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Abstract

GPX1 is a selenoprotein which protects cells from damage by removing H,0,. GPX1 has a
complex role in cancer development, both in promoting and protecting against cancer, and is

therefore of great interest in cancer research.

Bioinformatic analyses of cancer databases were used to investigate the expression of GPX1
and GPX1-interacting proteins across cancer types, as well as the effect of GPX1 expression

on prognosis and chemoresistance.

GPX1 production was stimulated in HaCaT, A431 and Hela cells using sodium selenite

(Na,Se0s) and measured at various timepoints using western blotting and flow cytometry.
Na,SeOs-treated cells were treated with chemotherapeutic agents (cisplatin, doxorubicin,
docetaxel) and H,0,, and changes to chemoresistance were measured using CyQuant and

XTT assays.

The interaction of a new platinum agent, PeroxiPlat, in vivo with GPX1 was investigated using
flow cytometry and its inhibition of GPX1 was measured using two biochemical activity

assays.

GPX1 was overexpressed in the majority of cancers, and worsened prognosis for UVM, LGG,
ACC, KICH and LAML patients. GPX1 was commonly overexpressed with GPX4, TP53, POLR2L,
HSD17B10, and CTSD, many of which were involved in leukocyte activation. No significant
correlation between GPX1 expression and chemoresistance was identified. Na,SeOs;
supplementation significantly but transiently increased the level of GPX1, and increased
chemoresistance, although results were inconsistent between assays. It was also found that

PeroxiPlat may weakly penetrate cells and exerts a low level of GPX1 inhibition.

GPX1 is clearly an important factor in cancer development and progression, and a potential
target for therapy. Further research is needed to clarify the role of GPX1 in chemoresistance,
although these results support existing evidence that GPX1 promotes multidrug resistance.
Although PeroxiPlat does not appear to be a potent GPX1 inhibitor, its use as a fluorescent

molecule warrants further investigation into the uptake and uses of PeroxiPlat.
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1.1 Introduction

Glutathione peroxidase 1 (GPX1) is a well-characterised selenoprotein with the primary
function of removing intracellular ROS, in particular H,0,. Although there are many GPX
family members with similar roles in antioxidant defence, and there is some functional
redundancy, their structural differences afford each of them important and unique
functions. As the primary detoxifier of H,0,, GPX1 is essential in the defence against
biomolecular damage, such as protein oxidation, DNA oxidation and lipid peroxidation. This
damage can accumulate over time, and is linked to many age-related diseases, including
cancer. However, the role of ROS, particularly H,0,, in cell signalling makes the relationship
between GPX1 and cancer more complex. GPX1 can protect against or promote cancer,
depending on the tissue and the signalling pathways stimulated. As will be discussed, GPX1
overexpression is a negative indicator for cancer progression, often leading to more
aggressive, more chemoresistant cancers, and lowering survival rates for cancer patients.
This makes GPX1 a particularly promising target, and inhibitors are currently being
developed with the aim of sensitising cancer cells to treatment and improving patient

prognosis.

1.2 GPX1 and the GPX Family

GPX1 was first discovered in erythrocytes, where it was found to reduce hydrogen peroxide
(H203) using GSH (Mills, 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 peroxidase activity (Jiao et al., 2017). Almost all members of this
family share a conserved catalytic tetrad, containing Sec/Cys, Gin, Trp and Asn, aside from in
three exceptions (Toppo et al., 2009; Toppo et al., 2008). Despite this key similarity, it is the
differences in structure between the GPXs, especially within the catalytic tetrad, that can
dictate the differences in function. From different reaction rates, substrates and
localisations, the GPX family spans a wide range 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 discovered, and crystal structures of GPX1 taken
from bovine erythrocytes gave us insights into its arrangement (Epp et al., 1983). The
monomers consist of a thioredoxin fold structure with seven B-strands and four a-helices
(figures 1.1 and 1.3). Four of these B-strands (figure 1.1), B3, B4, B6 and B7) form a B-sheet,
which runs through the centre, while the a-helices cover the surface. From the structure, we
learned that GPX exists as a homotetramer, with an active site consisting of a glutamine (GIn-

84), tryptophan (Trp-162) and selenocysteine (Sec-49) catalytic triad. Mutational studies on
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the Drosophila melanogaster GPX showed that an asparagine adjacent to the tryptophan
(Asn-163 in humans, Asn-136 in drosophila) was also essential for function of the active site.
This residue is highly conserved across dmGPX and human GPXs - GPX1-7 specifically
(Tosatto et al., 2008; Toppo et al., 2008). Tosatto also demonstrated that substitution of Asn-
136 for His, Ala or Asp in these experiments reduced the rate of oxidation for GPX1 by 2-3
orders of magnitude, implicating Asn as a key contributor to the catalytic activity. As the
dmGPX is not a selenoprotein, there was a large amount of debate surrounding whether
Asn-163 formed part of a catalytic tetrad in human GPX1. This is now accepted to be the
case, as mutational studies showed that Q84A, W162A, and N163A variants of human GPX1

had a similarly detrimental effect on activity (Cheng and Arnér, 2017).

Figure 1.1: Structure of the GPX1 tetramer. Ribbon structure of GPX1 showing a-helices

(vellow) and B-sheets (green) (left) and a space-filling model, showing the binding pocket and
cleft (right). resolution: 1.5 A, PDB ID: 2f8a.

1.2.1 Substrate Specificity in the GPX family

Despite sharing a similar overall structure and identical 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, 1968; Christophersen, 1969). Other
GPXs can act on a range of substrates, and each member of the GPX family has a preference
to certain hydroperoxides over others (figure 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 Lys-114 for H,0, binding, the rate of which is further increased by carbonylation of
this residue (Sultan et al., 2018). GPX1 metabolises fatty acid hydroperoxides at a slower rate

(Takebe et al., 2002). However, it cannot act upon complex lipids, such as phospholipids.
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GPX3 can metabolise these, as well as phospholipid hydroperoxides, and may use donor
substrates other than GSH. GPX4 is even more promiscuous in vitro, and its substrate range
does indeed overlap with that of GPXs 1-3. GPX4 can not only reduce hydrogen peroxide,
lipid hydroperoxides and phopholipid hydroperoxides (Maiorino et al., 1991), but can also
reduce cholesterol ester hyperoxides (Sattler et al., 1994), and can use substrates other than
glutathione to do so (Bjornstedt et al., 1994; 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 GPX4 (figure 1.2) (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

Figure 1.2: Rate of reaction and substrate range within the GPX family. The inverse

relationship between increased substrate range of a GPX enzyme and reaction rate with GSH.

One contributing factor to the difference in specificity is the 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 site. These charges are
contributed by four arginines (positions 57, 103, 184, 185) and 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 facilitates the reaction in the catalytic 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 glutamine substitution in the Lys-91 position, and

threonine at Arg-185, and so while some electrostatic charge is lost, it maintains a fairly good
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surface for GSH binding (Toppo et al., 2008). Of these 5 basic residues, GPX3 only has Arg-
103 and Arg-185 (Toppo et al., 2008), which may explain the lower specificty of GPX3 for
GSH, and why it is able to accept glutaredoxin and thioredoxin in its place (Bjornstedt et al.,
1994). GPX4 has none of the residues which form this basic pocket (Toppo et al., 2008).
Instead, GPX4 uses Lys-48 and Lys-125 to orientate GSH, which also allows it to utilise a

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

MCAARLAAAAAAAQSVYAFSARPLAGGEPVSLGSLRGKVLLIENVASLUGTTVRDYTQMN 60

ELQRRLGPRGEVVLGFPCNQFGHQENAKNEEILNSLKYVRBEGGFEPNFMEFEKCEVNGA 120

Motif
GAHPLFAFLREANEEESDDAI AP PRI NS BVCRNDY A WNFEKFLVGPDGVPLRRYS 180
Oligomerisation loop Motif

RRFQTIDIEPDIEALLSQGPSCA

Figure 1.3: Human GPX1 sequence (GPX1_HUMAN). Labelled amino acid sequence of GPX1,
showing a-helices (yellow), B-sheets (green), PGGG 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, contains an oligermerization loop and PGGG motif, which
allows them to form a homotetramer (figure 1.3). Homotetrameric GPX enzymes contain a
groove where the subunits meet, which potentially shields the catalyic core from lipid
surfaces, and so hinders the access of complex lipids (Epp et al., 1983). While 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 to the active site, as the
selenocysteine residue is more exposed, and the surface is better suited to facilitate lipid
interactions (Aumann et al., 1997; Scheerer et al., 2007). However, it not just the
oligomerisation state of the enzyme that can affect substrate specificity, 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 active site (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 retained its
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selectivity for substrates (Song et al., 2014). Song et al explained this by theorising that the
electrostatic charge of the loop alone may be responsible for monomeric GPX3 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 prove hostile for GPX1,
they allow GPX4 to perform separate and unique functions. For 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 levels are low, 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 more efficient than other GPXs, it can rapidly turn over
hydrogen peroxide as a major protector of tissues from oxidative stress. In mammals, GPX1
and GPX4 are ubiquitous (although GPX4 is expressed highly in the testes), GPX2 is found
primarily found in the gastrointestinal 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 of functional niches, and may have some effect on the substrates

used, and the 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 and peroxisomal environments are ideal 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, especially those 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, so as 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 non-lethal, as GPX2 can 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 damage induced 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 increased GPX2
expression (Esworthy et al., 2000). In areas such as the lungs, having GPX1 and GPX2 working
together can aid in scaling up the response to oxidative stress. While GPX1 is constitutively
expressed at high levels, during times of increased oxidative stress, GPX2 expression can be
switched on, allowing for a tightly regulated response that remains specific for the target

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

1.2.2 GPX1 Mechanism

Although there are differences in substrate specificity and in the composition of the active
site, all members of the GPX family use a common mechanism for catalysis (Tosatto et al.,
2008; Toppo et al., 2009). For GPX1 and other selenocysteine-containing GPXs, the
selenocysteine residue is the centre of this mechanism (figure 1.4). This is a ping-pong
mechanism, detoxifying hydrogen peroxide via selenocysteine, using two reduced
glutathiones as substrates. A similar mechanism 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 cysteine, are used to enhance the reaction rate (Tosatto et al., 2008; Toppo
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

Figure 1.4: The reaction of Sec-GPXs with hydrogen peroxide (H;0;). (1) The active site
selenocysteine becomes oxidised via reaction with a peroxide, changing from the selenol
(GPX-SeH) form to the selenic (GPX-SeOH) form, and producing an ROH compound. (2) Selenic
GPX1 is then reduced by GSH in a dehydration reaction, forming a selenenyl sulphide
intermediate (GPX-SeSG) and releasing water. (3) Finally, this intermediate is reduced by a
second GSH substrate to release an oxidised GSSG product and regenerate the original form

of the enzyme.
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1.2.3 GPX as a Selenoprotein

Although they are phylogenetically and functionally related, there is a key structural
difference between many GPX enzymes. In humans, GPX1-4 and 6 are selenoproteins, and
contain a selenocysteine (Sec) residue in the catalytic centre, while GPX5, GPX7 and GPX8
use a cysteine in place of this selenocysteine (Brigelius-Flohé and Maiorino, 2013). While the
cysteine substitution corresponds with a lower reaction rate, the cysteine motifs were later
revealed to be present in the majority of GPX enzymes across all lifeforms (Brigelius-Flohé
and Maiorino, 2013). It is now believed that all GPX enzymes evolved from a cys-containing
ancestor (Toppo, 2008), and while this explains 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 must examine 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 Structural Differences in Sec and Cys
Selenium is incorporated into GPX via selenocysteine, a rare amino acid structurally similar

to cysteine, but with selenium replacing sulphur (figure 1.5) (Ren et al., 2018). This small
difference has a remarkable effect on the amino acid, and indeed its role within 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 selenolate (Se-H group), and increases the
polarity of this bond, thereby decreasing its dissociation energy (Reich and Hondal, 2016).
Selenolates are also more nucleophilic, and so are readily oxidised by H,0, and other
peroxides (figure 1.4). This added nucleophilicity increases the rate of the rate-limiting step
of the reaction with hydrogen peroxides in GPX enzymes containing selenocysteine in their

active site, as opposed to cysteine.
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Figure 1.5: Comparison of cysteine (left) and selenocysteine (right) structures. Red text
indicates the difference in structure between the two amino acids, which results in changes to

pKa, atomic radius size and redox potential (Eo).

Characteristic

Cysteine (Cys)

Selenocysteine (Sec)

pKa 8.3 5.2
Atomic radius (pm) 105 120
Eo(mV) -220 -338

Table 1.1: Comparison of the biochemical properties of the cysteine 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 cysteine is approximately
8.3 units, however this drops to 5.2 units with the selenolate group (Reich and Hondal, 2016)
(Table 1.1). This difference in acidity is owed to the larger atomic size of selenium, which
results in increased polarizability and generally weaker bonds. Consequently, selenocysteine
is a 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 nucleophilic state than cysteine (Table 1.1). Although this is
generally true, the microenvironment in the active site can also impact the pKa of cysteine.
Adjacent amino acid side chains, especially those that are polar, can balance the negative
charge on sulphur, weakening its interaction with hydrogen and increasing its acidity (Roos,
Foloppe and Messens, 2013). This 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

management is therefore still to be determined.

1.2.3.2 Sec incorporation via SBP2
Many modified amino acids result from post-translational 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 responses (Cook et al., 2009)
and innate immune responses (Okabe, Sano and Nagata, 2009) among other key
physiological pathways. However, selenocysteine is not a post-translationally modified
amino acid. Uniquely, Sec is incorporated at the translational stage, and utilises a UGA
codon, normally a stop codon. The change in recognition from stop to Sec is mediated by a
section of the 3’"UTR of mRNA that sits around 40 bases downstream of the UGA codon
defined as the selenocysteine insertion sequence (SECIS) element (figure 1.6) (Zinoni, Heider

and Bock, 1990; Howard and Copeland, 2019).

The SECIS element structure was found to be key in selenoprotein synthesis through
transfection experiments using 5’ deiodinase (5'DI) and GPX1 (Berry et al., 1991). Berry found
that the 3’UTR SECIS element was only required for synthesis of Sec-containing 5’Dl, and not
for the Cys-mutant. The SECIS elements in 5'DI and GPX1 mRNA have little sequence
homology but both were likely to form stem-loop structures of varying size but similar
structures (as both contained an AAA sequence in the loop and an unpaired UGAU in the
stem). When the GPX1 mRNA 3’UTR sequence was substituted for the 3’UTR of 5’DI, Berry et
al found that it could direct the inclusion of a Sec residue, despite them having a different
3’UTR primary sequence. These experiments demonstrated clearly that it was the stem-loop

secondary structure specifically that was critical for Sec incorporation.

The SECIS element is central to Sec incorporation as, once the stem-loop structure is formed,
it recruits the proteins required for Sec-tRNA binding (Howard and Copeland, 2019). The first
of these proteins to be discovered was SECIS binding protein (SBP2), which was found to
interact with the AUGA motif in the 5’ stem of the SECIS element (Lesoon et al., 1997). SBP2
contains a regulatory domain in the N terminus (NTD), a Sec incorporation domain (SID), and
an RNA binding domain (RBD) at the C-terminus. 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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Figure 1.6: Incorporation of selenocysteine using a SECIS element. |. During translation of
the selenoprotein mRNA, a stem-loop structure is formed at the 3’ end (the SECIS element). Il.
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. eEFSec-bound Sec-tRNA¢ binds to the NES of SBP2 before its contact with
the ribosome, which signals the beginning of its own delivery to the ribosome via SBP2. V.
The RFQDR motif in the RBD of SBP2 binds to the ribosome, delivering with it eEFSec bound to
GTP and Sec-tRNA%®, and allowing it to enter the A site. V. GTP hydrolysis by eEFSec causes
the release of the Sec-tRNA®¢. VI. Sec-tRNA> 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 eukaryotes; the N-terminus appears to be dispensable for
Sec incorporation in vitro (Takeuchi et al., 2009). Mutations in the N-terminal domain of
SBP2 can cause pathology in humans, as selenoenzyme synthesis is reduced, leading to
increased photosensitivity, as an increase in ROS following UV exposure cannot be effectively
managed by the GPXs (Schoenmakers 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 SBP2 has a
significant impact 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 had fully dysfunctional SBP2 due to a frameshift (introducing an early stop codon)
or the creation of an alternative start site (Schoenmakers et al., 2010; Di Cosmo 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 for binding with the SECIS RNA stem-loop structure and the ribosome
to begin the Sec incorporation (figure 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 and Driscoll, 2007; Caban, Kinzy and Copeland, 2007). L7Ae motifs are known to
bind RNA kink-turns, commonly found in ribosomes, but also seen in the SECIS (Shi et al.,
2016). While both the ribosome and the SECIS rely on this motif for binding, it was found
that a G669R mutation in rat SBP2 abolished SECIS binding, but not ribosome binding
(Copeland, Stepanik and Driscoll, 2001). This indicates that within the RBD, there are regions
mediating selectivity for RNA binding. Further mutational experiments showed that the a-
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 Copeland, 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 recruitment of the SID,
forming a stable RBD-SECIS-SID complex, using the IILKE motif of SID (Donovan and
Copeland, 2010) (figure 1.6). The RBD then binds to the 28S rRNA via a RFQDR motif, which is
essential for the recruitment of the ribosome and subsequent Sec incorporation (Caban,
Kinzy and Copeland, 2007). This interaction causes a conformational change in Helix 89 of
the ribosome, promoting Sec incorporation (Caban and Copeland, 2012). Sec-tRNA>* delivery
to the ribosome is mediated by eEFSec, a specialised elongation factor for Sec-tRNA%¢, and is
recruited to the site by the SID (Fagegaltier, 2000; Gonzalez-Flores et al., 2012). It is thought
that the ribosomal conformational change promotes Sec incorporation by allowing eEFSec-
bound Sec-tRNA%“to move into the A-Site and/or by stimulating the ribosome-dependent
GTPase activity of eEFSec (Caban and Copeland, 2012). A recent review has proposed a

mechanism for this, in which the GTPase activity of eEFSec causes a non-canonical structural
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change in the eEFSec domains, which releases Sec-tRNA**¢into the peptidyl-transferase

centre of the ribosome (Simonovi¢ and Puppala, 2018).

1.2.3.3 The Selenium Hierarchy
GPX1 is one of many genes encoding selenoproteins that uses this SBP2-dependent system

for Sec incorporation. However, when limited, selenium is preferentially retained in some
proteins over others (Berry, 2005; Touat-Hamici 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 lung (Lei et al., 1995). Another study indicated that the selenoprotein
iodothyronine deiodinase (IDI) activities decreased along with GPX4 during selenium
deficiency, compared with GPX1 in both the thyroid and the liver (Bermano et al., 1996).
Bermano found that GPX1 mRNA levels correlated with activity change during selenium
repletion in the liver, whereas GPX4 had steady levels of mRNA and activity through
depletion and repletion. This indicated that mRNA stability was able to dictate the
production of enzymes in selenium-limited environments, and therefore the position in the

selenium hierarchy.

It was later found that the ranking of a selenoprotein in the hierarchy was indeed based
upon the instability of the mRNA, but particularly of the 3’UTR. Early experiments
exchanging the 3’UTR of GPX mRNAs showed that the more stable GPX2 and GPX4 could
exchange 3’'UTRs without losing stability in selenium-limited conditions (Miller, Wingler and
Brigelius-Flohé, 2003). However, the GPX2 and GPX4 3’UTRs could not increase the stability
of GPX1 mRNA. These experiments also revealed that the GPX1 3’UTR, however, could
decrease the stability of GPX2 and GPX4 mRNA. This implied that 3’"UTRs were not only
important for GPX1 production and selenium incorporation, but also that there is a hierarchy
of stability, and therefore of selenium distribution across selenoproteins. Structural studies
of SECIS kink-turn loop structures across selenoproteins proved that specific bases in the
flanking sequences can determine whether the SECIS is ‘weak’ or ‘strong’ in terms of
translatability (Latréche et 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 post-transcriptional level
emerged, this time involving SBP2. Experiments using the SBP2 C-terminus showed that this
alone could differentiate between different SECIS elements, as it had a higher affinity for the
GPX4 than for the GPX1 SECIS in vitro (Bubenik and Driscoll, 2007). Additionally, a
selenoprotein’s placing in the hierarchy can be determined by the ability of the SECIS to

recruit other RNA-binding proteins for selenocysteine incorporation. For example, elF4a3 can
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bind to the SECIS to inhibit SBP2 binding, and subsequently, selenocysteine incorporation.
Not only are elF4a3 levels regulated by selenium level, but as an added layer of control,
elF4a3 binds with different affinity to different SECIS elements (Budiman et al., 2009). By
siRNA knockdown, the group demonstrated that high elF4a3 levels were necessary for
lowering GPX1 expression in selenium-deficient cells, and using transfection experiments,
found that overexpression of elF4a3 could produce a similarly suppressive effect on GPX1
expression even in selenium-rich conditions. Nucleolin has been shown to regulate GPX1
expression at the translational level, however in this case, it binds preferentially to the GPX4
SECIS as opposed to the GPX1 SECIS, positively regulating translation (Miniard et al., 2010).
While nucleolin levels are independent 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 create a complex system of selenium-regulated and selenium-independent regulation of

GPX expression.

