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ABSTRACT

Various non-steroidal anti-inflammatory drugs (NSAIDs) including aspirin (acetylsalicylic
acid, ASA), are deemed chemopreventive. This is due to their anti-proliferative effects
particularly on early-stage cancer cells, which are redox-compromised due to their reduced
expression of the antioxidant enzyme manganese superoxide dismutase (MnSOD). The
mechanisms by which ASA induces cell death in redox-compromised cells are not yet fully
elucidated. In this study, the redox-compromised MnSOD-deficient Saccharomyces
cerevisiae EG110 cells and the wild-type MnSOD-proficient EG103 cells, grown aerobically
in ethanol medium, were used as suitable models to study the effect of ASA on the cell

cycle and glutamate metabolism in redox-compromised eukaryotic cells.

The significant ASA-induced downregulation of the genes SNO1 and SNZ1 in EG110, but
not in EG103 yeast cells, which was previously determined by microarray analysis at 48
hours of cultivation, was validated by qRT-PCR analyses. Since the proteins encoded by
these two genes together catalyse the deamination of glutamine into glutamate, this study
confirmed that ASA-treated EG110 yeast cells, but not their untreated counterparts,
cultivated for 96 hours in ethanol medium, suffer a highly significant decline in the
intracellular levels of glutamate and of its immediate metabolic products a-ketoglutarate
and reduced glutathione (GSH), which are involved in mitochondrial function and redox
homeostasis, respectively. Also, at 96 hours of cultivation, ASA-treated EG110 cells were
observed to die, as determined by growth curves and viability assays. Flow-cytometric DNA
content analysis performed in this work revealed that ASA induces a GO/G1 cell-cycle arrest
in EG110 cells, whereas their untreated counterparts accumulate at the G2/M phase.
Notably, the deleterious effects of ASA on EG110 yeast cells were reversed by exogenous

L-glutamate. In fact, the addition of 200 mM L-glutamate to ASA-treated EG110 yeast cells



(i) restored their level of a-ketoglutarate, (ii) increased their level of GSH such that their
redox balance was restored, as determined by the GSH/GSSG ratio, and (iii) protected the

cells against cell cycle arrest and apoptotic cell death.

These results indicated that glutamate depletion is a critical event in ASA-induced
apoptosis in redox-compromised yeast cells. Since early-stage cancer cells are also
considered to be redox-compromised and heavily rely on glutamate metabolism to
proliferate rapidly and uncontrollably, these findings may (i) throw light on a potential
chemopreventive mechanism by which aspirin selectively commits cancer cells to

apoptosis, and (ii) contribute to the development of ASA-like drugs for chemoprevention.
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CHAPTER ONE

GENERAL INTRODUCTION



Yeasts are unicellular fungi found colonising various habitats. Studies exploring their
physiology have shown that they can grow on a broad set of carbon sources (Rodrigues et al.
2006). In the laboratory, different yeasts were observed to grow under various conditions
ranging from both fermentable to non-fermentable carbon sources as well as in the

presence or absence of oxygen (Turcotte et al. 2009).

Saccharomyces cerevisiae cells are able to grow on fermentable carbon sources such as
glucose. Once glucose becomes depleted in the growth medium, cells undergo a diauxic
shift whereby yeast cells avail themselves of the accumulated fermentation products to
respire aerobically. Such products include the non-fermentable carbon source ethanol as

well as some amounts of glycerol and acetate (Turcotte et al. 2009).

Aerobic respiration involves harvesting energy from the oxidation of carbon-containing
molecules while molecular oxygen acts as a terminal electron acceptor on the mitochondrial
electron transport chain (ETC) (Fernie et al. 2004). This process is used to generate the
energy-rich molecule adenosine triphosphate (ATP) critical for cells to carry out energy-
demanding metabolic reactions for their survival (Lemasters et al. 2002, Skulachev 2006,

Zhou et al. 2012).

In the laboratory, yeast cells may be grown on ethanol as the sole carbon source for ATP
production (Figure 1.1). Ethanol increases the membrane fluidity, and thereby enters the cell
by passive diffusion (Jones, Greenfield 1987, Lloyd et al. 1993, Navarro-Tapia et al. 2018).
Upon entry into the cell, ethanol is oxidised into acetaldehyde while nicotinamide adenine

dinucleotide (NAD*)is reduced to NADH (de Smidt et al. 2008).
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Figure 1.1 Ethanol utilisation pathway in Saccharomyces cerevisiae. Ethanol enters
the cell by passive diffusion and undergoes oxidation into acetaldehyde and then into
acetate, by alcohol dehydrogenase (Adh2) and acetaldehyde dehydrogenase (Ald6),
respectively. Acetate found in peroxisomes and in the cytosol is then used for the
synthesis of acetyl-Coenzyme A (acetyl-CoA), a reaction catalysed by the acetyl-CoA
synthetase enzyme Acsl. The transport of acetyl-CoA into the mitochondria
necessitates the involvement of carnitine acetyltransferases (Cat2 and Yat2) to
facilitate the entry of the acetyl group into the mitochondria, where it is subsequently
oxidised in the tricarboxylic acid (TCA) cycle. This cycle generates electron donors,
namely reduced nicotinamide adenine dinucleotide (phosphate) NAD(P)H and
reduced flavin adenine dinucleotide (FADH3), which transfer their electrons onto the
electron transport chain (ETC), while they are oxidised in the process. This drives a
series of energy-yielding redox reactions at the ETC that pump H* ions from the matrix
to the intermembrane space, until electrons are ultimately accepted by molecular
oxygen, which is reduced to water. The H* gradient that is established across the inner
mitochondrial membrane is coupled to the phosphorylation of adenosine diphosphate
(ADP) to yield energy-rich adenosine triphosphate (ATP).



This reaction is catalysed by the alcohol dehydrogenase enzyme Adh2, a protein which is
active at low levels of glucose or in its absence (Verdone et al. 2002, Walther, Schiiller, 2001;
Yaacob et al. 2016). Acetaldehyde is then converted into acetate via the cytosolic
acetaldehyde dehydrogenase Ald6 (Meaden et al. 1997), which uses oxidised nicotinamide
adenine dinucleotide phosphate (NADP*) as a coenzyme (Saint-Prix et al. 2004). In turn,
acetate is subsequently converted into acetyl-coenzyme A (acetyl-CoA) via acetyl-CoA
synthetase, Acs1 (Kratzer, Schiiller 1995). Carnitine acetyl transferases shunt cytosolic and
peroxisomal acetyl-CoA into the mitochondria (Elgersma et al. 1995, Swiegers et al. 2001),
where the acetyl group is subsequently oxidised in the tricarboxylic acid (TCA) cycle to
generate carbon dioxide (CO;), as well as the electron donors NADH and flavin adenine

dinucleotide (FADH).

These electron donors are reoxidised by transferring electrons onto the ETC located in the
inner mitochondrial membrane. Here, a series of energy-yielding redox reactions take place
until electrons are accepted by molecular oxygen which is subsequently reduced to water.
The energy harvested by reactions of the ETC is used to pump H*ions from the
mitochondrial matrix to the intermembrane space. The established H* gradient across the
inner mitochondrial membrane is coupled to the phosphorylation of adenosine diphosphate
(ADP), synthesising ATP, in a process known as oxidative phosphorylation (Dickinson,

Schweizer 1999).

In order to carry out such reactions efficiently and maximise ethanol utilisation, yeast
growing on ethanol as the sole carbon source upregulate genes involved in mitochondrial
function, energy metabolism and in the glyoxylate and TCA cycles (Brauer et al. 2005, DeRisi

et al. 1997). Interestingly, yeast cells grown in ethanol medium also upregulate the



expression of genes involved in stress response. This finding shows the close association
between respiratory metabolism and the generation of reactive species, which are key

players in oxidative stress (Brauer et al. 2005, DeRisi et al. 1997, Klein et al. 2017).

1.1 Reactive oxygen species, oxidative stress and cellular damage

Over 2.2 billion years ago, the evolution of cyanobacteria and their ability to synthesise
food by photosynthesis, resulted in an atmosphere which started accumulating significant
amounts of molecular oxygen (Lane 2002). The ability of living organisms to adapt to an
aerobic mode of life imposed the need for cellular redox homeostasis due to reactive oxygen

species (ROS) generated when cells respire aerobically.

ROS are small, oxygen-derived radicals, ions and molecules. These are generated as
reduction by-products, whenever oxygen is used during the energy generation process. The
overall level of ROS in a cell at any given time is a consequence of the sum of activity of all
ROS production and detoxification systems (Poljsak et al. 2013). This redox homeostasis is
especially important since in normal cells, the effects of ROS on the cell are usually dose-
dependent, ranging from beneficial to detrimental, a phenomenon known as hormesis

(Davies et al. 1995, Martins et al. 2011).

ROS are involved in the regulation of signalling processes of cell division (see section
1.3.2), immune regulation (Chen et al. 2016b; Yarosz, Chang 2018), autophagy (Azad et al.
2009, Filomeni et al. 2015), inflammation (Canli et al. 2017, Mittal et al. 2014) and the stress-
related response (see section 1.2). However, the cell’s antioxidant capacity to maintain
redox homeostasis may be exceeded by high levels of ROS, resulting in oxidative stress

(Schieber, Chandel 2014; Ghosh et al. 2018). Oxidative stress is characterised by the



oxidation of several biomolecules in the cell which causes oxidative cellular damage and is a
common underlying player in a multitude of diseases (de Araujo et al. 2016). These include:
neurodegenerative disorders such as Alzheimer’s disease (Ahmad et al. 2017), Huntington’s
disease (Zheng et al. 2018, Covarrubias-Pinto et al. 2015), Parkinson’s disease (Blesa et al.
2015, Dias et al. 2013) and amyotrophic lateral sclerosis (ALS) (Barber et al. 2006),
cardiovascular diseases (Madamanchi et al. 2005), ocular diseases (Nita, Grzybowski 2016),
as well as other diseases such as diabetes (Ahmad et al. 2017, Maiese, 2015), rheumatoid

arthritis (Phull et al. 2018) and cancer (Kumari et al. 2018, Yang et al. 2018b).

1.1.1 Mechanisms of ROS generation in S. cerevisiae
Amongst different reactive species which occur in cells, the most widely studied ROS
include the superoxide and hydroxyl radicals as well as the non-radical hydrogen peroxide

(H202).

Superoxide radicals

The superoxide anionic radical (O2*") is a common and highly-abundant ROS in cells
respiring aerobically. Essentially, superoxide radicals are either formed at membranes or
inside mitochondria of cells. Cytosolic superoxide radicals are formed by the action of
membrane-bound NADPH oxidases (NOXs), which catalyse the oxidation of NADPH using
oxygen (Nauseef 2008). In yeast, this reaction is catalysed by the NADPH oxidase, Ynol
(originally referred to as Aim14), which is located in the endoplasmic reticulum (Rinnerthaler
et al. 2012). This study confirmed that ROS production by Yno1l is independent of
mitochondrial respiration and of the source of ROS production in the mitochondria

(Rinnerthaler et al. 2012). At the mitochondria, aerobic respiration takes place by oxidative



phosphorylation. This highly efficient process entails the tetravalent reduction of molecular
oxygen to generate two molecules of water. However, 1-2% of molecular oxygen is not fully
reduced to water (Boveris, Chance 1973). This occurs as a result of the univalent reduction of
molecular oxygen by electrons which ‘leak’ while being transferred from one complex to

another along the ETC, generating superoxide radicals.

Unlike most eukaryotes, S. cerevisiae cells lack complex | of the ETC (Nosek, Fukuhara
1994), but instead contain three rotenone-insensitive NADH:ubiquinone oxidoreductases
(Ndi1, Ndel and Nde2) (de Vries, Grivell 1988, Luttik et al. 1998, Small, McAlister-Henn,
1998), which were shown to restore the NADH oxidase activity of complex | in complex I-
deficient mammalian cells (Seo et al. 1998, 1999). These NADH oxidoreductases together
with complex Il (ubiquinone cytochrome c reductase complex) are located on the inner
mitochondrial membrane and are the main sites of mitochondrial superoxide radical
production (Fang, Beattie 2003, Li et al. 2006), similar to most higher eukaryotes (Bleier,

Drose 2013, Drose, Brandt 2012; Wenz et al. 2007).

In yeast, external dehydrogenase enzymes Ndel and Nde2 face the intermembrane space
and catalyse the oxidation of NADH in this cellular compartment. Hence, these yeast
dehydrogenases generate superoxide radicals only in the intermembrane space (Fang,
Beattie 2003) unlike complex | in mammalian skeletal cell mitochondria, which releases
superoxide radicals to both sides of the inner mitochondrial membrane (Muller et al. 2004).
On the other hand, the internal counterpart of the external dehydrogenases, Ndil, faces the
mitochondrial matrix and catalyses the oxidation of the NADH produced inside the
mitochondrial matrix (Marres 1991). During this reaction, a distinct pool of superoxide

radicals is generated in the mitochondrial matrix since the inner mitochondrial membrane is



impermeable to superoxide anions (Gus’kova et al. 1984, Takahashi, Asada 1983).
Overexpression of NDI/1 in a mutant yeast strain which lacks the antioxidant enzyme Sod2,
causes cell lethality in both fermentable and semi-fermentable media (Li et al. 2006).
Moreover, in the presence of exogenous stress factors, Ndil is also implicated in cell death

by apoptosis (Cui et al. 2012).

NADH dehydrogenases are optimally located on the inner mitochondrial membrane to
oxidise NADH by reducing ubiquinone. Unlike their mammalian counterparts, these
dehydrogenases do not pump electrons across the inner mitochondrial membrane (de Vries,
Marres 1987, Gongalves, Videira 2015). Apart from collecting electrons from NADH, the
ubiquinone pool also collects electrons from FADH; generated at the succinate:quinone
oxidoreductase (complex II) upon conversion of succinate into malate (Lemire, Oyedotun
2002). Ubiquinol then donates its electrons to cytochrome c via ubiquinol:cytochrome ¢
oxidoreductase (also known as bci complex or complex Ill), a key site of superoxide radical
formation in the intermembrane space (St. Pierre et al. 2002, Rottenberg et al. 2009). The
ultimate transfer of electrons from cytochrome c onto molecular oxygen is catalysed by
cytochrome c oxidase (complex V). The energy associated with electron transfer is used to
pump protons from the mitochondrial matrix to the intermembrane space. Hence, this
energy is stored as an electrochemical proton gradient across the inner mitochondrial
membrane. The resulting protonmotive force is then exploited by cells, namely to

synthesise ATP via ATP synthase (complex V) (Jonckheere et al. 2012).

The radical nature of the superoxide anion and the fact that it has limited lipid solubility
makes it difficult to cross membranes. As a result, superoxide radicals tend to remain

compartmentalised wherever they are generated, until they are metabolised into other ROS.



In fact, the superoxide radical is a precursor of most other radical and non-radical ROS in the
cell, including the peroxyl radical by protonation (de Grey 2002), the hydroxyl radical by the
Fenton/Haber-Weiss reaction (Fenton 1894, Haber, Weiss 1934), and hydrogen peroxide by

dismutation.

Hydrogen peroxide

Dismutation of superoxide ions into hydrogen peroxide and oxygen can take place
spontaneously or catalysed by superoxide dismutase enzymes (SODs) (see section 1.2.2).
Superoxide radicals are a major source of hydrogen peroxide in vivo (Perrone et al. 2008).
However, hydrogen peroxide can also be generated by other enzyme-catalysed reactions,
namely via oxidases. For instance, in yeast, hydrogen peroxide is generated by the action of
the fatty-acyl coenzyme A oxidase, Pox1, during the oxidation of fatty acids in the

peroxisomes (Hiltunen et al. 2003).

The non-radical nature of hydrogen peroxide makes it far more inert than the superoxide
radical and thus is relatively longer-lived (Halliwell, Gutteridge 2015). In addition to its
stability, the chemical properties of hydrogen peroxide enable it to diffuse easily across
biological membranes before it is metabolised in locations close or far from its point of

origin.

Hydrogen peroxide may be immediately broken down into unharmful water via several
enzymes, namely catalases and peroxidases (see section 1.2.2). Moreover, unlike
superoxide radicals, the reactivity of hydrogen peroxide is rather selective and may thus act
as a second messenger or as an oxidative stress agent in a dose-dependent manner

(Marinho et al. 2014).



At relatively low concentrations, hydrogen peroxide may mildly oxidise cysteine residues
of thiol groups belonging to protein-tyrosine phosphatases or kinases which are important
signal transducer proteins, to induce a transcriptional response and signalling programs in
the presence of hydrogen peroxide (Fomenko et al. 2011, Marinho et al. 2014). Mild
oxidation of signalling proteins may be reversed by antioxidant enzymes (see section 1.2.2),
and this is key for the signal transduction process. However, at high concentrations of
hydrogen peroxide, the reductive power of the cell may not be sufficient to reverse and
reduce these oxidised signalling proteins. Thus, hydrogen peroxide activates transcription
factors that regulate the expression of genes involved in the oxidative stress response
(Delaunay et al. 2000, 2002, Wemmie et al. 1997), including that of the antioxidant genes
TRX2 (thioredoxin) (Kuge, Jones 1994), GLR1 (glutathione reductase) (Grant et al. 1996a) and
GSH1 (glutathione synthase) (Gasch et al. 2000, Wu, Moye-Rowley 1994). If the oxidative
stress response is futile, hydrogen peroxide may react with other biomolecules and give rise

to other ROS, including the highly-damaging hydroxyl radical.

Hydroxyl radicals
In the presence of superoxide radicals and ferrous ions (Fe?*), hydrogen peroxide takes
part in the Fenton/Haber-Weiss reaction (Fenton 1894, Haber, Weiss 1934) and gives rise to

the very reactive hydroxyl radical, HO".

Fe3* + 0, _— Fe* + 0O,
FeZ* + H,0; —_— Fe3* + OH™ + HO®
Net reaction: 0, + Hy0, _ OH ™ + HO" + 0O,
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These reactions are cyclic and generate an infinite supply of hydroxyl radicals, especially
since there is no enzymatic mechanism which eliminates them. Due to their highly powerful
oxidant nature, hydroxyl radicals can only be metabolised by indiscriminately oxidising
cellular biomolecules such as nuclear and mitochondrial DNA, proteins and membrane lipids.
This causes cellular damage (see section 1.1.2) and may ultimately lead to cell death

(Vranova et al. 2002).

1.1.2 The role of ROS in oxidative cellular damage
The increased production of endogenous ROS is associated with apoptosis (see section
1.4.2), to the extent that levels of ROS are commonly used as apoptotic markers (Froéhlich et
al. 2007). High levels of ROS in the cell facilitate the oxidation of key biomolecules in the cell
(Halliwell, Gutteridge 2015). In fact, Muller et al. (2007) have shown that a correlation exists
between the levels of ROS and the levels of oxidatively damaged biomolecules, namely

lipids, proteins and nucleic acids.

1.1.2.1 ROS and lipid peroxidation in S. cerevisiae

Lipid molecules are amongst the targets of ROS in the cell. Yeast cells undergoing
oxidative stress due to the presence of the superoxide generator menadione (Kim et al.
2011) or hydrogen peroxide (Reekmans et al. 2005) were reported to suffer of lipid
peroxidation.

Lipid peroxidation is the process by which membrane phospholipids are oxidatively
degraded by ROS into products, which confer further oxidative damage to cell biomolecules
(Halliwell, Gutteridge 2015). The main products of lipid peroxidation include the highly

unstable and toxic lipid peroxides and hydroperoxides. These are key mediators of cellular

11



disease and death by generating alkoxy radicals and highly reactive aldehydes such as 4-
hydroxynonenal (4-HNE) (Gaschler, Stockwell 2017). 4-HNE is an inducer of oxidative stress
(Uchida 2003) and limits cellular proliferation in budding yeast (Wonisch et al. 1998). The de
novo synthesis of glutathione after exposure to 4-HNE reversed this restrictive growth effect,
due to the ability of glutathione to form adducts (Falletti et al. 2007), thus preventing it from
covalently modifying DNA and proteins and causing further damage to the cells (Esterbauer

et al. 1991).

The extent of lipid oxidation is dependent on the amount of ROS (Vazquéz et al. 2018),
the lipid composition, as well as the degree of unsaturation. In fact, poly-unsaturated fatty
acids (PUFAs) are far more susceptible to oxidation than mono-unsaturated fatty acids
(MUFAs), due to the presence of two or more double bonds (Ayala et al. 2014). Upon
oxidation, changes in membrane phospholipids influence the fluidity and shape of the cell
membrane. Consequently, the integrity of the membrane is compromised and the function
of many membrane-bound proteins are affected (Cortés-Rojo et al. 2009). Such effects may

lead to growth arrest and cell death (Ayala et al. 2014).

Several studies have implied that the mitochondria may be involved in the mechanism by
which lipid peroxidation leads to apoptosis. Cardiolipin, a membrane lipid which anchors
cytochrome c to the intramitochondrial membrane, is very susceptible to oxidation (Horvath,
Daum 2013). The degree of cardiolipin oxidation and/or peroxidation alters the
mitochondrial morphology and affects the retention of cytochrome c. In fact, cardiolipin
oxidation has been implicated in cell death (Horvath, Daum 2013, Kagan et al. 2005, Shidoji

et al. 1999), particularly in response to pro-apoptotic Bax-related proteins that may be
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exogenously expressed in yeast to confer cell death (Korytowski et al. 2011, Manon 2004,

Priault et al. 2002).

1.1.2.2 ROS and protein oxidation in S. cerevisiae
Protein molecules are amongst the targets of ROS or their products, including those
which arise from the oxidative degradation of lipids (see section 1.1.2.1). Excessive protein
oxidation affects the activity of proteins including enzymes involved in energy production
and antioxidant defences (Kim et al. 2010). Failure to maintain cellular proteostasis is

associated with decreased replicative lifespan in budding yeast (Yi et al. 2018).

All amino acids are susceptible to oxidation. A select few, namely arginine, lysine, proline
and threonine form carbonyl groups upon oxidation (Stadtman, Levine 2003). This
modification is irreversible (Federova et al. 2014, Gonos et al. 2018) and carbonylated
proteins are largely irreparable (Nystrom 2005). The sulfur-containing amino acid residues,
cysteine and methionine, tend to be more prone to oxidation compared to other amino
acids (Bin et al. 2017). Under normal physiological conditions, sulfur-containing amino acids
contain protonated thiol groups (-SH). However, during stress, high levels of ROS may
abstract the hydrogen of thiol groups and generate a highly reactive thiolate anion (-S)
(Finkel 2000). This in turn forms a disulfide bond (-S-S-) with another thiol-containing
protein or low molecular weight thiol such as glutathione, y-glutamylcysteine, cysteine
(Grant et al. 1999) and coenzyme A (CoA) (delCardayré et al. 1998). These reversible S-
thionylation reactions (or S-glutathionylation if GSH is involved) result in mixed protein
disulfides and are vital to protect proteins from irreversible protein oxidation during
oxidative stress (Gallogly, Mieyal 2007). Disulfide bonds may be further oxidised into the

relatively unstable sulfenic acid groups (-SOH) which are irreversibly oxidised into sulfinic
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(-SO;H) and sulfonic acid groups (-SO3H) (Moskovitz et al. 1999). Similarly, methionine
residues may be oxidised into methionine sulfoxide (MetQ), a reaction which may be
enzymatically reversed. However, MetO may be irreversibly oxidised into methionine

sulfone (MetO:) (Le Moan et al. 2006).

Protein oxidation can occur both at the backbone or at amino acid side groups, and may
target amino acid residues which are at or close to the active site. The oxidation of amino
acids that make up the protein backbone drastically change the conformation of the protein.
ROS or other free radicals may either introduce new covalent bonds, leading to hydrophobic
interactions or protein cross-linking, or break covalent bonds causing protein fragmentation
and/or unfolding (Korovila et al. 2017). In any case, the activity of oxidised proteins may be
affected and the protein must be degraded to maintain cellular proteostasis (Cecarini et al.

2006, Nystrom, 2005, Wolff, Dean 1986).

Hydrogen peroxide and menadione-generated superoxide radicals, produced in
aerobically respiring yeast cells, target mitochondrial proteins, namely those involved in the
TCA cycle and in the ETC. Such proteins include, a-ketoglutarate dehydrogenase, aconitase
and succinate dehydrogenase (Cabiscol et al. 2000, McLain et al. 2011). In a similar study, Le
Moan et al. (2006) identified proteins which could form disulfide bridges in the presence of
hydrogen peroxide. The identified proteins included enzymes involved in scavenging ROS as
well as in carbohydrate and energy metabolism. Similarly, plant proteins involved in energy
generation pathways, such as glycolysis and the TCA cycle are also affected by reactive
species (Dumont, Rivoal 2019). Since such enzymes are pertinent to energy generation,
their inactivation by reactive species results in energy depletion and growth arrest.

Furthermore, excessively high levels of ROS may bring about cell death in oxidatively
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damaged yeast cells by oxidising actin microtubules at two cysteine residues, forming an
intracellular disulfide bond and subsequently bringing about the hyperstabilisation of the

actin cytoskeleton (Farah, Amberg 2007).

1.1.2.3 ROS and oxidative damage to DNA in S. cerevisiae
Nucleic acids, DNA in particular, are also a critical target of ROS in the cell. Upon
exposure to certain oxidants, cells may activate their DNA repair mechanisms and induce cell
cycle arrest (Santa-Gonzalez et al. 2016). However, excessive levels of ROS may cause DNA
replication stress which leads to DNA damage and genomic instability, contributing to the
chronological ageing process (Burhans, Weinberger 2009) as well as cell death (Burhans et

al. 2003, Marchetti et al. 2006).

DNA can only be directly oxidised by very strong oxidants such as hydroxyl radicals or
singlet oxygen (Cadet et al. 1999). In fact, superoxide radicals or hydrogen peroxide may
only oxidise DNA indirectly, by forming hydroxyl radicals in the Fenton/Haber-Weiss reaction

(Fenton 1894, Haber, Weiss 1934) (see section 1.1.1).

Hydroxyl radicals may target the phosphate-sugar backbone and results in DNA
fragmentation due to single-strand breaks and/or double-strand breaks (Breen, Murphy
1995, Dizdaroglu 1991). This scenario is similar to the process of apoptosis which involves
cleavage of the DNA backbone by nucleases. In fact, if left unrepaired, strand breaks can
result in cell death (Jeggo, Lobrich 2007). Unlike DNA fragmentation, most reactive oxygen
radicals may directly oxidise and modify DNA bases (Cadet et al. 1999). For instance, the
DNA base guanine is the most likely to be oxidised of all four bases and is a precursor of 8-

oxoguanine, among other products of oxidation. This product is so common that it is usually
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used as a biomarker for oxidative DNA damage in the cells. 8-oxoguanine is not a bulky
lesion and hence will not distort the DNA helix. As a result, it is efficiently bypassed by RNA
polymerases in vitro (Chen, Bogenhagen 1993). However, during transcription, an incorrect
base is thus incorporated opposite the site of damage (Beard et al. 2010), leading to a
mutant transcript that could direct the synthesis of mutant proteins during translation
(Saxowsky, Doetsch 2006). Mutant proteins, similar to oxidised proteins (see section
1.1.2.2), may exhibit impaired activity and are thus unable to perform their cellular function
efficiently. Cellular damage which arises due to the lack of proteostasis maintenance has
major implications on the cell’s response to oxidative stress and may lead the cell to activate

cell death pathways (Santra et al. 2019).

During oxidative stress, both nuclear DNA as well as mitochondrial DNA may be targeted
by ROS. Mitochondrial DNA was thought to be particularly more susceptible to oxidation
due to the lack of protective histones, inefficient DNA proof-reading and repair mechanisms,
as well as due to the closer proximity of mitochondrial DNA to ETC-generated ROS (Miquel
1991). Mitochondrial DNA largely encodes proteins involved in oxidative phosphorylation.
Hence, oxidation of mitochondrial DNA compromises the respiratory ability of cells. In fact,
the addition of pro-oxidants to aerobically-grown yeast sod2A mutants, unable to eliminate
mitochondrial superoxide radicals, induced a high proportion of these cells to suffer of
respiratory deficiencies (Piper 1999). Similarly, Doudican et al. (2005) reported that the
presence of hydrogen peroxide in a respiration-deficient strain showed a complete loss of
mitochondrial DNA which was prevented by overexpressing Sod2. This shows that oxidative
mitochondrial DNA damage resulting from ROS, was the major contributor to mitochondrial

genomic instability.
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1.2 Cellular responses to oxidative stress and maintenance of redox
homeostasis in yeast

Together with other reactive species which do not necessarily contain oxygen, ROS play a
critical signalling role in the cell (Breitenbach et al. 2018, Moldogazieva et al. 2018, Veal et
al. 2007), particularly in pathways regulating cell division and stress response systems (Chiu,
Dawes 2012, Schieber, Chandel 2014). They do so by bringing about the oxidation of
biomolecules which monitor the cellular redox environment. This sensory function is
ongoing, such that it may bring about a response to oxidative stress once a prooxidant-
antioxidant imbalance occurs in favour of the former (Kehrer 2000), thereby maintaining

redox homeostasis.

The oxidative stress response is ROS-specific (Evans et al. 1998, Jamieson 1992, Turton et
al. 1997). However, Thorpe et al. (2004) identified core cellular functions that were
commonly induced upon exposure to various oxidants and were thereby needed for general
oxidative stress resistance. They highlighted the need for (i) changes in the gene expression
via transcription factors, (ii) concomitant changes in protein synthesis, processing and
trafficking of response proteins encompassing both enzymatic and non-enzymatic

antioxidant systems, as well as (iii) the need to remove damaged proteins.

1.2.1 The role of transcription factors in the oxidative stress response

The oxidative stress response is primarily brought about by the activation of key
transcription factors which sense ROS via oxidation of their protein segments, and in turn
bring about the de novo transcription of critical antioxidant players (see section 1.2.2).

Mutants deficient of RNA polymerase Il complex, which catalyses the transcription of DNA,
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were sensitive to most oxidants, meaning that transcription is essential to activate the

oxidative stress response (Thorpe et al. 2004).

The oxidative stress-induced transcription factor Yap1 is a cytosolic protein containing a
cysteine-rich C-terminal domain. This redox active domain is critical in the regulation of
Yap1 since it may either be oxidised and activated by ROS or reduced by thioredoxin
(Delaunay et al. 2000, Izawa et al. 1999). A wide array of oxidants, including hydrogen
peroxide (Kuge, Jones 1994, Schnell et al. 1992), diamide (Kuge, Jones 1994) and other
inducers, can oxidise Yap1 and induce its translocation from the cytosol to the nucleus
(Coleman et al. 1999, Kuge et al. 1997, Wiatrowski, Carlson 2003). While in the nucleus,
Yap1 accumulates and induces several antioxidant enzymatic and non-enzymatic systems

(see section 1.2.2).

Yap1 does not act by itself to mediate oxidative stress response but cooperates with Skn7
(Lee et al. 1999, Morgan et al. 1997). Skn7 is a transcription factor which acts in response to
various environmental stresses (Lee et al. 1999). Evidence of a protein-protein interaction
between Yap1 and Skn7 was reported by Mulford and Fassler (2011), who stated that this
interaction guarantees the availability of Skn7, when Yap1 protein accumulates in the
nucleus. Both Yap1 and Skn7 were essential for the viability of yeast cells exposed to all
forms of oxidative stress (Krems et al. 1996, Thorpe et al. 2004) and act in the same pathway
(Ng et al. 2008). Yeast cells lacking both Yap1 and Skn7 exhibited high levels of carbonylated
proteins when treated with hydrogen peroxide. These proteins included a key antioxidant
enzyme, namely the copper, zinc superoxide dismutase enzyme, Sod1 (or CuZnSOD) (see
section 1.2.2), which was thus implicated in hydrogen peroxide-induced cell death (Costa et

al. 2002). Interestingly, Sod1 was deemed to act as a nuclear transcription factor in its own
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right, in response to elevated endogenous and exogenous ROS, namely hydrogen peroxide,
paraquat and menadione (Tsang et al. 2014). In this study, Sod1 was found to activate genes
involved in cellular defence against ROS or other cellular stress inducers, genes involved in

the DNA damage response as well as in the maintenance of the cellular redox state.

Furthermore, Skn7 also cooperates with the yeast heat shock factor Hsfl to induce heat
shock genes, in response to oxidative stress (Raitt et al. 2000). The authors indicate that in
response to t-butyl hydrogen peroxide, Skn7 may either dimerise or physically interact with
Hsfl to form a Skn7-Hsfl complex. These Skn7-containing complexes may then bind to the
same consensus sequence as Hsfl alone, to induce heat shock genes in response to oxidative

stress.

In addition to activating heat shock genes, yeast cells may also avail themselves of
another set of stress-inducible genes which may be activated by the transcription factor
Msn2 and its homolog Msn4 (Gasch et al. 2000, Martinez-Pastor et al. 1996). These two
proteins relocate from the cytoplasm to the nucleus upon stress induction (Martinez-Pastor
et al. 1996), including nutritional stress indicated by low levels of cAMP and PKA activity

(Gorner et al. 1998).

1.2.2 The role of enzymatic and non-enzymatic players on ROS and the cellular
redox balance

The stress-induced transcription factors discussed in section 1.2.1 are critical to bring
about the oxidative stress response in an attempt to maintain redox homeostasis. This is so
since they activate a large array of biochemicals, both enzymatic and non-enzymatic, which

in turn control the quantity of ROS in the cell (Jamnik, Raspor 2005).
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Superoxide dismutases (SODs)

Eukaryotic cells express two SOD proteins: the CuZnSOD (or Sod1) enzyme encoded by
SOD1 is found in the cytosol and mitochondrial intermembrane space, whereas the
manganese superoxide dismutase enzyme (MnSOD or Sod2), encoded by SOD2, is located in
the mitochondrial matrix. The most prominent function of superoxide dismutase enzymes is
the dismutation of superoxide radicals into hydrogen peroxide and molecular oxygen (Figure
1.2), thereby preventing the accumulation of superoxide radicals and their deleterious
effects on cell biomolecules (see section 1.1.2) (Costa et al. 2007) and the cell’s function

(Longo et al. 1999).

