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ABSTRACT

The thioredoxin system is one of the key antioxidant systems in the cell and is crucial for
cell survival. It is comprised of thioredoxin and thioredoxin reductase and plays important
roles in maintaining the redox homeostasis within the cell. The thioredoxin system is up-
regulated under conditions of oxidative stress to help re-establish the redox environment.
This induced expression is mainly regulated through the action of regulatory elements
present in their promoters, especially the antioxidant responsive element (ARE) via binding
of the Nrf-2 transcription factor. The regulation of the thioredoxin system in response to a
decrease in oxygen tension (hypoxic stress) is still not well known, although it is generally

accepted as being up-regulated during hypoxia.

The thioredoxin system is highly expressed in cancer cells, especially in more aggressive
and therapeutic resistant cancers. The oxygen supply to a tumor is unstable due to abnormal
vascular growth and this leads to a tumor oxygen environment that is constantly switching
between hypoxic and oxidative stress, caused by the re-oxygenation step. Therefore, an
understanding of how the expression of thioredoxin system is regulated in response to the
different oxygen conditions occurring in cancers may aid in elucidating the link between

the thioredoxin system and cancer progression.

Initial studies were focused on further characterizing the thioredoxin system promoters in
response to oxidative stress, induced by the chemical tBHQ in the MDA-MB-231 breast
cancer cell line. Several elements in the thioredoxin promoter involved in its induced
activation during oxidative stress have previously been described. In this project luciferase
reporter assays revealed the presence of a potential repressor element in the thioredoxin
promoter involved in regulating its activity during both basal and oxidative stress
conditions. Luciferase reporter assays also revealed that cells with a compromised
thioredoxin system compensate by inducing the expression of both the thioredoxin and

thioredoxin reductase promoters in times of oxidative stress.



Other studies were focused on characterizing the expression of the thioredoxin system in
the MDA-MB-231 breast cancer cell line under conditions mimicking the tumor
microenvironment. Prolonged hypoxia (H) and hypoxia followed by re-oxygenation (H/R)
were used alongside normoxic growth conditions. Additionally, hypoxic cycling pre-
conditioning preceding prolonged hypoxia (PC-H) and re-oxygenation (PC-H/R) were also
used. Cells were grown in hypoxic conditions using equipment that maintained hypoxic
conditions without allowing re-oxygenation. Flow cytometry-based reactive oxygen species
(ROS) assays were used to measure ROS levels and cellular viability. The PC pre-treatment
did not have a significant effect on either cellular viability or ROS levels in the cell.
Hypoxic (H) and PC-H treated cells showed a significant decrease in cell viability and ROS
levels than normoxic cells, while H/R and PC-H/R cells exhibited a significant increase in

viability and ROS levels than normoxic cells.

To determine how the thioredoxin system is regulated during the same oxygen growth
conditions western blots were performed to measure relative protein levels, while luciferase
reporter assays were used to assess their promoter activities. Both H and PC-H cells
showed no significant change in thioredoxin protein levels or thioredoxin and thioredoxin
reductase promoter activity. H/R cells exhibited a small increase in thioredoxin protein
levels after 4 hours re-oxygenation, while PC-H/R cells showed a significant increase in
both thioredoxin and Ref-1 protein levels relative to both normoxic and H/R cells. Hence,
the PC pre-treatment had a significant effect on the regulation of thioredoxin protein
expression. The thioredoxin and thioredoxin promoters were both up-regulated in H/R and
PC-H/R cells, although the PC pre-treatment did not result in a significant increase over

non-PC treated cells.

Initial luciferase assay results also showed that the thioredoxin promoter activity in H/R
cells was supressed when Nrf-2 was inhibited using a dominant negative Nrf-2 expressing
construct, which suggests that the Nrf-2 transcription factor might be involved in the

induced expression of the thioredoxin promoter in H/R cells.
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CHAPTER

INTRODUCTION



1.1 Introduction

Molecular oxygen is essential to cells because it provides energy for the cell to function.
However, the energy production machinery releases reactive oxygen species (ROS) as toxic
by-products. Accumulation of ROS is known to cause membrane and DNA damage,
apoptotic cell death and has been associated with many types of cancers, aging and
degenerative disorders. The production of antioxidant proteins, in response to oxidative
stress, protects the cell against these ROS and is therefore crucial for cell survival. In
addition, a decrease in the levels of oxygen can also occur within the cell due to limited
blood supply. This condition is known as hypoxic stress and also disrupts the oxygen
homeostasis within the cell. Therefore redox control is an important cellular process that

allows cells to respond to situations of oxidative and hypoxic stress.

One of the major antioxidant systems in the cell is the thioredoxin system which maintains
the redox homeostasis within the cells by scavenging ROS and reducing oxidized cysteine
residues within proteins to regulate their activity (Holmgren, 1985). The thioredoxin system
is highly elevated in many cancers (Shao éf a/., 2001; Kim éf a/., 2003; Hedley éf al., 2004;
Cha et al., 2009) and this over-expression of the thioredoxin system has been associated
with cancer cell growth, invasive and metastatic tumor activity and resistance to various
chemotherapeutic agents (Yamada éf al., 1996; Farina éf al., 2001; Lincoln éf al., 2003,
Kim ét al., 2005; Chaiswing éf al., 2007; Lu éf al., 2007; Ceccarelli éf al., 2008).

Both oxidative stress and hypoxia are common features of tumors due to abnormal vascular
growth and hence unstable oxygen supply resulting in cycling between hypoxic and re-
oxygenation environments. Although the thioredoxin system has been found in high levels
in both the oxidative stress (Olinski &f a/., 1992a; Jaruga éf al., 1994a) and hypoxic (Hedley
ét al., 2004) regions of tumors the majority of studies investigating the expression of the
thioredoxin system have been performed in response to oxidative stress induced by
chemicals, such as fért-butylhydroquinone (tBHQ) (Berggren éf al., 1996; Kim ét al., 2003;
Park éf al., 2010). The expression of the thioredoxin system in response to hypoxia is less

studied while very few studies have investigated the expression of the thioredoxin system



in response to hypoxia followed by re-oxygenation exposure. As such, it is not clear
whether the cycling between hypoxia and re-oxygenation occurring in tumors affects the
expression of the thioredoxin system. Knowledge of how the thioredoxin system is
regulated during all the oxygenation environments occurring in tumors is an important area
of research and will provide further understanding on how the thioredoxin system is

involved in cancer progression.

Overall, this thesis investigates how the expression of the thioredoxin system is regulated
under oxygen conditions that mimic the tumor environment, including oxidative stress,

hypoxic stress, re-oxygenation exposure and cycling hypoxic pre-conditioning.

1.2 Oxygen Homeostasis

Oxygen homeostasis is essential for the survival of all aerobic organisms. However, this
balance in a cell can be disrupted by either an increase or decrease in the level of oxygen.
Therefore, adaption to the environmental oxygen availability is of crucial importance in
controlling cellular homeostasis. Cells utilize distinct mechanisms to adapt to either an
increase or a decrease in cellular oxygen levels. Aerobic organisms continually metabolize
oxygen through several oxidative systems, for example the NADPH oxidases (Nauseef,
1999), the xanthine/xanthine oxidase system (Kuppusamy and Zweier, 1989) and the
respiratory chain within the mitochondria (Cadenas and Davies, 2000). In many cases,
however, oxygen undergoes incomplete one-electron reduction to form a number of highly

reactive molecules commonly called Reactive Oxygen Species (ROS).

ROS includes free radicals with unpaired electrons, such as the superoxide anion, hydroxyl
radical and oxidants such as hydrogen peroxide (H»O), all of which are inherently unstable
and often highly reactive (Fridovich, 1999). Even under normal physiological conditions
ROS molecules are produced within cells. ROS have some beneficial roles through
involvement in intracellular signaling and redox regulation of the cell. For example, H>O,

and the superoxide anion are redox regulators of transcription factor activities, and several



cytokines, growth factors, hormones and neurotransmitters employ ROS as secondary
messengers in intracellular signal transduction (Finkel, 1998; Finkel and Holbrook, 2000;
Thannickal and Fanburg, 2000; Kang, 2002). On the other hand, ROS can also cause
significant damage within the cell, such as damage to DNA, oxidation of lipids and

oxidation of amino acids in proteins (Kang, 2002).

To defend themselves, cells utilize several distinct antioxidant systems. Antioxidants are
molecules that counteract excessive ROS production by preventing or reducing the
oxidation of ROS targets. Therefore, in normal physiological conditions, the cellular
oxidation-reduction (redox) equilibrium in aerobic cells is maintained by ROS and
antioxidants (Nordberg and Arner, 2001; Michiels éf al., 2002). However, under certain
conditions ROS levels can increase dramatically and as a consequence so-called oxidative
stress occurs. Oxidative stress is defined as a disturbance in the balance between the
production of ROS and antioxidant defenses, favoring the overproduction of ROS (Kang,
2002). The cellular response to increasing ROS levels and oxidative stress is the induction
of the antioxidant systems, in order to re-establish the intracellular redox homeostasis of the
cell. The major antioxidant systems within mammalian cells are the glutathione and

thioredoxin systems (Holmgren, 1985).

1.3 The Thioredoxin System

The thioredoxin system is comprised of the redox-active protein thioredoxin (Trx), the
enzyme thioredoxin reductase (TrxR) and NADPH. This antioxidant system is essential for
normal cellular functions which is evident by the observation that thioredoxin knockout
mice are embryonic lethal (Matsui éf a/., 1996). The thioredoxin system plays an important
role in many cellular functions, including redox control of transcription factors, synthesis of
deoxyribonucleotides, cell growth and protection against oxidative stress (Holmgren, 1985;

Arner and Holmgren, 2000; Nordberg and Arner, 2001; Gromer éf a/., 2004).



1.3.1 Thioredoxin

Thioredoxin is a small (~12 kDa) ubiquitously expressed protein which is conserved
through all species, from Archebacteria to humans (Holmgren, 1985). All thioredoxins have
a redox active site of Cys-Gly-Pro-Cys, which can reduce disulfides in proteins and
peptides (Nishinaka éf al, 2001; Powis and Montfort, 2001). Reduced thioredoxin
catalyzes the reduction of ROS oxidized cysteines of many proteins both intracellularly and
extracellularly and in this process thioredoxin itself becomes oxidized. Thioredoxin can
then be reduced by the action of thioredoxin reductase at the expense of NADPH
(Holmgren, 1985; Nakamura éf a/., 1997) (Figure 1.1). Hence, the oxidoreductase activity
displayed by thiordoxin enables thioredoxin to exert control over the function of many
proteins via the redox state of structural or catalytical thiol (SH) groups present within

protein substrates (Holmgren, 1985).

JC

Sim—S
;-) mi i NADPH
C SAe X
NADP*
S—.S
Protem
l l

SH SH

S_S

Figure 1.1: Mechanism of action of the thioredoxin (Trx) redox system. Reduced
thioredoxin catalyzes the reduction of disulfides (s-s) within oxidized cellular proteins, such
as peroxiredoxin (Prx). In this process thioredoxin becomes oxidized which in return is
reduced by thioredoxin reductase (TrxR) at the expense of NADPH. Reprinted from
Cancers, 2, Karlenius and Tonissen, Thioredoxin and cancer: a role for thioredoxin in all
states of tumor oxygenation, 209-232, Copyright (2010), with permission from the authors.



Three isoforms of thioredoxin have been identified in mammalian cells, with all containing
the conserved active site. They are thioredoxin-1 (Trx1), a cytoplasmic protein (Wollman éf
al., 1988); thioredoxin-2 (Trx2), a mitochondrial protein (Spyrou éf a/., 1997); and SpTrx,
which is expressed mainly in spermatozoa (Miranda-Vizuete éf a/., 2001). Thioredoxin-1 is
the most studied form and unless otherwise indicated, thioredoxin refers to the cytosolic

thioredoxin in this thesis.

Thioredoxin can exert its antioxidant function through either directly quenching singlet
oxygen and scavenging hydroxyl radicals, or indirectly by reducing oxidized ROS target
proteins (Mitsui &f al, 1992; Powis and Montfort, 2001) (Figure 1.2). However,
thioredoxin performs many of its antioxidant functions through peroxiredoxins (Prx), also
called thioredoxin peroxidases (Wood éf a/., 2003; Immenschuh and Baumgart-Vogt, 2005;
Rhee éf al., 2005). Peroxiredoxins are a family of small (22-27kDa) non-seleno peroxidases
of six mammalian isoforms (termed Prx [-VI) (Immenschuh and Baumgart-Vogt, 2005).
Peroxiredoxins (Prxs) uses the SH groups as reducing equivalents and aid in the direct
reduction of peroxides, such as H,O,, organic hydroperoxides and peroxynitrite (Rhee éf
al., 2005). The oxidized form of peroxiredoxins can then be recycled back to its reduced
active form by thioredoxin (Chae éf a/., 1999) (Figure 1.1). Most of the known mammalian
peroxiredoxins, except the peroxiredoxin VI isoform, utilize thioredoxin as an immediate
electron donor. Peroxiredoxins are present in all subcellular compartments with

Peroxiredoxin I being the most abundant and ubiquitous peroxiredoxin (Wood éf a/., 2003).

Thioredoxin can exist in the extracellular environment, cytoplasm and nucleus (Figure 1.2).
However, thioredoxin has distinct roles in each of the different environments (Nakamura éf
al., 1997). Extracellular thioredoxin exhibits chemokine like activity (Bertini éf a/., 1999),
while in the cytoplasm thioredoxin regulates the redox balance of the cell and also the
activity of certain proteins (Hirota éf al, 1999; Kondo éf al., 2006). In the nucleus,
thioredoxin has been shown to interact with many transcription factors and thereby regulate

gene expression (Hirota éf al., 1999).



oxidized

o I . TRX
Oxidative stress
. ‘ql -—IQ
Lipid raft Cell membrane
oxidized
TRX
NADPH B
TRX
reductase SH 3H
SH SH
;:;;':l;d oxidized reduced
NADP TRX TRX
reduced T exidized N s sil
TRX @ . orei |
protein @ -
ASKI1
ASKI1 8‘,9 Transcription factors
l ASK1 NF-kB .
(D pssmarx pss @
l Ar-1 @ Nuclear membrane
1
SH SH
SH Sil TRX @
v @ TrRX
SP-1 CRE Ref-1 @
D;\DRE D TRX gene SN o e —.-: ams sy o
Apoptosis Transcription

Figure 1.2: Biochemical functions of thioredoxin. Thioredoxin expression is induced by
oxidative stress. Thioredoxin uses its catalytic activity to reduce oxidized proteins. Reduced
thioredoxin binds to ASK-1 and inhibits ASK-1 mediated cellular apoptosis by preventing
the downstream interaction of ASK-1 with MAPK. Thioredoxin also regulates the DNA
binding of transcriptional factors (directly or through Ref-1) such as NF-kB, AP-1 and p53,
among others. Oxidized thioredoxin is returned to its reduced state by thioredoxin reductase
and NADPH. Thioredoxin can also be secreted from cells. TRX: Thioredoxin (adapted
from (Nakamura éf a/., 2006). Reprinted from Seminars in Cancer Biology, 16, Nakamura
et al., Extracellular thioredoxin and thioredoxin-binding protein 2 in control of cancer, 444-
451, Copyright (2006), with permission from Elsevier.

Thioredoxin also performs several other diverse but quite specific functions within the cell.
For example, thioredoxin plays a role in normal embryonic development. It differentially
regulates the embryonic stem cell transcription factor Oct-4 to maintain the totipotentiality
of embryonic stem cell (Guo éf al, 2004). Thioredoxin can also act as a neurotropic
cofactor that enhances the effect of nerve growth factor on neuronal differentiation and
regeneration (Masutani éf a/., 2004). Hence, thioredoxin is responsible for the maintenance

of many important cellular processes that are dependent on thiol-redox states.



1.3.2 Thioredoxin Reductase

Human thioredoxin reductase (TrxR) is a selenocysteine-containing flavoprotein composed
of two identical 55-kDa subunits belonging to a larger family of pyridine nucleotide-
disulfide oxidoreductases (Arner and Holmgren, 2000). It contains a selenocysteine (Sec) in
its active site (Glycine-Cysteine-Selenocysteine-Glycine), located in the C-terminus. The
Sec in thioredoxin reductase is essential for its enzymatic activity (Zhong éf al., 2000;

Zhong and Holmgren, 2000).

Thioredoxin reductase is the sole known electron donor for thioredoxin. However,
mammalian thioredoxin reductases can also reduce a number of small-molecule substrates
in addition to their role in maintaining thioredoxin in their reduced forms (Nordberg and
Arner, 2001). These substrates include ascorbic acid, lipid hydroperoxides, protein
disulphide-isomerases (PDI), a-lipoic acid, and hydrogen peroxide. Thioredoxin reductase
can also reduce selenium-containing compounds including selenite (Kumar éf al., 1992)

and selenodiglutathione (Bjornstedt éf a/., 1992).

Mammalian cells contain three isoforms of thioredoxin reductase. They are the cytosolic
protein thioredoxin reductase-1 (TrxR1), the mitochondrial protein thioredoxin reductase-2
(TrxR2) and the testis specific thioredoxin glutathione reductase (TGR) (Sun éf 4/., 2005).
Both the cytosolic and mitochondrial thioredoxin reductases are also expressed in several
isoforms derived from alternative splicing, demonstrating a highly complex expression
pattern (Sun éf al, 2001; Damdimopoulos éf al, 2004; Rundlof et al, 2004). The
thioredoxin-1 system consists of thioredoxin-1 and thioredoxin reductase-1 and unless
otherwise indicated, thioredoxin reductase refers to the cytosolic thioredoxin reductase in

this thesis.

1.3.3 Thioredoxin System and Transcription Factors

Transcription factors are proteins that regulate cellular functions by altering the gene

expression profile. Thereby cells can modulate their transcriptome to adjust to normal



physiological and pathophysiological changes in oxygen levels, such as oxidative stress and
hypoxic stress (decrease in oxygen levels). Several transcription factors are activated by

thioredoxin through redox regulation, which modulates their DNA binding activities.

Thioredoxin can directly reduce some transcription factors, while other transcription factors
use Ref-1 (redox factor-1) as an intermediate. A specific cysteine residue(s) in these
transcription factors is reduced by Ref-1, which results in enhanced DNA-binding activity.
In order for Ref-1 to catalyze this reduction it needs to be in its reduced form, which is
catalyzed by thioredoxin (Demple éf al., 1991; Robson and Hickson, 1991; Robson éf al.,
1991). Transcription factors dependent on the Trx/Ref-1 interaction are responsible for the
activation of many genes that have the overall effect of promoting cell viability in response
to adverse conditions including oxidative stress and hypoxia. In addition to its function as a
major redox-signaling factor, Ref-1 is also a DNA-repair endonuclease. It is involved in the
base excision repair (BER) pathway (Demple éf al, 1991). The BER pathway is
responsible for repair of apurinic/apyrimidinic (AP) sites in DNA, which are a major end
product of ROS damage. Therefore, the thioredoxin system has several important functions

in protecting the cells from oxidative stress V/g Ref-1.

One of the transcription factors that is dependent on the Trx/Ref-1 interaction is Activator
protein-1 (AP-1) (Hirota et al., 1997). AP-1 is not a single transcription factor but rather is
comprised of various homo- or heterodimers formed between the proteins of the basic
region-leucine zipper (bZIP) family. The dimeric complexes are predominantly composed
of Jun homodimers and Jun-Fos heterodimers (Leppa and Bohmann, 1999; Wisdom, 1999).
Since both Jun and Fos families contain multiple members, the AP-1 transcription factor is
involved in a wide range of physiological functions. For example, AP-1 regulates the
expression of genes involved in cell growth in response to external stimuli (Angel and
Karin, 1991). The DNA binding of AP-1 is regulated by the redox state of a cysteine
residue within the DNA binding domain of both proteins making up the dimer. Thioredoxin
reduces these cysteines indirectly V/@ Ref-1 and thereby increases the DNA binding activity
of AP-1 (Abate et al., 1990; Hirota éf al., 1997) (Figure 1.3). Thus, thioredoxin also

contributes to cell growth.



Another important transcription factor regulated by thioredoxin through Ref-1 is HIF-1a,
which controls the expression of hypoxic stress-responsive genes. Redox modification of a
single cysteine residue within the HIF-1a subunit of HIF-1 is necessary for the direct
interaction of HIF-1 with the CBP/p300 co-activator, which leads to increased expression
of its target genes V/a the hypoxic response element (HRE) (Ema éf a/., 1999). Thioredoxin,
through Ref-1, is indirectly responsible for this modification (Figure 1.3).
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Figure 1.3: Thioredoxin (Trx) and redox signaling of transcription factors. Thioredoxin
negatively regulates apoptosis in the cytoplasm Vvia redox regulation of ASK-1 and
inhibition of Ikf degradation by scavenging ROS. Under oxidative conditions, thioredoxin
is translocated to the nucleus where it increases the transcriptional activation of NF-xf} via
reduction of its cysteine residue. Thioredoxin also increases the transcriptional activation of
other transcription factors, such as AP-1 and HIF-1, indirectly 1/a the intermediate Ref-1 by
either increasing DNA binding (AP-1) or recruitment of co-activators (HIF-1). Red lines
indicate an inhibitory effect. S-S = oxidized form. SH = reduced form. Reprinted from
Cancers, 2, Karlenius and Tonissen, Thioredoxin and cancer: a role for thioredoxin in all
states of tumor oxygenation, 209-232, Copyright (2010), with permission from the authors.
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Thioredoxin can also act directly on some transcription factors without the requirement for
Ref-1. For example, thioredoxin can influence apoptosis by activating nuclear factor (NF)-
kB, which regulates the expression of genes that antagonize cell death (Stehlik éf a/., 1998;
Wang éf al., 1998; Otaki éf al., 2000). In the cytoplasm, ROS mediates degradation of the
inhibitor IkB to activate NF-kB nuclear translocation. Since thioredoxin is an antioxidant it
scavenges ROS in the cytoplasm, hence inhibiting the degradation of IkB. However, in
response to NF-kB activation stimuli thioredoxin translocates from the cytoplasm to the
nucleus where instead it activates NF-kxB DNA binding (Figure 1.3). Thioredoxin directly
reduces the cysteine 62 residue present in the pS0 subunit of NF-kB which stimulates DNA
binding of NF-kB and thus enhances NF-kB-dependent gene expression (Matthews éf al.,
1992; Hirota ét al., 1999).

Another transcription factor regulated by thioredoxin is Sp1, which regulates the expression
of a large number of genes, such as housekeeping, tissue-specific and cell cycle-regulated
genes (Brandeis éf al., 1994; Macleod éf al., 1994). Sp-1 is a member of the Sp-family of
transcription factors, which enhances transcription through binding to multiple GC-boxes in
the promoter of genes (Dynan and Tjian, 1983; Gidoni éf a/., 1984; Kadonaga éf al., 1987).
Gene promoters that lack both the traditional TATA and CCAAT boxes rely on the
presence of such GC boxes and Sp-1 binding to define where transcription starts (Blake éf
al., 1990; Jolliff et al., 1991; Kollmar éf al., 1994; Liao et al., 1994; Lu et al., 1994). In
vitro studies have shown that the DNA binding activity of Sp-1 was increased in the
presence of thioredoxin (Bloomfield éf al, 2003). In addition, recombinant Sp-1 was
shown to bind to the Sp-1 consensus sequences within the thioredoxin promoter. Therefore
expression of the Trx gene may be regulated by the binding of Sp-1, which itself is
regulated by Trx (Bloomfield éf a/., 2003).

Overall, these redox-regulated transcription factors are responsible for the activation of
several genes affecting cell viability in response to adverse conditions like oxidative stress
and hypoxic stress (low oxygen levels) (Matthews éf al., 1992; Huang ét al., 1996; Hirota
etal., 1997).
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1.4 Cellular Defences Against Changes in Oxygen Levels

As mentioned earlier, oxygen homeostasis is essential for the survival of all aerobic
organisms. However, this balance in a cell can be disrupted by either an increase or
decrease in the level of oxygen causing oxidative stress or hypoxic stress, respectively
(Figure 1.4). Therefore, adaption to the environmental oxygen availability is of crucial
importance in controlling cellular redox homeostasis. Cells utilize distinct mechanisms to

adapt to either oxidative stress or hypoxia, as discussed below.

Oxidative
stress

Homeostasis

Hypoxic stress

Figure 1.4: Oxygen homeostasis. Low oxygen in the cell results in hypoxic stress while
increased oxygen results in oxidative stress. In response to hypoxic stress the cells respond
by activating pathways involved in increasing the supply of oxygen while in response to
oxidative stress many antioxidants are induced to reduce the availability of oxygen and to
reduce the oxidative damage in the cell. Figure prepared by T. Karlenius (2011).

