has been disappointing in
translation*'541®_ This is partly due to redundancy in amino acid transporters and
the flexibility in expression of these transporters afforded by the ISR, thereby
making them challenging targets?*'. Indeed, despite the upregulation of
Slc7ab/at1 in Myc-driven compared to ErbB2-driven tumourigenesis, Lat1
inhibition with JPH-203 was ineffective at reducing tumour growth, despite
demonstrating anti-proliferative effects in vitro. Additionally, others have found that
LAT1 ablation did not affect cell proliferation?*”-3¢7, which we also observe in a Myc-
low cell line. These results varied within in vitro and in vivo systems; however,
some groups have found that while ablation of ASCT2 or LAT1 did not display
efficacy in vitro, they could delay tumour growth in vivo, reflecting changes in the
tumour microenvironment'8247_Given that JPH203 is a competitive inhibitor, and
we observe an increase in many EAAs in the TIF of Myc-driven mammary
tumours, this lack of efficacy could be due to insufficient levels of JPH203 within
the TME, therefore, whether this is due to technical limitations or compensatory
mechanisms remains to be determined. However, we and others®¢’ have shown
that limiting LAT1 substrates, such as histidine, improves the anti-proliferative
ability of JPH203. Therefore, combining strategies that reduce histidine availability
with JPH203 may be promising. Furthermore, this expands the range of tumours

that may benefit from LAT1 inhibition beyond MY C-dependent tumours.

Diets free of individual EAAs have resulted in significant weight loss and increased
skeletal muscle catabolism and are associated with systemic metabolic changes to
varying degrees®¥44%, Valine, for example, is not well tolerated, with animals force-
fed valine-free diets not recovering even when switched back to a complete diet3®4.
However, dietary restriction of EAAs has proven effective and feasible. Reducing
histidine levels could be achieved through multiple strategies, such as (i) a
histidine-restricted semisynthetic diet and (ii) an enzyme that degrades histidine. A
histidine-restricted diet was found to reduce serum histidine levels in patients with

histidinemia, a genetic disorder characterised by a deficiency in the enzyme HAL,
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which is necessary for histidine degradation in the liver; individuals with this
condition typically have elevated serum histidine levels*>®, Therefore, this could be
an effective strategy. Indeed, a methionine-restricted diet in Phase | clinical trials
for metastatic cancer, using a specially formulated methionine-free medical diet as
the primary protein source and supplemented with low-methionine foods, was well
tolerated’®. Notably, histidine was found to be one of the amino acids which varied
most significantly across different diets, with considerably lower levels of histidine
in plant-based diets?%®. Therefore, a similar strategy to methionine restriction could
successfully limit histidine serum levels. Pre-clinical and clinical methionine
limitation has observed manageable weight loss at around 0.5 kg/week in
humans'®. Furthermore, methionine limitation to 0.1% in mouse chow, the same
as our 20% histidine diet, in a preclinical model of TNBC resulted in significant
weight loss by day 6 of the diet*>°. However, these studies did not assess the
impact of the diet on amino acid profiles, skeletal muscle, or the immune system. In
our study, we observed a significant reduction in weight gain. However, the weight
was overall net positive over eight weeks of dietary limitation, along with systemic
changes in metabolism in the serum, tumour, and liver of mice on the HRD.
Furthermore, the reduced weight gain was not the sole factor that determined
tumour growth, as normalising tumour weight for the overall body weight of each
mouse still resulted in a significant reduction in tumour growth. Notably, the
antitumour efficacy of the HRD may be partially due to an enhanced immune
response. This suggests that HRD may be a well-tolerated and effective strategy.
However, whether these changes are due to disrupting histidine’s role as a
bidirectional LAT1 substrate remains unclear, and how metabolic reprogramming
within the tumour systemically affects tumour growth remains to be discerned. An
ideal treatment would effectively treat multiple tumour types and be specific and
targeted. Therefore, significant effort remains to determine the off-target effects
mediated by the HRD. If this diet targets histidine’s role in LAT1 transport in Myc-
driven mammary tumours, we can better predict treatment efficacy. For example,
we found that luminal breast cancer cell lines had reduced uptake of histidine,
which correlated with reduced GLS1 expression and increased GS expression and
activity. Therefore, a HRD in luminal tumours may be less effective than TNBC with
MY C amplification. Similarly, using the HRD in liver cancer may be less effective

due to the significant contribution of histidine to glutamate pools in this tissue.
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Identifying tumour types that are glutamine-auxotrophic and MYC-amplified may
elucidate those that may benefit from a HRD diet or a combined approach with
LAT1 inhibition.