SOD
207" + 2H* —> H0; + O2

Yeast cells lacking either CuZnSOD or MnSOD were observed to have a shorter lifespan
(Longo et al. 1996). In the absence of MnSQOD in S. cerevisiae EG110 cells grown in ethanol
medium, mitochondrial superoxide dismutation is impaired and cells grow slower than the
wild-type MnSOD-proficient EG103 cells (Balzan et al. 2004). In addition to this function,
Sod2 is also essential for the expression of antioxidant genes that are induced by the
accumulation of Yap1 in the nucleus (Zyrina et al. 2017). In fact, these authors showed that
sod2-deficient yeast cells failed to activate Yap1 and chaperone it into the nucleus to

activate its antioxidant targets in response to oxidative stress (see section 1.2.1).

Catalases and Peroxidases
Catalases and peroxidases are involved in the detoxification of hydrogen peroxide and

alkyl hydroperoxides (ROOH) into unharmful products, namely dioxygen and water or
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Figure 1.2: Key enzymatic and non-enzymatic antioxidant defences in budding yeast against
harmful reactive oxygen species (ROS). Superoxide radicals (O,7) and hydroperoxides, namely
hydrogen peroxide (H,0,) and organic hydroperoxides (ROOH), are harmful ROS (shown in red)
which must be detoxified. Superoxide dismutases (Sod1 and Sod2) catalyse the dismutation of
the O, that are generated by the univalent reduction of molecular oxygen, into H,0,. Catalases
(Cttl and Ctal) detoxify H,O, into water and molecular oxygen. Similarly, peroxidases
(glutathione peroxidase (GPX) and thioredoxin peroxidase (PRX)) detoxify both H,0, and ROOH,
into unharmful water and alcohols (ROH), by donating their electrons. Hence, peroxidases are
oxidised in the process (GPXoxida/PRXoxid). Antioxidant systems, namely glutathione (GSH),
thioredoxin (TRX) and glutaredoxin (GRX), reduce peroxidases back to their reduced state (GPXred-
/PRXred), while they are oxidised in the process into GSSG, TRXoxia and GRXoxid, respectively. GSSG
and TRXoxda May be reduced back to GSH and TRX,.a by glutathione reductase (Glrl) and
thioredoxin reductase enzymes (Trr), respectively, using electrons from reduced nicotinamide
adenine dinucleotide phosphate (NADPH). In the absence of a glutaredoxin reductase enzyme,
GRXoxid is reduced back to GRX .4 by the glutathione system.
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organic alcohols (ROH), respectively (Figure 1.2).

Catalase/Peroxidase
Hydrogen peroxide: 2 H;0, » O, + 2H0

. Peroxidase
Hydroperoxides: 2ROOH —m— O, + 2ROH

Yeast cells express two catalase proteins, one encoded by CTT1 and is found in the cytosol
and, and another encoded by CTA1 and is located in peroxisomal and mitochondrial matrices
(Cohen et al. 1985, Petrova et al. 2004). Catalases were induced to protect yeast cells from
acetic acid-induced cell death (Giannattasio et al. 2005) due to their ability to protect
proteins from oxidative modification (Luschak, Gospodaryov 2005). Furthermore, the level
of catalase was observed to decline during aspirin-induced apoptosis in redox-compromised

yeast cells grown in ethanol medium (Sapienza, Balzan 2005).

In addition, several peroxidases exist in yeast. For instance, glutathione peroxidases
(GPX) and thioredoxin peroxidases (PRX, also known as peroxiredoxins) are known to reduce
hydrogen peroxide or other hydroperoxides, while they are oxidised in the process (Figure
1.2). To be able to further catalyse such reactions, peroxidases are reduced back to their
original state by other cellular antioxidant systems discussed in the following sections,
namely glutathione, thioredoxins and glutaredoxins (Figure 1.2). Thus, through such
reactions, catalases and peroxidases remove deleterious ROS and minimise cell damage

caused by oxidative stress to facilitate the maintenance of redox homeostasis.
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Glutathione (GSH) antioxidant system

An important antioxidant system comprises the non-enzymatic tripeptide glutathione
(GSH) which is made up of glutamate, cysteine and glycine. The synthesis of GSH occurs in
two steps in yeast and is partly regulated by the presence of glutamate, glutamine and lysine
in the medium (Stephen, Jamieson 1997). The first step of GSH synthesis involves the
condensation of glutamic acid to cysteine, a step catalysed by y-glutamylcysteine synthetase,
encoded by GSH1. This is followed by the addition of glycine to y-glutamylcysteine which is

catalysed by glutathione synthetase, encoded by GSH2.

glutamate
Gshl lut lovstei Gsh2 glutathione
-glutamylcysteine
+ ——> ey " (reduced)
cysteine glycine

In the absence of Gsh1, the yeasts S. cerevisiae (Grant et al. 1996b, Madeo et al. 1999, Wu,
Movye-Rowley 1994) and Candida albicans exhibited GSH auxotrophy (Baek et al. 2004). This

shows GSH’s vital role in yeast.

GSH can directly scavenge various ROS (Galano, Alvarez-ldaboy 2011, Grant et al. 1996a),
including harmful hydroxyl radicals (Fiser et al. 2013, Sj6berg et al. 1982) and superoxide
radicals (Winterbourn, Metodiewa 1999) as well as non-radical oxidants such as
hypochlorous acid (HOCI) (Haenen, Bast 2014) and H,0, molecules (Winterbourn,
Metodiewa 1999). When the yeast Pachysolen tannophilus was subjected to ethanol stress
and supplemented with the three amino acids which constitute GSH, the intracellular GSH
concentration was increased and the cell acquired resistance against ethanol induced-

oxidative stress (Saharan et al. 2010).
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GSH may also ensure cellular redox homeostasis via its role in cell proliferation by
changing its cellular distribution in mammalian cells (Markovic et al. 2007), possibly in
response to cell-cycle checkpoints (Pallardé et al. 2009). This phenomenon was also
exhibited in the plant Arabidopsis thaliana, whereby GSH co-localised with nuclear DNA
during cell proliferation (Vivancos et al. 2010). The depletion of GSH causes an arrest of the
cell cycle at the G1-phase in plant (Vernoux et al. 2000), yeast (Spector et al. 2001) and

mammalian cells (Dethlefsen et al. 1988, Russo et al. 1995).

The GSH system comprises two enzymes which are key to the redox equilibrium of GSH’s
oxidised and reduced forms (Berndt et al. 2014). GSH acts as a source of electrons for
glutathione peroxidase which in turn catalyses the reduction of hydroperoxides, using two
GSH molecules as a reductant, such that it forms one molecule of oxidised glutathione
(GSSG) (Figure 1.2). In yeast, glutathione peroxidase activity is encoded by GPX1, GPX2 and
GPX3 (Inoue et al. 1999, Avery, Avery 2001). Glutathione reductase, encoded by Glrl,
reduces GSSG back to GSH to maintain a high reduced-oxidised ratio in the cell, via electrons
acquired from reduced nicotinamide adenine dinucleotide phosphate (NADPH), which is in
turn oxidised to NADP* in the process (Figure 1.2). GSH’s relatively high concentration and
its low redox potential (- 240 mV) explains why it is the major cellular redox buffer and why
the redox state of the GSH/GSSG redox couple is often taken as an indicator of the cellular

redox environment (Jones 2002, Schafer, Buettner 2001).

Thioredoxin and Glutaredoxin antioxidant systems

Two other NAD(P)H-dependent antioxidant systems are the thioredoxin and glutaredoxin

systems which facilitate the reduction of oxidatively-damaged side chains in proteins (Grant
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2001). Glutaredoxins and thioredoxin are small dithiol proteins (-SH), which contain a redox-

active disulfide group in their active site to function in electron transfer.

Thioredoxins and glutaredoxins act as antioxidants by donating electrons to oxidised
cysteine residues of proteins, thus converting them back to their original reduced state
(Grant 2001) (Figure 1.2). Oxidised thioredoxin is then reduced back by electrons originating
from NADPH and this reaction is catalysed by thioredoxin reductase enzymes (Trr) encoded
by TRR1 and TRR2 (Figure 1.2). Unlike the thioredoxin system, glutaredoxins do not have a
specific oxidoreductase which catalyses their reduction. Nevertheless, this reduction is still
brought about by the oxidation of GSH to GSSG, which is in turn reduced back to GSH by
glutathione reductase (GIr1) in the presence of NADPH (Figure 1.2). A specific example of
this is the thioredoxin or glutaredoxin-mediated reduction of peroxidases, which in turn are
needed in the reduced form to bring about the reduction of hydrogen peroxide or other

hydroperoxides into water and alcohols, respectively (Figure 1.2).

Thioredoxins and glutaredoxins are highly involved in the glutathione-dependent
synthesis of deoxyribonucleotides from ribonucleotides, a reaction catalysed by the enzyme
ribonucleotide reductase (RNR) (Sengupta, Holmgren 2014). In fact, the deletion of the
yeast thioredoxin genes TRX1 and TRX2, decreased the activity of the enzyme RNR and thus
limited the supply of deoxyribonucleotides. This phenomenon resulted in a prolonged S
phase of the cell cycle at the expense of a shorter G1 phase (Muller, 1991). A subsequent
study by Muller (1996) showed that these cell cycle effects observed in trx1trx2A mutants
were accompanied by a marked increase in the level of GSSG (Muller 1996), and this further

confirms that the depletion of nuclear GSH concentration limits DNA synthesis and cell
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proliferation (Dethlefsen et al. 1988, Russo et al. 1995, Spector et al. 2001, Vernoux et al.

2000).

Indications of oxidative stress are obtained from ratios of intracellular GSH/GSSG or less
accurately NAD(P)*/NAD(P)H (Schafer, Buettner 2001). These two systems must be studied
together since NAD(P)H is crucial for donating electrons to reduce GSSG and thioredoxin in
reactions catalysed by the enzymes glutathione reductase and thioredoxin reductase,

respectively, thereby maintaining the redox potential of the GSH/GSSG system

Other antioxidants in yeast
A wide variety of vitamins are known to exhibit antioxidant properties and prevent death

of yeast cells exposed to oxidative stress (Branduardi et al. 2007, Wolak et al. 2014).

Pyridoxine (vitamin B6) is confirmed to be a potent antioxidant capable of quenching ROS
in mammals, plants and fungi. For instance, it was shown to counteract singlet oxygen (Bilski
et al. 2000, Ehrenshaft et al. 2001, Padilla et al. 1998), quench superoxide radicals (Jain, Lim
2001, Rodriguez-Navarro et al. 2002) and prevent lipid peroxidation (Kannan, Jain 2004).
Similarly, ascorbic acid (vitamin C) was also shown to protect yeast mutants deficient in key
antioxidant enzymes, namely superoxide dismutase (sod1A), catalase (ctalA), old yellow
enzyme 2 and glutathione reductase (oye2Agir1A) (Amari et al. 2008). The yeast analogue of
ascorbic acid is D-erythroascorbate. Yeast mutants unable to synthesise erythroascrobate
were sensitive to hydrogen peroxide and the superoxide anion (Huh et al. 1998), confirming
its antioxidant properties. Interestingly, Winkler et al. (1994) had shown that ascorbic acid
pairs up with glutathione to act as a redox couple. An ascorbate-glutathione pathway was

identified in plants, and is an important component of their ROS homeostasis mechanism
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(Pandey et al. 2015). However, this pathway has not been recorded yet in yeast. The
antioxidant nature of ascorbic acid was further confirmed in yeast when ascorbic acid
reduced oxidised cysteine residues on thioredoxin peroxidases that had been oxidised upon

peroxide exposure (Greetham, Grant 2009, Monteiro et al. 2007).

Another interesting antioxidant molecule identified in yeast cells is cytochrome c.
Giannattasio et al. (2008) showed that during the early phases of acetic acid-induced cell
death, cytochrome c is released from intact mitochondria to act as a ROS scavenger and an
electron donor. The authors report that the cytochrome c released is functional since it
could transfer reducing equivalents from ascorbate and/or superoxide anions to cytochrome

c oxidase for energy generation, before it was ultimately degraded.

1.2.3 The elimination of oxidatively-damaged biomolecules and organelles to
maintain redox homeostasis

The enzymatic and non-enzymatic antioxidant systems described in section 1.2.2 may be
overwhelmed if oxidative stress is uncontrollably sustained. Redox imbalance due to an
oxidising environment within cells results in irreparable oxidative damage to biomolecules
(see section 1.1.2) and organelles, such as the mitochondria. In order to maintain cellular
homeostasis, yeast cells contain other antioxidant defence systems to eliminate irreversibly
oxidised biomolecules, such as cross-linked or unfolded proteins, which are detrimental for
cell survival. Elimination of irreparably oxidised components in yeast is mainly brought

about by vacuolar proteolysis, proteasomal degradation and autophagy.
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Vacuolar proteolysis

Vacuoles of yeast cells are hydrolytic compartments whereby macromolecules are
detoxified and recycled. Vacuolar proteolysis is a key cellular process, brought about by
proteases located inside the vacuole, by which excess, long-lived or damaged proteins are
non-specifically degraded to preserve proteostasis. Hence, vacuoles also play a central role
in responding to various stresses. Several studies showed that genes encoding vacuolar
proteases or genes associated with protein sorting into the vacuole are upregulated after
oxidative damage (Godon et al. 1998, Marques et al. 2006, Thorpe et al. 2004). In fact,
vacuolar proteases, such as Pep4, are involved in degrading proteins damaged by
endogenously-generated ROS. For example, the overexpression of PEP4 in yeast cells at the
stationary phase enhanced the removal of oxidised proteins (Marques et al. 2006). Similarly,
Pereira et al. (2010) reported the release of Pep4 from the vacuole of yeast cells exposed to
acetic acid and demonstrated that Pep4 has an important protective role in mitochondrial
degradation during the apoptotic process. In fact, they show that yeast cells deficient in
PEP4 could not bring about mitochondrial degradation which led to accelerated acetic acid-
induced cell death. Similarly, Marques et al. (2006) also showed that a deficiency of Pep4 in
yeast, decreased the cell’s capacity to degrade and remove oxidised proteins and caused an

accumulation of oxidised proteins, which resulted in a shorter yeast lifespan.

Proteasomal degradation
Another effective antioxidant defence which results in the degradation of short-lived,
misfolded and oxidatively damaged proteins is via multicatalytic protease complexes known

as proteasomes. Yeast contain two major forms of the proteasome, namely the 20 S and the
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26 S, and genes encoding these proteasomal subunits were upregulated in response to

hydrogen peroxide (Godon et al. 1998, Lee et al. 1999).

The 26 S proteasome, consisting of one 20 S core particle and two 19 S regulatory
particles, is involved in degrading ubiquitinated proteins in an ATP-dependent manner and is
largely involved in degrading cell cycle regulatory proteins. Studies have reported that
oxidative stress induced a decrease in 26 S and a concomitant increase in 20 S (Wang et al.
2010b). This was explained by the fact that in the presence of ROS, which was either
generated by protein aggregates (Livnat-Levanon et al. 2014, Maharjan et al. 2014) or by
hydrogen peroxide (Wang et al. 2010b), the 26 S proteasome disassociated into its
constituent particles, and this inhibited its proteolytic activity and resulted in the
accumulation of ubiquitinated substrates. In fact, ubi4A mutants, deficient in targeting
damaged proteins for degradation, were more sensitive to hydrogen peroxide (Cheng et al.
1994) and suffer of mitochondrial dysfunction such that they undergo early apoptosis and
exhibit shortened replicative lifespan, which is only counteracted by the overexpression of
SOD2 (Zhao et al. 2018). Furthermore, proteasomal dysfunction or inhibition has also been

associated with cell death due to amino acid scarcity (Suraweera et al. 2012).

Unlike the 26 S proteasome, the 20 S core particle specifically degrades oxidised proteins
independent of ATP or ubiquitination (Wang et al. 2010b) and is key for cellular recovery
from oxidative stress in response to hydrogen peroxide (Davies 2001, Wang et al. 2010b). In
fact, the 20 S core particle proteasome was deemed the major player to degrade oxidised
biomolecules since rpn9A yeast mutants, defective in assembling the 26 S proteasome but

still containing the 20 S core particle, were more resistant to hydrogen peroxide since they
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could degrade carbonylated proteins more efficiently than in the presence of the 26 S

proteasome (Inai, Nishikimi 2002).

Autophagy

Another defence mechanism by which yeast may resist oxidative stress is autophagy
(Thorpe et al. 2004). Autophagy is an evolutionary-conserved mechanism which involves the
intracellular degradation and recycling of long-lived proteins and organelles to provide
nutrients and energy (Yin et al. 2016). For instance, yeast cells depleted of nutrients such as
carbon, nitrogen and single amino acids show autophagic bodies in their vacuoles and cause
cell cycle arrest (Takeshige et al. 1992). Autophagy is induced once an imbalance between
ROS production and thiol redox state occurs and contributes towards clearing cells of
irreversibly oxidised biomolecules. In fact, decreased autophagy leads to a decline in
proteostasis and this was shown in yeast atg3A mutants, defective in autophagy, which were

more sensitive to oxidative stress compared to wild-type yeast (Thorpe et al. 2004).

Autophagy aids homeostasis by removing defective or excess organelles under both
normal and stressful physiological conditions. In particular, autophagy is a key regulator of
organellar homeostasis, particularly of mitochondria, in a special form of autophagy known
as mitophagy (Lemasters 2005). During stationary phase, while yeast cells respire, excess
mitochondria are removed since the cells decrease their energy requirement. This limits the
extent of ROS production and accumulation (Kanki, Klionsky 2008). Furthermore, during
oxidative stress, dysfunctional mitochondria that have lost their membrane potential are
also eliminated since they are likely to release ROS and other molecules which trigger cell

death (Bin-Umer et al. 2014, Priault et al. 2005).
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1.3 The eukaryotic cell cycle and its role in oxidative tstress response
The cell cycle and the oxidative stress response have been studied in several eukaryotic

cells, since proliferation inevitably imposes a requirement for cellular energy (Kalucka et al.

2015), which is generated through a series of redox reactions that give rise to deleterious

ROS (see section 1.1.1).

To ensure that DNA replication and cell division only occur when sufficient cellular energy
reserves have accumulated, the yeast metabolic cycle and the cell division cycle are tightly
connected (Burnetti et al. 2016). A direct link exists between the presence of the key
metabolite involved in energy generation, acetyl-CoA, and cell-cycle progression in S.
cerevisiae (Shi, Tu 2013). The authors report that acetyl-CoA induces the transcription of the

key G1 phase cyclin CLN3 to promote entry into the cell cycle.

Conversely, a G1/S cell cycle delay in mammalian cells is associated with low ATP and low
ROS levels, both mediated by the anti-apoptotic protein, Bcl-2 (Du et al. 2017), a protein
involved in both oxidative stress resistance (Hockenbery et al. 1993, Kane et al. 1993) and

cell cycle progression (Janumyan et al. 2003, 2008, Linette et al. 1996).

The pleiotropic effect of oxidative stress on the cell cycle is crucial and largely dictate the
cell’s fate (Shackelford et al. 2000). The timely stress-induced arrest of the cell cycle at
checkpoints allows for the transcriptional reprogramming and repair of cellular damage,
until conditions are made favourable once again (Ho et al. 2018). This shows that the cell

cycle is a critical component of the cell’s response towards physiological stress.
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1.3.1 An overview of the cell cycle in S. cerevisiae

The eukaryotic cell cycle encompasses an evolutionarily conserved sequence of events
that occur in a growing cell to duplicate all of its components. These include not only the
nuclear genome but all intracellular organelles, which are divided between the two daughter
cells so that they are suitably equipped to repeat the replication process (Imoto et al. 2011,

Nurse 2000, Tyson, Novak 2008).

The cell cycle is tightly regulated and involves the alternation of DNA synthesis and DNA
segregation (Hartwell, Weinert 1989). These orderly phases of the cell cycle are governed by
the CDK Cdc28 in S. cerevisiae, which is in turn activated by, and complexes to phase-specific
cyclin molecules (as reviewed by Mendenhall, Hodge 1998). Once cells attain a critical size
and have sufficient nutrients at their disposition, they start a cycle of cell division which
starts with the emergence of the bud at the transition from late G1 into S phase (Hartwell et
al. 1974) (Figure 1.3). At this point, DNA synthesis also takes place and the yeast cell
replicates its spindle pole bodies and begins preparations for mitosis at the G2 phase (Figure
1.3). The mitotic spindle is built and the replicated chromosomes align at the metaphase
plate. The G2/M nucleus migrates to the neck of the bud and orients itself with one pole of
the mitotic spindle in the mother cell and the other pole in the bud. During anaphase, the
replicated chromosomes are segregated into two groups, one enters the mother cell
whereas the other enters the bud. Nuclear division is then followed by cytokinesis at the
neck of the bud to give rise to two unequal cells (Figure 1.3). If conditions are adverse or
become unfavourable during cell division, the cells activate cell cycle checkpoints which
delay or arrest cell cycle progression. Interference with cell cycle progression allows cells to
initiate the appropriate responses or allow time for conditions to become favourable once

again.
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Figure 1.3 The effects of a number of ROS-generating agents on the cell cycle of the budding yeast
Saccharomyces cerevisiae. Menadione (a superoxide radical generator), diethylmaleate (a glutathione-
depleting agent) and linoleic hydroperoxide (a ROS-derived lipid peroxide) arrest the budding yeast cell
cycle at the G1/S checkpoint prior to START, which marks the onset of DNA synthesis and bud emergence.
On the other hand, hydrogen peroxide causes the cell cycle of budding yeast cells to stop at the G2/M
checkpoint, prior to mitotic nuclear division. Morphologically, G2/M arrested budding yeast cells appear
as large cells with medium to large buds. DNA, deoxyribonucleic acid; GSH, glutathione; ROS, reactive
oxygen species.
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This ensures the removal or repair of cellular damage for the maintenance of healthy

daughter cells (Barnum, O’Connell 2014).

1.3.2 The effect of oxidative stress on the cell cycle in S. cerevisiae

The presence of oxidative stress in cells, due to both exogenous and endogenous sources,
is closely linked to cell-cycle progression. For example, in S. cerevisiae, low concentrations of
hydrogen peroxide induce a S phase delay followed by a G2/M arrest (Flattery-O’Brien,
Dawes 1998, Leroy et al. 2001), whereas menadione, a superoxide radical generator, induces
a G1 arrest (Flattery-O’Brien, Dawes 1998) (Figure 1.3). This shows that different ROS

activate different cell-cycle checkpoints via different pathways.

A study conducted by Shapira et al. (2004) showed why menadione- and hydrogen
peroxide-treated yeast cells were arrested at different cell cycle checkpoints. The authors
reported that the G2/M transcription regulatory complex involving the forkhead (Fkh)
transcription factors Fkh1 and Fkh2, is involved in the hydrogen peroxide-induced cell cycle
arrest in yeast. Hydrogen peroxide interferes with the assembly of this complex onto the
promoters of its G2/M target genes. Hence, these genes cannot be activated. Conversely,
menadione has no effect on this complex since menadione-treated cells progressed through
G2 to M phase, until they were then arrested at the subsequent G1/S checkpoint. However,
when fkhifkh2A cells were treated with menadione, these mutant yeast cells did not arrest
at the G1/S checkpoint like their wild-type counterparts. Instead, they stopped at the G2/M

checkpoint as hydrogen peroxide-treated wild-type cells.

These Fkh transcription factors are also responsible for the transcriptional activation of
the anaphase-promoting complex (APC) which is a cell cycle regulator. The function of the

APC under normal physiological conditions entails eliminating mitotic proteins such as the
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anaphase inhibitor Pds1, to promote the transition of mitosis into the G1 phase (Cohen-Fix
et al. 1996). However, under stressful conditions, the APC is also involved in counteracting
stress by eliminating inhibitors of the oxidative stress response (Ahlskog et al. 2010). The
roles of Fkh1, Fkh2 and the APC in overcoming oxidative stress was confirmed in a study
carried out by Postnikoff et al. (2012) who showed that in the presence of hydrogen
peroxide, a triple deletion mutant apc5“fkh1fkh2A was extremely sensitive to oxidative

stress compared to single mutants or to the wild-type yeast strain.

Hcm1, another Fkh transcription factor that plays a major cell cycle role in the
transcriptional activation of chromosome segregating genes (Pramila et al. 2006), has also
been implicated in oxidative stress resistance in response to hydrogen peroxide, and
especially menadione in S. cerevisiae cells (Rodriguez-Colman et al. 2010). The budding
yeast cyclin-dependent kinase (CDK) Cdc28 regulates the cytoplasm-to-nucleus translocation
of Hcm1 so that it can perform its cell cycle function (Ubersax et al. 2003). Rodriguez-
Colman et al. (2010) showed that upon addition of hydrogen peroxide or menadione, the
nuclear translocation of Hcm1 was enhanced. This phenomenon is in compliance with the
microarray gene expression data also presented in the same study which showed that the
overexpression of Hcm1 upregulated antioxidant genes (catalase and SOD2), and genes
involved in: (i) mitochondrial metabolism and biogenesis, (ii) de novo biosynthesis of NAD*
and (iii) alternative energy resources, namely to replenish TCA cycle intermediates. This
gene expression data also showed that the overexpression of Hcm1 differentially expressed

genes involved in cell cycle progression.

Ras2 is another protein which mediates cell cycle arrest when cells suffer of oxidative

stress. In fact, a diethylmaleate (DEM)-mediated GSH depletion caused cells to arrest in the
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G1 phase of the cell cycle (Figure 1.3) in a RAS-dependent manner (Wanke et al. 1999). Ras2
protects yeast, particularly when grown on non-fermentable carbon sources (Breviario et al.
1986, Tatchell et al. 1985), by mediating pleiotropic responses via the cyclic adenosine
monophosphate/protein kinase A (CAMP/PKA) pathway (Bissinger et al. 1989), which in turn
regulates various functions including cell-cycle progression (Kataoka et al. 1984, Mizunuma
et al. 2013, Toda et al. 1985). In response to oxidative stress generated by hydrogen
peroxide, Ras2 becomes proteolytically depleted (Leadsham et al. 2009) and this reduces
Ras-cAMP-PKA signalling which in turn allows cell-cycle arrest together with stress response
activation (Charizanis et al. 1999, Petkova et al. 2010). Furthermore, lack of Ras2 in cells was
associated with the degradation of the NADH oxidase Yno1l, which is a superoxide radical

generator in yeast cells (Leadsham et al. 2013) (see section 1.1.1).

Linoleic hydroperoxide, an ROS-derived lipid hydroperoxide, was also reported to induce
a G1/S cell cycle delay in S. cerevisiae cells (Alic et al. 2001) (Figure 1.3). A screen of genes
involved in the G1 cell cycle delay following linoleic hydroperoxide treatment of yeast cells
showed that the G1/S transcription factor Swi6 is highly implicated in response to this
oxidant (Fong et al. 2008). A subsequent study by Chiu et al. (2011) confirmed that Swi6
contains a redox-sensitive thiol group at Cys-404 which can be oxidised into sulfenic acid to
act as a stress sensor that detects oxidative stress and downregulates the expression of G1
cyclins (necessary for the G1 to S phase transition in the cell cycle) and of genes involved in

DNA replication.

The timely arrest of the cell cycle, to give sufficient time for oxidative stress response,
allows for the reparative actions of cellular antioxidant mechanisms, which reduce ROS. In

fact, several studies have shown that low ROS levels induced longevity in several organisms,
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including C. elegans (Schulz et al. 2007, Yang, Hekimi 2010), yeast (Mesquita et al. 2010) and
mice (Hekimi et al. 2011). Furthermore, these cellular antioxidant mechanisms, eliminate
oxidatively damaged and/or irreparable biomolecules and organelles (see section 1.2),
thereby promoting cell survival (Finkel 2011, Groeger et al. 2009). However, if conditions
still remain unfavourable, a select number of readily-available cell cycle-related proteins may
exert their pro-death effects in response to overwhelming stress (as reviewed by Azzopardi

et al. 2017). This ensures the demise of defective cells (King, Cidlowski 1998).

1.4 Ocxidative stress and cell death

Cells exposed to unfavourable conditions cannot carry out their normal physiological
functions. This in turn leads to their demise. Cell death may take place via several
pathways, and death by any one of them is dependent on the ability of the cell to cope with
the conditions to which it is exposed, namely the pro-death trigger/s and/or the

physiological state of the cell (Fulda et al. 2010).

Cells subjected to acute injuries, which arise from exposure to chemical agents,
mechanistic injuries or pathogens, die via a rapid, uncontrolled and unavoidable mechanism
of cell death termed accidental cell death (ACD), often equated with unregulated necrosis
(Galluzzi et al. 2018). This type of cell death is characterised by (i) increased cell volume
(oncosis), (ii) flocculent chromatin, (iii) degradation of nucleic acids and proteins, (iv)
complete disintegration of subcellular structures, and (v) early permeabilisation and
rupturing of the cell membrane, releasing proteases and cellular contents in the process.
The observation of these characteristics, in the absence of typical markers of other forms of
cell death such as apoptosis and/or autophagy, confirms unregulated necrosis (Eisenberg et

al. 2010, Zhivotosky, Orrenius 2001).
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Regulated cell death (RCD), unlike ACD, is an orderly process of cell elimination in
response to internal and external pro-death stimuli which can be genetically or
pharmacologically modulated (Galluzzi et al. 2018). Studies have shown that RCD may serve
a defence purpose to remove old, infertile or otherwise damaged cells, particularly those
which fail to maintain cellular homeostasis in response to unfavourable conditions (Green,
Llambi 2015). RCD also removes potentially dangerous cells harbouring deleterious
mutations particularly involved in cell cycle regulation, which may lead to uncontrollable cell
proliferation and onset of neoplasia (Evan, Vousden 2001). Furthermore, RCD may serve a
role in the developmental stages of organisms by removing unwanted cells. This form of cell

death is specifically referred to as programmed cell death (PCD) (Galluzzi et al. 2018).

Oxidative stress causes extensive cellular damage (see section 1.1.2) and inevitably
affects fundamental cellular processes which regulate the execution of cell death, including
the cell cycle (see section 1.3.2) and mitochondrial metabolism (Eisenberg et al. 2007). ROS-
induced dysregulation of cell death has been the crux of several diseases including aging
(Davalli et al. 2016), neurodegenerative diseases (Singh et al. 2019) and cancer (Kumari et al.

2018, Yang et al. 2018b).

Several studies have shown that different forms of cell death may arise when cells are
treated with oxidants, in a dose-dependent manner. In the presence of excessively high
concentrations of oxidants, S. cerevisiae cells suffered of overwhelming damage to their
cellular components and concomitantly died of accidental necrosis (Ludovico et al. 2001,
Madeo et al. 1999). Conversely, these same studies showed that cells treated with
relatively lower doses of oxidants resorted to apoptosis, one of the RCD pathways discussed

in section 1.4.1.
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1.4.1 Mechanisms of regulated cell death
RCD encompasses various forms of cell death; each form displays characteristic
morphological features that are induced by distinct mechanisms. These include autophagy,

a specific type of regulated necrosis termed necroptosis, as well as apoptosis.

Autophagy

Autophagy is a highly controlled degradative mechanism, which relays both pro-survival
and pro-death signals. In section 1.2.3, autophagy was described as a pro-survival
mechanism to bring about nutrient recycling during starvation conditions and to eliminate
oxidatively damaged biomolecules and organelles which, if left to accumulate, could
potentially trigger cell death. However, excessive autophagy, which may arise due to the
disruption of termination signals that normally restore autophagy to basal levels (Liu, Chen
2016), could result in a cell devoid of organelles. For instance, excessive mitophagy
mediated by the overexpression of PINK1 or Parkin, which are proteins recruited to impaired
mitochondria to trigger mitophagy, results in a cell which is unable to generate sufficient

energy for its physiological functions (Narendra et al. 2008, 2010).

Galluzzi et al. (2018) defined autophagy-dependent cell death as a form of RCD which is
executed by the autophagy machinery without involving other alternative cell death
pathways. The autophagy machinery, which in S. cerevisiae mainly consists of autophagy-
related (Atg) proteins, is necessary to synthesise the characteristic double-membraned
vesicles known as autophagosomes (Suzuki et al. 2007). These vesicles engulf cytoplasmic
contents which are degraded once autophagosomes fuse with lysosomes or vacuoles, in

metazoans or yeast, respectively (Feng et al. 2014).
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Yu et al. (2006) suggest that the specificity of the cargo sequestered in autophagosomes
determines the cell’s fate. The selective sequestration and ultimate degradation of proteins
required for cell homeostasis and viability facilitate cell death. Such proteins include
catalase (Yu et al. 2006) and inhibitor of apoptosis (IAP) proteins (He et al. 2014, Xu et al.
2016), amongst others. Furthermore, when autophagy is highly activated, but is defective in
its termination stages, it may be rerouted towards apoptosis or necroptosis (Choi et al.
2016). In fact, the membranes of autophagosomes may act as scaffolds for the assembly of
death-inducing complexes involved in necroptosis (Basit et al. 2013, Goodall et al. 2016,

Kharaziha et al. 2015) and apoptosis (Young et al. 2012).