12



1.4.1 Oxidative Stress

As mentioned previously, oxidative stress is defined as a disturbance in the balance
between the production of ROS and antioxidant defenses, favoring the overproduction of
ROS (Kang, 2002). In order to re-establish the intracellular redox homeostasis cells respond
by inducing the expression of several antioxidant systems (Kang, 2002; Michiels éf al.,
2002). The regulatory element mainly responsible for this simultaneous induction is the
antioxidant responsive element (ARE), which is usually found in the promoter region of the
induced target genes (Wasserman and Fahl, 1997). The transcription factor that regulates
the induction of these genes Vid the ARE element is Nrf-2 (nuclear factor-erythroid 2 p45-
related factor 2) (Ramos-Gomez éf /., 2001). This transcription factor is usually kept in an
inactive state through binding to a repressor called the Kelch-like ECH associated protein 1
(Keapl) (Itoh et al, 1999). Upon oxidative stress conditions Nrf-2 is dissociated from
Keapl and then translocates into the nucleus where it forms heterodimers with small Maf
proteins and then binds to ARE-containing gene promoters to induce their expression (Ishii
et al., 2000; Lee and Johnson, 2004; Katoh éf a/., 2005; Katsuoka éf al., 2005) (Figure 1.5).
Consequently, many antioxidant systems, including the thioredoxin system, are

simultaneously up-regulated 1/a the Nrf-2/ARE pathway in response to oxidative stress.
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Figure 1.5: Schematic presentation of the Nrf-2/ARE pathway. In response to oxidative
stress ROS causes nuclear translocation of Nrf-2, which then forms a heterodimer with a
small Maf protein. This complex then interacts with the ARE element and induces
transcription of its target antioxidant genes (Karlenius and Tonissen, 2010). Reprinted from
Cancers, 2, Karlenius and Tonissen, Thioredoxin and cancer: a role for thioredoxin in all
states of tumor oxygenation, 209-232, Copyright (2010), with permission from the authors.

In times of oxidative stress thioredoxin, to some extent, reduces intracellular proteins and
lowers levels of ROS as part of the antioxidant defense. Thioredoxin also translocates to the
nucleus in response to oxidative stress where it can exert regulatory functions of
transcription factors v/a redox modifications (Tanaka éf al., 1997; Hirota et al., 1999; Wei
et al., 2000), as discussed in section 1.3.1.1. By regulating the activity of several
transcription factors thioredoxin can influence many important cellular functions in
response to oxidative stress, including DNA repair, cell growth and proliferation, and

apoptosis (Holmgren, 1985).

It is well established that the gene expression of thioredoxin is induced by oxidative stress

and that this induction is mediated mainly by the binding of Nrf-2 in the ARE element
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present in the thioredoxin gene promoter (Kim éf a/., 2001; Kim éf a/., 2003; Osborne &t
al., 2006). The thioredoxin reductase and peroxiredoxin promoters also contain ARE
elements, which are responsible for their induced expression in response to oxidative stress
(Hirota éf al., 1999; Rundlof éf a/., 2001; Hintze éf al., 2003; Rundlof éf a/., 2004; Kim &t
al., 2007). It is worth noting that thioredoxin in a reduced state can enhance the binding of
Nrf-2 with the ARE, thus activating it (Takagi éf a/., 1999). Furthermore, Ref-1 expression
is up-regulated in response to oxidative stress (Yao éf al., 1994; Ramana éf al., 1998).
Therefore oxidative stress leads to increased levels of thioredoxin, which in turn activates
the transcription factors responsible for inducing even higher levels of thioredoxin and

other antioxidants.

Furthermore, thioredoxin interacts directly with the apoptotic pathway through binding to
ASK-1 (apoptosis signal-regulating kinase-1), a member of the MAPKKK family (Saitoh éf
al., 1998). Reduced thioredoxin physically interacts with ASK-1 in a redox-dependent
manner and inhibits its activity. When thioredoxin is oxidized by ROS it dissociates from
ASK-1, which is then activated to transduce the apoptotic signal (Figure 1.3). This ROS-

induced apoptosis is a defense mechanism against persistent oxidative stress.

It is also well known that cancer cells in general are under increased oxidative stress
compared to normal cells. Increased oxidative damage of DNA bases has been found in
many cancerous tissues (Olinski &éf a/., 1992b; Jaruga &t al., 1994b). Additionally, /n vitro
human tumor cell lines have been found to produce significantly greater amounts of ROS
than non-transformed cell lines, thereby keeping these cells under persistent oxidative stress
(Szatrowski and Nathan, 1991). These higher levels of ROS in cancers are usually
associated with extremely high levels of thioredoxin and other redox control proteins,
which will be discussed later (See section 1.7), and these high levels are usually induced by

Nrf-2.
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1.4.1.1 Nrf-2 Structure and Regulation

Nrf-2 is a 66-kDa protein and is a member of a small family of transcription factors that
share a conserved basic-leucine zipper (bZIP) dimerization/DNA-binding domain (Olinski
ét al., 1992a; Motohashi éf al., 2002). The human Nrf-2 transcription factor contains six
highly conserved regions (Figure 1.6). These regions are named Nehl to Neh6 (Nrf-2-ECH
homology). Nehl is located near the C-terminus of the Nrf-2 protein and corresponds to the
bZIP domain, which is required for DNA binding and dimer formation. Through this
domain Nrf-2 can dimerize with a small Maf protein to form a heterodimer, which
thereafter can bind to the ARE element in gene promoters (Itoh éf /., 1999). The small Maf
protein is required for the high-affinity, sequence-specific DNA-binding activity of the Nrf-
2/Maf heterodimer (Motohashi and Yamamoto, 2004) while the transcriptional regulatory
function is provided by Nrf-2 since the small Mafs lack a canonical transcriptional

activation domain (Motohashi éf al., 1997).
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Figure 1.6: Domain structure of Nrf2. Six functional Neh units identified in Nrf-2. Keapl
interacts with the Neh2 domain and represses the activity of Nrf2. Neh4 and Neh5 interact
with CBP (CREB binding protein) and synergistically contribute to the strong
transcriptional activation exerted by Nrf-2. Nehl corresponds to the bZIP motif, mediating
DNA binding and dimerization with small Maf proteins (adapted from Motohashi and
Yamamoto, 2004). Reprinted from Trends in Molecular Medicine, 10, Motohashi and
Yamamoto, Nrf2-Keapl defines a physiologically important stress response mechanism,
549-557, Copyright (2004), with permission from Elsevier.
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The activation of Nrf-2/Maf target gene promoters is achieved by the transactivation
domains, Neh4 and Neh5. These domains bind the CBP (cAMP response element-binding
protein (CREB)-binding protein) which recruits the basic transcription machinery (Katoh éf
al., 2001). A dominant negative form of Nrf-2 (dnNrf-2) has been produced that lacks these
transactivation domains and is known to reduce or abolish the Nrf-2-mediated activation of
the ARE (Alam éf al., 1999; Dhakshinamoorthy and Porter, 2004). Hence it has a dominant
negative effect on endogenous Nrf-2 and has been used by several groups to show that Nrf-
2 is involved in regulating gene expression for specific promoters (Kim éf a/., 2001; Kong

et al., 2001; Nishinaka and Yabe-Nishimura, 2005).

The N-terminal domain Neh2 is the negative regulatory domain of Nrf-2 function through
the binding of the DGR (double glycine repeats) domain of the inhibitor protein, Keapl
(Figure 1.7) (Itoh éf al., 1999). Keapl binds to Nrf-2 to prevent it from activating its target
genes by sequestering it in the cytoplasm. The Keapl protein exists as a homodimer. Each
homodimer of Keapl sequesters one molecule of Nrf-2 (Zipper and Mulcahy, 2002;
Wakabayashi éf a/., 2004). The BTB (Broad complex, Tramtrack, and Bric a Brac) domain
of Keapl is involved in Keapl homodimerization and the serine residue 104 appears to be

crucial for the Keap1 self-association (Kwak éf al., 2002; Kang et al., 2004).
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Figure 1.7: Domain structure of Keapl. The DGR (double glycine repeat) domain is
important for Nrf-2 binding and interaction with actin skeleton. The IVR (intervening
region) domain is important for Keapl reactivity to oxidative stimuli. Two of the cysteine
residues in the IVR are crucial for the repressive activity of Keapl on Nrf-2. The BTB
(Broad complex—Tramtrack—Bric-a-brac) domain 1is thought to be involved in
homodimerization (adapted from Motohashi and Yamamoto, 2004). Reprinted from Trends
in Molecular Medicine, 10, Motohashi and Yamamoto, Nrf2-Keapl defines a
physiologically important stress response mechanism, 549-557, Copyright (2004), with
permission from Elsevier.

The Keapl protein also contains two critical redox-sensitive cysteines, C273 and C288.
These two cysteines, found in the IVR (intervening region) domain (Figure 1.7), needs to
be in a reduced state for Keapl to bind Nrf-2. However, when the cells become exposed to
oxidative stress, C273 and C288 becomes oxidized causing a conformational change of the
Keapl protein. This structural change disrupts the binding of Keap1 to Nrf-2 allowing Nrf-
2 to translocate into the nucleus (Wakabayashi éf a/., 2004).

Kinases, which are proteins that phosphorylates other proteins, have also been shown to be
involved in the regulation of the dissociation of Nrf-2-Keap1 complex (Huang éf a/., 2002).
These kinases, including Protein Kinase C (PKC), the MAPK cascade, PI3K and PERK,
phosphorylate Nrf-2 on the serine 40 residue located in the Neh2 domain simultaneously
with the oxidation of the two cysteines in Keapl, leading to the dissociation of Nrf-2 from

Keapl (Numazawa and Yoshida, 2004).
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The function of Nrf2 and its downstream target defensive genes, such as the different
antioxidant systems, suggests that this Nrf2/ARE pathway represents one of the major
defense mechanism within the cell against ROS. Since this pathway regulates so many
defensive genes it is believed that it may serve as a potential therapeutic target for

neurodegenerative diseases and carcinogenesis, in which ROS are involved.

1.4.2 Hypoxic Stress

Hypoxia occurs when the levels of oxygen in a cell falls below the normal levels of oxygen
tension. Although the air we breathe contains about 20 percent oxygen, the cells in our
body are used to much less than that. The normal oxygen tension for a cell depends on
where that cell is in the body and what it does. Most healthy organs, such as the heart, are
used to approximately a 5 percent oxygen level. However, arterial blood, which carries
oxygen to the organs, contains approximately 14 percent oxygen while the skin and liver
both contain around 3 percent oxygen (Wagner, 2003). Although the normal oxygen levels
differ between organs, the term hypoxia is usually used when the oxygen concentration is
below 3 percent, regardless of the organ in question. Interestingly, many tumours thrive on

about 1.5 percent oxygen (Vaupel éf al., 2001; Wagner, 2003; Vaupel, 2004).

Although hypoxia is generally harmful to the cell by disrupting the cells’ redox
homeostasis, it does have some beneficial roles as well. For example, hypoxia is
encountered in embryogenesis, in which hypoxia signaling is considered to be necessary for
normal development (Morriss and New, 1979). In addition, several studies have shown that
hypoxia regulates the proliferation and differentiation of different stem cell populations,
including embryonic, neuronal, neural crest, hematopoietic, and trophoblast stem cells
(Ohlstein éf al., 2004; Sancho ét al., 2004; Joseph and Morrison, 2005; Ohlstein and
Spradling, 2006; Fuchs, 2007). The hypoxic responses of different stem cell populations
may regulate the defining features of stem cells, including self-renewal and multipotency

(Keith and Simon, 2007).

19



Since hypoxia disrupts oxygen homeostasis cells have developed a means of adapting to
this hypoxic stress. This adaption is mediated through changes in gene expression.
However, the cells defence mechanism against this unfavorable condition differs from that
of oxidative stress. Instead of activating the Nrf-2/ARE pathway the adaption to hypoxic
stress is primarily mediated through the hypoxia-inducible factors (HIFs). HIFs are
comprised of one a and one B subunit. While the B-subunit is constitutively expressed in the
cell the a-subunit is regulated by oxygen tension. It is rapidly degraded under normal
oxygen levels but becomes stabilized during hypoxia and can thereafter translocate to the
nucleus and bind the B-subunit to form the HIF transcription factor (Salceda and Caro,
1997, Kallio et al., 1999). These HIFs bind to the hypoxia-response element (HRE)
sequences in the promoter or enhancers of target genes and up-regulate their expression via

the HIF-1/HRE pathway (Figure 1.8) (Kvietikova éf al., 1995; Kimura éf a/., 2001).
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Figure 1.8: Schematic presentation of the HIF-1/HRE pathway. Under normoxia HIF-1a is
rapidly degraded in the cytosol. In response to hypoxia HIF-la becomes stabilized,
translocates to the nucleus where it dimerizes with HIF-1B and then binds to the HRE
element and induces transcription of its target genes (Karlenius and Tonissen, 2010).
Reprinted from Cancers, 2, Karlenius and Tonissen, Thioredoxin and cancer: a role for
thioredoxin in all states of tumor oxygenation, 209-232, Copyright (2010), with permission
from the authors.
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The HIF-1 target genes identified so far can be grouped within several categories, such as
metabolism, cell growth and apoptosis, and restoration of oxygen supply (Brahimi-Horn
and Pouyssegur, 2006; Keith and Simon, 2007). Importantly, all these target genes ensure
that either the cell restores oxygen homeostasis by surviving with minimal energy
production obtained from glycolysis, or that cells die due to persistent lack of energy

(Figure 1.9).
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Figure 1.9: Target genes of the HIF/HRE pathway. Under hypoxic conditions the alpha
subunit of HIF is stable and translocates into the cell nucleus where it heterodimerises with
the beta subunit inducing binding to the DNA of target genes carrying a hypoxia-response
element (HRE). Interaction with the co-activator CBP/p300 initiates the induction or
repression of a large number of genes involved in angiogenesis, anaerobic glycolysis,
vasodilation and respiration, erythropoiesis, and apoptosis (Brahimi-Horn and Pouyssegur,
2006). Reprinted from Bulletin du Cancer, 93, Brahimi-Horn, C. and Pouyssegur, J., The
role of the hypoxia-inducible factor in tumor metabolism growth and invasion, 10073-
10080, Copyright (2006), with permission from John Libbey Eurotext.

1.4.2.1 HIF-1 Transcription Factor

The HIF transcription factor is a heterodimer composed of one a and one 3 subunit, which
both belong to a family characterized by the presence of basic helix-loop-helix
Per/Arnt/Sim domains (bHLH-PAS). The HIF-B subunit is also known as the aryl
hydrocarbon receptor nuclear translocator (ARNT) (Wang &t al., 1995a; Moore ét al.,
2000). The bHLH domain is required for both protein dimerization and DNA binding
(Jiang éf al., 1996). The PAS domain, named after the first three proteins in which it was
identified (Per, ARNT and Sim), contains two internal homology units, the A and B
repeats, and is involved in interaction between proteins (Figure 1.10). However, the full

extent of functions played by the PAS domain in the HIFs is unknown.
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The bHLH domain and the PAS domain are located in the N-terminal region of the HIF-a
subunit while its C-terminal region contains two transactivation domains (TAD) known as
the N-terminal and C-terminal TADs (also termed NAD and CAD) (Figure 1.10) (Wang éf
al., 1995a; Pugh et al, 1997). Also overlapping the NAD is an oxygen-dependent
degradation domain (ODDD), which is responsible for the degradation of HIF-o under

normoxic conditions (Huang éf a/., 1998).
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Figure 1.10: Schematic diagram showing the similarities and differences between HIF-a
family members HIF-10, HIF-2a and HIF-3a. The coloured boxes represents the different
functional domains identified in these proteins. The modifications of specific residues are
noted above each, and the proteins that perform those modifications are indicated. Coloured
bars below each protein delineate particular interaction regions within the HIF proteins that
are important for their function. Abbreviations: bHLH, basic helix-loop-helix; CTAD, C-
terminal transactivation domain; LZIP, leucine zipper; NLS, nuclear localization signal;
NTAD, N-terminal transactivation domain; ODD, oxygen-dependent-degradation domain;
PAS, Per/ARNT/Sim domain (Rocha, 2007). Reprinted from Trends in Biochemical
Sciences, 32, Sonia Rocha, Gene regulation under low oxygen: holding your breath for
transcription, 389-397, Copyright (2007), with permission from Elsevier.

There have been three identified HIF- a subunits (Figure 1.10) and one B subunit (with
several splice variants). Of the three HIF-a-subunits, HIF-1a is the best studied and

characterized to date. However, the understanding of HIF-2a (also known as endothelial
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PAS domain protein (EPAS-1), HIF-like factor (HLF), HIF-related Factor (HRF), or a
member of PAS domain family 2 (MOP2)) function and specificity has increased
dramatically (Ema éf al., 1997; Flamme ét al., 1997; Tian éf al., 1997; Hogenesch ét al.,
1998). The third HIF-3a subunit has recently been identified and much less is known about
this subunit. HIF-1a and HIF-2a show the greatest structural and functional similarity, as
each of these proteins is hypoxia-induced, dimerizes with HIF-13, and mediates
transcriptional activation through the same DNA binding sites. In contrast, HIF-3a appears
to function as an inhibitor, through an alternately spliced transcript termed inhibitory PAS
domain protein (IPAS) (Makino éf a/., 2001). IPAS act as a dominant negative regulator of
HIF-mediated gene expression. It lacks the sequence corresponding to the C-terminal
region of HIF-1a and HIF-2a, in which two transactivation domains (N-TAD and C-TAD)
have been identified. The IPAS targets the HIF-a subunits to form a complex lacking HRE
binding activity, thereby impairing HIF target gene expression under hypoxic conditions

(Makino ét al., 2001).

Although the structure (Figure 1.10), regulation and function of the HIF-a subunits seem to
be similar their level of expression differs widely. HIF-la mRNA expression is
ubiquitously expressed in normoxia while HIF-2a and HIF-3a mRNA have a more
restricted pattern of expression (Gu éf al., 1998; Talks éf al., 2000). There has been long-
term interest in distinguishing the role of HIF-lo and HIF-2a. Despite the strong
similarities between the two subunits, such as their sequence, regulation, heterodimer
partner and targeting binding sites, they seem to have distinct roles. This difference is
thought to be through stimulating different target genes, even though no difference between
their target consensus binding sites has yet been found. However, targeted disruption of
their genes in mice results in embryonic lethalities with startling differences in the
phenotype (Iyer éf al, 1998). For example, HIF-la-null mice exhibits mid-gestation
lethality and severe blood vessel defects, whereas HIF-2o-null mice exhibits the same
defects but also abnormal lung maturation and sometimes survive post-natally (Ryan éf al.,

1998; Peng éf al., 2000; Compernolle éf al., 2002).

Additionally, studies using short interfering RNAs to specifically inactivate HIF-1a and
HIF-2a showed that HIF-2a does not substitute in regulating any of the hypoxia-inducible
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genes when HIF-1a is inactivated in cells expressing both HIF-a isoforms (Hu éf a/., 2003;
Sowter éf al., 2003).

1.4.2.2 HIF-1 Regulation

The availability of HIF-1 is mainly determined by the HIF-la subunit, which is usually
suppressed due to its rapid, oxygen-dependent degradation, while the HIF-1 subunit is not
controlled by oxygen levels. During hypoxia, the HIF-1a protein stabilizes, translocates to
the nucleus, dimerizes with HIF-1 and binds to the target DNA sequence within the
promoter or enhancer region of different genes (Salceda éf al., 1997; Salceda and Caro,
1997; Huang et al., 1998; Kallio éf al., 1999) (Figure 1.8). Therefore, HIF-1a regulation
occurs at many levels, such as protein stabilization, post-translational modifications,
nuclear translocation, dimerization, transcriptional activation, and interaction with other

proteins.

1.4.2.2.1 HIF-1a Stabilization

Under normoxic conditions (normal oxygen levels) HIF-la is polyubiquitylated and
subsequently degraded by a multiprotease complex called the 26S proteasome. This occurs
mainly through the von Hippel-Lindau tumour suppressor protein (pVHL), a component of
an E3 ubiquitin ligase complex (Figure 1.11). The pVHL binds to the ODDD domain
(oxygen dependent degradation domain) of HIF-1a via its f-domain while its a-domain
recruits elongins B and C, cullin 2 and Rbx 1. Ubiquitin is then transferred to the HIF-1a
marking it for proteosomal degradation (Kallio éf a/., 1999; Bonicalzi éf a/., 2001).

The pVHL binds to the HIF-la under normoxic but not hypoxic conditions, thus the
degradation does not occur during hypoxia. The interaction between pVHL with HIF-1a
depends on a post-translational modification of the HIF-1a subunit, which is mediated by
the irreversible hydroxylation of two proline residues (Pro-402 and Pro-564 in HIF-1a, Pro-
405 and Pro-530 in HIF-2a) (Maxwell éf al., 1999; Ivan éf al., 2001) in the ODDD domain.
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This hydroxylation is catalysed by HIF-1 prolyl 4 hydroxylases, designated PHDs (prolyl
hydroxylase domain containing protein) (Bruick and McKnight, 2001; Oehme éf a/., 2002;
Berra éf al., 2003; Metzen éf al., 2003). In hypoxia the activity of the PHDs is blocked due
to oxygen deficiency and therefore the proline residues cannot be hydroxylated by the

PHDs. This results in HIF-1a becoming stabilized as the pVHL cannot bind and mark it for

degradation.
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Figure 1.11: The oxygen-dependent HIF-1a and HIF-2a degradation pathway. In normoxia,
HIF-prolyl-4-hydroxylases (PHD) hydroxylate specific proline residues of HIF-1a (P402
and P564) and HIF-2a (P405 and P530) in an oxygen, 2-oxoglutarate and iron-dependent
manner. Hydroxylated HIF-a proteins then bind to the von-Hippel-Lindau (VHL) protein,
the HIF-a recognition component of an E3 ubiquitin ligase complex. HIF-a is subsequently
ubiquitylated, and degraded by the proteasome. In hypoxia, PHD/HPH activity is blocked
due to oxygen deficiency, preventing HIF-a proline hydroxylation and VHL binding, and
resulting in stabilised HIF-a protein (Bracken éf a/., 2003). Reprinted with kind permission
from Springer Science: Cellular and Molecular Life Sciences, 60, 2003, 1376-1393, C. P.
Bracken, Figure 3.
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After the HIF-1a subunit has been stabilized in hypoxia it needs to dimerize with the 3
subunit. The dimerization of the HIF-la and [ subunits occurs in the nucleus and is
necessary for the DNA binding and subsequent activation of transcription. HIF-1f is
present in the nucleus regardless of oxygen levels. However, HIF-la needs to be
translocated to the nucleus to dimerize with the § subunit and HIF-a nuclear translocation is
correlated with HIF-1 activity. However, the translocation process is hypoxia-independent
and is instead believed to simply reflect the overall level of this protein in the cell (Kallio &f

al., 1997; Hofer et al., 2001).

1.4.2.2.2 HIF-1 Transcriptional Activation

For HIF-1 to obtain its full transcriptional activation it must be able to bind to the DNA
target sequence and recruit transcriptional co-activators. These co-activators physically link
HIF to the transcriptome and function as histone acetyltransferases to perform the
chromatin remodelling required for transcription (Gu éf al., 2001). The recruitment of co-
activators is achieved through post-translational modification of the transactivation
domains. As discussed previously, HIF-la and HIF-2a possess two transactivation
domains, the NAD and CAD. The TADs function through recruitment of the general co-
activators CBP/p300, SRC-1 and TIF2 (Ema éf a/., 1999).

Modification of the CAD occurs in normoxia similar to that occurring for the proline
hydroxylation responsible for HIF-1a degradation. However, this hydroxylation modifies
an asparagine residue (N803 in HIF-1a and N851 in HIF-2a) instead of a proline residue
and functions to inhibit the association of the HIF-la and HIF-2a with CBP/p300 in
normoxia (Figure 1.12). The asparagine hydroxylase responsible for this hydroxylation has

been designated FIH-1 (factor inhibiting HIF) (Lando éf a/., 2002).

27



NORMOXIA HYPOXIA
2 Onegur N W N
Quccm'nc e No Asn
ElH-1 EiH-1 \l aii Hydroxylation

N!OJ

CBP/p300 CBP/p300
No CBP/p300 _/

binding

Asn Hydroxylation
by FIH-1

CBP/p300
binding
HQ N803

i N

Inactive CAD Active CAD

Target genes

Figure 1.12: Oxygen-regulated transcriptional activation of HIF-a. In normoxia, an
oxygen, 2-oxoglutarate and iron-dependent HIF-a asparaginyl hydroxylase (FIH-1) binds
and hydroxylates specific asparagines residues of HIF-1a (N803) and HIF-2a (N851). This
blocks recruitment of transcriptional co-activators (p300/CBP) by the carboxy-terminal
transactivation domain (C-TAD), resulting in transcriptionally inactive HIF-a. In hypoxia,
FIH-1 activity i1s blocked due to oxygen deficiency, resulting in no asparagine
hydroxylation, and consequently enhanced co-activator recruitment and target gene
induction (Bracken éf a/., 2003). Reprinted with kind permission from Springer Science:
Cellular and Molecular Life Sciences, 60, 2003, 1376-1393, C. P. Bracken, Figure 4.

After HIF-o stabilization, nuclear translocation and dimerization, HIF-1 binds to its
consensus HIF-1 binding site (HBS) within the hypoxia response element (HRE). The HBS
is the minimal sequence necessary for HIF-1 binding and its core sequence is (A/G)CGTG.
The HRE may be located within either promoter or enhancer regions of target genes.
Although the HBS within the HRE is necessary for HIF-1 binding it is not sufficient for
hypoxic inducibility. The structure of HRE, methylation of the cytosine residue within
HBS, or presence of additional transcription factors influences the HIF-1-induced response.
Additionally, the HRE in the majority of hypoxia-induced genes identified to date contains
the HIF-1 ancillary sequence (HAS), which is located 8-9nt down- or up-stream of HBS
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(Figure 1.13) and is necessary for HIF-1 mediated transcription activation. HAS is an
imperfect inverted repeat of HBS (Semenza and Wang, 1992; Kvietikova éf al., 1995;
Michel et al., 2000; Kimura éf al., 2001; Wenger, 2002). Furthermore, efficient gene
activation frequently requires recruiting of more than one HIF-1 or binding of additional
transcription factors, which are not hypoxic-dependent (Firth éf al., 1995). Two or more
adjacent HBSs have been found in some genes (Wenger, 2002).
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Figure 1.13: Human hypoxia response element (HRE) in VEGF, EPO, GLUT-1 (glucose
transporter-1) and LDHA (lactate dehydrogenase A) genes. HRE, besides the HIF-1
binding site (HBS), contains the HIF-1 ancillary sequence (HAS), which is located 8-9 nt
down- or upstream of HBS and constitutes an imperfect inverted repeat of HBS (Zagorska
and Dulak, 2004). Reprinted from Acta Biochimica Polonica, 53, Zagorska, A. and Dulak,
J., HIF-1: the knowns and unknowns of hypoxia sensing, 563-585, with permission from
Acta Biochimica Polonica.