Using amino acid degrading enzymes in cancer treatment has expanded beyond
asparagine, with targeted degraders for methionine and arginine in Phase /Il
clinical trials*>°46%, Therefore, a histidine-degrading enzyme may be on the horizon.
One caveat to arginase treatment has been the ability of cells to compensate
through the arginine salvage pathway by converting ornithine back to arginine*®.
Histidine cannot be synthesised by cells. Therefore, histidine degradation may be
compensated less well. Indeed, we observed significantly reduced levels of
histidine within mammary tumours of mice fed a HRD, suggesting that
compensatory pathways are insufficient to maintain levels of histidine. However,
how histidine limitation affects cells within the TME remains to be determined. A
holistic understanding of the effects of histidine limitation on the cells within the
TME will be necessary to determine whether cancer cells are disproportionately

sensitive to limitation of this EAA.

7.5 Limitations

Chidley et al. (2024) found that while overall phenotypes of SLC amino acid
transporter dependency in subcutaneous tumours correlated to results in cells
cultured in HPLM (human plasma-like medium) and RPMI, some transporters were
significantly different in vivo compared to in vitro®®”. Highlighting the impact of the
TME on which SLC transporters become essential for tumour growth. A significant
limitation of this work is the use of DMEM for cell experiments, which contains
supraphysiological levels of 15 amino acids ranging from 1.0x to 6.7x the
concentration of these amino acids found in Plasmax, a media composition
modelled after physiological plasma levels of metabolites*¢?. Furthermore, DMEM
lacks NEAAs such as alanine, aspartate, glutamate, and proline, as well as various
other components compared to media that more closely reflect physiological
plasma, such as HPLM*¢® and Plasmax*62. However, even these plasma-like
mediums cannot fully reflect the TME. For example, we observed a significant

reduction in levels of arginine, lysine, and tryptophan, as others have observed**’,
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in the TIF of Myc-driven tumours. Therefore, the requirement for SLC transporters
that take up these amino acids may be more significant in the tumour than in the
cells cultured with supraphysiological or serum levels of these amino acids.
Similarly, because LAT1 transport depends on its cytosolic and extracellular
affinities, the tumour microenvironment may affect LAT1 activity. For example,
tryptophan, a high-affinity LAT1 substrate, is significantly reduced in the TIF relative
to the serum. Therefore, LAT1 may become more essential for tryptophan transport
than leucine, affecting its role in mTORC1 regulation. While we altered histidine
and glutamine concentrations to resemble physiological serum levels in our mouse
model, using Plasmax or HPLM may alter these dynamics. Alanine is one of the
most abundant amino acids in the serum, and we find the levels are even higher in
the TIF; alanine can be used as a carbon source to fuel the Krebs cycle*t*.
Therefore, alanine utilisation may compensate for our reduced glutamine levels and
provide enough free glutamine for LAT1 exchange. Determining whether histidine
is a bidirectional substrate in vivo will be critical to identifying histidine availability as

a metabolic vulnerability in tumours.

Another significant limitation of this study is that it centres the cancer cell outside
the context of interactions with cells in the TME. LAT1 is essential to immune cell
function; immune cells compete with cancer cells for nutrients within the TME#0443%,
Therefore, cells that can accumulate more histidine or glutamine may be better
able to compete for EAAs within the TME. Indeed, upregulation of SLC43A2 in
tumours was found to outcompete T-cells for methionine, limiting methionine
metabolism in T-cells and negatively affecting T-cell function?®*. Therefore, MYC-
driven LAT1 expression may support immune evasion. Understanding whether
histidine sustains LAT1 function in tumour cells and how this impacts
immunometabolism may further emphasise histidine availability as a metabolic
vulnerability. Indeed, if histidine is used as a bidirectional substrate specifically in
Myc-driven tumour cells, histidine limitation may disproportionally impact tumour
cells while sparing T-cells that utilise an alternative bidirectional LAT1 substrate
such as glutamine or tyrosine. This may suggest combining a HRD with
immunotherapy may be a more effective strategy. We observed an increase in
immune cell infiltration and reduced efficacy in the inhibitory capacity of the HRD

on tumour growth in immunocompromised mice compared to immunocompetent
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mice. While mechanistic studies assessing the effect of histidine limitation on
immune cells were not in this project's scope, they may reveal further vulnerabilities

that can be exploited and are an essential consideration for future studies.