Necroptosis

Necroptosis is a lytic form of cell death which is regulated and displays a necrotic
phenotype. In particular, it is characterised by the regulation of cell membrane leakage and
rupturing in response to a variety of signals, such as death receptor ligands belonging to the
tumor necrosis factor (TNF) family (e.g. TNF-a and Fas ligands) (Holler et al. 2000), under
apoptotic-deficient conditions, such as in T lymphocyte cells deficient for caspase-8
(Ofengeim et al. 2015) or when exposed to caspase inhibitors (Zhang et al. 2009). These
ligands lead to the activation of the receptor-interacting protein kinases RIPK1 and RIPK3,
which regulate necroptosis. Ultimately, RIPK3 phosphorylates and activates the
pseudokinase mixed lineage kinase domain-like (MLKL) protein which subsequently
translocates to the plasma membrane and compromises the integrity of the plasma
membrane (Dondelinger et al. 2014) to bring about cell lysis and necrotic cell death (Wang et
al. 2014). The exact mechanism by which MLKL protein brings about the permeabilisation

and rupturing of the plasma membrane is still obscure (Galluzzi et al. 2018). Studies
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proposed that MLKL may do so by forming membrane-disrupting pores (Wang et al. 2014) or
by allowing a sudden influx of extracellular Na* ions into the cell, thereby increasing the

intracellular osmolality which lead cells to burst (Chen et al. 20164, Xia et al. 2016).

In S. cerevisiae, the vacuolar protease Pep4 (previously described in section 1.2.3 as a
protease which proteolytically eliminates oxidatively-damaged proteins) was shown to
perform another cytoprotective function by extending the chronological lifespan (CLS) and
inhibiting necroptotic cell death via its non-proteolytic function at the pro-peptide stage
(Carmona-Gutierrez et al. 2011). The authors report that the anti-necrotic activity of Pep4 is
associated with hypoacetylation of histone H3 and is dependent on the biosynthesis of
polyamines, which are largely implicated in cellular survival and longevity (Eisenberg et al.
2009). However, the exact mechanism by which Pep4 exerts its anti-necrotic function is yet

largely unknown (Carmona-Gutierrez et al. 2011).

Apoptosis

Apoptosis is one of the most widely studied forms among RCD pathways. Apoptosis is
morphologically identified by (i) the externalisation of the lipid phosphatidylserine, which is
normally present in the inward-facing leaflet of the phospholipid bilayer of the plasma
membrane (Fadok et al. 1992, Martin et al. 1995), (ii) chromatin condensation (pyknosis),
(iii) reduction in cellular volume due to water loss from the cell, and (iii) plasma membrane
blebbing followed by karyorrhexis (nuclear fragmentation) which result in the appearance of
apoptotic bodies (Madeo et al. 1997). During the late stages of apoptosis, DNA
fragmentation (Bortner et al. 1995) and protein cross-linking (Nemes et al. 1996) are other

apoptotic biochemical features which are observed.
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Apoptosis is regulated by several protein families, including caspase cysteine proteases
and the Bcl-2 family of proteins. Caspases selectively cleave vital proteins at aspartic acid
residues (Thornberry, Lazebnik 1998), committing the cell to death in the process.
Procaspases (inactive precursors of caspases) are activated (i) by their aggregation in
response to death stimuli or (ii) by other caspases. This activation allows for the
amplification of a caspase cascade effect (Logue, Martin 2008). Depending on their role in
the cascade, caspases are broadly categorised into initiator caspases and effector caspases.
Initiator caspases activate downstream effector caspases, which in turn cleave target
proteins and bring about the disassembly of cells (Thornberry, Lazebnik 1998). In addition to
caspases, proteins belonging to the Bcl-2 family are also critical metazoan apoptotic
regulators which exert their actions directly on the outer mitochondrial membrane to

regulate mitochondrial permeability (Chipuk et al. 2006).

Intracellularly-generated death signals (see section 1.4.2.1), including DNA damage and
ROS accumulation, induce apoptosis, which may be mediated by two signalling pathways,
namely the extrinsic (death receptor-induced) pathway (Green, Llambi 2015) and the
intrinsic pathway (mitochondrial pathway) (Ferri, Kroemer 2001). Triggers which induce cell
death by generating excessive ROS levels often impair mitochondrial respiratory complexes
and/or overwhelm antioxidant systems. Such events further increase ROS levels. In turn,
accumulated ROS induce (i) the permeabilisation of the outer mitochondrial membrane
(Guaragnella et al. 2010b, Ludovico et al. 2002, Sapienza et al. 2008, Yamaki et al. 2001), (ii)
the release of cytochrome ¢ from the mitochondria, (Giannattasio et al. 2008, Guaragnella et
al. 2010b, Ludovico et al. 2002, Sapienza et al. 2008, Yamaki et al. 2001) and (iii)
mitochondrial fragmentation (Fannjiang et al. 2004), all of which transduce pro-apoptotic

signalling. The direct activation of the pro-apoptotic Bcl-2 proteins, Bax and Bak, triggers the
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release of several mitochondrial proteins into the cytoplasm, including cytochrome ¢, which
induces the formation of the apoptosome complex to activate caspases and the apoptotic

cell death cascade (Li et al. 1997).

1.4.2 Oxidative stress and apoptosis in S. cerevisiae

The reason for the evolutionary conservation of the basal apoptotic machinery in
unicellular organisms, such as yeasts, was far less clear until studies established that yeasts
naturally co-exist in colonies and have the ability to form biofilms when nutrients become
depleted (Vachovd, Palkova 2005, Zara et al. 2002). It then became evident that the
elimination of chronologically aged cells (Herker et al. 2004, Laun et al. 2001), or of infertile,
stressed or otherwise damaged yeast cells, lead to the redistribution of nutrients to younger,
healthier cells, thereby increasing their odds of survival (Bittner et al. 2006, Herker et al.
2004, Knorre et al. 2005). In fact, when Vachova and Palkova (2005) removed from the
centre of the colony, old mother cells that displayed high ROS levels amongst other
apoptotic markers, the survival of yeast cells decreased, indicating that the younger cells at

the periphery of the colony benefitted from the inner, aged cells.

Yeast cells displaying phenotypic changes associated with apoptosis were first observed in
cdc48 mutants, deficient in AAA-ATPase which has roles in cell division, protein degradation
and vesicle trafficking (Madeo et al. 1997). Yeast cells lacking this protein displayed similar
apoptotic features as mammalian cells, including the exposure of phosphatidylserine at the
outer layer of the plasma membrane, DNA fragmentation as well as extensive chromatin
condensation and fragmentation. In addition to these features, the release of cytochrome ¢
from the mitochondria was another key feature observed in yeast undergoing apoptotic

yeast cell death subjected to ROS or ROS-generating sources (Eisenberg et al. 2007,
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Giannattasio et al. 2008, Ludovico et al. 2002, Madeo et al. 1999, Manon et al. 1997,

Sapienza et al. 2008, Yang et al. 2008).

1.4.2.1 ROS-generating sources trigger apoptosis in S. cerevisiae

ROS have long been deemed as potent regulators of cell death (Chandra et al. 2000,
Simon et al. 2000, Ludovico et al. 2001, Madeo et al. 1999). Their accumulation is a key
event which occurs in yeast cells dying by apoptosis. In fact, aged mother cells dying by
apoptosis displayed high ROS levels when stained with dihydroethidium (Vachova, Palkova
2005). In addition, several studies have been carried out to decipher which ROS, or sources
of ROS, trigger apoptosis. Triggers were found to be either (i) exogenous, namely via
chemical or physical sources, or via the heterologous expression of human pro-apoptotic
proteins, or (ii) endogenous, by activating pro-death signal transduction pathways, for

example in response to mutations.

Exogenous sources

Apoptosis preceded by ROS accumulation may result from exposure to ROS-generating
exogenous agents including hydrogen peroxide (Madeo et al. 1999), acetic acid (Ludovico et
al. 2001, Giannattasio et al. 2005, Fannjiang et al. 2004), valproic acid (Mitsui et al. 2005),
acetylsalicylic acid (Balzan et al. 2004, Sapienza, Balzan 2005, Farrugia et al. 2013),
pheromones (Severin, Hyman 2002), heavy metals (Du et al. 2007, Liang, Zhou 2007,
Nargund et al. 2008), drugs (Almeida et al. 2008) and ultraviolet radiation (Del Carratore et
al. 2002). The heterologous expression of human pro-apoptotic proteins such as Bax also
promotes ROS generation in the mitochondria of budding yeast (Ligr et al. 1998). In turn,

the resultant ROS accumulation may cause a wide array of cellular damage (see section
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1.1.2) which if uncontrolled triggers internal pathways which overlap with pathways

activated by the following endogenous sources.

Endogenous sources

The presence of mutations which interfere with the cell’s ability to maintain cellular
homeostasis are endogenous sources which result in apoptotic cell death. Defects which
arise from such mutations cause cellular dysfunction and result in the subsequent activation
of pro-death pathways (Weinberger et al. 2005). Mutations which cause defects in
mitochondrial oxidative phosphorylation such as respiratory-deficient mutants lacking
mitochondrial DNA, as well as mutants with a depleted intramitochondrial ATP pool due to
inhibition of mitochondrial respiration, die via an apoptosis-like cell death, involving ROS

accumulation (Trancikova et al. 2004).

Furthermore, gene deficiencies or defects associated with the oxidative stress response
machinery also trigger cell death by apoptosis and shorten the replicative lifespan during
oxidative stress (Odat et al. 2007, Zhao et al. 2018). For instance, mutations which result in
glutamate or GSH depletion result in cell death by apoptosis. This occurs due to glutamate’s
vital cellular roles in the synthesis of the (i) metabolite a-ketoglutarate, which is necessary
for the bioenergetic and biosynthetic functions of the TCA cycle, and (ii) major cellular
antioxidant GSH which plays a key role in maintaining redox homeostasis for cells to thrive.
Yeast mutant cells which suffer of glutamate depletion, including gdh3A cells (lacking a
NADP+-dependent glutamate dehydrogenase) (Lee et al. 2012) and cit1A cells (lacking
mitochondrial citrate synthase) (Lee et al. 2007), display apoptotic features accompanied by
high levels of ROS. Similarly, Madeo et al. (1999) showed that yeast cells lacking GSH1,

encoding the first enzyme involved in GSH biosynthesis, y-glutamylcysteine synthetase, also
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displayed apoptotic markers. These markers include DNA breakage, chromatin

condensation and margination and phosphatidylserine translocation.

Moreover, DNA damage and replication failure, potentially induced by mutations
acquired during chronological and replicative aging, often result in cell cycle dysfunction due
to checkpoint abrogation (Shimada et al. 2002, Shirahige et al. 1998) or impairment in DNA

repair and synthesis, followed by cell death (Iraqui et al. 2009, Weinberger et al. 2005).

1.4.2.2 ROS-dependent apoptotic cell death occurs both in the presence and
absence of caspase-like proteases

Yeast cells undergo apoptotic cell death accompanied by characteristic morphological
features as observed in mammalian cells (see section 1.4.1). As described in section 1.4.1,
caspases are the key molecular players which bring about apoptosis in mammalian cells.
Similarly, yeast cells contain caspase-like proteases which execute apoptotic cell death in an
analogous manner to mammalian caspases. However, studies of ulterior apoptotic
pathways independent of caspase activity have also been extensively reported and studied

(Burhans, Weinberger 2007, Blttner et al. 2006, Susin et al. 1996, 1999, Wissing et al. 2004).

Apoptotic yeast cell death in the presence of caspase-like proteases

Studies revealing the key molecular players involved in the mechanisms of apoptotic
yeast cell death described several caspase-like proteases. All caspase-like proteases were
shown to cleave target proteins which are involved in the signal transduction of the
apoptotic cell death pathway. Such caspase-like proteases include the yeast metacaspase
protein Ycal (Madeo et al. 2002), the separase protein Espl (Yang et al. 2008) and the

nuclear protease Nmal11 homologous to HtrA2 in mammalian cells (Fahrenkrog et al. 2004).
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Ycal is a metacaspase which contains a caspase-like fold (Uren et al. 2000). Ycal is a
highly important molecule since it is required both during normal physiological conditions as
well as during cellular stress, due to its non-death and pro-death roles. This dual role of Ycal
confirms the ease by which a cell may transform an adaptive response into cell death using

machinery which is readily available.

A non-death role of Ycal entails upregulating the proteasomal activity to eliminate
damaged proteins which would have been previously ubiquitinated (Khan et al. 2005, Lee et
al. 2010). Furthermore, Ycal also plays a non-death role in cell cycle regulation by activating
the G2/M checkpoint (Lee et al. 2008) essential for ensuring the absence of any lesions
associated with DNA synthesis during the S phase (Magiera et al. 2014). However, in the
presence of several exogenous and endogenous pro-apoptotic factors, Ycal is also closely
linked with ROS generation and the onset of apoptosis in yeast (Madeo et al. 2002; Ludovico
et al. 2002, Weinberger et al. 2005) (Figure 1.4). In fact, ycalA yeast cell mutants showed
increased survival by evading apoptosis induced by H,02 (Madeo et al. 2002) or by acetic
acid (Ludovico et al. 2002), even though Khan et al. (2005) reported that such mutants yeast
cells contained higher levels of oxidised protein carbonyl groups when compared to wild-
type yeast cells. Moreover, this phenomenon was exacerbated by treatment with hydrogen

peroxide.

Yeast cell death triggered independently of Ycal has been reported, and may involve
other caspase-like proteases (as reviewed by Wilkinson, Ramsdale 2011). One such protein
is separase, Espl1, which under normal conditions is a cell cycle-related protein that brings
about the onset of anaphase (Baskerville et al. 2008). The destruction of the separase

inhibitor Pds1, during late metaphase, by the Cdc20-activated anaphase promoting complex
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Figure 1.4 The molecular machinery and phenotypic features of a budding yeast cell undergoing apoptotic cell death. Pro-apoptotic triggers
such as hydrogen peroxide (H>0O.) and other reactive oxygen species (ROS), induce apoptotic cell death via pathways involving either caspase-like
proteases, such as the yeast metacapase Ycal, the separase protein Espl and the nuclear protease Nmalll, or in their absence via the yeast mitochondrial
apoptosis-inducing factor Aifl, the mitochondrial nuclease Nucl and/or the internal NADH dehydrogenase Ndil. These pathways result in a
characteristic apoptotic phenotype which includes the externalisation of phosphatidylserine at the cell membrane, DNA fragmentation and chromatin

compaction in the nucleus, as well as the permeabilisation of the outer mitochondrial membrane (OMM) and release of cytochrome ¢ from the
mitochondrial intermembrane space (IMS).



(APC), activates Espl. The activated Esp1 cleaves the cohesin subunit Mcd1, which is
responsible for joining sister chromatids together. Thus, Espl mediates the dissociation of
Mcd1 from sister chromatids such that these can separate during anaphase (Uhlmann et al.
1999). Inthe presence of H,0;, the activation of Espl mediates further cleavage of the
Mcd1’s C-terminal and the truncated Mcd1 is translocated from the nucleus to the
mitochondria, acting as a nuclear signal for cytochrome c-dependent cell death (Yang et al.
2008), via a Ycal-dependent mechanism which is not yet fully elucidated (Ludovico et al.
2002) (Figure 1.4). The proteolytic activity of Espl is similar to that of caspases. In fact, the
protein sequence of Esp1 is analogous to that of the human caspase-1 protein (Uhlmann et
al. 2000). This observation was confirmed when Esp1’s proteolytic activity was inhibited by

a caspase-1 inhibitor (Yang et al. 2008).

Another pro-apoptotic protease identified in yeast is Nmal1l1l, which is homologous to
HtrA2 in human cells. HtrA2 is known to induce apoptosis by antagonising inhibitor of
apoptosis (IAP) proteins (Hegde et al. 2002, Suzuki et al. 2001, Yang et al. 2003, Verhagen et
al. 2002). Similarly, the nuclear serine protease Nmalll was associated with apoptotic
induction in yeast since upon treatment with hydrogen peroxide, nmal11A null mutants
failed to display characteristic apoptotic features unlike their wild-type counterparts.
Moreover, the overexpression of Nmalll caused their wild-type counterparts to die by
apoptosis (Fahrenkrog et al. 2004). In the presence of oxidative stress, Nmal1l1l acts on the
IAP protein Birl, making yeast cells more sensitive to apoptotic cell death, similar to yeast

cells lacking bir1 (Walter et al. 2006) (Figure 1.4).
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Apoptotic yeast cell death in the absence of caspase-like proteases

Apoptotic pathways dependent on caspase-like proteases only make up 40% of
investigated cell death scenarios (Madeo et al. 2009). Most other scenarios involve other
apoptogenic factors, most of which are located in the mitochondria to promote pro-
apoptotic signalling. Mitochondrial factors which are involved in mediating Ycal-
independent apoptotic cell death include Aifl (homolgous to AIF in mammals) (Susin et al.
1996, 1999, Wissing et al. 2004), Ndil (homologous to AMID in mammals) and Nucl
(homologous to endonuclease G in mammals) (Burhans, Weinberger 2007, Bittner et al.
2006). All of these proteins have dual cellular roles, depending on whether the cell is

triggered to undergo cell death or not.

Aifl is a mitochondrial NADH-dependent oxidoreductase involved in oxidative
phosphorylation (Amigoni et al. 2016) and its absence in mammalian cells caused a severe
decline in the activity of respiratory complexes (Vahsen et al. 2004). Upon mitochondrial
membrane permeabilisation triggered by the presence of oxidants or during aging, Aifl
migrates to the nucleus (Susin et al. 1999, Wissing et al. 2004, Yu et al. 2009) whereby it is
critical to bring about chromatin condensation and DNA degradation, two key features of
apoptotic cell death (Figure 1.4). This observation was confirmed by the higher survival
rates of gif1A deletion mutants, when treated with oxidants or during aging (Wissing et al.

2004).

The mitochondrial NADH-dependent oxidoreductase Ndil, which also participates in
respiration, is another pro-apoptotic molecule which may bring about cell death in a
metacapase-independent manner in yeast (Cui et al. 2012). The oxidoreductase function of

Ndil during respiration is linked with ROS generation (see section 1.1.1), especially when
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NDI1 is overexpressed or if respiration is enhanced by growth on glucose-limited media,
especially in sod2-deficient cells (Li et al. 2006) (Figure 1.4). Cui et al. (2012) showed that
Ndil’s pro-apoptotic property is separable from its role in respiration. In fact, the authors
show that when yeast cells are subjected to various pro-apoptotic stimuli, such as hydrogen
peroxide, Ndil is activated by cleavage of its N-terminal, and this is in turn translocated to
the cytoplasm to execute its apoptotic activity (Figure 1.4). Yet, further studies are needed
to elucidate the pro-apoptotic pathway which follows the release of Ndil from the

mitochondria (Cui et al. 2012).

Another mitochondrial apoptogenic factor which is involved in stress response and Ycal-
independent apoptotic cell death is Nucl (Buttner et al. 2006). Treatment of yeast cells with
hydrogen peroxide triggers the translocation of Nucl from the mitochondria to the nucleus
to induce apoptosis in a Ycal-independent manner (Bittner et al. 2007) (Figure 1.4). In fact,
the deletion of the mitochondrial localisation sequence promoted its pro-apoptotic activity
since Nucl was expelled from mitochondria. Once inside the nucleus, Nucl interacts with
the histone protein H2B and digests nuclear DNA in the absence of caspase activity (van Loo
et al. 2002) (Figure 1.4). H2B has been highly implicated in hydrogen peroxide-induced cell
death since it directly mediates apoptotic chromatin compaction (Ahn et al. 2005, 2006).
Interestingly, nuc1A mutants grown in non-fermentable media evade apoptotic cell death,
unlike if grown on fermentable media whereby they die by necrotic death. This indicated
that Nucl may protect, or sensitise yeast cells to cell death depending on whether they

respire or not (Bltttner et al. 2007).
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1.4.3 Evasion of apoptosis and carcinogenesis

Tissue homeostasis in multicellular organisms or the maintenance of a healthy colony of
unicellular organisms is ensured by the maintenance of a healthy balance between
proliferation and removal of cells by apoptosis (Green, Evan 2002, Lowe, Lin 2000).
Mutations or cellular events which lead to the dysregulation of the cell cycle (Lau et al. 2007)
or evasion of apoptosis (Fulda 2010, Sharma et al. 2019) result in rapid and uncontrolled
cellular proliferation which leads to carcinogenesis. In fact, cancer cells alter their genetic
expression, namely by upregulating anti-apoptotic proteins (Mallick et al. 2009, Lee et al.
2019) and downregulating pro-apoptotic proteins (Manoochehri et al. 2014, Pompeia et al.

2004).

However, to keep on proliferating indefinitely, cancer cells need a constant supply of
nutrients, such as glucose and glutamine, to be able to meet their biosynthetic and
bioenergetic requirements. This characteristically altered metabolism in cancer cells
generates higher levels of ROS as compared to normal cells, and thus cancer cells,
particularly in their early stages of altered metabolism, are more prone to suffer from
oxidative stress (El Sayed et al. 2013). This key difference between normal cells and early-
stage cancer cells is being therapeutically exploited to selectively induce apoptosis in cancer

cells but not in normal, healthy cells (see section 1.5).

1.5 Non-steroidal anti-inflammatory drugs (NSAIDs) and
chemoprevention

NSAIDs such as salicylates, are being extensively studied to understand their effects on
cells, particularly on transformed, malignant cells. NSAIDs are a group of drugs which are

primarily used to control fever, pain and inflammation since they possess antipyretic,

52



analgesic and anti-inflammatory properties. Like steroids, NSAIDs reduce inflammation by
inhibiting the cyclooxygenase enzymes COX-1 and COX-2, which catalyse the conversion of
arachidonic acids into pro-inflammatory prostaglandins (Vane 1971). It has long been
hypothesised that the origin of cancer occurs at sites of chronic inflammation where cell
proliferation is promoted and this increases the risk for tumour initiation (Trinchieri 2012,

Virchow 1863).

Studies have shown that prolonged or dysregulated inflammation may trigger changes in
the expression of oncogenes, tumour suppressor genes and/or pro-inflammatory genes
(Landskron et al. 2014, Rao et al. 2010), all of which play a role in malignant transformation.
For instance, tumorigenesis is mediated by high levels of the pro-inflammatory prostaglandin
E2 (PGE2) which in turn stimulate cancer cell proliferation and invasion (Ke et al. 2016,
Kawamori et al. 2003). Furthermore, Roberts et al. (2011) showed that glucose deprivation
of colorectal tumour cells increases the expression of COX-2 and concomitantly increases the
levels of PGE2 which facilitates the adaptation and survival of tumours in a glucose-deprived

environment.

The anti-inflammatory properties of NSAIDs are well-documented in the literature.
However, since inflammation and tumorigenesis are intimately linked, interest grew to
unravel the potential of NSAIDs in cancer prevention. In fact, several epidemiological studies
indicated that the regular use of NSAIDs is associated with reduced risk of incidence and
mortality from several cancer types to different extents (Algra, Rothwell 2012, Bosetti et al.
2012, Harris et al. 2005). These include breast cancer (Dierssen-Sotos et al. 2016, Kim et al.
2015, Harris et al. 2003), colorectal and gastrointestinal cancer (Baron et al. 2003,

Benamouzig et al. 2003, Burn et al. 2011a, Burn et al. 2011b, Friis et al. 2015; Ishikawa et al.
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2013, Logan et al. 2008, Rothwell et al. 2010, Ruder et al. 2011, Sandler et al. 2003), lung
cancer (Olsen et al. 2008, Harris et al. 2002, Ye et al. 2019), prostate cancer (Doat et al.
2017, Vidal et al. 2015), ovarian cancer (Baandrup et al. 2015, Prizment et al. 2010, Trabert

et al. 2014) and head and neck cancer (Shi et al. 2017) among others.

The majority of the above-mentioned epidemiological studies concluded that a daily,
long-term use of a low-dose of NSAID in senior people, reduced the risk of incidence and
mortality from cancer, or of relapse. This hypothesis warranted further experimental studies
to provide solid evidence for the indicative results gathered by epidemiological studies. In
spite of the fact that numerous studies were and are still being carried out to understand the
underlying chemopreventive mechanisms and anti-tumour activity of NSAIDs, these are still
not fully elucidated. However, most studies showed that various NSAIDs exerted an anti-
proliferative effect which was often followed by cell death in malignant cells, as discussed in

the following section.

1.5.1 The anti-proliferative properties of aspirin and other NSAIDs

Sustained proliferation is critical in cancer development and progression. In fact,
malignant cells alter their physiology to adapt to a highly-proliferative mode of life by
altering the expression of key cellular regulators, such as cell cycle regulators and molecules
involved in energy generation and lipid biosynthesis, to meet the high metabolic demands of
such cells. Thus, the capacity of cancer cells to evade growth control and to proliferate
rapidly, is a key survival strategy for them to outcompete normal, untransformed cells.
Hence, novel cancer preventive measures and cancer therapies are focussing on identifying
anti-proliferative drugs and molecular targets involved in cellular proliferation pathways, in

an attempt to control or impede cancer cell growth. Various studies have shown how
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different NSAIDs exhibited anti-proliferative activity on different cancer cells. The
mechanisms employed by NSAIDs to exert their chemopreventive, anti-proliferative
behaviour may be dependent or independent of their ability to inhibit COX enzymes and

suppress inflammation.

1.5.1.1 COX-dependent mechanisms of NSAID chemoprevention

The chemopreventive properties of NSAIDs, are in part due to their ability to counteract
inflammation and suppress cell proliferation, an important hallmark in tumour formation
(Chang et al. 2009). The COX-inhibiting role of NSAIDs is particularly effective for
chemoprevention since various cancer cell types were found to overexpress COX enzymes
(Eberhart et al. 1994, Ferrandina et al. 2002, Hida et al. 1998, Hwang et al. 1998, Koga et al.
1999, Roelofs et al. 2014, Tucker et al. 1999), which increase resistance of cancer cells to
apoptosis (Sun et al. 2002, Wang et al. 2019), stimulate angiogenesis (Hu et al. 2017) and

promote invasion and metastasis, amongst other effects (Tsuji et al. 1997).

Studies have reported that NSAIDs suppress inflammation and proliferation of
transformed cells by: (i) inhibiting cancer cells from upregulating the expression of COX
enzymes (Al-Nimer et al. 2015), (ii) inhibiting COX activity and prostaglandin formation (see
section 1.5), or by (ii) accumulating arachidonic acid, which in various colorectal cancer cell
lines has led to the induction of apoptosis through the activation of pro-apoptotic molecules

including caspase-3 (Monjazeb et al. 2006) and ceramides (Chan et al. 1998).

Furthermore, sulindac sulfide reversed the inhibition of apoptosis that had been observed
in mammalian cells overexpressing the human cyclocoxygenase-2 (COX-2) gene (Tsuiji,

DuBois 1995) and also induced apoptosis in human colorectal adenocarcinoma (HT-29) cells
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which similarly express COX-2 (Piazza et al. 1995, Shiff et al. 1995). In addition, the anti-
proliferative effect of the NSAID metamizole on human breast adenocarcinoma MCF-7 cells
and on colorectal adenocarcinoma HT-29 cells, was at least partly due to the induction of
apoptosis and suppression of cell migration (Nikolova et al. 2018). Metamizole also inhibited
the growth of the pancreatic cancer cell lines PaTu 8988 and Panc-1 (Malsy et al. 2017) and
lung carcinoma A549 cells (Shao, Feng 2013). However, in both studies, the authors failed to

indicate the mechanism by which metamizole suppressed their growth.

1.5.1.2 COX-independent mechanisms of NSAID chemoprevention

NSAIDs may also induce apoptosis independent of their ability to suppress COX and thus
inflammation (Elder et al. 1997, Luciani et al. 2007, Yin et al. 2006, Yip-Schneider et al. 2001).
These COX-independent mechanisms by which NSAIDs exert their chemopreventive
properties were initially demonstrated in vitro whereby NSAIDs could inhibit proliferation
and/or induce apoptosis in several tumour cell lines irrespective of their COX expression and
ability to synthesise prostaglandins (Hanif et al. 1996). In fact, supplementation of cancer
cells with prostaglandins, did not reverse the anti-proliferative effect of NSAIDs (Chan et al,
1998, Hanif et al. 1996). Also, the sulfone metabolite of sulindac, which does not inhibit COX
enzymes, still induced apoptosis in HT-29 cells (Piazza et al. 1997, Reddy et al. 1999). Hence,
these observations and other studies clearly confirm that NSAIDs may limit the proliferation
and induce apoptosis in several human cancer cell lines via COX- independent pathways

(Elder et al. 1997, Luciani et al. 2007, Yin et al. 2006, Yip-Schneider et al. 2001).

Studies delineating COX-independent mechanisms found that aspirin may induce
transcriptional changes to exert its chemopreventive properties, such as by changing the

expression of cell cycle regulatory proteins (Chang et al. 2009, Cheng et al. 2017, Dachineni
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etal. 2016, Goel et al. 2003, Shiff et al. 1995) (see section 1.5.2.1) or by changing the
expression and levels of pro-apoptotic and anti-apoptotic proteins. For instance, aspirin and
other NSAIDs decreased the expression and protein levels of the anti-apoptotic proteins Bcl-
2 and survivin in various human cancer cells (Bank et al. 2008, Ding et al. 2014, Greenspan et
al. 2011, Lai et al. 2008, Lu et al. 2008, Pathi et al. 2012, Sankpal et al. 2012, Yang et al.
2011). Aspirin also reduced cancer cell proliferation by (i) increasing the translocation of Bcl-
2 to the nucleus whereby it led to apoptotic cell death of breast cancer cells MCF-7 (Choi et
al. 2013), and by (ii) inhibiting the migration and invasion of oral squamous cell carcinoma
(OSCC) cells (Zhang et al. 2018). On the other hand, NSAIDs increased the expression of the
pro-apoptotic proteins Bax and caspase-3 (Bank et al. 2008, Ding et al. 2014, Lai et al. 2008).
The indomethacin-mediated upregulation of Bax in oesophageal adenocarcinoma cells,
resulted in mitochondrial cytochrome c translocation (Aggarwal et al. 2000). Furthermore,
the aspirin-mediated activation of Bax and caspase8/Bid was also involved in the apoptosis
of the gastric cancer cells AGS and MKN-45 (Gu et al. 2005). Bax levels were also increased
by the aspirin-mediated inhibition of the cellular ubiquitin proteasome degradation
pathways in human lung cancer cells (Huang et al. 2002) and in neuroblastoma cells (Dikshit
et al. 2006). The latter cells were observed to contain severe mitochondrial abnormalities,
including membrane depolarisation, cytochrome c release from the mitochondria and

caspase activation.

Caspases are often involved in the mechanisms by which NSAIDs bring about cell death in
malignant cells. Aspirin and other NSAIDs were reported to reduce proliferation and induce
apoptosis in HT-29 colon adenocarcinoma cells mediated by caspases (see section 1.5.1). In
fact, the addition of caspase inhibitors to aspirin-treated HT-29 cells rescued these cells from

death by apoptosis (Castafio et al. 1999). Similarly, treatment of squamous cell carcinoma of
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the head and neck (SCCHN) with celecoxib and sulindac sulfide activated caspase-3 and

subsequently induced apoptosis after 48 hours of treatment (Bock et al. 2007).

Moreover, aspirin prevents the binding of c-Raf with Ras in A549 human lung cancer cells
(Pan et al. 2008). The binding of c-Raf with Ras is important to activate the extracellular-
signal-regulated kinase (ERK) signalling pathway. This pathway is involved in cellular
proliferation, differentiation and survival and is highly activated in cancers (as reviewed by
Bos 1989). Aspirin also interfered with the interaction between the mammalian proto-
oncogenic protein K-ras and the enzyme p110a and this inhibited the proliferation of human
uterine leiomyoma cells (Gao et al. 2017). p110a is the Ras-binding catalytic subunit of the
type | phosphatidylinositol 3-kinase (PI3K), which is involved in the regulation of RAS-
mediated cell growth, cell cycle entry and cell survival (Castellano, Downward 2011). The
disruption of the RAS-PI3K interaction is associated with reduced growth and survival of

malignant cells, which in turn inhibits the onset of tumorigenesis (Murillo et al. 2018).

1.5.2 NSAIDs and cell cycle arrest
Anti-proliferative mechanisms are often brought about by stopping the cell cycle for

repair or cell death, to prevent genetically defective cells, like cancer cells, from proliferating
uncontrollably. The anti-proliferative characteristics of NSAIDs bring about cell cycle arrest
mediated by the induction or inhibition of cell cycle regulatory players. For instance, a G1
cell cycle arrest was followed by apoptosis in (i) human MG32 osteosarcoma cells treated
with the NSAIDs aspirin, indomethacin and nimesulide (De Luna-Bertos et al. 2012, Diaz-
Rodriguez et al. 2012) and in (ii) A549 human lung carcinoma cell line treated with the NSAID
metamizole (Shao, Feng 2013). Similarly, the NSAIDs celecoxib and sulindac sulfide were

observed to inhibit cell cycle progression of the squamous cell carcinoma of the head and
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neck (SCCHN) at the G1 phase, followed by apoptosis (Bock et al. 2007). Evidence in this
study showed that these NSAIDs mediated cell cycle arrest by: (i) inducing the G1 CDK
inhibitor p21, and by (ii) inhibiting the G1 cyclin D1 and the G1/S transcription factor E2F.
Similarly, aspirin was also found to downregulate the transcription factor E2F in ovarian

cancer, to induce a G1 cell cycle arrest (Valle et al. 2013).

1.5.2.1.  Mechanisms of aspirin-induced cell cycle arrest

Aspirin causes a G1 arrest followed by apoptosis in the pancreatic cancer cell lines BxPC3
and Panc-1 (Perugini et al. 2000), in the liver cancer cell line HEPG2 (Hossain et al. 2012,
Raza et al. 2011), as well as in several colorectal cancer cell lines (Luciani et al. 2007, Pathi et
al. 2012) including HT-29 (Castafio et al. 1999, Qiao et al. 1998, Piazza et al. 1995, Shiff et al.

1996), HCT116 (Goel et al. 2003) and in SW480 (Lai et al. 2008).