Moreover, the CBP/p300 is a general co-activator of various transcription factors, and as
mentioned previously, mediates transcriptional activation by HIF-1a and HIF-2a. During
hypoxia the modification of the asparagine residue in the CAD of the HIF-1a subunit by
FIH is inhibited, resulting in recruitment of the CBP/p300 co-activator and subsequently
transcriptional activation (Lando éf a4/, 2002). However, to achieve even higher

transactivation by CAD a further modification of HIF-1a is also required.

This modification is of a single cysteine residue within the CAD of the HIF-1a subunit.

This cysteine residue is necessary for the direct interaction of HIF-1 with the CBP/p300 co-
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activator. The nuclear redox regulator Ref-1 is the protein responsible for this modification.
It reduces the cysteine residue to provide an appropriate reducing environment that
enhances the ability of HIF-1 to recruit co-activators (Ema éf a/, 1999). Thioredoxin
provides the reducing potential needed for Ref-1 activity (Figure 1.14) (Hedley éf al., 2004)

and this represents a link between hypoxic and redox control processes.
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Figure 1.14: Thioredoxin (Trx) and ROS in the hypoxic stress response. Under normoxia
HIF-1a is degraded in the cytosol while in hypoxia HIF-la becomes stabilized and
translocates to the nucleus. In hypoxia, the presence of H,O; in the cytosol is necessary for
HIF-1a stabilization. In the nucleus, reducing conditions are necessary for HIF-1 DNA
binding. Trx reduces Ref-1 in the nucleus, which in turn reduces the HIF-1a subunit, which
then dimerizes with HIF-1 to form HIF-1. The HIF-1 protein binds to the HRE element
and induces transcription of its target genes. Red lines indicate an inhibitory effect. Red
cross indicates non-functional mitochondria. Reprinted from Cancers, 2, Karlenius and
Tonissen, Thioredoxin and cancer: a role for thioredoxin in all states of tumor oxygenation,
209-232, Copyright (2010), with permission from the authors.

The HIF-1 protein is also regulated by many other factors aside from hypoxia, including
oncogenes, growth factors, and quite paradoxically by free radicals such as the superoxide

anion, H,O, and NO. For example, exposure to NO has been shown to nitrosylate a specific
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cysteine residue in the HIF-1a subunit under normoxic conditions (Li éf a/., 2007), thereby
inhibiting its degradation. Furthermore, administration of H,O, in human 293 cells caused
HIF-1a stabilization and expression of HRE-luciferase under normoxic conditions (Chandel
et al, 2000). Hep3B p° cells, which are unable to produce ROS due to lack of
mitochondrial electron transport activity, also showed HRE-luciferase expression under
normoxic conditions when treated with H,O, (Chandel éf al, 2000). Hence, ROS can

stabilize HIF-10 under normoxic conditions (Figure 1.14).

1.5 ROS in Hypoxia

The mechanism by which cells sense decreased oxygen tension and transduces the signal
for HIF-1 activation is not well understood. However, it is now believed that ROS are
involved in this decreased oxygen sensing signalling, although the different models that
have emerged to explain this hypothesis have experimental data both for and against each
of them, and are therefore very confusing and inconclusive (Kietzmann and Gorlach, 2005;

Chandel and Budinger, 2007).

It was previously reported that hypoxia decreased ROS levels and that this signals hypoxic-
mediated events, as determined by using luminol chemiluminescence (Archer éf al., 1989;
Archer et al., 1993). Also, decreased hypoxic ROS formation was observed in the lung
(Archer et al., 1989; Archer et al., 1993; Mohazzab and Wolin, 1994). This decrease in
ROS levels during hypoxia was suggested to be due to the decreased constitutive ROS
production by either the mitochondria or the NAD(P)H oxidase as a result of a decrease in

oxygen availability.

However, it has also been suggested that ROS production is increased in hypoxia, although
this increase in ROS seems to be to a much lesser extent that that occurring in response to
oxidative stress (Chandel éf al., 1998). Hypoxia has been reported to increase ROS levels in
Hep3B cells (Chandel éf a/., 2000), HeLa cells (Enomoto éf al., 2002), HOC2 cells (Li éf
al, 2011), 143B cells (Bell ét al., 2007), PC12 cells (Hohler &t al., 1999), adipocytes
(Carriere et al., 2003), cardiomyocytes (Sucher éf al., 2009; Kolamunne éf al., 2010),
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pulmonary myocytes (Marshall éf a/., 1996), neuronal cells (Abramov éf a/., 2007), retinal
ganglion cells (Tulsawani éf /., 2010) and mesenteric vessels /17 Vivo (Wood ét al., 1999)

amongst others.

There is evidence that these increased ROS levels in hypoxia potentially regulate many
cellular processes including p38 activation (Kulisz éf a/., 2002), interleukin-6 production
(Pearlstein éf al., 2002), Na,K-ATPase activity (Dada éf al, 2003) and adiopocyte
differentiation (Carriere éf al, 2004). ROS has also been implicated in inhibiting the
contractile function of muscle cells in hypoxia (Wright éf /., 2005). ROS may also play a
metabolic role in activating energy-utilizing pathways (Sandstrom éf a/., 2006) and play a

paracrine role in signalling between adjoining cells (Ardanaz and Pagano, 2006).

In addition, increasing evidence demonstrates that ROS formation by the mitochondria is
also involved in HIF-la stabilization during hypoxia (Mansfield éf al., 2005; Bell éf al.,
2007). One study showed that cells containing non-functional mitochondria cannot increase
HIF-1a levels in response to hypoxia (Chandel éf a/., 2000). Another study using RNAI to
suppress expression of the Rieske iron-sulfur protein of the mitochondrial complex III
showed that ROS formation and HIF-1a expression levels decreased when exposed to
hypoxia. However, addition of H,O, to the cells resulted in an increase in HIF-1a protein
under hypoxia (Guzy ét al., 2005). Also, H,O, inhibition during hypoxia in human 293
cells, through catalase over-expression, attenuated HRE-luciferase expression (Chandel éf
al., 2000) (Figure 1.14). These observations suggest that the presence of H,O, in the cytosol
is necessary for HIF-1a stabilization during hypoxia. Additionally, studies of cells exposed
to 10 uM H,0O, showed more than 50% inhibition of the PHD enzymes activities. This
suggests that the proline hydroxylases involved in HIF-1a degradation are sensitive to

inhibition by ROS (Pan éf a/., 2007).

Furthermore, several studies have shown that HIF-1 itself is redox-sensitive. For example,
treatment of purified HIF-1 with hydrogen peroxide or diamide abolished HIF-1 DNA
binding activity. However, prior addition of dithiothreitol (DTT) circumvented this effect.
These results suggest that HIF-1 DNA binding activity requires reducing conditions (Wang

et al., 1995b). Indeed, as mentioned previously, the antioxidant proteins thioredoxin and
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Ref-1 have been shown to enhance the transcriptional activation of HIF-1 during hypoxia
through the modulation of a single cysteine residue in the HIF-1a subunit. Furthermore, a
mutation of this Ref-1 target cysteine residue prevented the decrease in HIF-1a activity in
response to hydroxyl radicals (Liu éf a/., 2004). The thioredoxin system is therefore also
likely to play a vital role in hypoxia.

1.6 Thioredoxin in Hypoxia

While ROS is required for stabilization of HIF-1a, thioredoxin has also been shown to play
an important role in HIF-la regulation and subsequently the hypoxic stress response.
Evidence that thioredoxin influences HIF-1 during hypoxia has been shown in several
studies using cells over-expressing thioredoxin (Huang éf al., 1996; Ema ét al., 1999).
These cells showed increased HIF-1a levels, enhanced HIF-1 DNA binding and increased
activation of HIF-1 target genes, such as vascular endothelial growth factor (VEGF) (Welsh
et al., 2002) and cyclooxygenase-2 (COX-2) (Csiki et al., 2006). Increased thioredoxin
expression has been associated with increased VEGF protein and secretion in MCF-7, HT-
29 and mouse WEHI7.2 lymphoma cells, while transfection of constructs expressing a
redox-inactive thioredoxin mutant, which acts in a dominant-negative manner, clearly
decreased VEGF protein levels in all three cell lines (Welsh éf al., 2002). Similarly, the
COX-2 protein was induced in the human lung cancer cell line A549 and the BEAS-2B cell
line when thioredoxin was overexpressed in normoxia. When transfecting the cells with the
redox-inactive thioredoxin construct a decrease in the expression of COX-2 was shown
(Csiki et al., 2006). Additionally, thioredoxin and thioredoxin reductase inhibitors have
been shown to down-regulate expression of HIF-1a and its subsequent activity (Jones éf a/.,
2006), leading to a decrease in its targets VEGF and inducible Nitric Oxide Synthase
(iNOS) in MCF-7 cells (Welsh éf al., 2003), which indicate that thioredoxin plays an

important role in the hypoxic-stress response.

These results are also consistent with other studies demonstrating that thioredoxin and

related redox proteins are up-regulated in response to hypoxia. For example, when HT-29
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cells were exposed to hypoxia both thioredoxin and thioredoxin reductase mRNA
expression were increased by 14-fold and 4-fold, respectively (Berggren éf al., 1996). In
another study, both thioredoxin and thioredoxin reductase protein levels were up-regulated
following hypoxia in the hEPC and HUVEC cell lines (Park éf a/., 2010). Up-regulation of
thioredoxin and Ref-1 has also been observed in hypoxic microregions of tumors from
cervical cancer biopsy specimens (Hedley éf al., 2004). However, there is no evidence
indicating that this induction is regulated by HIF-1. It should be noted that another study
found that the levels of thioredoxin was not altered during hypoxia (Kim éf a/., 2003).

In summary, these results represent an important link between hypoxic and redox control
processes and suggests that the roles ROS and thioredoxin play in regulating HIF-1 during
hypoxia are at least as important as the regulation ascribed to classical hypoxic induction

pathways.

1.7 Thioredoxin and Cancer

It is widely accepted that both oxidative stress and hypoxia are common features of tumors.
These conditions can partly be explained by a growing tumor mass that quickly outgrows
its vascular networks and therefore lacks oxygen and nutrients (Folkman, 1971). This
decreased level of oxygen leads to the stabilization and activation of HIF-1, which in turn
induces processes such as angiogenesis (Figure 1.15). Although angiogenesis occurs in
nearly all human solid tumors, it does not occur in an efficient manner, leading to spatial
and temporal inadequacies in delivery of oxygen (Folkman, 1971). Therefore, some regions
of the tumor may contain chronic hypoxia, while other regions of the tumor may undergo
cycling hypoxia, by switching between hypoxia and re-oxygenation conditions due to
irregular flow of oxygen. The re-oxygenation phase following hypoxia inadvertently causes
oxidative stress. Since cancer cells are often under high oxidative or hypoxic stress it is not
surprising that they also express high levels of antioxidant proteins, including thioredoxin,
peroxiredoxin and Ref-1. For example, thioredoxin expression is increased in several
primary cancers, including acute lymphoblastic leukemia (Shao éf a/., 2001), lung (Kim éf
al., 2003), cervix (Hedley et al., 2004), pancreatic (Han éf a/., 2002), colorectal (Raffel et
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al., 2003), hepatocellular carcinomas (Choi éf a/., 2002), gastric carcinomas (Grogan éf al.,
2000) and breast cancer (Cha éf al, 2009), as well as a number of tumor-derived
transformed cell lines (Sahaf éf a/., 1997). Similarly, thioredoxin reductase is also increased
in several human tumors (Lincoln éf a/., 2003). The up-regulation of thioredoxin and
related proteins has been postulated to present a dynamic redox change to benefit

proliferation and malignant progression of tumors.

40 mmHg 10 mmHg I mmHg
PO,
w
w
2
=
5
-
:
=
e
2 HiFo HIFa HIFg HIFa
9
5
g -
< VEGF-A VEGE-A VEGF-A VEGF-A
2y
\

Figure 1.15: Tumor cells under hypoxia. Tumor cells under hypoxic stress (low oxygen
partial pressure, PO,) secrete vascular endothelial growth factor-A (VEGF-A) in response
to the stabilisation and activation of the transcription factor hypoxia-inducible factor (HIF).
In cooperation with a number of other factors this in turn leads to the sprouting of new
blood vessels that penetrate the tumour mass re-establishing supply of oxygen and nutrients
to tumour cells (Brahimi-Horn and Pouyssegur, 2006). Reprinted from Bulletin du Cancer,
93, Brahimi-Horn, C. and Pouyssegur, J., The role of the hypoxia-inducible factor in tumor
metabolism growth and invasion, 10073-10080, Copyright (2006), with permission from
John Libbey Eurotext.

Several studies implicate over-expression of thioredoxin as one of the enhancers of cancer

cell growth, either through the direct stimulation of cancer cell growth or through the

35



inhibition of cancer cell apoptosis. In one of these studies, MCF-7 breast cancer cells were
transfected with a redox-inactive thioredoxin construct. The thioredoxin protein produced
from this construct acts in a dominant-negative manner. Inoculation of the transfected
MCEF-7 cells into immunodeficient mice resulted in an almost complete inhibition of tumor
formation and a reversal of the transformed phenotype of the cancer cells was evident
(Gallegos éf al., 1996). Another study showed that the growth of MCF-7 cells is inhibited
when treated with Arsenic trioxide (ATO), an inhibitor of thioredoxin reductase, in a dose-
dependent manner (Lu éf a/., 2007). This decrease in MCF-7 cell growth was correlated
with inactivation of thioredoxin reductase, resulting in thioredoxin oxidation and

subsequently inactivation of the whole thioredoxin system.

In addition, a more recent /17 Vivo study further highlights the importance of thioredoxin in
promoting cancer cell growth. When two human lung carcinoma cell lines, expressing
either high or low thioredoxin levels, were injected subcutaneously into SCID mice the
extent of tumor growth correlated with the levels of thioredoxin expressed by the injected
cells (Ceccarelli et al., 2008). The cells expressing low levels of thioredoxin gave rise to
smaller tumors while the cells expressing high levels of thioredoxin gave rise to much
larger tumors. Overall, these studies suggest that thioredoxin has an active functional role
in promoting cancer cell growth and that its increased expression is not just a consequence

of cancer progression.

High levels of thioredoxin expression have also been correlated with highly invasive and
metastatic tumor activity both /7 vitro and /n vivo (Farina ét al., 2001; Lincoln éf al., 2003;
Chaiswing éf al., 2007; Ceccarelli et al., 2008). An /n vitro study using a neuroblastoma
cell line revealed a possible mechanism by which thioredoxin can enhance the metastasis of
cancer cells. Thioredoxin was shown to stimulate cell invasion in these cells and to promote
overall matrix metalloproteinase (MMP) activity by preferentially inhibiting the MMP
inhibitors (Farina éf al., 2001). An /n vivo study using mice injected with two human
carcinoma cell lines expressing either high or low levels of thioredoxin further implicates
thioredoxin as an enhancer of tumors metastasis (Ceccarelli éf a/., 2008). Tumor metastases
were evident in the lung of mice injected with the higher thioredoxin expressing cell line

while no metastases were visible in mice injected with the lower thioredoxin expressing
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cell line. In addition, another study performed on two prostate carcinoma cell lines showed
that they possessed different redox phenotypes, with the more invasive cell line displaying
a more reduced state (Chaiswing éf al., 2007). Similarly, expression studies have also
shown the highest levels of thioredoxin expression in the most aggressive tumors isolated
from patients diagnosed with either breast, melanoma, thyroid, prostate or colorectal cancer

(Lincoln ét al., 2003).

Furthermore, high levels of thioredoxin and other antioxidant proteins are also correlated
with cells displaying resistance to various chemotherapeutic agents, including doxorubicin
(Bjorkhem-Bergman éf a/., 2002), cisplatin (Sasada éf al., 1996), docetaxel (Kim éf al.,
2005) and tamoxifen (Schiff éf al., 2000). For example, in one study, tumor tissues taken
from breast cancer patients showed no significant correlation between the expression of
p53, BRCA-1, or Bcl-2 and a response to docetaxel. However, tumors with high
thioredoxin expression showed a significantly lower response rate to docetaxel than those
with low thioredoxin expression (Kim éf a/., 2005). In another study, gene expression
profiling of 44 breast tumor samples treated with docetaxel was performed, with a total of
2453 genes analyzed. In this study the docetaxel resistant cells, nearly half of the samples
examined, were characterized by elevated expression of redox genes, specifically

glutathione S-transferase, peroxiredoxins and thioredoxin (Iwao-Koizumi éf a/., 2005).

Over-expression of thioredoxin also results in patients developing resistance to cisplatin
(Sasada éf al, 1996), by scavenging intracellular toxic oxidants generated by this
anticancer agent. Furthermore, resistance of ovarian cancer cell lines to cisplatin, as well as
gastric and colon cancer cells, has been associated with increased intracellular thioredoxin
levels (Yamada éf al., 1996). These results suggest that thioredoxin not only has an active
role in cancer growth but also in cancer progression, through inhibition of apoptosis,
stimulation of metastatic and invasive activity and through the involvement of

chemotherapy resistance in cancer cells.
Another important observation is that the aggressiveness of many tumors can be correlated

with their redox phenotypes, which is characterized by the degree of thioredoxin and

thioredoxin reductase expression. Given the large number of roles for thioredoxin in cancer

37



cells, it is therefore not surprising that thioredoxin, and other members of the thioredoxin
system, have been put forward as key targets for compounds designed to inhibit cancer
growth, progression and metastasis. While thioredoxin itself has been regarded as a
potential target (Butler éf al., 2002; Powis and Kirkpatrick, 2007), thioredoxin reductase
has been the focus of most thioredoxin system inhibitors. An inhibition of thioredoxin
reductase leads to oxidation of thioredoxin and thus altered functionality of the entire
thioredoxin system. A number of thioredoxin reductase inhibitors have been tested in
clinical trials with some approved by the FDA for use as cancer therapeutic reagents (as
recently reviewed in detail (Arner and Holmgren, 2006; Mukherjee and Martin, 2008;
Tonissen and Di Trapani, 2009)). Arsenic trioxide (ATO) is a compound approved by the
FDA and has been used successfully to treat acute promyelocytic leukaemia (Douer and
Tallman, 2005). ATO binds to and irreversibly inactivates thioredoxin reductase, which
correlates with an inhibition of the growth of MCF-7 breast cancer cells (Lu éf a/., 2007).
Gold compounds have been investigated for some time as cancer treatment options and a
number, including auranofin, have thioredoxin reductase as their preferred target (Gromer
ét al., 1998a). Motexafin gadolinium is a porphyrin like molecule currently in clinical trials
for treating various types of cancers and was also shown to inhibit thioredoxin reductase
(Hashemy and Holmgren, 2008). A common feature of all of these potent thioredoxin
reductase inhibitors is that they primarily function as pro-oxidants and can cause serious

side effects due to their high toxicity.

An alternative approach for the future may lie in the emergence of natural products,
including antioxidant rich food and beverages, which can be tolerated at much higher
concentrations by the human body. Curcumin is one such example of a commonly used
spice that exhibits anticancer effects and irreversibly inhibits thioredoxin reductase function
(Fang and Holmgren, 2006). Recently, both green (Wang éf al., 2008) and black teas (Du &t
al., 2009) were found to contain antioxidant components that can inhibit thioredoxin
reductase and are capable of inhibiting HeLa cell growth /n vitro. However, more
information is needed regarding how these agents function against different types of
cancers. The redox phenotype of different cancers is likely to be a major determinant of

these agents’ selectivity to target particular cancers. Since the redox phenotype of cancers
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are characterized by the degree of thioredoxin expression, which in turn is influenced by
the oxygenation state of the tumor, the cycling occurring between hypoxia and oxidative
stress may also be a major contributor to the cancers’ progression and its sensitivity to

different cancer therapeutic reagents.

1.8 Cycling Hypoxia

The oxygenation state of a tissue is a result of the balance between delivery and
consumption of oxygen. Since angiogenesis in tumors is often abnormal this balance is
regularly disrupted. Instead, tumors often have sparse arteriolar supply (Dewhirst éf al.,
1999), inefficient orientation of microvessels (Secomb éf al., 1993), low vascular density,
extreme variations in microvessel red blood cell flux (Dewhirst éf a/., 1996) and increased
blood viscosity. All of these factors lead to a highly unstable oxygen supply in tumors.
Therefore, the most important feature of a tumor is that its oxygen supply is cyclical, a

phenomenon often referred to as cycling hypoxia or intermittent hypoxia.

Cycling hypoxia was discovered almost 30 years ago and since then strong evidence has
emerged demonstrating that the kinetics of cycling hypoxia are complex and have at least
two dominant timescales (Reinhold éf al., 1977; Brown, 1979; Yamaura and Matsuzawa,
1979), which superimpose on each other. One has a frequency of a few cycles per hour
while the second timescale varies from hours to days. Recent studies have shown that
fluctuations in red blood cell flux is primarily responsible for the faster frequencies (Lanzen
et al., 2006), while vascular remodeling is responsible for the slower frequencies (Nehmeh
et al., 2008). Most studies on cycling hypoxia have focused on the regulation of HIF-1 and
angiogenesis. Several of these studies have shown an up-regulation of HIF-1 activity to a
level that supersedes that of chronic hypoxia (Yuan éf a/., 2005; Semenza and Prabhakar,
2007). Since cycling hypoxia involves several re-oxygenation phases, it is tempting to
speculate that increased levels of ROS and antioxidants would also occur. However, only
limited studies have been performed with regards to the association of antioxidants with the

dynamic changes of tumor oxygenation. Most of the available data regarding antioxidants
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and cycling hypoxia come from studies of ischemia/reperfusion in cardiac disease (Maulik
et al., 1998a; Maulik éf al., 1999a; Maulik éf a/., 1999b; Maulik éf a/., 2000; Maulik and
Das, 2002).

1.8.1 Ischemic Pre-conditioning

Hearts exposed to cycles of short periods of ischemia (restrict blood flow to a tissue)
followed by reperfusion (re-establish blood flow to the tissue) become resistant to
subsequent lethal ischemic injury. This technique is commonly used for myocardial
preservation and is known as ischemic pre-conditioning (PC) (Murry éf al., 1986; Li éf al.,
1990; Flack éf al., 1991; Das ét al., 1993). The cardio-protective abilities of ischemic
preconditioning have been shown to be redox regulated (Kihlstrom, 1990; Yagi éf al.,
1994; Nakamura éf al., 1998; Isowa éf al., 2000). For example, ischemic pre-conditioning
treated rat hearts showed an abolished survival signal when treated with the thioredoxin
inhibitor cis-diammine-dichloroplatinum (CDDP) (an antitumor agent) and a significant
number of apoptotic cardiomyocytes appeared in the pre-conditioned myocardium (Maulik
et al., 1998b; Turoczi et al., 2003). In addition, oxidative stress was significantly reduced in
ischemic pre-conditioning treated hearts, while inhibition of thioredoxin with CDDP
increased oxidative stress in the hearts as assessed by the increased amount of
malonaldehyde present. Interestingly, myocardial adaption to ischemic stress was
associated with an over-expression of thioredoxin. Although there are several studies
implicating a role for thioredoxin in ischemic pre-conditioning survival signaling, its

mechanism of action still needs to be elucidated.

Interestingly, recent studies show that both thioredoxin and Ref-1 are rapidly translocated
to the nucleus in response to ischemic pre-conditioning treated rat hearts (Malik éf al.,
2006; Gurusamy éf al., 2007). Injection of a small hairpin RNA against thioredoxin
abolished thioredoxin nuclear translocation and antisense Ref-1 inhibited Ref-1 nuclear
translocation (Gurusamy éf 4/, 2007). In addition, association of thioredoxin and Ref-1
occurred in the nucleus in response to ischemic pre-conditioning (Malik éf a/., 2006). This

study also showed increased DNA binding of NF-kf3 and phosphorylation of Akt, which
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increased cell survival and these events were completely abolished when inhibiting either
thioredoxin or Ref-1. Furthermore, ischemic pre-conditioning treated hearts also showed a
significant association in the nucleus between Ref-1 and Nrf-2, which was decreased when
treated with antisense Ref-1. Similarly, thioredoxin and Nrf-2 association in the nucleus
was observed, which was also decreased in the presence of antisense Ref-1 (Figure 1.16)
(Gurusamy éf al., 2007). In summary, these results indicate that cell survival signaling by
cycles of ischemia/reperfusion in rat hearts is redox dependent. This survival signal seems

to be mediated by ROS, which uses thioredoxin and Ref-1 to transmit the signal.
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Figure 1.16: Schematic representation of the ischemic preconditioning survival signal
mediated v/ia Trx and Ref-1 redox signaling. Red lines indicate an inhibitory effect.
Reprinted from Cancers, 2, Karlenius and Tonissen, Thioredoxin and cancer: a role for
thioredoxin in all states of tumor oxygenation, 209-232, Copyright (2010), with permission
from the authors.

