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Abstract

GPXlsa selenoproteirwhichprotects cells from damagey removingH0,. GPXhas a
complexrole incancer developmenboth inpromoting and protecting againsancer andis

therefore of great interesin cancer research

Bioinformatic analyss of cancer databaseavere used to investigatéhe expression oGPX1
and GPX-interacting proteins across cancer types, as well as the efféd8Poflexpression

on prognosis and chemoresistance.

GPX1 production was stimulated in HaCaT, A431 and ¢&lsasing sodium selenite
(NaxSeQ) and measuredt various timepointsisingwesternblotting and flow cytometry
Na:SeQ-treated cellswere treated with chemotherapeutic agents (cisplatin, doxorubicin,
docetaxel) andH.0,, and changes tachemoresistancavere measured using CyQuant and

XTT assays.

The interaction o& new platinum agen®eroxiPlatin vivowith GPXWasinvestigated usig
flow cytometryand itsinhibition of GPXMas measured using twaiochemicahctivity

assag.

GPXMas overexpressed in the majority of cancers, amdsened prognosis for UVM, LGG,
ACC, KICH and LAML patie@BXMas commonly overexpressedth GPX4TP53 POLR2L
HSD17B1G&nd CTSDnany ofwhichwere involved in leukocyte activatiofNo significant
correlationbetweenGPXExpression andhemoresistane was identified NaaSeQ
supplementatiorsignificantly but transientlincreasel the level ofGPX1landincreased
chemoresistanceglthoughresults were inconsistent between assalgsvas also found that

PeroxiPlamayweakly penetrate cells aneixertsa low level olGPXlinhibition.

GPX1 islearly an important factor in cancer development and progressiod,apotential
target for therapy Furtherresearch is needed to clarify the role of GPX1 in chemoresistance,
although these results suppoeiisting evidence thaEPX1 promotes multidrugsistance.
Although PeroxiPladoes not appear to be a potent GPX1 inhibjits useas a fluorescent

molecule warrants further investigatianto the uptakeand usesof PeroxiPlat.
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1.1 Introduction

Glutathione peroxidase 1 (GPX1) is a whk#racterisedselenoprotein with the primary
function of removing intracellular ROS, in particula®H Although there are many GPX
family members with similar roles in antioxidant defence, and there is some functional
redundancy, their structuralifferences afford each of them important and unique
functions. As the primary detoxifier ob®&, GPX1 is essential in the defence against
biomolecular damagesuch as protein oxidation, DNA oxidation and lipid peroxidafidms
damage can accumulate aviéme, and is linked to many agelated diseases, including
cancer.However, the role of ROS, particularlydd, in cell signalling makes the relationship
between GPX1 and cancer more complex. GPX1 can pegattstor promote cancetr,
depending on theissue and the signalling pathways stimulatég. will be discusse&PX1
overexpression is a negative indicator for cancer progression, often leading to more
aggressive, more chemoresistant cancers, and lowering survival rates for cancer patients.
This m&es GPX1 a particularly promising target, and inhibitors are currently being
developed with the aim of sensitising cancer cells to treatment and improving patient

prognosis.

1.2GPX1 and the GPX Family

GPX1 was first discovered in erythrocytes, whewsais found to reduce hydrogen peroxide

(H:0O) using GSKMIills, 1957) It was later found that this function was not specific to GPX1,
and that GPX1 was just one of eight proteins in the glutathione peroxidase family (GPX), a
group of proteins with peroxidae activity(Jiao et al., 2017AImost allmembers of this

family share a conserved catalytic tetrad, containing Sec/Cys, GIn, Trp and Asn, aside from in
three exceptiongToppo et al., 2009Toppo et al., 2008 Despite this key similarity, it is the
differences in structure between the GPXs, especially within the catalytic tetraid;an

dictate the differences in function. From different reaction rates, substrates and

localisations, the GPX family spans deniange of variation within the core function of

metabolising peroxides and ultimately managing oxidative stress in an organism.

GPX1 was the first of the GPX family to be discoveredciysthlstructuresof GPXlaken

from bovine erythrocytes gave uissights into itsaarrangementEppet al,, 1983) The

monomers consist of a thioredoxin fold structure with sevestrands and fouP -helices

(figures 11 and 1.3). Four of theseé -strands (figure 11),i o X i nX i ¢ ikshe® i T 0
which runsthrou G KS OSy (i MBices abvweritHe Surfac@&dn tHe structure, we
learned that GPX exists as a homotetramer, with an active site consisting of a glutamine (GIn

84), tryptophan (Trigl62) and selenocysteine (S48) catalytic triad. Mutational studs on

14
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the Drosophila melanogasté€ePXshowed that an asparagine adjacent to the tryptophan
(Asn163 in humans, Ash36 indrosophilg was also essential for function of the active site.
This residue is highly conserved acrds&sPX and human GPXSPX17 specifically

(Tosatto et al., 2008roppo et al., 2008 osattoalso demonstrated that substitution of Asn
136 for His, Ala or Asp in these experiments reduced the rate of oxidation for GP>3L by 2
ordersof magnitude, implicating Asn as a key contributor to the catalytic activity. As the
dmGPX is not a selenoproteitmere was a large amount of debate surroundimigether
Asn163 formed part of a catalytic tetrad in human GPXL1. This is now accepted to be the
case, as mutational studies showed tl@g84A, W162A, and N163Ariants of human GPX1

had a similarly detrimenteeffect on activityCheng and Arnér, 2017)

Figure 11: Structure of the GPX1 tetrameRbbonstructure of GPXa K 2 ¢ Ahgligles n
08 St f 2-ghéetsl{gyeBn) (left) and a spaiiting model, showing the binding pocket and
cleft (right). resolution: 1.8, PDB ID: 2f8a.

1.2.1 Substrate Specificity in the GPX family

Despite sharing a similar overall structure adentical active site, GPXs gain substrate
specificity through other means. Early research showed that GPX1 can reduce a variety of
simple soluble lipid hydroperoxides (Little and O'Brien, 1@88istophersen, 1969). Other

GPXs can act on a range of dudites, and each member of the GPX family has a preference

to certain hydroperoxides over othe(Bgure 1.2) which is reflected in their kinetics (Toppo

et al., 2009). Human GPX1 processes hydrogen peroxide at an extraordinarily fast rate and is
reliant on Lysl14 for HO, binding, the rate of which is further increased by carbonylation of
this residue (Sultan et al., 2018). GPixdtabolises fatty acid hydroperoxides at a slower rate

(Takebe et al., 2002). However, it cannot act upomplex lipié, such as phospholipids
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GPX3 can metabolise these, as well as phospholipid hydroperoxides, and may use donor
substrates other than GSBPX4 is even more promiscuanitro, and its substrate range

does indeed overlap with that of GPX8.1GPX4 can ne@nly reduce hydrogen peroxide,

lipid hydroperoxides and phopholipid hydroperoxides (Maiorino et al., 1991), but can also
reducecholesterolester hyperoxides (Sattler et al., 1994), and can use substrates other than
glutathione to do so (Bjornstedt et.all994 Ursini et al., 1999). Interestingly, as subtrate
specificity decreases, so does reaction rate, which helps GPX enzymes to set up a reaction
gradient whereby hydrogen peroxide is more likely to be turned over by GPX1, and more
complex lipids by GRXfigure1.2) (Takebe et al., 2002). These differences allow GPXs to
have some redundancy, while maintaining enough specificity to ensure the functions of each

GPX family member can be both performed and regulated.

Rate of reaction

with GSH Substrate range

H,0,, simple fatty acid
hydroperoxides

High (2.3 x 10°) GPX1

+ phospholipid
hydroperoxides

GPX3

+ cholesterol ester

Low (5.7 x 10*
( ) hydroperoxides

GPX4

Figurel.2: Rate of reaction andubstrate range within the GPX familyTheinverse

relationship betweeincreasedsubstrate range of a GPX enzyme asalction ratewith GSH.

One contributing factor to the difference in specificityhig slight changes in amino acid
sequence near the GSH binding pocket. GPX1 has high specificity and affinity for GSH, which
is owed to the positive charges on the surface of the binding sitesélblearges are

contributed by four argininegpsitions 57, 103, 184, 188nd one lysine residue (position

91; Epp et al., 1983) From this structure, it was predicted that the electrostatic charge

pushes the GSHs into a conformation which facilitatesréaction in thecatalytic centre

(Flohé et al., 2003). Variation in this surface structure does appear to be somewhat
responsible for donor specifity. GPX1 and GPX2 are the most structurally similar, and have a
similar specifity for GSH. GPX2 has a giinta substitution in the Ly81 position, and

threonine at Argl85, and so while some electrostatic charge is lost, it maintains a fairly good
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surface for GSH bindir{oppo et al., 2008)0f these 5 basic residues, GPX3 only has Arg
103 and Argl85(Toppoet al., 2008), whicimay explain the lower specificty of GPX3 for
GSH, and why it is able to accgjataredoxin and thioredoxin in its place (Bjornstedt et al.,
1994).GPX4 has none of the residues which form this basic pétkepo et al., 2008)
Instead, GPX4 usdgys48 and Ly4.25 to orientate GSH, which also allows it to utiise

greater range of donor substrates (Mauri et al., 2003).

MCAARLAAAAAAAQSVYBMRPLAGGERSLGSLRGKLLIENVASLUGTVRDYTQMN 60

ELQRRLGPEEVWEGFFCNQFGHQENAIEEILNSLKYVRBBBIEEPNAVILFEKCEVNGA 120

Motif
GAHPLFAFLREAREESEDAN AN PEREINSRYERIIWNEKFLVGPDGPERRYS 180
Oligomerisation loop Motif

RRFQIDIEPDIEALL SQGPSCA

Figure 1.3: Human GPX1 sequence (GPX1_HUMA&Iglled amino acid sequence of GPX1,
a K2 g AMySE A0S & -sheetS(fréed) sPGEG tetramerisation loop (pink),

oligomerisation loop (red), WNF motif (blue).

The oligomerisation state of GPXs can also affect substrate binding. GPX1, along with
tetrameric GPXs GPX2, 3, 5 and 6, costaimligermerization loop and PGGG motif, which
allows them to form domotetramer (figurel.3). HomotetramericGPXenzymes contain a
groove where the subunits meet, which potentially shields the catalyic core fraan lip

surfaces, and so hinders the access of complex l{Egdp et al., 1983While this promotes

some hydroperoxide selectivity in GPX1, it also explains why GPX4 has such broad specificity;
it exists as a monomer. Therefore, there is easier access tadthe site, as the

selenocysteine residue is more exposed, and the surface is better suited to facilitate lipid
interactions (Aumann et al., 199%cheerer et al., 2007). However, it not just the
oligomerisation state of the enzyme that caffiect substrae specifcity, as the

oligomerisation loop itself may sterically block entry to the site for larger substrates. This
loop consists of around 20 residues, between the second and third alpha helix, near the
conserved WNF motif, and sits near the acsite (figure 1.3) (Toppo et al., 2008 A study of

a monomeric GPX3 mutant that closely resembled GPX4, apart from the continued presence

of this oligermerisation loop, showed that while it maintained activity, it also retairged it
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selectivity for substratesSong et al., 2014). Song et al explained this by theorising that the
electrostatic charge of the loop alone may be responsiblerfonomericGPX3 remaining

unable to catalyse the same range of substrates as GPX4, despite its structural similarity.

The difference in specificity for GSH establishes some functional niches for each GPX, and so
although there is some functional overlap, each GPX can perform their own distinct functions
based on the enviroment. Therefore, while low GSH enviroments prosidfor GPX1,

they allow GPX4 to perform separate and unique functiéios.example, GPX4 has been

shown to be essential in ferroptosis, lipid homeostasis and sperm maturation (Forcina and
Dixon, 2019). In the late stages of sperm maturation, GSH laxelsw, and so the less

selective, more flexible GPX4 enzyme is primarily used in the testes, where it also plays a
structural role(Ursini et al., 1999). Conversely, in most tissues, GSH is in good supply, and as
GPX1 is more selective for GSH and nedfieient than other GPXs, it can rapidly tuwver
hydrogen peroxide as a major protector of tissues from oxidative sthessammals, GPX1

and GPX4 are ubiquitous (although GPX4 is expressed highly in the, te®¥%) is found

primarily found in the gstrointestinal region, and GPX3 in plasma (but is secreted from the
lung and kidney) (Lubos, Loscalzo and Handy, 2011). The differential expression of GPXs
compounds the formation diunctionalniches, and may have some effect on the substrates

used, and e function performed.

The subcellular location can act in a similar way, as GPXs are not evenly distributed within
the cell. GPX1 is found in the cytoplasm, mitochondria and peroxisomes. Given its preference
for hydrogen peroxide, the mitochondrial anénoxisomal environmerstareideal for GPX1,

as they generate a large amount of hydrogen peroxide. In contrast, GPX4 is localised to the
lipid bilayer in the cellular membrane (Cozza et al., 2017). This allows it to process lipid
hydroperoxides, especialtifose within the membrane that may have become damaged

during times of oxidative stress. Despite existing in many of the same cells, GPX1 and GPX4
can work in parallel to protect the cell from different types of oxidative damage, and in

different areas, s@s not to compete for substrates and maintain a higher overall efficiency.

It should be noted, however, that while this is true for GPX1 and GPX4, some GPXs, like GPX1
and GPX2, do in fact share a greater amount of functional redundancy. For this reason,
lowering expression of GPX1 in models is often-letimal, asGPXZan be overexpressed to
compensate for lost GPX1 function. Transgenic mice that were knockouts for GPX1 or GPX2
were able to survive but GPX1 knockouts had increased sensitivity to dangaged by

paraquat (Cheng et al., 1998). In a later experiment using gamma radiation as the stress
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inducer, the ability to cope without GPX1 was found to be a direct result of incréziBx@
expression (Esworthy et al., 2000). In areas such as the hagag GPX1 and GPX2 working
together can aid in scaling up the response to oxidative stress. \BRi¢ls constitutively
expressed at high levels, during times of increased oxidative sG&ss&xpression can be
switched on, allowing for a tightly retpied response that remains specific for the target

substrate- hydrogen peroxide (Singh et al., 2006).

1.2.2GPX1 Mechanism

Although there are differences in substrate specificity and in the composition of the active
site, all members of the GPX familseua common mechanism for catalysis (Tosatto et al.,
2008 Toppo et al., 2009For GPX1 and other selenocysteomntaining GPXs, the
selenocysteine residue is the centre of this mechanism (figureThd.is a pingong
mechanismdetoxifyinghydrogenperoxideviaselenocysteine, using two reduced

glutathiones as substrateé similatmmechanism is utilised by members of the GPX family

with a cysteine in the active site, however other amino acids within the active site, such as a
second resolving cysteinare used to enhance the reaction rate (Tosatto et al., 200Bpo

et al., 2009). As will be discussed, small differences in the active site of members of the GPX

family can allow some members to catalyse reactions significantly quicker than others.

H,0
H,0, GPX SeOH GSH
(1)
(2)
GPX SeH Hzo
GSSG (3) S
GPX—_ "G

GSH

Figurel.4: The reaction of SeGPXs with hydrogen peroxide {&). (1) The active site
selenocysteine becomes oxidised via reaction with a peroxide, changing from the selenol
(GPXSdH) form to the selenic (GF5€OH) formand producing an ROH compoufi2) Selenic
GPX1 is then reduced by GSH in a dehydration reaction, forming a selenenyl sulphide
intermediate (GP%eSG) and releasing wat€3) Finally, this intermediate is reduced by a
second GSH substrate to release giised GSSG product and regenerate the original form

of the enzyme
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1.2.3 GPX as &lenoprotein

Although they are phylogenetically and functionally related, there is a key structural
difference between many GPX enzymes. In humans, @RXtl 6 are seleproteins, and

contain a selenocysteine (Sec) residue in the catalytic centre, while GPX5, GPX7 and GPX8
use a cysteine in place of this selenocysteine (Brig€linisé and Maiorino, 2013). While the
cysteine substitution corresponds with a lower reactiate, the cysteine motifs were later
revealed to be present in the majority of GPX enzymes across all lifeforms (Bifdeliés

and Maiorino, 2013). It is now believed that all GPX enzymes evolved frorcantgiming
ancestor (Toppo, 2008), and whileéglexplains the prevalence of cysteine, it does not

explain why selenocysteine is not selected for despite its obvious advantage in reaction rate.
To understand why GPX1 is one of a minority of enzymes across all kingdoms containing
selenocysteine, we mugtixamine the properties of selenocysteine which make it so vital for

GPX1, and the limitations this amino acid may confer to the enzyme.

1.2.3.1 StructurabDifferences in Sec and Cys
Selenium is incorporated into GPX via selenocysteine, a rare amino acid structurally similar

to cysteine, but with selenium replacisglphur (figurel.5) (Ren et al., 2018). This small
difference has a remarkable effect on the amino acid, and indeedlgswithin GPX

enzymes. An obvious difference is that the atomic radius is slightly greater in selenium than
in sulphur. This affords a longer bond radius in the selenolatél(§®up), and increases the
polarity of this bond, thereby decreasing its disistion energy (Reich and Hondal, 2016).
Selemlates are also more nucleophilemd so are readily oxidisdry H.O,and other
peroxides(figure 1.4). This added nucleophilicitgcreaseghe rate of therate-limiting step

of the reaction with hydrogen peroxides in &hzymes containing selenocysteine in their

active site, as opposed to cysteine.
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SH SeH
OH OH
H,N H,N
0 0

Cysteine Selenocysteine

Figurel.5: Comparisorof cysteine (left) and selenocysteine (righjructures. Red text
indicates the difference in structure between the two amino acids, which results in changes to

pKa, atomic radius size and redox potentig).(E

Characteristic Cysteine (Cys) Selenocysteine (Sec)
pKa 8.3 5.2

Atomic radius(pm) 105 120

B (mV) -220 -338

Table 1.1: Comparison of the biochemical properties of tiysteine and selenocysteine

The difference in biochemical characteristics between these amino acids becomes greater
when we consider their state in a physiological context. The pKa of cysteipprisximately

8.3 units, however this drops to 5.2 units with the selenolate group (Reich and Hondal, 2016)
(Table 1.]. This difference in acidity is owed to the larger atomic size of selenium, which
results in increased polarizability and generally varddonds.Consequentlyselenocysteine

isa better proton donor, and so becomes almost fully ionized at physiological pH. This
greatly improves its ability to attack hydroperoxide in the initial stage of the reaction, as it
more likely to be in a more nwbphilic state tharcysteine Table 1.). Although this is

generally true, the microenvironment in the active site edsoimpact the pKa of cysteine.
Adjacent amino acid side chains, especially those that are polar, can balance the negative
charge on suhur, weakening its interaction with hydrogen and increasingdidity (Roos,
Foloppe and Messens, 2013his may explain why other organisms can still maintain redox
homeostasis with cysteine, despite the redox advantage of using selenium for this reaction.
The importance of selenium in GPX1 and in the systems responsible for oxidative stress

managemenistherefore still to be determined.