7.6 Future Directions

One of the difficulties in this project was translating these mechanistic results into
the in vivo tumour system. Using the ex vivo system was a promising strategy that
more closely recapitulates the TME. However, it still does not recapitulate the in
vivo system. During this PhD we backcrossed Slc7a5""-Rosa®YfP C57BL/6 mice
onto the MMTV-Myc-Cre-Rosa®Y"P background and Slc7a5"*-Rosa®""* onto the
MMTV-Nic-Slc7a5"* FVB/N background to generate MMTV-Myc**-Cre**-Slc7a5""-
Rosa®FP*- and MMTV-Nic-Slc7a5""-Rosa®'FP*- mice, and their WT siblings on the
FVB/N genetic background. This experiment will help us answer three questions: (i)
do Myc-driven tumours depend on Slc7a5/Lat1 for tumour growth, and does this
differ from ErbB2-driven tumours? (ii) Are Myc-driven tumours more sensitive to
histidine restriction than ErbB2-drive tumours, and does LAT1 ablation synergise
with the HRD to inhibit tumour growth? (iii) is histidine used for LAT1 exchange?
Does histidine accumulate further in Myc-driven mammary tumours, and does this
differ from ErbB2-driven tumours? This will enable us to confirm Myc-dependency
for histidine and LAT1 in a tumour model, assess the specificity of the HRD, and

confirm the role of histidine in LAT1 function.

Notably, positron emission tomography (PET) tracers specific to LAT1 have been
developed in recent years. These include '8F labelled amino tracers such as O-(2-
['®FIfluoroethyl)-I-tyrosine (['®F]FET) and 3, 4-dihydroxy-6-['®F]-fluoro-I-
phenylalanine (['8F] FDOPA), and many more with varying specificity*¢>45¢. Using
these tracers in the models described above would allow us to determine whether
tumours that lack histidine have a reduced capacity for uptake of the LAT1-targeted
PET tracers or whether tumour cells compensate for reduced histidine by using a
different substrate to maintain LAT1 activity. Using these LAT1-specific PET tracers
in vivo would provide significant in situ evidence on the role of histidine in Myc-

driven tumourigenesis and monitor therapy response.
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Cells that can accumulate histidine have increased uptake of LAT1 substrates,
enhanced mTORC1/4E-BP1 pathway activation, and increased global protein
translation, which provides a proliferative advantage. Therefore, whether this
potentiates the metastatic capacity of Myc-driven tumour cells is an interesting
question that warrants further investigation. Given more time, in vitro experiments
could assess the invasive and migratory properties of cells with higher histidine
levels than those without. This can be validated in vivo using a metastatic mouse
model and feeding them a HRD. Given the metastatic potential of TNBC subtypes,
identifying mechanisms that support metastasis is essential. Furthermore, cells with
an increased ability to accumulate histidine and use it as a LAT1 exchange
substrate may be more resistant to therapies. Therefore, identifying whether
histidine promotes epithelial-to-mesenchymal transition and metastasis will be

critical.

7.7 Concluding Remarks

Overall, the evidence presented in this thesis highlights histidine's important role in
amino acid homeostasis in Myc-dependent tumour cells (Figure 7-1). Our proposed
mechanistic model demonstrates that Myc-hyperactivation increases the
expression of amino acid transporters to sustain metabolic programs and protein
translation. Specifically, Myc-driven mammary tumours and cells have increased
Asct2 and Lat1 mRNA and protein expression, indicating an enhanced requirement
for glutamine and EAAs in these tumours. We find that Myc-driven tumours are
faced with a TME that is limited in glutamine but enriched in histidine. Therefore,
Myc-driven cancer cells are glutamine addicted and primarily use glutamine to fuel
the Krebs cycle via glutaminolysis. This limits the availability of cytosolic glutamine
that can be used to maintain Lat1-mediated EAA transport. Therefore, increased
intracellular histidine accumulated in Myc-driven tumours sustains EAA uptake in
Myc-driven cancer cells by acting as the preferential exchange substrate. Uptake of
EAAs sustains mTORC1/4E-BP1 signalling and global protein translation, which
supports the proliferation of Myc-driven tumour cells and may support tumour

progression. This project has highlighted histidine availability as a potential
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metabolic vulnerability in Myc-driven tumour cells and emphasises the therapeutic

potential of targeting histidine in these tumours.
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Appendix 1. Characterization of cell lines used.