1.8.2 Hypoxic Pre-conditioning

There are a number of types of pre-conditioning that are being studied in different organs
(Hawaleshka and Jacobsohn, 1998; Zimmermann éf a/., 2001; Zhu éf al., 2002). Some of

these studies use ischemic pre-conditioning while others use hypoxic pre-conditioning.
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Hypoxic pre-conditioning refers to a short period of hypoxia followed by a period of re-
oxygenation which leads to protection from a subsequent lethal hypoxic insult about 2448
hours later (Simon, 1999). Hypoxia is defined as a decrease in tissue oxygen concentration
below normal, while ischemia is defined as a decrease in blood flow to a tissue that
prevents adequate delivery of oxygen. Consequently the hypoxic and ischemic cellular
responses differ from each other in that ischemic/reperfusion causes cardiac arrhythmias
and systemic hypotension in animals while hypoxic/re-oxygenation does not (Simon,
1999). Therefore the mechanisms of ischemic and hypoxic pre-conditioning differ to some
extent, although both types appear to require synthesis of specific RNA and proteins
(Gidday et al., 1994; Moolman éf al., 1994; Gage and Stanton, 1996; Barone éf a/., 1998;
Emerson éf al., 1999). Interestingly, many of the molecules implicated in the two types of
pre-conditioning are also induced in response to hypoxia, for example HIF-1 and VEGF
(Bernaudin éf a/., 2002a; Bernaudin éf a/., 2002b; Wick éf al., 2002). Since the mechanisms
of ischemic/hypoxic pre-conditioning and cycling hypoxia in tumors are very similar one
could therefore speculate that cycling hypoxia is a major contributor to the generation of
resistant tumor cells to hypoxic-induced cell death. Additionally, adaption of tumors to
cycling hypoxia may also promote tolerance to ROS generation during re-oxygenation
periods. The tumor cell survival signal could potentially be mediated V/a the redox
signaling of Trx/Ref-1 similar to that occurring in ischemic pre-conditioning treated rat

hearts.

1.9 Thioredoxin and Thioredoxin Reductase Gene Promoters

Due to the fact that thioredoxin and thioredoxin reductase are mostly regulated by the
induction of their gene expression in response to cellular stresses, it is quite puzzling that
not much is known about the regulation of their promoters in response to hypoxia or
cycling hypoxia. In order to fully understand the role of the thioredoxin system in cancer an
increased understanding of the regulatory mechanisms involved in their gene expression in
response to the diverse oxygenation environments existing in tumors are necessary. The

promoter structure of thioredoxin and thioredoxin reductase and the regulatory elements
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participating in the control of their transcription are discussed in the following sections
(1.9.1 and 1.9.2).

1.9.1 Thioredoxin Promoter

The thioredoxin core promoter is extremely GC rich with a G-C content of 82%. Three Spl
binding sites (also termed GC boxes) are located between —244bp and —183bp (Figure 1.17)
and have been found to enhance transcription of the thioredoxin gene (Tonissen and Wells,
1991). The preferred Spl consensus sequence is 5’-GGGGCGGGGC and two of the Spl
binding sites have this consensus sequence (positioned at -223 to -212 and -192 to 182) and
the third Spl binding site with a slight variation has the consensus sequence 5’-
GGGGCGGAGC (at position -245 to -235). Both of these consensus sequences have a
strong binding affinity to Spl (Bloomfield éf a/., 2003), which is a zinc finger protein. In
TATA-less promoters, Spl generally assumes the role of transcription initiation, and
previous studies in our laboratory (Osborne éf al., 2006) using luciferase reporter assays
showed that the removal of the three Spl sites from the thioredoxin promoter significantly

lowers basal transcription.

) Tssl
Spl sites

P S T I
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-1028 bp -527 bp -244 bp -110 bp -75bp

Figure 1.17: Map of thioredoxin promoter region showing important regulatory elements.
Numbering of bases is with respect to the ATG codon.

Furthermore, the thioredoxin promoter contains a TATA box (TATAAA), which is located
at -102bp, and two transcription start sites, one is upstream and the other downstream of the

TATA box. The first transcription start site region (Tssl) is located at -110bp (Tonissen
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and Wells, 1991), whilst the second transcription start site (Tss2) is located downsteam at -
74 bp with respect to the ATG codon (Figure 1.18) (Kaghad éf al., 1994). Tss2 is a more
traditional transcription start site, since transcription normally commences downstream of a
TATA box. However, both transcription start sites have been shown to be involved in
thioredoxin expression (Osborne éf a/., 2006). Therefore, the thioredoxin gene contains two
overlapping core promoter regions. One promoter region contains a TATA box and
commences transcription from Tss2, and the other is TATA-less and commences
transcription from Tssl and instead of a TATA box uses the three Spl sites as the
transcription initiation signal. Real-time RT-PCR studies performed by Hye-Jin Kim
Hawkes in our laboratory resulted in a 3.4 fold induction of transcription from Tssl in
response to tBHQ (/érf-butylhydroquinone) induced oxidative stress, while transcription
from Tss2 resulted in a 14 fold induction (Osborne &t a/., 2006). This result indicates that

Tss2 is the major transcription start site involved in oxidative stress responses to tBHQ.

The induction of thioredoxin by oxidative agents, such as hydrogen peroxide and tBHQ is
mediated mainly by an antioxidant response element (ARE), which is positioned between
-527 and -495 (Figure 1.18) (Kim éf a/., 2001). Furthermore, studies by Simone Osborne
(2006) in our laboratory have shown that an oxidative response element (ORE) (Taniguchi
et al., 1996), positioned at -1028 to -1005, increases the ARE mediated gene expression of

thioredoxin in response to oxidative agents (Osborne éf a/., 2006).

Furthermore, Osborne and colleagues also showed that the ARE and the ORE in the
thioredoxin promoter region interact not only with each other but also with other regulatory
promoter elements, such as the three Spl sites and the TATA box, to activate thioredoxin
expression in response to tBHQ-induced oxidative stress. The ARE within the thioredoxin
promoter region can function independently of the ORE, however the ORE requires the
presence of ARE to induce luciferase gene expression (Osborne éf al., 2006). These studies
also showed that the TATA box is important for oxidative stress induction of the
thioredoxin gene, while the Sp1-binding sites were not as important, although they do play

some role in the induction.

Although the ARE element together with the ORE element shows higher induction levels in

response to tBHQ, previous studies in our laboratory (personal communication) suggests
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that the promoter region between the ARE and the ORE elements may be responsible for
suppressing induction of the thioredoxin gene in response to oxidative stress. However,

studies are needed to confirm this.

The ARE was further implicated as an important element in the thioredoxin gene promoter
through the use of sulforaphane (Tanito éf a/., 2005). Sulforaphane is a naturally occurring
isothiocyanate found in certain plants such as broccoli and has also been shown to induce
the expression of phase II detoxification enzymes through the ARE pathway (Emmert éf
al, 2010; Priya et al, 2010). Luciferase reporter assays showed that SF induced
thioredoxin expression in mouse retinal tissue and in cultured retinal pigment epithelial
cells (Tanito éf al., 2005) while mutations incorporated into the ARE element prevented SF

activation of the thioredoxin promoter.

Moreover, nerve growth factor (NGF), which has profound effects on neuronal survival and
differentiation has been shown to activate the thioredoxin gene through a regulatory region
positioned from -263 to -217, containing the cAMP-responsive element (CRE) (Bai éf al.,
2003).

While these studies reveal some of the mechanisms regulating the thioredoxin promoter, it

is clear that further pathways are still to be elucidated.

1.9.2 Thioredoxin Reductase Promoter

The core thioredoxin reductase promoter region is positioned from the -115 to +167bp and
lacks TATA and CCAAT boxes. It contains a POU motif which binds the Oct-1
transcription factor and two GC-rich regions which binds the Sp-1 and Sp-3 transcription
factors (Rundlof éf a/., 2001). Mutational studies of the thioredoxin reductase promoter
region showed that mutations of the Oct-1 and Sp-1/Sp-3 motifs decreased thioredoxin
reductase transcriptional activation by 50%, suggesting that other factors may play a role in
this regulation. Furthermore, the core thioredoxin reductase promoter region also contains
two functional ARE elements located close to the TSS. Both ARE sites were shown to be

involved in the thioredoxin reductase promoter induction by sulforaphane since mutation of
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the proximal ARE reduced promoter induction while mutation of the proximal ARE site
prevented any induction from occurring (Hintze éf al, 2003). Another study utilising
cadmium as an inducing agent found that only the distal ARE element was required for
thioredoxin reductase promoter activity as mutating the proximal ARE element did not
reduce promoter induction (Sakurai éf &/, 2005). In this latter study chromatin
immunoprecipitation (ChIP) assays were used to demonstrate that Nrf-2 bound to this
region of the thioredoxin reductase promoter /77 V/V0 upon cadmium stimulation but there
was no Nrf-2 bound in untreated cells. The ARE elements have also been shown to be
involved in the induction of the thioredoxin reductase promoter in response to tBHQ

treatment (Hintze éf /., 2003).

While some studies have been focusing on identifying the regulatory elements involved in
regulation of the thioredoxin reductase core promoter others have focused on
posttranscriptional regulation of thioredoxin reductase gene expression. These studies have
found that the transcriptional regulation of the thioredoxin reductase gene is highly
complex. Several different alternative transcripts have been found to be produced from the
thioredoxin reductase gene through the involvement of alternative exon usage, different
transcriptional start sites, as well as usage of alternative promoters in addition to the core
promoter. However, not much is known about the function of the isoforms produced from

these spliced transcripts.

As with the thioredoxin gene promoter there is likely to be, as yet, uncharacterised gene

regulatory mechanisms for inducing thioredoxin reductase gene expression.

1.10 Research aims

The thioredoxin system is one of the key antioxidant systems in the cell that performs
multiple functions. It plays important roles in maintaining the redox homeostasis within the
cell, which is crucial for cell survival. Elevated protein levels of both thioredoxin and

thioredoxin reductase are often present in many human primary cancers (Kim &t al/., 2003;
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Ceccarelli ef al., 2008; Cha et al., 2009) and this high expression is associated with
aggressive tumor growth, as well as decreased patient survival and resistance to anti-cancer
treatments (Iwao-Koizumi éf a/., 2005; Kim éf al., 2005; Lu et al., 2007). The tumor
environment is usually under either oxidative or hypoxic stress (Folkman, 1971) and both

stresses are known up-regulators of thioredoxin and thioredoxin reductase expression (Park

et al.,, 2010).

Since the expression of the thioredoxin system is dictated by the levels of oxygen present
within the cell it is important to determine the effect the different oxygenation states that
can occur within the tumor environment have in regulating the expression of the
thioredoxin system. Thus the aim of this research was to investigate how expression of the
thioredoxin system is controlled under different oxygen growth conditions, including

oxidative stress, hypoxia and cycling hypoxia.

More specifically the aims of this research were as follows:

e Analyse the action of a potential repressor regulatory element present within the
human thioredoxin promoter in basal expression and in response to oxidative stress
(Chapter 3).

e Analyse the human thioredoxin and thioredoxin reductase promoter regions and
investigate their co-ordinated transcriptional activation in response to oxidative
stress and hypoxic stress (Chapters 3 & 5).

e Investigate the expression of the thioredoxin system in response to different oxygen
growth conditions that mimics the tumor microenvironment, including hypoxia, re-
oxygenation and cycling hypoxia (Chapter 4).

e Investigate the transcriptional activation of the human thioredoxin and thioredoxin
reductase promoter regions in response to different oxygen growth conditions that
mimics the tumor microenvironment, including hypoxia, re-oxygenation and

cycling hypoxia (Chapter 5).

47



48



CHAPTER
2

MATERIALS AND METHODS



2.1 Materials

2.1.1 Bacterial Strains

ED8799 — Genotype: £.c0/i, hsdD, metB7, supE, (glnV)44, supF, (tyrT)58, A(lacZ)M15,
i, my (Biotech, Australia)

2.1.2. Human Breast Cancer Cell Lines

MDA-MB-231 - This cell line originated from a breast adenocarcinoma derived from a
pleural effusion (Cailleau éf 4/, 1974) and is a highly invasive, poorly differentiated cell
line (Sommers éf al., 1994).

The MDA-MB-231 breast cancer cell line, an attached cell line, was kindly supplied by
Prof. E. Thompson (St.Vincent’s Hospital, Melbourne, Australia).
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2.1.3 Plasmid Vectors and Constructs

2.1.3.1 Plasmid Vectors

Table 2.1: List of plasmid vectors

Vector Characteristics Source | Use
F1 origin, LacZ, ori, amp', multiple
pGEM-T Easy cloning site, T7 promoter, Sp6 Promega Cloning
promoter
Multiple cloning site, T7 promoter,
pBluescript SK+ | T3 promoter, f1 origin, pUC origin, | Stratagene Cloning
amp', LacZ
Multiple cloning site, f1 origin, amp', Control for
pGL3-Basic ori, SV40 late poly(A) signal, Promega Reporter
Synthetic poly(A) signal, Luc” gene assays
Multiple cloning site, Synthetic Control for
oly(A) signal, SV40 promoter, f1 HREx4(EPO)
pGL3-promoter 1gri,yampr, (%ri, SV40 laIt)e poly(A) Promega in Reporter
signal, Luc” gene assays
Control for
<DNA3 Ori, amp', Multiple cloning site, Life trl;g/slt::étRego_
P SV40 ori, CMV promoter, neo® Technologies
Reporter
assays

2.2.3.2 Plasmid Constructs

CMV-Thio: This construct was previously made in our laboratory by Kelly Bloomfield

(Bloomfield ét al., 2003). The CMV promoter drives expression of the human thioredoxin

cDNA.
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CMV-1SS: This construct was previously made in our laboratory by Kelly Bloomfield
(Bloomfield éf al., 2003). The CMV promoter drives expression of a mutated human
thioredoxin ¢cDNA, encoding 1SS redox inactive thioredoxin mutant. Cysteine 32 and

Cysteine 35 have been mutated to Serines.

pdnNrf-2: This construct was provided by Xi-Lin Chen (AtheroGenics Inc., Georgia,
USA) and is described in (Chen éf a/., 2003). The CMV promoter drives the expression of

a dominant negative version of the murine Nrf-2 cDNA.

PGL3-HRE: This construct was provided by Daniel Peet (Adelaide University, Adelaide,
Australia) and is described in (Ema éf a/., 1997). Four repeats of the HRE sequence from
the EPO promoter inserted into the pGL3-promoter vector (Table 2.1) and is inducible by
hypoxia. The published name for this construct is pHRE(4xEPO).

pGL3-TrxR: This construct was previously made in our lab by Simone Osborne. It
contains 830 bp of the human thioredoxin reductase core promoter sequence (Rundlof &/

al., 2001) cloned into pGL3.Basic to drive luciferase expression.

Trx.Prom1068: This construct was previously made in our lab by Simone Osborne,
(Osborne ét al., 2006). The published name for this construct is pGL3-trxOREUp. The

human thioredoxin promoter drives expression of the firefly luciferase gene.

Trx.Promb47: This construct was previously made in our lab by Simone Osborne
(Osborne et al., 2006). The published name for this construct is pGL3-trx AREUp. The

human thioredoxin promoter drives expression of the firefly luciferase gene.

Trx.Prom427: This construct was previously made in our lab by Simone Osborne
(Osborne éf al., 2006). The published name for this construct is pGL3-trx AREDown. The

human thioredoxin promoter drives expression of the firefly luciferase gene.

Trx.Prom330: This construct was previously made in our lab by Simone Osborne
(Osborne ét al., 2006). The published name for this construct is pGL3-trx330bp. The

human thioredoxin promoter drives expression of the firefly luciferase gene.
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2.1.4 Oligonucleotides

Table 2.2: List of oligonucleotides used for cloning (GeneWorks, Adelaide, SA)

Name Description Application
T7 TAATACGACTCACTATAGGG Sequencing
Luc.seq CTAGCAAAATAGGCTGTCCC Sequencing
SP6 ATTTAGGTGACACTATAG Sequencing
Trxprom.F1 GCAAGAGACCGAACAGTCCG Cloning
Trxprom.F2 AGGGTCACAACTGCGTAACTAAG Cloning
Trxprom.F3 TTCTACCGCACTAAACCGCTG Cloning
TrxSUTR.Rev | GCGGATCCAAAGCACCAAACA Cloning
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2.1.5 Chemicals, Reagents and Kits

Table 2.3: List of chemicals, reagents and kits.

Supplier

Product Name

AG Scientific Inc., California, USA

Protease inhibitor cocktail VI

Ajax Chemicals, NSW, Australia

Calcium Chloride (CaCl,), Glycerol

Ambion Inc., Texas, USA

Cells-to-cDNA ™ 1T kit

Bio-Rad, California, USA

Agarose, Protein Markers (Prestained
broad range molecular weight markers),
Polyvinylidene fluoride (PVDF)
membrane, Tween 20, DC Protein Assay
kit, Trypan Blue

Chem Supply, South Australia, Australia

Lithium Chloride (LiCl), Magnesium
Chloride (MgCl,), Sodium Chloride
(NaCl), Sodium Hypdoxide (NaOH), Urea

Fisher Biotech, WA, Australia

25mM MgCl,, dNTP Mix, PCR buffer,
Taq DNA polymerase

Fisions, Loughborough, England

Polyethylene Glycol 6000 (PEG6000)

GE Healthcare, NSW, Australia

Enhanced chemiluminescence detection kit

ICN Biomedicals, NSW, Australia

Auranofin

Life Technologies, California, USA

100 base pair DNA marker (Tracklt), 7-
Aminoactinomycin D (7AAD), Big Dye
Terminator Sequencing Mix v3.1, Cell
Dissociation Buffer, Lipofectamine™
2000, Penicillin/Streptomycin (P/S),
RPMI-1640, Trypsin/Versene

Merck, Victoria, Australia

Acetic Acid, Ethanol, Glycine,
Hydrochloric acid (HCI), Isopropanol,
Methanol, Sodium Acetate (NaAc),
Sodium Phosphate (NaH,PO4 + Na,HPOy),
Sodium Hydrogen Carbonate (NaHCO3)

Molecular Probes, California, USA

2',7'-dichlorofluorescein diacetate (DCF-
DA)

MP Biomedicals, Victoria, Australia

Sodium Dodecyl Sulphate (SDS), MTT,
Tris(hydroxymethyl)aminomethane (Tris),
Trypan Blue
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Supplier

Product Name

New England Biolabs, Ipswich (MA),
USA

Restriction enzymes, 10xDNA Ligase
buffer, 2x DNA Ligase buffer

Oxoid, South Australia, Australia

Agar, Luria-Bertani broth (L-Broth)

Promega Corporation, Madison, USA

pGEM-T Easy Vector kit, 5xPassive Lysis
Buffer, Luciferase assay kit, Dual-
Luciferase assay kit

Quantace (Bioline), NSW, AUS

SensiMix™ Plus SYBR

Quantum Scientific, Queensland,
Australia

Foetal Bovine Serum (FBS)

Sigma Chemical Company, Missouri,
USA

Acrylamide, Ammonium persulphate
(APS), Ampicillin, N,N’-METHYLENE-
bis-ACRYL-AMINDE (Bis-acrylamide),
Bovine serum albumin (BSA), Dimethyl
sulfoxide 5,5'-dithio-bis(2-15 nitrobenzoic
acid) (DMSO), 3-(dimethylamino)-
propionitrile (DMAPN), Dithiothreitol
(DTT), (DTNB), Ethidium Bromide,
Phenol/Chloroform,
Phenylmethanesulfonylpluoride (PMSF),
Sodium 1odide, Tert-butylhydroquinone
(tBHQ), Potassium Chloride (KCI),
Bromophenol Blue

USB, Ohio, USA

RNAse A

Univar, New South Wales, Australia

Ethylenediaminetetraacetic acid (EDTA),
Potassium Dihydrogen Orthophosphate
(KH,PO4), Hydrogen peroxide (H,0,)
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2.1.6 Antibodies

Table 2.4: List of antibodies.

Name Description Application | Conc. Source
PRX (H-198) Anti-thioredoxin Western 1 in 500 | Santa Cruz
peroxidase polyclonal | Blotting Biotechnology
antibody raised in
Rabbit
Ref-1 (C-4) Anti-Ref-1 monoclonal | Western 1 in 2000 | Santa Cruz
antibody raised in Blotting Biotechnology
mouse
TrxR1 (B-2) Anti-TrxR monoclonal | Western 1in 200 | Santa Cruz
antibody raised in Blotting Biotechnology
mouse
TrxR Anti-TrxR monoclonal | Western 1in 100 | Anders Rosén,
antibody raised in Blotting Linkoping
mouse University,
Sweden
Anti-HIF- Anti-ARNT Western 1 in 1000 | BD
1B/ARNT1 monoclonal antibody Blotting Transduction
MAD raised in mouse Laboratories ™'
Purified mouse | Anti-human HIF-1a Western 1 in 2000 | BD
Anti-human monoclonal antibody Blotting Transduction
HIF-1a raised in mouse Laboratories ™
5G8 Anti-human thioredoxin | Western 1 in 2000 | Giovanna Di
monoclonal antibody Blotting Trapani,
raised in mouse Griffith
University
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HRP conjugate | rabbit antibodies

Name Description Application | Conc. Source
Goat Anti- Secondary antibody Western 1 in 5000 | Bio-Rad
Mouse IgG raised in goat against Blotting
HRP conjugate | mouse antibodies
Goat Anti- Secondary antibody Western 1 in 5000 | Bio-Rad
Rabbit IgG raised in goat against Blotting

2.1.7 Solutions

1.25x Assay Mix

2 ml 0.5M KP,;pH 7.5
0.1 ml 200mM EDTA
0.1 ml 20mM NADPH
0.2 ml 125mM DTNB

5.6 ml water

DNA loading buffer

30% Glycerol

0.25% Bromophenol blue

Gene Clean wash buffer

10mM Tris-HCI1 pH 7.6
50mM NaCl
2.5mM EDTA

50% (v/v) Ethanol
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LDH assay mix

1.5 ml 1M Tris-HCI pH 7.5
3 mg NADH
3 mg Pyruvate

28.5 ml Water

NP-40 lysis Buffer

150mM NaCl

50mM Tris-HCI pH 8.0
0.5% Nonidet P-40
0.5mM EDTA

2 mM PMSF

1 ul/ml Protease inhibitor cocktail VI

Phosphate Buffered Saline (PBS) (10 x Stock)

1.36M NaCl
27mM KCl
100mM Na,HPO,4
18mM KH,PO4

Adjusted to pH 7.4 upon dilution to 1xPBS

Plasmid Preparation Solution

15% w/v sucrose
25mM Tris-HCI pH 8.0
10mM EDTA



SDS-PAGE Tris-Glycine running buffer

25mM Tris-HC1
20mM Glycine
0.1% w/v SDS

SDS-PAGE - 1 x SDS Sample Buffer

10% v/v glycerol

2% w/v SDS

0.25M Tris-Cl pH 6.8
50mM DTT

SDS-PAGE — 5 x SDS Sample Buffer

40% v/v glycerol

5% w/v SDS

0.25M Tris-Cl pH 6.8
50mM DTT

Silica suspension

Suspend 10g silica in 100 ml PBS, settle for 2 hours. Remove and discard supernatant.

Resuspend in 3M Nal at 100 mg/ml. Store in dark at 4°C.

TAE buffer (50 x Stock)

2M Tris base
1M Acetic Acid

0.05M EDTA pH 8.0



TBS

20mM Tris-HCI
137mM NaCl
Adjusted to pH 7.5

UREA/SDS lysis buffer

4 ml 8 M Urea

4 ml Glycerol

2 ml 20% SDS

200 ul IM DTT

400 pl 1M Tris-HCl, pH 6.8

Immediately prior to cell lysis an appropriate amount of lysis buffer was placed in a

separate tube and 1/100 volume of a 500 uM stock (stored at -20°C) of PMSF was added.

Also 1ul/ml of Protease inhibitor cocktail VI was added.

Western Blot — 5% or 10% (w/v) Blotto

20mM Tris-HCl
137mM NacCl
5% or 10% (w/v) Dutch Jug Milk Powder

Western Blot — TBS-Tweeng g5, Buffer

20mM Tris-HCl
137mM NaCl
0.05% Tween 20
Adjusted to pH 7.6
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Western Blot — Transfer Buffer

25mM Tris-Cl
192mM Glycine
20% (v/v) Methanol (HPLC grade)
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2.2 METHODS

2.2.1 Bacterial Methods

2.2.1.1 Preparation of Competent Cells

Performed to make bacterial cells capable of taking up DNA.

Typically a starter culture was set up by adding one bacterial colony of ED8799 to 5 ml L-
Broth media and allowed to grow overnight on an orbital shaker at 37°C at 180 rpm. The
next day 1 ml of this culture was added to 50 ml of L-Broth media and grown on an orbital
shaker for approximately 2 hours, or until the culture had reached early log phase. This was
determined by spectrophotometry as early log phase typically corresponds to an optical

density (O.D.) of 0.4-0.6 at Agpo.

Once log phase had been achieved the culture was transferred to a sterile tube and
centrifuged at 2,800xg for 5 minutes. The supernatant was discarded and the pellet was
resuspended gently in 30 ml cold 0.IM magnesium chloride (MgCl,). The resulting
solution was centrifuged again at 2,800xg for 5 minutes. The supernatant was discarded
and the pellet resuspended in 2 ml cold 0.1M calcium chloride (CaCl,), which was then

incubated on ice for 1 hour before transformation.
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2.2.1.2 Transformation of DNA into Competent Cells

For the introduction of plasmid DNA into competent bacterial cells.