Aspirin’s ability to cause a G1 cell-cycle arrest in mammalian cells is partially dependent
on its ability of activating ataxia telangiectasia mutated kinase (ATM) (Luciani et al. 2007)
and of upregulating the CDK inhibitor gene, p21 (Hardwick et al. 2004, Jung et al. 2015,
Luciani et al. 2007). The activation of the G1/S checkpoint, dependent on ATM, is
independent of aspirin’s ability of inducing oxidative stress or of its anti-inflammatory
properties (Luciani et al. 2007). The activation of ATM results in the phosphorylation and
activation of its substrates, including the tumour suppressor p53 and the G2/M CDK protein,
CHK2. However, in p53-deficient cells, cells bypass the G1/S checkpoint and accumulate at
the CHK2-mediated G2/M checkpoint (Luciani et al. 2007). The activation of both p53 and
CHK2 increases the levels of p21, which is in turn critical to bring about the aspirin-induced

G1 arrest in colorectal cells (Hardwick et al. 2004, Hirao et al. 2000, Luciani et al. 2007).
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Hardwick et al. (2004) showed that aspirin repressed other genes involved in the
regulation of the cell cycle, namely cyclin proteins. This was also shown in other studies
(Dachineni et al. 2016, Yip-Schneider et al. 2001). The absence of specific cyclins prevents
the cell cycle from proceeding from one phase to the next, thus arresting the cell cycle at
different checkpoints. Furthermore, aspirin may also target proteins involved in DNA
synthesis and repair, and upregulates their expression in cancer cells. These proteins,
particularly mismatch repair (MMR) proteins, may inhibit cell growth by interfering with cell-
cycle progression and induce the G1/S checkpoint or by promoting apoptosis (Goel et al.
2003). By doing so, genomic integrity is maintained since cells have an increased chance of

repairing DNA damage or induce apoptosis in genetically-defective cells.

However, the literature contains a number of studies which report a G2/M cell cycle
arrest in response to treatment with aspirin or aspirin derivatives. Subbegowda and
Frommel (1998) reported evidence of aspirin retarding cell cycle progression through the S
and G2/M phases in the human colonic tumour cells SW620 and HT-29. However, this
anomalous arrest could be attributed to the fact that in this study, these cells died by

necrosis since no cells in the population bound annexin V alone.

A similar NSAID which also induced a G2/M cell cycle arrest in colorectal cancer cells is
mesalazine (also known as 5-aminosalicylic acid, 5-ASA) (Reinacher-Schick et al. 2003).
Unlike most NSAIDs, mesalazine had no effect on the expression of the G1 CKI p21, and the
authors attribute this arrest to an anti-mitotic effect which is specific to this drug. In fact, a
subsequent study by Koelink et al. (2010) reported that treatment of colorectal cancer cells
with 5-ASA induced apoptosis and abnormal spindle organisation that led to mitotic

catastrophe.
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Moreover, a modified aspirin molecule, containing a nitric oxide-releasing group (NO-
ASA) was also shown to inhibit cell growth and induce a G2/M arrest in several human
cancer cells, accompanied by high intracellular ROS levels (Gao, Williams 2012). The authors
linked this arrest with NO-ASA-induced oxidative stress since the addition of the antioxidant
N-acetylcysteine prevented this arrest. However, keeping in mind that aspirin treatment in
cancer cells also generates oxidative stress (Raza et al. 2011), the mechanism by which NO-
ASA induces a G2/M arrest is still unclear. In fact, generation of oxidative stress in cancer
cells by other nitro-derivatives of aspirin such as NCX4040 (Chinnapaka et al. 2019), NCX-
4016 (Selvendiran et al. 2008) and NOSH-aspirin (Kashfi 2015) still induced a GO/G1 cell cycle

arrest (Chinnapaka et al. 2019, Selvendiran et al. 2008).

1.5.3 NSAIDs and oxidative stress

The oxidative metabolism in cancer cells is highly distinctive from that of normal cells,
since cancer cells alter their metabolism to facilitate their rapid proliferation (Warburg
1956). During, the early stages of their development, cancer cells often suppress the
expression and protein levels of the mitochondrial antioxidant enzyme MnSOD in a p53-
dependent manner (Dhar et al. 2011, Oberley, Buettner 1979) before MnSOD expression is
reelevated during tumour development to counteract elevated ROS levels generated by their
increased metabolic activity. Low levels of MnSQOD in early-stage cancer cells inconceivably
result in elevated levels of mitochondrial ROS and injury (see section 1.1.2), at which point
malignant cells are more prone to suffer from oxidative stress compared to normal, healthy
cells (El Sayed et al. 2013, Pelicano et al. 2004, Szatrawski, Nathan 1991). Thus, NSAIDs are
often deemed chemopreventive since they conveniently exploit this marked difference in

MnSOD levels to inhibit the growth of early-stage cancer cells. This was also confirmed in
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yeast cells whereby aspirin caused apoptotic cell death in the MnSOD-deficient EG110 yeast
cells grown in ethanol medium, which like early-stage cancer cells are redox-compromised,
but not in their wild-type counterparts which like normal, healthy cells are not redox-

compromised (Balzan et al. 2004).

Various studies have shown how NSAIDs induce oxidative stress to mediate cell death in
early-stage cancer cells. In fact, it has been widely confirmed that NSAIDs target
mitochondria and mitochondrial proteins to induce ROS accumulation (Farrugia et al. 2013,
Gu et al. 2005, Pathi et al. 2012, Marimuthu et al. 2011). In fact, most mechanisms of
NSAID-induced cell death involve the loss of mitochondrial membrane potential, subsequent
mitochondrial dysfunction and apoptosis (Marchetti et al. 2009, Raza et al. 2011, Sapienza et
al. 2008), mediated by mitochondrial Bcl-2 proteins and other mitochondrial apoptogenic
proteins (see section 1.4.2.2). NSAIDs also induce ROS accumulation by: (i) inhibiting
mitochondrial respiratory complexes (Sandoval-Acuiia et al. 2012, van Leeuwen et al. 2011),
(i) inhibiting the activity of MnSOD (Albano et al. 2013) or by (iii) activating Akt (Rai et al.
2015), a signalling molecule involved in regulating cell survival, proliferation and
metabolism, often found elevated in cancer cells (Crowell et al. 2007). Furthermore, NSAIDs
also mediate cell death by targeting mitochondrial membrane proteins involved in ion

exchange and calcium uptake (Nuiez et al. 2006, Tewari et al. 2017).

In general, salicylates have proved to exhibit both pro-oxidant (Battaglia et al. 2005,
Hermann et al. 1999, Klessig et al. 2000) and antioxidant properties (Baltazar et al. 2011,
Grosser, Schroder 2003, Yiannakopoulou, Tiligada 2009) and thus can be regarded as
potential modulators of the oxidative stress response. In fact, a high concentration of

salicylic acid promoted ROS production, induced oxidative stress and reduced the stress

62



tolerance in plants (Herrera-Vasquez et al. 2015). Furthermore, salicylic acid mediated the
inhibition of the hydrogen peroxide detoxifying enzymes catalase and ascorbate peroxidase,
which also promoted ROS accumulation (Chen et al. 1993, Durner, Klessig 1995). On the
other hand, salicylic acid may also act as an antioxidant, particularly when it acts in concert
with GSH, to control the transcription of defence genes against biotic and abiotic stress and

the scavenging of ROS (Herrera-Vasquez et al. 2015).

1.5.3.1 Aspirin and oxidative stress

The ability of aspirin, a derivative of salicylic acid, to modulate the redox state in the cell
allows it to exhibit both cytoprotective properties as well as chemopreventive properties.
Aspirin was shown to scavenge ROS and behave as an antioxidant in normal cells
(Ayyadevara et al. 2013, Baltazar et al. 2011, Yiannakopoulou, Tiligada 2009). This was also
shown in S. cerevisiae, whereby the growth of the wild-type EG103 cells in aspirin-treated
YPE medium showed an increase in the level of mitochondrial NAD(P)H (Farrugia et al. 2013).
However, aspirin was observed to have a pro-oxidant role in cells with compromised
mitochondrial redox balance. In fact, aspirin induced apoptosis in mitochondrial MnSOD-
deficient EG110 yeast cells grown aerobically in ethanol medium (Balzan et al. 2004), which

are suitable models of early-stage cancer cells due to their lack of MnSOD (Dhar et al. 2011).

The aspirin-induced apoptosis in EG110 yeast cells was accompanied by (i) an increase in
mitochondrial and cytosolic superoxide radicals in conjunction with the oxidation of
mitochondrial NAD(P)H levels (Farrugia et al. 2013), (ii) a decrease of catalase levels and
GSH/GSSG ratio (Sapienza, Balzan 2005), as well as (iii) the release of mitochondrial
cytochrome c followed by a drop in mitochondrial membrane potential (Sapienza et al.

2008). Furthermore, in the redox-compromised EG110 cells, aspirin downregulated the
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expression of several genes encoding the enzymes involved in the synthesis and transport of
acetyl-CoA (Farrugia et al. 2019), a key mitochondrial metabolite required by all cells for
energy generation and metabolite synthesis, particularly in cancer cells (DeBerardinis,
Chandel 2016). However, the overexpression of ADH2, the gene which encodes the enzyme
that catalyses the conversion of ethanol into acetaldehyde that is later used for acetyl-CoA
synthesis, did not rescue EG110 cells from aspirin-induced apoptosis (Farrugia et al. 2019).
Thus, further investigation was required to identify other key targets of aspirin which
mediate apoptotic cell death in these mutant, redox-compromised yeast cells but not in

their wild-type counterparts.

Conclusions from further studies on aspirin-treated MnSOD-proficient and deficient S.
cerevisiae cells, which are suitable models of normal, healthy cells and early-stage cancer
cells respectively (Dhar et al. 2011, Farrugia et al. 2019), will shed more light on the
underlying mechanisms by which aspirin acts as a chemopreventive drug and helps in the

development of novel aspirin-like drugs.

Indeed, various studies on survival and death pathways in eukaryotic cells including
cancer cells, employ yeast as a suitable model organism due to its numerous practical
benefits (Petranovic et al. 2010). It is very easy to handle since it has relatively simple and
cheap growth requirements and together with its rapid cell division and thus short
generation time, can be easily cultivated in large populations (Mager, Winderickx 2005;

Nurse 2000, Simon, Bedalov 2004).

Despite being phylogenetically distant from humans, yeast and humans share conserved
key regulatory elements (Petranovic et al. 2010). In fact, several studies have employed

yeast to better understand basic cellular and molecular processes in higher eukaryotes.
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These include cell-cycle control (Forsburg, Nurse 1991, Hartwell et al. 1970) and cell death
pathways (Battaglia et al. 2005, Biittner et al. 2007, Fahrenkrog et al. 2004, Kazemzadeh et
al. 2012, Madeo et al. 1997, 1999, 2002, 2004, Wissing et al. 2004). Yeast has greatly aided
our understanding of mitochondrial-mediated apoptosis. In addition, one of the most
important benefits of using yeast is that studies are performed in vivo (Petranovic, Nielsen
2008, Petranovic et al. 2010, Simon, Bedalov 2004). Yeast has proved to be a very simple
and powerful tool for eukaryotic systems biology studies, the results from which can be
extrapolated to more complex mammalian systems (Petranovic et al. 2010, Simon, Bedalov

2004).

1.6 Principal aim and objectives of this study
The principal aim of this study is to delineate other possible mechanisms by which aspirin
induces apoptosis in the redox-compromised MnSOD-deficient EG110 yeast cells grown
aerobically in ethanol medium, but not in the wild-type MnSOD-proficient EG103 cells,
thereby further characterising aspirin’s role in chemoprevention (see section 1.5.3).

Specifically, this work entails:

(i) validating by quantitative reverse transcription-polymerase chain reaction
(gRT-PCR), published aspirin-induced changes in the expression of a select
number of genes (Farrugia et al. 2019) in EG110 yeast cells, but not in EG103
cells, which are involved in oxidative stress and the cell cycle. Such genes
include the highly-downregulated genes SNO1 and SNZ1, which together

catalyse the deamination of glutamine to form glutamate;
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(ii)

(iii)

(iv)

(v)

investigating the effect of aspirin on the cell cycle distribution of EG103 and
EG110 yeast cells grown in aspirin-treated and untreated ethanol medium, as
well as the effect of L-glutamate on the cell cycle distribution of aspirin-
treated EG110 yeast cells, to further characterise the anti-proliferative

mechanisms of aspirin on these cells;

exploring the effect of aspirin on the glutamate metabolism of redox-
compromised yeast cells by measuring the intracellular level of glutamate in

aspirin-treated and untreated EG110 yeast cells grown in ethanol medium;

determining the effect of aspirin on the immediate metabolic products of
glutamate in redox-compromised yeast cells, by measuring the intracellular
levels of a-ketoglutarate and GSH in EG110 yeast cells grown in aspirin-

treated and untreated ethanol medium;

measuring the intracellular redox balance in aspirin-treated and untreated
EG110 yeast cells grown in ethanol medium, as given by the GSH/GSSG

concentration ratio.
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CHAPTER TWO

THE EFFECT OF ASPIRIN ON THE
EXPRESSION OF GENES INVOLVED IN

OXIDATIVE STRESS AND THE CELL CYCLE



2.1 Introduction

Salicylates have proved to exhibit both pro-oxidant (Battaglia et al. 2005, Hermann et al.
1999, Klessig et al. 2000) and antioxidant properties (Baltazar et al. 2011, Grosser and
Schroder 2003, Yiannakopoulou, Tiligada 2009) and thus can be regarded as potential
modulators of the oxidative stress response. Evidence in the literature has frequently shown
that the nature and concentration of ROS, as well as the duration of their exposure, affect
the cell cycle (Byun et al. 2008, Konczol et al. 2013, Marton et al. 2018, Preya et al. 2017, Pyo
et al. 2013). ROS may facilitate the progression of the cell cycle (Fehér et al. 2008) but it may
also induce a transient cell cycle arrest for repair or a permanent cell cycle arrest leading to

RCD (Verbon et al. 2012).

2.1.1 ROS-related genes as potential targets of aspirin

Aspirin’s ability to modulate the redox state in the cell allows it to exhibit both
cytoprotective properties as well as chemopreventive properties. Aspirin was shown to
scavenge ROS and behave as an antioxidant in normal, wild-type cells (Ayyadevara et al.
2013, Chen et al. 2012, Yiannakopoulou, Tiligada 2009). This was also shown in S. cerevisiae,
whereby the growth of the wild-type EG103 cells in aspirin-treated YPE (ethanol-based)
medium showed a decrease in the level of mitochondrial superoxide radicals and an increase
in the level of mitochondrial NAD(P)H (Farrugia et al. 2013). However, aspirin was observed
to have a pro-oxidant role in cells with a compromised mitochondrial redox balance. In fact,
aspirin induced apoptosis in mutant EG110 yeast cells lacking the mitochondrial antioxidant
enzyme MnSOD, when grown aerobically in ethanol medium (Balzan et al. 2004). This
observation was associated with an increase in mitochondrial and cytosolic superoxide

radicals in conjunction with the oxidation of mitochondrial NAD(P)H levels (Farrugia et al.
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2013), and the release of mitochondrial cytochrome c¢ followed by a drop in mitochondrial
membrane potential (Sapienza et al. 2008). This shows that genes which somehow have an
influence on the oxidative environment within the cell may be potential targets of aspirin
and thus determine whether yeast cells survive or die. Such potential ROS-related gene

targets of aspirin include SNO1, SNZ1, OYE2 and OYE3.

In spite of the vast literature on the pro-oxidant and antioxidant properties of aspirin and
other NSAIDs (see section 1.5.3), the effects of aspirin on the expression of these ROS-
related genes have not yet been studied in any cell type. Aspirin-induced gene expression
data obtained by microarray analysis (Farrugia et al. 2019) have indicated that SNO1 and
SNZ1 are downregulated ~4.5-fold in the redox-compromised EG110 yeast cells but not in
the wild-type EG103 yeast cells. This makes them the most highly affected genes amongst

those which were selected in this study, and so will be discussed further below.

2.1.1.1 SNO1 and SNZ1

The S. cerevisiae genes SNO1 and SNZ1 are simultaneously expressed under nitrogen-
limiting conditions (Braun et al. 1996, Fuge et al. 1994; Padilla et al., 1998). The proximal
location of these two genes to each other, as well as the homologues of their gene products,
have been evolutionary conserved in other fungi (Benabdellah et al. 2009) and plants (Chen,
Xiong 2005). Yet, these genes are still unidentified in animals. The reason for this may be
that animals are unable to survive frequent, severe starvation conditions, unlike plants

which may grow in poor soils or experience drought (Padilla et al. 1998).

Galperin and Koonin (1997) observed that Sno and Snz proteins have sequence similarity
to glutamine amidotranferases, most of which are involved in both purine and pyrimidine

biosynthesis (Neuhard, Kelln 1996, Zalkin, Nygaard 1996). Padilla et al. (1998) showed that
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the gene products of SNO1 and SNZ1 interact to form a protein complex, and in the absence
of such a complex, snolsnz1-null mutants were sensitive to 6-azauracil, a drug which inhibits
purine and pyrimidine biosynthesis and thus lowers nucleotide pools in the cell. In addition,
these double mutants were also sensitive to methylene blue, a producer of singlet oxygen.
Thus, the authors suggested that SNO1 and SNZ1 are expressed in response to a depleted
carbon source and a low concentration of nucleotides, as well as to counteract oxidative
stress. Rodriguez-Navarro et al. (2002) showed that sno-deficient and snz-deficient mutants

were also sensitive to menadione, a superoxide radical generator.

Snz-related proteins in other organisms have been found to play a role in stress tolerance
or in its mitigation. For example, these proteins were induced in response to stress in several
plant species (Dell’Aglio et al. 2017, Moccand et al. 2014, Raschke et al. 2011,
Sivasubramaniam et al. 1995, Titiz et al. 2006), in the bacterium Bacillus subtilis (Antelmann
et al. 1997), in the protozoan parasite Plasmodium falciparum (Knockel et al. 2012) and in

the fungal parasite Cercospora nicotianae (Ehrenshaft, Daub 2001).

A more in-depth function of S. cerevisiae’s SNO1 and SNZ1 was elucidated by Dong et al.
(2004), who showed that these two genes were expressed simultaneously and behaved as a
glutamine amidotransferase with comparable specific activity to other glutamine
amidotransferases. They observed that Snol served as the glutaminase, although this
glutaminase activity was barely detectable in the absence of Snz1. This Sno1-Snz1 complex

catalyses the deamination of glutamine to give rise to glutamate and an ammonium ion.

Snol-Snzl
Glutamine s Glutamate + NH;'
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In addition to the synergistic roles of Snol and Snz1 in counteracting ROS, Snol contains a
conserved 16 amino acid sequence which resembles the anti-apoptotic TSC22 motif. Yang et
al. (2006) showed that the human TSC22 protein counteracts ROS and behaves as a
suppressor of yeast cell death mediated by the pro-apoptotic Bax protein. It is well known
that the mechanisms involved in Bax-mediated cell death in yeast are similar to the
processes that take place in mammalian cells (Jirgensmeier et al. 1997, Ligr et al. 1998,
Manon et al. 1997, Priault et al. 2003, Zha et al. 1996). In fact, the overexpression of Snol,
containing the anti-apoptotic TSC22 motif, also delayed Bax-mediated cell death in yeast

when Bax was ectopically expressed (Khoury et al. 2008).

2.1.2 Cell cycle-related genes as potential targets of aspirin

Although aspirin and other NSAIDs have been widely implicated in the modulation of cell-
cycle progression in mammalian cells, particularly in cancer cells (see section 1.5.2), the
literature is rather limited as regards to the effect of aspirin on the cell cycle of S. cerevisiae.
The fact that oxidative stress has been linked to the cell cycle in yeast (see section 1.3.2)
suggests that aspirin induces apoptotic cell death in redox-compromised yeast cells (Balzan
et al. 2004) by targeting cell cycle-related proteins as previously shown in mammalian cancer
cells (see section 1.5.2.1). This indicates that gene products which are somehow involved in
cell-cycle progression, or its regulation, may be potential targets of aspirin and may be
critical in determining whether yeast cells survive or die. Such potential cell cycle-related

gene targets include RAS2, CDC6, YCA1, ESP1 and MCD1.

In this chapter, the effect of aspirin on the expression of a select number of genes
pertinent to oxidative stress and the cell cycle in redox-compromised EG110 and wild-type

EG103 S. cerevisiae cells cultivated in ethanol medium, was investigated. Quantitative
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reverse transcription-polymerase chain reaction (QRT-PCR) experiments were performed to
validate published aspirin-induced microarray gene expression data obtained from Farrugia
et al. (2019) of: (i) the ROS-related genes OYE2, OYE3, SNO1 and SNZ1, and (ii) the cell cycle-

related genes RAS2, CDC6, YCA1, ESP1 and MCD1.

2.2 Materials
2.2.1 Chemicals

B-mercaptoethanol, acetylsalicylic acid (ASA), agarose, disodium hydrogen phosphate,
ethylenediaminetetraacetic acid (EDTA) disodium salt dihydrate, potassium dihydrogen
phosphate and Trizma® base were obtained from Sigma-Aldrich, Darmstadt, Germany.
General BDH® chemicals, including glacial acetic acid and hydrochloric acid were obtained

from VWR International Ltd., UK.

The kits used in this part of the research study were the following:
QuantiTect” Reverse Transcription Mini Kit, QuantiTect” SYBR® Green PCR and RNeasy” Mini
Kit were obtained from Qiagen (Hilden, Germany). GeneRuler™ 50 bp DNA ladder,
GeneRuler™ 100 bp DNA ladder and 2x ReddyMix™ PCR Master Mix with 1.5 mM MgCl,

were obtained from ThermoScientific” (Massachusetts, USA).

2.2.2 Yeast strains

The Saccharomyces cerevisiae strains used were the wild-type strain EG103 (MATa leu2-3
112 his3A1 trp1-289a ura3-52 GAL+) and the redox-compromised MnSOD-deficient strain
EG110 (EG103 sod2A :: TRP1) kindly provided by Edith Gralla of the University of California,

Los Angeles and Valeria C. Culotta of Johns Hopkins University, Baltimore.
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2.2.3 Media for yeast cell cultures

Yeast nitrogen base without amino acids was obtained from Difco™, Becton, Dickinson
and Company, USA. Bacteriological agar, bacteriological peptone and yeast extract were
obtained from Oxoid Limited, Hampshire, UK. BDH® absolute ethanol was obtained from
VWR International Ltd., UK. Amino acids and glucose were obtained from Sigma-Aldrich,

Darmstadt, Germany.

2.2.3.1 Synthetic complete medium

Synthetic complete medium was prepared by dissolving 0.67% (w/v) yeast nitrogen base
without amino acids, 2% (w/v) glucose, 100 pg/ml L-histidine-HCI, 20 ug/ml L-methionine, 30
ug/ml L-lysine (mono-HCl), 120 pug/ml leucine, 40 pg/ml adenine and 25 pg/ml uracil in
distilled water. Since EG103 yeast cells are auxotrophic for tryptophan, 40 pg/ml of
tryptophan were also added to the minimal medium for EG103 cells. This solution was filter-

sterilised using 0.2 um Nalgene™ disposable sterilisation filters.

To prepare solid synthetic complete media for plates, a 2% (w/v) bacteriological agar
suspension was prepared in distilled water and autoclaved at 120 °C for 20 min. This was
mixed with the filter-sterilised complete medium, poured into sterile petri dishes and

allowed to solidify at room temperature.
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2.2.3.2 YPE medium

YPE medium is an ethanol-based medium containing 1% (w/v) yeast extract, 2% (w/v)
bacteriological peptone and 3% (v/v) ethanol dissolved in distilled water. This solution was
filter-sterilised using 0.2 um Nalgene™ disposable sterilisation filters and stored at room

temperature.

2.2.4 Buffer and reagent solutions
2.2.4.1 0.5 M Ethylenediaminetetraacetic acid (EDTA)

A 0.5 M solution was prepared by dissolving 18.61 g of EDTA disodium salt dihydrate (MW
=372.24 g/mol) in 100 ml of deionised water while stirring at room temperature. The pH of
the solution was adjusted with 1 M NaOH to the pH of interest. The solution was autoclaved

at 120 °C for 20 min and stored at 4 °C.

2.2.4.2 Phosphate buffer saline (PBS)

Sterile PBS was prepared by dissolving 8.0 g of NaCl, 0.2 g of KCl, 1.44 g of Na;HPO4and
0.24 g of KH2PO4 in 800 ml of distilled water. The pH of the resulting solution was adjusted
to 7.4 with 1 M hydrochloric acid or sodium hydroxide and topped up to a volume of 1 litre
using deionised water. This volume was aliquoted, autoclaved at 120 °C for 20 min and

stored at room temperature.

2.2.4.3 Tris-acetate EDTA (TAE) electrophoresis buffer
A 50x stock solution was prepared by adding 242 g of Trizma® base (MW = 121.14 g/mol),
57.1 ml glacial acetic acid (MW = 60.05 g/mol) and 100 ml of 0.5 M EDTA (pH 8.0) (MW =

372.24 g/mol) (see section 2.2.4.1) to deionised water, bringing the final volume to 1 litre.
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The buffer was stored at room temperature. Dilutions were made to prepare working

solutions accordingly.

2.2.4.4 1M Trizma® base
A 1 M solution of Trizma® base (MW = 121.14 g/mol) was prepared by dissolving 60.57 g
in 500 ml of distilled water. The solution was aliquoted, autoclaved at 120 °C for 20 min and

stored at room temperature.

2.2.5 Software programmes
The following software programmes were used for this part of the study:
Primer3Plus software (Untergasser et al. 2007), Primer-BLAST (Ye et al. 2012), gbase+
(Biogazelle, Gent, Belgium), Rotor-Gene® Q Software 2.1.0.9 (Qiagen, Hilden, Germany) and

SPSS® Statistics v25 (IBM, New York, USA).

2.3 Methods
2.3.1 Preparation and cultivation of S. cerevisiae cell cultures

Primary cultures of yeast cells that were previously grown on solid 2% (w/v) agar minimal
media petri dishes (see section 2.2.3.1) for four days at 28 °C, were prepared in 5 ml YPE
medium (see section 2.2.3.2) and incubated with shaking (250 rpm) for four days at 28 °C in
a Unitron Infors AG orbital incubator. Aliquots from these 5 ml primary cultures were then
used to prepare secondary cultures of the desired volumes, such that all initial cultures had
an equal optical density at 600 nm (ODsoo) (BioPhotometer Eppendorf spectrophotometer,
Hamburg, Germany) for comparison. Secondary yeast cell cultures were incubated at 28 °C

with constant shaking (250 rpm), for the desired span of time.
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2.3.2 Monitoring the growth of S. cerevisiae cells in the absence and presence of
aspirin

Primary yeast cell cultures were used to inoculate 5 ml secondary cultures as described in
section 2.3.1. Yeast cell growth was measured as the ODesgo at 24-hour intervals. For ODego
measurements greater than 1.0, cultures were diluted as necessary. A growth curve of

ODeoo against time in hours was then plotted.

Similarly, the growth of yeast cells was also monitored when cultivated in 5 ml of YPE
medium which was supplemented with 15 mM of aspirin (acetylsalicylic acid), the pH of
which was adjusted to 5.50 with 1 M Trizma® base (see section 2.2.4.4), according to Balzan
et al. (2004). The specific dose of 15 mM aspirin was used since it is the lowest dose that
consistently and reproducibly induces apoptotic cell death in EG110 yeast cells. A growth

curve of ODego against time in hours was then plotted.

2.3.3 Harvesting of yeast cells and extraction of total RNA
Aspirin-treated and untreated yeast cell cultures grown in YPE medium were withdrawn

from the incubator and harvested, after 48 hours of growth.

Purification of total RNA from yeast cells by mechanical digestion

The total RNA from yeast cells was extracted and purified using the RNeasy’ mini kit (see
section 2.2.1). After measuring the ODeoo for each cell culture of aspirin-treated and
untreated yeast cells grown in YPE medium, 10 ml of each cell culture were centrifuged at
1,000 g for 5 min at 4 °C and the supernatant was discarded. The cell pellets were
resuspended and washed in an equal volume of PBS (see section 2.2.4.2). The cell pellets

were then resuspended in PBS to give a final ODggo of 10 and the pellets were placed on ice.
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Two 1 ml aliguots of the aspirin-treated and untreated cell cultures of ODggo = 10, were
spun down at 1,000 g for 5 min at 4 °C. The PBS supernatant was removed and the pellets
were resuspended in 600 pl of a 1:100 (v/v) mixture of B-mercaptoethanol and Buffer RLT
(provided in the kit). Cell lysis was carried out in lysis chambers which were half-filled with
acid-washed glass beads of diameter 0.45-0.55 um, using the p-minibeadbeater beadmill for
two rounds of 60 s with an interval of 1 min. 350 ul of lysate were spun down at 1,000 g for
5 min at 4 °C. An equal amount of 70% (v/v) ice-cold ethanol was added to the homogenised
lysate and mixed well. The whole volume was transferred to a RNeasy® spin column and
centrifuged at 8,000 g for 15 s at 4 °C. The column was then washed with 350 pl of Buffer
RW1 (provided in the kit). An on-column DNase digestion step was carried out by adding 80
ul of a 7:1 (v/v) mixture of cold Buffer RDD (provided in the kit) and DNase | to each column
and these were incubated at room temperature for 15 min. Another 350 ul of Buffer RW1
(provided in the kit) was added to each column and these were centrifuged at 8,000 g for 30
s at 4 °C. The columns were washed with 500 pl of RPE buffer (provided in the kit) and were
then spun down at 8,000 g for 15 s at 4 °C. This washing step was repeated twice. Elution
was carried out by applying 50 pl of RNase-free water to the column and by centrifugation at
8,000 g for 1 min at 4 °C. The Nanodrop™ 2000 spectrophotometer (Thermo Fischer
Scientific”, Massachusetts, USA) was used to quantify the amount of RNA eluted and

determine its purity. The eluted RNA was stored at -80 °C.

2.3.4 Complementary DNA (cDNA) synthesis
In order to be able to amplify by polymerase chain reaction (PCR) the full-length
transcripts, 700 ng of total RNA were reverse-transcribed into cDNA using the QuantiTect’

Reverse Transcription Kit (see section 2.2.1).
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To do so, the total RNA was first subjected to a genomic DNA (gDNA) elimination reaction.
To a microfuge tube the following were added successively: (i) RNase-free water, (ii) the
appropriate amount of 7x gDNA Wipeout Buffer (provided in the kit) to give a 1x final
concentration, and (iii) 700 ng of total RNA. The total volume of the reaction mixture was
that of 14 pl. This reaction mixture was mixed well by pipetting and incubated for 2 min at

42 °C and then immediately placed on ice.

To this reaction, the reverse-transcriptase (RT) mixture consisting of 1 ul of the enzyme
Quantiscript Reverse Transcriptase, 4 pl of 5x Quantiscript RT Buffer (so as to give a 1x final
concentration), and 1 pl of RT Primer Mix, was added and mixed well to give a total volume
of 20 pl. All chemicals of this mixture were provided in the kit. A no-reverse transcriptase
(no-RT) control was also prepared which consisted of the above mixture except for the
enzyme Quantiscript Reverse Transcriptase, which was replaced with an equal volume of
RNase-free water. This was set up to ensure that the initial RNA template in the samples is
indeed RNA, as well as to ensure that the gDNA Wipeout buffer was effective and no

contaminant gDNA was present in the sample.

The samples and the no-RT control were then incubated in the thermocycler for 30 min at
42 °C to facilitate effective reverse transcription of the RNA template. Following this, the
samples and controls were incubated for a further 3 min at 95 °C to inactivate the
Quantiscript Reverse Transcriptase enzyme. The resulting cDNA was then amplified by PCR
(see section 2.3.5) using an intron-spanning primer set to check for cDNA integrity and for
the presence of any contaminant gDNA. The remaining cDNA was stored at -20 °C for

downstream techniques.
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2.3.5 Polymerase chain reaction (PCR)

PCR is a molecular biology technique which is used to amplify specific DNA lengths by
using a specific primer set. This was carried out using the ThermoScientific” 2x ReddyMix™
PCR Master Mix, with 1.5 mM MgCl; (see section 2.2.1) and the appropriate primer set and

template DNA to be amplified.

To a 0.2 ml RNase-free PCR tube the following were added successively to a total volume
of 25 ul: (i) RNase-free water needed to bring to the required volume, (ii) the appropriate 2x
ReddyMix™ PCR Master Mix (so as to give a 1x final concentration), (iii) 0.5 uM of the
forward primer, (iv) 0.5 uM of the reverse primer, and (v) 1 ul of the template cDNA to be
amplified. In another 0.2 ml RNase-free PCR tube, a no template control (NTC) was prepared
by preparing an identical reaction mixture except for the cDNA template which was replaced
by an equal volume of RNase-free water. This control ensured the absence of any
contaminant cDNA template in the reaction buffer, primers or in the RNase-free water. The
tubes were placed in Biometra’s TProfessional Standard PCR thermocycler (Gottingen,

Germany) and PCR was performed using the thermal cycling conditions outlined in Table 2.1.

2.3.6 Agarose gel electrophoresis
Agarose gels were prepared by melting agarose powder in an appropriate volume of 1x
Tris-acetate EDTA (TAE) electrophoresis buffer (see section 2.2.4.3). A 1% (w/v) agarose gel
was prepared when analysing PCR products larger than 500 bp. When a higher resolution
was required to visualise smaller PCR products, a 2% (w/v) agarose gel was prepared. 7.5 pl
of ethidium bromide per 100 ml agarose solution were added to the agarose solution. This
solution was allowed to solidify in a gel cast at room temperature. The solid agarose gel

was placed in an electrophoretic chamber containing 1x TAE as the electrophoretic buffer.
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Step Temperature (°C) Time No. of cycles
Initial 95.0 2 min 1
Denaturation

Denaturation 95.0 25s

Annealing* 48.0-63.0 355 35
Extension 72.0 65s

Final extension 72.0 5 min 1

Hold 4.0 oo /

Table 2.1 The thermal cycling conditions required for the amplification of template DNA
using the 2x ReddyMix™ PCR Master Mix, with 1.5 mM MgCl..