1.2.3.2 Sec incorporation via SBP2
Many modified amino acids result from petsanslational modification, and they too can

affect the activity of enzymes. For example, the phosphorylation of a tyrosine can be used to
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activate entire pathways and can regulate both DNA damage responsesdCiqk2009)

and innate immune responses (Okabe, Sano and Nagata, 2009) among other key

physiological pathways. However, selenocysteine is not atpasslationally modified

amino acid. Uniquely, Sec is incorporated at the translational stage, andaaligdGA

codon, normally a stop codon. The change in recognition from stop to Sec is mediated by a
sectionoftheo Q! ¢w 2F Ywb! GKFG aAG&8 FNRdzyR nn o0l &S3
defined as theselenocysteine insertion sequence (SE@Eyent(figure 1.6) (Zinoni, Heider

and Bock, 199Howard and Copeland, 2019).

The SECIS element structure was found to be key in selenoprotein synthesis through

transfection experiments using Q@ R S A(@2 &g GRX®Berry et al., 1991). Berry found

0K G (RSECI®ekmdnt was only required for syntheSscafontainingp Q %irid not

for the Gysmutant. The SECIS elementpif2 & GPXIMRNAhave little sequence

homology but both were likely to form stetoop structures of varying size but similar

structures (as both contained an AAA sequence in the loop and an unpaired UGAU in the

stem). When theGPXINnRNAO Q! ¢w & S1jdzSy 0SS K53 o ¢z@Bérp &dzi SR T
al found that it could direct the inclusion of a Sec residue, despite them having a different

0Q! ¢w LINAYIFNE &S1jdSy0Sed ¢KSasS SELISNmMwSYyidia RS
secondary structure specifically that was ical for Sec incorporation.

The SECIS element is central to Sec incorporation as, once théosigistructure is formed,

it recruits the proteins required for SéRNA binding (Howard and Copeland, 2019). The first

of these proteins to be discovered was@S binding protein (SBP2), which was found to
interactwiththe! ! D! Y2GAF Ay (GKS pQ adSy 2% GKS {9/ L]
contains a regulatory domain in the N terminus (NTD), a Sec incorporation domain (SID), and

an RNA binding domaifRBD) at the @rminus. The SID and RBD are known to be essential

for Sec incorporation and recoding the stop codon. The function of the NTD, however, is not

well understood.
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Figurel.6: Incorporation ofselenocysteine using a SECIS eleméruring translation of

the selenoprotein mMRNA, astdm2 2 LJ a4 G NUzOG dzZNB A& F2N¥SR G (GKS
This structure is recognised by the RBD domain of SBP2, which forms an unstable structure

with the SECIS. Ill. The SID domain of SBP2 stabilises the structure by interacting with the RBD

via an ILKE motif. eEFSmuind Se¢RNA*binds to the NES of SBP2 before its contact with

the ribosome, which signals the beginning of its own delivery to theorb®sia SBP2. IV.

The RFQDR matif in the RBD of SBP2 hinds to the ribosome, delivering with it eEFSec bound to
GTP and Se&NA*S and allowing it to enter the A site. V. GTP hydrolysis by eEFSec causes

the release of the SEBRNASC VI. Se¢RNA*“moves into the P site, adding the Sec to the

chain. Both the previous tRNA and the Sec insertion machinery have been released.

The NTD is only present in higher eukaryptee N-terminus appears to be dispensable for
Sec incorporatioin vitro (Takeuchi etl., 2009). Mutations in the &&rminal domain of

SBP2 can cause pathology in humans, as selenoenzyme synthesis is reduced, leading to
increased photosensitivityas an increase in ROS following UV exposure canreftdagively
managed by the GPXScho@makers et al., 2010). Other biochemical impacts of these

mutations included increased insulin sensitivity and a higher ROS level, which are also seen
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in mice lacking GPX1, suggesting that GPX1 deficiency as a result of defective &BP2 has
significantimpact on overall health. While this would also suggest a novel function for the
SBP2 NTD, it was found that rather than altering the NTD function, patients with SBP2 NTD
mutations hadfully dysfunctional SBP2 due to a frameshift (introducing an early stalon)

or the creation of an alternative start site (Schoenmakers et al., 2DilGosmo et al., 2009).
Despite mutations in the NTD, the truncated protein retains some functionality, as the SID

and RBD remained somewhat intact.

The RBD is important ftsinding with the SECIS RNA stlmmp structure and the ribosome

to begin the Sec incorporatigffigure 1.6). This domain was first characterised in rat SBP2,
and owes its function to an L7Ae motif, which allows both SECIS and ribosome binding
(Bubenik andriscoll, 2007Caban, Kinzy and Copeland, 2007jAe motifs are known to

bind RNA kinkurns, commonly found in ribosomes, but also seen in the SE8bi%t al.,

2016) While both the ribosome and the SECIS rely on this motif for binding, it was found
that a G66&®Rmutation in ratSBPZbolished SECIS binding, but not ribosome binding
(Copeland, Stepanik and Driscoll, 200@is indicates that within the RBD, there are regions
mediating selectivity for RNA binding. Further mutational experiments shaw&d- G - G KS b
helix and loop region of the L7Ae motif formed an interaction surface essential for ribosome
binding and Sec incorportation, but not SECIS binding, further substantiating the argument
for multifunctionality within the RBD (Caban, Kinzy and Goyk 2007).

Not only is the RBD able to bind to the SECIS and ribosomal kink turns differently, its
interaction with the SECIS modulates ribosome binding. RBD binding to the SECIS causes a
conformational change in the RBD structure, which allows for the recruitmahed$ID,

forming a stable RBBECISIDcomplex, using the IILKE motif of SID (Donovan and

Copeland, 201Qfigure 1.6). TheRBD then binds to the 28S rRNA via a RFQDR motif, which is
essential for the recruitment of the ribosome and subsequent Sec incorpor@iaban,

Kinzy and Copeland, 2007his interaction causes a conformational change in Helix 89 of

the ribosome, promadng Sec incorporation (Caban and Copeland, 2012)tFe¢&delivery

to the ribosome is mediated by eEFSec, a specialised elongation factor ftN6&8e and is
recruited to the site by the SID (Fagegaltier, 20B0nzalez-lores et al., 2012)t isthought

that the ribosomal conformational change promotes Sec incorporatioallbying eEFSec

bound SeectRNA*to move into theA-Site and/or by stimulating the ribosorrdependent

GTPase activity of eEF$€aban and Copeland, 2012)recent review hagroposed a

mechanism for this, in which the GTPase activity of eEFSec causesanooital structural
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change in the eEFSec domains, which releasetRp&&*Cinto the peptidytransferase

centreofthe ribosomed { A Y2y 2@A0 YR t dzLIJ f X Hamy?O

1.2.3.3 TheSelenium Hierarchy
GPX1s one of many genes encoding selenoproteins that tisiesSBP2lependent system

for Sec incorporation. However, when limited, selenium is preferentially retained in some
proteins over othergBerry, 2005TouatHamici et al 2018) This was first observed in rats,
where selenium depletion lowered GPX1 activity far more than that of GPX4 in the heart,
liver, kidney and lun@_eiet al,, 1995). Another study indicated that tiselenoprotein
iodothyronine deiodinase (IDI) activitidecreasedalong with GPX4 during selenium
deficiency, compared with GPX1 in both the thyroid and the (Bermancet al., 1996).
Bermano found that GPX1 mRNA levels correlated with activity change during selenium
repletion in the liver, whereas GPX4 had steady levels of mMRNA and activity through
depletion and repletion. This indicated that mMRNA stability was able to dictate the
production of enzymes in seleniuhmited environments and therefore the position irhe

selenium hierarchy.

It was later found that the ranking of a selenoprotein in the hierarchy was indeed based

dzLR2y G KS AyaidloAraftAade 2F G4KS Ywb! T o6dzi LI NIGAO
SEOKIFY3IAYy3 (GKS o0Q!¢tw 2F Dt -eGPXRland&PX@ kodld SR G K| |
SEOKIY3S 0Q! ¢wad §A (K2 diited cdrdifiofisMiileri Wiriglerfandi @ Ay
BrigeliusFlohé, 2003p | 2  SOSNE (GKS Dt -Hv |YyR Dt-n o0Q! ¢wa
of GPX1 mRNA. These experiments also revealedib@PXb Q! ¢ w>x K2gSOSNE O2c
RSONBIFasS GKS adloAftAde 2F Dt-H FYR Dt-n Ywb!
important for GPX1 production and selenium incorporation, but also that there is a hierarchy

of stability, and therefore of selenium diditition across selenoproteins. Structural studies

of SECIS kirtkrn loop structures across selenoproteins proved that specific bases in the
FElLylAy3a aSldsSSyo0Sa Oy RSGSNN¥AYS 6KSUKSNI GKS
translatability(Latrécheet al., 2009) This supports the argument that each SECIS contains

information that can determine the ranking of a selenoprotein in the hierarchy.

In 2007, further evidence of the hierarchy being controlled at the {i@siscriptional level

emerged, this timenvolving SBP2. Experiments using the SBfe2n@inus showed that this

alone could differentiate between different SECIS elements, as it had a higher affinity for the

GPX4 than for the GPX1 SERMtro (Bubenik and Driscoll, 20D Additionally a

A8t SY2LINRPGSAY Q& LI F OAy 3 A yhe ébitg of K SEQB DO Ke Ot v

recruit other RNAbinding proteins for selenocysteine incorporation. For example, elF4a3 can
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bind to the SECIS to inhil¥BP2 binding, and subsequently, selenocgst&icorporation.

Not only are elF4algvels regulated by selenium level, but as an added layer of control,
elF4a3dinds with different affinity to different SECIS elemefBsdiman et al., 2009). By
siRNAknockdown the group demonstrated that high elF4&¥els were necessary for
loweringGPXlexpression in seleniusdeficient cells, andising trarsfection experiments,
foundthat overexpression of elF4a3 could produce a similarly suppressive eff&®xmh
expression even in seleniurich conditions. Nuclgin has been shown to regula@P X1
expression at the translational level, however in this case, it binds preferentially to the GPX4
SECIS as opposed to the GPX1 SECIS, positively regulating traihdiatawd et al., 2010.

While nucleolin levels aradependent of selenium availability, they fluctuate with cell

stress, and this allows for modulation of GPX activity in response to environmental cues. The
combined actions of these modulators establish GPX4 as higher in the hierarchy than GPX1
and createa complex system of seleniuragulated and seleniuandependent regulation of

GPX expression.

Nonsensemediated decay (NMD) is also an important contributor to hierarchical ranking, as
it promotes the degradation of some mRNA transcripts above otf&@gdali and Berry,

2014) NMD was predicted to be effective on around half of the selenoprotein
transcriptome, with the other half being resistant, and those able to be targeted by NMD
were also responsive to changes in selenium level. NMD operates in conjunction with the
modulatbors previously discussed to regulate translation of-tawvking selenoprotein mRNA

in times of seleniurdeficiency. However, as this study did not address the effect of this on
protein level, the effectiveness and latency of this regulatory mechanismleng@otein

level and activity needs further research.

More complex still, this hierarchy, as well as these methods of regulation, do not just exist

for the GPX family, but largely extend to the 25 selenoprotein genes in humans, such as

thioredoxin reducases (TxnRDPsWhile they all utilise SECIS elements for selenocysteine
incorporation, these selenoproteins perform different functions within the cell. GPX1, for

example, is an oxidative stresslated enzyme, while enzymes like TxnRD1 perform

WK 2 dza ¥ 3 9 S(Radisefal.,2018) Housekeeping genes need to remain at constant

levels regardless of selenocysteine availability, putting them at the top of the hierarchy, in

theory. In reality, the hierarchy is céihe specific, and rankings vary depémglon each

OSftftQa NBIdzZA Fi2NE YI OKAY SNE Zcarcefobs callimed Sa 06 Sl 6 ¢
(TouatHamici et al., 2018Furthermore, this comprehensive study tested selenium

absorption, selenoprotein mRNA level, protein level and enzymatic a¢tivityfound that
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previous studies using mMRNA data to determine the hierarchical position may be incomplete.
In fact, greater increases are observed at the protein level than at the mRNA level following
the addition of selenium. This demonstrates the nedgdsr observing the relationship

between selenium supplementation and selenoproteins across multiple cell types in
subsequent experiments, and the need for further work understanding regulation of

selenoproteins beyond the translational level.

The factthat GPXlexpression is highly dependent on selenocysteine levels and ranks low in
the hierarchy in many tissues makes it an interesting target for therapy, as a small change in
selenium availability would make a large impact on expression levels, arefdreeon the

cell. Failing to meet the required threshold would disadvantage cells which are highly reliant
on GPXIor survival, such as multirug resistant cancer cell lines, while maintaining
appropriate levels of the vital selenoproteins for healthgn-cancerous cells to survive.
However, the variation of the ranking of GPX1 (and indeed other selenoproteins) poses
challenges for systemic therapies such as selenium supplementation or restriction in
humans, or the use of an oral drug, as the effect wayse unpredictable and unintended

responses outside of the target tissue or target selenoprotein.

1.3 Roleof GPX1 in Managing Oxidative Stress

GPX1 works alongside other enzymes, such as catalase, to detoxify hydrogen peroxide and
maintain a tolerableedox level for the cell, preventiraxidativestressand damage(figure

1.7). Despite its inherent oxidising ability, low levels eDkhare tolerated well by the cell,

FYR F avYltft FY2dzyd Aa NBI|dZANBR (#SardorAy il Ay g
Kalen and Goswami, 2014hese low levels of hydrogen peroxide can be produced as a by
product of aerobic metabolisrfLoschen and Fléh 1971) Mitochondria are known to
generateperoxides, which often happens due to electron leakage and the subsequent
reaction of these electrons with oxygen. For example, hydrogen peroxide production can be
caused by reaction of redeactive groups, suchs Flavin, with @or by the release of

electrons following reduction of ubiquinone in the electro transport cl{#lifong et al.,

2017) While electron leaks are common, they can lead to severe damage to proteins, lipids
and DNA via reactive oxygen speaashas HO,. ROS levels are also increased by external
factors, such as exposure to UV radiation, plasma, chemotherapeutics, such as diBpiatin

et al., 2001 Mitra et al., 2019Marullo et al., 2013)
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Figurel.7: The role of GPX1 in:& removal GPX interacts with thieydroperoxides (ROOH)
and hydrogen peroxide {&) using tworeducedglutathionemolecule{GSH) as

antioxidans, forming water and alcohols. This process produces oxidised glutathione in the
form gluthathione disulphide &5G). This is then reduced by glutathione reductase (GR),
which uses NADPH as a proton donor. This ensures the GSH is regenerated in the cell to
continue peroxide detoxification. The alternative fate gdtit shown in red, where the

Fenton reaction prodies hydroxyl radicals that cause damage to biomolecules.

1.3.1 GPX1 managing&b
The primary role of GPX1 is to detoxify the ROS and prevent damage to biomaterials. This

was recently demonstrated in pancreatic ductal adenocarcinoma (PDA) cells, where
knodkdown of GPX1 with siRNA increased ROS aDgdéVvels(Meng et al., 2018)The
converse was also seen; overexpression of GPX1 in the PDA cells caused a significant
decrease in the ROS andXdlevel. This exemplifies the importance of the function of GPX1
in maintaining cellular redox homeostasis. However, the full impact of preventing oxidative
stress cannot be measured until much latence ROS have been able to cause damage to
cellular maerials. While the immediate effect can be quantified in these experiments, the

longterm benefits of GPX1 are more complex.

GPX1 detoxifies hydrogen peroxide and lipid hydroperoxides using two glutathione
molecules per one molecule of the peroxifigure1.4). As discussed in section 2.2, GPX1 is
one of the fastest working enzymes in the body as it works to remove the most abundant
endogenous ROS;6Bh, and therefore manage oxidative stress. This is a necessity, as the
alternative fate for hydrogen peraxe if not detoxified, is to react and form hydroxyl
radicals, which are highly reactive and easily damage biomaterials. The formation of this

radical can occur through two pathways (Moldovan and Moldovan, 2004); (1) the Fenton

28



reaction (F&+ B0,y & $ OH + OH), which requires transition metals such as iron and
copper, which are both present in the peroxisome, and (2) the HAleiss (G + HO, H
O + OH + 0%, which occurs in the presence of superoxide, often produced by peroxisomal

enzymes themsges (Fransen et al., 2012).

1.3.2R0OS damage

A range otellular biomaterials are vulnerable to damage by ROS. For exammgde, t

radicals can react with DNA in many ways. Hydroxyl radicals can perform proton abstraction
at the sugar moiety on the DNA bdwone, which results in DNA strand breaks or, in the case
2T | NBI O Adeogyrihosyl radisaSrmationdfigured.8). This radical can then
form a 2deoxyribonolactone abasic site, causing a DNA lesion (PogaaadsKullius, 1998
Chan et al., 2010). These lesions require repair by the base excision DNA repair pathway
(BER). However;@oxyribonolactone sites require excision by a specific pathway, called
long-patchBER'Sung, DeMott and Demple, 200H)this brm of BER is not initiated, and
instead shorpatch BER is used, the DNA can covalently bond with proteins such as
Polymerase , topoisomerase | and topoisomerade (Quifiones et al., 2015Y his traps

these repair proteins at the DNA, causing Bétein crosslinks, which can be toxic if

allowed to accumulatéQuifiones et al., 2015)

DNA DNA DNA
3P0 Base 0;PO Base 0,PO
0 0 R (0]
H Abstraction : X C1' Oxidation ; 0
0,PO 0.PO
AN AN N
DNA DNA DNA
2-deoxyribose 2-deoxyribosyl radical 2-deoxyribonolacetone

Figurel.8: DNAbackbonedamage following attack by a hydroxy radical.he formation of

2-deoxyribonolacetonérom 2-deoxyribosédoy proton abstraction and oxidation at C1.