Nonsense-mediated decay (NMD) is also an important contributor to hierarchical ranking, as
it promotes the degradation of some mRNA transcripts above others (Seyedali 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
modulators previously discussed to regulate translation of low-ranking selenoprotein mRNA
in times of selenium-deficiency. However, as this study did not address the effect of this on
protein level, the effectiveness and latency of this regulatory mechanism on selenoprotein

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 reductases (TxnRDs). While they all utilise SECIS elements for selenocysteine
incorporation, these selenoproteins perform different functions within the cell. GPX1, for
example, is an oxidative stress-related enzyme, while enzymes like TxnRD1 perform
‘housekeeping’ roles (Zoidis et al., 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 cell-line specific, and rankings vary depending on each
cell’s regulatory machinery, and varies between cancerous and non-cancerous cell lines
(Touat-Hamici et al., 2018). Furthermore, this comprehensive study tested selenium

absorption, selenoprotein mRNA level, protein level and enzymatic activity, and found that
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previous studies using mRNA 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 necessity for 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 fact that GPX1 expression 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, and therefore on the
cell. Failing to meet the required threshold would disadvantage cells which are highly reliant
on GPX1 for survival, such as multi-drug resistant cancer cell lines, while maintaining
appropriate levels of the vital selenoproteins for healthy, non-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 may cause unpredictable and unintended

responses outside of the target tissue or target selenoprotein.

1.3 Role of GPX1 in Managing Oxidative Stress

GPX1 works alongside other enzymes, such as catalase, to detoxify hydrogen peroxide and
maintain a tolerable redox level for the cell, preventing oxidative stress and damage (figure
1.7). Despite its inherent oxidising ability, low levels of H,O are tolerated well by the cell,
and a small amount is required to maintain what is termed ‘oxidative eustress’ (Sarsour,
Kalen and Goswami, 2014). These low levels of hydrogen peroxide can be produced as a by-
product of aerobic metabolism (Loschen and Flohé, 1971). Mitochondria are known to
generate peroxides, 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 redox-active groups, such as Flavin, with O; or by the release of
electrons following reduction of ubiquinone in the electro transport chain (Wong et al.,
2017). While electron leaks are common, they can lead to severe damage to proteins, lipids
and DNA via reactive oxygen species such as H,0,. ROS levels are also increased by external
factors, such as exposure to UV radiation, plasma, chemotherapeutics, such as cisplatin (Rhie

et al., 2001; Mitra et al., 2019; Marullo et al., 2013).
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Figure 1.7: The role of GPX1 in H,0, removal. GPX interacts with the hydroperoxides (ROOH)
and hydrogen peroxide (H,0;) using two reduced glutathione molecules (GSH) as
antioxidants, forming water and alcohols. This process produces oxidised glutathione in the
form gluthathione disulphide (GSSG). 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 of H,Ois shown in red, where the

Fenton reaction produces hydroxyl radicals that cause damage to biomolecules.

1.3.1 GPX1 managing H.O>
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
knockdown of GPX1 with siRNA increased ROS and H,0; levels (Meng et al., 2018). The
converse was also seen; overexpression of GPX1 in the PDA cells caused a significant
decrease in the ROS and H,0; level. 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 later - once ROS have been able to cause damage to
cellular materials. While the immediate effect can be quantified in these experiments, the

long-term benefits of GPX1 are more complex.

GPX1 detoxifies hydrogen peroxide and lipid hydroperoxides using two glutathione
molecules per one molecule of the peroxide (figure 1.4). 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, H,0,, and therefore manage oxidative stress. This is a necessity, as the
alternative fate for hydrogen peroxide 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
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reaction (Fe** + H,0, > Fe* + OH™ + OH), which requires transition metals such as iron and
copper, which are both present in the peroxisome, and (2) the Haber—-Weiss (O>- + H,0, >
0, + OH + OH"), which occurs in the presence of superoxide, often produced by peroxisomal

enzymes themselves (Fransen et al., 2012).

1.3.2 ROS damage

A range of cellular biomaterials are vulnerable to damage by ROS. For example, these
radicals can react with DNA in many ways. Hydroxyl radicals can perform proton abstraction
at the sugar moiety on the DNA backbone, which results in DNA strand breaks or, in the case
of a reaction at the C1’, 2-deoxyribosyl radical formation (figure 1.8). This radical can then
form a 2-deoxyribonolactone abasic site, causing a DNA lesion (Pogozelski and Tullius, 1998;
Chan et al., 2010). These lesions require repair by the base excision DNA repair pathway
(BER). However, 2-deoxyribonolactone sites require excision by a specific pathway, called
long-patch BER (Sung, DeMott and Demple, 2005). If this form of BER is not initiated, and
instead short-patch BER is used, the DNA can covalently bond with proteins such as
Polymerase B, topoisomerase | and topoisomerase lla (Quifiones et al., 2015). This traps
these repair proteins at the DNA, causing DNA-protein crosslinks, which can be toxic if

allowed to accumulate (Quifiones 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

Figure 1.8: DNA backbone damage following attack by a hydroxy radical. The formation of

2-deoxyribonolacetone from 2-deoxyribose by proton abstraction and oxidation at C1.

Radicals can also interact with bases within DNA, or in the nucleotide pool, to oxidise them.
This is most frequent in guanine, which can be attacked at multiple sites by hydroxyl radicals
to form different oxidised products. Attacking at C4 or C5 forms an adduct which is short-
lived. This process is also easily reversible, and unlikely to cause DNA damage (Breen and
Murphy, 1995). Attacking at C8, however, forms an intermediate with a long half-life,
allowing it time to oxidise again to form 8-oxyguanosine (8-oxo-G) or fragment and reduce to

form formamidopyrimidine (FAPy-dG) (Greenberg, 2011; Singh et al., 2019) (figure 1.9). In
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DNA, these bases can hydrogen bond to either adenine or cytosine bases; the former causes
G:C-T:A transversions (Grollman and Moriya, 1993). Failure of DNA repair machinery to
recognise and excise the oxidised base leads to permanent mutations, particularly in G-rich
sequences. Highly G-rich sequences can form G-quadruplex structures, and many of these
are found in the promoters of oncogenes, increasing the risk of carcinogenesis (Singh et al.,
2019). Furthermore, it was recently found that 8-oxo-G can affect base pairing at the

translational level, with oxidised mRNA producing a higher level of abnormal protein
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Figure 1.9: Guanine base damage following attack by a hydroxyl radical. Tautomeric forms

of 8-oxo0-G (right) formed following oxidation of guanine (left) 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 as well as the peptide
backbone itself (Davies, 2016). In the backbone, as in DNA, proton abstraction is the most
common reaction, occurring at the a-carbon, forming a carbon-centred radical. When this is
further oxidised with O,, a peroxyl radical is formed, which causes cleavage of the backbone
and protein fragmentation. In the absence of O,, two 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 reaction, forming carbonyls and
alcohols as products, and the damage can propagate to as many as 15 amino acids after the
original hydroxyl radical has been used up (Neuzil et al., 1993). Despite many protein radicals
being more reactive than H,0,, the apparatus to remove peroxyl radicals and protein
peroxides are much slower than the systems for detoxifying H,0, (Morgan et al., 2004).
While GPX family enzymes were shown to rapidly remove peptide peroxides, the steric
hinderance of protein peroxides prevents their detoxification 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 accumulation or dysfunction, and in the case of
radicals, allowing time for chain reactions to occur. This establishes the H,0,-managing
function of GPX family members, as well as catalase and superoxide dismutase, as the first
line of defence against oxidative damage. These antioxidant enzymes remove H,0; before

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

2018).
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Figure 1.10: 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 H,0; are able to attack lipids (figure 1.10). The mechanisms for
attack are similar to those previously stated for proteins. The hydroxyl radical abstracts
hydrogen from the lipid, creating a lipid-peroxyl radical, which abstracts another hydrogen to
form a lipid hydroperoxide and another radical to propagate the chain reaction. Unlike in

protein oxidation, lipid hydroperoxides can be managed by antioxidant enzymes such as
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GPXs (GPX4 in particular) and SeP, however, these chain reactions can have wide-ranging
impacts on the cell (Takebe et al., 2002). Lipid peroxidation can have such significant effects
on cellular function that it has been linked to many age-related diseases and can be used as a
predictor for longevity in mammals (Jové et al., 2013). Peroxidation of lipids in 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 reactions cause a range of damage to biomaterials. The most
common product, Malondialdehyde (MDA), 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., 2003; Wauchope et al., 2018). MDA is
also able to cause interstrand crosslinks within DNA (Niedernhofer et al., 2003), or mediate
DNA-protein crosslinks (Voitkun and Zhitkovich, 1999). Another cytotoxic product, 4-HNE, is
highly reactive, particularly to thiols and 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 proliferation, apoptosis, cytokine production and mitochondrial membrane
potential (Breitzig et al., 2016; Dalleau, et al., 2013; Zarkovic et al., 2013). Similarly, MDA was
found to modify over 30 proteins involved in processes such as energy metabolism,

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

1.4 GPX1 in cancer

Far from being just a harmful by-product from cellular metabolism, hydrogen peroxide has
many uses as a signalling molecule, and as such, the levels are tightly controlled in the cell.
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 recent review, oxidative
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 high enough 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 and apoptosis. 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 oxidoreductase (XOR) (Pritsos,
2000) and many other oxidases, generate H,0,, 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 catalase. To add 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., 2006) - the rate of which can vary
between isoforms (Wang et al., 2020). Depending on the tissue and compartment, the
enzymes involved in the production, transport and removal of hydrogen peroxide can vary
(Sies et al., 1972; Jones et al., 1981; Antunes et al., 2002). This allows for the maintenance of
different resting levels of hydrogen peroxide, which allows for different inter- and 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 age-related 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 of H,0, and ROS in many signalling pathways
has particularly interesting ramifications in the context of cancer development and lends
GPX1 a role in many of the hallmarks of cancer (figure 1.11) (Hanahan and Weinberg, 2011).
By controlling the level of H,0,, GPX1 can play a protective role against cancer, as it interacts
with pathways controlling immune cell development and inflammation, which works to
prevent cancer development and growth. However, the role of GPX1 as a modulator can
work in the opposite fashion, promoting pro-carcinogenic 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 activity can be advantageous, activating many of
the other hallmarks (figure 1.11). In fact, meta-analyses show that GPX1 expression is often
upregulated in cancer (Wei et al., 2020). As discussed below, one explanation for this finding
is that GPX1 can promote invasion and 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
resistance to treatment. These effects are often compounded in patients with high GPX1

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 relationship

can aid us in designing more effective cancer therapies.
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Figure 1.11: The hallmarks of cancer. Bolded sections are those in which GPX1 and/or H,0;

play an important role. 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
H,0, contributes to the maintenance of redox homeostasis and prevents the formation of
radicals. As discussed in section 3.2, these radicals can damage DNA and cause mutations 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), leading to early death.
Conversely, overexpression of GPX1 in mouse fibroblasts can protect against UV-induced
damage (Baliga et al., 2007). In human cells (HaCaT keratinocytes (Hazane-Puch et al., 2013)
and fibroblasts (Hazane-Puch et al., 2014)) supplementation with selenium causes

overexpression of GPX1, which is protective against UV-A. In addition, cell death was

34



reduced following UV-A treatment at non-toxic doses of the selenium supplement. Not only
is GPX1 protective against UV and subsequent ROS, but its expression is also easily
manipulated by selenium supplementation, which offers an easy route of investigation for
determining the anti-cancer ability of GPX1. It is not just the direct reduction in ROS that
confers the anti-cancer ability of GPX1; GPX1 and hydrogen peroxide 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 which reduces 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 supplementation (Hu and Diamond, 2003; Jablonska 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., 2005; Paz-y-Mifio, 2009; Cao
et al., 2013), and breast cancer (Méplan et al., 2013; Jablonska et al., 2015; Ravn-Haren et
al., 2005), among others (Banescu et al., 2016; Krhin et al., 2016; Trifa et al., 2016). While a
meta-analysis study has supported the link between the Pro198Leu polymorphism and
increased cancer risk (Chen et al., 2011), many studies have failed to support these findings
(Hansen et al., 2005; Goerlitz et al., 2011; Arsova-Sarafinovska et al., 2008). To an extent,
discovering a consistent relationship seems unlikely given our understanding that the
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 cohorts and cancer types.

1.4.1.1 Inflammation
Hydrogen peroxide acts as a redox sensor for oxidative stress and can stimulate a wide range

of signalling pathways. It is not an on/off response, and is finely tuned to modulate the
signalling of some stress pathways even during oxidative eustress. Inflammation for
example, is stimulated by H,0, through the PI3K/AKT pathway, which causes the NF-«B
transcription factor to promote the expression of interleukins and TNF-a to induce
inflammation. This can also induce the response in adjacent cells, regardless of their redox
state. Overstimulation of inflammation leads to apoptosis in hydrogen peroxide-rich cells. As

these cells are also likely to have a greater risk of damage to biomaterials, this can also be a
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protective 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, where GPX2 is 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., 2010). However, 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 bacteria-associated inflammation (Chu et
al., 2004; Florian et al., 2010). This phenotype 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
upregulated GPX2, whereas GPX1 increased 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 by H,0,. Nuclear factor kB (NF-kB) is a key
downstream effector for H,0, (figure 1.12). This transcription factor is responsible for the
upregulation of genes involved in inflammatory and immune responses to oxidative stress.
These target genes encode for cytokines (TNF-a, IL-1B, and IL-6), as well as inflammatory
enzymes such as cyclooxygenase-2 (COX-2) and inducible NO synthase (iNOS) - all of which
promote inflammation (Ogata and Hibi, 2003; Itzkowitz, 2006; Piotrowski et al., 2020).
Although H,0,was once believed to an inducer of NF-kB, this relationship has since been
found to be more complex (Oliveira-Marques et al., 2009; Lingappan, 2018). H,0O acts
instead as a modulator and fine-tunes NF-kB activation in response to oxidative stress by
stimulating both activating and inhibitory pathways to control NF-kB induction (Lingappan,
2018). This promotes a proportionate response to stress, allowing for pro-inflammatory
pathways to be activated briefly in order to prevent prolonged inflammation and
carcinogenesis (de Oliveira-Marques et al., 2007). GPX1 itself is also upregulated by NF- kB,

which creates a negative feedback loop to further modulate this response (Gan et al., 2014).
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can activate or inhibit NF-kB. NF-kB activation leads to the upregulation of iNOS, COX2 and
GPX1, and cytokines, both directly and via prostagladins (PGE;, PGE,, PGD;) produced by
CoX2.

This pathway’s reliance on H,0; lends itself to modulation by GPX1. Indeed, GPX1
overexpression has been shown to reduce the activation of NF-kB in response to UV, TNF-a
and H,0,, and knockdowns show the opposite effect (Li et al., 2001) (figure 1.12). In
particular, the expression of COX-2 and TNF-a were increased in GPX1 KD cell lines, as well as
the quantity of the prostaglandins produced by COX-2, such as PGE;, PGE; and PGD
(Koeberle et al., 2020). These 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 downregulation of GPX1
mediates this response through H,0,, however this is not always the case, as other
selenoproteins are able to compensate for the loss of GPX1 activity. However, knockdown of
GPX1 in gut epithelium was associated with a ROS-independent induction of NF-kB (Gong et
al., 2011), suggesting that there are more direct mechanisms for GPX1 modulation of NF-kB,

unrelated to ROS removal, yet to be elucidated.

1.4.1.2 Deregulating Cellular energetics
GPX1 works against deregulated metabolism in pancreatic ductal adenocarcinoma (PDAC)

cells, a particularly aggressive and lethal disease. GPX1 is often downregulated in pancreatic
cancer tissues, however it was unclear how this would convey an advantage to PDAC cells

(Cullen, Mitros and Oberley, 2003; Kodydkova et al., 2013). PDAC cells rely upon glycolysis
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for metabolism, and in glucose-deprived conditions, metabolic stress responses upregulate
autophagy in order to provide materials, such as ATP, for cancer growth (Blum and Kloog,
2014). Glucose deprivation 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 true, GPX1 overexpression lowered ROS and prevented autophagy
induction, promoting 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 the hallmarks of cancer
and in many cases, this leads to more aggressive, more invasive and more chemoresistant
cancers. GPX1 can influence cancer to such a degree that GPX1 expression can be used as a
biomarker for prognosis in multiple cancer types (Zhang, Q et al., 2018; Wei et al., 2020). For
example, in giant cell tumour of bone (GCTB), GPX1 expression was higher in patients with
recurrent cancer, and patients with high GPX1 expression were more likely to relapse (Okubo
et al., 2013). In renal cell carcinoma, GPX1 expression 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 in many ways, high GPX1 expression 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 promote. GPX1 expression 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 discuss, GPX1
can promote invasion and metastasis, angiogenesis, proliferative signalling, and protect
cancer cells from immune destruction and apoptosis. Moreover, increased GPX1 expression
desensitises cancer cells to chemotherapy, reinforcing the importance of GPX1 in severe
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 metastasis. Circulating 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

GPX1-rich CTCs, which are more able to tolerate the oxidative stress. This has been shown in

38



prostate cancer, where overexpression of GPX1 and SOD2 are strong predictors of
metastases (Giesing et al., 2010; Giesing et al., 2012). GPX1 has also been found to be
upregulated in brain cancer CTCs and CTC-derived 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). High GPX1 expression 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) and hypoxia-inducible factor-1a (HIF-1a). SBP1 is able to inhibit the activity of GPX1
by an unknown mechanism, although there is a physical interaction between the SBP1 and
GPX1 (Fang et al., 2010). Conversely, Fang et al also found that GPX1 represses the
expression of SBP1 at the transcriptional and epigenetic level. This relationship has been
investigated within the context of cancer development (Jerome-Morais 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., 2008; Kim et al., 2006; Chen et
al., 2004; Zhang, X et al., 2018). Inhibiting SBP1 in hepatocellular carcinoma using siRNA led
to an increase in GPX1 activity and a downregulation of HIF-1a (Huang et al., 2012). It was
found that, in this case, the loss of HIF-1a activity increased tumour invasiveness and

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

Recently, it was found that GPX1 expression drives invasion via focal adhesion kinase (FAK)
signalling in Triple-negative 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. While GPX1 is 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 H,0,. This offers a good explanation for the aggressiveness of TNBC cells 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 in T-cell activation, development and function. As discussed previously,

GPX1 is an important modulator of NF-kB activation, which is also a central signalling
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pathway in the development of immune cells. For example, NF-kB signalling activates
neutrophils and macrophages, both of which are known in cancer cells to promote
inflammatory signalling and release other procarcinogenic factors into the tumour
microenvironment (TME) (Mantovani, 2014). ROS can decrease NF-kB activation in
neutrophils, and so acts as an anti-inflammatory agent in this context (Zmijewski et al.,
2007). In these experiments, a higher level of H,0, prevented lipopolysaccharide-induced
NF-kB activation. As NF-kB remained inactive, it was not able to promote the expression of
proinflammatory cytokines such as TNF-a and macrophage inhibitory protein (MIP)-2.
Similarly, in GPX1 deficient (GPX17) mice, there were lower levels of TNF-a, MIP-2 and
granulocyte-macrophage colony-stimulating factor (GM-CSF) protein, which resulted in
fewer macrophages and neutrophils being produced. However, in this case, the level of
mRNA expression for TNF-a, MIP-2 and GM-CSF 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 essential for the maturation 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 H,0, and lipid peroxides can mediate the activation of T cell receptor (TCR) signalling
pathways (Devadas et al., 2002). TCR-induced 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 the production of IL-2 and cell proliferation. GPX1
deficient cells also had favoured development to Th; cells over Thiy cells, indicating that
GPX1 influences T-cell fate (figure 1.13). Similarly, GPX1 works alongside catalase (cat) in
managing ROS levels in regulatory T (Treg) cells, which are responsible for promoting
tolerance in immune cells and are known to dampen antitumor responses (Ohue and
Nishikawa, 2019). In GPX17- x Cat”* mice, production of IL-6 and IL-17A was reduced
following aggravation of colitis, and KO mice Tregs were also hypofunctional in suppressing
the proliferation of effector T-cells (Kim et al., 2014), and again supressed the differentiation
of CD4+ cells to This. Expression of GPX1 is also strongly correlated with Treg activation in

glioblastoma and lower-grade glioma tumours (Lv et al., 2020)
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Figure 1.13: Development of T cells from the progenitor naive T cell. Green arrows indicate
processes which are promoted by GPX1, and red arrows indicate processes which are

downregulated by GPX1 expression.

