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Abstract

Colorectal cancer is the third most common cancer worldwide and ranks second for
cancerelated mortalitydypoxia (< 1% @.) is found in up to 50% of colorectal
tumoursand is associatadth poor patient prognosisicreased metastatic poteatnal
resistance ttherapyHypoxia stabilises the hypeixiducible factors, HHEG and HIF

20, to alter the transcriptort®drive molecular adaptation to hypoxic strgsoxia

also leads to changes in the translation machinery to alter protein.syn¢helsages
introduced by these mechanismistribute to the major hallmarks of cancer including
metabolic reprogrammirtgowever, how the oxygen gradient in tumours contributes to
spatially defined metabolic adaptations and how this leads to theealpeeisc

unknown Preliminary dataypothesisethatthe translation initiation factor elF4A2 is a
modulatorof hypoxic adaptaticendregulatesolorectal canceell survivathrough the
regulation of metabolic MRNA translatidere the elF4A2 interaction landscape was
investigat® and revealed hypoxic interactions with other regulators of mRNA translation
including elF4G3, elF4E1 and CNOT?7. elF4A2 knockout was shownde redu

spheroid growth and led to an increase inddI€xpressiorf-urthermorethe

expression afeveral predictedF4A2 target ges@volved in amino acid biosynthesis

and endocytosis were investigabalA2knockoutled to a reduction in tlexpression

of the endocytosis regulator EHD1 and EHD1 knockdown reduced cancer cell survival
This work suggests elF4A2 regulates the hypoxic translation of specific mRNAs, such as
EHD1, through altered protein:protein interactionsdalate colorectamcer cell
survivalMoreoveranovelsecondary ion mass spectrometry imaging tecfonique
spatially resolving metabolite changes acrassytien gradient with8D spheroid

models and colorectal cancer xenogsafevealedVe pioneehighpressure frozen
orbiSIMSto simultaneously measunetaboliteqn sitiacrosglifferentiallyoxygenated

regions ofumoursand colorectal cancer spheroid mo@aselation witiRNA-
sequencinbelps predict the transcriptional chaibgésnd this spiil metabolic

adaptation and could be used to identify novel therapeuticitapgetant for tackling

therapeutic resistance driven by hypagiaced metabolic reprogramming.
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List of abbreviations

Abbreviation | Definition

ABC ATP-binding cassette

ACSS2 AcetytCoA synthetase

ACYL ATP citrate lyase

ALDH18A1 | Aldehyde dehydrogenase 18 family member Al
ALDOA/C Aldolase A/C

ALT Alternativdengthening of telomeres
AMPK AMP-activated protein kinase

ARNT Aryl hydrocarbon receptor nuclear translocator
ASS1 Arginosuccinate synthetase 1

ATC Adoptive Fcell

ATM Ataxia telangiectasia mutated

ATR Ataxia telangiectasia dtad3related
A3SS Alternative 3' splice site

A5SS Alternative 5' splice site

BCAA Brancheethain amino acids
BCAT1/2 Brancheechain aminotransferase 1/2
bHLH basic helktoop-helix domain

CA9 Carbonic anhydrase 9

CAR Chimeric antigereceptor

CBS Cystathionind-synthase

CCL2 Chemokine (€ motif) ligand 2

CDK Cyclindependent kinase

CIMP CpG island methylator phenotype
CIMP+ CIMP-positive

CIN Chromosomal instability

CML Chronic myeloid leukemia

CpG Cytosineguanine dinucleotide
CPT1A Carnitine palmitoyltransferase 1
CRC Colorectal cancer

CSF1 Colony stimulating factdr

C-TAD C-terminal transactivation domain
CTH Cystathioniné¥lyase

CTLs Cytotoxic T lymphocytes

CTLA4 Cytotoxic Tlymphocyte antigen 4
Cul2 Cullin-2

CYP2D6 Cytochrome P450 family 2 subfamily D polypeptid
DAG Diacylglycerol

DESI Desorption electrospray ionisation

1C



DHAP Dihydroxyacetone phosphate
DMAPP Dimethylallyl pyrophosphate

ECM Extracellular matrix

eEF Eukaryotic translation elongation factor
EGF Epidermal growth factor

EGFR Epidermal growth factor receptor
EGTA Ethylene glycol tetraacetic acid

elF Eukaryotic translation initiation factor
4E-BP elF4E binding protein

EMT Epitheliaimesenchymal transition
ENO1/2 Enolase 1/2

eRF Eukaryotic translation release factor
ESI Electrospray ionisation

FABP Fatty acid binding protein

FAP Familial adenomatous polyposis
FASN Fatty acid synthase

FGF1/2 Fibroblast growtfactor 1/2

FIH-1 Factor inhibiting HIFL

F-2,6BP Fructose2,6bisphosphate

F-6-P Fructoses-phosphate
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1. Introduction

1.1Cancer

1.1.1 What is cancer?

Cancer is a term used to describe a large family of dibeeseterised by the

uncontrolled growth and proliferation of cells and metastatic spread to distant tissues. It
is the leading cause of death worldwidee ability of cells to divide uncontrollably is

due tofailures in the mechanisms that normally regulate cell proliferation and growth.
The malfunctioning of these homeostatic mechanisms leads to dysregulated cell division
and tumour formatidgnHowever, for a tumour to develop into malignant cancer it must
also acquire the ability to invade surrogniiBsues and migrate or metastasise,

throughout the body. Metastasis is estimated to be responsible for 90% of all cancer
deaths due to tissue damage at the sites of secondary tumour formation alongside a

current lack of understanding regarding the te@aih metastatic canter

1.1.2 Cancer statistics

In 2018, there were an estimated 18.1 million new cancer diagnoses and approximately
9.6 million cancassociated deaths worldwide, making cancer the most significant
disease impacting human lifsuad the world Cancer incidence rates, described as the
average risk of developing cancer, as well as mortality rates are increasing on a global
scale due to a complex network of risk factors includingiagyge@t ageing population

alongside rapid developments in socioeconomic-$tatus

As of 2018, lung cancer remains both the most commonly diagnosed (11.6%<)f all cas

and leading cause of death (18.4%) worldwide in both males and females. Female breast
cancer (11.6%), prostate cancer (7.1%) and colorectal cancer (6.1%) have the next
highest incidence rates globally whereas colorectal cancer (9.2%), stomac®6ancer (8

and liver cancer (8.2%) have the next highest rates of mortality. In the UK, there are over
360,000 new cases of cancer each year with the most commonly diagnosed cancers being
breast, prostate, bowel and lung cancer (Cancer Research UK, 2018).dd¢vemle

other cancer types including liver, thyroid, stomach and kidney are showing rapid
increases in incidence. Mortality trends are similar to the global statistics with lung

accounting for the majority of canassociated deaths followed by bdwegst and



prostate cancers. The trends in incidence and mortality rates throughout the UK are
associated with similar risk factors used to determine global statistical trends such as age,

gender, ethnicity and economic background (Cancer Research UK, 2018

1.1.3 Multistep tumourigenesis

Evidence suggests that cancer development and progression is a highly complex, multi
step process involving the acquisition of numerous genetic and epigenetic alterations.
This includes genetic mutaticarmplifications, chromosomal rearrangements,

aneuploidy, and epigenetic modifications, which drive the progressive transformation of
normal cells into malignant celldalignancy is therefore acquired gradually through
combinations of these mutations affecting two main types of genesnpogtenes

and tumour suppressor gerneSG9*,

Proto-oncogenes

Oncogenes were first discovered during experiments with tlergtpavirus Rous
sarcomairus (RSV) because of its ability to transform infected cells and induée cancer
The term proteoncogene is therefore used to describe normal ggiodar that, when
activated to oncogenes, have the ability to causéchtargproto-oncogenes have

now been identified that encode proteins which are responsible for regulating cell
division, growth and apimsis under normal conditions but when mutated, can
contribute to tumour growth through the dysregulation of cell proliferation and
divisiort™. It is also known that oncogenes act in a dominant manner such that a

mutaton in one allele of the pretmcogene is sufficient for oncogenic activition

Point mutations involving the substitution, insertion or deletion of a single nucleotide are
common genetic alterations leading to oncogene activatie most wellocumented

point mutations occur in tiASandBRAF proto-oncogenes. The Riasnily of small

GTPase proteins, includingrék, kras and Nas, represent the upstream components

of the RAS/RAF/MAPK signalling cascade and tpoiatations in th&@ASgene are

one of the most common triggers in a large number of ¢ardatatedRAS genes

encode constitutively active oncoproteins that can transduce signals for uncontrolled cell
proliferation through a variety of interconnected signal transduction gatk®R&s

mutations are commonly seen in cancers of the pancreas, lung and coloHRAS8reas

mutations are most frequent in head and neck and dermatological cahfeAsSSand
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associated with haematological malignéntigsarticularKkRASmutations are found
in 90% of all pancreatic adenocarcinomas and around 40% of all colorectal cancer
cases.

As well apoint mutations, protoncogenes can be activated by larger chromosomal
alterations such as gene amplifications and chromosomal translocations. Increased copy
number, or amplification, of a specific chromosomal region containing@pogene

leads to verexpression of the amplified gene and cellular transfotmBiibvh

doublestrand breaks are believed to be resiplefor initiating the amplification

process which most likely occurs due to defects in DNA replication or telomere
dysfunctioff*® One of the most wedtudied amplifications is that of M¥C

oncogene which is amplified in mangsygf cancer. TH@Y C family of genesMYCC,

MYCL andMYCN) code for transcription factors important in the activation of many
pro-proliferative genes and are involved in DNA replié¢atimplification oMYCN

is reported to occur iparoximately 20% of all neuroblastoma cases along with other
neuronal tumours and is associated with a poor patient prognosis and advanced tumour

stagé.

Tumour-suppressor genes

The activation of protoncogenes alone is rarely enough to trigger the transformation of
cell$ In contrast to oncogenic activatiom, litss of certain genes, TSGs, can also
contribute to neoplastic transformation. TSGs often carry out physiological roles
designed to prevent tumour formation such as DNA repair, inhibition of cell division

and the induction of apoptddidhe first TSG was identified during studies on
retinoblastoma (RB) which indicated that the inheritance of a single copy of the mutated
RBgene alone was insuffitt to transform retinal cells into tumour €ell$is led to

t he devel op me n-hit hgpbthe&is) sughesbng ihat retinablastoma was
caused by two mutations, one of which is inherited through the germ line. Heterozygous
individuals carrying tiRBmutation do notlevelop tumours until a second, somatic
mutation occurs leading to loss of heterozygosity (LOH) through alteration of both
functional copies of the TS®Bpresent on homologous chromosaoféisis now well
established that all TSGs function in a recessive manner and reipaicé\thgon of

both alleles in order to become tumourigetiic



The RB protein, pRb plays a key role in the regulation of tBgkese checkpoint of

the cell cycle through interactions with the E2F family of transcription factors preventing
their activation gbro-proliferative gen&sPhosphorylation of pRb by cell cycle

regulators such as cydapendent kinases (CDKSs) in response to growth signals
releases E2F and triggers cell cycle progrésEimrefore, loss of functional pRb leads

to unregulated cell cycle control and explains its function as a canonical TSG.

Loss of the TS@P53encoding the p53 protein is estimated to play a role in around
50% of all human cancers and is the most frequently mutated gene in human
malignanciés Wildtype p53 is a key regulator of gadlecprogression and apoptosis.

In response to DNA damage or cellular stress, p53-sgmssationally modified by
numerous kinases involved in sensing DNA damage suakiaselangiectasia mutated
(ATM) andataxia telangiectasia amdERelatedATR)?®. These modifications prevent

p53 binding to its negative regulator MDM2 which normally targets p53 for proteasomal
degradtiort®. Stabilised p53 is then able to activate the expression of a large number of
target genes involved in the inhibition of cell cycle progression at G1, allowing the DNA
repair machinery tepair DNA damage prior to progressing through the cell cycle or, if
unsuccessful, triggers cell d@ath

1.1.4 Hallmarks of cancer

The accumulation of advantageous genetic chmogiees cells with distinct biological
capabilities allowing them to overcome the physiological barriers to tumour formation

and these abilities have been coined withthé ttrm 0 Ha | | ma(figkre of Can
1.1)%

Originally, six hallmarks were identified: sustained proliferative signaliog,c# anti

growth signals, resistance to apoptosis, maintained angiogenesis, replicative immortality
and the ability to invade and metastasikee recently, additional hallmarks such as
evasion of the immune response and reprogramming metabolism and cellular
bioenergetics have also been deeii Underpinning the hallmarks are the principles of
genetic instability and inflammation as well as the influence ofassmtiatbcells

within the tumour microenvironmé
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Figure 11The hallmarks of cancerAd apt ed by per mi ssi on f
of Cancer : The Next Generationo, Hanah

Sustained proliferative signalling

The most fundamental trait of cancer cells is their ability to sustainpecelifdeation.
Normal cells have strict mechanisms in place to regulate the production of growth
signals and control entry and progression through the cell cycle. The ability of cancer
cells to dysregulate these homeostatic mechanisms allows therarttgeoid expand
uncontrollabk Growthpromoting signals are usually relayed to cells through growth
factor (GF) binding to cell surface receptor tyrosine kinases (RTKs) and activation of
downstream signalling casc&d€sncer cells can promote autocrine signalling loops by
synthesising GFs themselves and expressing the appropriaté‘résiggttastomas

and breast cancers are able to synthesise-platisted growth fact¢PDGF) and

transforming growth factar (TGFa) respectively*

GF receptors are also commonly overexpressed or mutated in many cancers, allowing
cancer cells to become hyperresponsive to normal levels of GF or produce a mutant
ligandindependent receptor capable of constitutive activation. For examyaa,

epidermal growth factor receptoHER2) andepidermal growth factor receptor

(EGFR) are commonly overexpressed in breast and head and neck cancers fspectively
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Similarly, a mutant form of the EGFR is produced in human brain tuaokimg the
extracellular ligand binding domain and is autophosphorylated leading to constant
activatioff. Mutations affecting downstream signalling components can bypass the need
for GF stimulation altogether. For example, 40% of all melanoma cases are known to
contain activating mutatiommsthe BRaf protein resulting in constitutive activation of

the MAPK signalling pathwyrhe disruption of negative feedback mechanism

normally in place to prevent excessive growth signalling can also lead to increased cellular
proliferation. Mutations in Ras proteins are seen in around 25% of all tumours and leads
to activation of prgproliferative signalling through inhibition ofititensic GTPase

activity of Ras which normally functions as an inhibitor of downstream signalling

Evasion of growth suppressors

Cancer cells must simultaneously adapt to overcoming-tewatitisignals that exist

to prevent excess cell growth and division. Many of thegeoartki pathways are
orchestratety a network of TSGs that must be inactivated in order for cancer cells to
escape their asgiroliferative signdlsSimilar to pragrowth signals, argrowth signals

also function through cell surface receptors or receptors embedded in the extracellular
matrix (ECM.

Tumour cells can evade thesegnativth signals due to both genetit epigenetic

silencing of TSG functions. Most agrbwth signals converge on two key regulatory
proteins, pRb and p53 that act as guardians of cell cycle progression and DNA damage.
Therefore disruption of the components of these two pathways is conantangen

variety of canceffsForexample, in many cancer types, downregulation or expression of

i nacti ve, mut ated i sof or ms b)recaptore(e.y.r ansf o

TGFBR1 and TGFBR2) lead to loss of response telX§ihalling and subsequently
pRb inactivatiol Likewise, anponents of the p53 pathway are also inactivated in
cancers. For example, loss ofth4~" gene results in unrestrictaduse double

minute 2 homologMDM2)-mediated ubiquitination and degradation gfd53ss of

the TP53gene is the most common mutation seen in the vast majority of cancers and

leads to drastic loss of cell cycle reguiation
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Resistance to apoptosis

Apoptosis is a crucial mechanism responsible for orchestrating cell death in response to
irreparable DNA damage or cellular stress which is often encountered by tumour cells
dueto the high levels of genetic instability, oncogenic stress and‘hyifmedefore,

cancer cells must acquire the ability to avoid this cellutarseeby inhibiting the

apoptotic pathways.