Radicals can also interact with bases within DNA, or in the nucleotidetpaxidise them.

This is most frequent in guanine, which can be attacked at multiple sites by hydroxyl radicals
to form different oxidised prodcts. Attacking at C4 or C5 forms an adduct which is short
lived. This process is also easily reversible, and unlikely to cause DNA {Bneggeand

Murphy, 1995) Attacking at C8, however, forms an intermediate with a longlielf

allowing it time to xidise again to forn8-oxyguanosing€8-oxo-G) or fragment and reduce to
form formamidopyrimidingFAPYdG) (Greenberg, 201;1Singhet al.,2019) tigure 1.9). In
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DNA, these bases céydrogen bondto either adenine or cytosine bases; the former causes
G:CT:AtransversiongGrollman and Moriya, 1993failure of DNA repair machinery to
recognise and excise the oxidised base leads to permanent mutations, particulastcin G
sequences. Highly-fich sequenes can form &uadruplex structures, and many of these
are found in the promoters of oncogenes, increasing the risk of carcinogdBasiget al.,
2019) Furthermore, it was recently found thatdxo-G can affect base pairing at the

translational level, with oxidised mMRNA producing a higher level of abnormal protein

(amyloidi ) (Dai et al., 2018)
/u;[ J 8- hydroxyguanlne (8-OH-G)
)\ 0
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7,8-dihydro-8-oxoguanine (8-oxo-G)

Figurel.9: Guanine base damagmllowing attack by a hydroxyl radicalTautomeric forms

of 8-o0xo-G (richt) formedfollowing oxidation of guanindgft) by a hydroxyl radical.

Proteins are also vulnerable to attack by hydroxyl radicals. They represent a major group of
molecular targets for ROS, and hydroxyl radicals can react through proton abstraction,
addition or electron transfer, and can attack amino acid side chains aasvié peptide
backbone itsel{Davies, 2016)n the backbone, as in DNA, proton abstraction is the most
common reaction, occurring at thecarbon, forming a carboenentred radical. When this is
further oxidised with @ a peroxyl radical is formed, vahi causes cleavage of the backbone
and protein fragmentation. In the absence of, o radicals can instead dimerise and

disproportionate rapidly, as well as fragmenting.
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Protein peroxides can interact with other proteins in a chain reacfimmming carbonyls and
alcohols as products, and the damage can propagate to as many as 15 amino acids after the
2NAIAYLFE Ke@RNRE&f NIRAOFIf KIFIa 0SSy dzaSR dzJ ol
being more reactive than &, the apparatus toemove peroxyl radicals and protein

peroxides are much slower than the systems for detoxifyis@ KkMorgan et al., 2004).

While GPX family enzymes were shown to rapidly remove peptide peroxides, the steric
hinderance of protein peroxides prevents theirtoeification by antioxidant enzymes.

Instead, the cells relied upon thiols and ascorbate for protein peroxide removal, and
scavengers such as Trolox to remove radicals. These compounds work slower than
antioxidant enzymes, allowing time for accumulatiordgsfunction, and in the case of

radicals, allowing time for chain reactions to occur. This establishes,@enihnaging

function of GPX family members, as well as catalase and superoxide dismutase, as the first
line of defence against oxidative damaghe$e antioxidant enzymes remotO, before

radicals can propagate and cause large amounts of protein damage (Ighodaro and Akinloye,

2018).
R R R R R
/ éH / 0, / / Propagation /
—_— —_— "
H . 00’ H OOH
Lipid Lipid radical Lipid peroxyl radical Lipid Lipid peroxide

Figurel1.10: Mechanism for lipid peroxidation after initiation from a hydroxyl radical
attack. The lipid radical formed reacts with oxygen to form a lipid peroxyl radical, which
abstracts the hydrogen from another lipid to form a lipid peroxide product and a lipid radical

that can propagate the reaction.

Finally, hydroxyl radicals from®k are alle to attack lipids (figurd.10). Thanechanisms for
attack aresimilar to thosepreviously stated for proteins. The hydroxyl radical abstracts
hydrogen from the lipid, creating a liperoxyl radical, which abstracts another hydrogen to
form a lipid hydoperoxide and another radical to propagate the chain reaction. Unlike in

protein oxidation, lipid hydroperoxides can be managed by antioxidant enzymes such as

31



GPXs (GPX4 in particular) and SeP, however, these chain reactions can haaagide
impactson the cell (Takebe et al., 2002)pid peroxidation can have such significant effects
on cellular function that it has been linked to many agkated diseases and can be used as a
predictor for longevity in mammals (Jové et al., 2013). Peroxidatidpid$lin the

membrane can affect membrane function through changes to the physical properties of

lipids, altering permeability and membrane integrity (Volinsky and Kinnunen, 2013).

The products of these chain reactiocsuse a range of damage to bioma#tsi The most
common productMalondialdehydgMDA), can damage DNA in many ways. MDA can react
with DNA (dG) to form an adduct, leading to base pair substitutions and frameshifts in both
nuclear and mitochondrial DNA (VanderVeen et al., 2008uchope et al., 2018). MDA is

also able to cause interstrand crosslinks within DNA (Niedernhofer et al., 2003), or mediate
DNAwprotein crosslinks (Voitkun and Zhitkovich, 1999). Another cytotoxic produdt B, is
highly reactive, particularly to thioend amino groups, meaning it primarily causes damage
to proteins (Schaur, 2003). Its ability to form adducts with ATPases and kinases can allow it
to interact with many signalling processes in a physiological and pathophysiological manner,
impacting proliération, apoptosis, cytokine production and mitochondrial membrane
potential (Breitzig et al., 201®alleau, et al., 203Zarkovic et al., 2013). Similarly, MDA was
found to modify over 30 proteins involved in processes such as energy metabolism,

cytoskdetal integrity and transport (Zarkovic et al., 2013).

1.4GP4 in cancer

Far from being just a harmful fyroduct from cellular metabolism, hydrogen peroxide has
many uses as a signalling molecule, and as such, the levels are tightly controlled ih the ce
This implicates GPX1 and other GPX enzymes in having a key regulatory role in redox
homeostasis. This redox homeostasis is essential for monitoring stress and stimulating the
cell to activate stress response machinery. As Sies stated in their res@wexidative

stress is a broad term which can be split into two states: oxidative eustress, which describes
low levels of hydrogen peroxide which can be managed by stress machinery, and oxidative
distress, which describes hydrogen peroxide levels higltugh to overwhelm stress

response machinery and cause damage (Sies, 2017). At any one time, most cells will exist in
oxidative eustress, where normal cell function is maintained. By contrast, oxidative distress
can be characterised by growth arrest anadposis. The way in which cells initiate their
response, towards apoptosis or recovery, is chiefly dictated by the central signalling

molecule: hydrogen peroxide.
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This balance is determined by both the production of hydrogen peroxide, and its clearance
or detoxification. As discussed previously, hydrogen peroxide is produced from metabolic
processes in the mitochondria and peroxisome. As well as this, 31 enzymes (Go et al., 2015),
including NOX enzymes (Bedard and Krause, 2007), xanthine oxidoreductR3¢RKt0s,

2000) and many other oxidases, generat®©H either directly or through superoxide

formation. These enzymes, alongside metabolic systems, work antagonistically to the action
of antioxidant enzymes such as the GPXs, peroxiredoxins and cafeteadd a layer of
complexity, the local concentration of hydrogen peroxide can also be altered by its transport
across membranes by aquaporins (AQP) (Bienert et al., 28@&Yate of which can vary
between isoforms (Wang et al., 2020). Depending anttbsue and compartment, the

enzymes involved in the production, transport and removal of hydrogen peroxide can vary
(Sies et al., 197dones et al., 198 Antunes et al., 2002). This allows for the maintenance of
different resting levels of hydrogen petide, which allows for different inteand intra

cellular signalling pathways to be utilised effectively.

As a peroxidase, GPX1 has an important role in protecting the cells from oxidative damage,
which also implicates it in protecting cells from ag&ated diseases, such as cancer. Based

on this understanding alone, it may be assumed that GPX1 is purely beneficial for preventing
cancer development. However, the prevalence gbHand ROS in many signalling pathways
has particularly interesting ramifitians in the context of cancer development and lends

GPX1 a role in many of the hallmarks of carftigure1.11) (Hanahan and Weinberg, 2011).

By controlling the level of ¥D,, GPX1 can play a protective role against cancer, as it interacts
with pathwayscontrolling immune cell development and inflammation, which works to
prevent cancer development and growtdowevet the role of GPX1 as a modulator can

work inthe opposite fashion, promoting proarcinogenic signalling. Therefore, GPX1 has a
complex relationship with cancer, whereby it acts as a tumour suppressor and an oncogene,

depending on the cell context.

For many cancer cells, high levels of GPX1 activitheadvantageous, activating many of

the other hallmarksf(gure1.11). In fact, metaanalyses show tha&PXlexpression is often
upregulated in cancer (Wei et al., 2028xdiscussedelow, one explanatiofor this finding

is that GPX1 can promote invasiand metastasis, angiogenesis, proliferative signalling, and
can protect cancer cells from cell death. This not only allows cancer to progress quicker, but
as many chemotherapeutic agents rely on apoptosis to kill cancer cells, it also promotes
resistarce to treatment. These effects are often compounded in patients with GiBiX1

expression, giving patients with high GPX1 worse prognoses (Wei et al., 2020). This is
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perhaps the most clinically relevant aspect of GPX1, as our understanding of this stigttion

can aid us in designing more effective cancer therapies.
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Figurel.11: The hallmarks of canceBolded sections are those in which GPX1 and/os H
play an important ra. Adapted from Hanahan and Weinberg, 2011.

1.4.1 GPX1 as a protector

Protecting against cancer is arguably the primary function of GPX1. Its role in detoxifying
HO;, contributes to the maintenance of redox homeostasis and prevents the formation of
radicals. As discussedsaction 3.2these radicals can damage DNA and eausitations if

the DNA damage is not repaired by maintenance machinery. Knockouts of GPX1 in mice
showed increased susceptibility to oxidative damage produced by paraquat, hydrogen
peroxide (de Haan et al., 1998) and diquat (Fu et al., 1999), leadinglyadeath.
Converselyoverexpression o6PX1n mouse fibroblasts can protect against-iduced
damage (Baliga et al., 2007). In human cells (Ha@atinocyteqHazanePuch et al., 2013)
and fibroblasts (HazarRuch et al., 2014)) supplementation withlenium causes

overexpression o6PX1which is protective against LA, In addition, cell death was
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reduced following UM treatment at nortoxic doses of the selenium supplement. Not only
is GPX1 protective against UV and subsequent B@&s expresson is also easily
manipulated by selenium supplementation, which offers an easy route of investigation for
determining the anticancer ability of GPX1. It is not just the direct reduction in ROS that
confers the anticancer ability of GPX1; GPX1 and hgdroperoxide are involved in many

other pathways which can influence the cellular defence against cancer.

One of the easiest ways to illustrate the protective relationship of GPX1 against cancer is
through looking at a common polymorphism of GPX1 whicdlueces antioxidant activity, and
how this can affect cancer risk. The Pro198Leu polymorphism is fairly common (Forsberg et
al., 2000) and is associated with lower GPX1 activity, which was shown to correlate with
reduced sensitivity to selenium supplementati(Hu and Diamond, 2003ablonska et al.,

2009). The presence of this polymorphism in a cohort is associated with an increased cancer
risk in many cancer types including bladder cancer (Zhao et al.; R@@g-Mifio, 2009 Cao

et al., 2013), and breasancer (Méplan et al., 2013ablonska et al., 201RavAaHaren et
Ff®X wannpoX |Y2y3 2 KKSaNA., 2016TNy b al. 2026) Swihiletat & >
meta-analysis study has supported the link between the Pro198Leu polymorphism and
increased ancer risk (Chen et al., 2011), many studies have failed to support these findings
(Hansen et al., 200%s0erlitz et al., 20L1ArsovaSarafinovska et al., 2008). To an extent,
discovering a consistent relationship seems unlikely given our understandinthéh

expression of GPX family proteins varies between tissues and with selenium level (see
section 2.2.3)and that some GPXs in some tissues can compensate for the loss of GPX1
activity. Not only this, but GPX1 operates within many other pathways involved in
carcinogenesis, making the protective capabilities of GPX1 more complex and likely to vary

between cohats and cancer types.

1.4.1.1 Inflammation
Hydrogen peroxide acts as a redox sensor for oxidative saredsan stimulate a wide range

of signalling pathwayst is not an on/off responsend is finely tuned tanodulatethe
signalling of some stress [atays even during oxidative eustress. Inflammation for
example, is stimulated by.B, through the PI3K/AKT pathway, which causes thé NF
transcription factor to promote the expression of interleukins and-TNF 2 A Yy RdzOS
inflammation. This can also indutiee response in adjacent cells, regardless of their redox
state.Overstimulation of inflammation leads to apoptosis in hydrogen percxkictecells. As

these cells are also likely to have a greater risk of damage to biomaterials, this can also be a
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protedive action, as these cells would be more likely to adopt abnormal phenotypes and

become cancerous.

GPX1 can compensate for changes to inflammatory signalling caused by GPX2 loss. Such
events have been observed in the intestinal crypts, wi@RX4s normally expressed. In

GPX2 KO mice, GPX1 levels were increased in the crypt bottom, and this was able to partially
compensate for loss of GPX2 when selenium was sufficiently available, as it was regulated at
the transcriptional level (Florian et al., 2010hwéver, in a double KO of both GPX1 and

GPX2, mice develop ileocolitis and intestinal cancer, as they have a greater level of
peroxidative stress and are far more susceptible to bactassociated inflammation (Chu et

al., 2004 Florian et al., 2010). Thphenotype could be rescued by restoring GPX2 but not
GPX1 (Chu et al., 2004). Furthermore, when colitis was induced through dextran sodium
sulphate, GPX2 levels increased greatly during inflammation, as inflammatory mediators
upregulatedGPX2whereasGPXlincreased only slightly during the acute inflammatory

phase (Hiller et al., 2015). GPX1 is therefore protective against cancer in this context, and
these findings indicate that GPXs have specific roles within the inflammatory signalling

network.

Inflammatory signalling can be modulated bydd b dzOf S NJ Ff QG 2N&E S|l DPBE
downstream effector for b0, (figure1.12). This transcription factor is responsible for the

upregulation of genes involved in inflammatory and immune responses to oxidatéssstr

These target genes encode for cytokin€slF" Z-m L 6y &R wall bs inflammatory

enzymes such as cyclooxygen2sgCOX2) and inducible NO synthase (iN@8&|) of which

promote inflammation (Ogata and Hibi, 200&kowitz, 2006 Piotrowskiet al., 2020).

AlthoughH,O,was once believed to an inducer of NE = G KA & NBfF GA2yaKAL] K
found to be more complex (Oliveidarques et al., 2009.ingappan, 2018)LO, acts

instead as a modulator and firanes NF .activation in response to oxidative stress by

stimulating both activating and inhibitory pathways to controkNE A Y RdzOU A 2Y O [ A Y =
2018).This promotes a proportionate response to stress, allowing foripflammatory

pathways to be activated brigflin order to prevent prolonged inflammation and

carcinogenesis (de OliveiMarques et al., 2007 5P X1 itself is also upregulated by NE %

which creates a negative feedback loop to further modulate this response (Gan et al., 2014).
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GPX1, and cytokines, both directly and via prostagladins(PGE, PGD) praduced by

COX2.

¢CKA& LI GKg I &0kndNidf fo mygddi&iondyGPX1. Inde&RX1

overexpression has been shown to reduce the activatiodef . Ay NBalLlwyvasS G2 |
and HO;, and knockdowns show the opposite effect (Li et al., 2001) (fid&. In

particular, the expression @OX2 and TNF" were increased itGPXXKD cell lines, as well as

the quantity of the prostaglandins produced by CG®)Xuch a®Gk, PGEand PGP

(Koeberle et al., 2020T.hese prostaglandins are responsible for many of the biochemical
changes involved in inflammation, such as the maturation of immune cells and the release of
cytokines (Ricciotti and FitzGerald, 2011). In many tissues, the downtieguwddGPX1

mediates this response through®, however this is not always the case, as other
selenoproteins are able to compensate for the loss of GPX1 activity. Howeeekdown of
GPX1n gut epithelium was associated with a Ri@dependent inductio of NF* .(Gong et

al., 2011) suggesting that there are more direct mechanisms for GPX1 modulation‘of. NE

unrelated to ROS removal, yet to be elucidated.

1.4.1.2Deregulating Cellular energetics
GPX1 works against deregulated metabolismpancreatic ductal adenocarcinoma (RDA

cells, a particularly aggressive and lethal disease. GPXL1 is often downregulated in pancreatic
cancer tissues, however it was unclear how this would convey an advantage GreIBA

(Cullen, Mitros and Oberley, 2008odydkova et al., 2013). PD£ells rely upon glycolysis
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for metabolism, and in glucosgeprived conditions, metabolic stress responses upregulate
autophagy in order to provide materials, such as ATP, for cancer growth (Blum and Kloog,
2014). Glucose dejvation downregulates GPX1 by increasing degradation. Lower GPX1 in
these cells resulted in high levels of ROS, which activated autophagy (Meng et al., 2018). The
reverse was also tru&PXIoverexpression lowered ROS and prevented autophagy

induction, pomoting cell death. GPX1 is therefore an antagonist of the cancerous energetic

phenotype and offers protection against the development of this hallmark.