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 growth, but some trends can be elucidated. In
most cases, Th; cells promote anti-tumour immunity, and patients with high levels of Th,
cells in the TME generally had a better prognosis (Chraa et al., 2018; Fridman et al., 2012).
This is thought to be due to their ability to recruit tumour-killing CD8+ cells (Hoepner et al.,
2013), as well as their production of IFN-y, which activates the cytotoxic ability of dendritic
cells (figure 1.13) (LaCasse et al., 2011). Conversely, Thy7 cells in the TME was associated with
worse prognosis as they promoted proliferation through IL-17 production, and inhibited
infiltration of the tumour by CD8+ cells (Chraa et al., 2018; Wang et al., 2020). As Treg are
immunosuppressive, the increased presence of Tregs in the TME is also indicative of worse
prognosis in most cases (Chraa et al., 2018). The effect of GPX1 expression 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 of TME infiltrates (Lv et

al., 2020). As GPX1 promotes pro-carcinogenic immune infiltrates over tumour-killing

41



immune cells, higher GPX1 expression can influence the composition of the TME to provide

effective immune protection for tumours.

1.4.2.3 Angiogenesis
GPX1 is linked to angiogenesis in normal cells. In GPX1-deficient 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), which promote 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 cells, vascular endothelial growth factor (VEGF) 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 H,0, seen in cancer are able to stimulate VEGF production (Schéfer 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 initiating cell

death.
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Figure 1.14: Angiogenic signalling pathways activated following EGFR activation. ROS
stimulates activation of the receptor after ligand binding, activating PI3K and RAS, and
stimulating the AKT pathway and MAPK/ERK pathways respectively. Both pathways 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-1a production, which

acts as a transcription factor for VEGF, promoting angiogenesis.

ROS, particularly H20,, interact with signalling networks to promote angiogenesis via VEGF
(figure 1.14). EGFR-mediated activation of the AKT pathway, for example, was lowered with
overexpression of GPX1, as well as EGFR activation itself (Handy et al., 2009). Mitochondrial
levels of H,0, were also found to regulate angiogenesis (VEGF production) via inactivation of
PTEN in the PI3K/AKT pathway in endothelial cells (Connor et al., 2005; Rodriguez and
Huynh-Do, 2012). MAPK can be activated by ROS 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 hypoxia-inducible factor-1 (HIF-1a), which is
activated by both the MAPK/ERK 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 angiogenesis-related factors, not only
HIF-1a and VEGF, but also tissue inhibitor of metalloproteinase 3 (TIMP3) and
thrombospondin 1 (THBS1) in cancer cells (Jeronimo et al., 2017). Its role in mediating
angiogenesis, both through the signalling pathways and through interactions with other
angiogenesis-related factors makes it a key regulator of the ‘angiogenic switch’. The
angiogenic switch is the point at which anti- and pro-angiogenic factors are forced out of
balance, and cancers adopt an angiogenic phenotype. 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. Hydrogen peroxide 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 often observed in GPX1-

rich cancer cells.

1.4.2.4 Proliferative signalling
The role of GPX1 in sustaining proliferative signalling is conflicted - depending on the cell

type, it can either prevent or promote proliferation. Evidence for GPX1 playing a role in
suppression of proliferation was discussed in section 1.4.1, however, as mentioned in section
1.4.2.3, overexpression of GPX1 decreases EGFR signalling (Handy et al., 2009), which also
led to decreased replication, indicating that there were lower levels of proliferation in GPX1-
overexpressing cells. Similarly, lower stimulation of the AKT pathway in the absence of H,0,,

due to PTEN activation, leads to the suppression of genes for proliferation and survival
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(Handy et al., 2009; Connor et al., 2005; Rodriguez and Huynh-Do, 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 Gpx17 mice exhibit a
senescent-like phenotype which reduces proliferative capacity and responsiveness to EGF
(de Haan et al., 2004). Downregulating GPX1 in 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, GPX1 overexpression can increase proliferation (Gan et al., 2014; Lu et al., 1997).
These effects are thought to be mediated by NFkB signalling, which can modulate the
expression of proliferative genes as well as GPX1 (Huang et al., 2016; Gan et al., 2014).
Therefore, cancer cells which are more reliant on NFkB are believed to be more susceptible
to GPX1-dependent proliferative signalling. More work is needed to fully determine the
extent to which proliferation is affected by GPX1 in different cancer types, however it is

currently clear that the role of GPX1 is not universal.

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

many ways (figure 1.15). GPX1 knockout mice show a greater susceptibility to apoptosis,
with increased ROS stimulating cell death (de Haan et al., 1998; de Haan et al., 2004; Galasso
et al., 2006). In certain circumstances, GPX1 is also able to prevent apoptosis in cancer cells.
Overexpression of GPX1 is protective against CD95-induced apoptosis as it blocks activation
of key apoptotic machinery, such as caspases (Gouaze et al., 2002). In endothelial cells,
overexpression of GPX1 alters the ratio between Bax (pro-apoptotic) and Bcl-2 (anti-
apoptotic) away from apoptosis (Faucher et al., 2005). Overexpression of GPX1 also prevents
apoptosis-inducing factor (AIF) from translocating into the nucleus to fragment DNA
(Zemlyak et al., 2009). More recently, peptide-Au 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 to be a promising target for anticancer drugs.
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Figure 1.15: The intrinsic and extrinsic pathways of apoptosis. The extrinsic pathway is
initiated through a ligand binding a receptor, in this instance, FasL and Fas respectively. This
then recruits the Fas-associated 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 caspase cascade, increasing caspase activity.
Caspases can then induce DNA fragmentation which leads to cell death. The intrinsic
pathway can be stimulated by ROS and by pro-apoptotic signalling via Bax. Cytochrome c is
then released by the mitochondria, along with apoptogens. Cytochrome c 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 Bcl-2 and inhibiting 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 trigger apoptosis in the tumour cells (Perillo et al., 2020), overexpression of GPX1 can
substantially impact the success of cancer treatment. The elevated levels of GPX1 observed
in some more aggressive tumours (see sections 4.2, 4.2.1, 4.2.5) may protect cancer cells
from chemotherapeutic drug-induced cell death and promote multidrug resistance. For
example, it has been found in Non-small-cell lung carcinoma (NSCLC) that GPX1 promotes

resistance against cisplatin treatment as ROS levels are insufficient to trigger apoptosis 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). In non-Hodgkin B-
cell lymphoma cells which were resistant to cisplatin, etoposide, 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) and ovarian cancer cell lines (Doroshow and Juhasz,
2019). A similar trend has also been observed in non-cancerous cells (Doroshow, Esworthy
and Chu, 2020; Kalivendi et al., 2005). Kalivendi et al suggested that GPX1 can prevent both
intrinsic and extrinsic apoptotic pathways from being triggered by DOX. The intrinsic
pathway is inhibited as ROS generation is attenuated by GPX1 in response to DOX, which
would normally activate cytochrome c and caspases (figure 1.15), leading to apoptosis. The
extrinsic pathway is inhibited through the modulation of ROS-dependent calcium/calcineurin
signalling. ROS produced by DOX stimulates calcium/calcineurin signalling, which allows
nuclear factor of activated T-cells (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 (figure 1.15).

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

impact response to treatment. Therefore, it is unsurprising that cancer patients with high
GPX1 expression have a worse prognosis and recovery (Wei et al., 2020). GPX1 has immense
therapeutic relevance in this sense, as 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 sensitivity 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 specificity in vivo for clinical use, and research is ongoing
to find a more potent GPX1 inhibitor (Chaudiere et al., 1984; Schulz et al., 2012; Behnisch-
Cornwell et al., 2020).

1.4.3.2 Mercaptans
The most potent and widely used inhibitor of GPX1 is mercaptosuccinic acid (MSA). MSA,

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

sulphur in mercaptan compounds to selenium allows the 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 active site. Thus, MSA and tiopronin are irreversible competitive
inhibitors of GPX1, and were able to attain ICso values of between 42.7 and 149.4uM in
human cancer cell lines (Behnisch-Cornwell et al., 2019). This makes them among the most
potent inhibitors of GPX1 available; however, this mode of action means that the inhibitors
exhibit non-specific binding of other selenoproteins as well as GPX1, as they have similar
structures (Lubos et al., 2011). This means that there may some off-target 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., 2006; Franco 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., 1980). It can also bind to selenium
or sulphur in the active site of redox proteins (Fujimura 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., 2008; Fujimura and Usuki, 2020) and Mn-SOD (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 GPX1, it may not offer the specificity required to improve

treatment in GPX1-overexpressing 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. Gold(l) thioglucose was found to covalently bond to the selenol in the active site of
glutathione peroxidase in a reversible fashion, preventing the detoxification of H,0,
(Chaudiere and L. Tappel, 1984). Recently, this concept has been applied to create a more
specific inhibitor for GPX1, which has both a greater affinity for GPX1 and a greater
selectivity. Peptide-Au clusters have been synthesised using molecular dynamic simulations,
allowing the peptides within the clusters to bind selectively to amino acids in 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, indicating these clusters have good potential as a GPX1-

specific drug. Indeed, other peptide-Au clusters have exhibited anti-tumour ability in
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xenograft experiments (Zhai et al., 2018), signifying that a similar success in vivo is

foreseeable for the peptide-Au cluster designed by Liu et al.

1.4.3.4 Pentathiepins
Pentathiepins are sulphur-rich heterocyclic compounds, some of which are known to be

cytotoxic to cancer cells (Konstantinova et al., 2004; Lee et al., 2002). Recently, a range of
pentathiepins were investigated a potential GPX1 inhibitors. These compounds were up to
15 times more effective than MSA at inhibiting bovine GPX, and one compound specifically
inhibited GPX1 (Behnisch-Cornwell et al., 2020). This compound was also particularly
cytotoxic to cancer cell lines which expressed high levels of GPX1, indicating that
pentathiepins may be useful in resensitising GPX1-rich cancer cells to chemotherapeutic
drugs. However, there are other effects, such as increased DNA damage and a rapid change
to mitochondrial membrane potential, which are yet to be confirmed as GPX1-related.
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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Figure 1.16: Structure of the photoluminescent compound PeroxiPlat. S-glutathionyl-fac-
trimethyl-2,2’-bipyridylplatinum(1V), otherwise known as Peroxiplat, composed of a platinum

core (blue) with a bipyridine ligand (green) and a glutathionyl group (yellow).

PeroxiPlat (figure 1.16), is a recently synthesised and patented photoluminescent compound
(Coogan et al., 2021). Potentially, this compound could be used for imaging as well as

inhibition of GPX1, creating exciting possibilities for a dual-action agent for the diagnosis and
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treatment of GPX1-overexpressing cancer patients. The structure of Peroxiplat is derived
from the original d® polypridyl lumophore, [Ru(bipy)s]?*, which has been used extensively for
in-cell experiments (Fernandez-Moreira et al., 2010). D-block lumophores have biochemical
advantages, such as kinetic inertness, along with beneficial physical properties, such as larges
Stokes shifts, long luminescence lifetimes and lower photobleaching (Ferndndez-Moreira et
al., 2010). Together, these qualities make d® metal complexes ideal for imaging cells, offering

bright and clear images without causing instant cytotoxicity.

However, there is potential for selective toxicity in GPX1-rich cells as it is thought to bond to
GPX1 using its platinum complex and the associated bioconjugate - a glutathionyl group. It
has been proposed that PeroxiPlat is therefore able to interact with the active site of GPX1 in
a similar fashion to a GSH substrate, as was discussed previously (figure 1.4). However, this
would instead result in a covalent Pt-Se bond, which would occupy the active site and inhibit
GPX1 activity (figure 1.17). In theory, this could be an irreversible interaction, indicating that

PeroxiPlat has the potential to be a potent GPX1 inhibitor.

H,0
H,0, GPX1——SeOH GSH
(1)
(2)
GPX1——SeH H,0
bpyMe;Pt—GS S
——
(Peroxiplat) GPXl\Se/ G

(3)

GSSG
PtMe;bpy
GPX1——Se

Figure 1.17: Proposed interaction of PeroxiPlat (PtMes(bpy)GS) with GPX1. (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 the Se up to attack by a second reduced
glutathione molecule, producing a GSSG product and regenerating the enzyme. (3) This final
reduction step is where PeroxiPlat is theorised to substitute for GSH, and where a strong

covalent Pt-Se 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 Pt-Se bond (Coogan, M, unpublished work). This has been further investigated
with the larger molecule diphenyl diselenide, where again spectra indicated a Pt-Se bond,
indicating that such a reaction could indeed be possible with more complex selenium-
containing compounds, such as GPX1. Not only this, but in vivo experiments with HaCaT cells
(figure 1.18) have found evidence of the Pt-Se interaction occurring within cells, as lambda
scans show comparable emission spectra to the Pt-Se product, and show little emission at
488 nm, the usual excitation 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 level in vivo. 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 1.18. Emission spectra of PeroxiPlat in various states. Peroxiplat excited 405 nm
(LHS), and scaled overlay of emission spectrum of Sec-bound Peroxiplat (blue) and lambda
scan of free PeroxiPlat in HaCaT cells (red) (RHS). Both charts: x-axis scale: wavelength (nm)
y-axis scale: emission intensity (arbitrary units). Figure taken from Coogan, M, unpublished

work.

+ Noc

Figure 1.19: Timelapse of HaCaT cells with PeroxiPlat, and with or without Nocodazole
(Noc), a microtubule transport inhibitor. Photographs were taken at 20 second intervals.

Figure taken from Coogan, M, unpublished work.
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It has been suggested that Peroxiplat is specific to GPX1. Confocal imaging experiments have
illustrated that PeroxiPlat accumulates in the peroxisome, as there was no movement of
PeroxiPlat clusters when peroxisome transport is inhibited with Nocodazole (figure 1.19). It
also appeared that GPX1 was highly localised to the peroxisomes. However, it should be
noted that GPX1 was not 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 remains unknown, as canonical glutathione channels, while
able to transport large amounts of GSH into the cell, are unlikely to accommodate Peroxiplat
due to the Pt-S bond. Therefore, more research is needed on how PeroxiPlat functions within

the cell to determine its theranostic potential.

1.5 Summary

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 cancer can give GPX1 oncogenic properties, driving the progression of
tumours, and increasing their resistance to chemotherapeutic agents. This culminates in
worse prognosis for GPX-overexpressing patients in most cases, and therefore GPX1 has
become a potential target 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. Indeed, many
types of GPX1 inhibitor are currently being investigated, including PeroxiPlat, which may
double as a diagnostic tool to assess suitability for GPX1-targeted treatment. Although none
yet have proven to be high specificity and high efficacy in vivo, it is certain that 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 investigation.
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1.6 Project Aims

GPX1 is plays a multifaceted role in cancer, and its key function in managing cellular ROS

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

to investigate GPX1 within the cancer context from many angles, from mRNA to protein to

network. To achieve this, this project aims to:
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Ascertain whether GPX1 is overexpressed across a range of cancer types and
determine the prognostic effect of GPX1 expression in cancer patients using
bioinformatic-based research

Assess the importance of mutations to GPX1 in cancer development using existing
cancer databases

Determine whether the expression patterns of GPX1-related proteins may
compound to promote cancer development and progression

Establish, using the Genomics of Drug Sensitivity in Cancer (GDSC) database, whether
GPX1 expression promotes chemoresistance across a range of cancer cell types
Determine the effect of supplementation at various concentrations of sodium
selenite (Na;SeOs) on GPX1 protein levels in cancerous (HeLa and A431) and non-
cancerous (HaCaT) cell types, and the longevity of this response

Investigate whether selenium supplementation with Na,SeO; can impact
chemoresistance in HaCaT cells

Assess the potential of a novel photolumiscent compound, PeroxiPlat, as theranostic

agent in cancer



Chapter 2 - Methods
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2.1 Bioinformatics
2.1.1 GEPIA

Gene Expression Profiling Interactive Analysis (GEPIA) is an interactive portal which allows
the user to generate various plots based on gene expression in cancer types (Tang et al.,
2017). The GEPIA database contains 9,716 tumour and 8,587 tissue samples, combining
information from both TCGA and GTEx databases. The GEPIA portal was used to generate an
expression profile for GPX1 across tumour and normal samples, and Kaplan-Meier survival
plots using expression of GPX1 as a factor for survival. The plots display overall survival and
disease-free survival in a range of cancers, with HR, P and Cox P values labelled. A table

defining the abbreviations of the cancer types can be found on pages 6-8.

The GEPIA portal was also used to generate a scatter plot showing GPX1 against GPX4
expression in normal and tumour samples. This was generated using the correlation analysis
tool and selecting GPX1 and GPX4 for comparison using the Pearson coefficient. Samples for
comparison were selected from the TCGA datasets and only sample types which were
represented in both the tumour and the normal datasets were chosen (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 heatmaps of expression across
tumour and normal samples. The tissue types selected were ACC, BLCA, BRCA, CESC, CHOL,
COAD, ESCA, GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC, OV, PAAD, PCPG,
PRAD, READ, SARC, SKCM, STAD, TGCT, THCA, THYM, UCEC, UCS. The sets of genes selected
for comparison were GPX1 family proteins (GPXs 1-8) along with SBP2, and a further set of
GPX1-related genes (EXOSC2, POLR2L, HSD17B10, TP53, RHOA, KARS, VAMPS8, ABL2, CTSD
and TXN). This heatmap was created using matched TCGA normal and GTEx data on a log

scale (log2(TPM + 1)) and adjusted using Plotly software to improve the visible contrast.

2.1.2 FireBrowse
The FireBrowse Portal (http://firebrowse.org/) uses HG19 TCGA data, and this was employed

to produce a boxplot for GPX1 expression across a range of cancers. This data originates
from RNASeq experiments and GPX1 expression in the plot displayed as RNA-Seq by

Expectation-Maximisation (log2).

2.1.3 COSMIC

The Catalogue of Somatic Mutations in Cancer (COSMIC) dataset is a comprehensive

resource designed to investigate the effect of somatic mutations in cancer (Tate et al., 2018).
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According to cancer.sanger.ac.uk/cosmic, COSMIC is the ‘world's largest source of expert

manually curated somatic mutation information relating to human cancers.” The data is
sourced from large established databases, such as TCGA and ICGC, as well as from peer
reviewed genome screening papers. As a result, there are over 37,000 genomes in the
COSMIC database. | investigated GPX1 by querying the canonical GPX1 gene 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 seen in tumour samples.

2.1.41CGC

The International Cancer Genome Consortium (ICGC) portal allows users to query specific
genes in a large dataset of cancer genomes (Zhang et al., 2019). GPX1 was investigated using
this portal, and a mutation distribution map was created from the output given in the
‘Protein’ tab. Prevalence data was also pulled out from this output. This was generated by

interrogating 19,729 samples in the database.

2.1.5 Ensembl

Ensembl is a browser which allows users to investigate genomes, including gene variants,
across a range of species (Howe et al., 2020). In this analysis, GPX1 was queried in the Homo
Sapiens dataset, where there were 3685 entries for variants of GPX1. This was further
investigated for the presence of the P77R variant, and information for mutational impact

scores were extracted.

2.1.6 GDC

The Genomic Data Commons (GDC) data portal allows the user to browse, analyse and
extract data from the TCGA database (Grossman et al., 2016). GPX1 was queried and of
12,174 somatic samples, 800 were tested for the GPX1 gene. The mutation distribution map

was taken from the ‘Protein’ tab, which also lists the source of each result.

2.1.7 GDSC

Genomics of Drug Sensitivity in Cancer (GDSC) is a data portal created by Wellcome Sanger
Institute and the Cancer Genome Project which allows the user to pull data on drug
sensitivity across 1000 human cancer cell lines (Yang et al., 2013). To investigate the
connection between GPX1 expression and resistance to the chemotherapeutic drugs
cisplatin, doxorubicin and docetaxel. Each of the drugs were searched and the ICso values
were extracted for all available cell lines. Note that some of the cell lines had no GPX1

expression data and/or no ICso results in the databases. The ICso was plotted on a log scale
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against the GPX1 expression data (RNA-Seq) taken from the from the Cancer Cell Line

Encyclopaedia (Broad Institute) and were manually curated and matched to each cell line.

2.2 Cell Culture
2.2.1 Media and Buffers

Name

Components

Dulbecco’s Modified Eagle’s Medium with
4.5 g/L Glucose, with L-glutamine and

phenol red (Lonza BioWhittaker™)

Supplemented with 10% FCS (Labtech) and
100 U/mL penicillin and 100 pg/mL

streptomycin (Gibco)

10X Tris Glycine SDS PAGE Buffer (National

Diagnostics)

0.25 M Tris base, 1.92 M glycine, and 1 %
(w/v) SDS

RIPA buffer

25 mM Tris, 150mM NaCl, 0.1 % SDS, 0.5 %
sodium deoxycholate, 1 % Triton X 100.
Supplemented with cOmplete™ Mini, EDTA-
free protease inhibitor cocktail tablets
(Roche) and PhosSTOP phosphatase

inhibitor cocktail tablets (Roche)

Transfer Buffer

300 mM Tris base (Fisher), 10 uM CAPS
(Sigma), 10% (v/v) ethanol (Fisher), 0.05%
w/v SDS (Melford).

4X SDS Loading Buffer (pH 6.8)

50 mM Tris-HCI pH 6.8, 2% SDS, 10%
glycerol, 0.02 % bromophenol blue, 100mM
DTT (added directly before use)

Blocking Buffer

5% milk in 1X TBST (137 mM Sodium
Chloride, 20 mM Tris, 0.025% Tween-20.
Supplied at pH 7.6, stock 20X Tris buffered
saline solution with detergent Tween 20,

Severn Biotech)

Incubation buffer

0.5% Bovine Serum Albumin (Sigma) in PBS

Table 2.1: Composition of the media and buffers used throughout the experiments.