The transformation of competent cells involved 30 minutes incubation on ice of 50 ul of
competent cells (2.2.1.1) with 5 pl (1ng-100ng) of the plasmid DNA or ligation reaction
(2.2.2.4) to be transformed. The cells were then incubated for 30 seconds at 42°C followed
by incubation on ice for a further 30 minutes. After this incubation the solution was
transferred to a 10 ml centrifuge tube and 200 pl of L-Broth was added. The solution was
incubated for 30 minutes on an orbital shaker at 37°C and then plated out on to an agar
plate containing relevant antibiotics (e.g. 100pg/ml ampicillin) and the plate was incubated
overnight at 37°C. If the vector being transformed contained a LacZ gene 40 pl of X-gal
(0.8%) for blue/white color selection was spread onto the agar plates before the transformed

samples.

2.2.2 DNA Methods

2.2.2.1 Polymerase Chain Reaction (PCR)

PCR reactions were performed for the amplification of DNA fragments.

All PCR reactions (except Sequencing PCR) were performed using Taq polymerase and a
PCR mix (Fisher Biotech). The PCR reactions were performed on a PTC-200 Peltier

Thermal Cycler (Geneworks Pty. Ltd.). All reactions were made to a final volume of 50 pl

in PCR tubes using the following reagents:
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DNA template (0.1-10ng) -1l

10 x PCR Buffer - 5 ul (provided)

2mM dNTPs - 4 ul (provided)

Primers (100ng/ul) - 2 ul (of each primer)

Taq Polymerase (1U/ul) - 1 ul (provided)

25mM MgCl, - 10 pl (provided)

Water - to make final volume 50 pl

The general cycling parameters used were an initial denaturing at 95°C for 3 minutes,
followed by a 95°C for 30 seconds (denaturation), 55°C for 1 min (annealing) and 72°C for

1 min (extension) cycle repeated 35 times, then a final step of 72°C for 10 mins.

2.2.2.2 Agarose Gel Electrophoresis

Performed to visually confirm presence and approximate size of DNA fragments.

Agarose gels (1% or 3%) were prepared by dissolving either 0.4 g or 1.2 g of agarose in 40
ml of 1XTAE buffer (2.1.7) by heating in a microwave oven. The agarose was allowed to
partially cool and 2 ul of 0.5 pl/ml ethidium bromide (Sigma) was added. The agarose was
poured into the appropriate mould with appropriate comb and the gel allowed to set. Then
DNA samples were loaded using 2 pl of DNA loading buffer (2.1.7). A 100bp molecular
weight (MW) standards (Life Technologies) were also applied to the gel to enable the size
of the DNA to be determined. The gel was then electrophoresed at 100V for 30-40 minutes
and then the gel was viewed under UV light, using VisionWorks software, for further

analysis.
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2.2.2.3 Gene Clean Procedure

Performed for the excision and purification of DNA from an agarose gel.

To extract DNA from an agarose gel, the desired band was first excised with a sterile
scalpel. The gel piece was then placed in a sterile Eppendorf tube with 0.5 ml of 6M
sodium iodide (Nal), to lower the melting temperature of the agarose and incubated at 55°C
for 5 minutes, or until the gel piece had completely melted. To this, 5 pl of well vortexed
silica solution (2.1.7) was added and incubated at room temperature for 5 minutes.
Following incubation, the sample was centrifuged for 5 seconds at 16,200xg, the
supernatant discarded, and the pellet resuspended in 200 pl of vortexed Gene Clean wash
buffer (2.1.7) and re-centrifuged. This was repeated twice before the pellet obtained from
the final wash was resuspended in 20 pl of sterile water and incubated for 2 minutes at
37°C to elute the DNA from the silica. The sample was then centrifuged at 16,200xg for 1
minute and the resulting supernatant transferred to a new Eppendorf tube and stored at

-20°C.

2.2.2.4 Ligation Reactions

For insertion of required DNA into a plasmid vector.

In this procedure DNA inserts were ligated into various vectors via a ligation reaction
carried out at 15°C in a water bath overnight (approximately 16 hours) or at room
temperature for 3 hours. The ligation reactions were carried out in a final volume of 20 pl
and were performed using the pGEM-T Easy Vector system kit (Promega) according to the
manufacturer’s instructions. Typically, the DNA insert to vector ratio was 5:1 and
3U/reaction of the T4 DNA Ligase (Promega) was used with either 2 pl 10xLigation Buffer
or 10 pl 2xLigation Buffer (Promega).
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2.2.2.5 Large Scale Plasmid Preparation

For the preparation of plasmias from a 50m/ culture.

This procedure began by transferring a desired colony of cells into 50 ml L-Broth media
containing 100 pg/ml ampicillin and grown overnight at 37°C on an orbital shaker
(180rpm). The next day the cells were collected by centrifugation at 3,100xg for 5 minutes.
The supernatant was discarded and the pellet resuspended in 2.5 ml of Plasmid Preparation
Solution (2.1.7) To this solution, 5 ml of 0.2M NaOH/1% (w/v) SDS solution was added to
lyse the cells and denature the DNA. The tube was mixed on ice until the solution became
clear (approximately 10 minutes). Then 4 ml of 3M sodium acetate (NaAc) pH 4.6 was
added to the clear solution to lower the pH and re-anneal the denatured DNA. The solution
was again mixed on ice until a white precipitate formed. The solution was then centrifuged
at 12,500xg for 5 min and the supernatant transferred to a new tube while the pellet,

containing unwanted genomic DNA and cell debris, was discarded.

10 ml of cold isopropanol was added to the retained supernatant and the solution placed on
ice until precipitation occurred (at least 10 minutes). The precipitate was centrifuged at
12,500xg for 5 minutes, the supernatant was poured off and the pellet allowed to dry. The
dry pellet was then resuspended in 400 pl of sterile water and transferred to a clean

Eppendorf tube.

400 pl of 5SM LiCl was added to the resuspension, to precipitate unwanted large RNA
molecules, and the solution was well vortexed and then placed on ice for at least 10
minutes. The solution was then centrifuged at 16,200xg for 10 minutes and the supernatant
was transferred into a new Eppendorf tube and the RNA containing pellet discarded. To the
transferred supernatant 400 ul of cold isopropanol was added and the tube placed on ice
until the solution precipitated (approximately 10 minutes). The precipitation was then
centrifuged for 10 minutes at 16,200xg, after which the supernatant was discarded and the

pellet allowed to dry before being resuspended in 200 pl of sterile water.

2 pl of 10 mg/ml RNase A was added to the resuspension to digest the remaining unwanted

small RNA molecules and the solution was incubated at 37°C for 10 minutes. Following
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incubation, 200 pl of phenol/chloroform was added to remove unwanted proteins and the
solution centrifuged for 1 minute at 16,200xg. The top layer was transferred into a new
tube and 500 pl of ethanol and 20 pul of NaAc pH 5.3 was added to precipitate the DNA.
This mix was put on ice for at least 1 hour (generally precipitation was performed
overnight) and then centrifuged for 5 minutes at 16,200xg. Following centrifugation, the
ethanol was discarded and 200 pl of 70% ethanol was added to wash the pellet. The tube
was then centrifuged for 1 minute at 16,200xg and again the ethanol was discarded. The

remaining pellet was allowed to dry before being resuspended in 20-50 pl sterile water.

2.2.2.6 Restriction Enzyme Digest

Performed on vectors obtained from the Large Scale Plasmid Preparation procedure.

All restriction enzyme digests were carried out in a final volume of 20 pl for approximately
16 hours at 37°C. Generally, a restriction enzyme digest reaction contained 1-5 pg of DNA
to be digested, 0.5U/reaction of each restriction enzyme (NEB) to be used, 2 ul of
applicable buffers (NEB) depending on the restriction enzymes used and sterile water. The
digested samples were then loaded on a 1% agarose gel and electrophoresed at 100 V for
30-40 minutes as described in 2.2.2.2. The gel was viewed under UV light to check for the

correct sized DNA insert.

2.2.2.7 PEG Precipitation of Plasmid DNA

To further purify DNA obtained from Large Scale Plasmid Preparations.

80 ul of 20% (w/v) PEG-6000/2.5M NaCl was added to 25 ul of the sample, which was
subsequently incubated on ice for 1 hour. Following this, the sample was centrifuged for 10
mins at 16,200%g. The supernatant was discarded and the pellet washed with 1 ml of 70%

(v/v) cold ethanol, which was centrifuged for another 5 mins at 16,200xg. The resulting
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supernatant was discarded and the pellet was allowed to dry before being resuspended in 20

ul sterile water. Samples could then be stored at -20°C.

2.2.2.8 Absorbance Reading

Performed to be able to calculate the concentration and purity of DNA from the ‘PEG’
step.

Following the ‘PEG’ step (2.2.2.7), the amount of DNA in solution was determined by
reading the absorbance of DNA at 260nm in a Nanodrop ND-1000 (Biolab, Australia). The
concentration of DNA was calculated (based on an optical density (O.D.) of 1 equaling 50
pg/ml) by using the formula:

Absorbance reading x Dilution factor x 50 = DNA concentration ng/pl

2.2.2.9 DNA Sequencing

Any DNA being sequenced was prepared from large plasmid preparations that had

undergone a ‘PEG’ purification step.

The DNA sequencing process involves two steps. The first is a PCR step, while the other is
an Ethanol/EDTA/NaAc Precipitation step.
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2.2.2.9.1 Sequencing PCR

Prior to sequencing, the concentration (2.2.2.8) of the PEG precipitated DNA sample
(2.2.2.7) to be sequenced was determined and then diluted to a concentration of 250-
300 ng/ul. The PCR was setup using 8 pl Big Dye Terminator Sequencing Mix v3.1
(Life Technologies), 3.2pmol Sequencing Primer (Table 2.2), 1 ul of the DNA (250-
300 ng/ul) and 10 pl of water, resulting in a final volume of 20 pl.

The PCRs were run using the general cycling parameters which were an initial step
where the temperature was raised to 96°C and kept there for 10 secs, followed by
50°C for 5 secs, after which it was raised at 1°C/sec until it reached 60°C, at which it
was held for 4 mins. Then the temperature was once again raised to 96°C. This cycle
was repeated 25 times. Following this, Ethanol/EDTA/NaAc Precipitation was

performed.

2.2.2.9.2 Ethanol/EDTA/NaAc Precipitation

First, 2 pl of 125mM EDTA was added to the PCR samples. Then, 2 pl of 3M NaAc
pH 4.6 and 50 pl Ethanol was added. The tubes were inverted 4 times after which the

samples were incubated at room temperature for 15 minutes.

The samples were then centrifuged for 20 mins at 14,000xg, with the supernatant
discarded, after which 250 ul of 70% (v/v) ethanol was added and the samples
vortexed. Then the samples were again centrifuged at 14,000xg, this time for 5 mins,
with the supernatant discarded. The addition of 250 pl 70% (v/v) ethanol, vortexing
and centrifugation steps was repeated and the final supernatant removed. The pellets
were allowed to dry before the samples were submitted for sequencing to the Griffith

University DNA Sequencing Facility. The results were received via email.
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2.2.3 Protein Methods

2.2.3.1 Protein Extraction using NP-40

Performed to obtain proteins from MDA-MB-231 cells to be used for L DH activity assays.

This procedure was used to lyse and collect cell extracts from eukaryotic cells for LDH
activity experiments. Cells were grown in a 25cm” flasks (Nunc) under either normoxic or
hypoxic growth conditions. Then cells were harvested (2.2.4.2) and counted (2.2.4.3). Cells
were washed twice in 1xPBS and then centrifuged at 265xg and supernatant removed. Cell
pellets (1x10° cells) were placed on ice and resuspended in 100 pl of ice-cold NP-40 lysis
buffer (2.1.7). The cells were kept on ice for 30 minutes with occasional mixing. Then the
lysate was spun down at 12500xg for 10 minutes at 4°C. The supernatant was transferred

into a new eppendorf tube before being used for LDH activity assays (2.2.7).

2.2.3.2 Protein Extraction using UREA/SDS
Performed to obtain proteins from MDA-MB-231 cells to be used for SDS-PAGE analysis.

This procedure was used to lyse and collect cell extracts from eukaryotic cells for SDS-
PAGE experiments. Cell monolayers grown on 100 mm dishes were removed from the
incubator and rapidly chilled by the addition of a large volume of ice-cold 1xPBS for 30
seconds on a bed of crushed ice. Two further rinses with 1xPBS were performed, before
residual 1xPBS was removed. Then 400 pl of Urea/SDS lysis buffer (2.1.7) containing
PMSF and protease inhibitors (Table 2.3) were added to the dish and cells were harvested
by scraping into an eppendorf tube. The lysates were sonicated for 15 seconds (Soniprep

150, Sanyo, USA) and briefly centrifuged at 14,000xg for 1 minute and kept on ice.
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Extracts were assayed for protein concentration (2.2.3.3) and aliquots were stored frozen at

-20°C.

2.2.3.3 Protein Estimation

Estimation of the amount of protein extracted from the MDA-MB-231 cells.

The concentration of proteins extracted from the cells was determined by using a DC
protein assay kit (BioRad). Water was used as the blank. 2 mg/ml BSA solution was used
as a stock solution to make up 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml and 0 mg/ml
BSA via serial dilutions in order to construct a standard protein concentration curve. A
control sample without any BSA was also prepared. These BSA solutions were added onto
a 96-well plate in triplicate (10 pl) in order to produce a standard curve. The cell extracts,
produced in 2.2.3.2 or 2.2.6.2 were diluted 1/10 in distilled water, and were also added into
the 96-well plate in triplicates of 10 pl.

DC Protein Assay Reagent A* was prepared by mixing 40 pl of DC Protein Assay Reagent
S with 2 ml of Reagent A. The plate was then left to stand for 1 minute after which 25 pl of
Reagent A* was added into each well. Then 200 ul of Reagent B was added to each well
and the plate was mixed in the Spectra Max 250 plate (Molecular Devices) reader for 5
minutes. The plate was then left to stand in the dark for 15 minutes, after which it was read
at a wavelength of 750 nm. The concentrations of the extracted samples were calculated

from the BSA standard curve.
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2.2.3.4 Sodium Dodecyl Sulphate — Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE gels were run in order to separate and identify proteins based on their
molecular weights, and as a precursor to Western Blots.

SDS-PAGE gels were prepared using a 4% (v/v) acrylamide stacking gel and either a 10%,
12% or 15% (v/v) acrylamide separating gel. The gels were prepared using the volumes

and solutions specified in Table 2.5.

Table 2.5: SDS-PAGE gel preparation.

4% 10% 12% 15%
Reagent Stacking | Separating gel | Separating gel | Separating gel
gel
40% Acrylamide 0.5 ml Sml 6 ml 7.5 ml
1.3% Bis-
acrylamide
0.75M Tris pH - 10 ml 10 ml 10 ml
8.8
0.5M Tris pH 6.8 1.2 ml - - -
H,O 3.2 ml 4.7 ml 3.7 ml 2.2 ml
10% SDS 0.05 ml 0.2 ml 0.2 ml 0.2 ml
DMAPN 0.03 ml 0.025 ml 0.025 ml 0.025 ml
30% Ammonium | 0.016 ml 0.075 ml 0.075 ml 0.075 ml
Persulphate
(APS)

Cellular extracts to be applied to the SDS-PAGE gels were mixed with either 1xSDS
sample buffer (2.1.7) or 5xSDS sample buffer (2.1.7) and boiled at 100°C for 2 minutes
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prior to being loaded. The concentration of the cellular extracts was determined (2.2.3.3)
and 50pg of total cell protein was applied to each well of the SDS-PAGE gels. Pre-stained
broad range molecular weight markers (Table 2.6) were run parallel with the samples. The
SDS-PAGE gels were electrophoresed in SDS-PAGE Tris-Glycine running buffer (2.1.7),
at a constant of 20mA per gel for 60 minutes. After completion of the run, the gels were

used for Western Blotting (2.2.3.5).

Table 2.6: Pre-stained broad range protein MW markers (BioRad)

Band No. Top to Bottom Apparent MW (kDa)

1 207.3
2 114.3
3 78.4
4 53.0
5 35.7
6 28.9
7 19.9
8 6.9
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2.2.3.5 Western Blot

This procedure was used to transfer protein from SDS-PAGE gels to PVDF membranes
(Bio-Rad) in order to visualise the levels and confirm the presence of a specific protein in
cell extracts.

The transfer process began by equilibrating the SDS-PAGE gel, fibre pads and 3MM
chromatography paper in ice-cold transfer buffer (2.1.7). The PVDF membrane (Bio-Rad)
was prepared for the transfer by soaking in methanol for 15 seconds followed by washing
in mqH,O for 2 minutes and then in transfer buffer for 5 minutes. The gel sandwich was
then assembled from the cathode as follows: fibre pad, chromatography paper, SDS-PAGE
gel, PVDF membrane, chromatography paper, fibre pad and finally the anode. The cassette
was then placed in the chamber alongside an ice brick and a magnetic stirrer and the
apparatus filled with transfer buffer (2.1.7) before being run for 1 hour at 100 V. The

membrane was then subjected to immunoblotting procedures.

The PVDF membrane was blocked with 10% Blotto (2.1.7) for 20 minutes at room
temperature then transferred to 5% Blotto (2.1.7) containing the appropriate dilution of
primary antibody (Table 2.4) and incubated at 4°C overnight. After this incubation period
the membrane was washed with TBS-Tween (2.1.7) for 5 minutes and this step was
repeated three times. The membrane was then incubated at room temperature for 1 hour
with the appropriate secondary antibody (Table 2.4) diluted to the required concentration in
5% Blotto (2.1.7). After this incubation period the membrane was again washed with TBS-
Tween (2.1.7) for 3x5 minutes washes. The membrane was then developed according to the

protocol (2.2.3.6).
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2.2.3.6 Development of Blots

This procedure was performed in order to visualize the different blots performed.

The blots were developed using the Enhanced Chemiluminescence detection kit
(Amersham Biosciences) according to the manufacturer’s instructions. In brief, the washed
PVDF membrane (2.2.3.4 and 2.2.3.5) was placed on a metal tray before two reagents
(provided in the kit) were mixed (using a 1:1 ratio) and applied to the membrane.
Chemiluminescence was then detected by exposing the blot for 60 seconds to 10 minutes
(depending on the intensity of the signal) and was visualized using the Fujifilm Las-3000

developer machine.

2.2.4 Cell Culture

2.2.4.1 RPMI 1640 Medium Preparation

Preparation and maintenance of growth medium required for the MDA-MB-231 cell line.

RPMI 1640 medium was prepared in 2 L that contained two sachets of RPMI 1640 (Life
technologies), 20mM sodium bicarbonate, HCI to adjust pH to 7.2 — 7.4 and distilled water
to make up to 2 L. The medium was then filtered in a Class II Biohazard hood into 400 ml
aliquots and stored at 4°C until use. Upon initial use 45 ml Foetal Bovine Serum (FBS)
(Quantum Scientific) and 5 ml penicillin and streptomycin (P/S) (Life technologies) were
added into the 400 ml medium to obtain a 10% (v/v) serum containing media (SCM).
Variations of the general tissue culture media included serum free media (SFM) without
penicillin or streptomycin and 20% (v/v) serum containing media (SCM) without penicillin

or streptomycin.
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2.2.4.2 Growth and Harvesting of Human Cell Lines

Growth and maintenance of the MDA-MB-231 cell line - the following procedure was
undertaken in a Class I Biohazard hood with the exception of counting, incubation and
centrifugation periods.

The MDA-MB-231 cell line was maintained in RPMI 1640 media containing 10% FBS and
P/S. The cells were grown in 75cm? tissue culture flasks (Nunc and Corning) containing
approximately 10 ml media at 37°C/5% CO,. When cell confluency reached 80-90%, a

portion of the cells was passaged into a new flask to allow for continual growth.

The passage procedure started with the removal of the media and then rinsing the flasks
twice with 1xPBS solution. One ml of trypsin/versene or 2 ml cell dissociation buffer (Life
Technologies) was then added and flasks were incubated for 2-5 minutes at 37°C. Seven ml
of fresh medium was added to the flasks and agitated using a plastic transfer pipette. The
cell and medium mixtures were transferred to sterile 10 ml tubes, prior to centrifugation for
5 minutes at 265x%g. The supernatant was removed and cell pellets resuspended in 8 ml of

fresh medium.

An appropriate number of cells were transferred to new flasks and fresh medium was added
to a final volume of 10 ml for further growth of cells. Flasks were incubated until further
use at 37°C/5% CO,. The remaining cells were either discarded or used for cell counting.
When performing ROS FACS assays or Real Time RT-PCR experiments cells were grown

in 25cm? tissue culture flasks (Nunc or Corning) containing approximately 5 ml media.

76



2.2.4.3 Cell Count Determination

Cells were counted before they were harvested for further use such as. Real-Time RT-PCR,
Transient Transfections, ROS detection assays and Cell Viability analysis.

Twenty pl of resuspended cells was transferred into a sterile Eppendorf tube and 20 pl of
trypan blue dye (MP Biomedicals and BioRad) was added. Cell counts were performed
utilising a haemocytometer or a TC10™ Automated Cell Counter (BioRad) and total cell

number was calculated using the following formula:

Cell Count x 2 x 10* = Cells per ml

Total cell number = Cells/ml x final volume

2.2.4.4 Growing Cells from Liquid Nitrogen Stocks

Cells were taken from storage in liquid nitrogen vessels and the tube placed immediately in
warm water until the cells were defrosted (approximately 2 minutes). The defrosted cells
were transferred into a 10 ml centrifuge tube and 5 ml of RPMI 1640 media containing
10% FBS was added very slowly into the tube using a transfer pipette. The tube was then
centrifuged for 5 minutes at 265xg and the pellet was resuspended in 5 ml of fresh media.
The resuspension was then transferred to a 25cm’ tissue culture flask and incubated at
37°C/5% CO; overnight. When the cells reached 80-90% confluency they were transferred
to a new 75cm” flask for further growth, as described in 2.2.4.2.
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2.2.4.5 Oxygen Growth Conditions

Outlining the different conditions under which the cells were grown before experiments
were performed.

After the cells were seeded out into appropriate plates or 25cm? tissue culture flasks, they

were grown at 37°C/ 5% CO; under one of the following oxygen growth conditions:

e Normoxia: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen

conditions.

e Hypoxia: Cells were grown at 37°C/ 5% CO; under atmospheric oxygen conditions
for 24 hours, after which cells were transferred into a hypoxic C-Chamber
(Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO, for a further
16 or 24 hours. The cells were then transferred to a hypoxic C-Shuttle cell culture
glovebox (Biospherix), which maintained a hypoxic environment for the harvesting

(2.2.4.2) and processing of the cells.

e H/R 2h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen conditions
for 24 hours, after which cells were transferred into a hypoxic C-Chamber
(Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO, for a further
16 hours. Cells were then re-oxygenated under 37°C/ 5% CO; atmospheric oxygen
conditions for 2 hours before being harvested (2.2.4.2) under atmospheric oxygen

conditions.

e H/R 4h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen conditions
for 24 hours, after which cells were transferred into a hypoxic C-Chamber
(Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO, for a further
16 hours. Cells were then re-oxygenated under 37°C/ 5% CO, atmospheric oxygen
conditions for 4 hours before being harvested (2.2.4.2) under atmospheric oxygen

conditions.
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H/R 6h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen conditions
for 24 hours, after which cells were transferred into a hypoxic C-Chamber
(Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO, for a further
16 hours. Cells were then re-oxygenated under 37°C/ 5% CO, atmospheric oxygen
conditions for 6 hours before being harvested (2.2.4.2) under atmospheric oxygen

conditions.

PC-H: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen conditions for
24 hours, after which cells were transferred into a hypoxic C-Chamber (Biospherix)
that maintained oxygen levels of 0.1% at 37°C/ 5% CO,. Cells were grown in
hypoxic conditions for 10 minutes, after which they were switched back to normal
oxygen conditions for 20 minutes. This cycling was performed four times within a
two-hour period. Following this, the cells were grown under 0.1% oxygen at 37°C/
5% CO, for hypoxic conditions for 16 hours. The cells were then transferred to a
hypoxic C-Shuttle cell culture glovebox (Biospherix), which maintained a hypoxic

environment for the harvesting (2.2.4.2) and processing of the cells.

PC-H/R 2h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen
conditions for 24 hours, after which cells were transferred into a hypoxic C-
Chamber (Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO..
Cells were grown in hypoxic conditions for 10 minutes, after which they were
switched back to normal oxygen conditions for 20 minutes. This cycling was
performed four times within a two-hour period. Following this, the cells were
grown under 0.1% oxygen at 37°C/ 5% CO, for hypoxic conditions for 16 hours.
Cells were then re-oxygenated under 37°C/ 5% CO, atmospheric oxygen conditions

for 2 hours before being harvested (2.2.4.2) under atmospheric oxygen conditions.