1.4.2 GPX1 promoting cancer

Despite protecting cells from DNA damage, GPX1 promotes many of thatalof cancer

and in many cases, this leads to more aggressive, more invasive and more chemoresistant
cancers. GPX1 can influence cancer to such a degre&tatexpression can be used as a
biomarker for prognosis in multiple cancer types (Zhang, Q..e2@18 Wei et al., 2020). For
example, in giant cell tumour of bone (GCTEYXkEXxpression was higher in patients with
recurrent cancer, and patients with highPXlexpression were more likely to relapse (Okubo

et al., 2013). In renal cell carcinonta? X1expression is positively correlated with

metastasis, tumour stage and overall survival, and could potentially be used a diagnostic and
prognostic biomarker for disease severity (Cheng et al., 2019). Therefore, although it can
protect against cancer imany ways, higiePXlexpression is often detrimental for patient

outcomes.

To understand how GPX1 can drive cancer progression in many of these cases, we will
examine the specific hallmarks that GPX1 is able to pron@Xlexpression varies from
tumour to tumour, as do the impacts of GPX1, however, as there are many mechanisms of
action for promoting tumour development across the hallmarks, opportunities for GPX1 to
aid growth are plentiful, and can often be compounded in patients. As we will discus, GP
can promote invasion and metastasis, angiogenesis, proliferative signalling, and protect
cancer cells from immune destruction and apoptosis. Moreover, incre@selexpression
desensitises cancer cells to chemotherapy, reinforcing the importance df BREvere

cancer cases and the need for our understanding of GPX1 as a biomarker and a

chemotherapeutic target to improve efficacy of treatment.

1.4.2.1 Invasion and Metastasis
Managing ROS levels is particularly important for invasion and metastasiglating tumour

cells (CTCs) must overcome large amounts of stress, including ROS, in order to establish a
metastatic colony in a new tissue. For this reason, this environment is highly selective for

GPXirich CTCs, which are more able to tolerate tlx@ative stress. This has been shown in
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prostate cancer, where overexpression@®XlandSODzre strong predictors of

metastases (Giesing et al., 2QGlesinget al., 2012). GPX1 has also been found to be
upregulated in brain cancer CTCs and-@ditved brain metastatic tumour cells (Klotz et al.,
2019), as well as in breast cancer CTCs (Beck et al., 2019) and lung micrometastases (Basnet
et al., 2019). HigleP<{1expression is advantageous for these circulating cells as it protects
them from oxidative stress in the new tissues which they seek to invade. As well as this,

GPX1 provides advantage to these circulating cells through upregulation of pathways

important for adhesion and invasion.

An example of this is found in the relationship between GPX1, selenium binding protein 1
(SBP1) antypoxiainducible factorm M anlh O @ is phlettoMnhibit the activity of GPX1
by an unknown mechanism, although theraiphysical interaction between the SBP1 and
GPX1 (Fang et al., 2010). Conversely, Fang et al also found that GPX1 represses the
expression oSBP &t the transcriptional and epigenetic level. This relationship has been
investigated within the context of c&er developmen{JeromeMorais et al., 2011 SBP1
expression alone can be a powerful predictor of prognosis across many cancer types, as
lower expression is associated with poorer prognosis (Li et al.,, Kd®8et al., 2006Chen et
al., 2004 Zhang, >t al., 2018). Inhibitin@BP1n hepatocellular carcinomasing siRNAed

to an increase in GPX1 activity and a downregulation ofiH{Huang et al., 2012). It was
found that, in this case, the loss of HIF* | OGUA @A (& Ay ONBF aSR {dzy2 dzNJ

metastasis, and therefore negatively impacts patient prognosis (Huang et al., 2012).

Recently, it was found th&PXJlexpression drives invasion via focal adhesion kinase (FAK)
signalling in Triplmegative breast cancer (TNBC) cells (Lee et al., 2020). TNBC is a
particularly aggressive form of breast cancer, associated with poor prognosis and resistance
to treatment. Whle GPX1s silenced in other breast cancer cells, it is expressed in TNBC
cells, and aids metastasis by promoting cell adhesion via FAK. GPX1 directly interacts with
FAK, and hydrogen peroxide inhibits FAK activation by preventing FAK autophosphorylation,
as well as phosphorylation via Src. Loss of GPX1 also represses the expression of genes
associated with adhesion, which Lee et al believe may be a result of Src activation in the
absence of bD,. This offers a good explanation for the aggressiveness BCTdglls and
demonstrates how GPX1, through its role in redox homeostasis, creates advantageous

phenotypes for aggressive cancers.

1.4.2.2 Avoiding immune destruction
GPX1 has a key role irc@ll activationdevelopmentand function. As discussed preusly,

GPX1 is an important modulator of IF. | OGA @I A2y T 6KAOK A& | faz
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pathway in the development of immune cells. For example{NF & A 3yt f Ay 3 | OGA ¢
neutrophils and macrophages, both of which are known in cancer cells togdeom

inflammatory signalling and release other procarcinogenic factors into the tumour

microenvironment (TME) (Mantovani, 2014). ROS can decreaSe.NF I QG A @I G A2y AY
neutrophils, and so acts as an amflammatory agent in this context (Zmijewski et al.,

2007). In these experiments, a higher level edkpreventedlipopolysaccharidénduced

NFES . | OGASKMRCGA NS YFAYSR Ayl OGABSE Al o6l a y2i |0
proinflammatory cytokinessuch@NF" | Yy R Y| ONR LK I 3S B3 KA 0 A G2 NB
Similarly, in @XL deficient (®XL”") mice, there were lower levels of TRFZ -2 andl
granulocytemacrophage colongtimulating factor (GMCSF) protein, which resulted in

fewer macrophages and neutrophils being produced. However, ircésis, the level of

MRNA expression for TNFZ -3 antl GMCSF was unchanged by removing GPX1, but

instead this reduction in protein was attributed to increased 20S proteasome activation

(Bozinovski et al., 2012). GPX1 in this case is clearly essentin foaturation of immune

cells. As expected, in renal cell carcinoma patients, high GPX1 was associated not only with

higher immune invasion, but also with worse prognosis (Chen et al., 2020).

Both HO; and lipid peroxides can mediate the activatiorifofell receptor (TCR) signalling
pathways (Devadas et al., 2002). TitdRiced ROS generation allows for the activation of
signalling pathways promoting proliferation, and in GPX1 deficient T helper (Th) cells, the
resulting elevation in ROS promoted thegduction of IE2 and cell proliferation. GPX1
deficient cells also had favoured development tq ddils over Tty cells, indicating that

GPX1 influences@ell fate (figurel.13). Similarly, GPX1 works alongside catalase (cat) in
managing ROS levels irgrdatory T (Treg) cells, which are responsible for promoting
tolerance in immune cells and are known to dampen antitumor responses (Ohue and
Nishikawa, 2019). In GPX% Cat™ mice, production ofl-6 and IE17A was reduced

following aggravation of cais, and KO mice Tregs were also hypofunctional in suppressing
the proliferation of effector cells (Kim et al., 2014), and again supressed the differentiation
of CD4+ cells to Th Expression of GPX1 is also strongly correlated with Treg activation in

glioblastoma and lowegrade glioma tumours (Lv et al., 2020)
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Figurel.13: Development of T cells from the progenitor naive T.¢&ken arrowsndicate
processes which are promoted by GPX1, and red arrows imgicatesses which are

downregulated byGPXZXxpression.

The type of T cells present in the TME can have massive impacts on prognosis, due to the
cytokines produced by the T cell (Chraa et al., 2018). It varies greatly between tumour types
whether the changes are aid or hinder cancer growtt,dmme trendscanbe elucidated In

most cases, Tiftells promote anttumour immunity, and patients with high levels of;Th

cells in the TME generally had a better prognosis (Chraa et al., RGd&an et al., 2012).

This is thought to be due to their #ity to recruit tumourkilling CD8+ cells (Hoepner et al.,
2013), as well as their production of FNE. g KA OK | QG A @I G4Sa GKS Oedz2i
cells (figurel.13) (LaCasse et al., 201Cpnversely, Thcells in the TME was associated with
worse prognosis as they promoted proliferation througHLW_production, and inhibited
infiltration of the tumour by CD8+ cells (Chraa et al., 20¥8ng et al., 2020). As Treg are
immunosuppressive, the increased presence of Tregs in the TME is alsowveditatorse
prognosis in most cases (Chraa et al., 2018). The eff€&@PXflexpression on immune

regulation is such that the levels of GPX1 can be used prognostically in GBM and LGG
patients to determine patient outcome through predicting the levels METinfiltrates (Lv et

al., 2020). As GPX1 promotes fmarcinogenic immune infiltrates over tumckilling

41



immune cells, higheGPX¥Expression can influence the composition of the TME to provide

effective immune protection for tumours.

1.4.2.3Angiogenesis
GPX1 is linked to angiogenesis in normal cells. In-@e%i¢lent mice, loss of GPX1 led to a

decrease in revascularisation following injury (Galasso et al., 2006). Not only this, but the
number of endothelial progenitor cells (EPCs), whidmmwte neovascularisation, was

markedly lower. As expected, these EPCs had higher ROS, and were more susceptible to ROS
induced apoptosis, as elevated levels of ROS led to an inability to stimulate angiogenesis. In
endothelial cellsyascular endothelialrgwth factor YEGF) signalling was found to promote

the expression of GPX1, leading to a decrease in ROS level (Guo et al., 2017). Conversely, the
elevated levels of #D, seen in cancer are able to stimulate VEGF production (Schafer et al.,
2002 Xia et al, 2007 Komatsu et al., 2008). As hydrogen peroxide levels are often elevated

in cancer cells (Szatrowski and Nathan, 1991), the linking of these two pathways may allow
ROS levels to remain at a tolerable level for promoting angiogenesis without imjteih

death.
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Figurel.14: Angiogenic signalling pathways activated following EGFR activatR®S
stimulates activation of the receptor after ligand binding, activating PI3K and RAS, and
stimulating the AKT pathway and MAPK/ERK pathways respectiodtyp&hways are

promoted by ROS, either directly in the case of MAPK/ERK, or indirectly through inactivation
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of an inhibitor (PTEN) in the AKT pathway. Both pathways stimulate HIF LINR RdzOG A 2 y =

acts as a transcription factor for VEGF, promotingi@genesis.

ROS, particularlyB,, interact with signalling networks to promote angiogenesisvE&sF
(figure1.14). EGFRnediated activation of the AKT pathway, for example, was lowered with
overexpression of GRXas well as EGFR activation it¢eindy et al., 2009). bchondrial

levels of HO, were also found to regulate angiogenesis (VEGF production) via inactivation of
PTEN in the PIBK/AKT pathway in endothelial (@bsnor et al., 2003Rodriguez and

HuynhDo, 2012). MAPK can be activatedROS directly, as well as through interactions

with other activating molecules upstream of this pathway (Lee et al., 2020). VEGF production
is stimulated via the transcription factor hyposiiucible factorl (HIFMh 0 5 g KA OK A &
activated by both the MARERK and AKT/PI3K pathways (Pore et al., 2006). VEGF can also

be stimulated through the SPI1 transcription factor, after activation via RAS signalling,

subject to redox status (Komatsu et al., 2008).

Hydrogen peroxide is now considered a regulator of aggmesiselated factors, not only

HIFMh | yR +9DCX odzi | fa2 (A&dadzS AYKAOAG2NI 2F Y
thrombospondin 1 (THBS1) in cancer cells (Jerénimo et al., 2017). Its role in mediating
angiogenesis, both through the signalling pathways thindugh interactions with other
angiogenestNB f I 6 SR FI OG2N&R YIF1S&a AdG F 1Se& NBIdzA I (2
angiogenic switch is the point at which argind preangiogenic factors are forced out of

balance, and cancers adopt an angiogenic phgmet This makes the cancers more

aggressive, as blood supply not only provides oxygen for proliferation and tumour growth,

but also presents cancer cells with a means to exit the site of the primary tumour and

metastasise in other areas of the body. Hyd¥ogeroxide is therefore critical in cancer

development, and the maintenance of high hydrogen peroxide at tolerable levels contributes
through angiogenic signalling to the aggressive cancer phenotype offiggrved in GPX1

rich cancer cells.

1.4.2.4 Proferative signalling
The role of GPX1 in sustaining proliferative signalling is conflictegdending on the cell

type, it can either prevent or promote proliferatiokvidence for GPX1 playing a role in
suppression of proliferation was discussed in secfigl.1, howeverasmentioned in section
1.4.2.3, overexpressioof GPXIdecreases EGFR signallfHgndy et al., 2009Wwhich also
led todecreased replicatigrindicating thatthere were lower levels of proliferation BPX-
overexpressing cells. Similarly, lower stimulation of tkdpathway in the absence of.8;,

due to PTEN activation, leads to the suppression of genes for proliferation and survival
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(Handy et al., 200 omor et al., 2005Rodriguez and Huyrbo, 2012) Although in this
context GPX1 is clearly antagonistic to proliferative signalling, this is not the case in other cell

contexts.

Lack of GPX1 can also attenuate cell growth; fibroblasts from Gmide exlibit a

senescemike phenotype which reduces proliferative capacity and responsiveness to EGF
(de Haan et al., 2004bownregulatingsPX1in oral cancer led to a lower level of

proliferation (Huang et al., 2016). In other cell types, such as in oesophageal cancer and skin
cancer,GPXJverexpression can increase proliferation (Gan et al., 2Dd4t al., 1997)

These effects are thought to be mediated by RFsignalling, which can modulate the
expression of prold@rative genes as well @&PX1Huang et al., 20165an et al., 2014).
Therefore, cancer cells which are more reliant ofiBl&re believed to be more susceptible

to GPXidependent proliferative signalling. More work is needed to fully determine the
extent to which proliferation is affected by GPXL1 in different cancer types, however it is

currently clear that the role of GPXL1 is not universal.

1.4.2.5 Apoptosis
In normal cells, GPX1 works antagonistically to apoptosis, which is mediated through ROS in

many way<gfigure 1.15) GPX1 knockout mice show a greater susceptibility to apoptosis,
with increased ROS stimulating cell death (de Haan et al.,, ié98aan et al., 20Q045alasso

et al., 2006). In certain circumstances, GPX1 is also able to prevestbajsan cancer cells.
Overexpression dBPX1s protective against CD9Bduced apoptosis as it blocks activation

of key apoptotic machinerysuch agaspases (Gouaze et al., 2002). In endothelial cells,
overexpression oGP X&lters the ratio between Ba(pro-apoptotic) and BeP (anti-

apoptotic) away from apoptosis (Faucher et al., 2005). Overexpression of GPX1 also prevents
apoptosisinducing factor (AIF) from translocating irttee nucleus to fragment DNA

(Zemlyak et al., 2009). More recently, peptidla clusters targeted at GPX1 in tumor cells
were able to induce apoptosis through the intrinsic mitochondrial pathway (Liu et al., 2017).
This offers proof not only of the importance of GPX1 in tumour cell survival, but also of the

potential for GPX1 toda promising target for anticancer drugs.
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l ™ Apoptogen release in mitochondria

1 Caspase activity

1 Caspase activity
AIF translocated to nucleus }—
DNA fragmentation /
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Figurel.15: The intrinsic and extrinsic pathways of apoptaside extrinsic pathway is

initiated through a ligand binding receptor, in this instance, FasL and fégpectively. This

then recruits the Faassociated protein with death domain (FADD) along with procaspases 8
and 10 to form the death inducing signalling complex (DISC). These procaspases are then
cleaved to become active caspases, and begin a caspssades increasing caspase activity.
Caspases can then induce DNA fragmentation which leads to cell death. The intrinsic
pathway can be stimulated by ROS and bygpoptotic signalling via Bax. Cytochrome c is
then released by the mitochondria, along wéthoptogens. Cytochrome ¢ binds to apoptotic
proteins to form the apoptosome, and activates caspase 9, leading to cell death. GPX1 works
in opposition to this pathway by removing ROS, as well as by activating PI3K/AKT signalling,
upregulating BeR and inhbiting Bax. It is also able to inhibit the translocation of AIF to the

nucleus, again preventing DNA fragmentation and death.

1.4.3 Drug resistance
Since many current chemotherapeutic drugs, such as imatinib and erlotinib, aim to generate

ROS to triggermoptosis in the tumour cells (Perillo et al., 2020), overexpressi@Pofican
substantially impact the success of cancer treatmé&hie elevated levels of GPX1 observed
in some more aggressivemours (see sectis¥.2, 4.2.1, 4.2.5nay protect canceralls

from chemotherapeutic drugnduced cell death and promote multidrug resistance. For
example, it has been found Mortsmallcell lung carcinom@\SCLQhat GPX1 promotes

resistance against cisplatin treatment as ROS levels are insufficient to @jggetiosis via
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AKT/PI3K (Chen et al., 2019). Similar experiments in oesophageal cancer found the same
trend; GPX1 activity correlated with cisplatin resistance (Gan et al., 2014).ddodgkin B

cell ymphoma cells which were resistant to cisplatin, esige, methotrexate and

bortezomib, the use of a GPX1 inhibitor resensitises cells to the drug treatment (Schulz et al.,
2012).