*The annealing temperature was changed depending on the optimal annealing
temperature of the primer set which was used.
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10 ul of each PCR product was loaded in different wells alongside 5 pul of the
appropriately-sized GeneRuler™ DNA ladder (see section 2.2.1). Once the wells of the gel
were loaded, a constant voltage of 130 V was passed through the electrophoretic chamber.
The DNA bands were visualised under UV light, since the ethidium bromide binds to DNA

and renders it fluorescent.

2.3.7 Design of Primers

Oligonucleotide primers for both reference genes and genes of interest were designed for
guantitative PCR (gqPCR) using Primer3Plus software (see section 2.2.5). These primers were
designed according to the following criteria: (i) a product size of 100-150 bp, (ii) primer size
between 18-24 bp, (iii) a primer melting temperature (Tm) of 58.0-62.0 °C, (iv) a primer GC
content of 20-60%. Once designed, the primer sequences were blasted in Primer-BLAST (see
section 2.2.5) to check for specificity. The designed primers were synthesised by Integrated
DNA Technologies (lowa, USA) and were received in lyophilised form. These were then

reconstituted in RNase-free water to obtain 100 uM stock solutions.

2.3.8 Gradient PCR

To determine the optimal annealing temperature of each newly-designed primer set for
gPCR analysis, six identical PCR reactions were set up for each primer set, using the 2x
ReddyMix™ PCR Master Mix, with 1.5 mM MgCl, (see section 2.3.5). Each of the six PCR
reactions was subjected to a different annealing temperature, namely 50.3, 52.4, 55.2, 58.2,
60.8 and 62.0 °C. A no template control (NTC) which contained RNase-free water instead of

cDNA template was also prepared to ensure that no contaminant cDNA template was
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present in the buffer, primer solutions or in the RNase-free water. All six reactions together
with the NTC were placed in the Biometra’s TProfessional Standard PCR thermocycler
(Gottingen, Germany) and were subjected to the thermal cycling conditions which are

outlined in Table 2.1, but using the annealing temperatures specified above.

2.3.9 Quantitative Reverse Transcription-PCR (qRT-PCR)

mMRNA levels in aspirin-treated and untreated EG103 and EG110 yeast cells grown in YPE
medium for 48 hours were determined by qRT-PCR using the 72-well rotor of the Rotor-
Gene® Q Series Thermocycler (Qiagen, Hilden, Germany). Experiments were carried out
using three independent biological samples of each aspirin-treated and untreated yeast
strain, with three technical replicates each. Qiagen’s QuantiTect” SYBR® Green PCR kit (see

section 2.2.1) was used for quantification.

A master mix was prepared by adding: (i) RNase-free water needed to bring to the
required volume, (ii) 0.5 uM of the reverse primer, (iii) 0.5 uM of the forward primer and (iv)
the appropriate volume of SYBR Green 2x (to give a final concentration of 1x) to a volume of
19 ul for each reaction. 1 ul of the appropriate cDNA was then added to sample tubes
whereas a NTC control was prepared by adding 1 pl of RNase-free water instead of the
cDNA. Sample tubes and the NTC were subjected to the thermal cycling conditions outlined

in Table 2.2.

The amplification of a target cDNA in each sample was monitored in real time since
during each gPCR run, the Rotor-Gene Q Series Software (version 2.1.0.9) plots an

amplification plot of normalised fluorescence against cycle number. This plot shows the
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Table 2.2 The thermal cycling conditions required for the amplification of cDNA fragments
using the QuantiTect’ SYBR® Green PCR kit.

Step Temr(::e é)a ture Time Ra(:ncssljite No. of cycles
Initial Activation 95.0 15 min 20 1
3-step cycling
Denaturation 94.0 15s 20
Annealing 55.2 30s 20 40
Extension** 72 30s 20

* The ramp rate is the time it takes for the thermocycler to reach a certain temperature as

dictated by the thermal profile during the PCR reaction.

** Data acquisition was taken at this step after each cycle since the fluorescence generated

from the incorporation of SYBR Green | into the newly-synthesised double-stranded

DNA is at its maximum.
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fluorescence given off by SYBR Green | after the extension step of each cycle during PCR.
SYBR Green | is a dye which fluoresces at a higher intensity when it binds to double-stranded
DNA (which is highly prevalent during the extension step). The subsequent fluorescence
measurements after each cycle give rise to a curve which represents the accumulation of
product over the course of the real-time PCR experiment. Thus, quantification of gPCR
double-stranded products was performed in the log-linear phase of the reaction by
measuring the cycle threshold (Ct) value which is the intersection between an amplification
curve and a threshold line (Figure 2.1). This value represents the number of cycles required
for the fluorescence of the sample to significantly rise above the fluorescence given off by
the NTC, which contains no cDNA, and thus cross the threshold line. This was followed by
melt-curve analysis (performed using the Rotor-Gene® Q software version 2.1.0.9) to ensure
that the desired amplicon was detected, rather than any primer dimers or contaminating
DNA. In principle, during melt-curve analysis, the temperature is increased such that the
DNA starts to denature into single strands. Since SYBR Green | binds preferentially to double-
stranded DNA, there is a resulting characteristic drop in fluorescence, which gives a melt-

curve profile specific to each amplicon (Supplementary Figures 1 and 2).

The software gbase+ (see section 2.2.5) was used to calculate the normalised relative
quantification (NRQ) values by comparing Ct values of target genes to those of the reference
genes GLC7, SMD2 and TFC1. Log, transformed NRQ values were used to calculate and plot
graphs of the Log, fold changes in aspirin-treated and untreated samples. Significant aspirin-
induced changes in the expression of target genes were determined using statistical tests
which analyse pairwise comparisons (see section 2.3.10). These results were compared to
the gene expression data from a microarray study published by Farrugia et al. (2019), so as

to confirm the effect of aspirin on the levels of mMRNA transcripts from the genes of interest.
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Figure 2.1 The change in fluorescence given off by the dye SYBR Green | when it binds
to double-stranded DNA during the extension step of each PCR cycle against the
number of cycles. This plot monitors in real time the amplification of a target cDNA as
exemplified by cDNA from aspirin-treated (orange, dashed curve) and untreated
samples of EG110 (orange, solid curve) and aspirin-treated (blue, dashed curve) and
untreated samples of EG103 (blue, solid curve) yeast cells grown in YPE for 48 h. During
the first few cycles the target cDNA is in relatively very low abundance. However, PCR
amplifies DNA exponentially and the number of target molecules doubles with each
amplification cycle, at least theoretically. As a result, the fluorescence given off by the
target double-stranded DNA molecules increases exponentially, until a stationary phase
is reached due to saturation of primers. Ct, cycle threshold; NTC, no template control;
PCR, polymerase chain reaction.

* Ct value: The cycle number at which the amplification curve intersects with the
threshold line due to a significant rise in fluorescence compared to the baseline
fluorescence.

** Fluorescence Threshold: This is set right above the maximum baseline fluorescence

so as to eliminate any inherent fluorescence which is not due to template DNA in the
reaction.
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2.3.10 Statistical analyses

Experimental datasets were tested for (i) normality using the Shapiro-Wilk test, which is
appropriate for small sample sizes, and for (ii) equality of variances using the Levene’s test.
Subsequently, datasets obtained from treatments and controls that were normally
distributed (i.e. p > 0.05 as determined by the Shapiro-Wilk test) and had equal population
variances (i.e. p > 0.05 as determined by the Levene’s test) were compared using the
unpaired, two-tailed t-test for pairwise comparisons or the one-way analysis of variance
(ANOVA) followed by Bonferroni post-hoc tests for multiple comparisons. Datasets which
were normally distributed (i.e. p > 0.05 as determined by the Shapiro-Wilk test) but did not
have equal population variances (i.e. p < 0.05 as determined by the Levene’s test) were
compared using the Welch t-test for pairwise comparisons or the Welch’s ANOVA followed
by Games-Howell post-hoc tests for multiple comparisons. Datasets which were not
normally-distributed (i.e. p < 0.05 as determined by the Shapiro-Wilk test) were compared
using the non-parametric test Mann-Whitney U for pairwise comparisons, or the non-
parametric test Kruskal-Wallis followed by Bonferroni post-hoc tests for multiple

comparisons.

Significance was accepted at a p-value < 0.05 (i.e. 5% probability of rejecting a true null
hypothesis). Significance levels are denoted by ns, not significant, p > 0.05; *, slightly
significant, p < 0.05; **, moderately significant, p < 0.01; and ***, highly significant, p <

0.001.
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2.4 Results

2.4.1 Selection of genes of interest which show altered aspirin-induced
expression in the mutant EG110 S. cerevisiae cells, but not in the wild-type
EG103 S. cerevisiae cells

To identify novel targets and/or pathways by which aspirin induces apoptosis in the

redox-compromised EG110 yeast cells, but not in their wild-type EG103 counterparts, a

select number of yeast genes were selected based on (i) their association with either ROS or

the cell cycle and (ii) their aspirin-induced fold change, as determined by microarray analysis

(Farrugia et al. 2019), which had to be greater than 1.5.

The shortlisted ROS-related genes were OYE2, OYE3, SNO1 and SNZ1, whereas the
shortlisted cell-cycle-related genes were CDC6, ESP1, MCD1, RAS2 and YCA1. Although the
MRNA expression of the cell cycle-related gene YCA1 was less than 1.5, as determined by
microarray analysis (Farrugia et al. 2019), this gene was still shortlisted since it encodes for
the yeast metacaspase which has been highly implicated in regulated cell death by apoptosis
(Madeo et al. 2002) and in cell-cycle progression (Lee et al. 2008). The metacaspase is also a
downstream effector of the gene products of ESP1 and MCD1 during apoptosis (Yang et al.

2008) (see section 1.4.2.2).

2.4.2 Selection of reference genes for the normalisation of target gene
expression data by qRT-PCR

To normalise the change in the expression of the genes of interest (see section 2.4.1),
candidate reference genes had to be chosen. A suitable reference gene must be
constitutively expressed and should not alter its expression across all experimental
conditions (Chervoneva et al. 2010). Data from a microarray analysis performed by Farrugia

et al. (2019) was used to choose a number of genes which exhibited constitutive expression
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and an unchanged mRNA expression in aspirin-treated and untreated samples of both EG110

and EG103 yeast strains. These genes are listed in Table 2.3.

2.4.3 Determination of the optimal annealing temperature of each primer set
by gradient PCR followed by gel electrophoresis

Oligonucleotide primers for the target genes and reference genes were designed for
cDNA amplification as described in section 2.3.7. The primer pair sequences of the reference

genes and of the target genes are listed in Table 2.4.

Gradient PCR (see section 2.3.8) was carried out for each primer set to determine the
optimal annealing temperature as well as to make sure that a single cDNA product was
amplified. This was carried out for the candidate reference genes ACT1, FBA1, GCN4, GLC7,
PDA1, SMD2 and TFC1 as well as for the genes of interest CDC6, ESP1, MCD1, OYE2, OYE3,

RAS2, SNO1, SNZ1, and YCA1.

A series of annealing temperatures ranging from 50.3 °C to 62.0 °C were applied to six
identical PCR reactions. Subsequently, the gradient PCR products of the reference genes
(Figure 2.2) and the genes of interest (Figure 2.3) were run on a 2% (w/v) agarose gel (see
section 2.3.6). The optimal annealing temperature was chosen based on the band intensity
of these PCR products which is in turn a measure of PCR efficiency. The bands which showed
a higher intensity, due to more fluorescence given off by ethidium bromide bound to DNA,
indicated a greater amount of PCR product. This is a result of a higher efficiency in the
annealing of the primers to the template DNA at the subjected annealing temperature. The
optimal annealing temperatures for each primer set are shown in Table 2.5. The optimal

annealing temperatures of the reference genes ACT1 and PDA1 were different from the rest
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Table 2.3 Microarray gene expression data of candidate reference genes required for
normalisation of the mRNA expression of the target genes by quantitative reverse
transcription-polymerase chain reaction (qRT-PCR).

Reference EG110 + ASA vs EG110 EG103 + ASA vs EG103
Gene Fold change p-value Fold change p-value
ACT1 +1.04 0.48 +1.08 0.39
FBA1 +1.02 0.73 +1.02 0.84
GCN4 +1.04 0.49 +1.08 0.41
GLC7 -1.08 0.24 -1.05 0.60
PDA1 -1.07 0.25 -1.02 0.83
SMD2 -1.07 0.35 +1.11 0.30
TFC1 -1.14 0.18 -1.15 0.15

This microarray data obtained from Farrugia et al. (2019) shows that the mRNA expression
of these candidate reference genes shows no change between aspirin (ASA)-treated and
untreated samples of both EG110 and EG103 yeast strains, since the fold changes are close
to 1. In addition, any slight changes in the fold change are insignificant since the p-value is
greater than 0.05 for all the listed genes in both strains.
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Table 2.4 List of primer pair sequences for a) the reference genes and b) the genes of

interest that were designed for gene expression analyses by quantitative reverse

transcription-polymerase chain reaction (qRT-PCR).
complementary DNA (cDNA) products of the respective genes are also shown.

The product size of the amplified

Primers Product
Gene Size of
Name Forward (Left) Sequence (5’2 3’) Reverse (Right) Sequence (5’2 3’) amplified
cDNA
a) Reference Genes
ACT1 CGTTCCAATTTACGCTGGTT TCAGCAGTGGTGGAGAAAGA 129 bp
FBA1 CCACATGTTGGATTTGTCTGA CATCTTCTTCACCACCGGTAA 131 bp
GCN4 GACGATGTTTCATTGGCTGA GAACAGGAGTGGGTAAGAATGAA 106 bp
GLC7 GAGGATCTAAACCTGGTCAACAA TATTGCCCATGAATGTCACC 148 bp
PDA1 ACCTTTACGCTCCAGGCTTC GAGGCACCATCACCATACAA 136 bp
SMD2 TGGTGACAAGAACACCTGTGA GCCCTTCTTCTCTGTCCAAA 131 bp
TFC1 GCTGGAGGAATGCTTGAAAA GCCCCATTGTGAAACGATAA 149 bp
b) Genes of Interest
CDC6 TTTGGACAGAGGGTTGTTACC TCTTTGCTGCGAATTTGATG 140 bp
ESP1 GTGCCTTATGCCGACAATTA TGCATGTAATAACGCCTGCT 138 bp
MCD1 CCCTCTTGATGATGCTGGAA ATCCGTAGGCTCCTCAGACA 139 bp
OYE2 GGTTCTAGGTTGGGCTGCTT TGTGTTGTGGGTTGTTAGCC 131 bp
OYE3 AGAGGACCGACGAATACGG GCACCCCCAGACATACTGTT 148 bp
RAS2 TCTCTTACCAGGACGGGTTG TGTTGTACTTGCCGCCTTC 141 bp
SNO1 GTCCCTCATCGCTCAAAGAA ATTGCGCGCTTAAAAAGATG 113 bp
SNZ1 TGGCGCTAAAGACTTAGGTGA GCACGCCTTTATCTCCTCTG 142 bp
YCA1 TTTGGTCAGGGTTCCCACTA TCCCCATCCAAATCTTCAGT 132 bp
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i) 250bp
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Figure 2.2 Gradient PCR gels to determine the optimal annealing temperatures of
the primers for the reference genes i) ACT1 ii) FBA1 iii) GCN4 iv) GLC7 v) PDA1 vi)
SMD2 and vii) TFC1 using cDNA from RNA of S. cerevisiae EG103 cells grown on
YPE medium for 48 hours.

Lane 1, 50 bp DNA ladder; Lane 2, no template control; Lanes 3 - 8, amplified cDNA
from RNA of S. cerevisiae EG103 cells grown on YPE medium for 48 hours at 50.3
°C, 52.4 °C, 55.2 °C, 58.2 °C, 60.8 °C and 62.0 °C, respectively. As expected, no
bands were observed in lane 2. In lanes 3 - 8, the amplified cDNA products are
shown.

cDNA, complementary DNA; PCR, polymerase chain reaction; RNA, ribonucleic acid;
YPE, ethanol-based.
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Figure 2.3 Gradient PCR gels to determine the optimal annealing temperatures of primers
for the genes of interest i) CDC6 ii) ESP1 iii) MCD1 iv) OYE2 v) OYE3 vi) RAS2 vii) SNO1 viii)

SNZ1 and ix) YCA1 using cDNA from RNA of S. cerevisiae EG103 cells grown on YPE medium
for 48 hours.

Lane 1, 50 bp DNA ladder; Lane 2, no template control; Lanes 3 - 8, amplified cDNA from RNA
of S. cerevisiae EG103 cells grown on YPE medium for 48 hours at 50.3 °C, 52.4 °C, 55.2 °C,
58.2°C, 60.8 °C and 62.0 °C, respectively. As expected, no bands were observed in lane 2. In
lanes 3-8, the amplified cDNA products are shown.

cDNA, complementary DNA; PCR, polymerase chain reaction; RNA, ribonucleic acid; YPE,
ethanol-based.
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Table 2.5 The optimal annealing temperature for each primer set as determined by

gradient PCR.

Gene Name Optimal Annealing Temperature (°C)
ACT1 58.2
FBA1 55.2
GCN4 55.2
Re;:::’;ce GLC7 55.2
PDA1 52.4
SMD2 55.2
TFC1 55.2
CDCé6 55.2
ESP1 55.2
MCD1 55.2
OYE2 55.2
?:t';‘:se:tf OYE3 55.2
RAS2 55.2
SNO1 55.2
SNZ1 55.2
YCA1 55.2
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and thus, were eliminated for qRT-PCR to maintain a constant annealing temperature of 55.2

°C throughout all gRT-PCR experiments.

2.4.4 Confirmation of the specificity of the correct PCR product and
optimal performance of each primer set

A trial gRT-PCR run (see section 2.3.9) was carried out to ensure that the cDNA products
of the shortlisted reference genes FBA1, GCN4, GLC7, SMD2 and TFC1, as well as of the
genes of interest, CDC6, ESP1, MCD1, RAS2, OYE2, OYE3, SNO1, SNZ1 and YCA1, were
amplified efficiently at the pre-determined annealing temperature from gradient PCRs. The
trial gRT-PCR experiment also ensured that the primers were specific, and amplified just a
single cDNA product, as determined by melt-curve analysis (Supplementary Figures 1 and 2).
The specificity of the gRT-PCR products was confirmed by loading the gRT-PCR products on a
2% (w/v) agarose gel for electrophoresis (see section 2.3.6) (Figure 2.4). These gels also

showed that the gRT-PCR products were of the correct size.

2.4.5 cDNA used for qRT-PCR was of good quality and free of gDNA
contamination

Before using the same cDNA synthesised from the mRNA used for the microarray analysis
carried out by Farrugia et al. (2019), thereby reducing variability amongst techniques, the
cDNA was checked for any degradation. This cDNA was amplified by PCR (see section 2.3.5)
using the intron-spanning YRA1 primers to give a cDNA PCR product of 594 bp. The 5’ to 3’
sequences of the YRA1 primers are TGTCGGTGGTACTCGTGGTA and
TAGTCCGCCATTTCCTTGTC for the forward and reverse primers, respectively. The strength

of using an intron-spanning primer set such as this pair lies in the fact that if gDNA was
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Figure 2.4 Single cDNA qRT-PCR products amplified using primer pairs of both reference genes
and target genes. The presence of single bands confirm primer specificity and suitability for use in
downstream experiments. The cDNA used was reverse-transcribed from RNA that was extracted
from EG103 yeast cells grown in YPE medium.

(a) Lane 1, 100 bp DNA ladder; Lanes 2 and 3 contain two technical replicates of cDNA qRT-PCR
products, using FBA1 primers; Lanes 5 and 6 contain two technical replicates of cDNA qRT-PCR
products, using TFC1 primers; Lanes 8 and 9 contain two technical replicates of cDNA gqRT-PCR
products, using CDC6 primers; Lanes 11 and 12 contain two technical replicates of cDNA qRT-PCR
products, using ESP1 primers; Lanes 14 and 15 contain two technical replicates of cDNA qRT-PCR
products, using GCN4 primers. Lanes 4,7, 10, 13 and 16, no template controls.

(b) Lane 1, DNA ladder; Lanes 2 and 3, cDNA gRT-PCR products, using MCD1 primers; Lanes 5 and
6, cDNA gRT-PCR products, using OYE2 primers; Lanes 8 and 9, cDNA gRT-PCR products, using
OYE3 primers; Lanes 11 and 12, cDNA gRT-PCR products, using RAS2 primers; Lanes 14 and 15,
cDNA gRT-PCR products, using SNO1 primers. Lanes 4, 7, 10, 13 and 16, no template controls.

(c) Lane 1, DNA ladder; Lanes 2 and 3, cDNA gRT-PCR products, using GLC7 primers; Lanes 5 and
6, cDNA gRT-PCR products, using SMD2 primers. Lanes 4 and 7, no template controls.

(d) Lane 1, DNA ladder; Lanes 2 and 3, cDNA gRT-PCR products, using SNZ1 primers; Lanes 5 and
6, cDNA gRT-PCR products, using YCA1 primers. Lanes 4 and 7, no template controls.

As expected, no bands were observed in lanes loaded with no template controls. All the expected
cDNA products are of sizes between 100 and 150 bp. The gels confirm the size of the products of
interest and ensures primer specificity due to the absence of bands other than those of interest.
cDNA, complementary DNA; gRT-PCR, quantitative reverse transcription — polymerase chain
reaction; RNA, ribonucleic acid; YPE, ethanol-based.
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present, this would give a PCR product of 1360 bp due to the additional presence of a 766 bp

intron which is absent in cDNA, since introns are spliced out after transcription.

The cDNA PCR products were loaded on a 1% (w/v) agarose gel (see section 2.3.6) and are
shown in Figure 2.5. The gel showed no additional bands or smearing below the bands,
which would have been indicative of cDNA degradation. Also, no additional bands were

visible above the 1000 bp mark which confirms the absence of gDNA.

2.4.6 Determination of cycle threshold (Ct) values by qRT-PCR analyses

During each gRT-PCR run, an amplification plot of normalised fluorescence (given off by
SYBR Green | after the extension step of each cycle) is plotted against cycle number in real
time, as was shown in Figure 2.1. Amplification plots of all gRT-PCR runs were used to
determine Ct values as described in Section 2.3.9. These values were then processed using
the software gbase+ (see section 2.2.5), to calculate NRQs by comparing Ct values of target
genes to those of reference genes. Log, transformed NRQ values were used to calculate and
plot graphs of the Log; fold changes in aspirin-treated and untreated samples as described in

the following Section 2.4.7 and shown in Figure 2.6.

2.4.7 Gene expression data analyses of aspirin-induced changes in the mRNA
expression of the genes of interest in wild-type EG103 and in MnSOD-
deficient EG110 S. cerevisiae cells

To validate aspirin-induced gene expression data that had been determined by
microarray analysis (Farrugia et al. 2019), gRT-PCR analysis was carried out using the SYBR
green | kit (see section 2.3.9). The mRNA expression of the genes of interest were
normalised to the expression of the constitutive genes GLC7, SMD2 and TFC1 which showed

no changes in mRNA expression upon treatment with 15 mM aspirin. The choice of these
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LaneNumber 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1000 bp —
500 bp

Figure 2.5 PCR products amplified using YRA1 primers from template cDNA that was
reverse-transcribed from RNA extracted from EG103 and EG110 yeast cells grown in YPE
medium in the presence and absence of 15 mM aspirin for 48 hours.

Lane 1, 100 bp DNA ladder; Lanes 2 and 9, no template controls; Lanes 3 - 5, cDNA PCR
products from RNA of EG103 cells (three biological replicates); Lanes 6 - 8, cDNA PCR products
from RNA of EG103 cells treated with aspirin (three biological replicates); Lanes 10—12, cDNA
PCR products from RNA of EG110 cells (three biological replicates); Lanes 13 - 15, cDNA PCR
products from RNA of EG110 cells treated with aspirin (three biological replicates). As
expected, no bands were observed in lanes 2 and 9. In each of lanes 3 — 8 and 10 - 15, the
expected cDNA product of 594 bp is shown. The gel showed no smearing below the bands of
interest, which would have been the case if the cDNA had been degraded. Thus, this gel
proved that the cDNA was of good quality and could be used for qRT-PCR.

cDNA, complementary DNA; gRT-PCR, quantitative reverse transcription-polymerase chain
reaction; YPE, ethanol-based.
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Figure 2.6 Log, transformed aspirin-induced (aspirin-treated vs aspirin-untreated) fold changes in gene expression data of (a) CDC6 (b) ESP1 (c)
MCD1 (d) OYE2 (e) OYE3 (f) RAS2 (g) SNO1 (h) SNZ1 and (i) YCA1 as determined by microarray analysis (blue-shaded bars) and by qRT-PCR analyses
(red-shaded bars) in wild-type EG103 (light-shaded bars) and MnSOD-deficient EG110 (dark-shaded bars) yeast cells grown on YPE medium in the
absence and presence of 15 mM aspirin for 48 hours. MnSOD, manganese superoxide dismutase; mRNA, messenger ribonucleic acid; qRT-PCR,
guantitative reverse transcription-polymerase chain reaction; YPE, ethanol-based. Vertical bars represent the mean of three independent
determinations. Error bars represent the standard error of the mean. Microarray data was obtained from Farrugia et al. (2019). ns, not significant,
p > 0.05; * p<0.05; ** p<0.01; ***, p <0.001, unpaired Welch t-test, 2-tailed.
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three reference genes for normalisation was based on the best score of the stability measure
M (M = 0.380; Coefficient of Variation = 14.8%). The internal control gene-stability measure
M is defined as the average pairwise variation of a single reference gene with all other
candidate reference genes (Vandesompele et al. 2002). The lower the M score, the more
stable is the expression stability of the control genes and thus the higher is their suitability to

be used as internal control genes (Vandesompele et al. 2002).

From microarray and gRT-PCR analyses, aspirin induced no significant changes in the
mMRNA expression of CDC6, ESP1, MCD1, OYE2, OYE3, RAS2, SNO1, SNZ1 and YCA1 in the
wild-type EG103 cells after 48 hours of growth in YPE medium (Figure 2.6). On the other
hand, microarray gene expression data of EG110 cells grown for 48 hours in YPE medium
showed that aspirin significantly upregulated the mRNA expression of CDC6, ESP1, MCD1,
OYE2 and OYE3 and significantly downregulated the mRNA expression of RAS2, SNO1 and
SNZ1 (Farrugia et al. 2019; Figure 2.6). Of all the selected target genes, the genes SNO1 and
SNZ1 were affected the most by aspirin (~4.5-fold) in EG110 yeast cells cultivated for 48
hours in YPE medium (Farrugia et al. 2019; Figure 2.6 (g) and (h)). In this study, qRT-PCR
analyses validated the aspirin-induced upregulation of CDC6, OYE2 and OYE3, as well as the
aspirin-induced downregulation of SNO1 and SNZ1 (Figure 2.6). The changes in the gene
expression of ESP1, MCD1, RAS2 and YCA1, as determined by gRT-PCR analyses, were not

significant (Figure 2.6).

2.5 Conclusion
To better understand and explore the mechanisms by which aspirin induces apoptosis in
the redox-compromised EG110 yeast cells, but not in the wild-type EG103 cells, it was

important to (i) select key genes of interest which could potentially be targeted by aspirin

99



due to their association with the cell cycle or oxidative stress, and (ii) validate by gRT-PCR
the aspirin-induced gene expression data obtained by microarray analysis (Farrugia et al.

2019).

In the present study, aspirin did not alter the expression of the cell-cycle related target
genes ESP1, MCD1, RAS2 and YCA1 in EG110 yeast cells grown in YPE medium for 48 hours
(Figures 2.6 (b), (c), (f) and (i)). However, this result does not exclude the involvement of
their gene products in aspirin-mediated apoptosis, which played pro-death roles in yeast
cells treated with pro-oxidants, including hydrogen peroxide and acetic acid (Hlavata et al.
2008, Madeo et al. 2002, Ludovico et al. 2001, Yang et al. 2008). Conversely, aspirin
enhanced the expression of the cell cycle-related gene CDC6 in EG110 cells (Figure 2.6 (a)),
the gene product of which may induce cell cycle arrest by inhibiting the CDK Cdc28 (Bueno,

Russell 1992, Calzada et al. 2001, Perkins et al. 2001).

Moreover, this study confirms the important role of the compromised redox environment
in aspirin-treated EG110 cells, since the aspirin-induced changes in the expression of all the
selected ROS-related genes, namely OYE2, OYE3, SNO1 and SNZ1, were confirmed by qRT-
PCR and were found to be statistically significant (Figure 2.6). Aspirin induced the
upregulation of OYE2 and OYE3 in the MnSOD-deficient EG110 yeast cells but not in the
wild-type EG103 yeast cells (Figures 2.6 (d) and (e)), potentially promoting aspirin-induced
apoptotic cell death of EG110 yeast cells, through their roles in modulating oxidative stress
and regulating yeast cell death (Odat et al. 2007). More importantly, of all the aspirin-
induced changes in the expression of the selected target genes, the downregulations of
SNO1 and SNZ1 in EG110 yeast cells were the strongest (~4.5-fold), and both

downregulations were validated by qRT-PCR (Figure 2.6 (g) and (h)). Conversely, the
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expressions of these genes were not altered by aspirin in the MnSOD-proficient EG103 cells
(Figures 2.6 (g) and (h)). Thus, SNO1 and SNZ1 were chosen for further studies since this
result suggested that aspirin may induce apoptosis in EG110 cells by compromising
glutaminolysis, which is catalysed by the gene products of SNO1 and SNZ1 (Dong et al. 2004),
leading to a depleted level of glutamate in these cells. Hence, in this study the main focus
was on the effect of aspirin on glutamate metabolism in the redox-compromised EG110
yeast cells. Furthermore, the effect of aspirin on cell cycle progression was also studied to
better understand aspirin’s effect on the cell cycle distribution of both redox-compromised

and wild-type S. cerevisiae cells.
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CHAPTER THREE

THE EFFECT OF ASPIRIN ON THE CELL
CYCLE AND GLUTAMATE METABOLISM IN
YEAST CELLS GROWN AEROBICALLY IN

ETHANOL MEDIUM



3.1 Introduction

The anti-proliferative role of aspirin has been partly attributed to cell cycle arrest (see
section 1.5.2.1), redox imbalance (see section 1.5.3.1) as well as to defects in energy
generation. Aspirin inhibits (i) the synthesis and transport of acetyl-CoA into the
mitochondria (Farrugia et al. 2019), and reduces the pool of CoA (Vessey et al. 1996), (ii)
enzymes involved in the TCA cycle, namely succinate dehydrogenase and a-ketoglutarate
dehydrogenase (Kaplan et al. 1954, Nulton-Persson et al. 2004), (iii) respiratory complexes
(Sandoval-Acuia et al. 2012, van Leeuwen et al. 2011) and (iv) ATP synthesis (Tomoda et al.
1994), all of which are critical for normal mitochondrial function. By targeting mitochondria,
which are key sites for oxidative stress response and energy generation in aerobic
conditions, aspirin directly compromises the ability of cells to counteract oxidative stress and

grow.

Cell growth and proliferation are highly dependent on nutritional status and redox
homeostasis (Conrad et al. 2014). During nutrient-limitation, cells downregulate growth
signalling pathways which inhibit cell cycle progression (Takeshige et al. 1992), and
upregulate processes such as autophagy (Takeshige et al. 1992; Yin et al. 2016) and stress
resistance (Leadsham et al. 2009), until conditions are ameliorated. This is a common
scenario during stationary phase of yeast cell growth, at which point yeast cells adapt to
nutrient scarcity and reduce the rate of growth, often accompanied by a G1/S arrest
(Hartwell et al. 1974). The period of time that non-dividing yeast cells remain viable during
stationary phase defines the CLS of the population (Fabrizio, Longo 2007). Studies have
shown that failure to maintain amino acid homeostasis caused cell death (Suraweera et al.

2012), while the availability of amino acids extended the chronological longevity in yeast,
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and increased resistance to oxidative and thermal stress during chronological aging (Alvers

et al. 2009, Gomes et al. 2007, Maruyama et al. 2016).

3.1.1 Glutamate metabolism and cell growth in S. cerevisiae

Glutamate is a highly abundant non-essential amino acid and is critical for cell growth. In
fact, the CLS of a mutant yeast cell population unable to synthesise glutamate was
significantly reduced, due to very low levels of intracellular glutamate (Hofman-Bang 1999).
Glutamate is heavily involved in the synthesis of other amino acids and nucleotides by
serving as an amino group donor (Cooper 1982, Magasanik 1992). In the cell, glutamate is

mainly derived from a-ketoglutarate or glutamine.

Glutamate may be synthesised from a-ketoglutarate and ammonia, and this reaction is
catalysed by the NADP*-dependent glutamate dehydrogenase enzymes Gdh1 (Moye et al.
1985) and Gdh3 (Avendafio et al. 1997) (Figure 3.1). Gdh1 is important for growth during
exponential phase whereas Gdh3 is the more important isoenzyme to mediate glutamate
biosynthesis for resistance to stress-induced apoptosis and chronological aging during

stationary phase (Lee et al. 2012) (see section 3.1.2).