PC-H/R 4h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen
conditions for 24 hours, after which cells were transferred into a hypoxic C-
Chamber (Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO..
Cells were grown in hypoxic conditions for 10 minutes, after which they were
switched back to normal oxygen conditions for 20 minutes. This cycling was

performed four times within a two-hour period. Following this, the cells were

79



grown under 0.1% oxygen at 37°C/ 5% CO, for hypoxic conditions for 16 hours.
Cells were then re-oxygenated under 37°C/ 5% CO, atmospheric oxygen conditions

for 4 hours before being harvested (2.2.4.2) under atmospheric oxygen conditions.

e PC-H/R 6h: Cells were grown at 37°C/ 5% CO, under atmospheric oxygen
conditions for 24 hours, after which cells were transferred into a hypoxic C-
Chamber (Biospherix) that maintained oxygen levels of 0.1% at 37°C/ 5% CO..
Cells were grown in hypoxic conditions for 10 minutes, after which they were
switched back to normal oxygen conditions for 20 minutes. This cycling was
performed four times within a two-hour period. Following this, the cells were
grown under 0.1% oxygen at 37°C/ 5% CO, for hypoxic conditions for 16 hours.
Cells were then re-oxygenated under 37°C/ 5% CO, atmospheric oxygen conditions

for 6 hours before being harvested (2.2.4.2) under atmospheric oxygen conditions.

2.2.5 Promoter Reporter Assays

2.2.5.1. Transient Transfections

Temporary introduction of DNA into the MDA-MB-231 cell line.

The transient transfections were carried out over three days. On the first day, cells were
harvested (2.2.4.2) and counted (2.2.4.3) and an appropriate number of cells were seeded
out in a 24-well plate (Nunc or Corning) using 0.5 ml of 10% FBS containing media. The
cells were incubated at 37°C/5% CO, for 24 hours.

In the transfection procedure the next day, the DNA to be transfected was diluted in 50 pl
SFM so that the final concentration of the DNA was 500 ng/ul. For co-transfections 500 ng
of the additional construct was also added to the 50 pl SFM. 2 pl LipofectAMINE™ (LF)
2000 (Life Technologies) was also diluted in 50 pul SFM. These two dilutions were then
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mixed together and incubated at room temperature for 30 minutes before being added to the

cells.

At the end of 30 minutes, the media in the 24-well plate set up the night before, now with
cells at 90-95% confluency, was removed and the cells were washed twice with 1xPBS.
Then 0.5 ml of SFM was added to the wells, after which 100 ul DNA-LF2000 mix was
added to each well. The cells were then incubated for 5-6 hours at 37°C/5% CO, before the
addition of 0.5 ml of 20% FBS containing media (antibiotic free) to the existing media to
bring it down to a 10% FBS. If the cells were being investigated in response to any
oxidative stress agents or hypoxic conditions (2.2.4.5) then they were also applied to the

cells at this step. The cells were then incubated at 37°C/5% CO, for 16 hours.

After the incubation periods, on the third day, the cells were washed once with 1xPBS
before being lysed using 100 pl of 1xPassive Lysis Buffer (Promega) for 30 min on an
orbital shaker at room temperature. The cell lysates were stored at -80C° for future analysis

or were assayed immediately.

2.2.5.2 Luciferase assays

Performed on lysate samples obtained from the Transient Transfection procedure (2.2.6.1)

to measure the luciferase activity produced by each construct that’s been transfected.

20 ul of each lysate sample was transferred into a 96-well B&W Isoplate™ (Wallac) after
which the luciferase activity was measured from the lysates, using a 1420 Multilabel
Counter WallacVictor” (Perkin Elmer), with 40 pl of the Luciferase assay mixture using

protocols specified by the manufacturer (Promega).

Data was normalized using protein content (2.2.3.3) since previous experiments has shown
that Renilla vectors used for dual luciferase assays “cross talk” with the thioredoxin

promoter constructs and yield incorrect information (Osborne and Tonissen, 2002).
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2.2.6 LDH Activity Assay

Performed on lysate samples obtained from the Protein Extraction using NP-40 procedure
(2.2.3.1) to measure the activity of LDH.

Cells were seeded out into 25¢cm” tissue culture flask with a total of 5 ml media. The flask
was incubated at 37°C/5% CO,; for 24 hours. The next day the cells were transferred into
either 1% or 0.1% hypoxic conditions for a further 24 hours. On the third day cells were
harvested (2.2.4.2) and lysed (2.2.3.1). Thereafter, 0 to 8 ul of cell extract was added to a
96-well plate in triplicate as shown below. A blank containing water was also added in

triplicate.

[e)
—_
[\
N
)

Extractul: B

Figure 2.1: The 96-well plate template used for cell extract addition for LDH activity assay.
The quantity of extract added (in pl) to triplicate wells is indicated. B=blank.

Then 200 pl of Assay Mix (2.1.7) was added to each well and the plate was read every 10
seconds over a 5 minutes period at a wavelength of 340 nm using a Spectra Max 250 plate

reader (Molecular Devices) and SOFTmax PRO 2.6 computer software.
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2.2.7 Thioredoxin Reductase (TrxR) Activity Assay

Performed on lysate samples obtained from the Protein Extraction using NP-40 procedure
(2.2.3.1) to measure the activity of TrxR.

The enzyme activity assay procedure for TrxR was based on the procedures described by
(Smith and Levander, 2002). TrxR activity was determined by measuring the NADPH-
dependent reduction of 5,5'-dithio-bis(2-15 nitrobenzoic acid) (DTNB) as shown in the

following reaction:

DTNB + NADPH + H* TrxR » 2 TNB + NADP*

The use of DTNB as the substrate of mammalian TrxR in addition to Trx provides a simple
and inexpensive method of measuring TrxR activity. The rate of production of

trinitrobenzoic acid (TNB) is measured by following the increase in Asi».

Cells were seeded out into 25¢cm” tissue culture flask with a total of 5 ml media. The flask
was incubated at 37°C/5% CO, for 24 hours. The next day the cells were harvested
(2.2.4.2) and lysed (2.2.3.1). Then 50ul of appropriately diluted samples (typically 25ul of
cell extract diluted to 50ul with sample buffer — 0.1M KPi pH 7.5, 2mM EDTA, 0.Img/mL
BSA) were added to the wells of a 96-well plate. A blank containing water was also added.
Thereafter 200 pl of the 1.25x Assay Mix (2.1.7) was added to each well and the plate was
read at room temperature every 30 seconds over a 10 minute period at a wavelength of 412
nm using a Spectra Max 250 plate reader (Molecular Devices) and SOFTmax PRO 2.6

computer software.
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2.2.8 MTT Proliferation Assay for Monolayer Cultures

Performed to assess the cellular proliferation of MDA-MB-231 in responseé to hypoxia.

The MTT proliferation assays were carried out over a 7 day period starting from Day -2 to
Day 4. On Day -2, cells were harvested (2.2.4.2) and counted (2.2.4.3) and an appropriate
number of cells (15,000) were seeded out into 96-well plates (Nunc) using 0.1 ml of 10%
FBS containing media. There were 4 plates setup each for normoxic and hypoxic
conditions, with a total of 8 plates, labeled Day 0, Day 1, Day 2 and Day 3. The cells were
incubated at 37°C/5% CO, for 24 hours.

The next day (Day -1) the media was removed and replaced with 0.1% FBS containing
media. The cells were incubated at 37°C/5% CO, for another 24 hours.

The next day (Day 0) the media was again removed but this time replaced with media
containing the appropriate FBS concentrations to be tested (0%, 1% or 10% FBS) for all
plates. The plates labeled Day 1, Day 2 and Day 3 were incubated at 37°C/5% CO, for
normoxic treatment or at 0.1%0,/37°C/5%CO, (2.2.4.5) for hypoxic treatment, while 20 pl
of 5 mg/ml MTT was added per well to the Day 0 plate before the it was incubated for 4
hours at 37°C/5% CO,. At this stage 50ul of 20% (w/v) SDS in 0.01M HCI was added to
each well of the Day 0 plate. The plate was then further incubated at 37°C/5% CO, for 24
hours before it was read using a Spectra Max 250 plate reader (Molecular Devices) at 570

nm on Day 1.

On Day 1 the same process that was described for the Day 0 plate was performed for the
Day 1 plate. Consequently, the Day 1 plate was read using the Spectra Max 250 plate
reader (Molecular Devices) at 570 nm on Day 2. The same process was repeated for Day 2

and Day 3 plates.
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2.2.9 ROS FACS Analysis and Cell Viability

Analyzing ROS levels within MDA-MB-231 cells and cellular viability.

Cells were grown in 25cm’ tissue culture flask under the different growth conditions
(2.2.4.5), after which the cells were incubated in medium (10% FBS containing media)
with 5 uM DCF-DA (2,7 — dichlorodihydrofluorescein diacetate) (Molecular Probes) for 30
minutes at 37°C. For hypoxic treated cells the incubation with DCF-DA was also
performed under hypoxic conditions. For H,0, treatment cells were incubated with 100uM
H,0, in medium for 30 min at 37°C after incubation with DCF-DA. Cells were then
harvested (2.2.4.2) using cell dissociation buffer to detach the cells, and counted (2.2.4.3)
after which the cells were resuspended in 1xPBS pH 7.4 at a concentration of 1x10%/ml.
The samples were then centrifuged at 265xg for 5 mins, following which the cells were
resuspended in 1xPBS or 1xPBS containing an appropriate dilution of 7AAD as required.
The cells were then left on ice until they were analysed using the BDAria FACS machine

(BD Biosciences).

2.2.10 Cell Morphology

Analyzing the MDA-MB-231 cell morphology after exposure to different oxygen growth

conditions.

Cells were seeded out into 24-well tissue culture plates (Nunc) and incubated at 37°C/5%
CO; for 24 hours. Then cells were stressed under different oxygen growth conditions
(2.2.4.5). Images of the cell morphology were taken using an Olympus CK30 microscope
(Olympus Co., Japan) after each of the different oxygen treatments.
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2.2.11 Statistical Analysis

Statistical analysis was performed as defined in each section. To directly compare data
obtained from two samples a one-sample t-test was performed (with data compared to the
value of 1). For multiple samples a one-way analysis of variance (ANOVA) or two-way
ANOVA was performed to analyse the data sets as appropriate. Once a one-Way ANOVA
analysis claimed the existence of significant difference in the data, Tukey’s honest
significance difference (HSD) test was performed, post hoc. For a two-way ANOVA
analysis a Bonferroni Post-test was performed. All data is expressed as “mean + SEM”, and

the data was analysed using GraphPad Prism Version 5.
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3.1 Introduction

The thioredoxin system is essential for normal cellular functions. It plays a role in DNA
repair, cell growth and proliferation, regulation of transcription factors and is one of the key
cellular systems involved in the protection against oxidative stress (Holmgren, 1985; Arner
and Holmgren, 2000; Nordberg and Arner, 2001; Gromer éf al., 2004). The thioredoxin
system performs its antioxidant function directly through its scavenging capabilities, and
indirectly through the modulation of peroxiredoxin and numerous transcription factors.
Since the thioredoxin system is responsible for the maintenance of many important cellular
processes in times of oxidative stress, it is not surprising that the expression of the
thioredoxin system is also induced by oxidative stress, to ensure that the system is present

in adequate levels for its antioxidant role.

As reviewed in chapter 1, it is well established that cancer cells in general are under
persistent oxidative stress and also display extremely high mRNA and protein levels of
thioredoxin and thioredoxin reductase. More importantly, the aggressiveness of many
tumors can be correlated with their redox phenotypes, which is characterized by the degree
of thioredoxin and thiordoxin reductase expression (Chaiswing éf a/., 2007). Therefore it is
important to investigate the regulation of the thioredoxin system in response to oxidative
stress. Several research groups have investigated the induction of the thioredoxin reductase
promoter in response to oxidative stress (Rundlof éf a/., 2001; Hintze éf a/., 2003; Rundlof
et al., 2004; Sakurai éf al., 2005) while previous studies performed in our laboratory and
others have investigated the induction of the thioredoxin promoter in response to oxidative
stress (Kim éf a/., 2001; Bai ét al., 2003; Tanito éf al., 2005; Osborne &t al., 2006). The
thioredoxin system is vital for cell survival and therefore is present in all cells, although at
different levels. The thioredoxin system is also up-regulated in response to many different
stimuli to different degrees; hence the regulation of the thioredoxin and thioredoxin

reductase gene expressions is multifaceted and requires further investigations.

As discussed in chapter 1, the induction of thioredoxin by oxidative agents is mainly
mediated by the ORE and ARE elements of the thioredoxin promoter (Figure 3.1). A

compound often used to stimulate expression of Nrf-2 regulated genes is [értbutyl
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hydroquinone (tBHQ). tBHQ is a major metabolite of butylated hydroxyanisole (a phenolic
antioxidant) and is itself oxidised to electrophilic compounds (Nakamura éf a/., 2003).
Electrophiles have been shown to activate antioxidant enzymes by targeting a cysteine
residue of Keapl (Dinkova-Kostova éf a/, 2002) that inhibits the Keapl mediated
ubiquitination of Nrf-2, thereby allowing Nrf-2 to bind to ARE elements in its target genes,

including the thioredoxin and thioredoxin reductase gene promoters.

TSS1 T552

ORE ARE Spl |
fHH—
= | -

-1028 -527 -245 -110 -74 -1

Figure 3.1 The thioredoxin promoter region with key regulatory elements represented.
Numbers are bp with respect to the ATG.

Previous studies in our laboratory have constructed and used several thioredoxin promoter
constructs (Osborne éf a/., 2006) containing different lengths of the thioredoxin promoter
upstream of the firefly luciferase gene. Luciferase reporter assays performed on MDA-MB-
231 cells transfected with thioredoxin promoter constructs containing the ORE element in
addition to the ARE element gave the highest induction of promoter activity in response to
tBHQ. In addition, preliminary studies by Simone Osborne (personal communication)
suggest that the promoter region between the ARE and the ORE elements may be
responsible for suppressing induction of the thioredoxin gene in response to oxidative
stress. Thus the first aim described in this chapter was to further investigate the mechanism
by which the thioredoxin promoter is regulated in response to oxidative stress using tBHQ,

especially the region between the ARE and the ORE elements.

As mentioned above, the expression of both thioredoxin and thioredoxin reductase are up-
regulated in response to oxidative stress. Thioredoxin reductase is the only protein known to
keep thioredoxin in its reduced active state (Turanov éf al., 2006). Therefore, it is most
likely that thioredoxin reductase expression is increased in response to oxidative stress to
keep the extremely high levels of thioredoxin in a reduced state, thus allowing thioredoxin
to scavenge ROS. In addition, the reduced form of thioredoxin is vital for thioredoxin to be

able to reduce oxidised proteins, including transcription factors such as Spl (Bloomfield,

89



2003). There are functional Spl sites in both the thioredoxin and thioredoxin reductase
promoters (Rundlof éf a/., 2001; Osborne éf al., 2006) and thus thioredoxin reductase, via
thioredoxin, can affect the activity of several transcription factors involved in regulating
both their promoters. Therefore, the second aim described in this chapter was to investigate
the activity of the thioredoxin and the thioredoxin reductase promoter in response to both
basal and oxidative stress conditions using tBHQ in cells with a compromised thioredoxin
system. This will be achieved by altering the levels of thioredoxin within the cell by either
over-expressing wild-type thioredoxin or expressing a dominant negative redox inactive
thioredoxin protein. In addition, as an alternate strategy thioredoxin reductase activity will

be inhibited using the chemical auranofin.

The MDA-MB-231 breast cancer cell line was selected for these studies. This cell line
originated from a breast adenocarcinoma derived from a pleural effusion (Cailleau éf al.,
1974) and represents a highly invasive, poorly differentiated cell line. Since oxidative stress
is present in many cancers this type of cell line provided a suitable model for investigating
the action of the thioredoxin system in response to oxidative stress. In addition, previous
investigations in our laboratory on the action of the thioredoxin system in response to
oxidative stress, especially studies focused on the regulation of the thioredoxin promoter,

have been performed in this cell line.

Therefore, to summarize the aims undertaken in this chapter:

e To establish thioredoxin promoter reporter assays to generate data consistent with
that obtained previously in the laboratory.

e To further examine the mechanism by which the thioredoxin promoter is regulated
in response to oxidative stress, especially the region between the ORE and ARE
elements.

e Investigate the effect of a compromised thioredoxin system on thioredoxin and
thioredoxin reductase promoter activities in basal and oxidative stress conditions by:

1. Up-regulating thioredoxin
2. Expressing a dominant negative redox inactive thioredoxin protein (1SS)

3. Inhibiting thioredoxin reductase activity
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3.2 Results

3.2.1 Selection of Fetal Bovine Serum for Cell Culture Growth

All previous studies in our laboratory investigating the regulation of the thioredoxin
promoter were performed in the MDA-MB-231 breast cancer cell line cultured in media
containing 10% fetal bovine serum (FBS) purchased from GIBCO, Invitrogen, Australia.
However, since the batch used in previous experiments in our laboratory had been used up
and was no longer available from the supplier it was necessary to change to a different FBS
source. Serum supreme (SS), which is an iron supplemented calf serum, is an economical
alternative to FBS and therefore it was used instead. Interestingly, initial luciferase reporter
assays of the thioredoxin promoter in cells cultured in 10% serum supreme (SS) resulted in
significantly different results compared with cells cultured in the previously used
Invitrogen FBS (Inv-Aus). Instead of obtaining an expected increased promoter activity of
greater than 10 fold after stressing with the oxidative stress causing agent tHBQ, less than a
3-fold increase in promoter activity was observed (Figure 3.2). Since the aim was to
establish a reporter system that generated similar thioredoxin promoter activity as
previously obtained by studies in our laboratory (Osborne éf a/., 2006), selection of a new
FBS source had to be chosen before any further experiments towards the aims outlined in

this chapter could be commenced.

To select the appropriate serum to use, different serums were acquired from a number of
companies that had been sourced from various countries. Since the thioredoxin promoter
had not been stimulated by as much as expected during an oxidative stress stimulus, we
surveyed the acquired serum datasheets for differences in potential antioxidant compounds.
One compound that is known to function as an antioxidant is selenium, which is required
for the functionality of both the thioredoxin and the glutaredoxin redox systems. The key
enzymes, thioredoxin reductase and glutaredoxin peroxidases (GPx), in these redox systems
both contain a selenocysteine residue in their active site. However, none of the companies

provided a concentration for selenium. Therefore, the concentration of selenium in each

91



serum was determined using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) by
Ujang Tinggi (Queensland Health Forensic and Scientific Services, Coopers Plains,
Australia). A large range of selenium concentrations was evident between the serums, as
shown in Table 3.1. Serum supreme (SS) contained the highest levels of selenium, which
was 3.5 times higher than the Invitrogen FBS sourced from Australia (Inv-AUS), which
was the serum used previously in our laboratory. The other serums tested exhibited a range

of selenium concentrations that were in between SS and Inv-Aus (Table 3.1).

Table 3.1: Concentration of selenium in serum

Selenium
Concentration

Source Code .
Product Name Brand Country Name Supplier pno/L niM

EZSE?I%“O‘;% Gibco  Australia  Inv-AUS Invitrogen 2005 13 164.6
gzilrfggﬁ o) Gbco  USA Inv-US  Invitrogen 2009 25 316.6
Fetal Bovine

Gib Australia Invitr 2009 17 215.3
Serum (10099) ~0C0 AT fvitrogen
Foetal Bovine

tum

Serum PAA  Australia QS S::E e 2009 14 177.3
(A15-501)
Foetal Bovine Quantum
Serum Gold PAA Canada Scientific 2009 15 190
(A15-751)
Fetal Bovine . .

Biowhit
Serum, tafli " usa Lonza Lonza 2008 23 2913
(14-501F)
Serum

Biowhit
Supreme mﬁ:ﬁ USA SS  Lonza 2005 46 582.6
(14-492F)

To assess if serums containing different selenium concentration would generate differences
in gene expression data, luciferase reporter assays of the thioredoxin promoter were
performed on cells cultured in RPMI medium supplemented with five of the different
serum. The serums chosen are indicated by the code name in Table 3.1. Cells were
transfected with either a thioredoxin gene promoter construct (Trx.Prom1068: see section

2.2.3.2 or Figure 3.4) or the pGL3-basic construct (Table 2.1) for 5 hours before being
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stressed for 20 hours with 150 uM tBHQ. The plasmid pGL3-basic was used as a control.
Luciferase reporter assays were performed and expression levels were compared to non-
stimulated cells and fold induction determined (2.2.5). The results are expressed as the
average fold induction in luciferase activity compared to non-stimulated cells and are

shown in Figure 3.2.

Promoter induction by tBHQ
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SS(46) Lonza (23) Inv-US (25) QS (14)  Inv-AUS
(13)

Serum Sample

Figure 3.2: Thioredoxin promoter activity from cells grown in media supplemented with
different serums. Luciferase reporter assays were performed on lysates from MDA-MB-
231 cells transfected with thioredoxin promoter-luciferase constructs or the control plasmid
(pGL3-basic). Cells were grown in medium supplemented with different serum as
indicated. Selenium concentrations (in pg/L) are shown in parentheses for each serum.
Values shown are the average fold induction of luciferase activity from each reporter
construct in response to treatment with 150 pM tBHQ, calculated from luciferase
expression in untreated cells. Three independent experiments were each conducted in
triplicate, with luciferase activity measured in duplicate from each sample. Data are
expressed as mean = SEM. An asterisk indicates samples that show statistical significant
differences with all other samples (p<0.05); a double asterisk indicates samples that show a
statistical significant difference between all other samples except for the Inv-US sample,
and a triple asterisk indicates samples that show a statistical significant difference between
all other samples except for the Lonza sample, as determined using a one-way ANOVA
followed by Post Hoc comparisons using Tukey's Procedure.
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As shown in Figure 3.2, cells grown in media supplemented with serum containing the
highest level of selenium (SS) resulted in the lowest fold induction of the thioredoxin gene
promoter, while serums with the lowest levels resulted in the highest fold inductions (QS
and Inv-Aus). Cells grown in serum that contained an intermediate selenium concentration
(Lonza or Inv-US) exhibited a correspondingly intermediate induction fold. This would
suggest that sera with the higher selenium concentrations have a greater capacity for
resistance to oxidative stress and hence less need to stimulate the thioredoxin gene

promoter.

As mentioned earlier, a FBS source giving similar thioredoxin promoter activity to that
obtained from cells cultured in media supplemented with FBS from Invitrogen (Inv-Aus)
was desirable for subsequent experiments towards the aims in this chapter. Supplementing
the media with the FBS from Quantum Scientific (QS) resulted in approximately an 8§ fold
increase in thioredoxin promoter activity, as shown in figure 3.2. Since supplementing the
media with this serum resulted in the most similar thioredoxin promoter activity as that
obtained with Inv-Aus supplemented media, the FBS from QS was chosen for all

subsequent experiments.

3.2.1.1 Implications of Serum Choice for other Promoter Activities.

Growing cells in sera with different selenium levels may not just impact on regulation of
the thioredoxin promoter but also affect the promoter activity of other genes regulated by
redox-regulated transcription factors. To determine if other gene promoters are also
affected by the selenium concentration luciferase reporter assays were performed on MDA-
MB-231 cells cultured in RPMI medium supplemented with serum containing low and high
levels of selenium (QS and SS) when transfecting an HRE-luciferase promoter construct,
which contains 4 copies of the HRE. As discussed in chapter 1 (section 1.4.2) the HRE
element is bound by the hypoxia inducible factor-1 (HIF-1) during hypoxia and thereby up-
regulates the expression of the target gene in response to hypoxic stress. The activity of the
HIF-1 transcription factor is regulated by Ref-1 which in turn is regulated by thioredoxin in

a redox-dependent manner. After transfecting the cells with this construct they were grown
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under either normoxic or hypoxic conditions (0.1% oxygen) for 16 hours before luciferase
activity was measured. The results are shown in Figure 3.3 and clearly demonstrate that
cells grown in medium supplemented with QS serum have the greater level of induction of
the HRE-luciferase construct when stimulated with hypoxia. Cells grown with SS, which
contains higher selenium levels, display a lower level of induction. This result shows that
serum selenium levels can also affect induction of a promoter construct regulated by HIF-1

in response to hypoxia.

Promoter induction by hypoxia

EpGL3-promoter
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Fold inductions
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SS (46) QS (14)
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Fig 3.3: HRE-luciferase promoter activity from cells grown in media supplemented with
different serums. Luciferase reporter assays were performed on lysates from MDA-MB-
231 cells transfected with an HRE-luciferase construct or the pGL3-promoter plasmid.
Cells were grown in medium supplemented with different serum as indicated. Selenium
concentrations (in pg/L) are shown in parentheses for each serum. Values shown are the
average fold induction of luciferase activity from each reporter construct in response to
treatment with 0.1% oxygen (hypoxia) for 16 hours, calculated from luciferase expression
in untreated cells. Three independent experiments were each conducted in triplicate, with
luciferase activity normalized by total protein contents for each sample. Data are expressed
as mean + SEM. An asterisk indicates samples that show statistical significant differences
with all other samples (p<0.05), as determined using a one-way ANOVA followed by
Tukey’s Post-Hoc test.
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3.2.2 Thioredoxin Promoter Elements and Promoter Constructs

As discussed in Chapter 1 (1.9.1) several regulatory elements have been identified in the
thioredoxin promoter region that are involved in regulating the transcription of the
thioredoxin gene. The locations of all promoter elements in the thioredoxin promoter in this
project are mapped with respect to the ATG translation start codon due to the presence of
two transcription start sites (TSS). The two TSS identified are located either upstream
(TSS1) or downstream (TSS2) of a TATA box, which has been mapped to -120bp (Figure
3.1). Furthermore, three closely positioned Spl binding sites have been located in the core
thioredoxin promoter region and they have been found to enhance transcription of the
thioredoxin gene. In TATA-less promoters, Spl generally assumes the role of transcription
initiation, and previous studies performed in our laboratory (Osborne éf al., 2006) using
luciferase reporter assays show that the removal of the three Spl sites from the thioredoxin
promoter significantly lowers the basal activity. In addition, co-transfection with an Spl
over-expressing construct showed up-regulated thioredoxin promoter activity (Bloomfield

2003).