Increased GPX1 activity conferred greater resistance to doxorubicin (DOX) treatment in
breast cancer (Gouazé et al., 2001) awdrian cancer cell lines (Doroshow and Juhasz,
2019). A similar trend has also been observed in-camcerous cells (Doroshow, Esworthy
and Chu, 202Kalivendi et al., 2005). Kalivendi et al suggested that GPX1 can prevent both
intrinsic and extrinsic agptotic pathways from being triggered by DOX. The intrinsic
pathway is inhibited as ROS generation is attenuated by GPXL1 in response to DOX, which
would normallyactivate cytochrome ¢ and caspases (figlikb), leading to apoptosis. The
extrinsic pathways inhibited through the modulation of R@®pendent calcium/calcineurin
signalling. ROS produced by DOX stimulates calcium/calcineurin signalling, which allows
nuclear factor of activated-gells (NFAT) to translocate to the nucleus and upregulate Fas
Ligand (Fas L). Fas L binds to the Fas receptor and begins the extrinsic apoptotic signalling

cascade, which again activates caspases leading to apoptosis (fitjbye

1.4.3.1 Overcoming Multidrug resistance
Due to the central role of ROS in apoptotic siling, overexpression of GPX can greatly

impact response to treatment. Therefore, it is unsurprising that cancer patients with high
GPXZXexpression have a worse prognaosis and recovery (Wei et al., 2020). GPX1 has immense
therapeutic relevance in this semsas an inhibitor could potentially resensitise cells to
chemotherapeutic drugs and improve the efficacy of existing treatments. Indeed, it has
already been shown that tiopronin, an agent which selectively targets MDR cancer cells and
increases their seiitsvity to drug treatment, works via inhibition of GPX1 (Hall et al., 2014).
While this is an exciting proof of concept, many available GPX1 inhibitors, including

tiopronin, have too low efficacy and specifidityvivofor clinical use, and research isgming

to find a more potent GPX1 inhibitor (Chaudiere et al., 1$%hulz etal., 2012 SKy A & OK 1t
Cornwell et al., 2020).

1.4.3.2 Mercaptans
The most potent and widely used inhibitor of GPX1 is mercaptosueaii¢MSA). MSA,

along with tiopronin, is a mercaptan compound, and uses a thiol to toilkde selenium in
the active site of GPX1 (Chaudiere et al., 1984l et al., 2014). The initial binding of the

sulphur in mercaptan compounds to selenium allotws inhibitor to oxidise a lysine residue
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within the active site, regenerating the selenium but creating a sulfenamide group on the
lysine. The sulfenamide can then be irreversibly oxidised to a sulfonamide, occluding further
binding of GSH in the activeesiThus, MSA and tiopronin are irreversible competitive
inhibitors of GPX1, and were able to attaigBl £ dzS&a 2F 6S06SSYy nuodrT
human cancer cell lines (BehnisCornwell et al., 2019). This makes them among the most
potent inhibitors of GR1 available; however, this mode of action means that the inhibitors
exhibit nonspecific binding of other selenoproteins as well as GPX1, as they have similar
structures (Lubos et al., 2011). This means that there may sonrtarg#t effects associated

with its clinical use as a GPX1 inhibitor.

1.4.3.3 Methylmercury
Methylmercury (MeHg) uses a distinct mechanism of inhibition, as it modifies the substrate

and the enzyme. MeHg is highly reactive to thiols, and binds directly to GSH, preventing it
from entering the active site of GPXs (Kaur et al., 26@énco et al., 2009). Although this is
not specific to GPX1, as GPX1 has a relatively high affinity for GSH, its activity is severely
affected by the reduction in GSH availability (Hirota et al., 198€anlalso bind to selenium

or sulphur in the activsite of redox proteingFujimura and Usuki, 2020). Therefore, in its
use as a GPX1 inhibitor, it could have many off target effects, for example in lowering the
activity of TxnRDs (Carvalho et al., 2008imura and Usuki, 2020) and MhOD (Kumagai,
2013). MeHg therefore has a compounding effect on the redox system, which does indeed
increase ROS (Ali et al., 1992) and can trigger apoptosis (Fujimura and Usuki, 2020).
However, as it not selective for GRXImay not offer the specificity required to improve

treatment in GPXbverexpressing patients while preventing further damage.

1.4.3.4 Gold compounds
Gold (Au) compounds work in a similar fashion to MeHg, as they both have high affinity for

selenols. @ld(l) thioglucose was found to covalently bond to the selenol in the active site of
glutathione peroxidase in a reversible fashion, preventing the detoxification@f H
(Chaudiere and L. Tappel, 1984). Recently, this concept has been applied to ecreate a
specific inhibitor for GPX1, which has both a greater affinity for GPX1 and a greater
selectivity. PeptideAu clusters have been synthesised using molecular dynamic simulations,
allowing the peptides within the clusters to bind selectively to amiridsam the GPX1 active
site, giving Au direct access to the GPX1 selenocysteine (Liu et al., 2017). When tested in
tumour cells, GPX1 activity was successfully reduced by the addition of these clusters, and
intrinsic apoptosis was stimulated, indicatingetie clusters have good potential as a GPX1

specific drug. Indeed, other peptidsu clusters have exhibited axtimour ability in
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xenograft experiments (Zhai et al., 2018), signifying that a similar suocessis

foreseeable for the peptidéu clusterdesigned byiu et al.

1.4.3.4 Pentathiepins
Pentathiepins are sulpheich heterocyclic compounds, some of which are known to be

cytotoxic to cancer cells (Konstantinova et al., 2Q@e et al., 2002). Recently, a range of
pentathiepins were investigat a potential GPX1 inhibitors. These compounds were up to

15 times more effective than MSA at inhibiting bovine GPX, and one compound specifically
AYKAOAGUSR Dt -m 6. SKyAaOKn/ 2NysStt SiG | f oz
cytotoxic to cancer cklines which expressed high levels of GPX1, indicating that
pentathiepins may be useful in resensitising GH#&ti cancer cells to chemotherapeutic

drugs. However, there are other effects, such as increased DNA damage and a rapid change
to mitochondrial nembrane potential, which are yet to be confirmed as GiRfdted.

Therefore, further research is needed to fully establish the impact of pentathiepins on cancer

cells, ahead of its clinical use.

1.4.3.5 Peroxiplat
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Figurel.16: Structure of thephotoluminescent compound PeroxiPlagglutathionyHac-
trimethyl-H Z-bipQridylplatinum(lV)otherwise known as Peroxit) composed of a platinum

core (blue) with dipyridine ligand (green) andglutathionylgroup (yellow).

PeroxHlat (figure 1.16),is a recently synthesised and patented photoluminescent compound
(Coogan et al2021) Potentially, this compound could be used for imaging as well as

inhibition of GPX1, creating exciting possibilities for a éhion agent for the diagnosis and
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treatment of GPXbverexpressing cancer patients. The structure of Peroxiplat is derived

from the original dpolypridyl lumophore, [Ru(bipy]f*, which has been used extsively for

in-cell experimentgFernandezaVoreira et al., 201Q)D-block lumophores have biochemical
advantages, such as kinetic inertness, along with beneficial physical properties, such as larges
Stokes shifts, long luminescence lifetimes and lowertpbleaching (Fernandeloreira et

al., 2010). Together, these qualities makevetal complexes ideal for imaging cells, offering

bright and clear images without causing instant cytotoxicity.

However, there is potential for selective toxicity in GRXh cells as it is thought to bond to
GPX1 using its platinum complex and the associated bioconjugagtutathionyl grouplt

has been proposed that PeroxiPlat is therefore able to interact with the active site of GPX1 in
a similar fashion to a GSH substiads was discussed previously (figure 1.4). However, this
would instead result in a covalent-8e bond, which would occupy the active site and inhibit
GPX1 activityfigure 1.17)In theory, thiscouldbe an irreversible interactionndicating that

PeraciPlat has the potential to be a potent GPX1 inhibitor.

0, GPX1——SeOH

GPX1——SeH \$

bpyMe;Pt—GS

(Peroxiplat) GPXl\S
(3)
GSSG
PtMe;bpy
GPX1——Se

Figurel.17: Proposed interaction of PeroxiPlat (PtiMbpy)GS) with GPX{1) GPX1 is

attacked at the selenium of the active site selenocysteine residue, which results in its
oxidation to the selenic form and addition of the reduced glutathione (2). This is followed by a
dehydration to selenenyl sulphide (2), which opens thgpSe attack by a second reduced
glutathione molecule, producing a GSSG product and regenerating the erf3yias final
reduction step is where PeroxiPlat is theorised to substitute for GSH, and where a strong

covalent PiSe bond is established.
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Indeed the reaction of PeroxiPlat with a selenocysteine amino acid was revealed by NMR to
occur via a RSe bond (CoogalM, unpublished work This has been further investigated

with the larger molecule diphenyiselende, where again spectra indicated a$¢ bond,
indicating that such a reaction could indeed be possible with more complex selenium
containing compounds, such as GPX1. Not thidy butin vivoexperiments with HaCaT cells
(figure1.18 have found evidence of the e interaction occurring within cells, as lambda
scans show comparable emission spectra to th&&product, and show little emission at
488nm, the usual excitatn frequency of PeroxiPlat. This shift in emission and expression
indicates that Peroxiplat has the potential to inhibit GPX1 as well as to provide a means of
measuring GPX1 leviel viva PeroxiPlat could therefore be of great clinical use, both for the
diagnosis and treatment of cancer, as GPX1 has been linked to poor prognosis and poor

response to treatment.
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Figure 118. Emission spectra d?eroxiPlatin various statesPeroxiplatexcited 405 nm
(LHS)and scaled overlay of emission spectrun$eébound Peroxiplatblue) and lambda
scan offree PeroxiPlain HaCaT cells (red) (RHS). Both chaidsisscale: wavelength (nm)
y-axis scale: emission intensity (arbitrary uniEsyure taken fron€CooganM, unpublished

work.

+ Noc

Figurel.19: Timelapse of HaCaT cells wileroxiPlat, and with or withoutNocodazde
(Noc) a microtubule transport inhibitor Photographsweretakenat 20se®ond intervals

Figure taken fronCoogan, Munpublished wdk.
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It has been suggested that Peroxiplat is specific to G&Xfocal imaging experiments have
illustrated that PeroxiPlat accumulates in the peroxisoasetherewasno movement of
PeroxiPlat clusters when peroxisome transport is inhibited with Nocodazole (figureI1.19).
also appeaed that GPX1vashighly localisd to the peroxisomesHowever, it should be

noted that GPXWasnot the only selenoprotein which could theoretically be targeted, nor

has an interaction between PeroxiPlat and GPX1 been directly observed. Furthermore, the
method of Peroxiplat uptake remarunknown, as canonical glutathione channels, while

able to transport large amounts of GSH into the cell, are unlikely to accommodate Peroxiplat
due to the PiS bond.Therefore more research is needed on how PeroxiPlat functions within

the cell to determme its theranostic potential.

1.5Summary

GPX1 is a major selenoprotein in cancer progression. It is a central redox enzyme, not only
important for the protection of cells against ROS, but also in modulating cellular signalling.
The development of cancean give GPX1 oncogenic properties, driving the progression of
tumours, and increasing their resistance to chemotherapeutic agents. This culminates in
worse prognosis for GR)verexpressing patients in most cases, and therefore GPX1 has
become a potentialarget for inhibitors to improve patient outcome. Its specific structural
qualities, such as tetrameric form and its high affinity for GSH can be exploited in designing
inhibitors which selectively target GPX1 over other GPXs and selenoproteins. Indegd, ma
types of GPX1 inhibitor are currently being investigated, including PeroxiPlat, which may
double as a diagnostic tool to assess suitability for @RXeted treatment. Although none

yet have proven to be high specificity and high effidacyivo,it is certainthat such an

inhibitor could be extremely beneficial for treatment of cancer, particularly in MDR tumours.
Furthermore there is immense potential for the eventual use of a GPX1 inhibitor, as these

inhibitors move into further rounds of investitan.
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1.6 Project Aims

GPX1 is plays a multifaceted rolecancer, and it&ey function in managing cellular ROS

allows GPX1 to both prevent and promote cancer development. As such, this progeads

to investigate GPX1 within the cancer conté®im many anglesfrom mRNA to protein to

network. To achieve thishis project aims to
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9 Ascertairvhether GPXJsoverexpresse@dcross a range aance types and

determine the prognostic effect dbPXlexpressiorin cancer patientsising
bioinformaticbased research

Assess the importance of mutations &P X1n cancer developmenising existing
cancer databases

Determine whether the expression patterns of GR¥Mhted proteins may
compound to promote cancatevelopmentand progression

Establish using theGenomics of Drug Sensitivity in Cancer (Gd&@pasewhether
GPXZ¥expression promotes chemoresistance across a range of cancer cell types
Determine the effect ofupplementationat various concentrations afodium
selenite (NaSeQ) on GPX1 protein levels in cancergdseLa and A438nd non
cancerougHaCaTgell types and the longevity of tis response

Investigate wiether selenium supplementation with N&eQ can impact
chemoresistance iRlaCaT cells

Assess thgotential of a novel phottumiscentcompound, PeroxiPlagstheranostic

agent in cancer



Chapter 2 Methods
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2.1Bioinformatis
2.1.1GEPIA

Gene Expression Profiling Interactive Analysis (GiEPdA)interactive portal which allows

the userto generate various plots based on gene expression in cancer (ypeg et al.,

2017) The GEPIA database contains 9,716 tumour and 8,587 tissue samples, combining
information from both TCGA and GTEXx dataisaEhe GEPIA portal was used to generate an
expression profile foGPXlacross tumour and normal samplesd KaplarMeier survival

plots using expression @PXlas a factor for survival. The plots display overall survival and
diseasefree survival in aange of cancers, with HR, P and Cox P védbedied A table

defining the abbreviationef the cancer types can be fourah pages 6-8.

The GEPIA portal was also used to generate a scatter plot sh@RiKdagainstGPX4

expression in normal and tumourrs@les. This was generated using the correlation analysis

tool and selectingsPXJand GPX4or comparison using the Pearson coefficient. Samples for
comparison were selected from the TCGA dataaetsonly sample types which were

represented in both the turour and the normal dataseisere choser(BLCA, BRCA, CESC,

CHOL, COAD, ESCA, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC, PAAD, PCPG, PRAD, READ
SARC, SKCM, STAD, THCA, THYM, UCEC).

The multiple gene comparison tool was also used to generate heatmapsrefssiqn across
tumour and normal samples. The tissue types selected were BIGTRBRCACESICHOL
COADESCAGBMHNSCKICHKIRCKIRPLAML, LGG&IHCLUADLUSCOV PAADPCPG
PRADREADSARCSKCMSTADTGCTTHCATHYMUCECUCS. The sets of genes selected

for comparison were GPX1 family proteins (GRE8pdlong with SBP2, and a further set of
GPXZrelated genes (EXOS®DLR2L, HSD17B10, TP53, RHOA, KARS, VAMPS, ABL2, CTSD
and TXN). This heatmap was created usiagched TCGA normal and GTEx dataa log

scale bg2(TPM + })and adjusted using Plotly software to improve the visible contrast.

2.1.2FireBrowse
The FireBrowse Portéittp:/firebrowse.org/) uses HG19 TCGA data, anid thas employed

to produce a boxplot foGPXlexpression across a range of cancers. This data originates
from RNASeq experiments a@PXlexpression in the plot displayesRNASeq by

ExpectatioAMaximisation(log2).

2.1.3COSMIC

The Cataloguef Somatic Mutationgn Cancer (COSMIC) dataset is a comprehensive

resource designed to investigate the effect of somatic mutatiorzaicer(Tate et al., 2018)
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According tacancer.sanger.ac.uk/cosc, COSMIG & (1 KS Wg2NI RU&a fF NBSA
YIydz t£& OdNIGSR a2YFGAO Ydzil GA2Yy AYF2NNEGA2)

sourced from large established databases, such as TCGA and ICGC, as well as from peer
reviewed genome screening paggerAs a result, there are over 37,000 genomes in the
COSMIC databaskinvestigated GPX1 by querying the canonigBXIgene into the portal

(ID COSG75375), and curating data from the Gene View and Mutation Distribution sections.
This was used to generate charts displaying the distribution of mutations across the gene

and the expression and copy number variations seennmour samples.

2.1.41ICGC

Thelnternational Cancer Genome Consortigf6 GC) portal allows users to query specific

genes in a large dataset of cancer genorfsanget al., 2019)GPXMas investigated using

this portal, and a mutation distribution map wareated from the output given in the

Wt NEGSAYQ (Glod t NBGIFfSyOS RFEGF ¢l & |faz2 Lz f

interrogating19,729samples in the database.

2.1.5Ensembl

Ensembl is a browser which allowsersto investigate genomesncluding gene variants,
across a range of speci@goweet al., 2020) In this analysiszPXWas queried in th&domo
Sapiels dataset, where there wer8685 entries for variants asPX1This was further
investigated for the presence of the P77R variant, and information for mutational impact

scores were extracted.

2.1.6GDC

The Genomic Data Commons (GD&ta portal allows the user to browse, analyse and

extract data from the TCCGdatabasgGrossman et al., 201L8pPXWwas queried and of

12,174 somatic samples, 800 were tested for @i@Xlgene. The mutation distribution map

gla G1F1SYy FNRY (KS Wt NRGSAYQ (Fo6oX 6KAOK |f &z

2.1.7 GDSC
Genomics of Drug 8sitivity in Cancer (GDSC) idadia portalcreated by Wellcom Sanger

Institute andthe Cancer Genome Project which alla¥vs user topull data on drug
sensitivity acros§¢000humancancer cell line§yang et al., 2013J o investigate the
connection betweerGPXZxpression and resistance to the chemotherapedtiags
cisplatin,doxorubicin and docetaxeEach of thedrugs were searched arlle 1Go values
were extracted for all available cell lindsote that some of theell lines had nGPX1

expression data and/or no dg¥esults in the database3helGowas plottedon a logscale
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against theGPXlexpression data (RN3eq) taken from the from the Cancer Cell Line

Encyclopaedia (Broad Institute) amgtre manually curateé and matchedo each cell line.

2.2 Cell Culture
2.2.1 Media and Buffers

Name Components
5dzf 6 SO02Qa a2 RATAS| Supplemented with 10% FCS (Labtech) ar
4.5 g/L Glucose, withrglutamine and 100 U/nL penicillin and 100rg/mL

phenol red (Lonza BioWhittake) streptomycin (Gibco)

10XTris Glycine SDS PAGE Byffittional | 0.25M Tris base, 1.9®1 glycine and 1%
Diagnostics) (w/v) SDS

RIPA buffer 25mM Tris, 150mM NacCl, 0% SDS, 0%

sodium deoxycholate, % Triton X 100.
Supplemented with cOmpleteMini, EDTA
free protease inhibitor cocktail tablets
(Rocheand PhosSTOP phosphatase
inhibitor cocktail tablets (Roche)
Transfer Buffer 300mM Tris base (Fishelp uM CAPS
(Sigma)10%(v/v) ethanol (Fisher)).05%
w/v SDS (Melford)

4X SDS Loading Buffer (pH 6.8) 50 mM TrisHCI pH 6.8, 2% S[19%

glycero] 0.02 % bromophenol blya00mM
DTT (added directly before use)

Blocking Buffer 5% milkin 1X TBS{137 mM Sodium
Chloride, 20 mM Tris, 0.025% Twe2h
Supplied at pH 7.6t@ck 20X Tris buffered
saline solution with detergent Tween 20

Severn ibtech)

Incubation buffer 0.5%Bovine Serum Albumin (Sigma) in PB

Table2.1: Composition of thamedia and buffes used throughout the experiments.