2.2.2 Mammalian Cell culture (HaCaT, A431 and Hela)

Immortalized human HaCaT keratinocyte, A431 and Hela cells were grown in individual

flasks at 37°C with 5% CO, in a humidified incubator. Cells were grown in Dulbecco’s

modified essential medium (DMEM; Lonza, Switzerland) supplemented with 10% heat

inactivated foetal calf serum (Invitrogen, Carlsbad, CA) and 100 UmL™? penicillin and 100
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pugmL™ streptomycin (Lonza, Switzerland), and were passaged every 3 to 4 days, or when the

cells had reached 80-90% confluence.

2.3 Selenium supplementation with Na;SeOs
2.3.1 Antibodies

Name Concentration

GPx-1/2 Mouse Monoclonal Antibody Western Blot 1:1000
(Santa Cruz Biotechnology sc-133160) Immunofluorescence 1:200
Purified mouse anti-actin Ab-5 Western Blot 1:10000

monoclonal antibody (BD Bioscience

612656)

Anti-mouse IgG, HRP-linked Antibody (Cell | Western Blot 1:4000
Signalling 7076)

Goat anti-Mouse IgG (H+L) Cross- Immunofluorescence 1:1000
Adsorbed Secondary Antibody Alexa Fluor
488 (ThermoFisher A-11029)

Table 2.2: Types and concentrations of antibodies used in immunofluorescent and Western

Blotting protocols

2.3.2 Stimulating GPX1 activity with Na,SeOs

To investigate the effect of selenium stimulation on GPX1 production and determine the
optimum concentration to use for maximum GPX1 yield, HaCaT, A431 and Hela cultures
were prepared with varying levels of Na,SeOs; for varying incubation times. An appropriate
density of cells for each cell type (table 2.3) was suspended in 2 mL of DMEM, FCS, penicillin,
and streptomycin (as above) were added to each well in a six well plate. These were left to
seed for 2 hours at 37°C with 5% CO; in a humidified incubator. To test the optimum
concentration for GPX1 production and cell survival, different concentrations of Na,SeOs;
were tested. Each well was treated with 20 uL of serially diluted Na,SeOsin milliQ water (10
MM, 1 uM, 100 nM, 10 nM, 1 nM, 0 M). As previous work had utilised 6-day incubations to
improve GPX1 activity, two plates were made to test the effect of incubation time with
Na,SeOs on survival and GPX1 activity (Hazane-Puch 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 with 10 mL phosphate
buffered saline (PBS) per well. Cells were put on ice, and 70 pL ice-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 13000 rpm for 5 minutes, and supernatant was taken from each

sample.
Cell type 24h (cells/mL) 96h (cells/mL)
HaCaT 1.5x10° 7.5x10*
A431 1.5x10° 7.5x10*
Hela 1x10° 5x10*

Table 2.3: Seeding density for all cell types used in either 24- or 96-hour supplementation

experiments

2.3.3 Determining total protein 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, 0.25, 0.5, 1 and 2 mg/mL, and 2.5 pL RIPA (Table 2.1) was
added to each. On a 96 well plate, 2.5 pL of each BSA concentration were added to 200 pL
Bradford Ultra (Expedeon) in separate wells. 10 uL of each sample with varying Na,SeO3
concentration and incubation time were added to 200 plL Bradford Ultra. For the samples
and the BSA standards, this was repeated to obtain an average absorbance. This was then
tested in a TECAN plate reader measuring absorbance at 595 nm. The data for BSA
absorbance was plotted and used to determine the total protein (mean) in each of the

samples.

2.3.4 Western blotting

Protein samples prepared from cells incubated with varying concentrations of Na,SeOs for 24
and 96 hours were resolved through an SDS-PAGE gel and blotted to test for differences in
GPX1 protein level in response to supplementation with selenium. For equal loading of
protein, samples were diluted to 30 mg/mL protein in RIPA, and 20 uL 3x Loading Buffer
(table 2.1) was added to each. Samples were boiled for 3 minutes at 95°C before loading 15
pLinto a gel (4-20% Tris-Glycine Mini Gels WedgeWell™, ThermoFisher) with TGS. 5 uL of
PageRuler Plus protein ladder (ThermoFisher) was also added before running the gel at 225 V
for 30 minutes. This was transferred onto an Immobilon®-P PVDF membrane (Sigma-Aldrich).
This blot was blocked for one hour in 5% milk in TBST, washed and immunostained with anti-

mouse IgG secondary antibody (table 2.2) before imaging with the SuperSignal™ West Femto

58



ECL kit (ThermoFisher). Equal loading and efficient transfer were confirmed with an anti-

actin counter stain.

2.3.5 Determining longevity of response
HaCaTs were incubated for 96 hours in the presence of 1 uM Na,SeOs; before seeding a 6

well plate with varying cell densities for 24-72 hours (see table 2.4), and a sample was taken
of supplemented cells at 0 hours after withdrawal from selenium. The 0 hour samples of
approximately 6x10° cells, both with and without selenium were centrifuged at 13000 rpm
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 for 24, 36, 48 and 72 hours, a sample was taken from the appropriate well by washing
with PBS and scraping cells with 70 pL ice-cold RIPA buffer (Table 2.1), before centrifuging

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

Incubation time | 24 36 48 72
(hours)

Seeding cell 1.5x10° 1.25x10° 7.5x10% 3.75x10*
density

(cells/mL)

Table 2.4: Cell densities used for seeding HaCaTs in Na,SeO; withdrawal experiments.

2.3.6 XTT assay for resistance to chemotherapeutic agents and H;0>
To investigate the effect of Na,SeOs-dependent elevation in GPX1 on the cellular response to

stress, cell survival with varying concentrations of damaging agents (H,0,, cisplatin,
doxorubicin and docetaxel) was assessed using an XTT assay. HaCaT cells were incubated for
96 hours either in the presence of, or without, 1 UM Na,SeOs, before being seeded into 96
well plates at a density of 5000 cells per well. The Na,SeOs-treated cells were seeded in
medium containing 1 UM Na,SeOs. Cells were allowed to rest for 24 hours before chemical
treatments were added. 2 mM H,0,, 200 uM cisplatin, 20 uM doxorubicin or 10 nM
docetaxel was added 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. 50 pL of
XTT reagent from the XTT Cell Viability Assay Kit (Biotium) was added to each well and
incubated for 6 hours before measuring the absorbance at 630 nm (490 nm reference) on a

TECAN plate reader.
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2.3.7 CyQuant assay for resistance to chemotherapeutic agents and H20;
To investigate the effect of Na,SeOs-dependent elevation in GPX1 on the cellular response to

stress, cell survival was assessed using the CyQuant assay after the addition of varying
concentrations of damaging agents (H,0,, cisplatin, doxorubicin and docetaxel). Cells were
seeded into two 96 well plates at a density of 1000 cells per well and were left for one hour
to settle. After this, the medium was replaced with 200 uL DMEM, with or without 1 uM
Na,SeOs supplementation. Cells were allowed to grow for 96 hours before the media was
removed and DMEM containing chemical treatments, as well as selenium supplementation
for one plate, were added. 2 mM H,0,, 200 uM cisplatin, 20 uM doxorubicin or 10 nM
docetaxel was added 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 37°C and 5% CO; for 24 hours. 100 pL of CyQuant reagent was added to
each well and this was incubated again for one hour before measuring the fluorescence at

480/535 nm.

2.4 Investigating the interaction of PeroxiPlat with GPX1
2.4.1 GPX assay

To investigate the effect of PeroxiPlat, prepared as in Coogan et al., 2021, on GPX1 activity,
and therefore give an indication of its ability to inhibit GPX1, an assay was run using NADPH
as a secondary reporter. PeroxiPlat was diluted in assay buffer to produce a 1 mg/mL
solution. 5 pL of Bovine GPX1 was diluted with 5 pL of assay buffer. Wells were prepared as
follows: 50 uL assay buffer was added to well 1; 5 uL of 1 mg/mL PeroxiPlat and 45 pL assay
buffer were added to well 2; 5 pL diluted bovine GPX1 and 45 L assay buffer were added to
well 3; 5 pL diluted bovine GPX1, 5 pL 1 mg/mL PeroxiPlat and 40 uL assay buffer was added
to well 4. A reaction mix containing 148.5 ulL assay buffer, 13.5 pL, 40 mM NADPH, 9 uL
glutathione reductase and 9 ulL reduced glutathione was prepared and 40 pL was added to
each well. The wells were then preincubated at room temperature for 15 minutes. 10 pL of
cumene hydroperoxide was added and the output was measured immediately at two-minute

intervals for 10 minutes at 25°C.

2.4.2 FOX assay
Reagent was prepared according to Rhee et al., 2010 to produce 2X FOX reagent for this

assay. This contained 200 uM xylenol orange, 500 UM ammonium iron (Il) sulphate
hexahydrate in H,SO, and 200 nM sorbitol. In order to prevent autoxidation of the
ammonium iron (Il) sulphate hexahydrate, it must be dissolved prior to its addition to the

reagent mixture.
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On a 96-well plate, wells were prepared according to table 2.5, volumes were made up to 55
uL with PBS. These were incubated for 10 minutes at room temperature before adding 55 plL

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

temperature.
Component\Well | 1 2 3 4 5 6 7 8 9
Bovine GPX 25uL | 25puL 25uL | 25puL 25 pL
PeroxiPlat 5uL 5uL 5uL 5uL
(1 mg/ml)
Luperox 5uL 5uL 5uL 5puL 5puL 5puL 5uL S5uL | 5uL
(10 uMm)
Glutathione 20l [ 20pL | 20 L 20 plL 20 plL
(20 uMm)
MSA (500 uM) 5uL
PBS 5uL
FOX 55uL | 55pL | 55pL | 55uL | 55pL | 55pL | 55pL | 55l | 55 pL

Table 2.5: Well composition for the FOX assay experiment.

2.5 Flow cytometry for GPX1 interactions
2.5.1 Fixing cells

HaCaT cells were grown in a T75 flask for 96 hours with or without supplementation with 1
KM Na,SeOs up to 90% confluency. These cells were then trypsinised before resuspending in
10 mL DMEM (table 2.1) and centrifuging at 300 g for five minutes. The medium was
decanted without disturbing the pellet, and cells were washed with 10 mL PBS before
centrifuging for another five minutes at 300 g. The PBS was removed, and this wash was
repeated with 5 mL PBS, before finally resuspending in 10 mL 4% paraformaldehyde solution
in PBS (ChemCruz) and allowing to fix at room temperature for 15 minutes. This was then
washed by centrifugation at 300 g for five minutes with excess PBS, and the supernatant was
discarded. This was resuspended in 1 mL fresh PBS and 9 mL ice-cold methanol was added
dropwise to the cells, and these were vortexed gently to mix. The fixed and permeabilised

cells were stored at -20°C until use.

2.5.2 Immunostaining HaCaTs for GPX1

5x10° fixed cells/mL (section 2.5.1) from both supplemented and unsupplemented flasks
were washed in excess PBS and centrifuged at 300 g for five minutes, and supernatant was

discarded. After repeating this washing step, cells were resuspended in 100 puL GPX1
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antibody (table 2.2) in incubation buffer (table 2.1) and incubated at room temperature for
one hour. They were then washed by centrifugation (300 g, 5 min) in excess incubation
buffer twice before resuspending in 100 puL Alexa Fluor 448 antibody (table 2.2) in incubation
buffer (table 2.1) and incubating at room temperature for 30 minutes. These were washed
by centrifugation in excess incubation buffer (300 g, 5 min) before resuspending in 0.5-1 mL
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.

2.5.3 Interaction with PeroxiPlat
5x10° fixed cells/mL (section 2.5.1) from both supplemented and unsupplemented flasks

were washed in excess PBS and centrifuged at 300 g for 5 minutes, and supernatant was
discarded. 10 pL 10 mg/ml PeroxiPlat was added to each 1 mL sample and these were left to
incubate for 10 minutes at room temperature. The fluorescence was then measured using

the Cytoflex flow cytometer.
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Chapter 3 - Bioinformatic analysis of the
relationship between GPX1 and cancer
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3.1 Introduction

The utilisation of bioinformatic analysis has allowed us to make considerable strides in
cancer research. The emergence of high throughput RNA sequencing prompted the
generation of unprecedented amounts of transcriptomic data in both cancerous and non-
cancerous cell lines. Projects such as The Cancer Genome Atlas (TCGA), Genome Data
Commons (GDC) (Grossman et al., 2016) and Gene Expression Profiling Interactive Analysis
(GEPIA) (Tang et al., 2017) contain thousands of individual samples from hundreds of
projects performed globally across decades. These transcriptional profiling databases are
invaluable resources for investigating the expression of genes on a large, even pan-cancer

scale.

The accessibility and magnitude of these databases has made bioinformatic-based
approaches increasingly prevalent in modern cancer research (Cieslik and Chinnaiyan, 2017).
Data portals such as the GEPIA and TCGA portals enable the user to easily identify the
changes in gene expression that can be associated with development of cancer and look at
clusters of expression across a genome which may compound risk (Sun et al., 2017; Hossain
et al., 2019). Such methods have been used to identify expression patterns associated with
specific cancer-promoting hallmarks, such as immune infiltration (Lv et al., 2020; Cui et al.,
2021), across a range of cancer types. Researchers are now able to identify biomarkers which
are able to predict prognosis and cancer drug response (Li et al., 2020; Clayton et al., 2020),
making it possible to develop personalised medical interventions, improving patient
treatment and outcome (Cardoso et al., 2016). Furthermore, these expansive databases are
also large enough to not only measure the prevalence of gene variants in cancer samples,

but also to create detailed mutational maps, from which residues of interest can be derived.

These tools are therefore ideal for exploring the true impact of GPX1 in the context of
cancer. This research aims to determine if and how GPX1 and its variants may advance
cancer, and how this impacts patient survival. The aims of this bioinformatic-based research
were to (1) ascertain whether expression of the GPX1 gene was elevated in cancer, (2)
determine the prognostic effect of GPX1 mRNA expression, (3) assess the importance of
mutations to the GPX1 gene in cancer development, (4) determine whether the expression
patterns of GPX1-related proteins may compound to promote cancer and (5) establish

whether GPX1 mRNA expression promotes chemoresistance across a range of cancer cell

types.
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3.2 GPX1 expression in cancer

3.2.1 GPX1 mRNA expression levels are generally higher in tumour than

normal samples
To determine a trend of GPX1 mRNA expression in tumour tissues when compared to the

paired normal tissue, samples were taken from the GEPIA and TCGA databases (figures 3.1
and 3.2). The GEPIA database included 18,323 samples for comparison, and the TCGA
database contained 12,011 samples. Both plots confirm that, across most cancer types, GPX1
MRNA expression is higher than in the normal tissue. There is a large amount of scatter in
both tumour and normal samples, indicating that GPX1 mRNA expression varies greatly in
cancerous and non-cancerous cells. However, there is generally a larger amount of variance
in the tumour samples compared with corresponding normal cell sample. This increase in
GPX1 mRNA expression is also not seen ubiquitously across the samples, with some tumour
cell lines having a far greater increase in expression than others. In particular, the samples
from Glioblastoma Multiforme (GBM), Kidney Renal Papillary Cell Carcinoma (KIRP), Acute
Myeloid Leukaemia (LAML), Brain Lower Grade Glioma (LGG), Ovarian Serous
Cystadenocarcinoma (OV), Pancreatic Adenocarcinoma (PAAD), Skin Cutaneous Melanoma
(SKCM), Testicular Germ Cell Tumours (TGCT), Thyroid Carcinoma (THCA), Uterine Corpus
Endometrial Carcinoma (UCEC) tumours had very high levels of GPXI mRNA expression when
compared with the normal tissue. Lung Squamous Cell Carcinoma (LUSC) and
Pheochromocytoma And Paraganglioma (PCPG) were the only cancer cell lines to show a

large loss of GPX1 expression compared to the normal sample.
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Figure 3.1: GPX1 mRNA expression is higher in tumour samples than in the normal samples in the majority of cancer types from Firebrowse
data. Boxplot of GPX1 expression 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) (RNA-Seq by Expectation-Maximisation).
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3.2.2 GPX1 mRNA expression significantly impacts cancer prognosis in

multiple cancer types
After identifying that tumours generally had a larger variation in GPX1 mRNA expression

than normal tissue, Kaplan-Meier plots were generated to determine whether higher GPX1
mMRNA expression in tumour samples correlated with a higher severity of disease. These plots
were generated using data from the GEPIA database. In figure 3.3 A (Log-rank P=0.031,
HR=2.6) and B (Log-rank P=0.0048, HR=5.4), high expression of GPX1 was linked to worse
overall survival (OS) in uveal melanoma (UVM) patients. In figure 3.3 B, high GPX1 mRNA
expression was defined as the upper quartile of expression in patients, and low GPX1 mRNA
expression as the lower quartile. The effect was more pronounced in this analysis, with no
patients surviving past 4 years. However, it should be noted that the sample of UVM patient
was fairly small, especially in figure 3.3 B (n(high)=20 and n(low)=20), and therefore the

effect may be overestimated.
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Figure 3.3: Elevated expression of GPX1 is associated with decreased overall survival in
uveal melanoma (UVM) patients. Kaplan-Meier plots showing Overall Survival (OS) in
UVM patients with low and high GPX1 mRNA expression, using GPX1 expression and
patient survival data from the GEPIA database. (A) GPX1 expression level threshold is
defined for high and low expression as above and below the median. (B) GPX1 expression
level threshold is defined for high and low expression as the upper and lower quartiles

respectively.
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In figure 3.4 A, B, C and D, GPX1 mRNA expression above the median was associated with
poorer OS and Disease Free Survival (DFS) in Brain Lower Grade Glioma (LGG) (OS Log-rank
P=8.4e-05, HR =2.1; DFS Log-rank P=0.001, HR =1.7) and Adenoid cystic carcinoma (ACC) (OS
Log-rank P=0.13, HR =1.8; DFS Log-rank P=0.017, HR =2.2) patients.
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Figure 3.4: Elevated expression of GPX1 is associated with decreased overall and
disease-free survival in low grade glioma (LGG) and adrenocortical carcinoma (ACC)
patients. (A) Overall survival (0S) and (B) disease free survival (DFS) in LGG patients with
low and high GPX1 mRNA expression, and survival curves for (C) overall survival and (D)
disease free survival in ACC patients with low and high GPX1 mRNA expression. The
threshold for high and low expression was defined as above and below the median value
for GPX1 expression. GPX1 mRNA expression (RNA seq) and patient survival data were

taken from the GEPIA database.
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Figure 3.5: Elevated expression of GPX1 is associated with decreased overall survival in
kidney chromophobe (KICH) and acute myeloid leukaemia (LAML) patients. Overall
survival in (A) KICH, (B) LAML patients with high and low GPX1 mRNA expression. The
threshold for high and low expression was defined as above and below the median value
for GPX1 expression. GPX1 expression (RNA seq) and patient survival data were taken from

the GEPIA database.
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Figure 3.6: Elevated expression of GPX1 is associated with increased overall survival in
cervical squamous cell carcinoma (CESC) patients. Overall survival in CESC patients with
high and low GPX1 mRNA expression. The threshold for high and low expression was
defined as above and below the median value for GPX1 expression. GPX1 expression (RNA

seq) and patient survival data were taken from the GEPIA database
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In figure 3.5 A and B, GPX1 mRNA expression above the median was associated with poorer
OS for both in Kidney Chromophobe (KICH) (Log-rank P=0.022, HR =7.9) and LAML (Log-rank
P=0.011, HR =2) patients. Note that the largest HR is seen in the KICH group, where patients
with high GPX1 mRNA expression were at a 7.9-fold higher risk than the low GPX1 mRNA

expression group.

Cervical Squamous Cell Carcinoma (CESC) was the only cancer type tested which indicated a
positive correlation between GPX1 mRNA expression and overall survival (Figure 3.6, log-

rank P=0.013, HR =0.54).

3.3 GPX1-related protein expression in Cancer
Given that GPX4 can compensate for GPX1 loss in MDR cancer cells (Hall et al., 2014), it was

important to determine if the mRNA overexpression of GPX1 seen in tumour cells is to
compensate for loss of GPX4. This is not the case; the relationship between GPX1 and GPX4
MRNA expression follows a similar positive trend in both tumour and normal samples (figure
3.7, R=0.42 and 0.44 respectively). The spread of the data is greater in tumour samples than
in normal samples. There is a shift toward overexpression for GPX1 and GPX4. GPX1 in
tumour samples falls within the 7-10 Transcripts per million (TPM) range, compared with 7-9
TPM in normal samples. Thus, mRNA expression has increased in general but this varies
greatly between tumour samples. For GPX4, tumour samples had between 7 and 10 TPM,
whereas normal cells had approx. 7.25-9.5 TPM, and thus there is a greater amount of

variance in tumour samples.
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Figure 3.7: Positive correlation is observed between GPX1 and GPX4 mRNA expression
in normal and tumour samples. Expression in transcripts per million (TPM) of GPX1 and
GPX4 across tumour (left) and normal (right) samples using RNASeq data from the GEPIA

database.
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It is already known that GPX family members exhibit some functional redundancy, for
example between GPX1 and GPX2 (Esworthy et al., 2000), and can be overexpressed to
compensate for the loss of one another. Hence, GPX1 mRNA overexpression 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 SECIS-SBP2 complex,
for selenocysteine incorporation (section 1.2.3.2), and so an upregulation of a member of
this complex, such as SBP2, will alter the mRNA transcript stability for selenoprotein GPXs,
changing the amount of each protein that is produced. To investigate if there was any impact
on the expression level of the rest of the GPX family, heatmaps were generated for

expression of these proteins in tumours and normal cells.