Cancer cells have evolved a variety of strategies for overcoming the activation of
apoptosis in response to cellular stress. The most common mechanism is through loss of
p53 function which normally respondsettutar stress by upregulating a number ef pro
apoptotic genes includiBé&X, PUMA, NOXA andAPAF-1*®*, However, cancer cells

also commonly overexpress-aptptotic members of the Brfamily. For example,
translocation of thBCL-2 gene leads to constitutive expressiordellBymphomas,

whereas amplification of tBEL-XL andMCL-1 genes have beatentified in several

cancer§

Replicative immortality

One major barrier to tumour growth is the limited number of te@icgcles that

normal cells can undertake before entering a terminally differentiated, nonproliferative
state called senescéhdhisprocess can be driven by the natural shortening of
chromosomes or by oncogenic stress and DNA da3mieejemeres protect the ends of
chromosomes from fusion or recognition as sites of DNA damage. During each
replicative cycle approximatelyl80 bp of telomeric DNA are lost from the

chromosomes due to the inabilitypoN A p ol ymer ase to fully refj
chromosomal DNA Eventually, the shortened telomeres are no longer able to protect

the chromosome ends and cells enter replicative serfésiténtiee acquired

maintenance of these shortened telomeres that allow cancer cells to replicate
indefinitely®. Telomerase is a ribonucleoprotein complex capable of synthesising new
telomeric DNAepeats to reverse the | oss *6f DNA
Telomerase activity is silent in normas oeil is upregulated in-80% of all cancefs

In addition a telomeragselependent mechanism of telomere maintenance, the

alternative lengthening of telomeres (ALT), is activated 594 all tumours and

represent a different mechanism to bypassing sen&scence



Inducing angiogenesis

Growing tumours require a constant supply of oxygen and nutrients delivered by the
surrounding vasculature to survive. Howeveredartiour grows to a larger size the

natural blood supply is insufficient to supply the cancer cells with enough oxygen and
nutrients to continue expandinghe sprouting of new blood vessels from existing

vessels, or angiogenesis, can be transiently activated in certain physiological processes

suchas wound healing whereas it is almost always activated in growing tuthour cells

Angiogenesis is controlled by a strict balance betweangantiangiogenic signalling
factors. Tumour cells alter this balance to promote angiogenesis in a variety of ways
including the production of pangiogenic factors, the recruitment of angiogenic factors
present in the ECM and the hijacking of nearby host cells such as maétdphages
major form of signalling involves soluble faciach as vascular endothelial growth
factor (VEGF) and fibroblast growth factors (FGF1/2) binding to receptors on the
surface of endothelial cells in existing blood vessels to trigger cell préfifénatien

vast majority of canceX&-GF expression is upregulated in response to elevated growth
factor signalling or hypoxia througipoxiainducible facto{IF) activatioff. As well

as inducing endothelial cell proliferation VEGF also induces remodelling of the ECM
through the activation of proteases to impitbe permeability of the ECM to cell
migratiof’. Similarly, FGF is also overexpressed in many cancers and promotes ECM

remodelling cell proliferation and migration

Invasion and metastasis

Metastasis is a complex process involving a sequential series of events, resulting in the
formation of distant secondary tumours, defined as the inretisitasis cascade

(figure 12)° Dysregulation of a multitude of signalling pathways is required to enable
each stage of the cascade and modify the local tumour microenvironment to promote
invasion and migtiorf%~. One key mechanidoy which carcinoma cells achieve this is by
hijacking a normal biological programme called the epittedeichymal transition

(EMT) involved in embryonic morphogenesis and wound Realing

The EMT pathway leads to loss ofcell junctions and loss of cell polarity, allowing
cells within epithelial layerdissociate into individual cells with mesenchymal

characteristics including enhanced invasiteesadherin is the most abundant
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adhesion protein and its expression is downregulated in the vast majority of epithelial
cancef8. Loss of Ecadherin is now considered a major hallmark of invasion and
metastasis.

Primary tumour

Basement membrane

Intravasation Circulation

Micrometastasis

Metastatic colonisation

Figure 12 The invasion-metastasis cascadeCancer cells acquire the ability to 1) invade int
the extracellular matrix, 2) intravasate into nearby blood vessels, 3) survive in the circulal
extravasate into distant tissue, 5) survive the foreign microenvitorforemta micrometastasis
and 6) renitiate their proliferative cycle to generate a macroscopic secondary tumour.

Immune evasion

Due to crosgalk between tumour cells and immune cells the ability of cancer cells to
avoid destruction by the hasimune response is now recognised as another hallmark of
cance?. The importance of immune evasion is evidenced by the elevatedyfiefgquenc
cancers seen in immunocompromised individ@ie mechanism of immune
suppression employed by cancer cells involves hijacking normal immune suppressive
cells such as regulatory T cells (Tregs) and nrde&livield suppressor cells (MDSCs)
which are recruited to the tumour microenvirotmiartumouwderived chemokin®&s?
Additionally, tumouderived TGFb has been shown to stimulate the conversion of
CDA4+ T cells into Tregs sitt. Many tumour cells also display defective antigen
processing machinery affecting the function of ther imajocompatibility complex 1
(MHC-1) pathway, leading to loss of tumour antigen recognition by cytotoxic T

lymphocytes (CTLS3) The prodution of immunosuppressive cytokines such as
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interleukinl0 (IL-10),colonystimulatingactor 1 CSF1) andtumour necrosis factpr

(TNFa) by both tumour cells and tumeassociated cells can also lead to inhibition of
CTLs?"

Reprogramming cellular metabolism

Rapidly proliferating cancer callsst adopt a metabolic program that fulfils the
increaseénergydemandbiosyntheticequirements arrédox balance needed to sustain

cell growtH. Thus, the ability of cancer cells to alter thealarafiular metabolic

machineryo enable growtim conditions such as hypoxia and acitossw also

recognised as a key hallmark of c&nbreaerobic conditions, normal cells generate

energy via oxidative phosphorylation coupled with ATP synthesis in the mitochondria.
Yet, even under aerobic conditions cancer cells display a preference for glycolytic energy
production; @henomenon known as the Warburg €ffécHowever, cancerllsemust

employ additional mechanisms to compensate for-thll ¥18duction in ATP

production by glycolysis compared with mitochondrial respiration, predominantly

through the upregulation of many genes involved in the glycolytic process (see section
1.5for details). An additional advantage of the Warburg effect and elevated glycolysis is
the production of intermediates for several biosynthetic pathwaysniie gglcose
6-phosphate (G6P) can be diverted to the pentose phosphate pathway (PPP) and used to
synthesise nucleotides and nicotinamide adenine dinucleotide phosphate fKPADPH)
Similarly, dihydroxyacetone phosptial#AP) can be used in lipid lsinthesis and

organelle biogenesis essential for maintaining tumour growth and®divisiaddition

to glycolysis, cancer cells also utilise various other metabolic pathways including
glutaminolysis, lipid metabolism and aminonaeidbolism to regulate energy

production (see section 1.5 for details).

Genomic instability and mutation

The progressive acquisition of the hallmarks of cancer depends on the accumulation of
genomic instability and subsequent genetic damage oVeAdwantageous mutations

allow subpopulations of cancer cells within a tumour to expand and outgrow other
subpopulations. Therefore, mudigstumourigenesis can be defined as a series of clonal
expansions where each cell division is triggered by genetic diversification and clonal
selection of an advantageous gen®Btjiie major source of genomic instability in

human cancers is chromosomal instability (CIN) haowleser are numerous other



forms including microsatellite instability (MSI) and instability associated with an

increased frequency of point mutafitis

In most hereditary cancers genomic instability, primarily CIN and MSI, is directly linked
to mutations in DNA repair genes. For example, germline mutations in the DNA base
excision repair gedYH are linked withtMYH-associated polyposis and predispose
individuals to colorectalcarféer The oOomut ator hypothesisbé
instability is present in precancerous lesions and that cancers develeasiyg the

rate of spontaneous mutatitfnslowever, genomic instability in sporadic cancers arises
due to oncoger@duced DNA replication failure and subsegD&i#® damag®&. DNA
doublestrand breaks lead to activation of the DNA damage checkpoint machinery, such
as p5%. Eventually, tumour suppressor gene loci will be targeted by this pathway to
release cancer cells from the tursoppressiveffects of the DNA damage repair
pathway$. This model has been posed to explain the frequent loss of common

TSGs such as p53 and ATM seen within the vast majority of cancers and how this then
contributes to genomic instabffity

Inflammation

Tumours are commonly infiltrated by vast numbers of cells from the immune system
and so inflammation, and thlammatory response are now recognised as a-{tumour
promoting characteristi&? An inflammatory microenvironment is an essential
component of all tumours and it is estimated tha0%bof all canceelated deaths are
caused by underlying infectaomd chronic inflammati#ft° Inflammation can initiate
tumour formation by inducing DNA damage and CIN, promote tumour development by
increasing proliferation and resistance to apoptosis and increagseandasetastatic

potential by inducing angiogenesis and ECM remotelling

During chronic inflammation, numerous intracellular signalling pathways are activated
including the PI3K/Akt and MAPK pathw&/8 This stimulates the production of-pro
inflammatory cytokines and chemokines andtatinamune cells to the tumour
microenvironmeft Tumourassociated macropha(e&Ms) are one of the most
abundant immune cells recruited to the tumour microenvironment by clesrsakh
aschemokine (€ motif) ligand 2GCL2 and CSHA®**% TAMs promote

tumourigenesis in a variety of ways by inducing angiogenesis and remodelling the



ECM®°” TAMs also directly promote cell proliferation and migration through the
secretion of GFs suchegidermal growth factdeGF) and VEGE®*? An
inflammatory microenvironment can also cause an increasate tienutations and
genomic instability through the productioneaictive oxygen speciB©§ and
subsequent increase in DNA dartfdge

1.1.7 Cancer treatment strategies

Many different treatments areilade depending on the type of cancer, tumour location

and stage of clinical progression. Conventionally, surgery alone or in combination with
either radiotherapy or chemotherapy is used to treat a large number of cancers. However,
recent advances hawe te the development of more specialised therapeutics including
hormone therapy, immunotherapy, targeted therapy and precision medicine (Cancer
Research UK, 2018).

Surgery

Surgery, or resection, is one of the mainstay treatments used to treat ablergd num

cancers as it reduces the amount of surrounding tissue damage when compared with
radiotherapy or chemother&pySurgery is a localised treatment used to treat many solid
tumours that are contained within a single region of the body and is therefore not used

to treat certain cancer types such as leukaemias and some lymphomas as well as advancec
metastatic cancerseve there is an increased likelihood of cancer cells spreading

throughout the body (Cancer Research UK, 2018).

Radiotherapy

Radiotherapy is a treatment which bggsenergyonising radiation, usually in the

form of xrays, to shrink and destroy camedis. At high doses, ionising radiation can

kill cancer cells by damaging DNA, inducing cell cycle arrest and triggering apoptosis
either directly or indirectly through the production of free radlidddésvever,

radiotherapylso leads to damage of nearby normal tissue and can cause unwanted side
effects such as tiredness and soreness which usually disappear within a few weeks
(Cancer Research UK, 20I8)ereforeradiation dosesreusually divided into smaller

doses calleddctionsadministeredver several weeks to allow healthy cells to recover in
between (Cancer Research UK, 2018). Nearly 50% of all cancer patients will receive

some form of radiotherapy during their course of treatment (Cancer Research UK,
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2018). Howevethis is most often in combination with other therapies such as surgery

or chemotherapy.

Chemotherapy

Chemotherapy is a form of acdincer drug treatment designed to either stop cancer
cellsfrom growing with the use of cytostatic drugs or to kill caattemwith cytotoxic

drugs® Treatment may involve the usa single chemotherapeutic agent or a
combination of drugs often alongside other treatments including surgery and
radiotherapy (Cancer Research UK, 2018). However, as chemotherapeutic drugs target
dividing cells, some normal cells are also damagedreatimgnt leading to unwanted

side effects such as hair loss, nausea and tiredness. During more intense courses of

treatmentpatients may also become immunocompromised as’&-result

There are many different types of chemotheatams that are categorised based on

their mode of action and chemical structure which can be used in combination therapies
to maximise the therapeutic response. Alkylating agents such as nitrogen mustards (e.qg.
Cytoxaff) and nitrosoureas (e.g. streptonatirectly damage DNA by alkylating

guanine bases causing DNA strand breaks and ultimately, ¢&ll Alsthting agents

are used to treat a number of cancers including lymphoma and |&tikaemia
Antimetabolites are chemical compounds thatontine normal function of purine or
pyrimidine bases of DNA and RNA and block cell cycle progression by

misincorporation during S phd$€Common antimetabolites used to treat cancers such

as ovary, breast aooloninclude Hluorouracil (8FU) and 6mercaptopurine {§IP)%.
Anti-tumour antibiotics are drugs derived from natural products and include the family
of anthracyclines (e.g. Doxorubicin) which function by disrupting the activity of DNA
replication enzym®&s Topoisomerase inhibitors prevent the unwinding of DNA and

thus block DNA replication. They are used to treat a many cancer types including
ovarian, gastrointestinal and lung calfité&samples include the topoisomerase 1

inhibitors topotecan and irinotecan and topoisomerase Il inhibitors etoposide and
teniposid€®. Plant alkaloids including vinca alkaloids (e.g. vincristine) and taxanes (e.g.
paclitaxel) are agents derived from certain typestd. flhey prevent cell division by

disrupting mitosis often by actingaag-microtubuleformingagent¥®



Molecular targeted therapy

With more recent advances in the understanding of the genetic basis afddheer
role of the tumour microenvironment in cancer growth and development new
therapeutics have been developed to target specific genes or proteins involved in
tumourigenesiS. This has enabled the concept of tailoring treatment to individual
patients with specific molecukangets. By targeting specific proteins or genes that are
overexpressed or mutated in cancer cells the risk of harmful side effeets to non
cancerous cells is greatly reddté&dhe two main forms of targeted therapy are
monoclonal atibodies MABS) and small molecule inhibitors. Most of these therapeutic
agents target several growth factor signalling pathways such as the EGFR, VEGF
receptor (VEGFR) and HER2/neu pathwdys

MABS typically target extracel@amponents of these pathways such as the ligands and
the liganebinding domains of the receptors. For example, trastuzumab (Herceptin) is a
MAB targetting HER2/neu which is overexpressed in around 25% of all breast
cancer$® Similarly, the afEiGFR MAB cetuximab (Erbitux) ised to treat colorectal

and head and neck cant&rSome MABs also function to alter the tumour
microenvironment. Targetting VEGF signalling inhibits cancer growth and development
by blocking angiogené§isThe use of the aniEGF MAB bevacizumab (Avastin) is

approved for the treatment of asmall cell lung cancer and colorectal calcé&rs

On the othehand, small molecule inhibitors capable of entering cells often disrupt
intracellular signalling molecules and RTK activity that affects cancer cell proliferation,
migration and angiogené&sig-or example, the successful treatmecttrohic myeloid
leukaemiagML) patients whemmnalignancy is driven by the BEBL translocation

with the antiABL inhibitor imatinib indicates the potential benefits of small molecule
targeted therapy Similarly, the adEGFR inhibitors erlotinib and gefitinib have been
used in the treatment of nemall cell lung cancer as well as théd&R2/neu

inhibitor lapatinib in breast cancer patients with HER2 overexpféssion

Immunotherapy
The discovery dmourspecific immune respons$es also led to the development of
immunotherapeutics that the host immune system in recognising and attacking

cancer ceffs Two main types of immunotherapyrently exist: immune checkpoint
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inhibitors andr'-cell therapy® Immune checkpoint proteins act as negative regulators of
T-cell activation to modulate die-tune the immune responseetert specific

biological effect¥. Two of the most commontargeted checkpoint proteins are

cytotoxic Flymphocyte antigen(@TLA4) andprogrammed cell deatt{PD1)*¢,

CTLA4 functions as a negative regulator@élTactivation by disruptittie co-

stimulatory effects of the cell surface receptor €DR8bstargetting CTLA4such as
ipilimumabhave now been approved for the treatment e$fate melanonité

Similar to CTLA4, PDQ% transmembrane glycoprotalsg functions as a negative
regulator of Icell activatiobut throughtheinhibitionof intracellular signalling

pathways such as PIRKT pathwa$t®. The antiPD1 mAbsnivolumab and
pembrolizumab were the first approved #iddeted therapies for melanoma pati@nts
The use of pembrolizumab has since been extended to a range of other cancers including

nonsmakcell lung carcinoma that show high expression of the PD1 ligand-PDL1

Adoptive TFcell(ATC)therapyinvolves the extractiooulturing and iafusion of a
patientds own i mmune cells that can be en
cell$?2 The two main forms of AT@volve tumouinfiltrating lymphocytes (TILs) and
chimeric antigen receptors (CARIs were originally usedthe treatment of

melanoma patientgheredymphocyte expansiovas achievadsing interleuki'
Howeverpnelimitation of this therapgihe need for antumourigenic Jcells to be

present within the tumdét Due to the challenges associated with expandigitsin
vitrgosynthetic CARs have been developed#matiirect cytotoxicity to specific

molecules on the surface of cancer cells thgargdtic modification of isolated patient
derived Tcell$* For example, the first CARtherapies aimed at targetting CD19
expressing-Bells for the treatment ofd&ll cancers such as lymphocytic leuk&émia

One major challge with CART therapy is the need f@tumousspecific target antigen

to be present on the cell surface as loss of these antigens, such as CD19, are a common

cause of treatment failtffe

Precision medicine

One of the major challenges associated with cancer therapeutics is that every tumour has
a different mutational landscape such that every tumour is genetically unique.
Traditionally, appropriate treatments for different cancer types have been gugked by lar

samplébased epidemiological studies which does not take into account the genetic



variability that exists between individual pafieftse ainof modern personalised

medicine is to utilise current genomic, proteomic and metabolomic profiling techniques

to fully understand each individual tumour to determine who will respond to a particular
therapy?. Al ong with information about a pat.
age, sex, race) and overall health, a comtesiec picture of the cancer can be

compiled and used to prescribe the best course of therapeutics.