Glutamate may also be synthesised from glutamine via two independent pathways
mediated by NAD*-dependent glutamate synthase (Glt1, also known as GOGAT) and
glutaminases (GLS) (Figure 3.1). GOGAT catalyses the transfer of an amide group from
glutamine onto a-ketoglutarate to generate two molecules of glutamate and is activated in
response to amino acid starvation (Valenzuela et al. 1998). In fact, this enzyme was deemed

a link between energy production and biomass production (Guillamén et al. 2001).
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Figure 3.1 Glutamate metabolism for yeast cell growth. Glutamate is synthesised by the
deamination of glutamine via glutaminase (GLS) or from glutamine and a-ketoglutarate via
Glt1, an NAD*-dependent glutamate synthase (also referred to as GOGAT). Glutamate may also
be synthesised from a-ketoglutarate by the NADP*-dependent glutamate dehydrogenase
enzymes Gdh1 and Gdh3. In turn, glutamate may be converted back to a-ketoglutarate by the
NAD*-dependent glutamate dehydrogenase enzyme Gdh2, or by transamination via Aatl,
yielding aspartate in the process. Furthermore, glutamate may be decarboxylated into gamma-
aminobutyrate (GABA) via glutamate decarboxylase (Gadl). GABA may be converted to
succinate via 4-aminobutyrate aminotransferase (Ugal) and by succinate semialdehyde
dehydrogenase (Uga2, also known as Uga5). Glutamate-derived a-ketoglutarate and succinate
are used to fuel the mitochondrial tricarboxylic acid (TCA) cycle during aerobic metabolism.
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Furthermore, glutamine may be degraded into glutamate and ammonia by the action of
GLS (Figure 3.1). Glutamate is often used to fuel the TCA cycle by anaplerosis for cell
survival, particularly in glucose-deprived cells (Choo et al. 2010, Yang et al. 2009).
Glutamate may be converted into gamma-aminobutyrate (GABA) by the action of
glutamate decarboxylase (Gad1), which in turn may be converted into the TCA cycle
intermediate succinate by 4-aminobutyrate aminotransferase (Ugal) and by succinate
semialdehyde dehydrogenase (Uga2, also known as Uga5) (Coleman et al. 2001) (Figure

3.1).

Glutamate may also be converted back to the TCA cycle intermediate a-ketoglutarate via

oxidative deamination or transamination. The oxidative deamination of glutamate into

o-ketoglutarate is catalysed by the NAD*-dependent glutamate dehydrogenase enzyme,

Gdh2 (Miller, Magasanik 1990) (Figure 3.1). In addition, glutamate may transfer its amino

group onto oxaloacetate to generate a-ketoglutarate and aspartate, a transamination

reaction catalysed by the aminotransferase Aatl (Figure 3.1). Glutamate-derived a-

ketoglutarate further supports cell growth by supplying carbon to the TCA cycle for the de

novo synthesis of aspartate (DeBerardinis et al. 2007, Son et al. 2013). In the murine

neuroblastoma cell line Neuro2A, decreased levels of aspartate have been linked with cell

death (Profilo et al. 2017), especially since aspartate is required for nucleotide, amino acid

and protein synthesis, as well as for redox homeostasis (see section 3.1.2).

3.1.2 Glutamate metabolism and oxidative stress
Glutamate is an important player involved in the mitigation of oxidative stress and
maintenance of cellular redox homeostasis (Amores-Sachnez, Medina 1999). Wu et al.

(2013) observed that glutamic acid extended the CLS in a redox-compromised sod2-null
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yeast strain. Furthermore, decreased levels of glutamate were associated with yeast cells
which suffered from oxidative stress- or thermal stress-induced apoptosis in gdh3-null yeast
cells (Lee et al. 2012). Cell death in these cells was mediated by ROS accumulation, and this
was likely due to glutamate’s well-known role as a precursor of the main cellular antioxidant
GSH (see section 1.2.2). In fact, the apoptotic phenotype of gdh3-null yeast cells was
suppressed in the presence of exogenous GSH or glutamate or by the deletion of GDH2 (Lee
et al. 2012). Similarly, the addition of glutamate, but not of the other precursors of GSH,
restored the viability of stressed mutant yeast cells unable of synthesising the TCA cycle
intermediate citrate in the cytosol (Lee et al. 2007). This result suggested that apoptosis was
mediated by glutamate depletion required for the biosynthesis of GSH, to mitigate cellular
stress (Lee et al., 2007), and confirmed that glutamate input is the rate-limiting step for GSH

synthesis (Grant et al. 1997).

Conversely, Hu et al. (2010) reported that when glutamate production was increased in
H,0,-treated mammalian cells, they observed a concomitant increase in the levels of a-
ketoglutarate and GSH (see section 1.2.2). Moreover, they reported that the higher levels of
a-ketoglutarate and GSH enhanced mitochondrial respiration and ATP generation, as well as
reduced ROS levels, thereby showing that glutamate could also mitigate oxidative stress

induced by H;0;.

Transamination reactions are also important for redox homeostasis and cell survival,
particularly in mammalian cells (as reviewed by Hosios, Vander Heiden 2018). As described
earlier, the transamination of glutamate generates other useful amino acids such as
aspartate, through several redox reactions involving a-ketoglutarate (Fendt et al. 2013,

Mullen et al. 2014, Sullivan et al. 2015) (Figure 3.1). In turn, glutamate-derived aspartate
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may be involved in redox homeostasis through its involvement in the malate-aspartate
shuttle. In mammalian cells, this shuttle is responsible for oxidising cytosolic NADH and
exchanging it for mitochondrial NAD*, since the mitochondrial inner membrane is
impermeable to NAD* and NADH (Bremer, Davis 1975). Thus, this shunt controls cellular
NAD/NADH ratio between the mitochondrial and cytosolic/nuclear pool (Bakker et al. 2001)
to maintain redox homeostasis. In yeast, the malate-aspartate shuttle is critical for growth
on acetate or fatty acids as carbon sources, but not for growth on ethanol (Cavero et al.
2003). This may be so since yeast grown on ethanol may compensate for the absence of the
malate-aspartate shuttle by activating the ethanol-acetaldehyde shuttle system to reduce
the cytosolic NADH/NAD ratio. Furthermore, Bakker et al. (2001) indicates that yeast grown
on ethanol may regenerate cytosolic NAD+ by the external NADH dehydrogenases Ndel and
Nde2 (Luttik et al. 1998, Small, McAlister-Henn 1998) or by the glycerol-3-phosphate shuttle

(Larsson et al. 1998).

These studies show that reactions involving glutamate may influence the redox balance
through the synthesis of reduced GSH, TCA cycle intermediates and reducing equivalents, all
of which are essential for mitochondria to function properly and ensure survival of cells. In
particular, cancer cells are highly dependent on glutamate metabolism for energy
production, biomass synthesis and redox homeostasis, especially under conditions of

metabolic stress and oncogenic activation (Choi, Park 2018).

3.1.3 Glutamate metabolism and cancer cells
A key hallmark of cancer metabolism is the breakdown of glutamine into glutamate,
termed glutaminolysis (Yang et al. 2017). The glutamate synthesised by this reaction allows

cancer cells to mitigate excessive ROS levels and keep a functioning TCA cycle to synthesise
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ATP, electron donors and other biosynthetic precursors (DeBerardinis et al. 2007, 2008).
The ability of cancer cells to resort to glutamate metabolism to satisfy their increased
metabolic requirements, enables them to proliferate rapidly and uncontrollably (Yang et al.
2017). In fact, some cancer cells die rapidly if deprived of glutamate or its precursor

glutamine (Cluntun et al. 2017, Jiang et al. 2019, Yuneva et al. 2007, Zhang et al. 2017).

The substantial reliance of cancer cells on glutamate has made its metabolism a
promising target to pharmacologically control their growth and proliferation. Although
several drugs targeting glutamate metabolism have been developed in an attempt to slow
down tumour growth and prolong survival (Fung, Chan 2017, Xiang et al. 2015), little is
known about aspirin’s potential to inhibit glutamate metabolism in cancer cells and thereby

compromise their ability to proliferate.

In this chapter, studies were carried out to explore the effect of aspirin on glutamate
metabolism and the cell cycle in S. cerevisiae cells grown in ethanol medium. The
intracellular level of glutamate was measured in aspirin-treated and untreated redox-
compromised EG110 yeast cells. Furthermore, the effect of aspirin on the immediate
metabolic products of glutamate was determined by measuring the intracellular levels of a-
ketoglutarate and GSH in EG110 yeast cells grown in aspirin-treated and untreated YPE
medium. Additionally, the intracellular redox balance in these cells was measured, as given
by the GSH/GSSG concentration ratio. The effect of aspirin on the cell cycle distribution of

EG110 and the wild-type EG103 yeast cells grown in YPE medium was also investigated.
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3.2 Materials
3.2.1 Chemicals

2-vinylpyridine, 5-sulfosalicylic acid, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB or Ellman’s
reagent), D-sorbitol, dithiothreitol (DTT), L-aspartic acid monosodium salt hydrate, L-
glutamic monosodium salt hydrate, reduced glutathione (GSH), nicotinamide adenine
dinucleotide phosphate reduced (B-NADPH), nocodazole, potassium phosphate monobasic
and dibasic, propidium iodide (Pl), sodium acetate and trisodium citrate dihydrate were
obtained from Sigma-Aldrich, Darmstadt, Germany. Phenylmethylsulfonyl fluoride (PMSF)
was obtained from Boehringer, Mannheim, Germany. Magnesium chloride and sodium

hydroxide were obtained from Fluka, Buchs, Switzerland.

The kits used in this part of the research study were the following:
Glutamate assay kit (ab83389) and alpha-KG assay kit (ab83431) were obtained from Abcam
(Cambridge, UK). FITC Annexin V Apoptosis Detection Kit | was obtained from BD

Pharmingen™ (California, USA).

3.2.2 Enzymes
3.2.2.1 Glutathione reductase

The enzyme glutathione reductase from baker’s yeast (Saccharomyces cerevisiae)
suspended in ammonium sulfate was obtained from Sigma-Aldrich, Darmstadt, Germany.
Dilutions of the stock suspension were prepared in phosphate-EDTA buffer solution, pH 7.5

(see section 3.2.5.3). These were stored at 4 °C and were stable for two weeks.
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3.2.2.2 Ribonuclease A from bovine pancreas

Lyophilised ribonuclease A (RNase A) from bovine pancreas (R6513) was obtained from
Sigma-Aldrich, Darmstadt, Germany. 1 mg/ml stock solution of RNase A was prepared by
dissolving 1 mg of lyophilised enzyme in 1 ml of filtered nuclease-free water

(ThermoScientific™, Massachusetts, USA), and was aliquoted and stored at -20 °C.

3.2.2.3 Zymolase®-20T from Arthrobacter luteus

Lyophilised Zymolase®-20T from Arthrobacter luteus (120491-1) was obtained from AMS
Biotechnology (Abingdon, UK). A fresh solution of the enzyme was prepared on the day of
use, in potassium phosphate buffer (see section 3.2.5.1) containing 1.2 M sorbitol (see

section 3.2.5.17).

3.2.3 Yeast strains

The yeast strains used were described in section 2.2.2.

3.2.4 Media for yeast cell cultures
The chemicals required to prepare media for yeast cell cultures were described in section

2.2.3.

3.2.4.1 Synthetic complete medium

Synthetic complete medium was prepared as described in section 2.2.3.1.

3.2.4.2 YPE medium

YPE medium was prepared as described in section 2.2.3.2.
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3.2.4.3 Yeast extract peptone dextrose (YEPD) medium

YEPD medium was prepared by mixing 1% (w/v) yeast extract and 2% (w/v)
bacteriological peptone in distilled water. Separately, 2% (w/v) glucose was dissolved in
distilled water. These two solutions were autoclaved separately at 120 °C for 20 min and

mixed afterwards.

Solid YEPD plates were prepared by adding bacteriological agar to the yeast extract and
bacteriological peptone solution, to give a final concentration of 2% (w/v). This solution was
then autoclaved at 120 °C for 20 min, mixed with the glucose solution, poured out into

sterile petri dishes and allowed to solidify at room temperature.

3.2.5 Buffer and reagent solutions
3.2.5.1 Potassium phosphate buffer

A 1 M solution of potassium dihydrogen phosphate (KH2PO4) was prepared by dissolving
27.22 g of KH2PO4 in 200 ml of deionised water. A 1 M solution of dipotassium hydrogen
phosphate (K;HPO4) was prepared by dissolving 34.84 g of K;HPO4 in 200 ml of deionised
water. Given amounts of these two solutions were then used to prepare a potassium
phosphate buffer with the pH of interest according to Sambrooke et al. (1989), namely by
adding K;HPQO4 to raise the pH and KH2PO4 to lower the pH. The 1 M stock solution and any

dilutions thereof were aliquoted, autoclaved at 120 °C for 20 min and stored at 4 °C.

3.2.5.2 Phosphate buffer saline

PBS was prepared as described in section 2.2.4.2.
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3.2.5.3 Phosphate-EDTA solution

A phosphate-EDTA solution (phosphate, 0.125 M; EDTA, 6.3 mM) was prepared by
dissolving 3.99 g of dipotassium hydrogen phosphate (K;HPOa), 0.43 g of potassium
dihydrogen phosphate (KH,PO4) and 0.59 g of EDTA disodium salt dihydrate in 250 ml of
deionised water. The buffer was adjusted to the desired pH by using 1 M solutions of
K2HPO4 or KH2PO4 to raise or lower the pH, respectively (see section 3.2.5.1). The solution
was aliquoted, sterilised by autoclaving at 120 °C for 20 min and stored at room

temperature.

3.2.5.4 Sodium acetate buffer

A 0.01 M solution was prepared by dissolving 82.03 mg of sodium acetate (MW = 82.03
g/mol) in 80 ml of deionised water. The pH was adjusted with glacial acetic acid to the pH of
interest after the solution was allowed to cool. The volume was brought to 100 ml with
deionised water. The solution was filter-sterilised, aliquoted and stored at room

temperature.

3.2.5.5 Sodium citrate buffer
A 0.5 M solution of sodium citrate buffer was prepared by dissolving 14.71 g of trisodium
citrate dihydrate (MW =294.10 g/mol) in 80 ml of nuclease-free water. The pH was adjusted
with sodium hydroxide to the pH of interest. The volume was made to 100 ml. The buffer

was autoclaved at 120 °C for 20 min, aliquoted and stored at 4 °C.
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3.2.5.6 Phenylmethylsulfonyl fluoride (PMSF) solution

A 100 mM solution was prepared by dissolving 17.4 mg of PMSF (MW = 174.19 g/mol) in
1 ml of isopropanol in the fume hood, using protective clothing. The solution was filter-

sterilised, aliquoted and stored at -20 °C.

3.2.5.7 0.5 M Magnesium chloride

A 0.5 M stock solution was prepared by dissolving 508.25 mg of magnesium chloride
(MgCl,) (MW = 203.3 g/mol) in 4 ml of deionised water. The volume was brought to 5 ml

with deionised water. The solution was filter-sterilised, aliquoted and stored at -20 °C.

3.2.5.8 1M Trizma® base

1 M Trizma® base was prepared as described in section 2.2.4.4.

3.2.5.9 Tris-HCI

A 1 M solution of Tris-HCI buffer was prepared by adding concentrated hydrochloric acid
to a1l M Trizma® base solution (see section 2.2.4.4) to the pH of interest. The solution and

any dilutions thereof were autoclaved at 120 °C for 20 min and stored at 4 °C.

3.2.5.10 1 M Dithiothreitol (DTT)

A 1 M solution of DTT was prepared by dissolving 772.5 mg of DTT in 5 ml of 0.01 M
sodium acetate, pH 5.2 (see section 3.2.5.4). The solution was filter-sterilised and aliquoted

into 250 ul aliquots and stored at -20 °C.
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3.2.5.11 Tris-DTT buffer

Tris-DTT was freshly prepared by adding 10 mM DTT (see section 3.2.5.10) to 0.1 M Tris-

HCI (see section 3.2.5.9). The mixture was filter-sterilised and used immediately.

3.2.5.12 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) solution

A 6 mM solution of DTNB (also known as Ellman’s reagent) was prepared by dissolving
23.8 mg of DTNB (MW = 396.35 g/mol) in 10 ml of phosphate-EDTA solution (see section

3.2.5.3). The solution was filter-sterilised, stored at 4 °C and was stable for two weeks.

3.2.5.13 Glutathione stock solution

A 20 mM stock solution of glutathione (GSH) was freshly prepared by dissolving 30.73 mg
of GSH (MW = 307.32 g/mol) in 5 ml of deionised water. Any dilutions thereof were also

prepared on the day of use and kept on ice.

3.2.5.14 Nicotinamide adenine dinucleotide phosphate (13-NADPH) solution

A 0.3 mM solution of B-NADPH was prepared by dissolving 26.6 mg of B-NADPH,
tetrasodium salt in 100 ml solution of phosphate-EDTA solution (see section 3.2.5.3). This

was filter-sterilised and stored at 4 °C for two weeks.

3.2.5.15 Nocodazole solution

1.5 mg of nocodazole were dissolved in 1 ml of dimethyl sulfoxide (DMSO). Heating was
required for nocodazole to dissolve completely. The solution was filter-sterilised, aliquoted

and stored at -20 °C.

115



3.2.5.16 10% (w/v) sodium dodecyl sulfate (SDS)

A 10% (w/v) solution of SDS was prepared by dissolving 10 g of SDS in 80 ml of deionised
water and the solution was allowed to stir gently without frothing. Heating was necessary
for SDS to dissolve completely. Once the solute had dissolved, the volume of the solution
was adjusted to 100 ml with deionised water while mixing. The solution was filter-sterilised

and stored at room temperature.

3.2.5.17 2 M Sorbitol

A 2 M solution of D-sorbitol (MW = 182.172 g/mol) was prepared by dissolving 87.44 g in
approximately 100 ml of deionised water with continuous stirring. The sorbitol was added
little by little to aid dissolution. The volume was made to 240 ml with deionised water and

aliquoted into two. The solution was autoclaved at 120 °C for 20 min and stored at 4 °C.

3.2.5.18 3.5% (w/v) sulfosalicylic acid (SSA)

A 3.5% (w/v) solution of SSA was prepared by dissolving 14 g of SSA in 400 ml of deionised
water, in the fume hood. The resultant solution was aliquoted, autoclaved at 120 °C for 20

min and stored at 4 °C.

3.2.6 Software Programmes

The software programmes used for this part of the work were Cell Quest™ Pro, FlowJo™

v10.0.7 from BD Biosciences and SPSS® Statistics v25 from IBM (New York, USA).
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3.3 Methods
3.3.1 Colorimetric determination of intracellular glutamate content

To investigate whether aspirin affects the level of glutamate in EG110 cells, the
Glutamate assay kit by Abcam was used (see section 3.2.1). The methodology described in
the kit’s instructions was slightly modified for yeast extracts as described in the following
paragraph. The concentration of glutamate was determined by measuring the formation of

a colorimetric product (ODaso), proportional to the glutamate present in the samples.

Sample Preparation

1 x 10% EG110 cells were cultivated in 5 ml YPE medium, in the presence and absence of
15 mM ASA (see section 2.3.1). After the required time of growth, 4 x 107 cells/m| (ODgoo =
4) were harvested from each culture and washed in 1 ml of ice-cold PBS (see section 2.2.4.2).
The cells were then pelleted (3,000 g for 5 min) and resuspended in 1 ml of room
temperature-acclimatised Glutamate Assay Buffer. The cell suspension was transferred to
lysis chambers which were half-filled with 400-600 um glass beads. The cell suspensions
were then subjected to two rounds of cell lysis cycles of 30 s each, using the -
minibeadbeater. The lysates were then incubated for 15 min on ice and transferred to clean
microcentrifuge tubes. Samples were centrifuged at 13,000 g for 10 min at 4 °C to remove
any insoluble material. Lysates were then transferred to spin filters with a molecular weight
cut off (MWCO) of 10 kDa for deproteinisation. This was important to avoid particulate
matter, proteins, fats and/or enzymes in the sample from interfering with the assay. Lysates
were then centrifuged for 10 min at room temperature at 14,000 g. The filtrate from each

sample was collected into clean microcentrifuge tubes.
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Assay Procedure and Detection

To perform the assay, 50 pl of filtrate collected from each sample were added in duplicate
to a 96-well plate. Standard diluted solutions (ranging from 0 — 10 nmol/well), which were
prepared from a 1 mM stock solution of L-glutamate in Glutamate Assay buffer (both
provided in the kit), were similarly added in duplicate in separate wells to plot a standard
calibration curve (Supplementary Figure 3). 100 pl from a previously prepared master mix,
consisting of 90 pl of Glutamate Assay Buffer, 8 ul Glutamate Developer and 2 ul of
Glutamate Enzyme Mix (all provided in the kit) were added to each reaction well. The

master mix was prepared to avoid variability amongst the samples and standards.

Another similar master mix but without Glutamate Enzyme Mix was added to a separate
set of sample wells to serve as a background control. The 96-well plate was briefly shaken
horizontally and incubated at 37 °C overnight, protected from light. The absorbance at
ODss0 was measured on a Mithras LB940 Multimode Microplate Reader (Berthold

Technologies GmbH, Co. KG, Baden-Wiirttemberg, Germany).

Calculations and Statistics

A standard calibration curve of mean absorbance values (ODasg) measured for different
standard solutions was plotted against their corresponding L-glutamate concentrations (0 —
10 nmol/well) (Supplementary Figure 3). Mean absorbance values of L-glutamate standard
solutions were corrected for any inherent absorbance reading of the assay buffer containing
no glutamate. Similarly, mean absorbance values of the samples were corrected for
inherent absorbance readings of (i) the blank containing no sample and (ii) the background
control wells containing no Glutamate Enzyme Mix. Linear regression analysis was used to

determine the amount of glutamate (nmol) in 50 pl of each sample. The concentration of
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glutamate in nmol/ml was then calculated. To normalise the quantity of glutamate in ASA-
treated and untreated samples, the amount of glutamate in nmol/ml per turbidimetric unit
of culture was calculated. Pairwise comparisons tests were performed (see section 2.3.10)
to determine if the intracellular level of glutamate was reduced in the aspirin-treated EG110

yeast cells when compared to their aspirin-untreated counterparts.

3.3.2 Monitoring the growth of EG110 S. cerevisiae cells grown in ASA-treated
ethanol medium in the absence and presence of L-glutamate

A primary culture of EG110 cells was used to inoculate 5 ml secondary cultures (see
section 2.3.1) of ASA-treated YPE medium containing different amounts of L-glutamic acid
monosodium salt hydrate, having the pH adjusted to 5.50 with 1 M Trizma® base (see
section 2.2.4.4). Allinitial secondary cultures had an equal ODsgo of 0.08 and were incubated
at 28 °C with constant shaking (250 rpm). The optical density was measured using a
BioPhotometer Eppendorf spectrophotometer (Hamburg, Germany) at 24-hour intervals.
Growth curves of ODgoo against time in hours were plotted to monitor the growth of yeast

cells.

3.3.3 Viability assay based on colony-forming units (CFUs) grown on YEPD plates
For cell viability, 500 cells from each 5 ml secondary yeast cell culture (see section 2.3.1)
were inoculated onto YEPD plates (see section 3.2.4.3) at 24, 48, 96 and 144 hours of
cultivation. The CASY Cell Counter and Analyzer System Model TT (Innovatis) was used to
calculate the number of cells. The fold change in cell viability of EG110 yeast cells grown in
ASA-treated YPE medium, in the absence and presence of L-glutamate, was obtained by
comparing CFU counts of treated cells to those of untreated cells growing only in YPE

medium.
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Statistically significant changes in the viability of EG110 cells subjected to different

treatments were determined using multiple comparisons tests (see section 2.3.10).

3.3.4 Determination of the mode of yeast cell death by flow cytometry
using annexin V-FITC / propidium iodide (PI) staining

To confirm that ASA-treated redox-compromised EG110 yeast cells die by apoptosis and
to verify whether these cells are rescued by exogenous L-glutamate, cells were double-
stained with annexin V-FITC and Pl using the FITC Annexin V Apoptosis Detection Kit | (BD

Pharmingen™) (see section 3.2.1).

Preparation of spheroplasts

EG110 yeast cell cultures were grown for the desired time in 5 ml of YPE medium only,
and in ASA-treated YPE medium in the absence and presence of 200 mM L-glutamate having
the pH adjusted to 5.50 with 1 M Trizma® base. For the preparation and cultivation of the

yeast cell cultures see section 2.3.1.

Centrifugation of 1 x 107 cells from each cell culture was carried out at 3,000 g for 5 min
at 4 °C. The cell pellet was resuspended and washed in 1 ml of phosphate buffer containing
1.2 M sorbitol (see section 3.2.5.17), 35 mM potassium phosphate, pH 6.8 (see section
3.2.5.1) and 0.5 mM MgCl; (see section 3.2.5.7). Cells were pelleted (3,000 g for 5 min at 4
°C) and resuspended in 1 ml Tris-DTT buffer (see section 3.2.5.11) to break the cysteine
bridges in the yeast cell wall. The cell suspensions were incubated with gentle shaking (50
rpm) for 20 min at 30 °C. The cells were then recovered by centrifugation (3,000g for 5 min

at 4 °C) and the wet weight of cells was recorded.
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To digest the cell wall of the yeast cells, 20 mg of pre-warmed (to 28 °C) Zymolase®-20T
(see section 3.2.2.3) per gram wet weight of cells, were dissolved in a volume of sorbitol-
containing phosphate buffer which is equivalent to 2 ml per gram wet weight of cells. This
volume was used to resuspend the cell pellet, and cells were incubated for 2 hours at 30 °C,
with gentle shaking at 50 rpm. After this step, the resultant spheroplasts were treated very
gently. The formation of spheroplasts was confirmed by removing an aliquot from the
enzyme-exposed suspension, diluting it 10-fold in 10% (w/v) SDS (see section 3.2.5.16), and
microscopically examining the suspension for the presence of cells. The absence of cells
indicated completion of spheroplast formation. Control cells (not treated with Zymolase®-
20T) were treated in the same way. These remained fully-intact cells. The spheroplasts were

harvested by centrifugation in a Micro-Centaur centrifuge at 1,000 rpm for 1 min.

Assay procedure and detection

Recovered spheroplasts were washed in 1 ml of 1x sorbitol-containing binding buffer
prepared by adding 1.2 M sorbitol (see section 3.2.5.17) to the binding buffer which was
provided in the kit. Spheroplasts were spun down again, resuspended in 500 pl of 1x binding
buffer and divided into two aliquots. One aliquot was double-stained with 5 ul of annexin V-
FITC and 5 pl of Pl (both dyes provided in the kit), and incubated for 30 min at room
temperature in the dark with continuous gentle mixing. The other aliquot was left unstained
and served as a control to ensure that autofluorescence did not present a problem across
experimental conditions. Finally, both stained and unstained samples were analysed by flow
cytometry on a BD FACS Calibur flow cytometer. Side scatter (SSC) vs forward scatter (FSC)
plots were constructed to identify and gate spheroplasts using CellQuest™Pro software (BD

biosciences) (Figure 3.2).
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Figure 3.2: Identification of EG110 spheroplasts by side scatter (SSC) versus forward scatter (FSC) plots. EG110 spheroplasts that were
originally cultivated in a) YPE medium, b) ASA-treated YPE medium and in c) ASA-treated YPE medium in the presence of L-glutamate for
96 hours were identified based on size and granularity (complexity) as indicated by FSC and SSC, respectively. Since cell debris have
lower FSC than live cells, they tend to be observed at the lower left corner of the dot plots. However, it is rather difficult to distinguish
between cell debris from yeast cell buds. In addition, the SSC vs FSC plot of ASA-treated EG110 cells (b) showed no definite boundary
between the two seemingly distinct populations observed in a) and c). For this reason, one gate was applied across treatment (as shown
by the red polygonal shape), encompassing most of the cell populations irrespective of treatment. The enclosed population was used for
analysis. ASA, aspirin; Glu, glutamate; YPE, ethanol-based.
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To adjust the settings of the instrument such that the emission spectra of the two
fluorochromes did not overlap, positive controls for both dyes were needed. Suspensions of
EG110 spheroplasts originally grown in ASA-treated YEPD medium (see section 3.2.4.3) for
96 hours, were used to serve as positive controls for cell death as indicated by the findings of
Balzan et al. (2004). These suspensions were divided into four aliquots: one aliquot was left
unstained; two aliquots were single-stained with either Pl or with annexin V-FITC and an
aliguot was double-stained with both dyes. Compensation of the instrument was required
to exclude overlapping of the two emission spectra (Figure 3.3 (a) and (b)). The instrument
settings were kept constant across experimental conditions and included an excitation
wavelength of 488 nm, a 530/30 nm bandpass filter for FITC detection, and a 630/22 nm
bandpass filter for Pl detection. During analyses, gates were set once, such that they could

be applied to all samples for comparison, under all experimental conditions (Figure 3.3 (c)).

3.3.5 Cell cycle analyses of yeast cells by flow cytometry using PI

The method used for the flow-cytometric analysis of the DNA content in budding yeast
was adapted from the protocol of Haase and Lew (1997). Yeast cells cultivated in 5 ml
cultures were grown for the desired time at 28 °C with shaking at 250 rpm (see section
2.3.1). An aliquot from EG103 cells grown in YPE medium, of ODego = 0.5, was treated with
50 pg/ml nocodazole dissolved in dimethyl sulfoxide (DMSO) (see section 3.2.5.15) as a
positive control for cells arrested at the G2/M checkpoint. To ensure that the concentration
of DMSO used did not influence the cell cycle distribution of nocodazole-treated cells, a

separate aliquot of cells was treated with an equivalent volume of nocodazole-free DMSO.
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Figure 3.3: Flow-cytometric compensation and gating strategy for the
staining with annexin V-FITC and Pl of spheroplasts from aspirin-treated
EG110 cells grown in YEPD medium for 96 hours. Superimposed graphs
visualised in (a) the annexin V-FITC channel and (b) the PI channel, are from
unstained spheroplasts (left, open black curves) and from spheroplasts that are
single-stained with either annexin V-FITC (green-filled curves) or PI (red-filled
curves). In the PI channel, as shown in (b)(ii), fluorescence from FITC-stained
spheroplasts was observed as spillover in the Pl +ve gate. Thus, the left
boundary of the adjusted Pl +ve gate in (b)(i) was objectively set at the point
where the fluorescence signals from annexin V-FITC-stained spheroplasts in
(b)(ii), and Pl-stained spheroplasts in (b)(i), intersect in the Pl channel. By doing
so, a compromise was achieved between a false negative signal (Pl lost = 6.87%)
and a false positive signal (FITC spillover = 5.84%). (c) Dot plots of (i) unstained
and (ii) double-stained EG110 spheroplasts that were previously cultivated in
aspirin-treated YEPD medium for 96 hours. Graphs in (a) and (b) were used to
set gates of dot plots shown in (c). Gates set in dot plots were then applied to
all stained and unstained samples for comparison, under all experimental
conditions. Quadrants: lower left, FITC -ve/PI -ve; upper left, FITC -ve/PI| +ve;
lower right, FITC +ve/PI -ve; upper right, FITC +ve/Pl +ve.

FITC: fluorescein isothiocyanate; PI, propidium iodide; YEPD: yeast extract
peptone dextrose.
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Upon treatment, both cell aliquots were returned to the shaking incubator for 2 hours at 28

°C.

After the incubation period of interest, 1 x 107 cells were harvested from each cell culture
using the CASY Cell Counter and Analyzer System Model TT (Innovatis). Cells were recovered
by centrifugation at 3,000 g for 5 min at 4 °C. Cell pellets were washed twice with 1 ml of 50
mM sodium citrate buffer, pH 7.2 (which limits cell clumping) (see section 3.2.5.5).
Recovered cells were then permeabilised and fixed in 70% (v/v) ice-cold ethanol by adding it
dropwise to the cell pellet while vortexing. This was important to prevent cell clumping.
Cells were then stored at 4 °C at least overnight, to ensure complete fixation and

permeabilisation.

Assay procedure and detection

On the next day, permeabilised and fixed cells were recovered by centrifugation at 3,000
g for 10 min at 4 °C and washed twice with sodium citrate buffer, pH 7.2 (see section
3.2.5.5), to ensure the absence of ethanol which influences the quality of the cell cycle
profiles. Each cell pellet was then resuspended in 0.5 ml of sodium citrate buffer, pH 7.2
(see section 3.2.5.5), containing 0.1 mg/ml RNase A (see section 3.2.2.2) in nuclease-free
water and incubated at 37 °C for 4 hours with gentle shaking (50 rpm). The addition of

RNase A ensured that only DNA, not RNA, was stained.

Each RNase-treated sample was divided into two aliquots of 250 ul each. One aliquot was
topped up with 250 ul of sodium citrate buffer, pH 7.2 (see section 3.2.5.5) and this served
as an unstained control to ensure that any fluorescence observed in the stained cells

originated from the Pl added. The other aliquot was treated with 250 ul of sodium citrate
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buffer, pH 7.2 (see section 3.2.5.5) containing 8 ug/ml Pl so that the final concentration of Pl
was 4 ug/ml. After thorough mixing, both Pl-stained and unstained cells were incubated at 4

°C overnight, in the dark (to ensure saturation with PI), and were processed on the next day.

All cell suspensions were briefly vortexed and then sonicated (sonicator output = 20%) for
2 rounds of 15 s, each with an interval of 30 s on ice using a Soniprep 150. This was done to
separate buds from mother cells and to break up any cell clumps. Finally, the cell
suspensions were transferred into 12 x 75 mm FACS tubes, vortexed briefly right before
being analysed by flow cytometry on a BD FACS Aria lll flow cytometer with the aid of
FlowlJo™ v10.0.7 software. At least 30,000 cells from each sample were analysed. The
instrument settings were kept constant across experimental conditions and recorded at a
photomultiplier tube (PMT) voltage of 700 V. The excitation wavelength was set at 488 nm

with a bandpass filter of 630/22 nm for Pl detection.