Previous research from Wei et al. (2020) described a protein-protein interaction network for
GPX1, which was created using GENEMANIA. This was generated using gene co-expression,
gene co-localisation, gene enrichment and other interactomic data, and suggests the
proteins likely to interact with GPX1, even if the relationship between the proteins is
currently unknown. This map implicated many other proteins as GPX-related proteins - not
only GPX family members, but also SBP2, Exosome component 2 (EXOSC2), RNA polymerase
Il Subunit L (POLR2L), B-hydroxysteroid 17-beta dehydrogenase X (HSD17B10), Tumour
protein 53 (P53), Ras Homolog Family Member A (RHOA), Lysyl-tRNA synthetase (KARS),
vesicle-associated membrane protein 8 (VAMPS8), Abelson homolog 2 (ABL2), Cathepsin D
(CTSD) and thioredoxin (TXN). To investigate how the mRNA expression of these were
affected by GPX1 expression level in cancers, and therefore which GPX1-related processes
may be preferentially promoted in GPX1-rich cancers, heatmaps were generated for the

GPX1-related protein genes in the same fashion.
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Figure 3.8: Heatmaps of the GPX protein family and SBP2 mRNA expression. mRNA expression for GPX family proteins and SBP2 (SECISBP2) in
TPM in normal (N) and tumour (T) samples across many tumour types. These were generated using the GEPIA gene comparison tool, with data

from the GEPIA database.
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Figure 3.9: Heatmaps of the mRNA expression of GPX1-interacting proteins. mRNA expression in TPM in normal (N) and tumour (T) samples

across many tumour types, for GPX1 and GPX1-interacting proteins indicated by Wei et al., 2020. These were generated using the GEPIA gene
comparison tool, with data from the GEPIA database.
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Figure 3.8 indicates that there is no consistent pattern of change to mRNA expression
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 versa) in vivo (Florian et al., 2010),
this pattern is not replicated here. Following lower GPX1 mRNA expression in tumour cells
relative to normal cells, GPX2 is rarely upregulated, and this pattern is only seen in
Esophageal Carcinoma (ESCA) and LUSC samples. Generally, while GPX1 and GPX2 mRNA
expression is higher in the tumour than the normal samples, SBP2 mRNA shows the opposite
trend. Similarly, in cell lines with both higher GPX1 and GPX2 mRNA expression in tumour
samples - CESC, CHOL, Colon Adenocarcinoma (COAD), LAML, Liver Hepatocellular Carcinoma
(LIHC), PAAD, Rectum Adenocarcinoma (READ), Stomach Adenocarcinoma (STAD) and TGCT -
SBP2 mRNA expression is generally either lower or equal. GPX3 mRNA expression was
generally downregulated in tumour cell samples, although there is no pattern shown that

indicates another GPX family member is compensating for this.

GPX4 was commonly upregulated in tumour samples. In the majority of cases, when GPX1
was upregulated in tumour cells, this was accompanied by an increase in GPX4 mRNA
expression, often to a similar degree. This was seen in Bladder Urothelial Carcinoma (BLCA),
CESC, CHOL, COAD, Lymphoid Neoplasm Diffuse Large B-Cell Lymphoma (DLBC), GBM, KICH,
Kidney Renal Clear Cell Carcinoma (KIRC), KIRP, LGG, LIHC, OV, PAAD, Prostate
Adenocarcinoma (PRAD), Rectum Adenocarcinoma (READ), SKCM, STAD, THCA, Thymoma
(THYM), UCEC and UCS samples. GPX5 and GPX6 had low and consistent levels of mRNA
expression across both tumour and normal samples, with the exception of GPX5 in
tenosynovial giant cell tumour (TGCT), where normal samples showed greater GPX5
expression compared to tumour samples. GPX7 and GPX8 were also commonly
overexpressed in the tumour samples, however, these were often expressed in varying

degrees, and did not show correlation with GPX1 mRNA expression comparable with GPX4.

In figure 3.9, all of the genes were generally overexpressed in the tumour samples compared
with the normal samples. In five tumour types (DLBC, GBM, LIHC, STAD and TGCT), genes for
all of the proteins mapped were overexpressed in the tumour sample. Similarly, in five
tumour types (BLCA, COAD, PAAD, READ and THYM), all but one of the proteins were
overexpressed along with GPX1. The most similar mRNA expression profiles to GPX1 were

seen for POLR2L, HSD17B10, TP53, CTSD, and, to some extent, VAMPS.

To assess the wider impact GPX1 could be having in the cell via its interaction with the GPX1-

related proteins, an Overrepresentation Test on GoPanther was performed (table 3.1). By
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inputting the GPX1-related proteins listed in Wei et al, 2020 into GoPanther, only one
biological process was found 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 function
were CTSD, KARS, TP53, VAMP8 and RHOA, some of which had mRNA expression levels which
correlated well with GPX1 (figure 3.9).

GoPanther analysis

Number of Number Number Fold Raw P False
genes in of genes expected | enrichment | value Discovery
Homo in query Rate
Sapiens
Leukocyte 624 5 0.3 16.71 5.45x 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

Table 3.1: Enrichment analysis of GPX1-interacting proteins using GoPanther indicates
significant enrichment in cell activation involved in the immune response. GoPanther
output following an Overrepresentation Test of GPX1, SBP2, EXOSC2, POLR2L, HSD17B10,
TP53, RHOA, KARS, VAMPS, ABL2, CTSD and TXN.

3.4 GPX1 mRNA expression and chemoresistance

As previous work had linked GPX1 mRNA expression and activity with resistance to anti-
cancer drugs (section 1.4.3), this relationship was investigated on a larger scale by comparing
GPX1 mRNA expression (using data from the Broad Institute Cancer Cell Line Encyclopedia)
with 1Cso values for cisplatin, doxorubicin and docetaxel (GDSC) across a range of cancer cell
lines. These drugs were selected as two of these (cisplatin and doxorubicin) have already
been directly linked to GPX1, and resistance was found across a small number of 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 level of H,0, and
downregulating other key members of the apoptotic pathways (section 1.4.2.5). As docetaxel
also uses ROS to initiate apoptosis in target cells (Bas and Naziroglu, 2019), similar response

(GPX1-induced drug resistance) would be expected, thus this was also investigated.

In figures 3.10 A and 3.12 A, cisplatin and doxorubicin showed very little overall correlation

between GPX1 mRNA expression and drug ICso. In figure 3.11 A, docetaxel ICso appeared to
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positively correlate with GPX1 mRNA expression, however this was a very slight correlation.
Across all drugs and cancer cell types, there was a large amount of variance in 1Cso, and
therefore a smaller sample of cancer cell types were extracted and plotted (figure 3.10 B,
3.11 B and 3.12 B), to identify cancer cell types of interest. These were selected based on a
general positive correlation, however, there is still a large amount of scatter within each

cancer type.

The only cancer cell type which was found to have a consistent relationship between GPX1
MRNA expression and drug ICso was CESC. For cisplatin, the selected cancers were BLCA,
CESC, ESCA, HNSC, LGG, OV, and Hodgkin and Burkitt lymphoma (figure 3.10 B). OV appeared
to show stronger positive correlation between GPXI mRNA expression and drug resistance
than other cancer types. In figure 3.11 B, the selected cancers were CESC, MESO, MB, OV.
MB appeared to show the strongest correlation; however, this also had a small sample size.
In figure 3.12 B, only 3 cancer types were found to have a reasonable correlation: CESC,
Hodgkin lymphoma and Burkitt lymphoma. All of these were also identified in the cisplatin
dataset, indicating that these cancer types, as opposed to all cancers in the database, may be

sensitive to GPX1-induced chemoresistance, and warrant further investigation.
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Figure 3.10: Comparison of cisplatin sensitivity with GPX1 mRNA expression level.
Cisplatin ICsp against GPX1 mRNA expression across (A) a range of cancer types and (B)
selected cancer types displaying positive correlation. The full dataset contained 528
samples, all of which are represented in figure 3.10 A. These figures were created using
GDSC data, matched with expression level of GPX1 (RNASeq) taken from the Broad

Institute Cancel Cell Line Encyclopaedia
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Figure 3.11: Comparison of docetaxel sensitivity with GPX1 mRNA expression level.
Docetaxel ICso against GPX1 mRNA expression across (A) a range of cancer types and (B)
selected cancer types displaying positive correlation. The full dataset contained 527
samples, all of which are represented in figure 3.11 A. These figures were created using
GDSC data, matched with expression level of GPX1 (RNASeq) taken from the Broad
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Figure 3.12: Comparison of doxorubicin sensitivity with GPX1 mRNA expression level.
Doxorubicin ICsp against GPX1 mRNA expression across (A) a range of cancer types and
(B) selected cancer types displaying positive correlation. The full dataset contained 496
samples, all of which are represented in figure 3.12 A. These figures were created using
GDSC data, matched with expression level of GPX1 (RNASeq) taken from the Broad
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3.5 Expression and Copy Number Variation of GPX1 in cancer
cells

As it was found that GPX1 was commonly overexpressed in cancer, and was especially
detrimental for prognosis, the frequency of overexpression and copy number variation (CNV)
for the GPX1 gene was investigated. In the COSMIC database, GPX1 expression was
compared across 1594 tumour samples, as was CNV, to assess whether duplications of the

gene were the source of aberrant GPX1 expression.

A

m Overexpression W Underexpression m No Change W loss MGain ®No Change

Figure 3.13: GPX1 gene expression and gene variation in COSMIC tumour samples.

(A) Graph showing the number of tumour samples in the COSMIC database that show
either over- or under-expression of GPX1, based on RNAseq data of 1,594 samples. (B)
Copy number variation for the GPX1 gene seen in tumour samples from samples in the

COSMIC database.

According to figure 3.13 A, the GPX1 gene is overexpressed in tumour cell samples far more
frequently than it under-expressed. Conversely, figure 3.13 B indicates that the GPX1 gene 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 expression level (e.g. mutations or

regulatory changes).

3.6 Location of GPX1 mutations and effect on cancer
As little data was available on GPX1 mutations in cancer cell lines, datamining was performed

to identify any mutations which may help to drive cancer development or allows GPX1 to

offer greater protection to cancer cells.
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COSMIC data from 389 samples (figure 3.14) showed low 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 single study, McMillan et al., 2018. This data
suggests this could be a residue of 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). In all tests apart from MetalR, P77R scored highly for mutational
impact. SIFT, Poly-Phen, 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 hotspot is present across other datasets, GPX1 mutational maps
were also generated using the ICGC and GDC data portal (figure 3.15). Further investigation
of mutations in GPX1 using 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 derives some data from this database, it is likely that the mutations shown in the

ICGC map are also shown in the COSMIC map.

ENSEMBL analysis
Mutation | SIFT Poly-Phen CADD REVEL MetalR Mutation
(how (difference | (cumulative (predicts (predicts Assessor
different the | in physical score of pathogenicity | pathogenicity | (impact
AA is 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 3.2: The P77R mutation is likely to impact the structure and function of GPX1.
Ensembl-generated scores for mutational impact of the P77R GPX1 variant, using a range

of analyses.
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protein (x-axis), using data from (top) the ICGC database (19,729 samples tested, 329 mutations identified, 70 mapped to a residue) and (bottom) the

GDC database (800 samples tested, and 28 mutations mapped to a residue).
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3.7 Summary

Various bioinformatic approaches were utilised to determine the impact of GPX1 on cancer
development and patient survival. GPXI1 mRNA expression in tumour samples was higher
than in matched normal samples for most tumour types, using RNASeq data from both
GEPIA and TCGA. While in most cancers, there was no significant difference in patient
prognosis for patients with high and low GPX1 mRNA expression, high GPX1 mRNA
expression was found to significantly reduce overall survival in UVM, LGG, KICH and LAML
patients, and to significantly reduce disease free survival in ACC and LGG patients.
Conversely, high mRNA GPX1 expression was found to significantly improve overall survival

in CESC patients.

Due to its known functional redundancy with regard to other members of the GPX family, as
well as a recent review detailing a protein-protein interaction network for GPX1 (Wei et al.,
2020), an investigation was undertaken to determine the expression profiles of these GPX1-
related genes across cancer types. Heatmaps from GEPIA indicated that GPX4 was the only
member of the GPX family to be consistently overexpressed with GPX1 mRNA
overexpression. SBP2, however, showed the opposite trend. Scatter maps of GPX1 against
GPX4 mRNA expression for all cancers did not demonstrate a change in the relationship
between GPX1 and GPX4 mRNA expression between normal and tumour samples, although
there was a slight increase in the spread of the mRNA expression for both genes in tumour
samples. Heatmaps also indicated that for POLR2L, HSD17B10, TP53 and CTSD, expression
increased with GPX1 mRNA expression across most cancer types. A GoPanther
Overrespresentation Test of the GPX1-related genes was successful in flagging CTSD, KARS,
TP53, VAMPS8 and RHOA as genes enriching leukocyte activation, involved in immune

response.

GPX1 mRNA expression did not appear to correlate with chemoresistance to doxorubicin,
docetaxel and cisplatin across the majority of cancer types. CESC was the only cancer type to
show positive correlation between GPXI mRNA expression and chemoresistance for all drugs
investigated. This does not support our current understanding of the role of GPX1 in
chemoresistance, as GPX1 mRNA overexpression has been associated with chemoresistance
in vitro across many cancer types (section 1.4.3.1), and an increase in CESC patient survival

(figure 3.4).

As very little research had been done on somatic mutations of GPX1 appearing in cancer,

these were investigated using existing cancer databases GEPIA, ICGC and GDC. A hotspot of
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mutations was detected using GEPIA analysis - P77R. While Ensembl analysis indicated that
the P77R mutation would indeed have a deleterious effect on GPX1 function, further
investigation using the ICGC and GDC data portals did not support the presence of this
hotspot. As many of the samples which detected the P77R mutation came from a single
study only present in GEPIA, it is possible that the P77R has been overrepresented in this
database, as there may be differences in curation between databases. This method of data

analysis may therefore be unreliable in finding mutations for further investigation.
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Chapter 4 - Stimulation of GPX1
production with selenium
supplementation
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4.1 Introduction

As discussed in section 2.2, GPX1 is a selenoprotein, and as such, requires the rare amino
acid selenocysteine for its activity. It is therefore dependent upon selenium for the
expression of the GPX1 gene. GPX1, like other selenoprotein genes, is subject to an
additional level of regulation at the translational level. The expression of selenoproteins is
controlled by a mRNA loop structure called a SECIS element. Folding of the mRNA via the
SECIS loop ‘recodes’ a stop codon to a selenocysteine (Sec) codon, the addition of which is
initiated via recruitment of SECIS-binding protein 2 (SBP2) to the loop structure. SBP2
recruits eEFSec-bound Sec-tRNASec to the site, and brings it within close proximity of the

ribosome, facilitating the addition of Sec to the amino acid chain.

While the SECIS system increases Sec incorporation efficiency for selenoproteins, this ability
is distributed differentially across the selenoproteins, and is dependent upon the SECIS
element structure (section 2.2.3). This establishes a selenium hierarchy, under which some
selenoproteins are given preferential access to selenocysteine when selenium levels are low.
GPX1 falls at the bottom of this hierarchy, and low levels of GPX1 are produced under
selenium-poor conditions. Therefore, while other selenoproteins are constitutively
expressed, expression of GPX1 is highly dependent on selenium level. Providing cells with a
selenium supplement is an easy method of theoretically boosting GPX1 production, and this

relationship can be exploited experimentally to investigate GPX1 function.

Indeed, previous work has shown increases at the mRNA level following supplementation
with selenium (Hazane-Puch et al., 2013; Hazane-Puch et al., 2014). However, this work is
limited as it does not confirm whether mRNA overexpression resulted in increased GPX1 at
the protein level. Given that GPX1 expression is also regulated at the translational level, this
is an oversight which needs urgent investigation. Furthermore, there is no indication of the
longevity of this effect, which would be essential information for contextualising the true
impact of selenium in biologically relevant timescales. Given also that GPX1 overexpression
has been linked to chemoresistance, inducing GPX1 expression with selenium
supplementation allows us to investigate these effects within a range of drugs and across cell
types. The aims of this work were therefore (1) to investigate the effect of selenium
supplementation on GPX1 protein level, (2) to determine the longevity of this effect after
selenium withdrawal and (3) to explore the effect of selenium-induced GPX1 production on

chemoresistance.
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4.2 Stimulating GPX1/2 protein production with sodium selenite
(NazSe0s3) supplementation

Western blots were performed following supplementation with sodium selenite (Na;SeOs) in
multiple cell lines to verify that selenium availability can impact GPX1 protein level. The cell
lines chosen were HaCaT immortalised keratinocytes, as used in Hazane-Puch et al., 2013,
and two cancerous cell lines, A431 (epidermoid squamous cell carcinoma) and Hela (cervical
carcinoma), which can provide information on GPX protein level in the cancer cell context.
Hela cells also belong to the CESC cancer type, which were found in GDSC datamining to
have potential for GPX1-induced chemoresistance (figures 3.8, 3.9 and 3.10) and thus deeper

understanding of how to manipulate GPX1 level is of great interest.

Na,SeOs increased GPX1/2 protein level in HaCaT cells in a dose- and time-dependent
manner (figure 4.1 A and B). The largest increase was seen at 1 uM and 100 nM after 96
hours, and for all concentrations 96-hour incubations yielded a larger increase than 24-hour
incubations. However, both 24- and 96-hour experiments saw a similar response to Na,SeOs
concentration — similarly high protein level at 1 uM and 100 nM concentrations, with a

decrease in GPX1/2 protein yield for each subsequent dilution of Na,SeOs.

Similar results were seen in A431 (figure 4.1 C and D) and Hela cells (figure 4.1 E and F),
where 96-hour incubation with Na,SeOs yielded higher GPX1/2 protein than 24-hour, and a
similar dose dependency was observed. However, these cancer cell lines appear to be less
sensitive to Na,SeOs than HaCaT cells, with both showing a smaller increase in protein level
at higher concentrations than is observed in HaCaT cells. For example, the maximum GPX1/2
yield achieved in HaCaTs was 29.4 times the control, although only 2 repeats were
performed. However, in HeLa and A431 cells, the peak protein levels achieved were 6 and
3.1 times higher than basal, respectively. HelLa Cells were the most resistant to selenium
toxicity, and thus, samples were able to be taken at a higher dose, 10 uM, for both 24 and 96

hours.
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Figure 4.1: GPX1/2 protein levels increase in HaCaT, A431 and Hela cells following
supplementation with varying concentrations of Na,SeO; over 24 and 96 hours. Western
blot of (A) HaCaT, (C) A431 and (E) HeLa extracts taken after 24 or 96 hours, and plots of
protein level measured through band intensity normalised to actin (B) HaCaT (n=2 biological
replicates), (D) A431 (n=4 biological replicates) and (F) HeLa (n=3, *n=2 biological replicates)

after 24 hours (left) and 96 hours (right) of supplementation, with standard deviation bars.

4.3 Longevity of response following Na,SeOs withdrawal
While there is some previous research detailing the effect of selenium supplementation on a

limited number of cell types human cells (Hazane-Puch et al., 2013, Hazane-Puch et al.,
2014), there is none that documents the longevity of this response. To fill this gap in our
understanding, HaCaT cells were treated with Na,SeOs; for 96 hours, before withdrawing the
supplementation, and harvesting cells at Oh, 24h, 36h, 48h and 72h after withdrawal. HaCaTs
were selected as they had the largest increase in GPX protein level following
supplementation, so are not only highly sensitive to selenium levels, but would also

presumably have the most noticeable drop in GPX1 level following withdrawal.

In figure 4.2 A and B, peak GPX protein was seen immediately after 96 hours of

supplementation, where it was 8.4 times greater than the basal level. The level of GPX then
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dropped by 70% within the following 24 hours of Na,SeOs; withdrawal to 2.6 times higher
than background. GPX protein level slowly decreased for 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
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Figure 4.2: GPX1/2 protein level decreases rapidly in HaCaTs following selenium
withdrawal. Western blot (A) and bar chart (B) showing protein level in HaCaT cells
following withdrawal from 1 uM Na>SeOs. 0 hour -Se represents the cells with no
supplementation prior to the withdrawal experiment, and Oh +Se represents cells after
96-hour supplementation with Na,SeOs. 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 untreated 0 hours cells).
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Figure 4.3: Immunofluorescence flow cytometry of Hela cells indicates 96-hour incubation with Na,SeOsincreases GPX1/2 protein level. Scatter
graphs (left) indicate populations of cells grouped through gating. P1 represents cell debris, P2 represents intact cells which have taken up the
Alexa Fluor antibody. Histograms (right) indicate the absorbance on FITC-A with P1 in red and P2 in green. Measurements taken on a Cytoflex and

labelled using CytExpert software
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Figure 4.4: Selenium supplementation increases cellular levels of GPX1/2 as measured by
flow cytometry. Histogram overlay of all events measured in the FITC channel. The graphs
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.