For example, tamoxifen is a standard horriin@napyprescribed to steroréceptor
positivebreast cancer patients. A member of the cytochrome P4gmfanzymes,
cytochrome P450, family 2, subfamily D, polypeptide 6 (CYP2D6), is responsible for
metabolising tamoxifen into the active metabottgdrbxytamoxifen and endoxifén
However, it is now known that multiple allelic variants of CYP2D6 exist that differ in
their ability to metabolise tamoxifen with both-fumetional and severely impaired
variants associated with higher recurrence of breast'€amberefore, genotyping of
CYP2D6 prior to treatment can be used to predict the outcome to therapy and guide
clinical decisions regarding adjuvant endocrine tredtments

1.2 Colorectal cancer

1.2.1 Colorectal cancer incidence and survival rates

With over 1.8 million new cases of colorectal cancer diagnosed in 2018 and over 860,000
deaths worldwide, colorectal cancer is the third most commonly diagnosed cancer
accounting for around 11% of all cades also the second most common cause of
cancetrelated mortality worldwidecounting for 9.2% of all canessociated deaths

In the UK, colorectal cancer is the fourth most diagnosed cancer and the second most
common cause of cangcefated death (Cancer Research UK, 2018) sKlo# ri

developing colorectal cancer varies significantly between regions and appears to be most
prevalent in developed countries and correlates with an increasing human development
indexX. The rising incidence inany countries is associated with several risk factors
including eating processed meat, alcohol, smoking, lack of exercise and obesity; many of
which reflect the development of a more Western lifestyle in transitioning countries
(Cancer Research UK, 2018ne major risk factor associated with colorectal cancer

incidence, and particularly mortality, is age. In the UK, both incidence and mortality rates
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rise significantly above the age of 54 with almost 50% of cases appearing in people aged
75 and over (@aer Research UK, 2018).

However, approximately 58% of patients diagnosed with colorectal cancer in the UK are
expected to survive for five years or more, dropping to 52% and 54%rteurvival in

males and females respectively (Cancer Researci&)KAR@xpected, survival rates
decrease with increasing age as well as the stage of the disease at diagnosis, with those
diagnosed with stage 4 colorectal cancer having a 19@afigarvival rate (Cancer

Research UK, 2018).

1.2.2 Colorectal canceravelopment

Colorectal cancer (CRC) describes malignancies that originate in any region of the colon
or rectum. Most CRCs begin as a benigrgmeerous growth called an adenomatous

polyp within the intestinal muct8arhese polypconsist of localised aggregations of
epithelial cells that obtrude into the lutfleAs these cells divide, they acquire sufficient
genetic and epigenetic changes that promote excessive proliferation and provide a
selective suna advantage, ultimately giving rise to a malignant cat&ifmiis

sequential series of events has been termed the adanonmana sequence and can be
characterised stagewise by a combination of histological, morphalbgieattc

trait§30,13l,13:3

Three major types of CRC have been described. Approximately 75% of CRCs are
sporadic and occur in peoplith no familial history or genetic predisposition

Another 2630% of CRCs are found in patients with a family history of the'disease

10% of all CRC cases are due to rare hereditary predispositions including hereditary non
polyposis colon cancer (HNPCC), Lynch syndrome which accourd8daf8ases

and famibl adenomatous polyposis (FAP) accounting for 1% of CR@ser rare

hereditary conditions suchM¢H-associated polyposis (MAP), hyperplastic polyposis

and hamartomatous polyposis syndromes make up less than 1% dfall cases

The Fearon and Vogelstein model was developed describing a genetic model for
colorectal tumourigenésisThis model proposes that the accumulation of a specific
series of mutations and epigenetic changes leading to the activation of oncogenes and

inactivation of TSGs triggers the development of CREhough these mutational



events often occur in a defined sequence, itaseha@l combination of the changes

that are important for tumour developm®ntritical to this model is the underlying
genomic instability seen within the vast majority of €RiIsee major pathways
contributing to the genomic instability of CRCs are the chromosomal instability (CIN),
microsatellite instability (MSI) and CpG island methylator phenotype (CIMP)
pathways®

Chromosomal instability pathway

Approximately 70% of sporadic CRCs develop through the CIN pathway and are
charaterised by structural and numerical (aneuploidy) chromosomal abnormalities,
chromosomal rearrangements la@# at key TSG lo# In addition, tBse tumours
show an accumulation of mutations in specific oncogenes KRkAhSs1dBRAFand
TSGs such a&8PC, TP5andSMAD4“. According to the Feardfogelstein model,
inactivation oAPCis the initiating event, followed by oncogERASmutations

during the adenomatous stage and eventually inactivdisBahd deletion of
chromosome 18q during the transition to maligifancy

Activation of the Wnt signalling pathway via mutations ARB@&ene is critical tihe
onset of tumourigenesisAPC mutations are found in 80% of CRC patients whilst
gene silencing through promoter hypermethylation is seen in 18% of CRC'tases
Germline mutations in tePC gene are responsible for hereditary FAP with identical
somatic mutations present in approximately 60% of sporadi¢‘CRicigionally,

independent mutations lofcatenin are seen in around 50% of CRQssruption of

the Wnt signalling pathway leading to the accumulation of beedé@nin and
transcriptional activation induces the proliferation, migration andrnrofaSRC
cells*

Activation of the prot@mncogen&RASduring the adenomatous stage is seen in around
40% of all CRC cas&sActivating mutations in codons 12 and 13 predominantly
involving the substitution of glycine for aspartate are responsible for 90% of activating
KRASmutations in developing colorectal tum@ttaterestingly, in patients with wild
typeKRAS the lack of response to targeted EGFR therapy is reported\B&RAFt0

mutations conferring resistarto treatmert®

4C



Inactivatingf P53mutations are strongly associated with the progression of CRC from
adenoma to carcinoma and loss of p53 function is seen5#o5f CRC casgy'!

The nmost commornTP53mutations are missense mutations within the DNA binding
domain and it has been reported that mutant p53 may inhibit remainripgepsi3
through a dominastegative mechani§thSimilarly, the loss of chromosome 18q21 is
commonly associated with the adentmytarcinoma transition and is detected in
around 70% of CRC ca%ésSeveral potential TSGs involved in CRC progression are
found on chromosome 18q includBidAD2andSMAD4*. SMAD4has been shown

to be inactivated in advanegdge CRC and may contribute to tumour development by

conferring resistance to the @mbwth TGFb signalling pathway**°

Microsatellite instability pathway

The MSI pathway eharacterised by defects in the DNA mismatch repair (MMR)
machinery and is found in-26% of sporadic CRC cases and is responsible for >95%
of HNPCC casés. DNA replication errors camonly occur in repetitive sequence
elements called microsatefliteBefective DNA repair due to mutant MMR genes leads
to an accumulation of genetic alterations and a hypermutator pHEnENPEC is
caused by germline mutations in several MMR genes indlutlirgpmolog 1

(MLH1), MutS homolog 2MSH2) postmeiotic segregation increas&Msand

MutS homolog BMSH6)and predisposes individuals to developing®€RC

However, MMR deficiency in sporadic CRCs is caused predominantly by epigenetic
silencing of MMR genes, particulyH1, by promoter hypermethylatitnThe MSI

status of colorectal tumours can be identified using a standard panel of five microsatellite
marker¥®. Tumours are then classified according to the number of altered microsatellites
present. MShigh (MSIH) tumours have at least two altered microsatellite$oWMSI

(MSEL) tumours have a singlesadéd microsatellite whilst those with no alterations are
microsatellite stable (MSSYGFBR2s the most affected gene in the MJlathway,
harbauring a pohadenine tract that is susceptible to mutation when the MMR

machinery is defectigadis mutatedn 85% of MSH CRC casé%. This generates a
truncated, inactive form of the receptor that renders CRC cells resistant to the anti

growth signals of TGF
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CpG island methylator phenotype pathway

Trarscriptional silencing of genes by DNA hypermethylation within CpG islands of gene
promoters is now widely recognised as the third major pathway of TSG inactivation and
cancer developmétit Aberrant DNA methylation is seen irdB9%6 of sporadic

colorectal carcinomas, designateé@ll&-positive (CIMP+) tumout¥. The CIMP

status of CRCs is defined according to the ragtinyktatus of a panel of CpG target

sites within selected genes, howéweigenes making up this panel are widely

debatetf>*°°

At least three molecularly distinct subclasses of CRCs based on genetic and epigenetic
changes have been defined based on this aHaB$iP+ tumours can be divided into

two types. 80% of CIMRigh tumours display an MS$Ipherotype due to

hypermethylation dfiLH1 and are commonly associated BRAF mutations (53%)
whereas CIMfow tumours with wildypeBRAF are characterised by mutdRAS

(92%)and are usually MSS or MSY. On the other hand, CIMfegative tumours are
predominantly MSS with wilgbeBRAF andKRASbut have a high rate 5P53

mutations (729%. In addition, chromosome 18q LOH correlates with @ibtiative

CRCs but is inverselyatd to both CIMfhigh and CIMARow tumour&®

1.2.3 Consensus molecular subtyping of colorectal cance

Due to the highly heterogeneous nature of CRC and the variety of pathways that lead to
its development, many attempts have been made to classify CRCs into distinct categories
based on combinations of genetic alterations, immunological traits and
microenvironmental characteristics to better our understanding of the disease and to
guide the development of more effective precision médieloevever, in order to

remove inconsistencies ascrepancies between different subtyping syastems,
comprehensive cresgstem analysiemparing six independly developed CRC

subtyping algorithms enabtbd classification of CRCs into four consensus molecular
subtypes (CMS) (figure 1'3)

The different CMS groups4icanbe defined based on combinations of their
chromosomal instability status, genetic mutations, immune markers and clinical
prognosi§® Importantly, CRC cell lines commonly uisedtrao study CRC have also

been classified into CMS subtypes and have been shown to recapitulate the



characteristics and behaviour of primary CRC tumours allowing for more accurate and
translational basicsearch Furthermore, few biomarkers currently exist that are

utilised to assess CRC patients in the dithough, the CMS categories display
enrichment for some genetic markers it is the combination of CMS subtype analysis with
nextgeneratiommics datgéhat provides potentitiierapeutic guidantéeFor example,
transcriptomic and proteomic analysis ofrtebolic adaptation seen in CMS3

tumours could identify novalrgeted theramptions.

CMS2 CMS3 CMS4
Canonical Metabolic Mesenchymal

14% 37% 13% 23%
MSI, CIMP high, : Mixed MSI status, :
hypermutation SCNA high SCNA low, CIMP low SRblsHigh
BRAF mutations KRAS mutations
Immune infiltration WNT and Metabolic S_Ifgnlr:n Elz;gzl\tra?itg:]n’
and activation MYC activation deregulation : i
angiogenesis
Worse survival Worse relapse-free
after relapse and overall survival

Figure 1.3 Consensus molecular subtype categorization of CR@sdapted lg permission
from Springer Na The coasensus amdlaculae subitypes of coloreaa,
canced , G Letigh20lB. y

1.2.4 Current therapeutic strategies

Clinically, CRC can be categorised into five main stages: Stage 0, 1, Il, Withnd IV
further division into substagessed on a universal scoring system (Table 1.1) designed
by the American Joint Committee on Cancer (AJCC). Treatment for stage 0 CRC i
surgery, either a polypectomy or colonoscopic excision, to remove the adenomatous

polyp from the mucosal lay/ér

Surgery to remove the tumour and possibly nearby lymph radgesfisn the only

necessary treatment required for stage | CRCs. The type of surgery required depends on
both the size and location of the tumMBuThe initial treatment for stagdllICRCs is

surgical resection of the tumour and surrounding lympk hodeverif the cancer is
classified as higrsk then adjuvant chemotherapy may be recommédingepresence

of MSI is a good prognostic marker and is often used to determine stage Il patients with

a low risk of recurrence with no benefit to administering dinenaey’“ On the other



hand, LOH at chromosome 18q is considepambgprognostic factor in stage Il CRCs
andindicateshose patients may benefit from adjuvant chemoth&r&py stage Il

CRCs requiring chemotherapy and most stage Ill CRCs the recommended
chemotherapeutic agent-6 or capecitabine, an oral form ¥, given as a
monotherapy. In more adwaed/highrisk stage II/1ll cancers-BU can be given in
combination with oxaliplatin and/or leucovorin (FOLFOX regime) or capecitabine plus

oxaliplatin (CapeOx regirtie)

Stage Description Five-year
survival (%)

0 Tumour confined to mucosa; carnesitu -
[ Tumour invades into submucosa 93.2
A Tumour reaches outer layer of colon; no spred 84.7

nearby tissue/lymph nodes

1B Tumour grows through wall of colon to the 72.2
peritoneum; no spread to nearby lymph node

lc See |IB; tumour grows into nearby organs o -
structures such as the stomach

A Tumour reaches outer layer of colon; found i 83.4
nearby lymph nodes

B Tumour grows through peritoneum and/or nea 64.1
organs; found in-2 nearby lymph nodes

lnc See stage IlIB; cancer cells found in 4 or mo 44.3
nearby lymph nodes

IVA Cancer has metastasised to one distant sit 8.1

IVB Cancer has metastasised to 2 or more distant -

Table 1.1. Clinical stages of colorectal cancdte clinical stages of colorectal cancer as
defined by the American Joint Committee on Cancer (AJCC) based on the TNM scoring
comprised of T: growth and size of the tumour, N: spread to nearby lymph nodes and M
Metastasis to distant sites. Stadistiken from the AJCC Cancer Staging manual.