(A) WB of mammary epithelial cells (MECs) freshly isolated and plated for 5 days,
mammary tumour cell lines MYAZ16.1e, -6.6g, and 12.3i, and TNBC cells, BT-549 and
MDA-MB-231. (B) Representative brightfield images of MECs and MYAZ mammary
tumour cell lines. Scale bar is 400 ym. (C) WB of BC cell lines comparing MYC
amplification, ASCT2, and LAT1 protein expression. (D-E) Confluency of (D) BT-549 and
(E) MDA MB 231 TNBC cells, cultured under indicated conditions after 72 hours,
normalized to starting confluency. Representative of 1 replicate. Data is presented as
mean + s.d.; one-way ANOVA with Sidak correction(****p<0.0001). (F) Heatmaps
showing mean '3C enrichment of Krebs cycle intermediates in BT-549 and MDA MB 231
cells cultured in 2.0 mM [U-'3C]-glutamine for 24 hours. Colour intensity reflects the
proportion of incorporation of '*C from glutamine into each metabolite.
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Appendix 2. RNA-sequencing of HCC and BC cell lines

(A) Heatmap of relative gene expression of enzymes in histidine metabolism and
glutaminolysis and glutamine biosynthesis from DepMap Expression Public 24Q2
dataset in HepG2, Huh7, Hs578t, T47D, and AU565 cell lines. Colour scale represents
RNA-seq based log2 transformed gene expression levels (log(TPM+1)) with no scaling
applied. Hierarchical clustering was applied to genes and samples. (B) Confluency of
BC cells normalized to starting confluency images every 24 hours. Repeated measures
two-way ANOVA with Gessier-Greenhouse correction and Tukey for multiple
comparisons, representative of 1 replicate (**p<0.01). (C) Brightfield images of BC cell
lines from panel B. (D) Heatmap of gene expression of Slc amino acid transporters from
DepMap Expression Public 24Q2 dataset in HepG2, Huh7, Hs578t, T47D, and AU565
cell lines. Colour scale represents RNA-seq based log2 transformed gene expression
levels (log(TPM+1)) with no scaling applied. Hierarchical clustering was applied to genes
and samples.
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Appendix 3. Histidine-mediated exchange for specific amino acids blocked by

LAT1 inhibition.

Total abundance of amino acids in MYAZ16.1e cells amino acid starved or preloaded
with 1.6 mM histidine for 48 hours and replenished with DMEM in the presence of
indicated inhibitors for 2.5 minutes. Two-way ANOVA with Tukey correction. *p<0.005,
**p<0.01,***p=<0.001, ****p<0.0001.
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Appendix 4. Histidine is a more efficient exchange factor for EAAs than glutamine.
LC-MS analysis of intracellular amino acid levels. MYAZ16.1e cells were amino acid
starved or preloaded with indicated concentrations of asparagine, glutamine, or histidine
for 48 hours and subsequently replenished with DMEM for 2.5 minutes. (A-H)
Normalized relative abundance of indicated amino acids, the 0.0 mM condition depicts
amino acid starved cells replenished with DMEM. Data is presented as mean =+ s.d. and
is representative of 2 independent replicates (two-way ANOVA; *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001). Statistical significance compared to amino acid starved cells
was corrected with Tukey hypothesis testing and is presented with stars. Statistical
significance comparing preload conditions is indicated by letters and is corrected by
Dunnett hypothesis testing.
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Appendix 5. Histidine is a more efficient LAT1 exchange substrate than asparagine
or glutamine.
Intracellular total abundance of indicated amino acids in MYAZ16.1e cells starved or
preloaded with 1.0 mM of histidine, asparagine, or glutamine, and replenished with
DMEM with vehicle (0.1% DMSO) or JPH203 for 2.5 minutes. Data are presented as

mean =+

****p=<0.0001), representative of 1 replicate.
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Appendix 6. Differential activation of RPS6 and inhibition of 4E-BP1 is mediated

through mTORCA1.

Cells were starved of amino acids or preloaded with 1.6 mM histidine for 48 hours and
replenished with DMEM for 10 minutes (A, B) Representative WBs assessing RPS6 and
4E-BP1 phosphorylation in BT-549 cells treated with indicated inhibitors for 1 hour prior
to and maintained during 10 minutes of DMEM replenishment.
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Appendix 7. MYC regulates ribosome biogenesis.