In figures 4.3 and 4.4, the peak is shifted left in cells given the GPX1/2 antibody, indicating
that GPX1 is present in the cells with and without supplementation. In the supplemented
group, this peak is shifted further left, and is flatter, indicating that more GPX1 was
produced. This again suggests that Na,SeOs supplementation promotes GPX1 production in
cells, but also indicates that the increase in GPX1 protein level varies from cell to cell, and

GPX1 is not homogenously expressed within the cohort.

4.4 Effect of Na,SeOs supplementation on resistance to
chemotherapeutic drugs

As discussed in 1.4.3, GPX1 expression has been previously linked to chemoresistance in a
few cancer cell lines. Further research with GDSC did indeed find some cancer cell types that
may be more susceptible to GPX-induced chemoresistance, and thus designing a protocol for
investigating this relationship is necessary for potentially exploiting this relationship in
improving drug response. Therefore, survival assays were performed using the three
chemotherapeutics drugs selected earlier (cisplatin, doxorubicin and docetaxel), as well as

H,0,, as ROS are an important mediator in the induction of apoptotic cell death and are
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therefore central to the action of chemotherapeutics.

Cisplatin Doxorubicin Docetaxel H,0,
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Figure 4.5: XTT assay protocol for survival in cells after drug treatment. Cells were
incubated with or without sodium selenite after treatment with cisplatin, doxorubicin,

docetaxel and hydrogen peroxide (H20;).

These treatments were performed in HaCaT as not only were these were shown to be very
sensitive to selenium-induced overexpression of GPX1 and maintained largely elevated GPX1
protein levels for 24 hours after withdrawal. Although this was originally intended to be
repeated in HeLa and UVM cell types, time restrictions prevented this. Survival of the HaCaT
cells after exposure to chemotherapeutic drugs or H,0, was measured using two survival
assays, XTT and CyQuant, with or without 96 hours of prior incubation 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 of a tetrazolium salt, while
CyQuant quantifies survival by measuring interaction of fluorescent compounds with cellular
nucleic acids. As will be discussed, original XTT experiments used the same media for the full
experiment (figure 4.5), whereas later experiments were performed by replacing media with

Na,SeOs-free DMEM before survival was measured.

Initial XTT data would suggest that there were no surviving selenium-treated cells at any
dosage, and the absorbance values of all doses fell either below or near to that of the no cell
control (figure 4.6). To illustrate this, only values for absorbance, not survival, were plotted.
However, further inspection of the cells on a brightfield microscope showed the cells had
similar post-treatment survival to the untreated cells. This therefore indicated that the assay
was unable to measure the survival in treated cells. This could have been due to either the
presence of selenium in the medium or the shift in redox status in the HaCaTs due to the

overexpression of GPX1 which places the cells outside of the dynamic range of the reagent.
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Figure 4.6: XTT does not effectively measure cell viability when measurements are taken in Na,SeOs-supplemented media. Plots of absorbance seen in

XTT assay after supplementation of HaCaTs with or without Na,SeOs and treatment with cisplatin, doxorubicin, docetaxel or H,0;, when media was not

changed before taking the XTT measurement (n=3 technical replicates).
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To determine the cause of this issue, further XTT experiments were performed in which the
supplemented media was changed for Na,SeOs-free DMEM. In this instance, values for
percentage survival were calculated as there was large enough difference seen between the
lower and higher doses (figure 4.7). The survival for cells treated with cisplatin and H,0, was
significantly different after selenium treatment (paired two tailed T test p=0.0013 and
p=0.0027 respectively). For H,0, treatment, selenium treatment improved cell survival
modestly, and for cisplatin, the opposite effect was observed. The effects of
supplementation on survival after doxorubicin or docetaxel treatment were not found to be
significant (p=0.2678 and p=0.0633 respectively). However, the results for the cisplatin,
doxorubicin and docetaxel treatments did not meet expectations, as cells in both the
unsupplemented and supplemented media were highly resistant to treatment at the doses
tested, indicating that these data are unreliable. Conversely, hydrogen peroxide treatment
did appear to be toxic to both sets of cells, although selenium treatment provided a small

level of protection against this.

These experiments were inconclusive both for determining the cause of the issue in the
original experiment and for determining the effect of supplementation on resistance to
chemotherapeutic drugs. Hence, a new approach was implemented that did not rely upon
metabolic activity for survival determination. This protocol was therefore repeated with the
CyQuant assay, which instead uses a florescence-based method of determining cytotoxicity

based on interaction with cellular nucleic acids.

Figure 4.8 shows the CyQuant assay results for all drug treatments except docetaxel, as the
values for this were highly variable. Generally, selenium supplementation was associated
with slightly increased survival after treatment with chemotherapeutic drug or H,0,.
However, the only drug for which any significant change was observed was doxorubicin,
where selenium supplementation provided a small amount of protection against the cell
death at most doses (two tailed T-test p=0.0451). For cisplatin, docetaxel and H,0,, no
significant effect was observed when cells were supplemented with sodium selenite
(p=0.3896, p=0.9401 and p=0.0826 respectively). However, it should be noted that, due to
time constraints, there are no biological repeats for this experiment, and | was unable to
optimise the protocol, and therefore these data may be less reliable than subsequent assay

results may have been.
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4.5 Summary

Selenium supplementation is known to increase GPX1 expression, however, this has been
investigated primarily at the mRNA level. Supplementation with selenium was found to
significantly increase GPX1/2 protein level after 24 and 96 hours for HaCaT, A431 and Hela
cells. HaCaTs were the most sensitive to this treatment, having a peak increase of 29 times
the basal expression level, compared with 6 and 3.1 times in HelLa and A431 respectively.
However, some of these samples only have 2 repeats, and more would be required to
produce more accurate data for protein level increase with lower standard deviation. This
effect was further observed in Hela cells through flow cytometry, where it was revealed
that, within a cohort of cells, there is variance in GPX1/2 level, even with excess selenium
available. The longevity of the selenium-stimulated increase in GPX1/2 protein level was
tested in HaCaTs, and was found to be very transient, as it dropped by 70% within 24 hours
of selenium withdrawal and returned to near basal levels after 48 hours. Although this was
only performed once, this result is consistent with our current understanding of the
selenium hierarchy, where GPX1 is ranked last when selenium bioavailability is low (section

1.2.3.3).

Although two types of survival assay were performed, there were many issues with these
assays. The XTT assay was performed using two protocols, with and without changing media
prior to the addition of XTT reagent. Without changing media, the results were misleading,
indicating that all cells were dead. The same assay performed with fresh media indicated
that Na,SeOs treatment improved cell survival with H,0,, and reduced survival with cisplatin.
However, again this result was unreliable, as the toxicity of all treatments but H,0, were
shown to be lower than expected. It remains unclear whether the presence of selenium in
the media affects the assay itself, or whether the redox status of the treated cells is pushed
beyond the detection threshold for the XTT assay. However, the results of the assay using
fresh media was closer to the expected outcome. The CyQuant assay indicated that selenium
supplementation only significantly improved survival against doxorubicin treatment,
although this was only performed once with three technical replicates. Further CyQuant

assays using an optimised protocol would likely yield more accurate results.
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Chapter 5 - Investigation of novel GPX1
inhibitor PeroxiPlat

101



5.1 Introduction

Despite its multiple functions in promoting cancer development and protecting cancers
against cell death, there is no GPX1 inhibitor that is available for clinic use. As mentioned in
section 4.3, there are a range of inhibitors that have been used experimentally as GPX1
inhibitors. However, most of these inhibitors are not specific for GPX1, due to the high
structural and functional conservation within the GPX family. Mercaptans, the most widely
used inhibitors of GPX1, alter a lysine residue in the active site that is common to other GPX
family members (Chaudiere et al., 1984; Hall et al., 2014). Other inhibitors, such as
methylmercury and gold(l) thioglucose), have high affinity for selenols, meaning that while
they successfully inhibit GPX1, they also inhibit a range of other selenoproteins, both within
and beyond the GPX family (Fujimura and Usuki, 2020; Chaudiere and Tappel, 1984).
However, pentatheipin GPX1 inhibitors have been able to overcome these challenges and
are both more potent and more selective than the most potent mercaptan used in research;
MSA (Behnisch-Cornwell et al., 2020). While pentatheipin inhibitors were able to successfully
able to kill GPX1-rich cancer cells, there were additional unexpected effects on cell which are
not proven to be linked to GPX1 activity. Thus, the need for a potent and well-understood

GPX1 inhibitor remains.

PeroixPlat is a luminescent platinum-based compound that, as it contains a GSH
bioconjugate, has been theorised to interact with GPX1 as a GSH mimic, acting as a potential
GPX1 inhibitor (Coogan et al., 2021). PeroxiPlat is thought to replace the second GSH
substrate in attacking the selenenyl sulphide intermediate, irreversibly establishing a strong
Pt-Se bond rather than regenerating the enzyme. This Pt-Se bond was observed via NMR
when PeroxiPlat reacted with selenocysteine and a larger Sec-containing molecule - diphenyl
diselenide (Coogan, M, unpublished work). In vivo, lambda scans of HaCaTs after addition of
PeroxiPlat detected emission comparable with that of Sec-bound PeroxiPlat, and not of free
PeroxiPlat (figure 1.18). Furthermore, confocal imaging has shown PeroxiPlat localising to the
peroxisome, suggesting a preferential interaction with GPX1 over other selenoproteins

(figure 1.19).

If it is able to inhibit GPX1 successfully, PeroxiPlat has a further advantage over existing GPX1
inhibitors, as it is luminescent, and therefore holds potential as a diagnostic tool as well as an
inhibitor. So far, the evidence does indeed suggest that PeroxiPlat is able to bind to the
active site of GPX1 in a potentially selective fashion in vivo. However, the effect of this
interaction on GPX1 activity has not been investigated, nor has the ability of PeroxiPlat to be

taken up by and detected within cancer cells. In order to assess the potential of PeroxiPlat
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for use as a theranostic agent, many experiments were performed to investigate the
interaction of GPX1 and PeroxiPlat. These were designed to (1) measure PeroxiPlat uptake in

cells and (2) determine the ability of PeroxiPlat to inhibit GPX1 activity.

5.2 Interaction of PeroxiPlat with GPX1

As a more quantitative method of measuring this interaction, flow cytometry was employed,
using Na,SeOs —supplemented and unsupplemented Hela cells as a means of comparing
cellular PeroxiPlat fluorescence with different levels of GPX1. These were also supplemented
with Na,SeOs to increase the amount of GPX1 available for PeroxiPlat binding for
comparison. Cells were treated with sodium selenite for 96 hours before trypsinisation,
resuspension and subsequent treatment with PeroxiPlat at 100 pg/mL for 10 minutes. Cells
were then analysed in the PE channel. The flow cytometry showed no indication of
PeroxiPlat binding. Figure 5.1 A shows the scatter of Hela cells (P1) and cell debris (P3) with
and without selenium supplementation, and with and without PeroxiPlat. The gating used is
labelled on the plots. Another population of cells with comparable side-scattered light (SSC)
as the P1 cluster, but lower forward scatter (FSC) was also gated and labelled P2. Levels of PE
fluorescence of the P1 and P2 populations were then separately examined in the PE channel
(figure 5.1 B), with excitation and emission frequencies that are able to detect PeroxiPlat.
While one would expect a greater fluorescence in supplemented cells, as there would be
more GPX1 for PeroxiPlat to bind to, the P1 overlay plot (figure 5.1 B) shows no difference in
cells with or without supplementation with selenium. Furthermore, there is no difference in
the P1 cells with or without PeroxiPlat, regardless of selenium supplementation, indicating

that these cells did not take up PeroxiPlat in either condition.

However, as seen in figure 5.1 B, the size of the P2 population for cells given PeroxiPlat was
greater than those without, indicating that PeroxiPlat was indeed detected. This peak was
further elevated in cells given selenium supplement compared with unsupplemented cells,
which could be interpreted to suggest that selenium supplementation was successful in
increasing GPX1 and that this was sufficient to increase the uptake of PeroxiPlat by a
measurable amount. However, this cluster has a lower FSC than those in P1 and could
therefore be debris comprised of PeroxiPlat which was not taken up by Hela cells, and as
there are so few events, this difference could potentially be due to a small error or

difference in preparation.
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Figure 5.1: Flow cytometry of 100 ug/ml PeroxiPlat in HeLa cells after 96-hour incubation

with or without Na;SeOs. (A) Scatter graphs showing cells with (left) or without (right)

selenium supplementation with Na,SeOs, and with (bottom) or without (top) PeroxiPlat

(PP). P1 represents intact cells, P2 represents an unidentified cluster, and P3 represents cell

debris. (B) Histogram overlay of (left) P1 and (right) P2 populations with and without

selenium supplementation and/or PeroxiPlat, measured on a PE-A filter.
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5.3 Effect of PeroxiPlat on GPX1 activity

To determine whether PeroxiPlat was able to successfully inhibit GPX1, multiple biochemical
assays were performed on GPX extracts treated with PeroxiPlat. The glutathione reductase
(GR)-coupled GPX assay allows us to observe the function of PeroxiPlat in biochemical
conditions similar to GPX’s physiological environment. It utilises NADP, NADPH, GSH, GR and
a peroxide source for the reaction, which mimics the biological metabolic cycle (figure 1.7).
Not only this, but the GPX assay is a time course experiment set over eight minutes, and so
the reaction kinetics can be observed in real time, which can give us further information
about the efficacy of PeroxiPlat. By contrast, the FOX assay is a single timepoint, simpler
system, as the reaction only requires GPX, GSH and a smaller amount of a peroxide source
(Luperox). As lower levels of peroxide are present, there is a lower possibility of a cross
reaction with PeroxiPlat, which may lead to degradation of PeroxiPlat. Furthermore, this
assay is both more sensitive and more direct, as instead of using NADPH absorbance as a
proxy to measure activity, it directly uses peroxide level to signal a colour change. This

should theoretically allow us to detect low levels of inhibition.
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Figure 5.2: GPX1 activity, measured by the GPX assay, is significantly reduced following
treatment with PeroxiPlat. GPX activity as measured via NADPH absorbance through the
GPX assay. The absorbance was measured for four samples containing assay buffer with and
without PeroxiPlat (PP), and with or without GPX1 (n=2 biological replicates). Asterisk
indicates significant value (p<0.05) between the paired inhibited and uninhibited GPX1

samples in a paired two-tailed t test, * p=0.04462.
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The results of the GR-coupled GPX assay (figure 5.2) suggest that PeroxiPlat is effective at
reducing GPX1 activity when compared with the uninhibited GPX1 sample. This was also
found to be statistically significant in a paired two-tailed T test (p=0.04462). The inhibitory
effect of PeroxiPlat becomes noticeable after 240 seconds, and the difference between the
PeroxiPlat-treated and the uninhibited sample increases over the subsequent 240 seconds,
reaching 42.7% and 23.9% respectively at the endpoint of 480 seconds. The time taken for
10% of the NADPH to be depleted in PeroxiPlat-treated GPX1 was 45.3 seconds, compared
with 37.1 seconds for uninhibited GPX1 indicating an approximate rate reduction of 22% in
the initial stages of the reaction. There is also no difference between the samples without

GPX1, which eliminates the possibility of PeroxiPlat addition affecting absorbance of NADPH.

As we hypothesised that high glutathione concentration interfered with PeroxiPlat, a more
sensitive method of measuring GPX activity was required, which uses a more tolerable level
of glutathione. The FOX assay instead measures the concentration of hydrogen peroxide,
which is propagated by the FOX assay reagent, giving a more direct and sensitive
measurement of GPX activity (Rhee et al., 2010). As this is colorimetric, this can then be

easily measured on a plate reader (figure 5.3).

Low GPX activity High GPX activity

High peroxide Low peroxide

Figure 5.3: Colorimetric reaction observed with peroxide level and GPX activity during the

FOX assay

The FOX assay (figure 5.4) also indicated that PeroxiPlat could indeed reduce GPX1 activity,
as measured by the percentage turnover of peroxide substrate, from 54% (+7%) to 27%
(£14%). This effect was not statistically significant using a two tailed T test (p=0.127),
however, as the PeroxiPlat used was kept for up to a month before use, repeats of this
experiment with fresh batches of PeroxiPlat may be more effective and give a lower
standard deviation. As expected, MSA, a known GPX inhibitor, was highly potent, and
inhibited GPX activity significantly (p=0.008). Interestingly, GPX samples with no GSH still

retained some activity, which may indicate that the GPX used in these experiments was not
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well purified and may contain some GSH substrate. Therefore, it is unclear whether the

presence of PeroxiPlat in the absence of GSH affects GPX1 activity.
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Figure 5.4: GPX1 activity, measured using the FOX assay, is significantly reduced following
PeroxiPlat treatment. GPX activity as measured via the FOX assay, using percentage luperox
turnover as a measure of GPX activity. Measurements were made across 6 samples of
different composition, including GPX, GSH, PeroxiPlat (PP) and/or MSA (n=3 biological

replicates). Asterisk indicates significant value (p<0.05) using a two-tailed t test, * p=0.008.
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5.4 Summary

The interaction between PeroxiPlat and GPX1 in HaCaTs has been implied after previous
experiments using lambda scan confocal microscopy detected a shift in emission frequency,
indicating the presence of Sec-bound PeroxiPlat. In this work, flow cytometry was used to
attempt detect PeroxiPlat within Hela cells with and without Na,SeOs-stimulated GPX1
overexpression. Flow cytometry data indicated that, for the majority of cells (represented in
the P1 population), there was no difference between the supplemented and
unsupplemented cells, and those with and without PeroxiPlat, suggesting that PeroxiPlat was
not taken up by most cells. However, an additional population was also identified (P3) which
exhibited the expected shift in absorbance when PeroxiPlat was added, and this peak was
larger in supplemented cells. This therefore strengthens the evidence that PeroxiPlat and
GPX1 interact in vivo, as the more GPX1 is available, the greater amount of PeroxiPlat is
detected. However, this was limited to a small sub-population of the cells, therefore may

indicate that PeroxiPlat is not taken up well or has poor reactivity with GPX1 in vivo.

The effect of the interaction between PeroxiPlat and GPX1 on GPX1 activity was assessed
with two assays. The GPX assay, which gives an indirect measurement of activity based upon
NADPH level, evidenced that PeroxiPlat was able to significantly inhibit GPX1 activity. The
results of the FOX assay supported this, as PeroxiPlat again inhibited GPX1 activity, although
this effect was not significant, and was minimal in comparison to known inhibitor MSA.
However, this data had a large amount of variance, which may be due to PeroxiPlat stocks
degrading before use and repeats using fresh samples may have shown a more potent and
consistent effect. Given what we know of the reaction between GPX1 and PeroxiPlat, it
seems likely that PeroxiPlat does react within the active site to inhibit GPX1, although this
interaction may be less common in biological conditions than NMR data suggested, as there
is only a small cluster of PeroxiPlat-containing events seen in flow cytometry, and both

assays indicate a weak inhibitory effect.
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Chapter 6 — Discussion
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6.1 Introduction

GPX1 is an essential enzyme for removal of H,0, and simple lipid peroxides, and as such is a
key protein in the antioxidant response and works within a network of other proteins to
regulate cellular redox. This central regulatory role affords GPX1 wider influence over many
other pathways, as discussed in section 1.4. Many of these impact cancer progression, as
proliferative and apoptotic pathways such as NF-kB and Akt/PI3K can be greatly disrupted by
changes in H,0,, cell redox status and GPX1 levels. Notably, it has been observed that
overexpression of GPX1 can lead to more aggressive, invasive and metastatic cancers,
ultimately resulting in poorer patient prognosis (Cheng et al., 2019; Zhang, Q et al., 2018;
Wei et al., 2020). Indeed, GPX1 expression has been investigated as a promising biomarker
for cancer diagnosis. However, while it is clear GPX1 has the potential to offer significant
advantages to cancer cells, it remained unclear how often these changes occur, which cancer
cell lines GPX1 is advantageous for, and to what extent changes to GPX1 expression, protein

level or structure are responsible for these effects.

Within the antioxidant network are other members of the GPX family (GPXs 1-8) which each
have overlapping specificities, allowing for some functional redundancy in function (section
2.1). Despite this, GPX1, being the most catalytically active and most widespread GPX
protein, is able to take up specific and distinct functions within the cell, making manipulation
of GPX1 an interesting subject for investigation. Increases in GPX1 expression have been
easily achieved in a limited number of cell types by supplementation with a selenium source
(Hazane-Puch et al., 2013; Hazane-Puch et al., 2014). This is effective as GPX1 sits at the
bottom of the selenium hierarchy, and as such is expressed sparingly with low selenium
bioavailability, whilst other selenoproteins, such as GPX4, are given priority. However, when
selenium is in excess, GPX1 is produced readily, giving an easy means to investigate the
effects of GPX1 overexpression. However, much of this work has thus far focussed on GPX1
mRNA and not protein level, and so the amount of GPX1 protein produced in the presence of
selenium is unknown. This may provide additional context for researching the effect of GPX1
overexpression in cancer cells. It is also unknown how long this effect is maintained when
selenium is withdrawn, which may again offer insights into how selenium withdrawal may be

utilised to reduce GPX1 levels in cancers.