Approximately 280% of CRC patients present with metastases at the time of diagnosis
and 50% of earlstage CRC patients will relapse with metastatic diskbtastases

occur primarily to the liver (50% of cases) and the luA§¥d 0f cases) but also to the
bone and, lesommonly, the braifi Metastatic CRC (mCRC) has a dismal prognosis
with a Byear survival rate of <1&¥For stage IV patients with resectable metastases,

surgical resection remains the first line of treatment coupled with a preoperative
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FOLFOX regime and adjuvanf®) based chemotherdily®: For nonresectable stage
IV tumours the standard of care is either a FOLFOXEID £ombined with irinotecan
(FOLFIRI) regime in combination with a targeted MAB therapeutic against either VEGF

or EGFR such as bevacizumab or cetuximab respétively

More recently, advancidgeted therapeutics have been developed to help treat
individual patients with advanced colorectal cancer (stave IV) based on the genotype of
the tumour. For example, a phase lll clinical trial of akmadse inhibitor regorafenib
capable of targeti'VEGFR, fibroblast growth factor receptors (FGFRs) and PDGFRs
provides significant survival benefit to patients with highly advanced metastatic

colorectal cancer who have been unresponsive-tméirseatment®

1.3 Tumour hypoxia and the hypoxic response

1.3.1 Physiological oxygen levels

Maintenance of cellular oxygen) (@vels is critical to preserving tissue homeostasis in
multicellulaeukaryotesas insufficient or excessdan have profound effects on

aerobic metabolism and cellular bioenergetics. In addition, the formatioriudf harm

ROS can have damaging consequences for cells and tissues. Thus, several defensive and

regulatory mechanisms have evolved to protect cells from fluctuatiptensiad.

Normoxia is used to describermadatmospheric @evels; equivalent t646 mmHg

(21% Q), however, this is not an accurate measurement for tissue oxygenation as cells
and organs are exposed to a wide range of physiological oxygettehissures

normoxia ofphy®oxiadis therefore used to describe more accurately the physiolpgical O
tension found in peripheral tisslkes example, the oxygen tension in arterial blood is
approximately 70 mmHg (9.5%) @hereas oxygen levels in peripheral tissues can range
betweer8-10% Q'#*'8> Below the lower limit of physoxia (~ 3%),&he term

physiological hypoxia is used to describe the oxygen tension at which cells respond to
restore their normalQevels and is assuntede in the range of&26 O,depending

on the tissue ty[f& More importantly, pathological hypoxia is seen in acute and chronic
pulmonary disease, cardiovascular disease and cancer, and is associated with loss of the

homeostatic mechanisms in place to restoev€ls. It is defined approximately as <



7.6 mmHg (< 1% ¢) but can range between-8%8 O, with 0% Q defined as

anoxia’+18e

1.3.2 Development of tumour hypoxia

Due to the rapid proliferation and growth of cancer cells limiting the availability of
oxygen, hypoxia (< 7.6 mmHg)@ a common microenvironmental feature of naarly
solid tumoursthe most common form of can¢et®’ Physiological {evels in the

colon epithelium, for example, are maintained around 50 mn({6fgp)Avhereas
colorectal tumour oxygen tension is measured at < 2.886 @ often found
surrounding central necrotic cofe'® Hypoxic regions are identified in approximately
45% of colorectal tumours and contribute to their metastdgintial whilst conferring
resistance to chemotherapeutic and radiotherapeutic tre&ffférttypoxia is also
associated with worse patient progHésis

The rapid, uncontrolled growth and metabolic demand of tumours quisikdgbhe
oxygeravailabl¢o proliferating cells due to insufficient blood supply. Therefore,
tumours must stimulate the formation of their own vasculature in order to grow beyond
1mm in diameté&f*! However, the newly formed vascular architecture is chaotic and
leaky, and displays manycfional aberrations, thereby reducing blood flow and oxygen
delivery to cells. This leads to the development of chronically hypoxic regions within
tumours$®*%? In addition, the increased distance between capillaries rapidly exceeds the
limit of oxygen diffusion (~ 18@m) and not only worsens the resulting hypoxia but
cortributes to the necrosis of cells surpassing this distance within the turremir core
depicted in figure 2 However, tumours oftexperience transient fluctuations in
oxygen tension due to the nature of the poorly developed vasdtaierer
perfusiodlimited hypoxia can occur temporarily when the immature, hyperpermeable
vasculature surrounding tumours is reversibly closedwtantcausing fluctuations in
oxygen delivery and dynamic hypoegygenation cycl®s®’ The coexistence of both
chronic and acutely hypoxic regions within tusngenerates large gradients.of O
consumption and leads to a heterogeneous mixture of cell populations with different

oxygenation status within tumdtfrs
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Viable hypoxic cells

Capillary

02 concentration

Figure 1.4 Development of hypoxia and necrosis within solid tumourSells close to the
vasculature receive an adequate supply of oxygen and remain normoxic. As cells rapi
proliferate their distance from the bloosiset increases and the oxygen availability decre
leading to hypoxia. Above the diffusion limit of ~180 um cells become anoxic, leading
development of a central necrotic core. Figure created using BioRender.

1.3.3Hypoxia-inducible factors

The primary cellular response to hypoxia involvesstaigetranscriptomic changes
orchestrated by the hypoekiducible factor (HIF) family of transcription factors that

regulate the expression of >100 target geneseamttbute to all of the major

hallmarks of cancer and drive a more aggressive phenotype whilst promoting therapeutic

resistancé 2%

HIFs function avieterodimes consistingf two basic helifoop-helix (bHLH) proteins
of the PetARNT-Sim (PASJlomaincontainingsupefamilyof transcription facrs an

oxygersensitivea-subunit and a constitutively expresssdbunit’>?®? There are three
isoforms of HIFa: HIF-1a, HIF-2a (also known as EPAS and HIF3a which

dimerise with the HHEb subunit (also known as the aryl hydrocarbon receptor nuclear
translocator [ARNT}}?* The HIFa subunits share highly homologous domain
organisation and are characterised by the presence-tdramndl DNAbinding

bHLH domain, two PAS domains for DNbAnding and heterodimerization, and an
oxygerdependent degradation domain (ODDD) that regulates protein stailigy (
1520208
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Figure 15 Domain architecture of the HIF isoforms All isoforms possess a DNA
binding bHLH domain, a PAt®main for heterodimerization and an ODDD which overl

with the NTAD domain and confers the oxygen dependence Atutbnit stability. The
N-TAD and GTAD domains are also responsible for the transactivation of the HIF
subunits. The TAD of HIF-3Ais replaced with an LZIP domain that regulates protein

protein interactions. Figure created using BioRender.
The N- and CGterminal transactivation domains (NF8D) of HIF-1a and HIF2a are
involved in the regulation of transcriptional/égtiFor example, thet€rminal
transactivation domain-IAD) of HIF-1a is responsible for interacting with the
transcriptional coactivator CREB binding protein (CBP/p300) to matthelate
expression of HIF target gefiéslIF-1a is the most ubiquitously expressed-&llF
isoform in human tissues and is often described as the master regulator of the hypoxic
respons@® HIF-1a shares 48% amino acid sequence homology witPaHifd both
have ben shown to have various overlapping functions in the activation of-hypoxia
dependent gene expres&ioit’:°However, HIFla and HIR2a have also been shown
to play distinct roles in the response to hypoxia. This may be due to differential patterns
of tissuespecific and temporal expression betweeisoforms. HIFLla appears to be
expressed across most tissue types whereaa EXpression wabkought to be
restricted to endothelial c8sMore recently, HH2a has been identified imader
range of cell types including, renal, hepaistinahnd lung cells suggesting some
overlap in the expression of HI& and HIR2a?"~ Both HIFF1a and HIF2a are

overexpressed in a large number of cancers and are often associated with poor patient

prognosis and tumour aggressivélielsscolorectal cancer, resbasuggests that HHF

la and HIF2a have different functional roles in tumour progression. Xenograft studies
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indicatedhatHIF-1a was able to promote the proliferation and migration of colon
cancer cells whereas F& restricted growth and loss of H2& correlates with an
advanced tumour statjeOther studies suggest that the differential activity of the HIF
a isoformsaredue to having distinct transcriptional target genes. For exdifagla
target genes include carbonic anhydrase IX (CAQ)amgyd number of metabolic genes
includingglycolytic enzymes such as lactate dehydrogenase (LDHA) wheBaas HIF
seers to be important in the expression of angiogandsising genes such as vascular
endothelial growth factor (VEGF) and its receptoflitagyrosine kinaske
(FIt1/VEGFR1) as well as peroxisome proliferatbivated receptgr(PPAR)?%2%¢

1.3.4 Regulation ohypoxia-inducible factors

Under normoxic conditions, Hid& proteinshave a very short halife andarerapidly
turned over by the ubiquiproteasome system (UR®)ure 16). This turnover is
mediated by the oxygdapendent hydroxylation of two preliesidues, P402 and
P564, within the ODDD by a family of prolyl hydroxylase enzymes comprising PHD1, 2
and 3% The PHDs belong to the dioxygenase family of enflyatesquire oxygen
and 2oxoglutarate as substrates along with ison cefactor'®. O,-dependent prolyl
hydroxylation mediates binding of the von Hippelau (pVHL) protein, which acts as
the substrate recognition component of a Cullin RING E3 ubiquitin ligase complex
comprising Culli2 (Cul2), Elongins B and C and the RiN@er subunit Rbx®-#!

The bnding of hydroxylated Hi& to theb-domain of pVHL facilitates Hi&
polyubiquitination and degradation by the 26S prote&s3ine

In addition to protein stability, the transcription activating potential ¢iaH#

regulated by @dependent hydroxylation of asparagine 803 (N803)GAI#B by an
asparaginyl hydroxylase: factor inhibiting HIF-@FA#4?* GTAD hydroxylation

prevents the recruitment of the transcriptional coactivator p300/CBP by blocking
interactions with its CH1 domain and represses hypoxic gene expression irffiormoxia
FIH-1 can also interact with pVHL to enhance the degradation-@aHiird may also

aid in the recruitment of histone deacetylases (HDACS) to silence gerieréXpress

This represents one of several key regulatory differences betwi@ ki FFH20.

Similarly, the E3 ubiquitin ligase hypassociated factor (HAF) can interact with-HIF



16 and promote its proteasomal degradation whereas HAF binding2a pitfiotes

transactivation and a switch from Hikto HIF-2A-dependensignallingf”.

I Normoxia I Hypoxia
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Figure 16 Oxygen-dependent regulation of HIF-1a protein stability and target

gene expressionUnder normoxic conditionslIF-1a is hydroxylated by £adlependent
PHD and FIH1 enzymatic activity leading to proteasomal degradation and transc
repression. In hypoxia, the enzymatic activities osRH® FIH1 are inhibited leading

to HIF-1a stabilisation. HIFa translocates to the nucleus where it dimerises with
1b and recruits coactivators such as p300/CBP to activate gene expression from

sequences in target gene promdtggare createdsing BioRender.
In hypoxic conditions, the enzymatic activities of the PHDs antl &iélinhibited due
to the absence tie oxygercofactor Therefore, the ODDD and-TAD of HIF-1a
remain unhydroxylated and FiFs stabilised. HHa can then translocate into the
nucleus where it dimerises with HilFand recruits ctactors such as p300/CBP at
cons eGACGTGB® h ygsponse edlements (HRE) in target gene promoters

to activate gene expressiogufe 16)%*2

1.3.5 Hypoxia and therapeutic resistance

Clinically, the most important feature of hypoxia is its ability to confer registance
radiotherapy, chemotherapy and targeted théfaplgpoxia is therefore associated
with poor prognosis in almastery clinical settimgdependent of cancer gré&gie?

Many of the antiherapeutic effects of hypoxia can be attributed to the effects-of HIF
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la in the regulation of cell cycle progression, apoptosis, autopétzadpplic
reprogramming and mitochondrial actVitidowever, due to the requirement for
oxygen in the production of radiatioduced ROS, HHindependent mechanisms of
resistance are also implicated as are hgssxieiated changes in the tumour

microenvironmeft:

Radioresistance

Oxygenatedancecells display af8ld increase in responsiveness to radiotherapy
compared to hypoxicregiétis Thi s o0oxygen effecto6, first
and colleagues, is quantified by the oxygen enhancement ratio (OER); defined as the

ratio of doses required to achieve the same biological effect in hypoxiganated

cellg?°22 |onising radiation functions by inducing DdAblestrandbreaks which, if

unrepaired, triggers apoptosis and cellde&NA damage can occur either directly

due to the ionisation of DNA or indirectly through the actions of free radicals or ROS

generted from the ionisation of water molecites

In normoxic cells, oxygen fixation occurs as oxygen has a high affinity for the free
radicals generated during radiotherapy, binding covalently to the radicals and causing
irreversible DNA damatjé As hypxic cancer cells lack sufficient oxygen, the

formation of ROS and production of DNA damage are significantly rétiéeedp to

60% of DNA damage may be caused through the indirect effects of radiation, the lack of

oxygen explains the resistance of hypoxic cells to radigtherapy

Chemotherapetic resistance

Resistance to chemotherapeutic agents is complex and highly diverse and is caused by a
variety of mechanisms including the pharmacokinetic properties of the drug such as
absorption and metabolism, intrinsic factors such as cancer caiicexpfeisug efflux

pumps and extrinsic factors within the tumour microenvironment such as acidosis,
interstitial fluid pressure, vascular structure and Hjpdsanypoxic cells are found

within the tumour core furthest away from the surrounding vasculature there is limited
drug delivery to hypoxic céflsDrug extravasation and tumour penetration also both

rely heavily on convection or diffusioadient¥®. However, the interstitial fluid

pressuref many tumours is elevated due to the lack of functional lymph vessels and is

similar to the pressure within the tumour vasculature leading to reduced extravasation of
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drug$*. Furthermorghypoxia is often associated with increased acidosis and promotes

an acidic tumour microenvironment conducive to-ohuigj resistant®

Many chemotherapeutic agents are directly dependent on cellular oxygenation for
maximum efficiency, such as alkylating agents which transfer alkyl groups to DNA
during cell divisigf??** Many alkylating agents have reduced efficacy under hypoxic
conditions due to competition with increased levels of nucleophiles such as glutathione
which compete for DNA alkylation sttés

Both hypoxia and nutrient deprivation within tumours can cause a reduction in cell
proliferation and therefore increasesistance to chemotherapeutic agents which
function during a specific phase of the cell®y&darge number of alkylating agents
and antimetabolites exert their cytoteRiects by damaging DNA during S phase and
triggering apoptosts Hypoxiainduced p27 expressican lead to inhibition of the

G1/S phase transition and e®jtle arrest therefore reducing the efficacy of many S
phase dependent dréfgdmportantly, hypoxia also selects for TP53 mutant cells that
have a reduced apoptotic potential and therefore increased resistance to chemotherapy
induced DNA damad® Furthermorein response to DNA damage, hypoxia can inhibit
the expressioof pro-apoptoic proteins such as Bax and Bid and &stunéapoptotic
proteins such as survivin and inhibitor of apoptosis p@{éii>-2) through both HIF
dependent and independent mechartismevent apoptosigs:,

Hypoxiacanalsolead to the overexpression of drug efflux proteins belonging to the

ATP bindng cassette (ABC) family of transporters which has a significant intpact on
therapeutic resport&eThe multidrug resistance MIDR1) gene encodes a membrane
bound Rglycoprotein (fp) thatfunctions as a drug efflux pump to reduce the
intracellular concentrations of foreign agents including drugdethsilikevets®

Expression oMDR1positively correlates with hypoxia in a large number of cancer types
including colon cané&?*® Inhibition of HIF-16 has been shown to reverse ruiliig

resistance in CRC by downregulalitigR1expression.

Resistance to moleculatargeted therapy and immunotherapy
Despitethe recent, rapid advances in moletatgeted therapeutics and

immunotherapiefypoxia still poses a significant problem to many of the targeted



treatments commonly used in the clfic.exampledIF-16 inhibits estrogen receptor

0 (EROY) expression which correlates with poor prognosisiamacifen resistanae

breast canc®&t Furthermoretheelevated lactate levels generated by hypduized
aerobic glycolysis further contribute to tamoxifen resiStah@stuzumab is one of

the most used therapies for HER2+ breast caacdrsas more recently been approved
for the treatment diIER2-amplified MCR&2 However, HIF16 has been shown to
induce resistance to trastuzurtteibugh upregulating the expression of the PTEN
negative regulator HEISleading to constitutive STAT3 activation that drives
resistance.