RNA sequencing of immortalized mouse mammary epithelial cells (iMMECs) with
exogenous expression of Myc (iIMMEC_Myc) or the empty vector controls (iMMEC). (A)
Heatmap depicting the top 100 genes related to ribosome biogenesis, identified by
Ensembl IDs, based on average expression across samples. The colour scale
represents Z-scores of gene expression values, which were scaled by gene. Hierarchical
clustering was applied to the genes. (B-C) Dot plots of Gene Ontology (GO) enrichment
analysis of molecular function (MF) GO terms for the top 100 differentially expressed
genes in (B) IMMEC and (C) iMMEC_Myc cells. The top 100 genes for each cell line
were selected by average expression. Size of dot indicates the number of genes
associated with each term and the colour scale indicates the adjusted p-values. P-values
were adjusted for multiple testing using the Benjamini-Hochberg method. GO terms are
displayed on the y-axis and their significance is reflected on the x-axis.
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Appendix 8. Histidine preload does not significantly affect cell size.

MYAZ16.1e cells were starved of amino acids (-AA) or preloaded with 1.6 mM histidine
(-AA+H) for 48 hours prior to 24 hours of DMEM replenishment. (A, B) Frequency and
distribution of cell size measured by automated haemocytometer. N=604 starved cells
and N=676 preloaded cells (unpaired t-test). (C) Confluency of MYAZ16.1e cells starved
of amino acids for 48 hours and replenished with DMEM containing indicated
concentrations of histidine normalized to the confluency before initiating replenishment.
Data represent mean + s.d. representative of 1 independent replicate.
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Appendix 9. LAT1 inhibition by JPH203 significantly retards cell proliferation.

(A) Confluency of MYAZ16.1e cells was imaged every 4 hours for 48 hours in the
presence of DMSO or 10 uMJPH203. Data are presented as mean * s.d.; repeated
measures two-way ANOVA with Geisser-Greenhouse correction and Sidak for multiple
comparisons. Representative of 1 replicate, *p<0.05, **p<0.01.
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Appendix 10. Mice fed a 50% histidine diet have impaired glucose clearance.

(A) Blood glucose levels in FVB/N wild-type mice placed on a CD (100% histidine)
or 50% histidine diet (n=4 per group). Mice were fasted overnight and injected with
2 mg/kg body weight glucose via IP injection and blood glucose levels were
measured at baseline and every 15 minutes for the first hour and every half hour
thereafter for a total of 2 hours. Data are presented as mean + s.d.; repeated
measures two-way ANOVA with Geisser-Greenhouse correction and Sidak for
multiple comparisons.

A
Food Consumption

_ ® CD
% 5
2, -8~ HRD
5
2 3+ [
_E_ 3 ././‘.\./.
o 5
o 2 ot ¢
g
E 1
<o T T 1

0 2 4 6

Week

Appendix 11. Mice fed a HRD do not have significantly altered food consumption.
(A) Average daily food consumption was measured in FVB/N mice bearing MYAZ16.1e
orthotopic mammary tumours fed either a CD (n=5) and HRD (20% histidine, n=5) for 4
weeks, following a 1-week diet acclimation period. Average daily food consumption was
calculated by measuring the difference in the weight of the diet at the start and end of
each week, then dividing by the days and number of animals per cage
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Appendix 12. A HRD significantly reduces Myc-driven tumour growth.

An additional cohort of FVB/N mice placed on a CD (control diet, n=16) or HRD (histidine
reduced diet, n=15) at 4-6 weeks of age, and MGTs were initiated through an orthotopic
subcutaneous injection of MYAZ16.1e cells. (A, B) LC-MS analysis of total histidine
abundance in the (A) serum and (B) MGT on the CD (n=5) and HRD (n=4). Unpaired
two-tailed t-test. (C) Tumour volume of mice on the CD (n=25) and HRD (n=25). Data
are presented as mean * s.d.; repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Sidak for multiple comparisons. (D) Images of representative
tumours. (E) Tumour weight at collection and (F) Tumour weight normalized to grams
bodyweight. Data are presented as mean + s.d.; unpaired two-tailed t-test. **p<0.01,
***p<0.001, ****p<0.0001.
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