2.2.2 MammalianCell culture (HaCaT, A431 and Hela)

Immortalized human HaCaT keratinocy®31 andHelLacells were growrin individual
flasksat 37°C with 5% G@ a humidified incubatorCSf t & ¢ SNBX 3INRGY Ay 5dzf
modified essential medium (DMEM; Lonza, Switzerland) supplemented with 10% heat

inactivatedfoetal calf serum (Invitrogen, Carlsbad,)@#d 100UmLt! penicillin and 100
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> 3 ¥ treptomycin (Lonza, Switzerland), and were passaged every 3 to 4 days, or when the

cells had reached 880% confluence.

2.3 Seleniunsupplementation with Ng5eQ
2.3.1 Antibodies

Name Concentration

GPx1/2 Mouse MonoclonaAntibody Western Blot 1:1000

(Santa Cruz Biotechnologg133160Q Immunofluorescence 1:200

Purified mouse antactin Ab5 Western Blot 1:10000
monoclonal antibody (BD Bioscience
612656)

Anti-mouse 1gG, HRIihked Antibody(Cell | Western Blot 1:4000
Signallingr076)

Goat antiMouse IgG (H+L) Cress Immunofluorescencel: 1000
Adsorbed Secondary Antibody Alexa FIU
488 (ThermoFisheA-11029

Table 22: Types andconcentrations ofantibodies used in immunofluorescent and Western

Blotting protocols

2.3.2Stimulating GPX1 activity with4SaQ

To investigate the effect of selenium stimulation on GPX1 production and determine the
optimum concentration to use for maximum GPX1 yiel@CHT A431 and Heleultures
were prepared with varying levels of dQ for varying incubation timegAn appropriate
density of cells for each cell type (tale3) wassuspended in 2nL. d DMEM, FCSenicillin,
and streptomycin (as above) were addedetach well in a six well plate. These were left to
seed for 2 hours &7°C with 5% GGn a humidified incubator. To test the optimum
concentration for GPX1 production and cell survival, different concentratioNs.8e0;
were testedEach well wasreated with 20uLof serially dilutedN&SeQin milliQ water (10
MM, 1uM, 100nM, 10nM, 1nM, OM). As previous work had utilisedddy incubations to
improve GPX1 activity, two plates were made to test the effect of incubation time with
NaSeQ on suwival and GPX1 activity (Hazahach et al., 2013). One plate was incubated
for 24 hours, and another for 96 hours in the conditions as before. After the incubation
period, the medium was removed, and the cells were washed wittmiLphosphate

buffered saihe PBS) per well. Cells were put on ice, angiZite-cold RIPA buffer (table

2.1) was added to each well before scraping cells to suspend in the buffer. The suspensions
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were then centrifuged at 1300m for 5 minutes, and supernatant was taken frontlea

sample.
Cell type 24h cellgmL) 96h (cells/mL)
HaCaT 1.5x10 7.5x10
A431 1.5x16 7.5x10¢
Hela 1x1C 5x1¢

Table2.3: Seedig density forall cell types used in either 24r 96-hour supplementation

expaiments

2.3.3Determining totaprotein concentration with Bradford Assay
In order to ensure samples had equal total protein before testing for GPX1 concentration, a

Bradford Assay was performed using BSA to create a standard curve. BSA was diluted with
PBS into concentrations of 0, 6,20.5, 1 and 2 mg/mL, and 24BRIPATable2.1) was

added to each. On a 96 well plate, 2u50f each BSA concentration were added to 200
Bradford Ultra(Expedeon)n separate wells. 1QLof each sample with varying b&eQ
concentration and incubain time were added to 20QLBradford Ultra. For the samples

and the BSA standards, this was repeated to obtain an average absorbance. This was then
tested in a TECAN plate readeeasuring absorbance at 588n. The data for BSA

absorbance was plotted anged to determine the total protein (mean) in each of the

samples.

2.3.4Western bloting

Protein samples prepared from celfcubated with varying concentrations of XQ for 24

and 96 hours wereasolvedthrough an SDBAGHK)eland blotted to test fo differences in

GPXZIprotein levelin response to supplementation with selenium. For equal loading of

protein, samples were diluted to 3@g/mL protein in RIPA, and 20 3x Loading Buffer

(table 2.1) was added to each. Samples were boiled foriButes at 95°C before loading 15

uLinto a gel (420% TriDf e OAY S aAyA DSfta 2SR3IS2 @lfof uX ¢ KSNJ
PageRuler Plus protein ladder (ThermoFisher) was also added before running the geVat 225

for 30 minutes. This was transferred ordgo Immoblon®P PVDFMmembrane(SigmaAldrich)

This blot was blocked for one hour5fomilk in TBST, washed and immunostained with-anti

mouselgGsecondaryantibody (table 2.2) beforeimaging withthe SuperSignal West Femto
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ECL kitThermoFisher Equaloading and efficient transfer were confirmed with an anti

actin counter stain.

2.3.5Determining longevity of response
HaCaTs were incubated for B6ursin the presence of UM NaSeQ before seeding a 6

well plate with varying cell densities for 22 hours(seetable 2.4), anda sample was taken

of supplemented cells at l@oursafter withdrawal from selenium. Thel@ur samples of
approximately 6x19cells, both with and without selenium were centrifuged at 1300

for 5 minutes, before washing with PBS and centrifuging again. These were lysed in RIPA
buffer and centrifuged as before, and the supernatant was collected. After incubating the
plate for24, 36, 48 andZ hours a sample was taken from the appropriate well by washing
with PBS and scraping cells withpdGce-cold RIPA buffer (Tab&1), before centrifuging

samples at 13000 rpm for 5 minutes, and taking the supernatant.

Incubation time | 24 36 48 72
(hours)

Seeding cell 1.5x10° 1.2510¢ 7.5x10 3.7%10
density

(cells/mL)

Table 2.4Celldensitiesused for seeding HaCairsNa;SeQ withdrawal experiments

2.3.6XTT assay for resistance to chemotherapeutic agents#hd H
Toinvestigate the effect of N&eQ-dependent elevation in GPX1 on the cellular response to

stress, cell survival with varying concentrations of damaging ages(®s, (isplatin,
doxorubicin and docetaxel) was assessed using an XTT assay. HaCaT celtsibatesl ifor
96 hourseither in the presence of, or without, iIM Na:SeQ, before being seeded into 96
well plates at alensityof 5000 cells per well. The p&eQ-treated cells were seeded in
medium containing 1M Na:SeQ. Cells were allowed to rest f{@4 hoursbefore chemical
treatments were added. ]hM HO,, 200uM cisplatin, 2QuM doxorubicin or 1M

docetaxel was added to the first well in both plates, and double dilutions were performed
across the succeeding 6 wells, with no treatments addetiedinal row of cells. 5QL of

XTT reagerfrom the XTT Cell Viability Assay(Ribtium) was added to each well and
incubated for 6 hours before measuring the absorbance atr68G490nm reference) on a

TECAN plate reader.
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2.3.7CyQuant assay for is&ance to chemotherapeutic agents angDi
To investigate the effect of N8eQ-dependent elevation in GPX1 on the cellular response to

stress, cell survivatas assessed using the CyQuant assay after the additicaryhg
concentrations of damaging ages (HO;, cisplatin, doxorubicin and docetaxel). Cells were
seeded into two 96 well plates atdensityof 1000 cells per well and were left fone hour

to settle. After this, the medium was replaced with 200DMEM, with or without JuM

NaSeQ supplenentation. Cells were allowed to grow for 96 hobesfore the media was
removed and DMEM containing chemical treatments, as well as selenium supplementation
for one plate, were added. @M HO,, 200uM cisplatin, 20uM doxorubicin or 1hM

docetaxel was adetl to the first well in both plates, and double dilutions were performed
across the succeeding 6 wells, with no treatments added to the final row of cells. The plates
were incubated at 37C and 5% GQor 24 hours. 10QuLof CyQuant reagent wasdded to

each well and this was incubated again for one hour before measuring the fluorescence at
480/535 nm.

2.4Investigating the interaction éferoxiPlatvith GPX1

2.4.1GPX assay
To investigate the effect dferoxiPlatprepared as in Coogan et al., 208&,GPX1 activity

and therefore give an indication of its ability to inhibit GPX1, an assay was run using NADPH
as a secondary reportePeroxiPlatvas diluted in assay buffer to produce angy/mL

solution.5 pL of Boune GPX1 was diluted with B of assay buffelWells were prepared as
follows: 50 pLassay buffer was added to well3uLof 1 mg/mLPeroxiPlaand 45uL assay

buffer were added to well;5 pLdiluted bovine GPX1 and 4 assay buffer were added to

well 3; 5 pLdiluted bovine GPX1, 8.1 mg/mLPeroxiPlaand 40uLassay buffer was added

to well 4. A reaction mix containing 1481kassay buffer, 13.AL 40 mM NADPH, QL

glutathione reductase and j@Lreduced glutathione was prepared ad pL was added to

each well.The wells were therpreincubated aroom temperature for 15 minuteslO pLof
cumene hydroperoxide was added and the output was measured immediately aninate

intervals for 10 minuteat 25°C.

2.4.2FOX assay

Reagent was prepared according to Rhee et al., 2010 to produce 2X FOX reagent for this
assay. This contained 2 xylenol orange, 500M ammonium iron (1) sulphate
hexahydrate in E5Q and 200nM sorbitol. In order to preventw@oxidation of the

ammonium iron (I) sulphate hexahydrate, it must be dissolved prior to its addition to the

reagent mixture.
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On a 96well plate, wells were preparegiccording to table.5, volumeswere made up to 55
pLwith PBS. These were incubated 1@ minutes at room temperature before adding Bb

FOX reagent and absorbance at 560 was measured after a further 10 minutes at room

temperature.
ComponentWell | 1 2 3 4 5 6 7 8 9
Bovine GPX 25uL | 25puL 25uL | 25puL 25uL
PeroxiPlat SpuL | 5pL | 5L 5uL
(2 mg/m)
Luperox S5uL | 5pL | 5pL [ S5pL | SpL | 5pL | 5pL [ S5upL | 5pL
(10uM)
Glutathione 20puL | 20pL | 20puL 20 L 20pL
(20 um)
MSA(500uM) 5uL
PBS 5L
FOX 55puL | 55pL | 55puL | 55pL | 55uL | 55puL | 55pL | 55puL | 55pL

Table 2.5Well compositionfor the FOX assay experiment.

2.5Flow cytometry folGPX1 interactions
2.5.1Fixing cells

HaCaT cells weigrown in a T75 flask for 96 hours with or without supplementation with 1
MM NaSeQ up to 90% confluency. These cells evélnen trypsinised before resuspending in
10mL DMEMt@ble2.1) and centrifuging at 30§ for five minutes. The medium was

decanted without disturbing the pellet, and cells were washed witimLOPBS before
centrifuging for another five minutes at 3@0 The PBS was removed, and this wash was
repeated with 5mL PBS, before finally resuspending inmll04% paraformaldehyde solution

in PBS (ChemCrumd allowing to fix at room temperature for 15 minutes. This was then
washed by centrifugation at 3@§for five minutes with excess PBS, and the supernatant was
discarded. This was resuspended imll fresh PBS and®L icecold methanol was added
dropwise to the cells, and these were vortexed gently to mix. The fixed and permeabilised

cells were stored at20°C until use.

2.5.2lmmunostaining HaCaTs for GPX1

5x10 fixed cellsmL (section 2.5.1jrom both supplemented andnsupplementedlasks
were washed in excess PBS and centrifuged ag300 five minutes, and supernatant was

discarded. After repeatinthis washing step, cells were resuspended in iDGPX1
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antibody (table2.2) in incubation buffer (tabl@.1) and incubated at room temperature for
one hour. They were then washed by centrifugation (808 min) in excess incubation
buffer twice before esuspending in 10AL Alexa Fluor 448 antibodyable2.2) in incubation
buffer (table2.1) and incubating at room temperature for 30 minutes. These were washed
by centrifugation in excess incubation buffer (3)® min) before resuspending in @L%nL
PBS and analysing on the CytoFlex flow cytometer. Two samples with and without
supplementation were also prepared without addition of the primary antibody, for

comparison.

2.5.3Interaction withPeroxiPlat
5x1C fixed cellsmL (sectior2.5.1)from both sypplemented and unsupplemented flasks

werewashed in excess PBS and centrifuged atg3fad 5 minutes, and supernatant was
discarded. 1QuL 10 mg/ml PeroxiPlatvas added to eaclh mLsampleand these were left to
incubate for 10 minutes at ron temperature. The fluorescence was then measured using

the Cytoflex flow cytometer.
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Chapter 3 Bioinformatic analysis of the
relationshippetweenGPX1 andancer
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3.1Introduction

The utilisation of bicinformatic analydigs allowed us to make caddsrable strides in

cancer researchlThe emergencef high througiput RNA sequencingrompted the
generation ofunprecedented amounts dfanscriptomic datdn both cancerous and nen
canerous cell linesProjects such as The Cancer Genome ATl@6GA)Genome Data
CommongGDC)Grossman et al., 2018nd Gene Expression Profiling Interactive Analysis
(GEPIAjTang et al., 201 ®ontain thousands of individual sampliesm hundreds of

projects performed globallgcross decaded.hesedranscriptional profiling databases are
invaluable resourcefor investigatngthe expression of genes anlarge, even paitancer

scale

The accessibility and magnitude of these databases has made bioinfotmaatd
approaches increasingly prevalent in modern cancerrese@archhA ST €t A1 ' YR./ KAY Yl
Data portals such as the GEPIA aQ{5A portalsnablethe user to easilydentify the
changes in gene expression that can be associated with development of esmcleok at
clusters of expression across a genome which may compoungbrisket al., 201, Hossain

et al., 2019)Such methods have been used to identify expression pattesssciated with
specificcancerpromoting hallmarks, such as immune infiltratiftvet al.,2020 Cuiet al,
2021) across a range of cancer typBesearchers are now able to identifipmarkers which
are able to predict prognosis and cancer drug resagLiet al., 2020 Claytonet al., 2020)
making it possible to develop personalised medical interventions, improving patient
treatment and outcomgCardoso et al., 20168furthermore, hese expansive databases are
also large enough to not only measubhe prevalence of gene variants in cancer samples,

but also to create detailed mutational maps, from which residues of interest caetiged

These tools are therefore ideal for exploring the true impadsBXin the context of
cancer Thisresearch aims to determinéandhow GPXland its variantsnay advance
cancer and how this impacts patient surviv@he aims of this bioinformatibased research
wereto (1) ascertainwhether expression othe GPXIgenewas elevated in cancef?)
determine the prognostic effect dBPXIMRNAexpression, (3assess the importance of
mutations to theGPXIgenein cancer development4) determine whetherthe expression
patterns of GPXtelated proteinamay compoundo promote cancer andd) establish

whether GPXImMRNAexpression promoteshemoresistanc@cross a range of cancer cell

types.
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3.2 GPXZEXxpressiornn cancer

3.2.1GPXImRNAexpression levelre generally higher in tumour than

normal samples
Todetermire a trend ofGPXIMRNAexpression in tumour tissues when compared to the

paired normal tissue, samples wetakenfrom the GEPIA and TCGA databdfigares 3.1

and 3.3. The GEPIA database included 18,323 samples for comparison, and the TCGA
database contained 12,011 samplBaith plotsconfirm that, across most cancer typ&aRX1
mRNAexpression is higher than in the normal tissue. There is a large amount of scatter in
both tumour and normal samples, indicating tHaPXIMRNAexpression varies greatly in
cancerous and nooancerous cells. However, there is generally a larger amount of variance
in the tumour samples compared with corresponding normal cell sample. Thisigecie
GPXInRNAexpression is also ngeen ubiquitoushacross the samplesvith some tumour
cell lineshavinga far greaterincrease irexpressiorthan others In particular, the samples
from Glioblastoma Multiform&GBM), Kidney Renal Papillary Celr€aoma(KIRF, Acute
Myeloid Leukaemig@_AML), Brain Lower Grade GlionfaGG, Ovarian Serous
Cystadenocarcinom@\), Pancreatic AdenocarcinonfRAAD, Skin Cutaneous Melanoma
(SKCNJ Testicular Germ Cell TumoyisGCY, Thyroid Carcinom@HCA, Uterine Corpus
Endometrial Carcinom@CELtumours had very high levels GPXIMRNAexpression when
compared with the normal tissuéung Squamous Cell Carcinofhd Sgand
Pheochromocytoma And Paraganglio(R&PEwere the only cancer cell lines to shaw

large loss 0GP Xlexpression compared to the normal sample.
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Figure 3.1GPXImRNAexpressioris higher in tumour samples than in the normal samples in the majoritgaificer typedrom Firebrowse
data. Boxplot ofGPXIexpression found in samples taken from human cancers (red) and normal tissues (blue) based on RNAseq data from

TCGA, made with FireBrowse, plotted as RSEM (log2)S&iNBy Expectatielaximisation).
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3.2.2 GPXInRNAexpressiorsignificanty impacs cancer prognosis

multiple cancer types
After identifyingthat tumoursgeneraly had a larger variation IBPXInRNAexpression

than normal tissueKaplaAMeier plotswere generatedo determine whethermhigherGPX1
mRNAexpressiorin tumour samplegorrelated witha higher severity of disease. These plots
were generated using data from the GEPIA datablasfigure3.3 A Logrank P9.031,

HR=26) and B(Logrank P9.0048 HR%.4), high expression dsPX1wvas linked to worse

overall survival (OS) itvealmelanoma (UVMpatients.In figure 3.3 B, highGPXINRNA
expression was defined as the upper quartile of expression in pati@ntslowGPXIMRNA
expression as the lower quartil&heeffect was more praouncedin this analysiswith no
patients surviving past 4 years. However, it should be noted that the sample of UVM patient
was fairly small, especially in figu88 B (n(high)=20 and n(low)=20), and therefore the

effect may be overestimated.