Analyses and Statistics

After identifying and gating yeast cells based on size and complexity with the aid of SSC vs
FSC plots (Figure 3.4), cell aggregates were excluded using side scatter (SSC) plots (Figure
3.5) with the aid of FlowJo™ v10.0.7 software. During analyses, gates were set with the aid
of nocodazole-treated cells arrested at the G2/M checkpoint (Figure 3.6). Such gates were
then applied to all samples for comparison, under all experimental conditions. Treatment-
induced changes in the percentage of cells in different phases of the cell cycle were
determined by performing pairwise or multiple comparisons tests (see section 2.3.10),

depending on whether two or more treatments were compared, respectively.
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Figure 3.4 Identification of fixed and permeabilised a) EG103 and b) EG110 yeast cells by side scatter (SSC) versus forward scatter (FSC)
dot plots. Yeast cells cultivated for 168 hours in YPE medium, and in ASA-treated YPE medium in the absence or presence of L-glutamate
were identified based on size and granularity (complexity) as indicated by FSC and SSC, respectively. EG103 and EG110 cells revealed
differences in SSC vs FSC plots and this required a different gate to be set for each strain. Values represent the percentage of cells gated
within the polygon. At least 30,000 cells were measured for each sample. Analyses were carried out on a FACS Aria lll flow cytometer with
the aid of FlowJo™ v10.0.7 software (BD biosciences). ASA, aspirin; Glu, glutamate; YPE, ethanol-based.
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Figure 3.5 Side scatter (SSC) density plots to exclude yeast cell aggregates for flow-cytometric analyses of the cell cycle in yeast
cells. The density plot, side scatter-height (SSC-H) vs side scatter-area (SSC-A), shown in a) was constructed using the cell
population that had originally been gated based on size and complexity (granularity) (SSC vs FSC, Figure 3.4). A polygon was
drawn around cells which are observed as a thin, linear streak, to exclude cell aggregates. This gated population of single cells
was then used to construct the SSC-A vs side scatter-width (SSC-W) density plot shown in b). Once again, a polygon was drawn
around the thin, linear streak which represented single cells. Similarly, this gated population of single cells was used to plot a
final density plot of SSC-H vs SSC-W shown in c¢). Once again, a polygon was drawn to exclude cell aggregates. This step-wise
procedure resulted in the identification of the single cell population that was analysed for cell cycle distribution. Values represent
the percentage of cells gated within the polygon. Analyses were carried out on a FACS Aria Il flow cytometer with the aid of
FlowJo™ v10.0.7 software (BD biosciences).
FSC, forward scatter.
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Figure 3.6 Propidium iodide (Pl)-stained EG103 yeast cells treated with nocodazole served as a positive G2/M arrest control for flow-
cytometric cell cycle analyses. The figure shows fluorescence histograms of exponentially-growing EG103 yeast cells in (a) YPE medium
only, in (b) YPE medium to which 50 pug/ml nocodazole in dimethyl sulfoxide (DMSO) were added, and in c) YPE medium to which an
equivalent amount of DMSO, as in (b), was added prior to fixation. Nocodazole-treated cells were used as a positive control for cells
arrested at the G2/M checkpoint such that samples could be aligned to it for comparison. DMSO-treated cells were used to check
whether the concentration of DMSO influences the cell cycle distribution of nocodazole-treated control cells. Values represent the
percentage of cells in different phases of the cell cycle. At least 30,000 cells were measured. Analyses were carried out on a FACS Aria
[l flow cytometer with the aid of FlowJo™ v10.0.7 software (BD biosciences). YPE, ethanol-based.
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3.3.6 Colorimetric determination of intracellular a-ketoglutarate content

To investigate whether aspirin affects the level of a-ketoglutarate in EG110 cells the
Alpha-KG Assay Kit (ab83431) from Abcam was used (see section 3.2.1). The concentration
of a-ketoglutarate was determined by measuring the absorbance at 570 nm of a colorimetric

product produced by the pyruvate originally generated from a-ketoglutarate in the samples.

Sample Preparation
EG110 cells were cultivated in 5 ml YPE medium only, and in ASA-treated YPE medium in
the absence and presence of 200 mM L-glutamate having the pH adjusted to 5.50 with 1 M

Trizma® base (see section 2.2.4.4).

After the desired time of growth, 1 x 102 cells/m| (ODsoo = 10) were harvested from each
culture and washed with 1 ml of ice-cold PBS (see section 2.2.4.2). The cells were then
pelleted (3,000 g for 5 min at 4 °C) and resuspended in 1 ml of room temperature-
acclimatised Alpha-KG Buffer (provided in the kit). The cell suspension was transferred to
lysis chambers which were half-filled with 400-600 um glass beads. The cell suspensions
were then subjected to two rounds of cell lysis cycles of 30 s each, with a cooling interval of
30 s, using the p- minibeadbeater. The lysates were then transferred to clean
microcentrifuge tubes and spun down at 13,000 g for 10 min at 4 °C to precipitate any yeast
cell debris or insoluble material. Lysates were then transferred to spin filters with a
molecular weight cut off (MWCO) of 10 kDa (UFC501024, Sigma-Aldrich, Darmstadt,
Germany) and centrifuged at 14,000 g for 10 min at room temperature for deproteinization.
This was important to avoid particulate matter, proteins, fats and/or enzymes in the sample
from interfering with the assay. The filtrate from each sample was collected into clean

microcentrifuge tubes and used for the assay.
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Assay procedure and detection

To perform the assay, 50 pl of filtrate collected from each sample were added in duplicate
in a 96-well plate. Standard diluted solutions (ranging from 0 — 10 nmol/well), which were
prepared from a 1 nmol/ul stock solution of Alpha-KG standard prepared in assay buffer
provided in the kit, were similarly added in duplicate in separate wells to plot a standard
calibration curve (Supplementary Figure 4). 50 pl of reaction mix consisting of 44 pul of
Alpha-KG Assay Buffer, 2 ul Alpha-KG Converting Enzyme, 2 pl Alpha-KG Enzyme Mix and 2 pl
Alpha-KG Probe were added to each sample and standard. To avoid variability amongst
samples and standards, a master mix was prepared and a multi-channel pipette was used.
Another master mix containing no Alpha-KG Converting Enzyme was added to a separate set
of sample wells, to serve as a background control. This control was crucial to ensure that the
sample itself did not catalyse the colorimetric reaction. The plate was briefly shaken
horizontally and incubated at 37 °C overnight, protected from light. The absorbance at
ODs70 was measured on a Mithras LB940 Multimode Microplate Reader by Berthold

Technologies GmbH, Co. KG (Baden-Wiirttemberg, Germany).

Calculations and Statistics

A standard calibration curve of mean absorbance values (ODs70) measured for different
standard solutions was plotted against their corresponding a-ketoglutarate concentrations
(0 — 10 nmol/well) (Supplementary Figure 4). Mean absorbance values of a-ketoglutarate
standard solutions were corrected for any inherent absorbance reading of the Alpha-KG
Assay Buffer containing no a-ketoglutarate. Similarly, mean absorbance values of the
samples were corrected for inherent absorbance readings by means of the following

controls: (i) a blank containing no sample, to ensure the absence of a-ketoglutarate in the
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reagents, and (ii) a control containing no Alpha-KG Converting Enzyme, to exclude any
absorbance which may be due to other enzymes present in the sample. Linear regression
analysis was used to determine the amount of a-ketoglutarate (nmol) in 50 ul of sample.
The concentration of a-ketoglutarate (nmol/ul) was then converted to nmol/ml. To
normalise the quantity of a-ketoglutarate in the total cell extract from EG110 cells grown in
YPE only, and in ASA-treated YPE in the presence and absence of L-glutamate, the amount of
a-ketoglutarate was expressed in nmol/ml per turbidimetric unit of culture. Statistically
significant changes in the intracellular level of a-ketoglutarate in EG110 cells subjected to

different treatments were determined by multiple comparisons tests (see section 2.3.10).

3.3.7 Monitoring the growth of EG110 S. cerevisiae cells grown in ASA-
treated ethanol medium in the absence and presence of L-aspartate

A primary culture of EG110 cells was used to inoculate 5 ml secondary cultures (see
section 2.3.1) of ASA-treated YPE medium containing different amounts of L-aspartic acid
monosodium salt hydrate, having the pH adjusted to 5.50 with 1 M Trizma® base (see
section 2.2.4.4). All initial secondary cultures had an equal ODego of 0.08 and were incubated
at 28 °C with constant shaking (250 rpm). The optical density was measured using a
BioPhotometer Eppendorf spectrophotometer (Hamburg, Germany) at 24-hour intervals.
Growth curves of ODgoo against time in hours were plotted to monitor the growth of yeast

cells.

3.3.8 Spectrophotometric determination of the reduced and oxidised intracellular
glutathione content

The cellular levels of GSH and GSSG were determined by the method of Griffith (1985).

5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) reacts non-enzymatically with GSH to yield GSSG
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and 2-nitro-5-thiobenzoic acid (TNB). GSSG is then reduced enzymatically by glutathione
reductase (Glrl), in the presence of NADPH, to regenerate GSH, which reacts again. The
concentrations of DTNB, NADPH and glutathione reductase were chosen such that the rate
of the overall reaction is linearly proportional to the concentration of total glutathione,
which is indicated by the intensity of the yellow product, TNB. The formation of TNB was

followed continuously and spectrophotometrically at 412 nm.

2GSH + DTNB -_— GSSG + 2TNB
GSSG + NADPH + H* — 2GSH + NADP*

Glutathione reductase
(GlIr1)

GSH/GSSG

Combined reaction: DTNB + NADPH + H* T 2TNB + NADP*

Sample preparation

The yeast strain EG110 was cultivated in 250 ml cultures of YPE medium only, and in ASA-
treated YPE medium in the presence and absence of 200 mM L-glutamate having the pH
adjusted to 5.50 with 1 M Trizma® base (see section 2.2.4.4). Cell cultures were prepared

and cultivated as described in section 2.3.1.

After the desired time of growth, 5 x 10° cells were harvested by centrifugation at 3,000 g
for 10 min at 4 °C. The cells were washed twice with 10 ml of ice-cold deionised water, and
resuspended again in 1 ml deionised water. Next, the cell suspension was divided equally
into two aliquots. One aliquot was used for the determination of GSSG and the other aliquot
was used for the determination of the total glutathione (GSH and GSSG). The cell density of

each aliquot was spectrophotometrically measured (as indicated by ODepo) so that the levels
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of GSH and GSSG could be compared across samples and treatments. Cells from each aliquot
were recovered again by centrifugation and resuspended in an equal volume of 3.5% (w/v)
SSA solution (see section 3.2.5.18), which is a protein denaturant. The acidification of
cellular extracts was important to inactivate y-glutamyl transpeptidase and limit GSH
degradation, as well as to reduce oxidation of GSH to GSSG and/or to mixed disulfides

(Griffith 1980).

Protein-free cell lysates were prepared by transferring the cell suspensions into lysis
chambers half-filled with 400-600 pum acid-washed glass beads. The samples were lysed for
two rounds of 30 s each in a yp-minibeadbeater with a cooling interval of 30 s. The resultant
cell lysate was recovered by two consecutive centrifugation cycles of 15,000 g for 5 min at 4
°C to remove large, insoluble cell debris followed by a long centrifugation step of 45 min at
18,000 g to further remove any remaining proteins. The protein-free cell lysates which were
to be used for the measurement of the total glutathione were stored at 4 °C until assayed.
The protein-free cell lysates which were to be used for the measurement of GSSG were
neutralised using 50 mM Tris-HCI, pH 7.5 (see section 3.2.5.9). Subsequently, 2 ul of 2-
vinylpyridine were added to 100 pl of the neutralised protein-free cell lysate. The 1 ml vial
containing the cell lysate was vortexed vigorously to ensure sample homogeneity, and was

left to stand for 1 hour.

Assay Procedure and Detection of the Total Glutathione Content in Protein-Free
Yeast Extracts

For the spectrophotometric analysis of the total glutathione content in the cell lysates,
the following assay reagents were added to a 1 ml cuvette: 690 ul phosphate-EDTA solution,

pH 7.7 (see section 3.2.5.3), 10 pl B-NADPH solution (see section 3.2.5.14), 100 ul DTNB (see
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section 3.2.5.12); 193 pl deionised water together with the sample or GSH standard (see

section 3.2.5.13) and 7 ul glutathione reductase (see section 3.2.2.1).

The formation of the yellow product TNB, recorded as the change in absorbance against
change in time (AA/At), was monitored at 412 nm on a Perkin-Elmer spectrophotometer at
25 °C, against a reference cuvette containing deionised water. A blank assay consisting of
the above components together with 3.5% (w/v) SSA (see section 3.2.5.18) instead of the

sample was carried out.

The GSH calibration curve was constructed by carrying out assays with 1, 2,3 and 4 ul of a
1.0 mM GSH standard solution (see section 3.2.5.13), corresponding to 1, 2, 3, and 4 nmol
GSH. A graph of AA/At against GSH (nmol) was plotted (Supplementary Figure 5a), and this
gave a straight line passing through 0.03 min! on the ordinate, and AA/At of 1.0 min™! at 3
nmol GSH. If the rates were not in this range, the amount of glutathione reductase was

adjusted accordingly.

Assay Procedure and Detection of the Oxidised Glutathione (GSSG) Content in
Protein-free Yeast Extracts

For spectrophotometric analysis of the oxidised glutathione content in cell lysates, the
same volumes of assay reagents were added to a 1 ml cuvette as indicated for the
measurement of the total glutathione content except for using 35 ul glutathione reductase
(see section 3.2.2.1) instead of 7 ul, also adjusting the volume of deionised water. The blank
contained 3.5% (w/v) SSA together with 2-vinylpyridine, in proportions similar to the

amounts present in the sample assayed.
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The GSSG calibration curve was constructed by carrying out assays with 2, 4, 6, 8 and 10
ul of a 0.1 mM GSH standard solution (see section 3.2.5.13), corresponding to 0.2, 0.4, 0.6,
0.8 and 1.0 nmol GSH equivalents. When carrying out the assays of the calibration curve,
the same amounts of 3.5% (w/v) SSA and 2-vinylpyridine were added as was present in the
samples assayed. A graph of AA/At against GSH (nmol) was plotted (Supplementary Figure
5b), and this gave a straight line passing thorough 0.18 min on the ordinate, and AA/At of
1.3 min't at 1.0 nmol GSH. The amount of glutathione reductase was adjusted accordingly to

ensure the above rates of reaction.

Calculations and Statistics

Total cellular GSH (GSHr), and GSH reduced from GSSG by glutathione reductase (GSHass)
in each sample cuvette was determined from the calibration curves. Next, the concentration
of total GSH, [GSHr], was calculated by multiplying the total cellular GSH in the sample
cuvette by the dilution factor (DF) i.e. the number of times the sample was diluted in the

cuvette. Thus:

[GSH1] = GSHr x DF

The concentration of GSH reduced from GSSG, [GSHegssc], was calculated by multiplying
the GSHassg in the sample cuvette by the dilution factor (DF), also taking into account the

further dilution of 100 pl of the sample with 2 ul of 2-vinylpyridine.

[GSHassc] = GSHaesse X DF x (102 / 100)

To correct for the fact that one molecule of GSSG gives rise to two GSHgssg molecules, the
actual concentration of GSSG, [GSSG], was obtained by dividing the [GSHessg] by two

(Griffith, 1985), using the following equation:
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[GSSG] = [GSHassc] / 2

The concentration of GSH, [GSH], was obtained by subtracting [GSSG] from [GSHt]. Thus:

[GSH] = [GSH1] — [GSSG]

The concentrations of GSH and GSSG were expressed as nanomoles per Aggo turbidimetric
unit of culture (nmol Asoo unit™?). For EG103 and EG110 cells, this is equivalent to 1 x107 cells
per ml as stated by Longo et al. (1997, 1999). Statistically significant changes in the levels of
GSH and/or GSSG of EG110 cells subjected to different treatments were determined using

multiple comparisons tests (see section 2.3.10).

3.4 Results

3.4.1 The intracellular level of glutamate declines in aspirin-treated redox-
compromised EG110 yeast cells

The aspirin-mediated downregulation of SNO1 and SNZ1 in EG110 yeast cells in the
MnSOD-deficient EG110 yeast cells, but not in the wild-type wild-type EG103 cells (Figure 2.6
(g) and (h)), suggested that aspirin depletes the level of glutamate only in the redox-
compromised cells. To confirm this hypothesis that aspirin depletes the level of glutamate in
EG110 yeast cells, the intracellular level of glutamate was spectrophotometrically measured
in yeast cell extracts of aspirin-treated and untreated EG110 yeast cells cultivated for 72 and
96 hours (see section 3.3.1). After 72 hours of cultivation, the level of glutamate in aspirin-
treated EG110 cells was not significantly different from that of untreated cells (p = 0.561)
(Figure 3.7). However, the level of glutamate in the aspirin-treated cells after 96 hours of
cultivation dropped significantly by ~30% (p < 0.0001) (Figure 3.7), unlike their aspirin-

untreated counterparts. Thus, the presence of aspirin is associated with the intracellular
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Figure 3.7 Levels of intracellular glutamate in the redox-compromised Saccharomyces
cerevisiae EG110 cells grown for 72 and 96 hours in aspirin (ASA)-treated and untreated
YPE medium. The levels of glutamate are expressed as nanomoles per Agoo turbidimetric
unit of culture, which is equivalent to 1 x 107 cells per ml. Results are the mean + standard
error of the mean (SEM), from three independent biological replicates. ns, not significant
(p > 0.05); ***, highly significant (p < 0.001); unpaired t-test, 2-tailed. YPE, ethanol-based.
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depletion of glutamate in the redox-compromised EG110 cells and this result may be a
consequence of the aspirin-induced downregulation of the genes SNO1 and SNZ1 in these

cells, which together catalyse the conversion of glutamine into glutamate.

3.4.2 L-glutamate restores the growth of aspirin-treated redox-compromised
EG110 yeast cells

Considering the critical roles of glutamate in maintaining mitochondrial function, together
with previous observations that aspirin-induced cell death of MnSOD-deficient EG110 yeast
cells is preceded by a decline in respiratory rate (Sapienza et al. 2008) and lowered
GSH/GSSG ratio (Sapienza, Balzan 2005), aspirin-treated EG110 yeast cell cultures grown in
ethanol medium were supplemented with fixed doses of L-glutamate in an attempt to
rescue them from cell death (see section 3.3.2). L-glutamate was supplemented in various
concentrations, ranging from 10 to 250 mM, to EG110 yeast cells growing in aspirin-treated
YPE medium, to determine whether the addition of L-glutamate rescues these cells. ODgoo
measurements were taken of all L-glutamate-treated and untreated cultures growing in

aspirin-treated YPE medium, to monitor the growth of yeast cells over time (Figure 3.8).

The beneficial effect of supplementing 100 mM L-glutamate to aspirin-treated EG110
yeast cells appeared after 48 hours of growth, whereas that of 200 mM L-glutamate was
evident after 96 hours. Nevertheless, growth of the 200 mM L-glutamate-treated yeast cells
remained well-maintained up to 216 hours, at which point the 100 mM L-glutamate-treated
cells showed a much greater decline in growth (Figure 3.8). When the concentration of L-
glutamate was further increased to 250 mM, the growth of the aspirin- treated EG110 yeast

cells was not ameliorated to the same extent as when 200 mM L-glutamate was added.
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Figure 3.8 Exogenous L-glutamate counteracts the aspirin (ASA)-induced decline in cellular growth of MnSOD-deficient Saccharomyces
cerevisiae EG110 cells cultivated in YPE medium. The optical density at 600 nm (ODeoo) of EG110 yeast cells grown in ASA-treated YPE medium,
in the presence of different concentrations of L-glutamate (L-glu), was plotted against the cultivation time in hours. Each data point represents
the mean of at least three independent biological replicates and error bars represent the standard deviation (SD) from the mean. EG110 yeast
cell cultures treated with ASA alone started to decline in growth after 48 hours. At 96 hours, the addition of 100 mM L-glu resulted in the highest
ODeoo measurement recorded across all timepoints. The eventual decline of cell growth was mostly delayed at a glutamate concentration of 200
mM. YPE, ethanol-based.
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3.4.3 L-glutamate restores the viability of aspirin-treated redox-compromised
EG110 yeast cells

Since ODgoo measurements are simply an indication of cell density based on turbidity, a
viability assay based on colony forming units (CFUs) grown on YEPD plates was carried out to
clearly verify whether glutamate actually rescues aspirin-treated EG110 cells (see section
3.3.3). Results showed that the addition of exogenous L-glutamate to aspirin-treated EG110
yeast cells grown in YPE medium considerably improved the yeast cell viability (Figure 3.9).
In fact, EG110 yeast cells which were grown in aspirin-treated YPE medium died after 96
hours (p = 0.002), but yeast cell viability was signficantly improved in the presence of 100
mM (p = 0.005) and 200 mM (p < 0.0001) L-glutamate. At most time points assayed, the
addition of 200 mM L-glutamate to aspirin-treated EG110 yeast cells maintained the viability
of these cells to a greater extent than the viability of the aspirin-untreated EG110 cells

grown in YPE medium only (Figure 3.9).

3.4.4 L-glutamate rescues aspirin-treated EG110 yeast cells from apoptosis as
determined by annexin V-FITC and PI staining

To determine the mode of cell death from which L-glutamate rescues aspirin-treated
cells, EG110 yeast cells grown in YPE medium only, and in aspirin-treated YPE medium in the
absence and presence of 200 mM L-glutamate were stained with annexin V-FITC and PI
simultaneously (see section 3.3.4). The results displayed in Figure 3.10 show that at 96
hours of growth the majority of EG110 yeast cells grown in YPE medium only were still viable
since they did not acquire either of the stains. In fact, 76.7% of these cells are shown in the
lower left quadrant (Figure 3.10 (a)). However, as previously shown in Figure 3.9, the
addition of 15 mM aspirin caused these redox-compromised cells to die. This result is further

confirmed by the significant aspirin-induced 10-fold decrease of viable cells, as observed in
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Figure 3.9 L-glutamate restores the cell viability of aspirin-treated EG110
cells. CFU counts on YEPD plates were used to determine fold change in cell
viability of the redox-compromised, MnSOD-deficient EG110 yeast cells grown
in ASA-treated YPE medium, in the absence and presence of 100 mM or 200
mM L-glu when compared to untreated EG110 yeast cells grown in YPE
medium. Vertical bars represent the mean of six independent biological
replicates and statistical significance is shown when compared to aspirin-
treated EG110 cells. Error bars represent the SEM. Error bars represent the
SEM. **, moderately significant (p < 0.01); ***, highly significant (p < 0.001)
(Welch’s ANOVA with Games-Howell post-hoc tests). ASA, aspirin; CFU,
colony-forming unit; L-glu, L-glutamate, MnSOD, manganese superoxide
dismutase; PI, propidium iodide; SEM, standard error of the mean; YEPD,
yeast extract peptone dextrose; YPE, ethanol-based.
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the lower left quadrant of Figure 3.10 (b) (p < 0.0001, Kruskal-Wallis with Bonferroni
correction for multiple comparisons). In the presence of aspirin, EG110 cells are seen to
migrate towards (i) the lower right quadrant indicating cell death by apoptosis (16.1%) and
(i) upper right quadrant, indicating secondary necrosis (74.7%) which follows apoptosis.
However, the addition of 200 mM L-glutamate to aspirin-treated EG110 cells maintained
their viability such that the percentage of cells recorded in the lower left quadrant (68%) is
not significantly different than that of EG110 cells grown only in YPE medium (p = 0.437,

Kruskal-Wallis with Bonferroni correction for multiple comparisons) (Figure 3.10 (c)).

3.4.5 L-glutamate restores the cell cycle distribution of the redox-compromised
MnSOD-deficient EG110 yeast cells treated with aspirin

The aspirin-mediated decrease in cell viability of EG110 yeast cells (Figure 3.9) could likely
be due to an aspirin-induced arrest of cell cycle progression. To investigate whether this
was the case, cell cycle analysis was carried out by flow-cytometry using Pl-stained EG110
yeast cells (see section 3.3.5), that were previously cultivated in the presence and absence
of aspirin for 168 hours (see section 2.3.1). The results show that aspirin-treated EG110
cells accumulate in the sub-G0/G1 phase of the cell cycle (35.4%) (p = 0.012), which is
indicative of apoptosis, and the GO/G1 phase of the cell cycle (39.0%) (p = 0.007), at the
expense of the G2/M phase (14.7%) (p = 0.003), when compared to the aspirin-untreated

EG110 cells (Figure 3.11).

Flow-cytometric cell cycle analysis was also carried out on ASA-treated EG110 yeast cells,
cultivated for 168 hours in YPE medium supplemented with 200 mM L-glutamate. In

agreement with previous results showing the rescuing effect of L-glutamate, ASA-treated
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Figure 3.10 The rescuing effect of glutamate from apoptosis in aspirin (ASA)-treated EG110 cells confirmed by flow-cytometric
measurements at 96 hours of growth. Double-staining with annexin V-FITC and propidium iodide (PI) of ASA-treated EG110 cells,
supplemented with 200 mM L-glutamate (L-glu), shows that the addition of L-glu to ASA-treated EG110 yeast cells rescues these cells from
apoptosis. The majority of EG110 yeast cells grown in YPE medium only, are still viable since they lie in the lower left quadrant as shown in (a).
The lower left quadrant of ASA-treated cells (b) is depleted of cells since these migrate towards the lower and upper right quadrants indicating
that these cells die by apoptosis and subsequently undergo secondary necrosis. The addition of 200 mM L-glu restores the viability of ASA-
treated EG110 cells, as shown in the lower left quadrant in (c), similar to untreated EG110 cells shown in (a). Representative dot plots show
the mean percentage of cells from nine independent biological replicates in each quadrant. YPE, ethanol-based.

Quadrants: lower left, viable cells; lower right, apoptotic cells; upper right, secondary necrotic cells. 30 000 cells were analysed for each sample.
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Figure 3.11 L-glutamate (L-glu) restores the cell cycle distribution of the redox-compromised MnSOD-deficient EG110 yeast cells treated with aspirin
(ASA). (a) The figure shows representative fluorescence histograms of asynchronous EG110 cells grown for 168 hours in YPE medium (control) and in
ASA-treated YPE medium in the absence and presence of 200 mM L-glutamate. The fluorescence signal given off by propidium iodide (Pl), which is a
measure of DNA content, is shown along the x-axis and was analysed using the FL2 detector at a voltage of 700 V on a FACS Aria Ill and using FlowJo
v10.0.7 software (Becton Dickinson). Horizontal bars indicate the peak boundaries, and values represent the mean percentage of cells in different
phases of the cell cycle. At least 30 000 counts were measured. (b) Stacked bar graphs show the mean percentage of EG110 yeast cells in each cell cycle
phase at 168 hours of cultivation, treated as described in (a). Aspirin-treated EG110 cells accumulate in the sub-G0/G1 (p < 0.0001) and the GO/G1 (p
= 0.015) phases, at the expense of the G2/M phase (p < 0.0001), when compared to their aspirin-untreated counterparts. However, the addition of
200 mM L-glutamate to ASA-treated EG110 cells restores their cell cycle distribution such that the percentage of cells in each phase is similar to that of
untreated control cells (p > 0.05 for all cell cycle phases) (Welch’s ANOVA with Games-Howell post-hoc tests). Error bars represent the standard error
of the mean (SEM) of four independent determinations. YPE, ethanol-based, MnSOD, manganese superoxide dismutase.
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EG110 cells in the presence of L-glutamate had the cell cycle distribution restored to that of

untreated control cells growing only in YPE medium (p > 0.05) (Figure 3.11).

These results were further compared with the cell cycle distribution of the wild-type
strain EG103, grown in aspirin-treated and untreated ethanol medium. Previous results
have shown that unlike EG110, aspirin-treated EG103 cells grow similarly to ASA-untreated
EG103 cells cultivated in YPE medium (Balzan et al. 2004). The flow-cytometric results
displayed in Figure 3.12 show that ASA-treated EG103 cells stained with Pl do not exhibit an
increase in the sub-G0/G1 peak at 168 hours (0.7%), unlike ASA-treated EG110 cells (35.4%)
(Figure 3.11). Aspirin-treated EG103 cells, when compared to their aspirin-untreated
counterparts, are temporarily arrested at the G2/M checkpoint (62.8%) (p < 0.0001), mainly
at the expense of the GO/G1 fraction (24.1%) (p = 0.001) (Figure 3.12). The percentages of
ASA-treated EG103 cells in the G2/M and GO/G1 cell cycle phases are not statistically
different than those of ASA-treated EG110 cells in the presence of L-glutamate (p > 0.05,

unpaired t-test, 2-tailed) (Figure 3.11).

3.4.6 L-glutamate increases the level of the TCA cycle intermediate a-
ketoglutarate in aspirin-treated redox-compromised EG110 yeast cells

In order to determine how glutamate supplementation rescues aspirin-treated EG110
yeast cells, the levels of a-ketoglutarate were measured in aspirin-treated EG110 yeast cells
in the absence and presence of 200 mM L-glutamate, as well as in aspirin-untreated EG110
cells (see section 3.3.6). This is because L-glutamate is a direct precursor of the TCA cycle
intermediate a-ketoglutarate, which is used to anaplerotically fuel the TCA cycle (Miller,

Magasanik 1990).
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Figure 3.13 shows that at 96 hours of cultivation, the level of a-ketoglutarate in aspirin-
treated EG110 yeast cells significantly declines by a factor of two (p < 0.0001). On the other
hand, the addition of 200 mM L-glutamate restored the level of a-ketoglutarate to a level
which is not significantly different from that of EG110 yeast cells grown only in YPE medium

(p > 0.05) (Figure 3.13).

3.4.7 L-aspartate does not rescue aspirin-treated MnSOD-deficient EG110
yeast cells to the same extent as L-glutamate

The conversion of glutamate into a-ketoglutarate may be brought about by the
transaminase Aatl which produces aspartate as a by-product (see section 3.1.2 and Figure
3.1). To investigate the possible involvement of L-aspartate in the glutamate-mediated
rescue of aspirin-treated EG110 yeast cells from apoptosis (Figure 3.9), the growth of these
cells in the presence of different doses of L-aspartate was monitored by ODsgo

measurements (see section 3.3.7).

Growth curves displayed in Figure 3.14 indicate that that the addition of L-aspartate did
not restore the growth of aspirin-treated EG110 cells to the same extent as L-glutamate. In
fact, ODsoo measurements taken at 96 hours indicate that the addition of 100 mM L-
glutamate increased the growth of aspirin-treated EG110 cells in YPE medium 18% more
than 100 mM L-aspartate at the same time point. Similarly, at 96 hours of growth, the
supplementation of 200 mM L-glutamate increased the growth of these cells by 22% more
than the supplementation of 200 mM L- aspartate. Furthermore, at 216 hours of cultivation,
the addition of 100 mM and 200 mM L-glutamate to aspirin-treated EG110 yeast cells
increased their growth by ~37% more than when the same doses of L-aspartate were

supplemented (p < 0.0001, Welch’s ANOVA with Games-Howell post-hoc tests).
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Figure 3.13 L-glutamate increases the level of a-ketoglutarate in aspirin (ASA)-treated
EG110 yeast cells. EG110 yeast cells were grown for 96 hours in YPE medium, and in
ASA-treated YPE medium in the absence and presence of 200 mM L-glutamate. The
levels of a-ketoglutarate are expressed as nanomoles per Asoo turbidimetric unit of
culture, which is equivalent to 1 x 107 cells per ml. Results are the mean * standard error
of the mean (SEM), from three independent biological replicates. ns, not significant (p >
0.05); ***, highly significant (p < 0.0001) (One-way ANOVA with Bonferroni post-hoc
tests). YPE, ethanol-based.
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Figure 3.14 Exogenous L-aspartate (L-Asp) does not ameliorate cell growth of aspirin (ASA)-treated EG110 cells to the same extent
as L-glutamate (L-Glu). The optical density at 600 nm (ODeoo) of EG110 yeast cells grown in ASA-treated YPE medium, in the presence of
100 mM and 200 mM L-asp, was plotted against the cultivation time in hours. Each data point represents the mean of at least three
independent biological replicates and error bars represent the standard deviation (SD) from the mean. Growth curves of aspirin-treated
EG110 yeast cells supplemented with 100 mM and 200 mM L-glutamate are also plotted for comparison. YPE, ethanol-based.
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These results confirm that L-glutamate ameliorates the growth of EG110 yeast cells grown

in ethanol medium to a much greater extent than L-aspartate.

3.4.8 L-glutamate restores the redox balance of aspirin-treated MnSOD-deficient
yeast cells by increasing the level of reduced GSH

Since glutamate is also a direct precursor of the major cellular antioxidant GSH, the levels
of reduced and oxidised glutathione in MnSOD-deficient EG110 yeast cells grown in YPE
medium, and in aspirin-treated YPE medium in the absence and presence of 200 mM L-
glutamate, were determined (see section 3.3.8). This was important to determine whether
glutamate supplementation restored the cellular redox balance in aspirin-treated cells, by

calculating the GSH/GSSG concentration ratio.

As shown in Table 3.1, EG110 cells cultivated in aspirin-treated YPE medium showed a
steady decline in GSH level over time. At 48 hours of cultivation, the GSH level was 2.15
nmol Asoo unit, which decreased by ~15% after 72 hours, and by ~56% after 96 hours.
However, when these cells were treated with 200 mM L-glutamate, the GSH level increased
over time. GSH measured at 48 hours of cultivation was 2.11 nmol Aggo unit! and increased
by ~40% after 72 hours, and by ~79% after 96 hours, similar to what was observed for
control cells in the absence of any treatment (Table 3.1). The GSSG level in aspirin-treated
EG110 cells increased over time, unlike the generally consistent GSSG level in the presence

of glutamate.

Taking these results into consideration, the GSH/GSSG ratios of aspirin-treated EG110
cells in the absence and presence of L-glutamate, were relatively similar at 48 hours of

cultivation (p = 0.639), but not at 72 (p = 0.036) and 96 hours (p = 0.003) of cultivation.
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Table 3.1: Levels of GSH and GSSG in the MnSOD-deficient Saccharomyces cerevisiae
EG110 cells grown in YPE medium, and in aspirin-treated YPE medium in the absence and
presence of 200 mM L-glutamate.