Hypoxiaalsopromotes immunosuppression and resistance to checkpoint inbybitors
promding the expressi@nd reprogrammir@f immunosuppressive immune cells
including M2 macrophages, MDSCsTeds®. For examplelIF-16 and hypoxia
induced lactate pductionpromot the polarization ofAMs fromanML1 to an
immunosuppressive M2 phenoffpEBurthermorehypoxia promotes the secretion of
tumourderived cytokinesich as CCL5, CCL28 and CXCitif stimulate the
recruitment of Tregs and MD3€sn turn, Tregs and MDSCs secrete
immunosuppressiwytokines such as T&F, -6 hnd 11-10 toinhibit CD8+ T-cell
cytotoxic activif® The suppression ofdell activity in hypoxia is enhanced further by
the HIF-16-mediatedipregulation of immune checkpoint proteins including Bad
CTLA4 as well apromoting theexpression d?D-L1 onstromal cells and MDS€$%
This simultaneously confers resistance to immune checkpoint thenagsthypoxia
induced immunosuppressive effects are metalaylisen thisprovides a rationale for
identifying novel ways of targetting metabolism in hypoxic tumours twreverc

therapeutic resistade

1.4 Capdependent protein translation and hypoxia

1.4.1 Overview atap-dependent protein synthesis

Protein synthesis, or translation, is the most ecamgyming process in the cell and
utilises enormous amounts of ATP generated through alegemdent cellular
metabolisit® Low oxygen conditions reduce the global rate of protein synthesis due to
diminished ATP availability, necessitating the need for alternative iegubaiad

translation pathways The majority of eukaryotic capped mRNAs are translated via the
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canonical cagependent translatigathway consisting of three stages: initiation
controlled by initiation factors (elFs), elongation by elongation factors (eEFs) and
termination by release factors (eRFs) with the regulation of this process occurring

predominantly at the rdteiting stag of initiatio®®

Translation initiation

Translation initiation begins with the formation of a ternary complex (TC) consisting of
the GTRbound initiation factor elF2 and the initiator meth®tRNA (metRNA)

that recognises the AUG start codon (figuré’L&F2 is a heterotrimeric complex of
elF2A e | F2 A asublnite dnéFi€ a major control point for translaitatiorf™

el F2 A a c nesnuckeatidexcliange fadtor (GEF) that recycleS8IF20

elF2GTP to promote metRNA; binding™ The TC is then recruited to the 40S small
ribosomal subunit with the aid of several initiation factors including elF1, elF1A, elF3
and elF5 to form a 43S gratiation complex (PIC) (figure 1.7). elF3 is responsible for
recruiting the TC, facilitates elF1 and elF5 binding and prevents premature association
with the 60S large ribosomal suB(friit

elF2a
kinases

Figure 1.7 Formation of the 43S psitiation complex. Translation initiation begins with t
formation of an elR&TP-MettRNA; ternary complex that is recruited to the 43S small
ribosomal subunit with the help of the initiation factors elF1, elF1A, elF3 and elF5. FigL
created using BioRender.

Simultaneously to PfGrmation, activation of the mRNA occurs through recognition of

t h e7-mBtbylguanosine (@) cap, present on all eukaryotic capped mRNAs as an
evolutionarily conserved modification, by thebaaging protein elF4&Z elF4E

functions as part of the elF4F dapding complex that also consists of the scaffold

protein elF4G and the DEADox RNA helicase elF4A. elF4G provides binding sites
forelF4E and elF4AAandanRMAi ndi ng moti f that hel ps an
of MRNAS">?" e|lF4G also interacts with péfy) binding protein (PABP) which
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associ at epslyadenytated nMiRN/A tailZrid is able to form a closed loop

s ructure bringing the 506 and™3Taisends of
6cl-beedd structure was initially thought
for multiple termination and recycling events without the need for reinitiation on the

same mMRNA®. However, there is much conflicting evidence regarding the interactions
between PABP and elF4G and the formation and role ofllooRBIA

structure¥-280.281

J .: 4A’ @ ~ AUG

4E-BP

Figure 1.8 mRNA activation via elF& cap-binding complex assemblymRNAs are
activated by the recruitment of the elF4Eagding protein and subsequent assembly of th
el FA4F complex consisting of el F4G and e
form closedoop structures. Figure created using BioRender.

Once bound, the 48S complex scans the mRN
unwound 508 UT-BRNA redognises thénAdJG starttcotfdriipon start

codon recognition, elF1 is released and the GTPase activity of elF2 is stimulated by elF5
triggering release of inorganic phosphate, followed by the dissociatioiafife &

well as el8*28! Recruitment of elF5BTP through interactions with elF1A promotes

60S large ribosomal subunit binding and formation of the 80S initiation cogypkex (fi

1.9)*. Binding of the 60S subunit promotes GTP hydrolysis and release 4 BF-5B

followed finally byelease of elF2&%7 The 80S complex is then ablanitiaite the

elongation phase of translation.
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Figure 1.9 PIC recruitment and ribosome scanningIC recruitment is facilitated by sever:
interactions between elF4G, elF4B and elF3 as well as elF1/1A activity. The 48S compl
the 58UTR wuntil the AUG start codon is
GDP and elF5 followed by édB-GTP binding promotes 60S ribosomal subunit joining. G1
hydrolysis promotes the release of el6B® and elF1A, leaving the elongatompetent 80S
complex. Figure created using BioRender.

1.4.2 Regulation of protein synthesis in responsestiess

Cancer cells adapt to survive in the presence of a variety of environmental stresses
including oxidative stress, mechanical stress, nutrient deprivation and hypoxia which
often reduce global cdppendent protein translation r&teEndoplasmic reticulum

(ER) stress leads to activation of the unfolded protein response (UPR) which inhibits
global cagglependent protein translation to reduceattemulation of unfolded

proteins in the E®R. Similarly, in response to nutrient deprivation or hypoxia, cap
dependent protein translation is inkitbiin order to conserve enétyyhe regulation

of capdependenprotein translation occurs predominantly at the initiation stage through
two mechanisms: el&kphosphorylation and mTOR/elF4F signafitigHowever,

cancer cells are more metabolically active and often require increased rates of protein
synthesis, particularly of proteins involved in regulating many of the halloar&srof

such as proliferation, metabolic reprogramming and angiétfehbsi®fore, cancer
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cells must utilise alternative modes of protein translation under stress conditions in order

to synthesie specific subsets of tamourigenic mMRNAs essential for surffval

elF2A phosphorylation

Regulation of el#subunit phosphorylation is one major mechanism of translation
regulation. A family of four kinases recognise various stresses to coordinate the

integrated stress response: amino acid dephetiotored by general control Ron

depressible 2 (GCN2); heme deprivation monitored byregoiated elFkinase

(HRI); viral infection monitored by doulteanded RNAlependent protein kinase

(PKR) and ER stress monitored by FIKB ER kinase (PERR) Activation of these

kinases leads to phosphorylation of s&inen the elFRsubunit, preventing GDP

GTP exchange by bl oldoktermagy compldx rnatiarcwithithei t y ¢
initiator mettRNA; and therefore reducing translation initiation (see figufé 1.9)

However, dephosphorylation and restoration of elF2 activity usually occur8vithin 4

hours following stressd so regulation of the chronic stress response occurs through

the mTOR signalling pathwfdy

MTOR/elF4F signalling

Translation initiation is the rdimiting step of protein synthesis and is highly dependent
on the activity of the cdpnding elF4E protein which is therefore under strict
regulationparticularly in response to stf¥ssiTOR is a Ser/Thr kinase activated in
response to stimuli such as oxygen and nutrient avaiebiliy PI3K/Akt signalling
pathway to phosphorylate target proteins involved in cell proliferation, growth and
surviva®™ mTOR exists in two protein complexes mTOR complex 1 (mMTORC1) and
mTOR complex 2 (MTORC?)

Under normbconditions, mTORCL1 is regulated by the PI3K/Akt pathway to promote
protein synthesis. Growth factor stimulation of the PI3K/Akt pathway leads to Akt
activatio®”’. This enables Akt to activate mTORC1 by phosphorylating and inactivating
the PRAS40 inhibitory subunit of mTORC1 as well as the tuberous sclerosisZompl
(TSC2) component of the TSC1/2 comfife®’ TSC1/2 acts as a GTPassivating

protein that stimulates the conversion of RBEP to RhebGDP 3. Inactivation of

the TSC1/2 complex by Akt phosphorylation keeps Rheb in théd&ihd state which

can activate mTOR&1



Active mTORC1 phosphorylates the elF4E hipgrotein (4EBP) which prevents it

from binding and sequestering elF4E, thus allowiAgmdipg and translation

initiation to proceétf. However, in response to stress, mMTORC1 acti\éyuisad,

allowing unphosphorylated-8P to sequester elF4E and prevent elF4F complex
formatiori’>. mTORCL1 also phosphorylates ribosomal protein S6 kinase (S6K) which
promotes translation througitreased S6 ribosomal protein, elF4B and eEF2 &étivity
Again, under stress conditions, the reduction in mTORC1 activity leads to reduced S6K
phosphorylaon and reduced translation r&fes

1.4.3 Regulation of protein synthesis in hypoxia

Canonical cagependent protein synthesis requires large amounts of ATP generated in
anoxygerdependent manner, thereforgptomote protein synthesis and cell survival in

low oxygen conditions cancer cells adapt to hyipdxieed changes by activating

alternative translation pathways that mediate the selective recruitment of mRNAs for
trarslation initiatiof?* The regulation of mMRNA translation in hypoxic comditio

occurs mainly at the stage of initiation and exhibits a biphasic response characterised by
two independent pathways: elpRosphorylation and elF4F complex formation (see

figure 1.106%°

Acute

. J .
™) s

Chronic

Figure 1.10 Effects of hypoxia on mRNA translation occurs via two distinct pathways.
Acute hypoxia ¢2 hours) involves tHRERK-mediated phosphorylation of efféhd regulation
of translation initiation rates. Chronic hypoxia involves mTOR signalling and the regulati
elF4E activity and mRNA recruitment. Figure adapted from Koritzinsky et al., 2006.

Within 22 hous of hypoxic exposure, there is a global decrease in protein translation
mediated by activation of the UPR due to increased ER%frassacute response to
hypoxia leads to hyperphosphorylation of PERK and subsequent phosphorylation and
inhibition of elFAthereby reducing global protein syntfesisis initial reduction in
translation is followed by a partial recovery period where translation rates increase
slightly and cagependent translation is responsible for approximately 90% of hypoxic

protein translatigf*3°® This recovery is crucial for allowing the PERdtliated
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selective translation of stress response genes such as ATF4 which upregulates the

expression of key genes responsible for restoring cellular horiféostasis

Chronic exposure to hypokeads to the activation of an alternative signalling pathway
that regulates hypoxic protein translation through the disruption of the elF4F
complex®® Prolonged hypoxia leads to a reduction in ATP availability and energy
depletion resulting in the activation of Abfivated protein kinase (AMPR)AMPK
phosphorylates and activates the TSC1/2 complex leading to GTP hydrolysis and a
reduction in RhelBTP level¥® This leads to inhibitiasf mMTORC1 activity and

reduced 4BP phosphorylation allowing-8 to bind and sequester elF4E thereby
preventing elF4F complex assefffblyurthermorghypoxia leads to increased
expression of the HiEAtarget regulated in development and DNA damage 1 (REDD1)
gené” REDD1 promotes the dissociation of TSC2 from its inhibiteBy31grotein

and therefore prevents mTORCL1 activation and promotes elF4E inhibition by 4E
BP!1312 Additional elF4E inhibition in response to hypoxia also occurs due to the
translocation of elF4E into the nucleus or into the cytoplasmic compartment of mRNA
processing bodies-filddies). The elF4E transporter 4Eis capable of localising

elF4E to the nucleus orddies and hypoxia causes an increase in the nuclear co
localisation of elF4E and 4E thus preventing it from participating in transl&fié

1.4.4 Alternative mechanisms of translation in hypoxia

Under hypoxic stress, cancer cells must continue to synthesise proteins that maintain cell
survival and promote adaptation to hyptixiaugh the selective translation of key
hypoxiaresponsive mMRNAY Due to the mTORGInediated inhibition of canonical
capdependent translation, cancer cells activate alternative translation pathways including

switches in the elF4F translation machinery and complex fofffation

Hypoxia-specific capbinding complex formation

Investigations into the alternative-dapendent transian of theEGFRmMRNA during
hypoxia and elF4E inactivatied to the discovery of a novel role of 1atFas a cap
dependent translation initiation factor in hypoxic condifiddd=-26 was shown to
interact dir ect EGFRmRNAIRNintrease 3sitrangl&ionpand t h e
siRNA knockdown of HIR20, but not HIF16, led to a reduction global translation

ratesindicating a specific role for H# in hypoxic protein synthe¥isHIF-26 was



also shown to interact with the RNA binding motif protein 4 (RBM4) via a canonical

CGG trinucleotide moff?® RBM4 isalsocapabl of i nteracting with
EGFRmMRNA and is essential for HB binding suggesting a mechanism whereby

RBM4 interacts with specifi-espepneipuences Wwi
mMRNAs, termed RNA hypoxiasponse elements (rHRES), and itsdriF-26%°. The
HIF-26-RBM4 complex is then able to recruit thebtaging protein elF4E2, a paralog

of the normoxic elF4E proteinto forma HB5-RBM4e | FAE2 compl ex on t
of target MRNAs (fige 1.17° Knockdown of elF4E2 prevented the translation of

target transcripts includiB§sFRwhereas elF4E knockdown had no effect, suggesting a
hypoxiaspecific switch in the ciinding component of the elF4FnaplexX™®

AUG
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Figure 1.11 Formation of an alternative hypox&pecific elF4F capbinding complex. A

hypoxiaspecific HIF2ARBM4e | F4AE2 compl ex forms at rH
MRNAs. elF4E2then nt er act s wi t h t h esperific ele4FpomEen d
with elF4G3 and elF4A.

The HIF2ARBM4e | F4E2 compl ex can then interact
where it forms a hypoxémecific elF4F complex termed elfdbnsisting of elF4A

and a hypoxiapecific paralogue of elF4G1, elF4G3 (figure®¥Y. Rijnilar studies to

those used to identify the role of elF4E2, showed that elF4G3 silencing, but not

elF4G1, resulted in decreased global translatiomraygmki&’. Taken together these

studies propose the existence of two distinct elF4biradipg complexes: the

normoxic elF4F consisting of elF4A, elF4E and elF4G1; and the hypoxit elF4F

complex consisting of elF4A, elF4E2 and elF%¥&3

1.4.5 RNA helicases in translation

Importantly, no studies have investigated or confirmed which paralogue of the elF4A
RNA helicase protein is present in the normoxic elF4F and hypoxit edRrifiexes

nor have they determinec tbelectivity of different elF4A paralogues for target mRNASs
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in hypoxic conditions. It is possible that there is a hyipdxieed switching in elF4A

paralogues similar to that seen with the elF4E and elF4G proteins.