Two oxidative stress elements have also been located in the thioredoxin promoter region.
An antioxidant responsive element (ARE) and an oxidative responsive element (ORE) have
been mapped to positions -527bp to -495bp and -1028 to -1005bp respectively (Figure 3.1).
Both of these elements are involved in the induced expression of the thioredoxin gene in
response to oxidative stress. Studies by Simone Osborne éf a/ (2006) in our laboratory
demonstrated that the ARE element within the thioredoxin promoter region can function
independently of the ORE element, however the ORE requires the presence of the ARE to
induce luciferase reporter gene expression in response to tBHQ induced oxidative stress

and enhance the levels seen by the ARE alone.
Previous studies in our laboratory have constructed and used several thioredoxin promoter

constructs (Osborne éf a/., 2006) in order to investigate the action of the promoter elements

in the activation of the thioredoxin gene in response to oxidative stress. Some of these
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constructs were also used in the current study and they are shown in Figure 3.4. Included
are also the three thioredoxin promoter constructs prepared as part of the current study

(which are further described in section 3.2.3).

Repressor region?
ORE /_A_\ARE Sp-1 sites
Thioredoxin |—| HH TATA box
promoter template —
Thioredoxin promoter constructs
ORE ARE Sp-1 sites TATA box
Trx Prom1068 |- ] HH :|—|
| ARE Sp-1 sites TATA box
“Trx.Promo42 | ] HH :—|
| ARE Sp-1 sites TATA box
*
Trx.Prom773 | ] HH :|—|
ARE Sp-1 sites TATA box
“TrxPromé70 - ]
ARE Sp-1 sites TATA box
Trx.Proms47 |-| | HH :|—|
I Sp-1sites  7ATA hox
Trx.Prom427 I I-I—I
| Sp-1sites  yaTA box
Trx.Prom330 I H—I

Figure 3.4: The thioredoxin promoter constructs used in the current study. Depicted is a
map of the thioredoxin promoter region present in each construct with the promoter
elements of interest shown. An asterisk indicates constructs prepared as part of this project
and these are described further in section 3.2.3.
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3.2.3 Cloning of the Putative Repressor Region

The initial aim of this project was to further investigate the mechanism by which the
thioredoxin promoter is regulated in response to oxidative stress. The DNA region between
the ORE and the ARE element of the thioredoxin promoter region was of special interest
since previous preliminary studies performed in our laboratory by Simone Osborne
(personal communication) suggests that a potential element in this region may be
responsible for suppressing induction of the thioredoxin gene in response to oxidative
stress. To investigate the region between the ORE and ARE elements of the thioredoxin
promoter region and to determine how it may be involved in suppressing thioredoxin
expression in response to tBHQ, three DNA constructs of the thioredoxin promoter were

prepared.

These three constructs were made by inserting different lengths of the thioredoxin promoter,
spanning the potential repressor element, upstream of the firefly luciferase reporter gene in
the promoterless vector pGL3-basic. These three thioredoxin promoter constructs, as well as
already available promoter constructs (kindly provided by Simone Osborne) (Figure 3.4)
were then used in luciferase reporter assays under both basal and oxidative stress induced

conditions using tBHQ.
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Figure 3.5: Cloning strategy for potential repressor region in the thioredoxin promoter.
Arrows indicate where the primers bind to the thioredoxin promoter and the three promoter
fragments generated by PCR are depicted underneath. The three promoter fragments
produced are named after their position relative to the ATG start codon, which is 46 bp
downstream from the TrxSUTR.Rev primer.

To determine where the potential repressor region is positioned in the thioredoxin promoter
forward primers (Trxprom.F1, Trxprom.F2 and Trxprom.F3) were designed, which
generated three different lengths of the promoter sequence between the ARE and ORE
DNA elements (Figure 3.5). The same reverse primer (Trx5.Rev) was used to clone all three
promoter fragments. PCR reactions (2.2.2.1) were set up, using the primers mentioned
above, with the Trx.Prom1068 construct (2.2.3.2 and Figure 3.4) as a template with an
annealing temperature of 55°C. The PCR products were then fractioned on a 1% agarose gel

(2.2.2.2) (Figure 3.6) and the desired fragments isolated (2.2.2.3).
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Figure 3.6: Amplification of Trx.Prom942, Trx.Prom773 and Trx.Prom670 thioredoxin
promoter regions. PCR was performed to amplify an 896bp, 727bp and 624bp fragments of
the thioredoxin gene promoter corresponding to the Trx.Prom942, Trx.Prom773 and
Trx.Prom670 constructs, respectively. The amplified fragments were fractioned on a 1%
agarose gel. Lane 1: 3 pl of 100bp DNA ladder (Life Technologies); lane 2: 50 ul of
Trx.Prom942 PCR product; lane 3: 50 ul of Trx.Prom773 PCR product; lane 4: 50 ul of
Trx.Prom670 PCR product.

The isolated inserts were cloned into the pGEM-T Easy vector (Table 2.1), which uses its
overhanging T residues to anneal to the A residues that have been added by the Taq
polymerase to the ends of the inserts. The ligation reactions (2.2.2.4) were transformed into
competent £.c0/f ED8799 cells (2.2.1.2) and 50 ml cultures were grown for plasmid DNA
isolation (2.2.2.5). The isolated plasmid DNA was then digested (2.2.2.6) with Apa7 and
Bam H/ for all three constructs and loaded onto a 1% agarose gel to confirm the presence of

the PCR inserts and their orientation.

To clone the fragments into the pGL3-basic vector the use of a further intermediate vector,
pBluescript KS(+), was required. This was necessary as the pPGEM-T Easy and pGL3-basic
vectors do not have compatible restriction enzyme sites. All three isolated plasmid DNAs
were digested from the pGEM-T Easy vector with Apa7 and BamH/. The fragments were
then cloned into the pBluescript KS(+) vector, which had been pre-digested with the same
restriction enzymes. Thereafter, all three pBluescript KS(+) vectors containing the three
inserts were digested with Kpn 7 and Bam A/ and their respective isolated bands were ligated
into a pGL3-basic vector, which had been pre-digested with Kpn/ and Bgl//. Restriction

enzyme digest and sequencing was performed to confirm the orientation and identity of the
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three respective inserts and to ensure that each clone contained the expected sequence,

without any further mutations.

3.2.4 Promoter Activity of the Thioredoxin Repressor Region

To investigate the region between the ORE and ARE elements of the thioredoxin promoter
region and how it may be involved in suppressing thioredoxin expression in response to
tBHQ, luciferase reporter assays were performed using the obtained thioredoxin promoter
constructs detailed in section 3.2.2 and the three constructs prepared in section 3.2.3. The
constructs were transiently transfected into the MDA-MB-231 breast cancer cell line for 5
hours. The pGL3-basic construct (Table 2.1) was also transfected into the MDA-MB-231
cells and used as a control. Then 150 uM tBHQ was added to the transfected cells to be
induced by oxidative stress for 20 hours after which the activity from the luciferase reporter
constructs was measured using luciferase assays (2.2.5.2). The luciferase reporter assays
were performed in triplicate and repeated three times and the luciferase activity normalized
using total protein levels. To analyse both basal and induced levels of promoter activity the
data is expressed as the average firefly luciferase activity (RLU= relative light units) and is
shown in Figure 3.7. To compare the fold induction between the different promoter
constructs the data is also expressed as average fold induction in luciferase activity relative

to un-induced cells and is shown in Figure 3.8.
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Figure 3.7: Luciferase reporter assays of tBHQ induced activation of the repressor region in
the thioredoxin promoter. Luciferase reporter assays were performed on lysates from
MDA-MB-231 cells transfected with different thioredoxin promoter-luciferase constructs in
response to treatment with 150uM tBHQ. Three independent experiments were each
conducted in triplicate, with luciferase activity normalized by total protein content for each
sample. Data are expressed as mean + SEM. An asterisk indicates basal samples that show
statistical significant differences with all other basal samples (p<0.001); a # indicates basal
samples that show significant differences compared to the Trx.Prom773 basal sample
(p<0.001), as determined using a one-way ANOVA followed by Tukey’s Post-Hoc test. A
A indicates tBHQ stressed samples that show statistical significant differences with their
respective basal samples (p<0.001), as determined using a student t-test. RLU=relative light
units.
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As shown in Figure 3.7 basal level promoter activity of the Trx.Prom547 construct, which
contains the ARE element is much higher than from the constructs containing shorter
thioredoxin promoter regions (Trx.Prom427 and Trx.Prom330), which do not contain the
ARE element. All the constructs containing longer thioredoxin promoter regions, except the
Trx.Prom773, also exhibit this higher basal promoter activity, which were all shown to be
statistically significant when compared to the promoter activity detected for either
Trx.Prom330, Trx.Prom427 and Trx.Prom773 using a one-way ANOVA employing
Tukey’s Post-Hoc test, when p < 0.001. However, there was no statistical significance
observed in promoter activity between the Trx.Prom773, Trx.Prom427 and Trx.Prom330
constructs although all three constructs showed activity above background. Since the basal
promoter activity of thioredoxin is clearly reduced in the Trx.Prom773 construct compared
to other promoter constructs containing the ARE element it suggests that this region is

involved in suppressing the thioredoxin promoter activity under basal conditions.

When stressing the cells with tBHQ for 20 hours a significant increase in promoter activity
is observed for all the promoter constructs that contain the ARE element (Trx.Prom1068,
Trx.Prom942, Trx.Prom670 and Trx.Prom547) except for the Trx.Prom773 construct
(Figure 3.7). Hence, the ARE containing promoter constructs showing a significant increase
in promoter activity under basal conditions also showed a significantly higher increase in

promoter activity (relative to their basal promoter activity) after tBHQ treatment.

When comparing the relative fold inductions from each thioredoxin promoter construct in
response to tBHQ (Figure 3.8) the Trx.Prom1068 construct, containing both the ARE and
the ORE element, exhibited a much higher fold induction than any of the other promoter
constructs used. There was no significant difference in fold induction observed between the
Trx.Prom942, Trx.Prom670 and Trx.Prom547 constructs (Figure 3.8). However, the fold
induction from all three promoter constructs were significantly higher than the fold
inductions obtained from the Trx.Prom773, Trx.Prom427 and Trx.Prom330 promoter
constructs. In addition, the fold induction obtained from the Trx.Prom773 is higher
compared to the fold inductions obtained from the Trx.Prom427 and Trx.Prom330

constructs, although it was not enough to be statistically significant. This suggests that the
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thioredoxin promoter region in the Trx.Prom773 construct is not only involved in
repressing the basal activity of the thioredoxin promoter but also the tBHQ-induced

promoter activity.
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Figure 3.8 Fold inductions of the thioredoxin repressor region in response to tBHQ.
Luciferase reporter assays were performed on lysates from MDA-MB-231 cells transfected
with different thioredoxin promoter-luciferase constructs in response to treatment with
150uM tBHQ. Three independent experiments were each conducted in triplicate, with
luciferase activity normalized by total protein content for each sample. Data are expressed
as mean = SEM. An asterisk indicates samples that show statistical significant differences
with all other samples (p<0.001); a double asterisk indicates samples that show statistical
significant differences with all other samples except Trx.Prom670 and Trx.Prom547
(p<0.001); a A indicates samples that show statistical significant differences with all other
samples except Trx.Prom942 and Trx.Prom547 (p<0.001); a # indicates samples that show
statistical significant differences with all other samples except Trx.Prom942 and
Trx.Prom670 (p<0.001), as determined using a one-way ANOVA followed by Tukey’s
Post-Hoc test.
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In order to predict what regulatory element might be involved in the observed repression of
the Trx.Prom773 promoter construct under both basal and tBHQ stressed conditions the
thioredoxin promoter region between -670 to -942bp was put through a Genomatix search.
The thioredoxin promoter sequence was analysed for promoter elements using
Matlnspector (Quandt éf al., 1995) with Matrix core-sequence similarities set to 80%. The
search revealed the presence of two potential repressor elements positioned in the -670 to

-773 bp region in the thioredoxin promoter (Figure 3.9).

A potential Neuron-restrictive silencer element (NRSE) was found just upstream of the
Trx.Prom670 promoter region. The transcription factor REST/NRSF (repressor element 1-
silencing transcription factor/neuron-restrictive silencing factor) restricts the expression of
many neuronal genes through interactions with this element (Chong éf al, 1995;
Schoenherr and Anderson, 1995; Chen éf 4/, 1998). In addition, the repressor complex,
comprised of AP4 transcription factor and geminin, has been shown to negatively regulate
expression of target genes in non-neuronal cells via this element (Kim éf al, 2006).
Upstream of the Neuron-restrictive silencer element a potential AP4 binding site was also
found. The transcription factor AP4 (TFAP4) has been shown to directly repress p21
expression through binding to its promoter (Jung éf al, 2008). Whether any of these

elements are functional as a repressor in the thioredoxin promoter has yet to be determined.
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Figure 3.9 The thioredoxin promoter region with potential repressor elements represented.

A | = Neuron-restrictive silencer element, v = AP4 binding site.
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3.2.5 Thioredoxin System Promoter Activity when the Thioredoxin
System is Compromised.

Thioredoxin and thioredoxin reductase are critical members of the thioredoxin system,
hence expression of these genes is potentially co-ordinately regulated. By comparing
promoter sequences and the information already known about the regulation of the
thioredoxin and thioredoxin reductase genes, in conjunction with promoter studies, it may
be possible to determine how the expression of the thioredoxin gene family is regulated,
particularly in response to oxidative stress. Increased knowledge of how expression of the
thioredoxin system is induced by oxidative stress, may aid in understanding the role of the

thioredoxin system in cancer.

As discussed in chapter 1 (section 1.9) both the thioredoxin and thioredoxin reductase
promoters contain functional Spl sites and ARE elements. Both elements are involved in
their basal and oxidative stressed induced expression (Rundlof éf a/., 2001; Hintze éf al.,
2003; Osborne &t al., 2006). Although other DNA elements have also been found to be
functional in either the thioredoxin or thioredoxin reductase promoters (section 1.9) (Figure
3.10), none of these elements are present in both promoters and are therefore less likely to
be involved in co-ordinated up-regulation of the thioredoxin system in times of oxidative
stress. In order to identify potential transcription factor binding sites that may be involved in
co-ordinated regulation of these promoters during oxidative stress stimuli a Genomatix
search was performed, as previously described using 1Kb of both the thioredoxin and
thioredoxin reductase promoter sequences. As shown in Figure 3.10 there are several
potential DNA binding elements present in both promoters that are known to be regulated
under different oxidative stress stimuli in cells. The elements of particular interest are the

Ets, E-boxes and Fork head elements.

1. The Ets (E26 transformation specific) family of transcription factors has been shown
to activate many of the target genes required in hypoxia, including angiogenesis and
metastasis genes (For review see (Charlot éf al., 2010)). It co-operates with HIF-1a

and HIF-2a to cause up-regulation of certain genes during hypoxia. In addition, Ets-
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1 itself is up-regulated by HIF-1a during hypoxia, although Ets-1 can also function
independently of HIF-1 alpha (Charlot éf a/., 2010).

2. The Fork head element can be bound by Forkhead proteins, which belong to a large
family of transcription factors containing 19 sub-groups. The Forkhead O (FOXO)
is one of the largest sub-groups consisting of four families (FOXO1, FOXO3,
FOXO04, FOXO06) (Kaestner éf a/., 2000). FOXO3A have been shown to co-ordinate
resistance to oxidative stress during serum withdrawal by activating transcription of
the managanese superoxide dismutase gene (Kops éf a/., 2002) and peroxiredoxin3

expression (Chiribau éf 4/., 2008) through interaction with a Fork head element.

3. The E-box is bound by basic helix-loop-helix (bHLH) proteins (including myc) but
a number of other transcription factors can also bind. The myc family of
transcription factors, including c-myc, has been well studied and is known to
regulate many genes involved in cell proliferation, cell cycle progression and
metabolism. The myc family is often over-expressed in human cancers, including
breast cancer (Hynes and Lane, 2001; Adhikary and Eilers, 2005; Chen and
Olopade, 2008). It is often deregulated in cancers, leading to uncontrolled growth,
repressing some tumor suppressor genes (Wanzel éf al., 2003) and as such has been

put forward as an important target for cancer treatments.
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Figure 3.10 Comparison of functional and potential oxidative stress regulated elements in
the thioredoxin and thioredoxin reductase promoter regions. Coloured boxes indicate those
elements that have been described in the literature as functional.
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Although several potential elements were found in both the thioredoxin and thioredoxin
reductase promoters the only known functional elements, to date, present in both promoters
are the Spl and ARE elements. Since, the reduced form of thioredoxin is vital for its ability
to reduce oxidised proteins, including transcription factors such as Spl, the thioredoxin
system can affect the activity of transcription factors involved in regulating the thioredoxin
system promoters. As many drug targets are designed to inhibit the thioredoxin system,
especially the thioredoxin reductase activity, these drugs might therefore also reduce the
gene expression of the thioredoxin system. Thus it was of interest to investigate whether
cells with a compromised thioredoxin system would result in an altered thioredoxin system
promoter activity. To investigate the promoter activity of the thioredoxin system when the
thioredoxin system is compromised in the cell both thioredoxin and thioredoxin reductase
were targeted separately and the results are presented in sections 3.2.5.1 and 3.2.5.2,

respectively.

3.2.5.1 Thioredoxin and Thioredoxin Reductase Promoter Activity in Cells

with Altered Thioredoxin Levels.

The first luciferase reporter assay experiments investigating the thioredoxin system
promoter activity in cells with a compromised thioredoxin system were performed in

MDA-MB-231 cells while altering the levels of thioredoxin present in the cells.

Luciferase reporter assays were performed using the Trx.Prom1068 and pGL3-TrxR
promoter constructs (2.2.3.2). The constructs were transiently transfected into the MDA-
MB-231 breast cancer cell line for 5 hours. The pGL3-basic construct (Table 2.1) was used
as a control. To target the thioredoxin system the cells were co-transfected with a construct
that over-expressed wild-type thioredoxin (CMV-Trx) or a construct expressing a redox-
inactive thioredoxin mutant (CMV-1SS) (2.2.3.2), which acts in a dominant-negative
manner. The pcDNA3 vector (Table 2.1) was co-transfected as a control. Then 150 uM
tBHQ was added to the transfected cells to be induced by oxidative stress for 20 hours after

which the activity from the luciferase reporter constructs was measured using luciferase
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assays (2.2.5). The luciferase reporter assays were performed in triplicate and repeated four
times and the luciferase activity normalized using total protein levels. To analyse both basal
and induced levels of promoter activity the data is expressed as the average firefly
luciferase activity (RLU= relative light units) and is shown in Figure 3.11. To compare the
fold induction between the different promoter constructs the data is also expressed as
average fold induction in luciferase activity relative to un-induced cells and is shown in

Figure 3.12.

As shown in Figure 3.11 both thioredoxin and thioredoxin reductase basal promoter activity
is significantly higher in cells co-transfected with pcDNA3 than in cells co-transfected with
either CMV-Trx or CMV-1SS. However, the basal promoter activity of both the
thioredoxin and thioredoxin reductase promoters co-transfected with either CMV-Trx or

CMV-1SS is above background.

When stressing the cells with tBHQ for 20 hours a significant increase in promoter activity
relative to their respective basal activities is observed for both the thioredoxin and
thioredoxin reductase promoters co-transfected with the pcDNA3 construct (Figure 3.11),
as expected. When the wild-type thioredoxin (CMV-Trx) or the redox-inactive thioredoxin
protein (CMV-1SS) was over-expressed in the cells exposed to tBHQ (Figure 3.11) a
significant increase in promoter activity was also observed for both thioredoxin and

thioredoxin reductase promoters relative to their basal promoter activities.
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Figure 3.11: Luciferase reporter assays of cells with altered thioredoxin levels. Promoter
activity was determined from the Trx.Prom1068 (Trx) and the pGL3-TrxR (TrxR) promoter
constructs in cells co-transfected with either pcDNA3, CMV-Trx or CMV-1SS expressing
constructs after basal and 150uM tBHQ treatment for 20 hours. Four independent
experiments were each conducted in triplicate with luciferase activity normalized by total
protein contents. Data are expressed as mean = SEM. A one-way ANOVA followed by
Tukey’s Post-Hoc test was performed separately for the thioredoxin and thioredoxin
reductase promoters. A statistical difference was observed for pcDNA3 co-transfected basal
samples compared to all other basal samples for each promoter, as indicated by an asterisk
(p<0.001). A A indicates tBHQ samples that show statistical significant differences with
their respective basal samples (p<0.001), as determined using a student t-test. RLU=relative
light units.

When comparing the relative fold inductions for each promoter in response to tBHQ
(Figure 3.12) no difference was observed between the control cells (co-transfected with
pcDNA3) and the cells over-expressing wild-type thioredoxin (co-transfected with CMV-
Trx). However, the fold induction in promoter activity after tBHQ treatment for both

thioredoxin and thioredoxin reductase were significantly higher in cells over-expressing the
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redox-inactive thioredoxin protein (co-transfected with CMV-1SS) relative to pcDNA3 or
CMV-Trx co-transfected cells (Figure 3.12). This suggests that cells having a compromised
thioredoxin system, hence an altered cellular redox status, affects the transcription of the

thioredoxin system in response to tBHQ induced oxidative stress conditions.
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Figure 3.12: Fold inductions of promoter activity in cells with altered thioredoxin levels.
Promoter activity was determined from the Trx.Prom1068 (Trx promoter) and the pGL3-
TrxR (TrxR promoter) promoter constructs in cells co-transfected with either pcDNA3
(control), CMV-Trx or CMV-1SS expressing constructs. Values shown are the average fold
induction of luciferase activity from each reporter construct in response to 150uM tBHQ
treatment for 20 hours, calculated from luciferase expression in untreated cells. Four
independent experiments were each conducted in triplicate with luciferase activity
normalized by total protein contents. A one-way ANOVA followed by Tukey’s Post-Hoc
test was performed separately for the thioredoxin and thioredoxin reductase promoters. A
statistical difference was observed for CMV-1SS co-transfected samples compared to all
other samples for each promoter, as indicated by an asterisk (p<0.001). Data are expressed
as mean = SEM.
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3.2.5.2 Thioredoxin and Thioredoxin Reductase Promoter Activity in Cells
while Inhibiting Thioredoxin Reductase Activity.

The second luciferase reporter assay experiments investigating the thioredoxin system
promoter activity in cells with a compromised thioredoxin system were performed in
MDA-MB-231 cells while inhibiting the activity of thioredoxin reductase. The gold
compound auranofin was used for this purpose as it is a known inhibitor of thioredoxin

reductase activity (Gromer éf a/., 1998b; Rigobello éf al., 1998; Omata éf a/., 2006).

To confirm that auranofin inhibits thioredoxin reductase in this cell line a thioredoxin
reductase activity assay (2.2.7) was performed on MDA-MB-231 cells exposed to
auranofin for 20 hours. As shown in Figure 3.13 treating the cells with 1uM auranofin for
20 hours resulted in a 60% reduction in thioredoxin reductase activity compared to
untreated cells. No difference in cell viability was detected between untreated and treated

samples.
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Figure 3.13: Thioredoxin reductase activity after auranofin treatment. Representative graph
of relative thioredoxin reductase activity in the MDA-MB-231 cell line after 20 hours of
1uM auranofin treatment. Cells were stressed with 1uM auranofin for 20 hours before
being lysed and activity measured. Total protein content was used to normalize the
thioredoxin reductase activity results.
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Luciferase reporter assays were performed using the Trx.Prom1068 and pGL3-TrxR
promoter constructs (2.2.3.2). The constructs were transiently transfected into the MDA-
MB-231 breast cancer cell line for 5 hours. The pGL3-basic construct (Table 2.1) was used
as a control. Then 150 uM tBHQ and 1uM auranofin was added to the transfected cells for
20 hours after which the activity from the luciferase reporter constructs was measured using
luciferase assays (2.2.5). The luciferase reporter assays were performed in triplicate and
repeated four times and the luciferase activity normalized using total protein levels. To
analyse both basal and induced levels of promoter activity the data is expressed as the

average firefly luciferase activity (RLU= relative light units) and is shown in Figure 3.14.

As shown in Figure 3.14 both thioredoxin and thioredoxin reductase promoter activity is
significantly higher in cells treated with auranofin relative to non-treated cells. This
suggests that if thioredoxin reductase is inhibited the cells compensate by inducing the gene
expression of the thioredoxin system. Although auranofin treatment resulted in an increase
in promoter activity for both promoters, treatment with tBHQ resulted in significantly
higher promoter activity for both thioredoxin and thioredoxin reductase compared to that

observed in response to the auranofin treatment (Figure 3.14).

When treating the cells with both tBHQ and auranofin simultaneously a difference in
promoter activity was seen between the thioredoxin and thioredoxin reductase promoters
(Figure 3.14). For thioredoxin promoter a significant increase in promoter activity
compared to untreated and auranofin treated cells was evident while no significant increase
was observed compared to tBHQ treated cells. For the thioredoxin reductase promoter a
significant increase in promoter activity compared to control, auranofin or tBHQ treatment
was evident. This suggests that if thioredoxin reductase activity is inhibited during
oxidative stress the cells compensate by inducing the gene expression of the thioredoxin
system, although the expression of thioredoxin reductase seems to be in higher demand
than thioredoxin. This is possibly due to the fact that thioredoxin reductase in addition to

reducing thioredoxin also reduces many other substrates within the cell (Arner, 2009).
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Figure 3.14: Luciferase reporter assays of cells with thioredoxin reductase activity
inhibited. Luciferase reporter assays were performed on lysates of cells transfected with
Trx.Prom1068 or pGL3-TrxR promoter constructs after basal, 150uM tBHQ treatment for
20 hours, 1uM Auranofin treatment for 20 hours and 1uM Auranofin/150puM tBHQ
treatment for 20 hours. Four independent experiments were each conducted in triplicate,
with luciferase activity normalized by total protein contents. Data are expressed as mean +
SEM. A one-way ANOVA followed by Tukey’s Post-Hoc test was performed separately
for the thioredoxin and thioredoxin reductase promoters. A statistical difference was
observed between all treatments for each promoter, as indicated by an asterisk (p<0.01); a #
indicates samples that show statistical difference with all other samples except the
tBHQ+Auranofin treated sample (p<0.01); a A indicates samples that show statistical
difference with all other samples except the tBHQ treated sample (p<0.01).