A Overall Survival B Overall Survival
o fp e Low GPX1T TPM o e Low GPXTTPM
—— High GPX1 TPM — High GPX1 TPM
Logrank p=0.031 Logrank p=0.0048
o | HR(high)=2.6 o | ighy=5:
o p(HR)=0.038 o p(HR)=0.011
= n(high)=39 | - n(high)=20
> n(low)=39 | > U h(IoW)=20
> @ > o
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Figure 3.3Elevated expression dbPX1is associated with decreased overall survival in
uveal melanomalUVM) patients. KaplarMeier plots showingverall Survival (O8)
UVM patientswith low and highGPXInRNAexpession usingGPXXxpression and
patient survival data from the GEPIA databa@®GPXlexpression level threshalsl
defined for high and low expression as above and btiewnedian (B) GPXlexpression
level threshold is definddr high and low expressias the uppeand lower quartiles

respectively.
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Infigure3.4A, B, C and zPXIMRNAexpression above the median was associated with
poorer OS and Disease Free Survival (DE3ain Lower Grade GliontaGG)®S Logank
P=8.4e05, HR =2.1; DFS b@mk P=0.001, Rl =1.7and Adenoid cystic carcinoma (AGOS
Logrank P=0.13, HR =1.8; DFS-tartk P=0.017, HR =2 23tients.
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Figure 3.4Elevated expression dbPXlis associated with decreased overalhd
diseasefree survival inlow grade glioma (LGG) anddaenocortical carcinomdACC)
patients. (A) Overall surviva(OS)nd (B) disease free surviyBIFS)n LGG patients with
low and highGPXImRNAexpression, and survival curves for (C) overall survival and |
disease free survival in ACC patients with low and GigKInRNAexpression. The
thresholdfor high and low expressiamas definedas above and Hew themedian value
for GPXlexpressionGPXIMRNAexpression (RNA seq) and patient surwilzdh were
takenfrom the GEPIA database.
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Figure 3.5Elevated expression dbPX1is associated with decreased overall survival in
kidney chromophobé&KICH andacute myeloid leukaemia(LAML patients. Overall
survival in (A) KICH, (B) LApéitients withhigh and lownGPXInRNAexpression. The
thresholdfor high and low expressiamas cfinedas above and below theedian value
for GPXlexpressionGPXZkxpression (RNA seq) and patient surviledh were takenfrom
the GEPIA database.
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Figure 36: Elevated expression dbPX1lis associated withincreasedoverall survival in
cervicalsqguamouscell carcinoma(CESatients. Overall survival itCESC patientgith
high and lonGPXImRNAexpression. The threshdior high and low expressiamas
definedas above and below thmedian valudor GPXlexpressionGPXlexpression (RNA

seq) and patient survivalata were takenfrom the GEPIA database

70



In figure3.5A and BGPXIMRNAexpression above the median was associated with poorer
OS for both in Kidney ChromopholddCH) (Logank P9.022, HR =7.9nd LAML (Logank
P=0.011, HR =pptients. Note that the largest HR is seen in the KICH group, where patients
with highGPXImMRNAexpression were at a 7-f@ld higher risk than the IoGPXINMRNA

expression group.

Cervical Squamous Cell Carcind@&SC) was the only cancer type tested which indicated a
positive correlation betweelGPXINRNAexpression and overall survival (Figure 3.6; log

rank P9.013, HR =0.54)

3.3 GPXirelated protein expressian Cancer
Given that GPX4 can compensate for GPX1 loss in MDR canc@taéebs al., 2014)it was

important to determine if themRNAoverexpression o6PXlseen in tunour cells is to
compensate for loss of GPX4. This is not the case; the relationship beGReind GPX
mRNAexpression follows aimilarpositive trend in both tumour and normal sampldigure

3.7, R=0.42 and 0.44 respectively)he spread of the data is greater in tumour samples than
in normal samples. There is a shift toward overexpressioGfXland GPX4GPX1n

tumour samples falls within the-Z0 Transcripts per millionTPM range, compared with-B
TPM in normal samp#e ThusmRNAexpression has increased in general but this varies
greatly between tumour samples. FGPX4tumour samples had between 7 and 10 TPM,
whereas normal cells had approx. 7-2% TPM, and thus there is a greater amount of

variance in tumour sapies.
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Figure 37: Positive correlatioris ob®rvedbetweenGPXland GPX4nRNAexpression
in normal and tumour samples€Expressiomm transcripts per milliogTPM)of GPXland
GPX4cross tumour (left) and normal (right) samplessng RNASeq data from the GEP

database.
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It is already known that GPX family members exhibit some functional redundancy, for
example between GPX1 and GRE2worthy et al., 2000and can be overexpressed to
compensate for the loss of one another. HenG&XInRNAoverexpression could be
accompanied by a loss of other GPXs for whom GPX1 can compensate. Conversely, all GPX
members containing selenium use the same translational regulator, the-SBEBcomplex,

for selenocysteine incorporatiofsectionl.2.3.2) and so an upregulation of aember of

this complex, such &8BP2will alter the mRNA transcript stability feelenoproteinGPXs
changinghe amount of each proteithat is produced To investigate if there asany impact

on the expression level of the rest of the GPX family, heptweere generated for

expression of these proteins in tumours and normal cells.

Previous research from Wei et €2020) described a proteiprotein interactionnetwork for
GPX1which was created using GENEMANW s was generated using gec@expression,
gene celocalisationgene enrichment and othdnteractomicdata, andsuggests the
proteins likely to interact with GPX1, even if ttedationship between the proteinis
currently unknownThis map implicated many other proteins as Gélxted proteins- not
only GPX family members, but also SBP2, Exosome component 2 (EXOSC2), RNA polymerase
[l Subunit L (POLR2Lhydroxysteroid 17beta dehydrogenase X (HSD17B10), Tumour
protein 53 (P53), Ras Homolog Family Member A (RHOA}RNYIsythetase (KARS),
vesicleassociated membrane protein 8 (VAMPS8), Abelson homolog 2 (ABitRgpsin D
(CTSD) and thioredoxin (TXN). To investigatethewnRNAexpressiorof thesewere
affected byGPXZxpression level in cancers, and therefore which Gfe}ited processes
may be preferentially promoted in GPXith cancers, heatmaps were generated toe

GPXZrelated proteingenesin the same fashion.
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Figure 38: Heatmaps of the GPX protein family and SBRRNAexpressionmRNAexpressiorfior GPXamily proteins and SBP2 (SECI$BP2
TPM in normal (N) and tumouf)(samples across many tumour typ&sese were generated using the GEPIA gene comparison tool, with data
from the GEPIA database.
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Figure 39: Heatmaps of thenRNAexpression of GPXihteracting proteins mRNAexpression in TPM in normal (N) and tumadijrs@mples

across many tumour types, for GPX1 and GRiétacting proteins indicated by Wei et al., 2020. These were generated using the GEPIA gene
comparison tool, with data from the EPIA database.
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Figure3.8 indicatesthat there is no consistent pattern of changertdRNAexpression
between tumour and normal cell samples for the GPX family as a whole. Although GPX2 has
been observed to compensate for loss of GPX1 (and vice wersad (Florian et al., 2010)
this pattern is not replicated here. Following low@PXInNRNAexpression in tumour cells
relative to normal cellS5PX3s rarely upregulated, and this pattern is only seen in
Esophageal CarcinonfBSCpand LUSC samples. Generally, wBiRXland GPX2ZnRNA
expression is higher in the tumour than the normal sam@ 3 2nRNAshows the opposite
trend. Similarly, in cell lines with both high&PXland GPX2nRNAexpression in tumour
samples CES, CHOLColon Adenocarcinom@OAD, LAMLLiver Hepatocellular Carcinoma
(LIHG, PAADRectum Adenocarcinom@EAID Stomach Adenocarcinom@&TADand TGCT
SBP2nRNAexpression is generally either lower or equaRPX3nRNA expressiowas
generally downregulated in tumour cell samples, although there is no pattern shown that

indicates another GPX family member is congaimg for this.

GPX4vas commonly upregulated in tumour samples. In the majority of cases, GRa{1
was upregulated in tumour cells, this was accompanied by an incre@&RXdAnRNA
expressionoften to a similar degree. This was seeBladder Urothelial Carcinon(8LCA
CESC, CHOL, COAMphoid Neoplasm Diffuse Larg€BIll Lymphom&LB§ GBM KICH
Kidney Renal Clear Cell CarcingiiiR(; KIRP, LGG, LIHC, OV, PRAd3tate
AdenocarcinomgPRALD Rectum Adenocarcinom@&®EALR SKCM, STAD, THThymoma
(THYN), UCEC and UCS samp&BX5:nd GPX had low and consistent levels miRNA
expression across both tumour and normal samples, withekception ofGPX5n
tenosynovial giant cell tumoyiTGCY, where normal samples showed grea@PX5
expression compared to tumour sampl&PX7and GP8 were also commonly
overexpressed in the tumour samples, however, these were often expressed ingraryi

degrees, and did not show correlation wiBPXIMRNAexpression comparable witBPX4

In figure3.9, all of thegeneswere generally overexpressed in the tumour samples compared
with the normal samples. In five tumour types (DLBC, GBM, LIHC, STAD anddi@&a),

all of the proteins mapped were overexpressed in the tumour sample. Similarly, in five
tumour types (BLCACOAD, PAAD, READ and THYM), all but one of the proteins were
overexpressed along witBPX1The most similamRNAexpression profiles t&PXwere

seen forPOLR2IHSD17B10rP53 CTSDand, to some extent, VAMPS.

To assess the wider impact GPX1 coddhaving in the cell via its interaction with the GPX1

related proteins,an Overrepresentation Test on GoPantheas performed(table 3.1) By
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inputting the GPXtelated proteins listed in Wei et al, 2020 intooanther, only one
biological process was fad to be significantly enriched; cell activation involved in immune
response. This is the only result with both a significant raw P value, and a false discovery rate
of below 0.05. The five genes from the inputted set that were associated with this fanctio
were CTSD, KARS, TP53, VAMP8 and Rié@& of which hathRNAexpression levels which
correlated well withGPXXfigure 3.9).

GoPanther analysis
Number of Number | Number | Fold Raw P False
genes in of genes | expected | enrichment| value Discovery
Homo in query Rate
Sapiers
Leukocyte 624 5 0.3 16.71 5.45 x 8.67 X
activation 10°® 102
involved in
immune
response
> Cell activation | 628 5 0.3 16.6 5.62 x 4.47 x
involved in 102 102
immune
response

Table3.1: Enrichment analysis of GPXiteracting proteins using GoPanthéndicates
significantenrichment in cell activation involved ithe immune responseGoPanther

output following anOverrepresentation Tesf GPX1, SBP2, EXOSC2, POLR2L, HSD17B10,
TP53, RHOAKARS, VAMPS, ABL2, CTSD and TXN.

3.4 GPXInRNAexpression and chemoresistance

As previous work had linkedPXImRNAexpression and activity with resistance to anti

cancer druggsection1.4.3), this relationship was investigated on a larger scale by comparing
GPXInRNAexpressior(using data fronthe Broad InstituteCance Cell Line Encyclopedia)

with 1Go values for cisplatin, doxorubicin and doceta¢@DSCacross a range of cancer cell

lines.These drugs werselectedas two of these (cisplatin and doxorubicin) have already

been directly linked to GPX1, and resistance was found aasall numberof cancer cell

types, and potential mechanisms of action have been explored to explain this effect. Namely,
increases in GPX1 activity prevent apoptosis by reducing the leveDpahtl

downregulating other key members of the apoptotic pathwagexfion1.4.2.5). As docetaxel

also uses ROS to initiate apoptosis in target cellsl & Y R b I, $iniiEgpbnde> H n M U

(GPXiinduceddrugresistance) would bexpected, thus this was also investigated.

Infigures3.10 Aand 312 A, cisplatinand doxorubicirshowed very little overall correlation

betweenGPXIMRNAexpressiorand drug I6. In figure3.11 A, docetaxellGo appearedto
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positively correlate wittGPXImRNAexpressionhowever this was very slight correlation
Across all drugs and cancer cellagpthere was a large amouot variance in 165, and
therefore a smaller sample of cancer cell types were extractedpéotted (figure3.10B,

3.11 B and 312 B), to identify cancer cell types of interest. These were selected based on a
general positive correlation, howevehere is stilla large amount of scattexithin each

cancer type.

The only cancetelltype which was found to have a consistent relationship betwé&&rx1
mRNAexpression and drugido wasCES(Forcisplatin, the selectedancers werdBLCA,
CESESCA, HNSC, LGG,&dHodgkinand Burkittlymphoma(figure3.10 B). OVappeared
to showstrongerpositive correlation betweeGPXINRNAexpression and drugesistance
than othercancertypes In figure3.11 B, the selected cancers wel€ESC, MESO, MB, OV.
MB appeared to show thetrongestcorrelation;however,this also had a small samdize.

In figure3.12 B,only 3 cancetypes were faind to have a reasonabtmrrelation:CESC,
Hodgkin lymphoma and Burkitt lymphomall of these were also identified in the cisplatin
dataset, indicating thiathesecancer typesas opposed tall cancers in the database, may be

sensitive to GPXihduced chemoresistancard warrant further investigation
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3.5 Expression and Copy Number VariatioGBXIn cancer

cells
As it was found thaGPXlwvas commonly overexpressed in cancer, and was especially

detrimental for prognosis, the frequency of overegpsion and copy number variatigGNV)
for the GPX gene was investigatedin the COSMIC databagePXlkxpression was
comparedacrossl594tumour samplesas wasCNV to assess whether duplications of the

gene were the source of aberra@®P Xlexpression.

A B
339

1226 1568

Overexpression B Underexpression = No Change Loss M Gain No Change

Figure 3.B: GPXIgene expression and gene variation in COSMIC tumour samples
(A)Graphshowing the number diimoursamples in th&€OSMI@atabase that show
either over or underexpression o6PX1based on RNAseq datalgb94samples(B)
Copy number variation for the GPX1 gene seen in tumour samples from samples
COSMIC database.

Accordingo figure3.13 A, theGPXJIgene is ovezxpressed in tumour cell samples far more
frequently than it underexpressed. Converselfigure3.13 Bindicatesthat the GPX1gene is
more frequently lost than gained in tumour samples. Overall, this therefore indicates that
the overexpression seen in those samples is not due to copy number variations, such as
duplications, but is due to other changes that can affect expredsigi (e.g. mutations or

regulatory changes).

3.6 Location ofGPXInutations and effect on cancer
As little data was available daPXImutations in cancerdll lines,datamining was performed

to identify any mutations which may help to drive cancer depgient or allowsGPX1o

offer greater protection to cancer cells.
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COSMIC data from 38amples (figure.14) showedow levels of mutation across much of

the protein, aside from a hotspot of mutations at the position P77, the vast majority of which
were P77R. Out of 44 samples, 18 were from a sitgldy, McMillan et al., 2018This data
suggests this could be a res@laf interest, as it is prevalent in tumour samples. The P77R
mutation was further researched in Ensembl to assess the impact of this substitution on
protein function table 3.2). Inall tests apart from MetaLR, P77R scored highly for mutational
impact. SFT, PolyPhen, CADD, REVEL and Mutation Assessor scored indicated that this
mutation was not only deleterious with respect to the original amino acid function, but also

likely to be pathogenic.

To test whether the same hgtot is present across other dakts, GPX1 mutational map

were also generated using the IC@ad GDGlata portal(figure 3.15). Further investigation

of mutations inGPX1using ICGC and GDC showed no peak at P77R, but generally low levels
of mutations throughout the protein, comparable to the COSMIC data. ICGC data also
indicated a small number of A12P and D159N mutations, which are also seen in COSMIC. As
COSMIC derivesme data from this database, it is likely that the mutations shown in the

ICGC map are also shown in the COSMIC map.

ENSEMB&nalysis
Mutation | SIFT PolyPhen | CADD REVEL MetaLR Mutation
(how (difference | (cumulative (predicts (predicts Assessor
different the | in physical | score of pathogenicity | pathogenicity | (impact
AAis likely | interactions | deleteriousness) of variant) of variant) based on
to be) of missense evolutionary
variant) conservation)
P77R 0 0.739 31 0.757 (likely | 0.248 0.984
(deleterious) | (possibly (likely disease (tolerated) (high)
damaging) | deleterious) causing)

Table 3.2The P77R mutation is likely to impact the structure and functiorGé#tX1

Ensembbenerated scores for mutational impact of the PTZIRX variant, using a range

of analyses.
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protein (x-axis) using data fron{top) the ICGQlatabase(19,729samples tested329 mutations identified/0 mapped to a residyeand pottom) the
GDGlatabase(800samples testedand 28 mutationsmapped to a residye

84



3.7 Summary

Various bioinformatic approaches were utilised to deterntine impact of GPX1 on cancer
development and patient survivaBPXIMRNA expressioim tumour samples was higher
than in matched normal samples forosttumour types, using RNASeq data from both
GEPIA and TCGWhile in most cancershere wasno significantdifference in patient
prognosis for patients with high and lc@PXIMRNAexpressionhigh GPXINRNA
expression was fountb significantlyreduceoverall survivain UVM, LGGKICH and LAML
patients, and tosignificantlyreduce disease free survivalACC and LGG patients.
Conversely, higmRNAGPXkExpression was fountb significantlyimproveoverall survival

in CES@atients.