DEAD -box RNA helicases

RNA helicases play central roles in the regulation of all aspects of RNA metabolism,
splicing, transport and degradation as well as regulatiqgr&®BlA interactions and
ribosome biogenesis through the ATEBendent unwinding of RNA dupleXe3he
DEAD-box RNA helicases, which include elF4A1 and elF4A2, belong to the
superfamily 2 (SF2) and are classified basedsened sequence mét#sThe

DEAD-box family is characterised by nine conserved sequence motifs: Q motif, motif |,
motif la, motif Ib, motif Il,motif 11, motif IV, motif V and motif VI arranged within a
helicase core comprised of two Reké domains that contribute to ATPase and

helicase activity as well as regulatory fun@tidnetif I, also known as the Walker B

motif, contains the AsBlui-AlaAs p ( DEAD) sequence responsi

namé?*

elF4A RNA helicases and translation initiation

The RNA helicase elF4A belongs to the DH#D family of helicases and is required

for the unwinding of secondayt r uct ures in the 56UTR of t
PIC recruitment? There are two mammalian isoforms of elF4A that can be

incorporated into the elF4F complex andig@pste in translation initiation: elF4A1 and
elF4A2, which display 91% amino acid hom&rggyA third functionally distinct

isoform, elF4A3, only shares ~60% homology with elF4A1/2 and is involved in

regulating nonsenseediated decay as part of the gnanion compleX=

The intrinsic helicase activity of elF4ALl is very low despite approximately 90% of
elF4A1 existing as free, isolated elF4A protein within mammadidh Tledl other

10% of elF4A1 functions as part of the elF4Fmaging complex where its helicase
activity is stimulated through interactions with other translation initiatiori¥a&toits

elF4B and elF4H can interact exclusively with elF4A1 to stimulate helicase activity
however, the exact molecular mechanism behind this activation remairi&unclear
Furthermore, the formation of a stable elFéA1B complex also requires the

presence of elF4G, which acts synergistically with elF4B or elF4H to enhance elF4Al
ATPase activity and RNA unwindffig
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elF4A1 and elF4A2 expression and functions

The expression of elF4A1 and elF4A2 varies depending on the tissue type; elF4A1l is
generally more highly expressed than elF4A2 and is exprastgeelyndividing cells

whereas elF4A2 is more highly expressed in quiescemtpliferative ceft¥*3! Both

elF4A1 and elF4A2 have long been proposed to be functionallyaingeable and

play overlapping roles in translation initiation yet, elF4A1 has been shown to be essential
for translation whereas elF4A2 isfidBimilarly, mutante4A1 but not mutant

elF4A2 leads to a global reduction in protein syrithdaisthermore, elF4A1

inhibition leads to an increaseliR4A2gene expression but elF4A2 is unable togescu

the inhibitory effect of elF4A1 suppression on translation and cell prolif&ration

Despite tlese suggestions that elF4A1 and elF4A2 may have individual and distinct roles
in regulating protein translation almost all of the existing biochemical and structural
studies investigating the elF4A protein have focused solely on elF4A1 with elF4A2
being lagely neglectéd

More recently, elF4A2 has been identified as the only component of the elF4F complex
required for the miRNAnediated regulation of gene espiof. elF4A2 has been

shown to interact with the CGROT complex, one of the major deadenylase
complexes regulating miRM#ediated repression of translation and mRNA
degradatiofy. Recruitment of elF4A2 has been proposed to occur through interaction
with the MIF4AG domain, similar to the elF4A binding site on elF4G, of thelBOR4
complex component CNOT1 whigs capable of forming an RNi#&dependent

complex with elF4&23%? Additional studies have since revealed another specific
interaction between elF4A2 and the degldse component CNCG#* The

recruitnent of elF4A2 into the CCRMOT complex inhibits the deadenylation activity

of CNOT7 and bound mRNAs are maintained in a stable, polyadenyldtédstate

the other hand, the recruitment of an alternative RNA helicase, DDX6, stimulates
CNOT7 deadenylation activity and leads to mRNA deadsnglad degradatién

This suggesthat the fate of MRNAs is determined by the recruitment of either elF4A2
or DDX6 into the CCRANOT complex which promotes different pathways of
translation repression and mRNA deadenyidtimerestingly, only mRNAs bound by
elF4A2 are enriched for miRNA recruitment and are translgtextalated in response

to CCR4ANOT complex inhibition, whereas DDX¥6und mRNAs are not

translationally repres&&dThis provides the possibility that elF4A2 could be playing a



dual rde in the regulation of protein synthesis both as an activator of initiation and also
as a member of the translation repression machinery depending on the cellular context
distinct from the role of elF4AL.

To further understand the potentially distiolgts of elF4A1 and elF4A2, native RNA
immunoprecipitation sequencing SK]) has been used to investigate the differences
in target mMRNA binding by the two elF4A isoforms. Whilst the majority of mRNAs
display overlap between elF4A1 and elF4A2 (3967 tieresare also specific mMRNA
populations of 832 genes and 628 genes that are only bound by elF4A1 or elF4A2
respectivel. Importantly, elF4Abound mRNAs display a polysomal distidbuin
accordance with its role in promoting translation initiation whereas-btt/ha2

mRNAs display a subpolysomal distribution associated with translation r&pression
Enrichment aalysis shows that mRNAs bound by elF4A2 encode for predominantly
nuclear proteins involved in the negative regulation of transcription, neural tube
development and miRNA biogenesis whereas els@gukid mRNAs display no
enrichment for particular mMRNAs sesfing elF4A1 does not selectively target specific
subsets of MRNAZ. Importantly, the role of elF4A1 and elF4&h2cific translation

was not investigated in the context of cancer or under hypoxic conditions.

elF4A1 and elF4A2 in cancer

The expression of both elF4Aldaa1F4A2 has been investigated in a large number of
tumour types and has provided more insight into the potentially divergent roles of the
two protein¥®. elF4AL overexpression has been observed in several cancer types
including gastric cancer, cervical cancer and breast cancer and is associated with tumour
stage and poor patient progni$ié. FurthermoreglF4A1 as well aslF4Eand

elF4GIgene expression, but mdE4A2 is regulated by tleamcogene-myc which is

often overexpressed in many tumuidsnportantly previous studies using HCT116
colorectal cancer cells have shown that elF4A1 expression is unaltered in response to
hypoxi&* Additionally, under hypoxic conditions, elF4A1 does not associate with the
hypoxic polysome fraction in HEK293 é€&lls

In contrast to elF4A1 expression, high elF4A2 expression observed in NSCLC and
breast cancer is associated with better patient outcome andwveralt>*° More

recently, further studies into the role of elF4A2 in cancer progression have revealed that



high elF4A2 expressigassociated with worse prognosis and is an independent
prognostic factor in patients with oesophageal squamous cell c&fcinbibaion of
elF4A2 expression by miRNAediated repression has also been shown to inhibit cell
proliferation in triplenegative breast canteiRecently, the clinical significance of
elF4A2 in colorectal cancer has been investigated and shows that elF4A2 mRNA
expression is higher in colded cancer tissue compared to-oamcerous tissue; is a
prognostic factor for reduced overall survival and diseasirvival, and correlates
with tumour stag®& Furthermore, knockdown of diik2 in colorectal cancer cell lines
reduced cell proliferation, colony formation and migiatiitré> A second study has
since confirmed these findings, showing that knockdown or chendz mbi

elF4A2 inhibits CRC cell migration and spheroid formatitras well as inhibiting
lung metastasis vivs® Importantly, the role of elF4A2 in a hypespacific context in

CRC was not investigated.

Role of elF4A2 in hypoxia

One study using squamous cell carcinoma cell lines demonstrated that elF4A2 mRNA
was upregulated under both hypoxic and acidic casdisovell as concurrent hypoxia
acidosis; a common feature of most solid tufibitewever, no further investigation

into the role of elF4A2 in hypoxia was carried out. Previous work carried out by the
Mcintyrelab identified elF4A2 as a key regulator of hypoxic CRC cell viability using an
shRNA lentiviral screen (unpublished data). The lab has since investigated the role of
elF4A2 in hypoxia in CRC This work shows that elF4A2 mRNA, but not elF4A2
protein levels, are upregulated in response to hypoxia in CRC celitirsd this is
HIF-2A-dependenin the LS174T cell line. The regulation of elF4A2 by2RIRay be
explained by the presence of RBM4 CGG bin
other studies identified that elF4A2 interacts with the hygmedific HIF2ARBM4

elF4E complex vie thisiRE sequence which may promote preferential translation in
hypoxid The Mcintyre lab has also demonstrated that knockdown of @RA®Q@

leads to a reduction in CRC cell growth and colony formation in boibxreoand

hypoxi&®> Furthermore, elF4A2 knockdown led to a reductiosdim&nsional

spheroid grath and increased the amount of necrosis present within the hypoxic core
of the spheroid®. Importantly, these studies utilised an inducible elF4A2 knockdown
system where only partial loss of elF4A2 is observed. Due to the generally lower
expression levels of elF4A2 compared to elF4AL, it may be that a more stringent
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knockout system using CRISE&s9 gee editing is required to fully examine the
functional impact of elF4A2 on CRC cell suiival

In order to elucidate the role of elF4A2 in regulating protein synthesis in hypoxia, the
Mcintyre Lab also demonstrated that elF4A2 interacts with the CNOT7 eabygdon

the CCRANOT complex under normoxic conditions and that this interaction is reduced
under hypoxic conditiotis Furthermore, RHSeq was employed to identify elF4A2
bound mMRNAs in hypoxic conditions and pathway analysis identified that hypoxic
elF4A2bound mRNAs mostly encoded metabolic proteins, particularly those involved
in amino acid biosynthe pathways. This suggests that elF4A2 may be regulating CRC
cell adaptation to hypoxia by modulating the translation of proteins involved in cellular

metabolism.

1.5 Metabolic adaptation to hypoxia

The rapid growth and proliferative ratesaoicer cells coupled with a hypoxic
microenvironment trigger largeale remodelling of cellular metabolism in order to
maintain ATP production and the biosynthetic requirements of rapidly growing
tumours’. In normal cells, a constant supply of oxygen is required to sustain oxidative
phosphorylation (OXPHOS) and ATP syntli&siEhe high metabolic demand of

cancer cells coupled with the lack of oxygen availability leads to metabolic

repogramming, coordinated predominantly by the HIF transcription ¥actors

1.5.1 Hypoxic regulation of glucose metabolism

The most weltlocumented metabolic adaptation seen in cancer cells is the phenomenon
known as aerobic glycolysis or the Warburg’efteancer cells switch from using
OXPHOS to glycolysis as the main source of ATP synthesis, even under aerobic
conditions, and pyruvate is preferentially converted to lactate instead of entering the
TCA cyclé. Theutilisationof glycolysis to generate ATP becomes even more important
under hypoxic conditions when OXPHOS is inhibited- liacreases glucose flux

into cancer cells by regulating the transcription &LGa@1 andSLC2A3genes

encoding the GLUT1 and GLUTS3 glucose transpd&rt&fdntracellular glucose is

rapidly phosphorylated to glucésghosphate (G6P) by hexokinase 1 and 2

(HK1/HK2) which are both upregulated by HIAhowever, HK2 has been shown to
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play the dominant role in B6roduction in hypox¥fd G6P is an important metabolic
intermediate that can be diverted towards several biosynthetic pathways, including the
pentose phosphate pathway (PPP), glycogen synthesis and glycoprosesn aydthe
glycolysi&® However, in several cancer types, hypoxia has been shown to reduce the
expression of PPP enzymes such as gleqisesphate dehydrogenase (G6PD) and 6
phosphogluconate dehydrogenase (PGD) in favour of promlgtiotysis in response

to hypoxic streds.

HIF-1A promotes glucose flux through the glycolytic pathway by upregulating all of the
enzymes involveslich as phosphofructokinases (ARhd PFK2), aldolases

(ALDOA and ALDOC), phosphogterate kinase 1 (PGK1), enolases (ENO1 and
ENOZ2) and pyruvate kinase 2 (PKMZ2) by binding to HRES in the promoter regions of
these gen&s PFK-1 represents a key Hiteiting step of glycolysis regulating the
irreversible conversion of fructesphosphate to fructosk6bisphosphate and is
allosterically regulated by friset®,6bisphosphate (E,6BP}* ~2,6BP

synthesis is regulated by the enBptesphofructe?-kinase/fructose,6

bisphosphatase (PFKFEB The isozyme PFKFB3 is stimulated by-Hiih hypoxia to
promote F2,6BP synthesis, activate REKNd increase glycolytic flux and is

commonly overexpressed in a wide variety of cantérs

Due to the increased rate of glycolysis, hypoxic cancer cells must also activate several
mechanisms to remove excess pyruvals wreventing pyruvate entry into the TCA

cycle in order to reduce OXPHOS. Hlkincreases the expression of lactate

dehydrogenase (LDHA) which converts pyruvataiaatinamide adenine dinucleotide
(NADH) into lactate, the end product of aerobic gigg and NAD®". Excess lactate

is then exported from hypoxic cancer cells due to théAdttediated upregulation of

the monocarboxylate transporter 4 (MCT4) whilst NaPecycled bglyceraldehyde
3-phosphate dehydrogenaSAPDH) to trigger additional cycles of glycoXsis
Furthermore, pyruvate entry into the TCA cycle is inhibited by the upregulation of

pyruvate dehydrogenase kinaB& (P by HIF-1Awhich phosphorylates and inactivates

pyruvate dehydrogenase (PDH) and prevents the conversion of pyruvate #tofacetyl
in the mitochondr#&®3"°
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Interestingly, in HIAAdeficient CRC cell lines, glucose uptake is maintained through
the HIF-2A-mediated upregulation of an alternative glucose transporter GEUT14
Furthermore, HIFL6 deletion leads to an accuation of glycolytic intermediates with
reduced glycolytic enzyme expression and glycolyficlfiterestingly, the key step
blocking glycolytic flux in HHEG deficient cells is regulated by ALDOA, and not-BFK
as described earlier, and ALDOA expression has been shown to bé inchgaseia

in CRC and is associated with worse patient prognésis

1.5.2 Hypoxic regulation of lipid metabolism

Cancer cells utilise fatty acids, either imported through exogenous uptake or synthesised
de noyim a large range of biological processes including oxidation for energy production,
energy storage in the form of triacylglycerols (TAGs) and the syhihgsistant

signalling molecules and plasma membrane comp@nastiatty acid oxidation takes

place in the mitochondria in an axydependent manner, lipid accumulation and

storage in response to hypoxia is seen in alamdper of cancers and is under complex

regulation by both HEAand HIF2A7

The uptake of extracellular fatty acids is increased in hypoxja theoHIF1A-

mediated activation of the transcription factor peroxisome proliterat@ated receptor
"Y(PPARY which upregulates the expression of the fatty acid binding proteins 3, 4 and 7
(FABP3/4/7)">%% Additionally, HIFIAincreases lipoprotein endocytosis by

upregilating the expression of the VLDL receptor (VLDLR) and L-2l&ed protein
(LRP1y7"%"

Similarly, increaselé novatty acid synthesis from the precursor a€xiyl also

contributes to the lipid accumulation seen in hypoxia however, the normal conversion of
pyruvate into acet@oA is inhibited by the hypostaluced expression of PDK

Therefore, cancer cells employ an alternative pathway for synthesisdglatetyl

sustain fatty acid production through the reductive carboxylation of glutamine via
glutaminolysis (see B)¥?. The end product of glutaminolysis, citrate, plays a critically
important role in cancer cells by acting as a substrate feCagepybduction by #n

enzyme ATP citrate lyase (ACYL) which is upregulated in F}poxddternatively,

acetylCoA can be generated by the conversion tadeto acetyCoA by the enzyme



acetylCoA synthetase (ACSS2) which is also upregulated in hypoxic cancer cells and, in
turn, promotes the acetylation and activation of24## Finally, the ratiémiting
enzyme complex of fatty acid synthesis, fatty acid synthase (FASN), is also upregulated in

hypoxia in a variety of cané&rs

Conversely, lipid accumulation in hypoxia is further enhanced by-thedied
i nhi biti onoxidatiod® Hypokialeadsdoi adedution in the transcriptional
coactivéor proliferatoractivated receptd¥coactivatotlA(PGG1A) in a HIF16 and