Cultivation Control® Aspirin-treated® Aspirin-treated +
time (h) (nmol Aggo unit?) (nmol Agoo unit?) L-glutamate®
(nmol Aggo unit?)¢
GSH 48 1.81+0.11%* 2.15+£0.24"™ 2.11+0.07
72 2.31+0.27* 1.82 £0.10%** 2.95+0.05
96 2.57 £0.18** 0.95 + 0.09*** 3.77 £0.06
48 0.27 £ 0.03** 0.40 £ 0.09"™ 0.42+0.04
GSSG 72 0.36 + 0.05™ 0.54 +0.08" 0.43+0.12
96 0.23 £ 0.02** 0.83 £ 0.08** 0.35+0.02
48 6.87 + 0.68* 5.58 +1.19™ 5.01+0.59
GSH/GSSG 72 6.84+0.75™ 3.42+0.41% 7.27+1.70
96 11.07 £1.34™ 1.13 +0.10** 10.79+0.71

2Cells were cultivated in rich medium containing the non-fermentable carbon source ethanol
(YPE) at 28 °C, 250 rpm.

bThe concentration of aspirin added to YPE medium was 15 mM. The pH was adjusted to
5.50 with 1 M Trizma® base.

¢ The concentration of L-glutamate added to aspirin-treated YPE medium was 200 mM. The
pH was already 5.50.

4 The levels of GSH and GSSG were determined as described in section 3.3.8 and are
expressed as nmol per Agoo turbidimetric unit of culture, which is equivalent to 1 x 107 cells
ml. Values are the mean of at least three independent determinations * standard deviation
(SD).

ns, not significant (p > 0.05); * slightly significant (p < 0.05); **, moderately significant (p <
0.01); ***, highly significant (p < 0.001); comparison with GSH and GSSG levels in aspirin-
treated EG110 cells in the presence of L-glutamate (Welch’s ANOVA with Games-Howell
post-hoc tests).
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In fact, the presence of L-glutamate restored the GSH/GSSG ratio of aspirin-treated cells at
72 and 96 hours of cultivation to that of aspirin-untreated control cells grown in YPE medium

only (p =0.692 and p = 0.945, respectively) (Table 3.1).

3.5 Conclusion
The aspirin-induced downregulation of the genes SNO1 and SNZ1 in EG110 yeast cells

grown for 48 hours in ethanol medium (Figure 2.6 (g) and (h)), suggested that the conversion
of glutamine into glutamate may be compromised when these cells are treated with aspirin.
This study confirmed that aspirin indeed lowers the intracellular level of glutamate in redox-
compromised yeast cells at 96 hours of cultivation (Figure 3.7) and could potentially explain
why aspirin compromises the growth of these cells. In fact, the supplementation of L-
glutamate considerably improved the growth of aspirin-treated EG110 cells in a dose-
dependent manner (Figure 3.8). Supplementation of 200 mM L-glutamate to aspirin-treated
EG110 cells was observed to (i) sustain their growth, at least until 216 hours of cultivation

(Figure 3.8) and (ii) consistently improve their viability (Figure 3.9).

The observed loss of viability of aspirin-treated EG110 yeast cells is due to the onset of
apoptosis in these cells, as determined by annexin V-FITC/PI staining (Figure 3.10 (b)). These
findings were corroborated by the accumulation of the aspirin-treated EG110 yeast cells (i)
in the sub-G0/G1 phase, indicative of DNA fragmentation, and (ii) in the GO/G1 phase of the
cell cycle, at 168 hours of growth (Figure 3.11). The addition of 200 mM L-glutamate to
aspirin-treated EG110 cells circumvented the onset of aspirin-induced apoptosis in these
cells (Figure 3.10 (c)), and this result was corroborated by the absence of a prominent sub-

G0/G1 peak confirming the lack of DNA fragmentation in these cells (Figure 3.11). Thus,
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these findings further suggest that glutamate depletion is a critical event in aspirin-induced

apoptosis of the redox-compromised EG110 cells.

Furthermore, results showed that at 96 hours of cultivation, aspirin-treated EG110 yeast
cells contained lower levels of glutamate’s immediate metabolic products, namely a-
ketoglutarate (Figure 3.13) and GSH (Table 3.1), both of which were increased when
exogenous L-glutamate was added (Figure 3.13, Table 3.1). Also, the addition of 200 mM L-
glutamate restored the significantly lowered intracellular redox balance in aspirin-treated
EG110 yeast cells, as determined by the GSH/GSSG ratio (Table 3.1). These results confirm
that the depletion of glutamate in aspirin-treated EG110 yeast cells compromises their
ability to maintain redox homeostasis and to refuel the mitochondrial TCA cycle, both of

which contribute to their demise.
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CHAPTER FOUR

GENERAL DISCUSSION



This study involved the identification of novel targets of aspirin, to delineate mechanisms
by which aspirin mediates apoptotic cell death in redox-compromised S. cerevisiae cells but
not in healthy yeast cells. Aspirin-induced gene expression data published by Farrugia et al.
(2019) revealed significant changes in the expression of a number of genes which are
associated with oxidative stress or the cell cycle in the redox-compromised S. cerevisiae
EG110 cells, but not in the wild-type EG103 yeast cells. Results in this present study showed
no aspirin-induced changes in the expression of any of the target genes in EG103 yeast cells
cultivated for 48 hours (Figure 2.6), corroborating previous work which showed that in the
presence of aspirin, these cells grow equally well relative to their aspirin-untreated
counterparts (Balzan et al. 2004). On the other hand, of all the target gene expression data
validated by qRT-PCR in Chapter 2, the expressions of the ROS-related genes SNO1 and SNZ1
were the most significantly downregulated by aspirin in EG110 yeast cells at 48 hours of
cultivation (Figure 2.6 (g) and (h)). Thus, to better understand why aspirin targets these two
genes in EG110, but not in EG103 yeast cells, it was necessary to explore the resultant

aspirin-mediated impact of this downregulation on the metabolism of EG110 cells.

SNO1 and SNZ1 encode proteins which are induced in response to nutrient depletion and
oxidative stress (Padilla et al. 1998). Snol and Snzl interact to form a glutamine
amidotransferase complex which exhibits glutaminase activity (Dong et al. 2004).
Glutaminases mediate the deamination of glutamine to form glutamate, which plays a
central role in cell metabolism and function (Newsholme et al. 2003), and is critical for ROS
mitigation and cell proliferation in redox-compromised and transformed cells (Gao et al.

2009, Gross et al. 2014, Wang et al. 2010a).
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The aspirin-mediated downregulations of SNO1 and SNZ1 validated by this study (Figure
2.6 (g) and (h)), suggest that glutamate becomes depleted in aspirin-treated EG110 yeast
cells (Figure 4.1). This hypothesis was confirmed by measuring the intracellular level of
glutamate in aspirin-treated and untreated EG110 yeast cells (see section 3.3.1). Results
showed that at 72 hours of cultivation, the intracellular level of glutamate in aspirin-treated
EG110 cells starts to decline and progressively becomes significantly lower at 96 hours of
cultivation (Figure 3.7). Since glutamate depletion has been linked to increased
susceptibility to oxidative stress-induced apoptosis in yeast cells (Lee et al. 2012), and to
growth suppression of various human cancer cells (Gao et al. 2009, Gross et al. 2014;
Petronini et al. 1996, Wang et al. 2010a), it is likely that the depletion of intracellular
glutamate in aspirin-treated EG110 yeast cells described in this study (Figure 3.7),
contributes to their growth suppression and eventual apoptotic cell death. This is further
supported by the fact that their aspirin-untreated counterparts, which maintained constant

levels of intracellular glutamate (Figure 3.7), do not undergo the same fate and survive.

This study showed that the intracellular concentration of glutamate in aspirin-treated
EG110 yeast cells grown for 96 hours (Figure 3.7), declined to a level which was insufficient
to maintain cell growth (Figure 3.8) and viability (Figure 3.9) beyond this point. The addition
of 100 mM and 200 mM L-glutamate substantially improved the growth of these cells, as
determined by the growth curves (Figure 3.8), and significantly ameliorated the viability of
aspirin-treated EG110 cells in a dose-dependent manner, as determined by CFU counts
(Figure 3.9). These results are in line with the findings described by Wu et al. (2013)

whereby they reported that glutamic acid caused wild-type yeast chronological
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Figure 4.1 Aspirin-induced apoptosis in redox-compromised yeast cells may be brought about by glutamate depletion and is circumvented
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ability to synthesise glutamate from glutamine, and glutamate’s immediate metabolic products a-ketoglutarate and glutathione (GSH) in these
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ketoglutarate and GSH, respectively. The dotted green line represents two possible glutamate-dependent pathways to synthesize acetyl-CoA
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lifespan extension in a dose-response manner and protected a sod2-null strain from cell
death during chronological aging, especially when grown coupled with methionine and
glucose restriction. Moreover, the addition of glutamate to mutant yeast cells unable to
synthesise glutamate (Lee et al. 2012) and to cancerous cell lines (Petronini et al. 1996, Yang
et al. 2018a) also rescued these cells from apoptotic cell death. Similarly, the present study
also confirmed that L-glutamate rescues aspirin-treated EG110 yeast cells from apoptosis, as
determined by annexin V-FITC and PI staining (Figure 3.10). Results showed that exogenous
200 mM L-glutamate: (i) ameliorated 10-fold the viability of aspirin-treated EG110 yeast cells
at 96 hours of cultivation (Figure 3.10 (b) and (c)), and (ii) maintained their viability to a
similar extent as that of aspirin-untreated EG110 yeast cells grown in YPE medium only
(Figure 3.10 (a) and (c)). Taken together, these results further suggest that glutamate
depletion may be a critical event during aspirin-induced apoptosis in redox-compromised

yeast cells.

The anti-proliferative effects of aspirin, amongst other NSAIDs, have been attributed to its
ability of inducing a G1/S arrest in cancer cells (see section 1.5.2.1), which tend to
downregulate the antioxidant enzyme MnSOD (Dhar et al. 2011, Oberley, Buettner 1979),
and hence are redox-compromised as are EG110 yeast cells. This work showed that the anti-
proliferative effect of aspirin on EG110 cells was due to a cell cycle arrest at the G1/S
checkpoint, since aspirin-treated EG110 yeast cells displayed a prominent peak associated
with the GO/G1 phase, which was not observed in control EG110 yeast cells grown in YPE
medium only (Figure 3.11). The aspirin-induced accumulation of cells in the GO/G1 fraction
was similarly reported in a variety of aspirin-treated cancer cell lines including the oral

squamous cell carcinoma TCA8113 and CAL27 cells (Zhang et al. 2018), the liver carcinoma
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HepG2 cells (Raza et al. 2011) and the colorectal adenocarcinoma HCT116, HT-29 and SW480

cells (Lai et al. 2008, Luciani et al. 2007).

Further results in this work showed that the addition of 200 mM L-glutamate to aspirin-
treated EG110 cells circumvents their aspirin-induced GO/G1 arrest and the cells proceed to
the G2/M phase (Figure 3.11). The aspirin-induced G1/S cell cycle arrest in EG110 yeast cells
may be linked to nutrient scarcity in budding yeast (Hartwell et al. 1974) and the inadequate
supply of acetyl-CoA in these cells (Farrugia et al. 2019), since this metabolite is important
for the transcription of the cyclin CIn3 that is responsible for the G1/S transition (Shi, Tu
2013) (see section 1.3.1). On the other hand, their glutamate-mediated evasion from cell
cycle arrest may have been due to glutamate’s anaplerotic conversion into acetyl-CoA via a-
ketoglutarate, as observed in glucose-deprived mammalian cells (Yang et al. 2014) (Figure

4.1).

In addition, DNA content analyses revealed that aspirin-treated EG110 yeast cells also
displayed a prominent sub-G0/G1 peak, which was absent in the cell cycle profiles of their
glutamate-treated counterparts (Figure 3.11). The occurrence of a sub-G0/G1 peak in
aspirin-treated EG110 yeast cells is indicative of DNA fragmentation which accompanies the
later stages of apoptosis (Madeo et al. 1997; Carmona-Gutierrez et al. 2018). This
observation corroborates previous results obtained by Balzan et al. (2004) who showed that
these cells die by apoptosis. It also demonstrates that these cells evade apoptosis when
supplemented with 200 mM L-glutamate. The occurrence of a sub-G1 peak in cells treated
with aspirin is not limited to EG110 yeast cells, but was also reported for aspirin-treated
cancer cells including breast cancer cells (Choi et al. 2013) and T-cell lymphoma cells (Kumar

et al. 2012), which also die by apoptosis.
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Interestingly, the cell cycle distribution profile of aspirin-treated EG110 yeast cells
supplemented with L-glutamate (Figure 3.11) is very similar to that of the wild-type EG103
yeast cells treated with aspirin (Figure 3.12). In both cell cycle distribution profiles, cells
temporarily accumulate at the G2/M phase at the expense of the GO/G1 phase, at 168 hours
of cultivation. This striking similarity may be explained by the fact that aspirin behaves as an
antioxidant in EG103 cells by increasing the mitochondrial NAD(P)H levels (Farrugia et al.
2013), which may act as a source of electrons to sustain the GSH system and protect redox
homeostasis (Schafer, Buettner 2001, Spector et al. 2001, Wheeler, Grant 2004) (see section
1.2.2). Similarly, glutamate may protect mitochondrial function during oxidative stress in
aspirin-treated EG110 cells by (i) acting as a precursor of a-ketoglutarate (Mullen et al. 2014,
Yang et al. 2014), which feeds into the TCA cycle to further generate electron donors such as
NADPH and FADH,, as well as by (ii) being indispensable for the synthesis of the major

antioxidant GSH (Lee et al. 2007, Whillier et al. 2011) (Figure 4.1).

To test these plausible hypotheses and further characterise the effect of aspirin on
glutamate metabolism in the redox-compromised EG110 yeast cells, the levels of
glutamate’s immediate metabolic products, namely a-ketoglutarate and reduced GSH, were
measured. Results showed that aspirin-treated EG110 yeast cells were found to contain
lower concentrations of a-ketoglutarate at 96 hours of cultivation (Figure 3.13) and of
reduced GSH at 72 and 96 hours of cultivation (Table 3.1) (Figure 4.1). The addition of 200
mM L-glutamate restored their levels to those in aspirin-untreated EG110 yeast cells grown
in YPE medium only (Figure 3.13 and Table 3.1, respectively) (Figure 4.1). Hu et al. (2010)
also observed that glutamate increased the a-ketoglutarate level and the amount of reduced
GSH, and as a result reduced the ROS levels in H,0,-treated mammalian cells. Similarly, Lee

et al. (2012) demonstrated the importance of glutamate as a precursor of glutathione by
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rescuing gdh3-null yeast cells, which are compromised in synthesising glutamate in times of
stress, via the addition of GSH or glutamate. Together, these results suggest that aspirin-
treated EG110 yeast cells are not only depleted of glutamate but are also depleted of its vital
products, which are important for mitochondrial function and protection against oxidative

stress, particularly in these redox-compromised cells (Figure 4.1).

The decrease in the level of a-ketoglutarate in aspirin-treated EG110 yeast cells (Figure
3.13) may explain why aspirin was reported to inhibit cellular respiration in these cells,
unlike their aspirin-untreated counterparts (Sapienza et al. 2008), and conforms to studies
carried out in cells from various organisms, which reported that aspirin inhibits enzymes
(Kaplan et al. 1954, Nulton-Persson et al. 2004) or limits the adequate supply of metabolites
involved in cellular energy generation or biomass synthesis (Farrugia et al. 2019, Sandoval-
Acuia et al. 2012, van Leeuwen et al. 2011; Vessey et al. 1996) (Figure 4.1). In the present
study, the fact that the addition of L-glutamate restored the levels of a-ketoglutarate in
aspirin-treated EG110 yeast cells (Figure 3.13) suggests that (i) reactions synthesising a-
ketoglutarate from glutamate are still functional, and (ii) the limiting factor is the insufficient
level of intracellular glutamate, which could be anaplerotically fed into the TCA cycle for
proper mitochondrial function. In fact, these suggestions are supported by as yet
unpublished results obtained by Professor Balzan’s group, which show that exogenous L-
glutamate restores considerably the mitochondrial respiration of aspirin-treated EG110

yeast cells.

Several anaplerotic routes exist by which glutamate or glutamate-derived a-ketoglutarate
may serve as a source of carbon for the TCA cycle and sustain mitochondrial function. For

example, glutamate may undergo transamination and generate a-ketoglutarate and
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glutamate’s structurally analogous amino acid, aspartate (Figure 3.1). Aspartateis a
versatile amino acid, important for the synthesis of nucleotides and for mitochondrial
function. Itis particularly implicated in the maintenance of mitochondrial and cytosolic
NAD/NADH via the malate-aspartate shuttle, the components of which have been associated
with the regulation of lifespan extension in yeast cells (Easlon et al. 2008). However,
synthesis of aspartate is rather limited in respiration-inhibited cells, due to the impairment
of ETC reactions which cannot generate electron acceptors necessary for the synthesis of

aspartate, and thus cell proliferation is inhibited (Sullivan et al. 2015).

Since aspirin-treated EG110 cells are also respiration-deficient (Sapienza et al. 2008), and
aspartate is deemed important for mitochondrial function and cellular redox balance, it was
interesting to determine whether the glutamate-mediated rescuing of aspirin-treated EG110
yeast cells (Figures 3.9, 3.10 and 3.11) was mediated by glutamate-derived aspartate.
However, when fixed doses of L-aspartate were added to aspirin-treated EG110 yeast cells,
their growth was not ameliorated to the same extent as when L-glutamate was added
(Figure 3.14), especially after 96 hours of growth. This result may be explained by the fact
that aspartate is not critical for growth of yeast cells on ethanol (Cavero et al. 2003) since in
addition to the malate-aspartate shuttle, which is critical for growth of yeast cells on acetate
and oleic acid (Cavero et al. 2003), ethanol-grown yeast cells may control the mitochondrial
and cytosolic NAD/NADH ratio by operating the ethanol-acetaldehyde shuttle and the

glycerol-3-phosphate shuttle (Larsson et al. 1998, Von Jagow, Klingenberg 1970).

The rescuing effect of L-glutamate in aspirin-treated EG110 yeast cells may also have
been more effective than that of L-aspartate, since glutamate is also an indispensable

precursor of GSH (Lee et al. 2007), an essential antioxidant in the cell (Gostimskaya, Grant
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2016). More importantly, by increasing the reduced GSH, L-glutamate restores the
intracellular redox balance of aspirin-treated EG110 yeast cells, by increasing the GSH/GSSG
ratio (Table 3.1). The maintenance of the cellular redox environment (see section 1.2) is
crucial to avoid the cells’ demise during oxidative stress, which may result in oxidative cell
damage to a variety of vital biomolecules (see section 1.1.2) and subcellular compartments
such as mitochondria. In fact, Raza and John (2012) emphasised the importance of the GSH-
dependent redox homeostasis in the human liver carcinoma HepG2 cells, which was critical

to preserve mitochondrial function and prevent oxidative stress caused by aspirin treatment.

According to Lee et al. (2012), during oxidative stress, glutamate is preferentially used for
GSH supply rather than for protein synthesis. In fact, GSH plays a crucial role in maintaining
a highly reducing intracellular redox potential (@stergaard et al. 2004), since the
mitochondrial thioredoxin system only provides a back-up system, but cannot bear the
redox load of the mitochondria on its own (Gostimskaya, Grant 2016). Specifically, GSH
provides a source of electrons for (i) glutathione peroxidase to detoxify hydrogen peroxide
and other hydroperoxides (Figure 1.2), and for (ii) glutaredoxins which are involved in
reducing oxidised amino acid side-chains in proteins, thereby maintaining protein
homeostasis (see section 1.2.2). The death of aspirin-treated EG110 yeast cells is preceded
by redox imbalance, as indicated by a lowered GSH/GSSG ratio (Table 3.1) and acute
oxidative stress (Farrugia et al. 2013), and is accompanied by a decreased respiratory rate
(Sapienza et al. 2008). Hence, the inadequate synthesis of GSH in aspirin-treated EG110 cells
due to insufficient glutamate (Table 3.1) further exacerbates oxidative stress and brings

about cell death in these redox-compromised cells (Figure 3.9 and 3.10).
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GSH deficiency is also associated with a G1 cell cycle arrest in both lower eukaryotes such
as yeast cells (Spector et al. 2001, Wanke et al. 1999), as well as in higher eukaryotes such as
plant and mammalian cells (Dethlefsen et al. 1988, Russo et al. 1995, Vernoux et al. 2000).
Hence, the aspirin-induced decrease in GSH levels (Table 3.1), resulting from an insufficient
level of its precursor glutamate (Figure 3.7), may be another reason for the aspirin-induced
G1 cell cycle arrest (Figure 3.11). In fact, the addition of L-glutamate to aspirin-treated
EG110 yeast cells restored the cell cycle distribution of these cells (Figure 3.11). This could
likely be due to the glutamate-mediated increase in the level of the antioxidant GSH (Table
3.1). Similarly, Wanke et al. (1999) showed that the addition of the antioxidant N-

acetylcysteine (NAC) circumvented the G1 cell cycle arrest of GSH-deficient yeast cells.

Early-stage cancer cells, like EG110 yeast cells, are redox-compromised due to their
characteristic reduction in the expression of the antioxidant enzyme MnSOD (Dhar et al.
2011, Oberley, Buettner 1979). These cells are also dependent on glutamate metabolism for
energy production, biomass synthesis and redox homeostasis (Warburg 1956, DeBerardinis
et al. 2007, 2008, Yang et al. 2017), especially under conditions of metabolic stress and
oncogenic activation (Choi, Park 2018). Indeed, several cancer cells die rapidly if deprived of
glutamate or its precursor glutamine (Cluntun et al. 2017, Jiang et al. 2019, Yuneva et al.

2007, Zhang et al. 2017).

Cancer cells alter their metabolism via transcriptional reprogramming, which includes the
constitutive activation of Myc (Santoro et al. 2019) making them addicted to glutamine and
its immediate products (Gao et al. 2009). Myc-dependent transformation entails: (i) the
transcription of genes encoding glutamine transporters which enhance glutamine uptake,

and (ii) the induction of the expression of glutaminase mRNA and protein levels, to convert
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glutamine into glutamate (Gao et al. 2009, Hu et al. 2010, Lampa et al. 2017, Wise et al.
2008). Glutamate is subsequently converted to a-ketoglutarate to fuel the TCA cycle via
anaplerotic reactions, as well as to drive glutathione production (Le et al. 2012, Wise et al.
2008). Myc-dependent transformation is also responsible for the Warburg effect (Wise et al.
2008), whereby glucose-derived pyruvate is used to synthesise lactate rather than acetyl-

CoA, despite aerobic conditions (Warburg 1956).

The substantial reliance of cancer cells on glutamate has made its metabolism a
promising target to pharmacologically control their growth and proliferation. Several drugs
targeting glutamate metabolism have been developed in an attempt to slow down tumour
growth and prolong survival (Fung, Chan 2017, Xiang et al. 2015). These include the
glutaminase inhibitors CB-839 and bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl
sulfide (BPTES) (Gao et al. 2009, Gross et al. 2014, Wang et al. 2010a), the glutamine analog
6-diazo-5-oxo-L-norleucine (DON), which inhibits glutamine-dependent enzymes (Peyton et
al. 2018) and other chemicals which disrupt glutamate-mediated anaplerosis (Korangath et

al., 2015) or glutamine/glutamate uptake (Colas et al. 2015, Wang et al. 2015a).

This study explored aspirin’s potential to selectively target the glutamate metabolism of
redox-compromised yeast cells, but not of healthy cells, to bring about their demise.
Specifically, this work demonstrated that the onset of apoptosis in the aspirin-treated,
redox-compromised EG110 yeast cells, which does not occur in their wild-type counterparts,
is accompanied by insufficient levels of glutamate and of its immediate metabolic products,
a-ketoglutarate and reduced GSH, and by changes to their cell cycle distribution. Since
early-stage cancer cells are similarly redox-compromised, it is likely that aspirin exerts its

chemopreventive roles by: inducing a cell cycle arrest, thereby limiting cell proliferation, and
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by targeting biochemical pathways, which involve glutamate. In turn, the aspirin-mediated
depletion of glutamate leads to (i) the depletion of vital metabolites, such as a-ketoglutarate
and ii) the exacerbation of oxidative stress, causing further redox imbalance. Together, these
findings reveal a novel target and chemopreventive mechanism of aspirin, which may

contribute towards the development of better aspirin-like drugs for cancer prevention.

4.1 Further work

This work has extensively shown that glutamate counteracts the deleterious effects of
aspirin in the MnSOD-deficient S. cerevisiae EG110 cells and ameliorates their growth (Figure
3.8) and viability (Figure 3.9). As a follow up of the present work, it would be interesting to
determine whether exogenous L-glutamate similarly improves the growth and viability of
both aspirin-treated and untreated wild-type EG103 yeast cells, even though aspirin does
not limit their proliferation (Balzan et al. 2004). Growth curves and viability studies based on
CFU counts will be carried out to demonstrate independent and combinational effects of L-
glutamate and aspirin on the growth and viability of EG103 cells grown in YPE medium, in
aspirin-treated YPE medium, in glutamate-treated YPE medium and in YPE medium

supplemented with both aspirin and glutamate.

Furthermore, this work has shown that aspirin causes a cell cycle arrest at the GO/G1
phase in EG110 yeast cells at 168 hours of cultivation, accompanied by apoptosis, as
indicated by a prominent sub-G0/G1 peak (Figure 3.11) and by the results obtained by
annexin V-FITC/PI staining (Figure 3.10 (b)). As a follow up of the present work, it would be
interesting to identify novel cell-cycle targets of aspirin to further unravel the mechanism by
which aspirin causes a GO/G1 arrest in the redox-compromised EG110 yeast cells, but not in

the wild-type EG103 yeast cells. Western blotting experiments of cell cycle-related proteins,

167



such as the G1/S cyclin CIn3 or the G1/S cyclin-dependent kinase inhibitor Sicl, may be
performed to describe which proteins are targeted by aspirin to mediate cell cycle arrest in
redox-compromised yeast cells. For instance, a reduction in the expression of CIn3 and/or an
increase in the protein expression of Sicl may further explain why aspirin arrests the cell
cycle at the G1/S checkpoint. If these aspirin-induced changes are observed, the expressions
of these two genes can be measured by gRT-PCR at regular time intervals from 96 hours of
cultivation, when the characteristic apoptotic phenotype was observed (Sapienza et al.

2008), until 168 hours of cultivation.

In Chapter 2 the cell-cycle related target genes ESP1 and MCD1 were studied, since apart
from their role in the onset of anaphase (see section 1.4.2.2), they have also been tightly
linked to regulated cell death (Yang et al. 2008). The aspirin-induced changes in the gene
expression levels of ESP1 and MCD1 in EG110 yeast cells as determined by microarray
analysis (Farrugia et al. 2019), were not validated by gRT-PCR (Figure 2.6). However, it is
plausible that their pro-apoptotic function is manifested through post-translational
modifications, which would be interesting to explore. Yang et al. (2008) showed that the
induction of apoptosis by hydrogen peroxide liberates Espl from its inhibitor Pds1, which is
in turn degraded by the anaphase promoting complex (APC) (Figure 4.2 (i)). Subsequently,
the activated Espl acts as a caspase-like protease to mediate cleavage of Mcd1, via the
protein sequence of Esp1, which is similar to human caspase 1 at their conserved proteolytic
sites (Uhlmann et al., 2000). In the presence of hydrogen peroxide, the C-terminal of Mcd1
is further cleaved and the truncated Mcd1 is translocated from the nucleus to the
mitochondria, acting as a nuclear signal for apoptosis (Figure 4.2 (ii)). This causes the release
of cytochrome c prior to a decrease in mitochondrial membrane potential and further

amplification of cell death signalling via increased cytochrome c release from the
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mitochondria (Figure 4.2 (ii)). To study whether aspirin-mediated cell death in EG110 yeast
cells similarly involves the translocation of the truncated Mcd1 from the nucleus into the
mitochondria, this translocation can potentially be observed by performing parallel
immunoscreening experiments of nuclear/cytosolic and mitochondrial fractions extracted
from aspirin-treated EG110 yeast cells grown for 24, 48 and 96 hours of cultivation. The
expression of the truncated Mcd1 should decrease in the nuclear/cytosolic fraction and
concomitantly increase in the mitochondrial fraction over time. If aspirin indeed mediates
cell death via the translocation of truncated Mcd1 into the mitochondria, the subsequent
release of cytochrome ¢ from the mitochondria into the cytosol may also be monitored by
immunoscreening at 24, 48 and 96 hours. The expression of cytochrome ¢ should decrease
in the mitochondrial fraction and concomitantly increase in the cytosolic fraction over time.
The expression of the truncated Mcd1 in the mitochondrial fraction should be proportional

to the extent of cytochrome c released from the mitochondria into the cytosol.

Work on yeast cells has implicated that the release of cytochrome c is dependent on the
yeast metacaspase Ycal during acetic acid-induced cell death (Guaragnella et al. 2010a).
Interestingly, Chen et al. (2000) observed that cytochrome c is released in two distinct
stages. The early release of low levels of cytochrome c into the cytosol is caspase-
independent whereas the late stage of cytochrome c release is caspase-dependent. Sapienza
et al. (2008) had shown that aspirin-mediated apoptotic cell death is accompanied by
cytochrome c release from the mitochondria into the cytosol. However, it is not yet known
whether cytochrome c release during aspirin-mediated apoptosis in EG110 yeast cells is
Ycal-dependent or not. In order to determine whether Ycal acts upstream or downstream
of cytochrome c release, immunoscreening experiments may be carried out. An antibody

against cytochrome ¢ may be used to measure the expression of cytochrome c in extracts
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from aspirin-treated and untreated EG110 yeast cells grown in YPE medium treated with a
general caspase inhibitor zZVAD-fmk, which abolishes caspase activity in the cell.
Hypothetically, if Ycal is normally required for aspirin-mediated cytochrome c release, no
cytochrome c should be observed in the cytosolic fractions. On the other hand, if Ycal is
usually activated after the aspirin-mediated cytochrome c release from the mitochondria
into the cytosol, cytochrome c should still be observed in the cytosolic fractions,
independent of Ycal’s inhibited metacaspase activity. Such an experiment will determine
whether Ycal acts upstream or downstream of cytochrome c release in aspirin-treated

EG110 yeast.
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Figure 4.2 Cellular stress influences the interaction between the anaphase inhibitor
securin, Pdsl and the anaphase-promoter protease Espl to commit yeast cells to
apoptosis. (i) During normal cell division, before metaphase, cytoplasmic Esp1 must be
chaperoned into the nucleus by binding Pds1. During metaphase, Pds1 is ubiquitinated
by the action of Cdc20-APC, and is hence primed for degradation. The degradation of
Pds1 liberates Espl, thus allowing the dissociation of cohesin, Mcd1 from the two sister
chromatids. This facilitates the onset of anaphase by enabling the separation and
segregation of the two sister chromatids. (ii) Apoptotic triggers such as ROS (e.g. H,0,)

mediate the degradation of Pdsl in the nucleus via improper APC activation. The
activated Espl mediates the cleavage of the C-terminal of Mcd1. The truncated Mcd1 is
then translocated from the nucleus to the mitochondria, and acts as a nuclear apoptotic
signal. This results in the release of cytochrome ¢, which is associated with the activation
of the yeast metacaspase Ycal that effects apoptosis.

APC, anaphase-promoting complex; ROS, reactive oxygen species.
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Supplementary Figure 1: The melting behaviour of the double-stranded cDNA amplicons in
plots of the derivative of fluorescence versus temperature (dF/dT vs T) for the reference
genes a) FBA1 b) GCN4 c) GLC7 d) SMD2 and e) TFC1. Each plot shows a prominent
singular peak of the curve confirming the presence of a single amplification product for each
primer pair. Each plot shows two technical replicates (grey and orange curves) and a no
template control (NTC) in black (close to dF/dT = 0) to ensure the absence of contaminant
DNA in any of the reagents or during sample preparation. cDNA, complementary DNA.
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Supplementary Figure 2: The melting behaviour of the double-stranded cDNA amplicons in
plots of the derivative of fluorescence versus temperature (dF/dT vs T) for the target
genes a) CDC6 b) ESP1 c) MCD1 d) OYE2 e) OYE3 f) RAS2 g) SNO1 h) SNZ1 and i) YCAL.
Each plot shows a prominent singular peak of the curve confirming the presence of a single
amplification product for each primer pair. Each plot shows two technical replicates (grey
and orange curves) and a no template control (NTC) in black (close to dF/dT = 0) to ensure
the absence of contaminant DNA in any of the reagents or during sample preparation.

cDNA, complementary DNA.
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Supplementary Figure 3: Standard calibration curve for the measurement of L-glutamate
content in total yeast cell extracts. A graph of absorbance at 450 nm against amount
(nmol) of glutamate in each standard well was plotted, and this gave a straight line.
Regression analysis was then used to determine the glutamate content (nmol) in total yeast
cell lysates.
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Supplementary Figure 4: Standard calibration curve for the measurement of a-
ketoglutarate in yeast cells. A graph of absorbance at 570 nm against amount (nmol) of a-
ketoglutarate in each sample well was plotted, and this gave a straight line through the
origin. Regression analysis was then used to determine the a-ketoglutarate content (nmol)
in total yeast cell lysates.
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Supplementary Figure 5: Calibration curves for the measurement of a) total
glutathione content (GSH + GSSG) and b) oxidised glutathione content (GSSG) in
yeast cells. a) A graph of AA/At against GSH (nmol) was plotted, and this gave a
straight line passing through 0.03 min! on the ordinate, and AA/At of 1.0 min at
3 nmol GSH. b) A graph of AA/At against GSH (nmol) was plotted, and this gave a
straight line passing through 0.18 min! on the ordinate, and AA/At of 1.3 min™ at
1.0 nmol GSH. Regression analysis was then used to determine the total
glutathione and oxidised glutathione content (nmol) in the protein-free cell
lysates.

GSH, reduced glutathione, GSSG, oxidised glutathione
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