Due to its known functional redundanjth regard to other members of the GPX family, as
well as a recenteviewdetailinga protein-protein interaction networkfor GPX{Wei et al.,
2020), an investigation wamdertakento determine theexpression profes of theseGPX1
relatedgenes across cancer typéteatmapsrom GEPIlAndicated thatGPX4vas the only
member of the GPX family to lmensistently overexpressed witABPXInRNA
overexpressionSBP2however, showed the opposite tren8catter maps oGP X against
GPX4nRNAexpression for all cancers did not demonstratehange in the relationship
betweenGPXland GPX4nRNAexpressiorbetween normal and tumour samples, although
there wasa slight increasé the spread of thenRNAexpression for both genes itnmour
samplesHeatmaps also indicated that f@OLR2IHSD17B10rP53and CTSDexpression
increased withGPXINRNAexpression across most cancer typasoPanther
Overrespresentation Tesif the GPXrelatedgeneswas succssful inflaggng CTSDKARS
TP53VAMP8and RHOAas genes enrichingukocyte activationinvolved in immune

response

GPXInRNAexpressiordid notappear to correlate withchemoresistancéo doxorubicin,
docetaxel and cisplatiacross the majority of cancer types. CESCthasnly cancer type to
show positive correlation betwee@PXINRNAexpression andhemoresistance for all drugs
investigatedThis dos notsupportour current understadingof the role ofGPX1n
chemoresistance, aSPXInRNAoverexpression has been associated with chemoresistance
in vitroacross mangancer typegsection1.4.3.]), andan increase il€ESC patient stival

(figure 3.4).

As very little research had been done on somatic mutat@frGPXlappearing in cancer,

these were investigatedsing existing cancer databas8g&PIA, ICGC and GBGotspot of
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mutations wagletectedusing GEPIA analysiB77R While Ensembl analysis indtedthat
the P77R mutation would indedthve a deleterious effect on GPX1 function, further
investigation using the ICGC and GDC data portals disupgirt the presence of this
hotspot. As many of te samplesvhich detected the P77R mutation came fransingle
study only present in GEPIA, it is possible thatP77Rhas been overrepresented in this
database as there may be differences in curation between databaBleis. method of data

analysis may therefore be unreliable in findimgtations for furher investigation.
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Chapter4 - Stimulaton of GPX1
productionwith selenium
supplementation
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4.1 Introduction

As discussed in secti@i2, GPXIs a selenoprotein, and as suchquires the rareamino
acid selenocysteine for its activity. It is therefalependent uporseleniumfor the
expression of th&PX gene.GPX1like other selenoprotein genes, is subject to an
additional level of regulation at the translational levEhe expression of selenoproteiris
controlled by a mRNA loop structucalled aSECIS elemerfolding ofthe mRNAvia the
SECIS lodpy NB O & $0f éofion to a selenocysteine (Sec) codom addition of whichg
initiated via recruitment oSECHsinding protein2 (SBP2{p the loop structure SBP2
recruits eEFSelsound SeedRNASec to the site, armingsit within close proximity of the

ribosome, facilitating the addition of Sec to thmino acid chain

While the SECIS/stem increases Sec incorporation efficiefaryselenoproteinsthis ability

is distributed differentially across the selenoproteins, and is dependent thSECIS
elementstructure (section 2.2.3 Thisestablishes aelenium hierarchyunder which some
selenoproteins are given prefangal access to selenocysteine when selenium levels ave lo
GPXZalls at the bottom of this hierarchy, ardw levels ofGPXlare producedunder
seleniumpoor conditions Therefore, whé other selenoproteins are constitutively
expressed, expression GPX1s highly dependent on selenium levtoviding cells with a
selenium supplemens an easy method of theoretically boosting GPX1 produgctiod this

relationship can be exploited pgrimentally to investigate GPXdnction.

Indeed,previous work hashown increases at the mRNA level following supplementation
with selenium(HazanePuch et al., 203; HazanePuch et al., 2014Howeverthis work is
limited as it does notonfirm whether mRNA overexpression resulted in increased GPX1 at
the protein level Given thalGPXXxpression is also regulated at the translational letres,

is an oversight which needs urgent investigation. Furthermore, there is no indication of the
longevity of this effect, whictvould be essentiahformationfor contextualisngthe true

impact ofseleniumin biologically relevantimescales Given also thaGPXloverexpression

has been linked to chemoresistandegducingGPXlexpression with selenium
supplementatiorallows us to investigate these effects within a range of drugs and acetiss
types. The aimof this workwere therefore (1) to investigate the effect of selenium
supplementation orGPX1 protein level, (2) to dginmine the longevity of this effect after
selenium withdrawalnd (3) toexplore theeffect of seleniurAinducedGPX1 production on

chemoresistance.
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4.2 StimulatingGPX4/2 protein productiorwith sodium selenite
(Na:SeQ) supplementation

Western blots wergerformed following supplementatiowith sodium selenitdNaSeQ) in
multiple cell lines to verifyhat selenium availability can impa@PXIprotein level The cell
lines chosen were HaCafmmortalisedkeratinocytes as used itHazanePuchet al., 2013
and two cancerous cell lines, Ad@pidermoidsquamous cell carcinomahd HelLdcervical
carcinoma)which canprovide information onGPXprotein levelin the cancer cell context.
HelLa cellslso belong to the CESC cancer type, which Weened in GDS@atamining to
have potential for GPXihduced chemoresistancéidures 3.8, 3.9 and 310) and thusdeeper

understanding of how to manipulai@®PX1levelis of great interest.

Na:SeQincreased GPXA protein level in HaCaT cells in a doard timedependent
manner {igure4.1Aand B. The largest increase was seen at 1 uM and 100 nM after 96
hours, and for all concentrations 9®ur incubations yielded a larger increase tharh2ir
incubations. However, both 24nd 96hour experiments saw a similar responseNaSeQ
concentrationg similarly high protein level at 1 uM and 100 nM concentrations, with a

decrease in GPX protein yield for each subsequent dilution N&SeQ.

Similarresults were seen in A431 (figure 4.1 C and D) and Hela cells (figure 4.1 E and F),
where 96hour incubation witiN&SeQ yielded higher GPXA protein than 24hour, and a
similar dose dependency was observed. However, these cancer cell lines appeards be le
sensitive toN&SeQ than HaCaT cells, with both showing a smaller increase in protein level
at higher concentrations than is observed in HaCaT éalsexample, the maximum GRX1
yield achieved in HaCaTs was 29.4 times the cqmtitbough only 2 repats were

performed Howeverjn HelLa and A431 cells, the peak protein levels achieved were 6 and
3.1 times higher than basal, respectivefieLa Cells were the most resistant to selenium
toxicity, and thus, samples were able to be taken at a higher ddxeM, for both 24 and 96

hours.
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E. HelLa
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Figure 4.1GPX1/2 protein levelsincreasein HaCaT, A431 and HelLa cdédiBowing
supplementation with varyingconcentrationsof Na,SeQ over 24 and 96 hourdVestern
blot of (A) HaCaT¢C( A431 andK) HelLa extracts taken after 24 or 96 hquasdplots of
protein level measured throudsand intensity normalised to act{B) HaCaT (n=Biological
replicates), ©) A431 (n=diologca repicateg and © HelLa (n=3, *n=RBiological replicate$

after 24hours (left) and®6 hours (rightpf supplementationwith standard deviation bars.

4.3 Longevity of response following.8aQ withdrawal
While there issomeprevious researchetailingthe effect of selenium supplementatioon a

limited number of cell types human cells (Haz&heh et al., 2013, Hazafch et al.,
2014) there is nonghat documents the longevity of teresponseTo fill this gap in our
understanding, HaCaT cells were treated with-8&Q for 96 hours, before withdrawing the
supplementation and harvesting cells at Oh, 24h, 36h, 48h anid &fer withdrawal HaCaTs
were selected as they had the largest increase in GPX protein level following
supplementation, so araot onlyhighly sensitive to selenium levelsutwould also

presumablyhave the most noticeable drop in GPX1 lde#bwing withdrawal.

In figure4.2 A and BpeakGPXprotein was seerimmediately after 96 hours of

supplementation where it was8.4times greater than the basal levdlhe level of GPX then
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dropped by 70% within the following 24 hours of.NaQ withdrawalto 2.6timeshigher
than backgroundGPX protein level slowtieaeasedfor the following 24 hours and

remained at a level slightly above basal until between 48 and 72 hours of withdrawal, where

HaCaT withdrawal from supplementation

A
|
T S e e | GPXI2
I . B-Actin
‘Oh-Se‘ Oh+8e‘ 24h ‘ 36h ‘ 48h ‘ 72h ‘
B
9
8
c
%7
£6
=
.-|5
54
23
‘ I I
(-4
- O
0 H
24h 36h 48h

Oh - Se Oh + Se 72h

Time since withdrawal

Figure 4.2: GPX2 protein leveldecreases rapidlyjn HaCaT $ollowing selenium
withdrawal. Westernblot (A) and bar chart (B) showing protein level in HaCaT cells
following withdrawal from JuM N&SeQ. 0 hour-Se represents the cells with no
supplementation prior to thevithdrawal experiment, and Oh +Se represents cells after
96-hour supplementation with N&eQ. Each subsequent lane shows the protein level of
previously supplemented cells after hours of withdrawal (incubation without

supplement).

it returned to basal levels (as shown in the untreateldodirscells).

92



100

(x10%

S8C-A

(x10%

+senoab 2210 : All Events

50
FSC-A

Figure 4.3: Immunofluorescence flosytometry of HeLa cellsndicates96-hourincubation with NaSeQincreases GPX2 protein level Scatter
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graphs (left) indicate populations of cells grouped through gating. P1 represents cell debris, P2 represents intacickhisaevaken up the

Alexa Fluor antibody. Histograms (right) indicate the absorbance orARNIG P1 in red and P2 gneen. Measurements taken on a Cytoflex and

labelled using CytExpert software
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Figure4.4: Selenium supplementation increases cellular level$&G6fX12 as measured by

flow cytometry. Histogram overlay of all events measured in the FITC channejrapites
shown correspond to cells with no primary antibody, both with (dark blue) and without (dark
green) selenium supplementation, and cells with primary antibody, with (light blue) and

without (light green) selenium supplementation.

Infigures4.3and4.4, the peak is shifted left in cells given the GEXadntibody, indicating
that GPX1s presentin the cells with and without supplementation. In the supplemented
group, this peak is shifted further left, and is flatteglicating that more GPX4as

produced This agaisuggestshat NaSeQ supplementation promotes GPX1 production in
cells,but also indicateshat the increasein GPXJprotein levelvariesfrom cell to cell and

GPX1 is natomogenously expressed within the cohort.

4.4 Hfect of NaSeQ; supplementation orresistance to

chemotherapeutic drugs
As discussed ih.4.3, GPXZexpression has been previously linked to chemoresistance in a

few cancer cell lines. Further research with Gdf8indeed find some cancer cell types that
may be more susceptible to Gitiluced chemoresistancend thus designing a protocol for
investigating this relationshijg necessary for potentially exploiting this relationship in
improving drug responsé&.herefore, survival assays were performed using the three
chemotherapeutics drugs selectedrlier (cisplatin, doxorubicin and docetaxel), as well as

H.O,, asROSare an important mediator in thenductionof apoptotic cell deatlandare
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therefore central to he action of chemotherapeutics.

Cisplatin Doxorubicin Docetaxel H,0,

Seed into 96 well 200uM | 20pM 10nM 2mM
plate
dd Se to one plate
Settle 24h
Tx1:2 .
dilutions Treat with XTT
UM Na,Se0,; 96h reagent

3uM | 310nM | 160nM | 31uM

Leave for 6h

630nm
— (reference)

Figured.5: XTT assaprotocol for survival in cellafter drug treatment Cells were
incubatedwith or withoutsodium selenitafter treatment withcisplatin, doxorubicin,

docetaxel and hydrogen peroxideQ).

These treatments were performed in HaGesTnot only were theswere shown to bevery
sensitive to seleniuanduced overexpression of GPXnd maintained largely elevated GPX1
protein levels for 24 hours after withdrawalthough this was originally inteled to be
repeated in HeLand UVM cell types, time restrictions prevented tt8sirvival of theHaCaT
cellsafter exposure to chemotherapeutic drugs os® was measured using two survival
assaysXTT and CyQuamith or without 96 hours ofprior incubaton with sodium selenite
XTT and CyQuant use distinct methods for measuring survival: the XTT assay uses metabolic
activity as a proxy for proliferation, measured via the reduction teti@zoliumsalt, while
CyQuanguantifies survival byneasuringnteractionof fluorescent compoundwith cellular
nucleic acidsAs will be discussedyiginal XTTexperimentsused the same medifor the full
experiment(figure4.5), whereas later experimentwere performedby replagdng medawith

NaSeQ-free DMEMbefore survival was measured.

Initial XTT datavould suggest thathere were no surviving seleniuineated cells at any
dosageandthe absorbance valuas all dosedell either belowor near tothat of the no cell
control figure 46). To illustrate this, only values for absorbance, not survival, were plotted.
However, further inspection of the cells on a brightfield microscepewedthe cells had
similar posttreatment survival to the untreated cell$his therefore indicated that thassay
was unable taneasure the survival in treated cells. This could have been due to either the
presence of selenium in the mediuon the shift in redox status the HaCaTs due to the

overexpression of GPXihich places the cells outside of the dynamange of thereagent.
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Figure 46: XTT does not effectively measure cell viability when measurements are taken i8é@supplemented mediaPlots of absorbance seen in

XTT assay after supplementation of HaCaTs with or withoi@é@and treatrment with cisplatin, doxorubicin, docetaxel oG when media was not

changed before taking the XTT measuremnfenBtechnical replicates
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To determine the cause aiis issue further XTT experimentsere performedn which the
supplemented media was changed for.8aQ-free DMEM In this instance, values for
percentage survival were calculated asrh&vaslarge enougldifference seen between the
lower and higher dose@igure 47). Thesurvival forcells treated withcisplatinand HO, was
significantly different afteselenium treatmen{paired two tailed T tegh=0.0013and
p=0.0027 respectivelyFor HO, treatment, selenium treatment improvedell survival
modestly, and for cisplatin, the opposite effect was observed. The siéct
supplementatioron survival after doxorubicior docetaxetreatment were not found to be
significant (p9.2678and p=0.0633 respectivelyHowever the results for the cisplati
doxorubicin and docetaxéleatmentsdid not meet expectations, as cells in both the
unsupplemented and suppiented media were highly resistant teeatment at the doses
tested, indicating thathesedataare unreliable.Conversely, hydrogen peroxideatment
did appear to beoxic to both sets of cells, although selenium treatment provided a small

level of protection against this.

These &perimentswereinconclusive both for determining the cause of iksue irthe
original experimenand for determining the effect dupplementation on resistance to
chemotherapeutic drugdHence, a new approach was implemented that did not rely upon
metabolic activityfor survival determinationThs protocolwas therefore repeated with the
CyQuantssy, which instead usesflorescencéased method ofletermining cytotoxicity

based on interaction with cellular nucleic acids.

Figure 48 showsthe CyQuant assay resufts all drugtreatments except docetaxel, as the
valuesfor this were highly variabl&enerally, selenium supplementation was associated
with slightlyincreased survival after treatment withemotherapeutic drug or 1D..
However the only drug for whichany significant change was observed was doxorubicin,
where selenium supplementation provided a small amaoofrpprotection against theell
death at most dose fwo tailed Ftest p=0.0451) For cisplatindocetaxel and D, no
significanteffectwas observeavhen cells weresupplemented withsodium selenite
(p=0.38%, p=0.9401and p+$.08% respectively)However, it should be noted that, due to
time constraints, thereare nobiologicalrepeatsfor this experimentand| wasunable to
optimise the protocoland therefore these datenay be less reliable than subsequaissay

resultsmayhave been.

97



Cisplatin H,0,

140 .o, T T 5 120
120 100 3
>
— 100 s o LA S A i
g @ > 3 u L &)
s 80 %wv 2 W = 60 I
2 e g
3 2
40
2 20
20 M
0
0 20 © 500 1000 1500 2000 2500
0 50 100 150 200 250 - Conc (M)
onc (p
Conc (uM
© Selenium treated zn%ﬁ«%mﬁimi & Selenium treated No treatment
Doxorubicin Docetaxel
120 140
A 120
100 ‘&
3 M-/ H
A
_ — 100 & W %
R 80 ¢ Q 8 G 1 o
= % = 80 2 1
S 60 2 T
2 > 60
a 40 a 40
20 20
0 0
0 5000 10000 15000 20000 25000 0 2000 4000 6000 8000 10000 12000
Conc (nM) Conc (pM)
¢ Selenium treated No treatment ¢ Selenium treated No treatment

Figure 47: Na,SeQ supplementation increased HaCaT survival following treatment witfCkland decreased HaCaT survival after cisplatin treatmer
Plots of survival for HaCaTs (XTT assay) after supplementativarwiithout NaSeQ, and changing the medium before adding treatment with

cisplatin, doxorubicin, docetaxel os®1(n=3technial replicate$. Astersksindicatesignificarce using apairedtwo-tailed t-test,* p<0.05 ** p<0.002



Cisplatin

180
160
140 -
¢ 120 T
§ 100 Aw T
s 80 i
3 60 LY %
40 |
20 = & 53
0
0 50 100 150 200 250
Conc (uM)
& Selenium supplement No supplement
Doxorubicin
140
120 ¢
100
€ g0 L
K]
> 60
2 %Mr %
5 40 > -
@ ]
20 k. AV
O ¥ %
20 O 5000 10000 15000 20000 25000
Conc (M)
£ Selenium Supplement No Supplement

Survival (%)

140
120
100
80
60
40
20

T_NON
o
% I
A
0 500 1000 1500 2000 2500
Conc (uM)
© Selenium Supplement No Supplement

Figure 48: NaxSeQ treatment significantly improves survival of HaCaTs following doxorubicin treatmetibts of survival for HaCaTs (measured by

CyQuanyafter supplementation with or without N8e@, and changing the medium before treatment wiibplatin, doxorubicin, docetaxel lgsO, (n=3

technical replicates). Asterskindicates significant value (p<0.05) using ataited t-test, * p=0.@51
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