HIF-26-dependent manner which in turn reduces the expression of the medium and
long-chain acyCoA dehydrogenase enzymes (MCAD and LCAD) which catalyse the
first step in fatty &t oxidatiof?***> Furthermore, HIFRL6 reduces the expression of

carnitine palmitoyltransferase 1 (CPT1A) which is essential for the transport of fatty

acids into the mitochorid for oxidatio#f®

1.5.3 Hypoxic regulation of amino acid metabolism

Aside from the vital importance of central carbon metabolism to energy production and
cancer cell survival, additional4sarbon sources of energy and biosynthetic
intermediates must exist to sustain the increased energy demand and high proliferative
rates of rapidly growing tumaall$®’. Amino acids are now recognised as an important
source of energy for cancer cells as well as providing a range of intermediates required

for the biosynthes nucleotides, proteins and fatty d&&ds

Glutamine

Glutamine, the most abundant amino acid in blood plasma, is vital for the synthesis of
TCA cycle intermediates, nucleotides, fatty acids, amino acids and ATP gfdduction
Rapidly proliferating cells, including cancer catisita highly dependent on glutamine
which is converted to glutamate by the mitochondrial glutaminase (GLSFf%enzyme
Glutamate is then deaminatedvketoglutaratedKG) by glutamate dehydrogenase

(GDH)** When TCA cycle fluxiieduced in conditions such as hypd@xi&G can be
exported to the cytoplasm and converted to citrate by isocitrate dehydrogenase (IDH1)

and then into acet{loA for fatty acid synthelts

Glutamine is imported into cancer cells via multiple transporters inclu@h@ i

transporter which is highly expressed in a large number of cashcergeegulated in
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hypoxid® Furthermore,lgtamine import into the mitochondria, a required step in
glutaminolysis, is regulated by a SLC1AS5 variant that is upregulated in hypoxia in a HIF
2A-dependent manri€t In hypoxia, glutamine becomes the major source of¥itrate
HIF-mediated inhibition of PDK1 contributes indirectly to increasee tvals

however, hypoxia also promotes glutaminolysis by upregulating glutaminase 1 (GLS1) in
a HIF-2Aand emycdependent manri&r®® In addition, HIFIAinduces GDH and

IDH1/2 expressiof®*°! A feedback mechanisiso exists whereby several

intermediates within the glutaminolysis pathway inclubydyéxyglutarate (generated

by mutant IDH1/2), and succinate function to stabiliseZAlfarough inhibition of the

PHD and FIH enzymé¥

Glutamate is also an essential precursor to glutathione (GSH) which is utilised by
peroxidase enzymes in the maintenance of R@&htas®. Approximately 50% of
non-essential amino acid biakwasis is also derived from glutamine metabolism in

cancer cells due to its ability to function as a nitrogen donor in transamination reactions
for the production of alanine, aspartate and $@r{akitamate pyruvate transaminase 2
(GPT2) has recently been shown to promote tumourigenesis in glioblastoma2# a HIF
-dependent manrf€r Similarly, phosphoserine transaminase 1 (PSAT1) is overexpressed
in a large number of cancers including breast and colon cancer and is commonly
upregulated in hypoxia in an ATdependent manrf&©3

Branched-chain amino acids

Thebrancheethain amino acids (BCAAdg¢ucine, isoleucine and vabrage obtained

in the diet and are critical for maintaining the high proliferative rates of cancer cells by
providing the building blocks for nucleotides, proteins andfiBd@3AAs are

transported into cells via a family dype amino acid transporters (LAZ)land

broken down intd-ketoacids by the cytosolic and mitochondrial enzymes branched
chain aminotransferase 1 and 2 (BCAT1/BCATZhe main transporter, LAT1

(SLC7AD5) is upregulated in many cancers and is activated in hypoxiaym and
HIF-2A-dependent manner to increase BCAA import and mTORC1 sitfhélling
Similarly, BCAT1 is upregulated in hypoxia in alBdependent manner to remodel

BCAA metabolism in cancer cells and help maintain the intiapeitl ofA-KG for

glutamate and ace@®A productioff®



Serine and glycine

Serine and glycine are both crucial for cancer cell proliferation as soureesrbbone
donation for the synthesis of nucleotides and DNA methylation as well as for
maintaining redox homeostd$isSerine can be imported into cellsrai@sporters such

as ASCT1 and SNAT1/2 which are both upregulated in hypoxic cofidifib@sncer

cells can also synthesise serine from glucose via the intracellular serine synthesis pathway
(SSP) which is essential for tumour progréSsibime glycolytic intermediate 3
phosphoglycerate-B&5) is converted to serine in a series of three reactions catalysed by
phosphoglycerate dehydrogenase (PHGDH), PSAT1 and phosphoserine phosphatase
(PSPHY2 The expression of all three SSP enzymes is increased in a large number of
cancers including CRC and breast c¢attteFurthermore, hypoxia leads to éased
expression of all three SSP enzymes in-a4diEpendent manner but also in response

to hypoxiainduced stress response pathways and ATF4 aciivétion

Serine is critical to the synthesis of thecantgon unit 5, thethylene tetrahydrofolate
(5,16MTHF), essential for nucleotide biosgnthi s, t hr ough -carboe dona't
to tetrahydrofolate (THF) to form glycine and-MTI®F in a reaction catalysed by

serine hydroxymethyltransferase 2 (SHMT2) in the mitochdnairs@ries of one

carbon transfers then occur in the mitochondria catalysed by two related enzymes:
methylene THF dehydrogenase 2 (MTHFD2) and methylene THF dehydrotik@ase 1
(MTHFDL1L) generating the key biosynthetic intermediate formate, adNAEIP&$,

which can be shuttled to the cytoplasm or nucleus for use in the synthesis of purines and
thymidylate respectivBlylnterestingly, all of the mitochondrial folate cycle enzymes,

but not their cytosolic equivalents, are overexpressed in many cancer types and are
upregulated in hypoxia in a HIAdependent manner to sustain nucleotide

biosynthest$®#'® Furthermore, this hypoxic adaptation aims to maintain redweebala

by generating excess glycine which can then be utilised, in combination with cysteine and
folate cyclgenerated NADPH, in the production of G8H

Other amino acids

Arginine is another amino acid critical for cancer cell survival as it is a precursor to a
range of important metabolites and molecules including polyamines, creatine, nitric oxide
and other amino acidsDe nowarginine synthesis isred out through the urea cycle.
Interestingly, the rateniting enzyme in arginine synthesis, arginosuccinate synthetase 1
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(ASS1) has been shown to be downregulated in hypoxia in several cancer tygdes via HIF
A-mediated miRNA repression to increasaspartate pool for nucleotide biosynthesis

as well as maintain intracellulat’pH

Several enzymes involved in the key stages of proline biosynthesis are also upregulated
under hypoxic conditions including aldehyde dehydrogenase 18 family member Al
(ALDH18A1), which is under HHES regulation and leads to an accumulation of
hydroxyproline due to inactivation of proline dehydrogenase 2 (PR&DH2)

Mitochondrial pyrroliné-carboxylate reductase 1 (PYCR1) is also upregulated in

hypoxia leading facreased proline synthesis and NADH oxidation for refuelling
glycolysig®

1.5.6 Role of elF4A2 in metabolic adaptation to hypoxia

As discussed in section 1.4.5, previous work carried out by the Mcinytre lab identified
that a large number of MRNAs encoding metabolic genes are bound by elF4A2 under
hypoxicconditions in colorectal cancer cells. Many hypakiaed glycolytic enzymes
were enriched for elF4ARnding in hypoxia suggesting that the increased hypoxic
translation of these proteins may be playnotg in their upregulatidh Interestingly,

the two most significantly enriched KEGG pathways for etbidlihg in hypoxia

were amino acid bioskesis and endocytosis.

Several weknown hypoxiassociated enzymes involved in amino acid metabolism were
identified including PHGDH, GPT2, ALDH18A1, BCAT1 and ASS1. However, the
most enriched gene for elF4A2 binding in hypoxia encoded the epgtatieoninéY

lyase (CTH) and siRNA knockdown of elF4A2 led to a reduction in CTH protein
expression confirming the translational regulation of CTH in both normoxia and

hypoxi&®>

CTH is apyridoxals -phosphatelependent enzyme which functions as part of the
transsulfuration pathway that synthesises cysteine from methionine and plays a central
rolein sulfur metabolism within cdlligure 1.12)it also plays a role in the production

of the gaseous signalling molebytirogen sulfigél.S. CTH overexpression as well as
increased cysteine angBhbroduction have been implicated in tumour progréssion

growing number of canc&fs
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Figure 1.12The transsulfuration pathway Dietary methionine is converted into homocyste
through the sequential actions-@fd@nosylmethionine (SAM) aradgnosylhomocysteine
(SAH).Homocysteine is condensed with serine in a reaction catalysed by cystasyiathiase
(CBS) to generate tathionine. Cystathionine is metaboliseddgsteine b€ TH, producing
ammonia anérketobutyrate as fproducts. kcysteine is utilised in protein translation but ca

also be metabolised into glutathione through the actiofggudémyl cysteine syntdse TY
GCS) and glutathione synthetase (GS) which catalyse the addition of glutamate and-gly
cysteine respectively.

CTH hasbeen shown to be upregulated in hypoxic hepatoma cells and contribute to
hypoxiainduced radioresistance through increds®&droductiori”> CTH

overexpression CRC has been shown to be regulated by increased PI3K/Akt
signallingf® Furthermore, elevated Waignalling has been shown to induce the
expression of CTH in colorectal cancer leading to increased cell proliferation, migration
and tumour xenograft growithvivd’. Interestingly, induction of the UPR in response

to ER stress leads to the 2¥mediated activation of ATRhich regulates the

expression of CTH and therefore promotes cysteine and GSH synthesis to maintain
cellular homeosta&fsHowever, the role of CTH in regulating cancer roslity and

survival in response to hypoxia, specifically in CRC, has not been investigated.



1.6 Analysing spatial metabolic heterogeneity

Hypoxiaassociated metabolic adaptations have important consequences for cancer
progression anttherapeutic interventitf Recently, the ability to characterise tumours

from 33 different cancer types based on the expression patterns of metabolic signatures
was demonstrated and correlated with clinical odt€droethermore, singtell

transcriptome profiling of TAMs showed that they exhibit markedly heterogeneous
metabolic responses which correlate with fui€tidAMs with elevated purine

metabolism display a promourigenic phenotype which leads to reduced therapeutic
efficac§?’. Therefore, the ability to detect, measure and analyse metabolites with
subcellular spatial resolution is becoming increasingly important for understanding
metabolic heterogeneity at the singlelevéf? This is particularly important for cancer
therapy as most tumours consist of a highly heterogeneous mix of cell populations with
distinct metabolic and phenotypic charactetisti2$-urthermore, oxygen
concentratiordependent metabolic changes compound ti@sogeneity as different

tumour cell populations are exposed to a range of oxygen concentrations. Therefore, to
measure and analyse the metabolic adaptation to hypoxia in tumours most accurately and
representatively, spatial metabolomics techniquesheigidar resolution are

required® Additionally, the use of vitr&-dimensional cell culture models to study

cancer metabolism has become increasingly important due to their ability to better
represent thim viveumour microenvironment and the complex neksvof cell

interactions and nutrient gradients seen within poorly vascularised tumours, critical for

studying metabolic heterogeri&ity

1.6.1 Mass spectrometrgased metabolomics

Mass spectrometry (MS) techniques have played an important role in the bulk detection
and quantification of metabolites extracted from homogenised tissue or cell lysates and
have contributed to the understandihgamcer progression and the development of
improved cancer therapeutitd raditional M®ased bulk metabolomics approaches

for use in cancer studies consist of either gas chromatography-MS)(@Cmore
commonly, liquid chromatography MS-U8) method®**’ However, one major

problem with both GBS and L&EMS methods is that the sample preparation involves
the extraction and quenching of intracellular metabolites as well as the homogenisation

of tissue or cell samgfé@sTherefore, these techniques cannot provide any information



on the spatial distribution or localisation of metabaolithin samplé¥ The
development of imaging MS (MSI) techniques combines the high sensitivitge¢dS

detection methods with spatial resolution to analyse metabolites at thellsienggf

1.6.2 Imagingmass spectrometrnybased metabolomics

Singlecell MSI is a powerful technique for analysing the distribution of metabolites with
subcellular resolutitih However, moving from bulk metabolomics to the siedle

level provides several challett§éor example, the highly dynamic nature of the
metabolomén response to the local environment, such as the hypoxic
microenvironment in tumours, requires accurate quenching of cellular metabolism in the
required physiological state prior to meastiriRgrthermore, the human metabolome

is estimated to consist of >200,000 molecules and this large chemical diversity makes the
accurate detection of individual metabolites chall&atfinghe inability to amplify or

tag metabolites compounds this problem, particularly fablowdance metabolit&s
Therefore, singleell MSI metabolomics requires the use offiegemethodsvith

enhanced chemical specificity and range of detection.

MSI techniques are characterised based on the ionisation source used to ablate molecules
from the sample surface and the mass analyser used to detect and analyse the desorbed
molecule$® The most commonly used MSI techniques include desetptibnspray

ionisation (DESI), matrassisted laser desorption ionisation (MALDI) and secondary

ion mass spectrometry (SIMSPDespite being the most commonly used MSI method

for studying metabolomics, MALIMS has a limited spatial resolution-206 pum

compared to the swuhicron (56100 nm) resolwth of SIMS* 8 FurthermoreMSI

techniques that utilise artificial matrices for sample capture, including MALDI, can cause
unwanted Omatrix effectsd which can | ead
disruption of their spatial distributitnTheefore, in the case of spatial metabolomics,

SIMS is the preferred technique for carrying out-sieigid St

SIMS is a labélee, maix-free technique that utilises a primary ion beam to desorb
molecules from the sample surfdcd@esorbed molecules are ionised, generating
secondary ions that can be detected by a mass ‘@hdliigesuperior spatial resolution
and surface sensitivity make SIMS the optim@kecfor singleell metabolomics

imagin@> However, there are several physical and biological limitatonestad with
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SIMS MSI that pose significant challenges for accurately detecting and characterising
metabolites at singtell resolution. Sample preparation has a significant impact on
imaging quality as fluctuations in sample temperature can leadutemodgation and
reduced ionisation efficiency during analysis, resulting in loss of spatial iffdrmation
Preparing and maintaining samples under cryogenic cotidgrefsre greatly improve

the spatial imaging capabilities of SIMS and keep samples in their intact, physiological
staté>

The composition of the primary ion beam ¢smianpact the resolving power and

imaging capabilities of the instrurff@rilonoatomic ion beams, most commonly in the
form of liquid metal ion guns (LMIG), dae focused to < 50 nm and so provide

subcellular resolution for imaging however, they cause increased fragmentation of
desorbed molecules, making accurate molecule characterisation more ¢iéifenging
Alternatively, gas cluster ion beams (GCIB), which can be focused to < 3 um cause less
fragmentadbn and improved ionisation efficiency compared with LMIG sources and
GCIB-SIMS has been shown to improve the ability to detect metabolites such as

increasede noyarine biosynthesis in puridepleted ceff$#°,

Due to the molecular fragmentation caused by the ion beams during desorption,
advances in SIMS technology have focused on the incorporation of tandem MS
(MS/MS) capabilities for the accurate identification of biomolecules from fragmented
ions as wll as improving the spatial and mass resolving power of SIMS insfrtuments
Timeof-flight (ToF) SIMS with MS/MS imaging capability has become a powerful
technique for small molecule analysis as it combines the high spatial resolution of ToF
SIMS with the ability to detect and interpret molecular fregfthétowever, despite

the rapid imaging rate of ToF analysers, they lack the mass resolving power needed
accurately identify biomolectfe3 he development of highsolution tandem mass
analysers, such as the Orbitrap mass analyser, with a mass resahond @d@e

(accurate to <1 ppm), has enabled the detection and identification of biomolecules
including metabolit®8 These technologies have led to the development of hybrid SIMS
instruments that combine the spatial resolving power é8IME with increased mass

resolving power for spatial metabolomics analysis.