While selenium supplementation is an easy method to increase GPX1 expression, inhibition
of GPX1 activity has proved more challenging. At the current time, there is no GPX1-specific

inhibitor that is safe and effective in patients. To create GPX1-specific inhibitors, one must
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overcome many challenges. Firstly, there is a high degree of similarity between GPX1 and
other GPX family members, as they have recently diverged evolutionarily and contain many
highly conserved regions (section 1.2). Because of this, many existing inhibitors, such as the
mercaptans, exhibit off-target effects on other selenoproteins or GPX family members, or
have poor uptake and efficacy. Secondly, the creation of a GSH homologue which has the
necessary structural changes to inhibit GPX1 may also preclude its entry to the cell via GSH
protein channels, or prevent interaction with GPX1 itself, as is induced by gold and mercury-
based inhibitors. PeroxiPlat is a potential inhibitor of GPX1 which is, according to confocal
images, able to penetrate the cell and selectively bind to GPX1. However, the nature of this

interaction and its efficacy as an inhibitor is yet to be established.

6.2 Data mining

6.2.1 GPX1 is commonly overexpressed in cancers and correlates with

worse prognosis
Bioinformatic research from FireBrowse and GEPIA indicated that GPX1 is overexpressed in

most cancer types tested, and only two cancer types were found to lose a large amount of
GPX1 expression with carcinogenesis - LUSC and PCPG (figures 3.1 and 3.2). Some cancers
showed particularly high expression compared with the normal tissue (GBM, KIRPL, LAML,
LGG, OV, PAAD, SKCM, TGCT, THCA, UCEC). GPX1 overexpression is a feature of cancer cells
in most cases, although the extent varies depending on cancer type. This has also allowed us
to identify a subgroup of cancer types which may be particularly susceptible to GPX1-based
therapies. This work concurs with Wei et al., 2020, who also used GEPIA to investigate this,
although this occurred after this project had completed this work. The inclusion of the
FireBrowse plot further strengthens this finding, as it uses another database and yet found

the same conclusion.

As also reported in Wei et al., 2020, the Kaplan-Meier plots confirm that this overexpression
in some cancers can indeed provide an advantage to cancerous cells, and a disadvantage to
patients. UVM appeared to be significantly impacted by GPX1 overexpression, with the
patients in the upper quartile of GPX1 expression having a 0% survival after approximately
45 months (figure 3.3). This would therefore be an interesting candidate for further
investigation, as it appears to rely more heavily on GPX1 expression for survival. Other
cancer types of note are LGG, ACC, KICH and LAML, for whom high GPX1 expression was well
correlated with poor overall survival (figures 3.4 and 3.5). Recently, Cox proportional-hazards
models of GPX1 expression in LGG, LAML and UVM have further confirmed this, as again

these were linked with poorer prognosis (Wu et al., 2021).
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Of these, LGG and LAML had particularly high gene expression according to GEPIA and would
be particularly likely to respond well to therapies reducing GPX1 activity (figure 3.2). Indeed,
recent work in T-ALL cells (a LAML cell line) has investigated this relationship, finding that
while GPX1 is overexpressed in T-ALL cells, knockdown of GPX1 induces apoptosis and
reduces proliferation (Zhuang et al., 2020). For LGG, data mining has also indicated that
increased GPX1 expression increases immune infiltration of tumours, which allows us to
better understand why prognosis is poorer in high GPX1-expressing patients (Lv et al. 2020;
Wu et al., 2021). Furthermore, according to GDSC analysis, increased GPX1 promotes
resistance against cisplatin in LGG cell lines (figure 3.10). While this could indeed compound
the effect of GPX1 in cancer cells, the induction of cisplatin resistance in LGG cell lines is yet
to be substantiated by lab-based experiments. This would clarify and confirm the extent to
which GPX1 expression provides resistance and may further our understanding of how GPX1

expression may disadvantage LGG patients.

CESC is the only cell line that increased chemoresistance to all three chemotherapeutic drugs
tested via GDSC analysis (figures 3.10, 3.11 and 3.12). This would suggest high GPX1
expression results in poorer response to treatment, and therefore likely worse prognosis, in
CESC patients. However, Kaplan-Meier plots indicated the opposite. In fact, CESC was the
only cancer type for which high GPX1 expression significantly increased overall patient
survival (figure 3.6). This analysis has not only a low P value, but also a large sample size,
lending a high level of credibility to the survival plot than the GDSC analysis. Additionally,
research using Cox propotional-hazard plots showed a slight improvement in prognosis when
GPX1 was highly expressed (Wu et al., 2021). It is possible however, that both could be true,
and GPX1 works through a non-apoptotic pathway, for example by downregulating

inflammatory pathways, to prevent cancer progression and improve patient survival.

It should be noted that the GDSC analysis is limited in its explanation of the relationship
between GPX1 expression and survival, which was observed through the comparative
expression analyses (FireBrowse and GEPIA) and in Kaplan-Meier plots. Instead, the GDSC
plots indicated that the role of GPX1 in chemoresistance may be minimal (section 3.4).
Increasing GPX1 expression in most cancer cell lines did not appear to increase
chemoresistance to cisplatin, docetaxel or doxorubicin. This is in contradiction to existing
reports which have not only shown a clear link between GPX expression, cisplatin (Gan et al.,
2014) and doxorubicin (Doroshow and Juhasz, 2019) resistance, but have even derived a
mechanism-of-action for the induction chemoresistance by GPX1 (Kalivendi et al., 2005), as

discussed in section 1.4.3. There are many possible reasons for this discrepancy, for example,
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the sample size is too low in many cancer types to draw a conclusion. Secondly, as the
samples were tested for GPX1 expression separately to testing ICso, differences in culture
conditions, specifically the selenium level and redox status of the cells, within a cell line
could have resulting in a misleading set of values, as the 1Cso and GPX1 expression may not
represent the true state of the sample at any one time. Therefore, greater credence should
be given to the previous data linking GPX1 to chemoresistance, and the plot of GPX1

expression vs ICso should be remade using more accurately paired data.

6.2.2 GPX1 P77R mutation is a residue of interest

Thus far, there has been very little research into the existence of somatic mutations in GPX1
in cancer cells. However, there is a known polymorphism of GPX1 (Pro198Leu) which has
been found to increase cancer risk in some cancers (Wang et al., 2017) and decrease GPX1
activity (Jablonska et al., 2009), indicating that the identification of GPX1 mutants in cancer
may be of clinical significance. To this end, data on GPX1 mutations was extracted and
analysed across multiple databases to determine if there were any hotspots which could
affect GPX1 function in the cancer cell. P77R was revealed to be such a hotspot through
COSMIC analysis (figure 3.14), accounting for 44 of the 155 mutations mapped across the
protein, and of 389 samples in total. However, similar maps generated with the ICGC and
GDC portals showed no such hotspot (figure 3.15). As these portals share some data sources

with COSMIC, this was particularly surprising.

Upon further investigation, it was found that 18 of the samples represented in the COSMIC
map were from a single study looking at NSCLCs (McMillan et al., 2018). These samples were
not represented in the ICGC database as accessed through the ICGC portal, nor in the TCGA
database as accessed via the GDC portal, although both of these databases are used by
COSMIC to generate mutational maps. This indicated that either there was a difference in
the selection criteria for each portal, which caused some samples to be rejected from
analysis, or these samples were added manually to the COSMIC portal and were not
available to the other two portals. Regardless, as this is not represented across majority of

samples, it is likely that if it is a true mutation, it is only prevalent in NSCLCs.

If the P77R mutation is indeed validated, Ensembl analysis (SIFT, Poly-Phen, CADD, REVEL
and Mutation Assessor) suggests this would likely confer significant changes in GPX1 function
(table 3.2). P77 sits within a region known as the functional loop (Toppo et al., 2008), which
is responsible for the tetramerization of the subunits to form GPX1 (section 1.2.1). If this

interaction were impacted, this could alter substrate binding. In GPX1, the tetramerization is
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thought to create a shallow cleft which occludes binding of larger lipid peroxide substrates
(Flohé et al., 2003). There are many GPX1 homologs within the GPX family which have no
functional loop, as they are not tetrameric, but have a similar structure to the GPX1 subunit.
It is possible therefore that this mutation would not only change GPX1 quaternary structure
but also substrate specificity, removing a larger range of peroxides and aiding cancer cells in
resisting cell death. This is speculative, however, and site-directed mutagenesis of GPX1 at
P77R followed by GPX1 activity assays with a range of substrates would ascertain whether

this is true.

6.2.3 The role of GPX1 in networks to promote cancer progression
GPX1 expression is often explored within the context of cancer with respect to its function as

a remover of oxidative stress. However, its role in redox homeostasis gives it the role of
mediator in many other pathways (section 1.4), and therefore GPX1 overexpression may
impact expression of other cancer-driving proteins, or indeed compound the effects of other
independently overexpressed genes found in cancer. Additionally, the GPX family is known
to have redundancy in function, as well as a hierarchy for expression based on selenium
bioavailability (section 1.2.2), and therefore further exploration into the changes in
expression for the rest of the family will provide context on the remodelling of redox

response in cancer cells.

6.2.3.1 The GPX family
This investigation, using publicly available RNAseq data, demonstrated that GPX2 was often

overexpressed with GPX1 (figure 3.8). GPX1 is known to compensate for loss of GPX2, as they
have some functional redundancy (Florian et al., 2010). Not only do they use similar
substrates, they both moderate the inflammatory response, although they have distinct
roles (Koeberle et al., 2020; Hiller et al., 2015). In these experiments, however, they were
both found to be protective against the development of cancer. Therefore, the revelation
that both are fairly commonly overexpressed in cancers raises interesting questions
concerning the effect of this on the inflammatory system and on cancer development as a
whole. This could be a protective anti-inflammatory response from cells experiencing
overactive inflammatory signalling, in order to re-establish a homeostatic state. Conversely,
GPX2 has also been found to inhibit apoptosis in the colonic crypts (Florian et al., 2010), and
so may act in tandem with GPX1 to increase resistance to apoptosis-inducing
chemotherapeutic drugs in cancer cells, potentially worsening patient outcome. Therefore,
the full impact of the overexpression of GPX1 with GPX2 in the different stages of cancer is

unknown and warrants further investigation.
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GPX4 was found using GEPIA expression heatmaps to be overexpressed with GPX1 to a
similar degree across many cancers (figure 3.8). However, expression scatter plots of all
tumour and normal samples indicated no significant difference in the relationship between
the expression of the two proteins overall, indicating this may be specific to the cancer type
(figure 3.7). Increases in both GPX1 and GPX4 expression has been documented in oral
squamous cell carcinoma, although it was found that only GPX1 overexpression was able to
predict poor patient prognosis (Lee et al., 2017), indicating that GPX1 overexpression was, in
this case, more influential than GPX4 in progressing cancer. Like GPX2, GPX4 overexpression
inhibits apoptosis (Ran et al., 2004), but is also able to inhibit cell death via ferroptosis
(Kinowaki et al., 2018). The combined action of GPX1 and GPX4 in these GPX-overexpressing
cancer cells would vastly reduce the ability of cells to undergo ROS-induced apoptosis in
response to treatment, as has been observed in doxorubicin resistance (Olsen et al., 2013).
Currently, the induction of ferroptosis is being investigated as a way bypass drug resistance
in cancer cells (Chen et al., 2021; Hangauer et al., 2017; Wu et al., 2020), however, GPX1-
and GPX4-overexpressing cancers may be invulnerable to such treatment, as they are likely

to be more resistant to both forms of cell death.

Surprisingly, SBP2 was frequently downregulated when GPX1 was overexpressed (figure 3.8).
As SBP2 is required for the selenocysteine insertion stage of translation for selenoproteins
(section 1.2.3.2), an increase in SBP2 would be expected with the increased production and
activity of GPXs 1, 2 and 4 seen in cancer. This could therefore be a compensatory response
to slow the production of GPXs when they have been excessively expressed. However, there
is little information on precisely how SBP2 is regulated, and so the exact mechanism which
results in the reduction in SBP2 expression, and how this may relate to the level of GPX

within the cell, requires further investigation.

6.2.3.2 GPX1-interacting proteins
The interaction of GPX1 with a variety of non-GPX proteins was recently suggested by Wei et

al using a protein-protein interaction map, providing an insight into the potential role of
GPX1 in previously overlooked pathways. After inputting these proteins, GPX1
overexpression was associated with overexpression of POLR2L, HSD17B10, P53, CTSD and, to
a lesser extent, VAMPS8 across a range of cancers (figure 3.9). Of these, P53 is the only one to
have clear interactions with GPX1 already documented, as unphosphorylated p53 binds to
the promoter of GPX1, inducing its expression (Hussain et al., 2004; Wu et al., 2017).
Overexpression of GPX1 with P53 has been documented previously in Giant cell tumor of

bone (GCTB) and overexpression of GPX1 was associated with higher recurrence (Okubo et
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al., 2013). It appears that this is perhaps a more common event than previously thought, and

that P53 may promote cancer recurrence via GPX1 across a range of cancers.

A GoPanther analysis was performed to determine if the set of GPX1-interacting proteins
had common functions which may be enriched, and only one was identified, leukocyte
activation (table 3.1). This was enriched by CTSD, KARS, TP53, VAMP8 and RHOA. As three of
these are overexpressed alongside GPX1 in cancer, leukocyte activation may be promoted in
cancers with this expression profile. Leukocyte activation is a known driver of tumour
growth, as they infiltrate the TME and produce excessive cytokines to stimulate proliferation
(Coussens and Werb, 2002; Korniluk et al., 2016). However, leukocytes also produce large
amounts of ROS, which may stimulate GPX1 expression to compensate and prevent cell
death to tumour cells (section 1.4). Whether or not this relationship is, as our current

understanding suggests, causative would be an interesting topic for further research.

6.3 Selenium supplementation

6.3.1 Selenium supplementation is an efficient but short-lived way to

improve GPX1 production
As a selenoprotein, GPX1 must compete for selenium against other selenoproteins when

selenium is not in excess. However, selenium is preferentially used to produce some
selenoproteins over others. GPX1 has a low ranking in the selenium hierarchy, meaning it is
sparingly expressed when selenium bioavailability is low, which allows higher-ranking
selenoproteins to be produced. This system has been exploited in previous experiments
using long-term selenium supplement (Na,SeOs) to increase GPX1 activity (Hazane-Puch et
al., 2013; Hazane-Puch et al., 2014), and here GPX1 protein level was found to increase with
supplementation, consistent with this previous data (figure 4.1). These results concur with
previous experiments detailing a dose-dependent relationship between selenium and GPX1
production, with a toxic outcome at higher doses. The non-toxic working zone varies
between cell types; HaCaTs experience cell death with 10 uM Na,SeQs, as also found by
Hazane-Puch et al., while HelLa and A431 cells seemed to tolerate higher doses. For future
research in new cell types, it is advisable that a range of doses are tested for GPX1

expression, protein level, and toxicity, to ensure maximum yield of GPX1.

Experiments using selenium supplementation have used long-term supplementation —a
minimum of six days - to improve GPX1 production (Rafferty et al., 1998; Meewes et al.,
2001; Hazane-Puch et al., 2013; Hazane-Puch et al., 2014). However, there was no indication

that this effect would not be attainable in a shorter-term experiment. In fact, Na,SeOs;
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supplementation significantly increased GPX1 protein level after 24 and 96 hours for all cells
tested (HaCaT, A431 and Hela) (figure 4.1). In all cells, there was a larger increase in GPX1
protein level after 96 hours than after 24 hours. In HaCaTs, the peak GPX1 protein level at 96
hours was 29 times the basal expression level, compared with six and three times in Hela
and A431 respectively. While there was a benefit to longer-term supplementation in this
experiment, 96 hours of treatment was able to yield significantly more GPX1 and is therefore

an acceptable time frame for future experiments.

HaCaTs appeared to be the most sensitive to Na;SeOs supplementation, however, it is
important to note that there is no data available to compare the basal level between HaCaT,
Hela and A431 cells. It is possible, particularly given that cancer cells overexpress GPX1 in
the majority of cases (section 3.2.1), that HeLa and A431 cells have a higher basal level of
GPX1 than HaCaTs. This would mean that while the increases observed may be lower, the
absolute level of GPX1 protein may be higher than this data would suggest. Further

investigation using Western blotting could address this gap in knowledge.

Nevertheless, a larger difference in GPX1 protein level was observed than the Hazane-Puch
et al. (2014) study would suggest, as while this data indicated a 29-fold increase in protein
level in HaCaTs, Hazane-Puch et al. observed that GPX1 activity in these cells increased
approximately four-fold. There are a few possible explanations for this discrepancy. Firstly,
Hazane-Puch et al did not detail whether there was a withdrawal period between selenium
supplementation and GPX activity measurement. As my research indicated, selenium
stimulated GPX1 overexpression in HaCaTs is very transient, and dropped by 70% within 24
hours of selenium withdrawal (figure 4.2), and therefore any measurement for activity taken
after selenium withdrawal is likely to be depreciated from the peak value. Furthermore, as

only two repeats were performed for my data, 29-fold could be an overestimate.

Lastly, Hazane-Puch used the glutathione reductase (GSR)-NADPH method (Flohé and
Glinzler, 1984) for measuring GPX activity, which is not specific to GPX1. As GPX1 sits at the
bottom of the selenium hierarchy, addition of selenium would result in a large change to
GPX1 protein level but very little change in expression of higher-ranking GPXs. Therefore, the
increase in GPX activity, if measured across all members of the GPX family, would be an
underestimate for the change in GPX1 activity. Subsequently, this assay is an unreliable
method to measure the change to GPX1, and western blotting likely gives a more accurate
account. This large increase seen via Western Blotting indicates that HaCaTs are very

sensitive to selenium levels, and that, across all cells, GPX1 level is regulated heavily by

117



selenium bioavailability. This concurs with previous work which not only suggested response
to supplementation is cell-line specific, but also that mRNA level did not necessarily reflect

the increase in protein observed after supplementation (Touat-Hamici et al., 2018).

Flow cytometry was also used to measure the response of Hela cells to selenium
supplementation (figure 4.3). This allowed us to not only confirm the increase in GPX1
production seen via Western blotting, but also to observe the homogeneity in GPX1 level
across a cell cohort, which has not yet been investigated. Measuring GPX1 level in Hela
indicated a large amount of variance in the protein level within a cohort of cells, both with
and without excess selenium available. This suggests that GPX1 expression and protein level,
while greatly influenced by selenium bioavailability, is not solely reliant on it, contrary to the
conclusion of Touat-Hamici et al. Instead, it is more likely that supplementation alone does
not determine expression level, but rather is further influenced by other factors within the

cell and is specific to the individual cell context.

This finding reinforces our growing understanding of GPX1 as a multifaceted signalling
protein. While it is well known that GPX1 production is heavily reliant on selenium level
(section 1.2.3), its position as a key signalling molecule would necessitate additional
regulation of GPX1 expression by other means. GPX1 is a modulator in many major signalling
pathways (section 1.4), including the NF-KB AKT/PI3K and MAPK/ERK. GPX1 expression can
be influenced by cross-talk with these pathways, and also by glucose and Ca?* level (Ohdate
et al, 2010), oxidative stress (via RAR-related orphan receptor alpha (Han et al., 2014) and
zinc-finger protein 143 (Lu et al., 2012)) and shear stress (Takeshita et al., 2000), and is
upregulated by p53 (Hussain et al., 2004) and TFAP2C (Kulak et al., 2012) in cancer cells.
However, it is important to remember that an increase in mRNA level does not necessarily
correspond with an increase in selenoprotein level, as selenium is required for the

translation of GPX1 mRNA.

Hela cells having a large variance in GPX1 level within the cohort fits with our current
understanding of the regulation of GPX1 expression and seems to support the idea that
these changes in mMRNA level do impact GPX1 production with and without excess selenium.
While selenium remains a major influence on GPX1 expression, these alternative regulatory
mechanisms may play major roles also. The effect of certain stresses or transcription factors
on GPX1 expression with and without selenium is yet to be established, although such an
investigation would make a valuable addition to our understanding of how impactful each of

these mechanisms are. Furthermore, these results only indicate the lack of homogeneity in a
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cancerous cell line, and therefore a repeat with a non-cancerous cell line, such as HaCaTs,
may show a greater regulation via the selenium hierarchy and minimal regulation by other

means, as these are highly sensitive to selenium level.

6.3.2 Na,SeOz-induced increases in GPX1 may provide significant

protection against chemotherapeutic drugs and H,0;
Selenium-stimulated GPX1 protein production has already been proven to protect

mammalian cells against UV-induced cell death (Rafferty et al., 1998; Meewes et al., 2001;
Baliga et al., 2007; Hazane-Puch et al., 2013). Similar findings have been found in cardiac
fibroblasts, where cell death after doxorubicin treatment decreased following Na,SeOs;
supplementation (Doroshow et al., 2020). In my research, mixed data was generated
regarding the protection that Na,SeOs provides against cell death via the chemotherapeutic
drugs doxorubicin, docetaxel and cisplatin, and via H,0; (section 4.4). While the XTT assay
indicated that supplementation provided significant protection against only H,O,, the
CyQuant assay did not concur with this, instead showing that only doxorubicin-induced cell

death was significantly reduced.

These results were inconsistent, although a result indicating increased resistance to
chemotherapy would be expected given the work from Doroshow et al and previous studies
linking GPX1 overexpression to chemoresistance (section 1.4.3). Furthermore, selenium
supplementation itself has been shown to increase the risk of high-grade prostate cancer
among men with high selenium status (Kristal et al., 2014). However, the present research
was largely inconclusive due to the unknown effects of selenium on the XTT assay, which
may have given unreliable results, and the transience of the Na,SeOs-induced increase in
GPX1, which posed technical challenges when performing survival assays while at peak GPX1
level, as will be discussed below. As the effect of selenium supplementation on
chemoresistance via GPX1 could have major clinical implications for cancer treatment,
further optimisation of these protocols is advisable. A conclusive result may bridge the gap in

our understanding of how selenium affects cancer response to treatment via GPX1.

6.3.2.1 Experimental difficulties
There were numerous issues with the XTT experiments performed. It was unclear whether

the issues were the result of selenium reactivity with the assay, or with the nature of the
assay itself. The XTT assay may not be suitable for this experiment, as it relies upon the redox
status of the cell for its measurement, which is being altered by the overexpression of GPX1
(Scudiero et al., 1988). The XTT assay uses metabolic activity as a proxy for proliferation, and

this is measured via the reduction of a tetrazolium salt (figure 6.1). GPX1 levels alter the
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redox status of the cell, and the mechanism for peroxide detoxification itself relies upon
glutathione reductase (GR) activity to regenerate GSH for this purpose. GR uses NADPH as a
proton donor to reduce GSSG into GSH, which is used for the next cycle of detoxification via
GPX1. However, the XTT assay also relies upon NADPH/NADP?, as an intermediate compound
(phenazine methosulfate; PMS) must be reduced itself by NADPH before reducing the XTT

salt, creating the coloured formazan product.

ROOH ROH + H,0
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<

GSH GSSG
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%(
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Tetrazolium Salt Formazan

Figure 6.1: Interplay between the GPX1 (black) and XTT (blue) mechanisms. GPX1 detoxifies
peroxides using reduced glutathione (GSH), producing water and, with a lipid peroxide
substrate, an alcohol. GSH is regenerated by reducing the GSSG produced from this reaction
with NADPH, via GR, leaving oxidised NADP*. NAPDH can also be used to reduce oxidised
phenazine methosulfate (PMS), which can in turn reduce the XTT tetrazolium salt to the

formazan form.

Theoretically, as GPX1 activity increases, NADP* levels increase, leaving less NADPH for the
reduction of the XTT salt. This may explain why the XTT data were erratic after
supplementation with Na,Se0s, especially when supplemented media was not changed
before XTT was added, and results indicated all supplemented cells had died. GPX1 activity

would be at its peak during this experiment therefore it could easily have prevented XTT
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reduction. When media was changed before the measurement, the results were closer to
the expected level, although were not fully reliable. As this likely coincides with a drop in
GPX1 following selenium withdrawal (section 4.2), this may indeed indicate that significantly
increased GPX1 activity disrupts the XTT assay. However, this could also indicate that
selenium supplement in the media is the cause of the original anomalous readings. To fully
understand this, an experiment should be performed adding XTT and selenium supplement
at the final stage, as this would not induce a large change in GPX1 activity, but would allow

the reaction, if any, between Na,SeOs and XTT to take place.

6.4 PeroxiPlat and GPX1

As GPX1 has a large influence on cancer progression and patient outcome (section 3.2), there
is demand for a selective an effective GPX1 inhibitor. There are a range of inhibitors
currently being investigated, although they vary in potency, selectivity and toxicity (section
1.4.3). PeroxiPlat, a luminescent platinum-based compound, is the latest inhibitor to be
investigated for this purpose. PeroxiPlat utilises a GSH bioconjugate to replace GSH in the
active site and attack the selenenyl sulphide intermediate, creating a covalent Pt-Se bond
which irreversibly inhibits the active site. Some of the evidence for this has been established;
the Pt-Se bond has been observed via NMR with both selenocysteine and a larger Sec-
containing molecule (diphenyl diselenide). Lambda scans of HaCaTs given PeroxiPlat similarly
indicated the presence of Sec-bound PeroxiPlat (figure 1.18). Finally, confocal images have

also shown PeroxiPlat localising to the peroxisome, where GPX1 can be found (figure 1.19).

6.4.1 PeroxiPlat uptake and interaction with GPX1 remains unclear
While the current data suggests PeroxiPlat does bind to selenocysteine, and can penetrate

cells, flow cytometry indicated that the interaction between PeroxiPlat and GPX1 in Hela
cells was, at best, limited (figure 5.1). The vast majority of cells showed no PeroxiPlat
present, although a small cluster of events showed a distinct scatter which was largest in the
PeroxiPlat-treated and selenium-supplemented group. This could be viewed as evidence of
an interaction, as PeroxiPlat detection increased with GPX1 level. However, the number of
events was very low, and therefore if it is indeed an event showing PeroxiPlat and GPX1
interaction, it is a rare occurrence. This could also suggest that PeroxiPlat uptake is poor in

Hela cells.

However, this experiment may have reduced uptake compared to a true biological system
for many reasons. Firstly, the temperature of the cells was below optimal for uptake, as it

was performed at room temperature. Secondly, the PeroxiPlat sample may have degraded in
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storage. Furthermore, as Hela cells are less sensitive to selenium levels than other cell types,
and express low GPX1 levels as a baseline, another cell line may be more suitable for this
experiment. Not only would the resolution be greater, but the absorbance may improve if

there is a greater demand for GSH in the cell from high GPX1 activity.

While there is evidence of PeroxiPlat uptake in HaCaT cells via confocal and lambda scans, it
is unclear exactly how successful uptake is. It is also unclear how PeroxiPlat is transported
into the cell, as known glutathione transport proteins may not be able to accommodate the
PeroxiPlat compound (Nigam et al., 2015), although Organic Anion Transporter 3 has a range
of acceptable substrates of varying charge and size (Liu et al., 2016). Inside the cell, GSH
must be further trafficked to the peroxisome, although this is also not well understood, and
only one known peroxisomal GSH transporter exists in yeast (Elbaz-Alon et al., 2014).
Nevertheless, GSH is in high demand, and therefore would have an efficient transport

system, of which PeroxiPlat may be able to take advantage.

PeroxiPlat interaction with GPX in a cell-free context is better understood. There is existing
evidence of interaction with selenocysteine in vitro, which suggests the existence of an
interaction. Furthermore, as will be discussed below, PeroxiPlat inhibited GPX in multiple
assays after an incubation of just 15 minutes, which further proves that PeroxiPlat targets
the active site of bovine GPX (figures 5.2 and 5.4). While this is not human GPX1, the
structure is highly conserved between bovine and human GPX1 (see appendix; Toppo et al.,
2008), and it is likely PeroxiPlat would interact in an identical manner. The interaction of
PeroxiPlat and GPX1 could be further investigated using an ELISA-type pulldown. This
experiment was planned to be performed using FLAG-tagged GPX1, however time
restrictions prevented this, and the plasmid was never transfected into human cells. This
would involve fixing GPX1 to the bottom of a well using FLAG antibodies, before adding
PeroxiPlat. After washing, this could then be imaged at the appropriate wavelength to

determine whether human GPX1 and PeroxiPlat permanently interact.

6.4.2 Peroxiplat Inhibits GPX1 activity

Previous to this work, inhibition of GPX1 via PeroxiPlat had been predicted but not
investigated. As PeroxiPlat was shown to interact with selenocysteine and selenium-
containing compounds, it was likely that its interaction with GPX1 would not only be within
the active site but would prevent GPX1 activity. Two assays using bovine GPX1 tested the
inhibitory potential of PeroxiPlat, and while both indicated that GPX1 was inhibited to some

extent, only the GPX assay demonstrated significant inhibition (figure 5.2). However, this
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effect may have been underestimated as PeroxiPlat quicky degrades in storage.
Furthermore, the FOX assay indicated the GPX samples used contained GSH, which may be

competing with PeroxiPlat for GPX (figure 5.4).

In the FOX assay, PeroxiPlat was found to be a fairly weak GPX1 inhibitor; MSA was much
more potent than PeroxiPlat. This finding raises concerns over whether PeroxiPlat can match
the practicality of other GPX1 inhibitors which have been developed or are undergoing the
development process. While MSA is widely used, many of the other GPX1 inhibitors, such as
the pentathiepins, are up to 15 times more potent than MSA (section 1.4.3.2). PeroxiPlat is

therefore unlikely to exceed the value of existing inhibitors for use on pure GPX1.

However, PeroxiPlat does have the advantage of potentially having high GPX1 selectivity,
which is a substantial challenge in developing GPX1 inhibitor. As GPX1 belongs to a family of
GPX proteins with highly conserved structural homology, many existing inhibitors have
difficulty in reducing off-target effects. MeHg (section 1.4.3.3) targets thiols and selenols,
which reduces both GSH availability for use as a GPX1 substrate and inhibits GPX1 activity by
directly altering the active site (Fujimura and Usuki, 2020). However, this also affects other
selenoproteins and GSH-dependent processes, and so has little GPX1 selectivity. Although it
targets the GPX1 active site, MSA also binds with GPX2 and GPX3 in the same manner as with

GPX1 (Lubos et al., 2011).

Some inhibitors have overcome this issue of selectivity, however. Perhaps the most selective
are Peptide-Au clusters, which were developed using molecular dynamics to use hydrogen
binds, hydrophobic interactions and salt bridges to sit within the cleft of the tetrameric
GPX1, offering tailor-made inhibition of GPX1 (Liu et al., 2017). One pentathiepin compound
was found to be highly selective for GPX1 over other selenoproteins, however no GPX family
proteins were tested, and so its true selectivity is unknown (Behnisch-Cornwell et al., 2020).
The confocal imaging performed previously does indicate that PeroxiPlat is selective for
GPX1, as it accumulates only in the peroxisome, where no other member of the GPX family is
known to localise. This could be further investigated using FLAG-tagged GPX1 as mentioned
previously, to match the localisation of GPX1 with that of PeroxiPlat on a confocal

microscope.
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7. Conclusions and Future Work
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This study examined GPX1 from multiple perspectives, in order to better understand its role
in cancer, and assess the efficacy of a novel photolumiscent compound, PeroxiPlat, as a
potential theranostic agent in cancer. GPX1 has been identified as a driver of cancer
aggression and drug resistance, and thus further exploration of the role of GPX1 in cancer,
and how GPX1 can be inhibited, is necessary. This work combined bioinformatic analysis of
vast cancer databases; cell culture, drug treatment and survival assays of a range of cell lines
— cancerous and non-cancerous; and biochemical and cell-based assays looking specifically at
GPX1 and Peroxiplat. Each arm of this research has its own specific aims, which overall
improve our understanding of how GPX1 might impact cancer and how PeroxiPlat may be

utilised in this context.

GPX1
mRNA

— Nazse03

GPX1
protein

— PeroxiPlat

/ Invasion and metastasis
P Immune infiltration
1 Chemoresistance and ROS tolerance
J Patient survival
M Leukocyte activation?

Figure 7.1: Process and manipulation of GPX1 protein production, and the effects on the
progression and prognosis of cancer.
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The finding that GPX1 is overexpressed across the majority of cancer types confirms that
GPX1 is a valuable subject of research, as findings can be widely applied to many cancer
types (section 3.2). Furthermore, GPX1 expression is associated with significantly lower
overall survival in UVM, LGG, KICH and LAML patients and significantly lower disease-free
survival in ACC and LGG patients. This cements GPX1 as a protein of concern with regards to
cancer progression across a range of cancer types. CESC identified itself as a cancer cell type
of interest as it not only showed the opposite trend of increased patient survival with high
GPX1 expression (figure 3.6) but was also the only cell type to show consistent positive
correlation between GPX1 expression and drug resistance across docetaxel, cisplatin and

doxorubicin using data from GDSC (section 3.4).

However, the work using GDSC may be fundamentally flawed as this research also shows
that cells are highly sensitive to selenium levels in the culture medium, and protein level is
regulated at the translation level as well as at the transcriptional level (section 4.2). This
work therefore cannot be used disprove the accepted view that high GPX1 activity increases
resistance to chemotherapeutic drugs (section 1.4.3). Instead, further research should be
performed capturing GPX1 protein level and ICso within one experiment. This would be vital
work as it could identify cancer types which are more likely to be successfully targeted for
cell death using a GPX1 inhibitor and may potentially create an opportunity for more
successful treatment plans to be created for GPX-rich cancer patients by avoiding the use of

particular drugs.

Na,SeO; was effective at increasing GPX1 protein level across all cell types tested (HaCaT,
A431 and Hela), with HaCaT being by far the most sensitive to treatment (section 4.2).
HaCaTs cells experienced a 29-fold increase in GPX1 protein level, well over the previously
reported four-fold increase in GPX1 mRNA under the same conditions (Hazane-Puch et al.,
2014). This increase was also short-lived, with the GPX1 level dropping by 70% within the
first 24 hours of Na,SeOs; withdrawal (section 4.3). Na,SeOs supplementation has revealed
itself to be a useful tool for significantly increasing GPX1 levels in vitro, but the newly
discovered transience of this effect will inform future experiments, ensuring that

supplementation is not withdrawn long before measurements are taken.

Similarly, from the survival assays performed, it remains unclear to what extent Na,SeOs-
induced increases in GPX1 protect against chemotherapeutic drugs. Both assays indicated
increased resistance to different agents. While the XTT assay indicated that Na,SeOs-induced

GPX1 production provided significant protection against H,0O, only, whereas the CyQuant
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assay showed protection against doxorubicin only (section 4.4). As the XTT assay may have
been impacted by the change in redox within the cell or the selenium supplement, and the
CyQuant assay had no biological repeats, these results are fairly inconclusive. However, given
the previous findings that increased GPX1 activity promotes chemoresistance in other cell
lines (Gouazé et al., 2001; Gan et al., 2014; Chen et al., 2019), further repeats using CyQuant
or another survival assay would likely confirm that selenium-induced GPX1 overexpression
decreases cell death in response to treatment with chemotherapeutic agents. This remains a
subject of interest, as determining which drugs are effective in GPX1-rich may allow us to
improve the treatment efficacy of patients with high GPX1, which, as discussed, suffer low

prognoses in many cancer types.

GPX4 was the only member of the GPX family to be consistently overexpressed with GPX1
overexpression, according to GEPIA data (section 3.3). As both are involved in resistance to
cell death, | predict that this may aid GPX1- and GPX4-overexpressing cancers in reducing the
effectiveness of chemotherapeutic agents or agents targeting the ferroptotic system. Such a
hypothesis could be easily investigated in further experiments by using drugs to initiate cell
death by apoptosis and ferroptosis and manipulating the levels of GPX1 and/or GPX4 by, for
example, RNAI, to observe whether the chemoresistant effect is compounded. As ferroptosis
is an emerging area of research in cancer therapy (Wang, 2021), understanding the interplay
between these GPX proteins is critical for optimising the success of ferroptosis therapies and

understanding potential side effects of GPX4 manipulation.

Heatmaps also indicated that for POLR2L, HSD17B10, P53 and CTSD, expression increased
with GPX1 expression across most cancer types (section 3.3). Apart from P53, which directly
upregulates GPX1 (Hussain et al., 2004; Wu et al., 2017), the link between GPX1 and these
interacting proteins is uncertain, however, many of these were identified as being involved
in leukocyte activation via GoPanther. This information led to the conclusion that some
cancer-promoting effects of GPX1, such as immune infiltration (section 1.4.2.2), may be
compounded in patients with these expression profiles. The link between many of the other
proteins and GPX1, and how they interact in the context of cancer, requires further
investigation, as treatments targeting GPX1 may have unexpected side effects due to these
proteins. The role of GPX1 as a modulator in many pathways is still being explored, and
continuation of this work will likely reveal how these proteins are related and further inform

our treatment of GPX1-rich cancers.
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GPX1 mutational mapping was inconsistent between databases (section 3.6). While COSMIC
data showed a hotspot of mutation at P77R, this was not confirmed using the ICGC and GDC
data portals. It was revealed that almost half of the entries containing the P77R appeared to
come from one experimental source working with NSCLCs, and thus this may be a more
prevalent mutation in this type of cancer than in others. Ensembl analysis indicated this
would likely be a deleterious mutation, and as it sits in a loop responsible for
tetramerization, the effects may change the structure and function of GPX1. If it can be
verified as a common mutation in NSCLCs, this would therefore be an interesting GPX1
mutant to investigate, for example by site-directed mutagenesis, and may tell us more about

the structure of GPX1 as well as the function of this variant in NSCLCs.

PeroxiPlat was investigated as a potential theranostic agent for use in cancer cells, as it
theoretically would have the ability to fluorescently label and inhibit GPX1, providing a
diagnostic and prognostic insight for GPX1-rich cancers, as well as a method of treatment for
these more aggressive and chemoresistant cancers. Previous confocal imaging indicates
PeroxiPlat can penetrate cells (figure 1.19), and flow cytometry may support this (section
5.2), although it appears to be poorly absorbed in Hela cells. This poses challenges for
diagnostic use, as the uptake would likely be too low to determine whether cells contain high
GPX1 levels and inform treatment. However, it is also possible that conditions for uptake
were sub-optimal, and different temperatures, fresher PeroxiPlat and increased GPX1
activity may improve absorption of PeroxiPlat. Repeating this experiment with HaCaT cells in

optimum conditions may therefore yield more concrete results.

Overall, this work shows that the clinical potential of PeroxiPlat is limited. From our
experiments, we can determine that Peroxiplat is an inhibitor of GPX1, although it has low
efficacy. Experiments in cell-free assays indicated a weak inhibitory effect of PeroxiPlat
(section 6.4.2), which was far lower than that of the existing inhibitor MSA (Behnisch-
Cornwell et al., 2019). As some existing inhibitors exceed MSA in GPX1 ICs (section 1.4.3),
PeroxiPlat is one of the least potent GPX inhibitors available. However, as discussed,
PeroxiPlat is more likely to offer selective inhibition than many existing inhibitors, as it
localises to the peroxisome, where GPX1 is usually located. This therefore suggests that
PeroxiPlat has potential applications in GPX1- and ROS-related research which other
inhibitors do not. Not only can PeroxiPlat fluorescently label GPX1, but it can also provide a
small level of inhibition to GPX1 only, which may inform our understanding of GPX family
members’ ability to compensate for one another, and of the role of GPX1 in redox signalling

and in the development of cancer.
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8. Overall conclusions
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This work adds to the evidence cementing GPX1 as a major protein in cancer development
and progression. In this research, both GPX1 expression and protein level have been found
to be very influential for determining cancer outcomes and resistance to treatment, across a
range of cancer cell types. Furthermore, it was found that proteins associated with GPX1
have similar expression patterns, and this may compound these effects, thereby highlighting
the importance of GPX1 as a modulator through the regulation of H,0,, and its influence in
many networks. While this data concludes that GPX1 is a strong target for inhibition, a
potent inhibitor of GPX1 has not yet been found. However, as Peroxiplat can label and inhibit
GPX1 in some conditions, it will likely be useful in future research to determine the full
effects of GPX1 in cancer. Overall, this work has opened avenues to investigate specific cell
lines which appear to be more sensitive to high levels of GPX1 expression, and to understand
the interactions of GPX1 which influence cancer. Finally, it given insight into how we might
inhibit and monitor GPX1, which will inform our future research as we continue to develop a

cancer treatment using GPX1 as a target.
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Appendix

BOVINE GPX1

HUMAN GPX1

BOVINE GPX1

HUMAN GPX1

BOVINE GPX1

HUMAN GPX1

BOVINE GPX1

HUMAN GPX1

RTVYAFSARPLAGGEPENLSSLRGKVLLIENVASLUGTTVRDYTQMNDLOQRRLGPRGLVV

QSVYAFSARPLAGGEPVSLGSLRGKVLLIENVASLUGTTVRDYTQMNELQRRLGPRGLVV

LGFPCNQFGHQENAKNEEILNCLKYVRPGGGFEPNFMLFEKCEVNGEKAHPLFAFLREVL

LGFPCNQFGHQENAKNEEILNSLKYVRPGGGFEPNFMLFEKCEVNGAGAHPLFAFLREAL

PTPSDDATALMTDPKFITWSPVCRNDVSWNFEKFLVGPDGVPVRRYSRRFLTIDIEPDIE

PAPSDDATALMTDPKLITWSPVCRNDVAWNFEKFLVGPDGVPLRRYSRRFQTIDIEPDIE

TLLSQGAS 204

ALLSQGLS 200

Figure A.1: BLAST alignment of Bovine and human GPX1, with areas of conservation
highlighted in yellow.
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