1.6.3 adimensional OrbiSIMS

The 3D OrbiSIMS is a hybrid mass analyser combining the high spatial resolving power
of a TOFSIMS analyser (TOF.SIMS 5, IO®F) with the high mass resolving power

and mass accuracy of an orbitrap mass analyser (Q Exactive HF, Thermo Fisher
Scientific)figure 1.13)°“°* The dual beam setup, consisting of a 30 keV Bi LMIG and a
5-20 keV Ar GCIB, combined with the dual analyser configuration enables 10 different
operational modes for carrying out a range of analyseb am®-D imagingtable

1.2¥*° This hybrid approach allows individual high spatial resokDionaes to be

taken at different depths using the Bi LMIG with the ToF analyser which rapidly sputters
away marial from the sample surface. The depth between images is then precisely
controlled by the gentle sputtering using the Ar GCIB and desorbed ions are analysed by
the orbitrap to generate higdsolution mass spectrebetween LMIG image

acquisitiorf§®. This approach was used to map the distribution of drugs within single
cells and reconstruct @©3mage from the individual2 ToF image$®. Furthermore,

the metabolic profiles of single macrophage cells in response to different drug
concentrations were analysed and specific metabolic responses were correlaged with dr
dosag®® More recently, thel3 OrbiSIMS was used to assess the metabolome of
differentiated macrophage cellsittand was able to characterise therdIM2

phenotypes of mature macrophages based on their individual metaboli€Zprofiles

lon packet %\’
\\@
- C-trap
\ q
Orbitrap Voltage ramp
analyzer S |
Detected
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ToF analyzer

HCDcell C-trap Quadrupole

mass filter Transfer

Sl switch
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Figure 1.B 3-dimensional OrbiSIMS schematic Adapted by permission from Springer
Nat ure: Spr i ng€&he3D OdeStMB labelfrdbeniethbolid immagingwith
subcellular lateral resolution and high-nessdving power , P aesat2@li7.e | | i
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However, one complication is that the high vacuum conditions required for OrbiSIMS
analysis require specific sample preparation techniquesgimmenly involving

chemical fixation or plunge freezing followed by di¥iigese methods can cause
unwanted molecule migration and morphological alterations that disrupt the native
spatial distribution of small molecules such as metdtiohieslysing biological

samples under cryogenic conditions in a native dngdested state can prevent this
redistibution and generate more accurate mass $fieatraiding water crystal

formation during cryogenic sample preparation is also critical for the prevention of
molecule migration and rupturing of cell membré&h&bunge freezing is the most
common cryogenic sample preparation technique fof*SiSvever, this technique is
only fast enough to form namystalline, or vitreous, ice in thin samples < 20 um and is
not suitable for thicker samples such as tissue or multicdllutamdels due to the

formationof crystalline i¢#.

Mode Primary ion Mass analyser Application
1 . _ ToF
Bi or Ar (single bed i Surface spectra
2 Orbitrap
3 Bi or Ar (single beam ToF
4 Orbitra Depth profilin
Bi and Ar (dual bean p PP 9
5 ToF + orbitrap
6 . . ToF —
Bi or Ar (single beam i 2-D imaging
7 Orbitrap
8 Bi or Ar (single beam Orbitrap
9 ) ToF 3-D imaging
Bi and Ar(dual beam :
10 ToF + orbitrap

Table 1.2 Summarpf the operational modes available with the-B OrbiSIMS. The 3D
OrbiSIMS has 10 different operational modes for different applications based on combin
primary ion beam source andss analyser used.

So far, little research assessing the applicability ) tOeb8SIMS technique for the
metabolic profiling and characterisation of tumour samples has been carried out. One
study has recently utilised a tandem Orbi8gui8 exraction surface analysis MS/MS
(LESAMS/MS) workflow to carry out metabolic profiling of paediatric brain tumour



sample®® This work demonstrated the ability of SIMS to predict tumour relapse based
on the levels of key metabolites identifighin the tumour sampf&s Interestingly,

this work was only carried out using chemically fixed tissue at room temperature. There
is currently no research investigating the use of OrbiSIMS for analysing the spatial
regulation of metabolic gdation to hypoxia in cancer cells and tumour tissue and
whether this could be used to direct personalised therapeutic intervention at the

individual patient level.

1.6.4 Adimensional models for studying cancer metabolism

Traditionally, 2limensionalh vitreell cultures have been the dominantimeal
methodology for probing cancer cell behaviour and understanding cellular mechanisms
due to their ease of handling, reproducibility andffestivened¥. However, when
considering the complexity of the tumour microenvironment, limitations to-Dsing 2
models become highly eviddrite lack of celtell interactionand celECM contacts

in 2D models that are found within timevivonicroenvironment leads to significant
changes in the signalling pathways controlling key cellular programmes including gene
expression, proliferation and metabdfsifi Furthermore, changes in cell morphology,
receptor expression, oncogene expression and cell polarity notl@extiincRlture

have led to gstioning the applicability e2cell culture for replicating cancer

behaviouin viv3* This has led to the rapid developmentdifitensional cetulture

models, including 3D spheroids, in attempts to better model the tumour

microenvironment of various cancer types such &'CRC

Several characteristics of lberoids are crucial for their ability to represent solid
tumoursin vitrdfigure 1.14). Spheroids can be cultured exclusively as cancer eells or co
cultured with other cell types including stromal cells and immure édllse

introduction of multiple cell types better mimics thel@eleterogeneity seen within

solid tumours and promotes -@dll communication and activation of intercellular
signalling pathways within the microenvirontfiéttSimilarly, cells within 3D

spheroids have been shown to deposit E@Nponents including laminin and
proteoglycans to form a tumdike extracellular matrix which increases cell density and
interstitial fluid more closely matching that seen in solid tumours as well as activating
ECM-regulated signalling pathvi&y&
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Figure 1.4 Schematic representation of 3D spheroid characteristics for more accurate
modelling of the solid tumour microenvironmentAdapted by permission from Elsevier,
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In addition, the 8limensional structure of spheroids also parallels the internal structure
seen in solid tumours consisting of an outer proliferative layer of cells, a senescent
middle layer and a necratare, generated by the oxygen and nutrient gradients which
form as the spheroids gréwimportantly, the oxygen gradient generates aitiypo
microenvironment near the spheroid core which activates the hypoxic response and the
metabolic switch to anaerobic glycolysis resulting in metabolic reprogramming and
acidification, both of which are common features of solid tuificCine layered

structure of 3D spheroids makes them an ideal model for studying cancer pathways with
spatial resolution, particularly in relation to hypoxia and the-oeypgeent metabolic
response.

Importantly, tle gene expression profiles of 3D spheroids more closely match those
observed in solid tumours compared with 2D cell culture as has been demonstrated for a
variety of cancers including liver and €RE€ Furthermore, cancer cell metabolism

changes rapidly in response to nutriestability, oxygen concentration and



microenvironment interactions. Recent studies have shown that the metabolic
fingerprints ofn vitr&D spheroids are highly comparable to tumour tissue as opposed
to conventional 2D cell culture. For example, CRnesllcultured in 2D and 3D
spheroids showed drastic differences in glucose met&badtigmarticular, anaerobic

ATP production was increased in 3D spheroids coupled with elevated MCT transporter
expression, indicative of the Warburg effect, a feature not observed in 2&.culture
Similarly, renal cell lines grown in 2D and 3D spheroid cultures displayed markedly
different metabolic patteffisWhilst 2D cells displayed elevated levels of glycolytic
intermediates, lipids and amino acids, these metabolites were significantly reduced in
spheroids and this was more representative of the metabolic fingeigoiated

kidney tissu®. These studies highlight the importance of developing 3D culture models
for probing the metabolic reprogramming seen within solid tumours and for the
development of metaboligargeted therapeutics.

1.7 Project aims

This study aims to investigate the role of elF4A2 in the regulation of hypoxic protein
translation in colorectal cancer cells and the regulation of amino acid biosynthesis protein
translation, such as CTH. Thigdstalso aims to assess the functional role of elF4A2

and target genes, such as CTH, in regulating cancer cell growth anih sitnavith

the development of CRISRRas9 gene editing methods. Further to this, the spatial
regulation of metabolic adaptation to hypoxia in colorectal cancer will be investigated by
3-D OrbiSIMS usingn vitr@d-D models andh viveamples and correlated viRiINA

sequencing data. Specifically, this work will focus on the following aims:

Chapter 3:
1. Identify the role of elF4A2 and its binding partners in hypoxiepapdent protein

translation

2. Determine the functional role of elF4A2 in the reguldatiGRG cell growth and

survivaln vitro

3. Determine the functional role of elF4A2 target genes, such as CTH, in the regulation
of CRC cell growth and surviiralitro

8(



Following theesultobtained in Chapter 3 it was decided to fbeusrbiSIMS analysis
on HIF-16 and HIR206 as welltestablishetegulators of metabolismhypoxia in order
to aid the development of a noaetl complexass spectrometry imaging technique
This allowed foanalysis of H¥elependent metabolic regulation across the oxygen

gradient which has never been investigated previously.

Chapter 4:
4. Develop a-B OrbiSIMS workflow for the analysis of the spatial regulation of

metabolic adaptation mypoxic CRC

5. Determine the roles of HIFA and HIF2Ain the spatial regulation of metabolic

adaptation to hypoxia in CRC usifig QrbiSIMS and RNAequencing
Chapter5:

6. Utilise the workflow to investigate and spatially resolve mepabidiks of more

complex in vivoengrafiPDX samples
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2. Materials and Methods

2.1 Cell culture and reagents

2.1.1 Culture of adherent cells

All cell culture was performed in a Class Il microbiological safety cabinet (BioMAT2,
Contained Air Solutions, YkColorectal cancer cell lines LS174TF83), HCT116
(CCL-2470),HT-29 (HTB3& ), DLD-1 (CCL-221 ) and HCF15 (CCL22% ) and

SW620 (CCE227E ) were obtained from the American Type Culture Collection and
cultured in completeend i um consi sting of Dul becco0s
(DMEM- high glucose, Sigma Aldrich, MO, USA) supplemented with 10% [v/v] foetal
bovine serum (FBS, Sigma Aldrich, MO, USA) unless stated otherwise. Cells were

maintained at 3T in a humidified inculmatat 5% CQ

Cell lines wersubculturedoutinely when they reached 70% confluency in F75cm

flasks (Cornify Thermo Fisher Scientific, MA, USA). Culture media was aspirated, and
cells were washed once with sterile phosphtigzed saline (PBS, Sightdrich, MO,

USA). Cells were detached from the base of the culture flask and each other using 1x
TrypsinEthylenediaminetetraacetic acid (EDTA) solution (Sigma Aldrich, MO, USA)

for 3-5 min at 37C in a 5% Ce@humidified incubator. Dissociation of citisn the

base of the flask was determined by microscopy. An appropriate volume (2x volume of
trypsin) of fresh complete medium was used to neutralise trypsin activity. Cells were then
passaged at an appropriate ratio (typicalit1:A0into clean T75éffasks containing

15 mL of complete medium and maintained &.37

All cell lines were routinely tested for mycoplasing the PlasmoT&stmycoplasma

detection kit (InvivoGen, CA, USABYiefly, 500 pL of cell culture medium was heated

t o 1 0 05 afd®0 pL tvas then added to a well ofxeeB@late. 200 pL of

HEK -blueE -2 cell suspension prepared in HEKeE detection medium was added to

each well of the 96 e | | plate. The plate was ;incubat
incubator. The preace of mycoplasma was confirmed by a colour change from pink to

purple/blue measured by a spectrophotometer €8520m.

n



2.1.2 Hypoxic cell culture

Hypoxia was induced by incubating cells & @idder hypoxic conditions (13-
[<7.6 mmHg])n a 5% ©,, nitrogerbalanceddypoxia Workstation InvivO2 400/500
(Baker Ruskinn, UK).

Physoxia was induced by incubating cells@t8ider physoxic conditions (8.p%
[64.6 mmH(g]) in a 5% GnitrogerbalancedHypoxia Workstation Inviy@00(Baker
Ruskinn, UR®4,

2.1.3 Cell counting

Cell lines were detached from the flasks and pelleted by centrifugatiorgfirZ®0 x

min in 15 mL falcon tubes. Cells were resuspended in complete medium and counted

using a TCX0 automated cell counter (BRad, CA, USA) using dicdlamber

TC10/TC200 cell counting slides (Bad, CA, USA) according |

instructions. Briefly, Xl of cell suspension was transferred to a counting chamber and
inserted into the macleinAfter counting, the cell suspension was diluted to the required

concentration for further experiments.

2.1.4 Cryopreservation of cell lines

Cell lines were cultured to 70% confluency in Tfasks then detached from the
bottom of the flask (see A)land pelleted by centrifugatio@@@x gfor 5 min in 15

mL falcon tubes (Cellstar®, Greiner-8i@, Austria). Cells were counted as described
in 2.1.3 and resuspended at a concentration &fcédE@er mL in freezing media (90%
[v/v] FBS, 10% [v/v] dimethyl sulfoxide [DMSQ](Sigma Aldrich, MO, USA)) and 0.5
mL of the cell suspension was transferred into individual cryovials (Azenta Life Sciences,
MA, USA). Cryovials were placed into a freepinginer (Mr Frosy; Thermo Fisher
Scientific, MA, USA) containing the recommended level of 100% isopropanol (Sigma
Aldrich, MO, USA) and frozen overnight&fi C. Frozen cryovials were then

transferred inta cryogenic storage systBmooks Biostorie Il Cryo; Azentife
Sciences, MA, USHr longterm storage. Cell thawing was achieved by incubating
cryovials in a 3€ water bath for 30 s. Cell suspensions were then transferred
immediately into a T25éoontaining 5 mL presarmed complete medium and

maintained at 3T in a 5% C®humidified incubator.



2.1.5 Inducible shRNA elF4A2 knockdown

Preexisting IPTGnducible lentiviral ShRNA particles generated using Sigma
MISSION custom lentiviral ShRNA services were psadously to generate IPTG
inducible lentiviral ShRNA particles (credit: Hannah Bollamd)separatshRNA
sequences, termed sh69 and sh84, were used to generdateueibe elF4A2
knockdown cell lines (table 2.1). A control knockdown cell ImedtehCTL, was also
generated by transduction with 3x L-awdcible norargeting shRNA control
transduction particles (credit: Hannah Bolland, Sigma Aldrich, MO, USA): shRNA
mediated knockdown of elF4A2 was induced with sterile diogaiBTG
(FormediimE , UK) made up to a working solution of 0.1 M in ultrapu®@e For
elF4A2 knockdown, cells were incubated with cell culture media containing 1 mM IPTG

for 96 hours. Fresh IPT-€ontaining media was replaced daily.

Clone ID Sequend®) (50
TRCNO000005)] CCGGCCGGGAGAGTGTTTGATATGTTCTCGAGA
869 §h69 ACATATCCAAACACTCTCCCGTTTTG

TRCN0000369 CCGGAGTCGTGTTCTGATCACTACTCTCTCGAG
484¢hgy | AGTAGTGATCAGAACACGACTTTTTTG

Table 2.1 elF4A2 shRNA sequences used to generate elF4A2 knockdown cell line

2.1.6 Generation of siRNA knockdown cell lines

Dharmacoh siGENOME SMARTpool siRNAHorizon Discovery, UK) was

introduced into cell lines using lipofection and a reverse transfection(tabtadi?)
siRNAs wereeconstituted at 20M in RNasefree wateinside a class 1| MSC after
centrifugation for 18at 16000x g siRNAs were vortexed for 10 s and incubated on ice
for 20 min before storing €0 C. An AllStars negative control sSiRNA (100 uM stock,
Qiagen, Germany) condition was included as alkdmwansfection reagents were
prepared in two sterile 1.5 mL Eppendorf tubes per siRNA percHiconlture dish

(Corning®, Thermo Fisher Scientific, MA, USA). Tube A consisted of &IRINA
diluted in 991.28L Opti-MEMO reduced serum media (Therfisher Scientific, MA,
USA) and tube B consisted of 3fL.8ipofectamin® RNAIMAX reagent (Thermo
Fisher Scientific, MA, USA) diluted in 962 ®pti-MEM©. Oligonucleotide and

lipofectamin@ solutions were mixed and incubated at room temperature. The
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