114



3.3 Discussion

To fully understand the role of the thioredoxin system in cancer an increased knowledge of
the regulatory mechanisms involved in the thioredoxin and thioredoxin reductase gene
expression in response to oxidative stress is important. The aims of this chapter were to
further investigate the regulatory mechanisms involved in the thioredoxin and thioredoxin
reductase gene expression in response to tBHQ induced oxidative stress in the MDA-MB-

231 breast cancer cell line.

3.3.1 Selection of Fetal Bovine Serum for Cell Culture Growth

Initial results obtained from thioredoxin promoter reporter assays performed in MDA-MB-
231 cells stressed with tBHQ showed a significant difference in thioredoxin promoter
activity compared to that previously obtained in our laboratory. The serum source used to
culture the MDA-MB-231 cells was the only thing that differed between the procedure used
in the present study and the procedure previously used in the laboratory. Since the aim was
to establish a reporter system that generated similar thioredoxin promoter activity as
previously obtained in our laboratory, selection of a new FBS source had to be chosen
before any experiments towards the aims in this chapter could be commenced. In order to
choose the appropriate FBS source luciferase reporter assays were performed on MDA-
MB-231 cells cultured in media supplemented with different serums acquired from various

companies, with all containing different concentrations of selenium.

In this study two different promoter constructs were stimulated by two different stresses
under the control of two different transcription factors (Nrf-2 and HIF-1). These
transcription factors are each responsible for induction of several hundred genes (Manalo éf
al., 2005; Wakabayashi éf al., 2010) and thus regulate many important pathways studied by
many researchers. The promoter constructs were both induced to higher levels by their
respective stressors when cultured in medium supplemented with serum containing a lower

selenium level, compared to when grown in higher selenium levels. This change in
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promoter activity was not due to altered growth rates of the cells. MTT proliferation assays
were performed by Fenil Shah in our laboratory on MDA-MB-231 breast cancer cells and
proliferation was not significantly different when cells were grown in medium
supplemented with either 10% FBS (Inv-AUS) or 10% SS (Karlenius éf a/., 2011). In
addition, the specific activity of the selenium-dependent antioxidant enzymes thioredoxin
redutase and glutaredoxin peroxidase were greater in the cells grown in media
supplemented with the serum containing the higher selenium concentrations (Karlenius éf
al., 2011). As a consequence, higher selenium levels results in more active antioxidant
systems, thus resulting in a less oxidizing environment with less requirement to induce high
level expression of more antioxidants such as thioredoxin, when subjected to additional
stress. Thus other genes induced by thioredoxin-regulated transcription factors may also be
less highly stimulated. Selenium concentration is therefore an important component that
companies should provide as this can influence the data obtained and reported by different
groups due to its importance in determining the redox state of the cells. The provision of
such information will help researchers track if any experimental outcomes can be attributed
to differences in chemical composition of serum that may occur between brands and even

between batches of the same brand.

3.3.2 Potential Repressor Element in the Thioredoxin Promoter

Previous studies in our laboratory have demonstrated the importance of the ARE and ORE
elements in the up-regulation of the thioredoxin gene in times of oxidative stress induced by
tBHQ. However, preliminary studies by Simone Osborne (personal communication) suggest
that the promoter region between the ARE and the ORE elements may be responsible for
suppressing induction of the thioredoxin gene in response to oxidative stress. Therefore, in
the current study the region between the ORE and ARE elements in the thioredoxin
promoter were investigated to determine if there is an element involved in suppressing

thioredoxin expression in response to tBHQ.
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Three DNA constructs containing the thioredoxin promoter region spanning the potential
repressor element were prepared and used in luciferase reporter assays under both basal and
oxidative stress induced conditions induced by tBHQ. In addition, already available
thioredoxin promoter constructs were used as well as a comparison. The luciferase assay
results obtained in the current study supports the suggestion that there is a repressor element
present in the region between the ARE and the ORE element of the thioredoxin promoter.
The promoter activity shown by the promoter construct Trx.Prom773 under tBHQ induced
oxidative stress was much lower than any of the other thioredoxin promoter constructs
containing the ARE element (Figure 3.8). In fact, only a 2 fold induction in response to
tBHQ was detected for the Trx.Prom773, while at least a 5 fold induction was detected for

all other ARE containing promoter constructs.

The Trx.Prom773 construct also exhibited a much lower basal activity relative to any of the
other thioredoxin promoter constructs containing the ARE element (Figure 3.7). To ensure
that the low basal promoter activity obtained by the Trx.Prom773 construct were not due to
problems with the construct itself, several different plasmid preparations were prepared
independently at different time points and tested for promoter activity. However, no
difference in promoter activity between the plasmid preparations was detected. These
results indicate that a potential element is present in the thioredoxin promoter that can
repress the thioredoxin promoter activity in both basal and tBHQ induced expression in the

MDA-MB-231 cells.

While a repressed promoter activity was detected for the Trx.Prom773 construct the
promoter activity obtained from the longer Trx.Prom942 construct does not exhibit this
repressed activity. Instead, both the basal and tBHQ induced promoter activity obtained by
the longer Trx.Prom942 construct is similar to that obtained for the Trx.Prom670 and
Trx.Prom547 ARE containing promoter constructs (Figure 3.7). This suggests that there
could be a potential element present upstream of the potential repressor element which is
involved in de-repression of the thioredoxin promoter under both basal and tBHQ induced
oxidative stress. Alternatively the result is an artefact of the /7 Vitro experimental reporter

plasmid system used to determine promoter activity.
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Utilising Genomatix (Suite 3.2.0) software tools, the thioredoxin promoter region between
the -670 to -773 bp was analysed for common promoter elements. The search revealed the
presence of two potential repressor elements in the Trx.Prom773 promoter region. The
Neuron-restrictive silencer element is a known suppressor element that can be bound by the
transcription factor REST/NRSF, which restricts the expression of many neuronal genes
(Chong éf al., 1995; Schoenherr and Anderson, 1995; Chen éf al., 1998). This element has
also been shown to repress gene expression of target genes in non-neuronal cells through
interactions with the repressor complex, comprised of the AP4 transcription factor and
geminin (Kim éf 4/., 2006). The second potential repressor element identified was an AP4
binding site located upstream of the Neuron-restrictive silencer element. The AP4

transcription factor has been shown to be involved in repression of p21 (Jung éf al., 2008).

The thioredoxin promoter region between -773 and -942 bp was also analysed for common
promoter elements using the Genomatix (Suite 3.2.0) software tools, to look for potential
elements that might be involved in the observed de-repression of the thioredoxin promoter
activity. The search revealed a potential fork head element present just upstream of the
Trx.Prom773 promoter region. As discussed in section 3.2.5 the forkhead protein
FOXO3A, which binds to fork head elements, has been shown to be involved in defences
against oxidative stress during serum starvation by activating the transcription of the
antioxidant genes manganese superoxide dismutase (Kops éf a/., 2002) and peroxiredoxin 3
(Chiribau éf al., 2008). The functionality of these potential repressors and the potential de-
repressor element require further investigation to determine if they are involved in

regulation of the thioredoxin gene in basal and tBHQ induced oxidative stress.

3.3.3 Compromised Thioredoxin System

The final aim of this chapter was to investigate whether cells with a compromised
thioredoxin system would result in an altered thioredoxin system promoter activity in
response to tBHQ induced oxidative stress. The promoter activity of both thioredoxin

(Trx.Prom1068) and the core thioredoxin reductase promoter (pGL3-TrxR) were
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investigated using luciferase reporter assays while targeting either thioredoxin or

thioredoxin reductase in MDA-MB-231 cells.

When the thioredoxin system was targeted by altering the levels of thioredoxin in the cell a
significant difference in response to basal treatment was observed for the thioredoxin
promoter between the pcDNA3 co-transfected control cells and the cells over-expressing
wild-type or a redox-inactive thioredoxin mutant (Figure 3.11). The control cells exhibited
a higher basal promoter activity than the cells expressing the wild-type and the redox-
inactive thioredoxin mutant. However, no difference in basal promoter activity was
detected between the wild-type and redox-inactive thioredoxin mutant. Similar results were
observed for the thioredoxin reductase promoter with control cells exhibiting a higher basal

thioredoxin reductase promoter activity. The reason for this is unknown.

When the cells with altered thioredoxin levels were treated with tBHQ induced oxidative
stress the results showed that cells transfected with the redox-inactive thioredoxin mutant
respond by increasing even higher levels of transcription of both the thioredoxin and
thioredoxin reductase genes (Figure 3.12) compared to the control cells. The cells
transfected with a construct expressing the wild-type thioredoxin protein also showed an
increase in both thioredoxin and thioredoxin reductase promoter activity in response to
tBHQ, however it was not significantly higher compared to the control cells. This result is
in agreement with other published data, which showed that stably transfected MDA-MB-
231 cells expressing the redox-inactive thioredoxin mutant exhibited an induced
thioredoxin promoter activity relative to both control cells and stably transfected cells
expressing the wild-type thioredoxin when treated with tBHQ (Osborne éf al., 2006).
However, in that study only the thioredoxin promoter activity was investigated. The results
presented herein provide further knowledge into the regulation of the thioredoxin system
promoters in times of oxidative stress, as the activity of the thioredoxin reductase promoter
was also investigated. In addition, the similarity in basal and oxidative stress-induced
promoter activity observed from the thioredoxin and thioredoxin reductase promoters in
cells with altered thioredoxin levels suggests that the thioredoxin system promoters are co-

ordinately regulated in response to an altered cellular redox environment.
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As the redox-inactive thioredoxin mutant protein produced from the CMV-1SS construct
has been shown to function as a dominant negative by competing with wild-type
thioredoxin for thioredoxin reductase (Oblong éf a/., 1994), the cells expressing this mutant
are unable to reduce thioredoxin. This in turn potentially results in a more oxidized
environment within the cell resulting in an altered cellular redox environment. The
expression of the thioredoxin system is known to be up-regulated in response to oxidative
stress and therefore if the thioredoxin system is compromised by the introduction of the
redox-inactive thioredoxin mutant the cells respond by inducing even higher levels of the

thioredoxin system.

As an alternative strategy the thioredoxin system was also compromised in the current
study by inhibiting the activity of thioredoxin reductase in the MDA-MB-231 cells, using
auranofin, in response to both basal and tBHQ induced oxidative stress. The luciferase
reporter assay results (Figure 3.14) showed an increase in both thioredoxin and thioredoxin
reductse promoter activity when thioredoxin reductase activity was inhibited in non-
stressed cells. However, tBHQ induced oxidative stress treatment resulted in higher up-
regulation of both promoters than the auranofin treatment alone. This could potentially be
explained by the fact that only about 60% of thioredoxin reductase activity was inhibited
when cells were treated with auranofin in this study. This would lead to a higher percentage
of inhibition of thioredoxin reductase activity possibly resulting in even higher promoter
activity from the thioredoxin system promoters in non-stressed cells. Further investigations

are needed to confirm this.

When the cells with thioredoxin reductase activity inhibited were treated with tBHQ
induced oxidative stress the results showed that cells respond by increasing even higher
levels of transcription from the thioredoxin reductase promoter (Figure 3.13) compared to
the cells only treated with tBHQ. No significant difference in thioredoxin promoter activity
was observed between tBHQ treated cells and tBHQ treated cells with the thioredoxin
reductase activity inhibited. As mentioned above, if a higher percentage of inhibition of
thioredoxin reductase activity was achieved it might result in even higher promoter activity
from the thioredoxin system promoters in response to oxidative stress. However, further

investigations are needed to confirm this. A possible explanation to why thioredoxin
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reductase was in more demand than thioredoxin when thioredoxin reductase was targeted
with auranofin in times of oxidative stress could be that thioredoxin reductase is also
known to be inhibited by electophilic compounds. Electophilic compounds have been
shown to target the selenocysteine residue of thioredoxin reductase rendering the enzyme
inactive (Anestal éf al., 2008). In addition, thioredoxin reductase also has many other
important functions in the cell aside from keeping thioredoxin in a reduced active state

(Nordberg and Arner, 2001).

In conclusion, the results described above shows that in stressed situations the thioredoxin
system is of crucial importance to the cell. The data presented herein indicates that cells
with a compromised thioredoxin system seem to cope under basal conditions, but in
response to oxidative stress more thioredoxin and thioredoxin reductase are needed and

therefore the gene promoters are up-regulated.

The thioredoxin system regulates many redox-regulated transcription factors, such as Spl,
which is involved in regulating the promoter activity of both the thioredoxin and
thioredoxin reductase promoters. As such, a compromised thioredoxin system was
hypothesised to also inhibit the thioredoxin system gene promoters. However, the results
presented in this study indicates that if the thioredoxin system is inhibited the cells respond
by producing even more thioredoxin and thioredoxin reductase, especially in times of

oxidative stress.

This observation is particularly relevant to a clinical setting since the thioredoxin system, in
particular thioredoxin reductase, has been put forward as potential targets for chemotherapy
drugs (Arner and Holmgren, 2006; Mukherjee and Martin, 2008; Tonissen and Di Trapani,
2009), most of which are used in combination with irradiation to cause oxidative stress and
finally cell death. Since the cells respond by stimulating the thioredoxin and thioredoxin
reductase promoters to produce more protein the consequence is that higher doses of the
drugs would be needed, thus increasing risks of toxicity. Drugs targeting the thioredoxin
system in combination with drugs targeting proteins involved in up-regulating the
expression of the thioredoxin system in times of oxidative stress, such as Nrf-2, as well as

irradiation treatment, might result in a better outcome.
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CHAPTER

4

EXPRESSION OF THIOREDOXIN
DURING HYPOXIA AND RE-
OXYGENATION
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4.1 Introduction

One of the most important functions of the thioredoxin system within a cell is to protect the
cell from oxidative stress. Therefore when cells are subjected to oxidative stress higher
levels of thioredoxin and thioredoxin reductase expression are required. On the other hand,
several studies have showed that the thioredoxin system is also highly expressed in cells
exposed to low oxygen levels (hypoxia) (Park éf a/., 2010). The regulatory mechanisms for
this induction have not previously been investigated. Consequently, whether the HIF-1
transcription factor is involved in this hypoxic induction of the thioredoxin system is not
known. Oxidative stress and hypoxia are both major contributors to cancer progression and
it is therefore important to investigate the regulation of the thioredoxin system in response

to both of these oxygen stresses.

The aim of the work described in this chapter was to investigate expression of the
thioredoxin system in conditions that mimic the cancer environment. It is therefore also
important to realize that tumors regularly undergo cycling hypoxia. As described in chapter
1, the oxygen environment in tumors is unstable due to abnormal vascular growth resulting
in cycling between hypoxic and re-oxygenation environments. Studies performed on
cycling hypoxia have shown an up-regulation of HIF-1 activity to a level that supersedes
that of hypoxia alone (Flack éf al., 1991; Das, 1993; Yuan éf a/., 2005). Since cycling
hypoxia involves several re-oxygenation phases as well, increased levels of ROS and
antioxidants may also occur. Thus, studies described in this chapter were focused on
investigating the expression of the thioredoxin system in response to several different
oxygen growth conditions, including hypoxia, re-oxygenation and cycling hypoxia, in the

MDA-MB-231 breast cancer cell line.

However, since our laboratory has not previously performed any hypoxic studies, a
characterization of the MDA-MB-231 cell line in response to hypoxia was first required.
Basic parameters, such as the optimal oxygen concentration needed to elicit a hypoxic

response and cell growth were first determined. Thereafter, cell morphology and cell
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viability was assessed in cells grown in different oxygen growth conditions (including re-

oxygenation and cycling hypoxia).

As discussed in chapter 1, ROS plays an important role in the hypoxic response through the
involvement of HIF-1la stabilization in the cytosol. However, the exact levels of ROS
present in hypoxic cells are still unclear. It was previously reported that ROS levels
decrease in hypoxia (Archer éf a/., 1993; Mohazzab and Wolin, 1994) but more recently it
has been suggested that ROS levels are increased in hypoxia (Kietzmann and Gorlach,
2005; Chandel and Budinger, 2007; Gillespie éf a/., 2010). These contradictory results raise
several questions, such as whether the reported increase in ROS during hypoxia is actually
due to hypoxia or perhaps to subsequent re-oxygenation exposure. Since re-oxygenation is
believed to cause oxidative stress an increase in ROS production would then be expected.
Other factors including cell line differences and reagents may also influence the detection
of ROS. Nonetheless, if ROS actually does increase in hypoxia could it be responsible for
the increase in thioredoxin expression observed in hypoxic treated cells, or is the reported
increase in thioredoxin regulated by HIF-1 itself? Thus, it was also decided to examine the

levels of ROS in response to the same oxygen growth conditions as mentioned above.
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Therefore, to summarize the aims undertaken in this chapter:

e Determine the oxygen level needed to elicit an hypoxic response in the MDA-MB-
231 cell line.

e Investigate cellular growth in media supplemented with different serum
concentrations in response to hypoxia.

e Assess cellular morphology after exposure to hypoxia, re-oxygenation and hypoxic
cycling conditions.

e Assess cellular viability in response to hypoxia, re-oxygenation and hypoxic cycling
conditions.

e Investigate ROS levels in response to hypoxia, re-oxygenation and hypoxic cycling
conditions using FACS

e Investigate protein levels of the thioredoxin system after exposure to hypoxia, re-

oxygenation and hypoxic cycling conditions using western blotting.
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4.2 Methodology

In this study cells were cultured in different combinations of hypoxia, re-oxygenation and
cycling hypoxia and it was therefore essential to ensure that the cells grown in hypoxia
were also processed under hypoxic conditions. This is because if cells cultured in hypoxia
are processed under normal oxygen conditions (normoxia) re-oxygenation will occur,

which results in different experimental outcomes (Jewell éf a/., 2001; Kim éf al., 2007).

The term normoxia is used when cells are cultured under atmospheric oxygen conditions at
which the oxygen tension is ~20%. However, this is not representative of normal
physiological growth conditions but rather what /n Vitro tissue culture cell lines are
routinely cultured in. The normal oxygen growth condition for a cell depends on where that
cell is in the body and what it does. Most healthy organs, such as the heart, are used to
approximately a 5% oxygen level. However, arterial blood, which carries oxygen to the
organs, contains approximately 14% oxygen while the skin and liver both contain around
3% oxygen (Roy éf al., 2003). Therefore changing the oxygen growth conditions from
hypoxia (~1%) to normoxia (~20% oxygen) will cause cells to undergo re-oxygenation and
thereby be exposed to oxidative stress. Although many studies have been reported that
describe experiments where cells are cultured in hypoxia they rarely describe under which
conditions they were processed. Thus, whether their obtained results were due to exposure

to hypoxia or to re-oxygenation can be uncertain.

Even small changes in oxygen tension (e.g. from 0.1% oxygen to 3% oxygen) could
potentially result in re-oxygenation. Therefore, close monitoring of the oxygen levels at all
times when culturing cells in hypoxia is also vital in order to ensure that cells are kept in

hypoxia and not exposed to re-oxygenation.

In this project cells were cultured in hypoxia using a hypoxic C-Chamber (Biospherix)
(Figure 4.1) with the oxygen and CO, levels maintained at 0.1% and 5% respectively at all
times using a ProOx C21 controller (Biospherix). The hypoxic treated cells were then

processed in hypoxia using a C-Shuttle hypoxic cell culture glovebox (Biospherix) (Figure
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4.1), which allowed for precise oxygen and CO, levels to be maintained throughout each

experiment.

Any existing incubator

C-Shuttle Glovebox
=5 C-Chamber

S

Figure 4.1: Hypoxic C-Chamber and C-Shuttle glovebox used to culture and process cells
under hypoxic conditions. Cells are grown under hypoxic conditions in the C-Chamber,
which is placed inside an incubator at 37C. Upon processing of the cells the C-Chamber is
transferred into the C-Shuttle glovebox, which contain the same oxygen level as inside the
C-Chamber (Biopherix) (www.biospherix.com). Image used with permission from
Biospherix.
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4.3 Results

4.3.1 Characterizing MDA-MB-231 cells in response to hypoxia

Before any experiments investigating the expression of the thioredoxin system in response
to re-oxygenation and cycling hypoxic conditions could be undertaken it was first essential
to characterize the MDA-MB-231 cell line in response to hypoxia. Thus, the oxygen
concentration needed to elicit a hypoxic response and cell growth in different

concentrations of FBS was first determined.

4.3.1.1 Determining the oxygen level needed to elicit a hypoxic response

The first experiment was performed to determine which oxygen concentration would elicit
a hypoxic response in the MDA-MB-231 breast cancer cell line. Oxygen levels from 0.05%
to 5% have been used in several hypoxic studies over a range of cell lines (Jewell éf al.,
2001; Jones ét al., 2006; Kim éf al., 2007; Moriyama &t al., 2008; Tsuchihara éf a/., 2009;
Favaro éf al., 2010; Malec éf al., 2010). Although a large range of oxygen levels have been
used the most commonly used levels are either 1% or 0.1% oxygen. Lactate dehydrogenase
(LDH) is a glycolytic enzyme, which is up-regulated in response to hypoxia through the
binding of HIF-1 to an HRE element in its promoter. The activity of this enzyme also
increases in response to hypoxia compared to normoxia (Beutler éf al., 1977). Therefore,
lactate dehydrogenase (LDH) activity assays (2.2.7) were performed to determine whether
any of these two oxygen levels would elicit a hypoxic response in the MDA-MB-231 cell
line. LDH converts pyruvate to lactate by the use of NADH. The levels of NADH can be
measured by spectrophotometry, which corresponds to the activity of LDH (Beutler éf al.,
1977).
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Cells were cultured in 5% CO, and either 0.1% or 1% O, for 24 hours before being
processed using the hypoxic C-shuttle glovebox, as described earlier (4.2). Equal amounts
of cell lysate were used to measure LDH activity (2.2.7). The lysate was also used to
estimate the total amount of protein (2.2.3.3) extracted from the cells, which was used to
normalize the LDH activity results. The experiment was repeated three times and is
presented in Figure 4.2. The data is expressed as a change in percentage of LDH activity

relative to normoxic treated cells, with normoxia represented as 100%.
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Figure 4.2 Relative LDH activities in the MDA-MB-231 cell line after 24 hours of 0.1% or
1% hypoxic exposure. A one-way ANOVA employing Tukey’s Post-Hoc test showed a
significant difference between normoxia and the 0.1% hypoxia treated cells, as indicated by
* (p < 0.05). Data presented as mean £ SEM from three independent experiments
conducted in triplicate.

The cells cultured in 1% hypoxia showed 121% LDH activity relative to cells cultured in
normoxic conditions, while cells grown in 0.1% hypoxia showed a much higher LDH
activity of 196% relative to normoxic treated cells. While cells cultured in both 0.1% and
1% hypoxia showed an increase in LDH activity compared to normoxia only cells grown in
0.1% hypoxia showed a statistical difference when analysed using a one-way ANOVA
employing Tukey’s Post-Hoc test. Thus, growing MDA-MB-231 cells under lower oxygen
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levels resulted in a stronger hypoxic response. Consequently, 0.1% hypoxia was chosen for

all subsequent hypoxic experiments in this project.

4.3.1.2 MDA-MB-231 cell growth in 0.1% hypoxia

Following the establishment of the oxygen concentration needed to elicit a hypoxic
response, the growth rate of the cells cultured in medium supplemented with either a high
percentage or a low percentage of Fetal Bovine Serum (FBS) was investigated. Some
hypoxic studies described in the literature grow cells in medium supplemented with a low
percentage of FBS (Hall éf al., 2001; Therade-Matharan éf al., 2004; Yuan éf al., 2005;
Moriyama éf al., 2008). This is because if the blood flow is cut off to a cell the delivery of
both oxygen and nutrients is diminished. In order to examine whether the concentration of
FBS used in the growth media had any impact on the MDA-MB-231 cell growth during
hypoxic exposure MTT proliferation assays (2.2.8) were performed. Cells were cultured in
media supplemented with either 0%, 1% or 10% FBS under normoxic and 0.1% hypoxic
conditions. The growth rate was measured at 570nm after 0 hours, 24 hours, 48 hours and
72 hours. The experiment was repeated three times and is presented in Figure 4.3A and

4.3B. The data is expressed as a change in MTT absorbance at 570nm.
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Figure 4.3: Growth of cells cultured in different percentages of FBS in response to 0.1%
hypoxia. A): Cell growth in normoxia. B): Cell growth in 0.1% hypoxia. A one-way
ANOVA employing Tukey’s Post-Hoc test was performed for each serum concentration in
each panel. A statistical difference was observed between 48 hours and 72 hours compared
to 0 hours for both normoxic and hypoxic treated cells, as indicated by * (p < 0.05). Data is
presented as mean = SEM from three independent experiments conducted in triplicate.

After 24 hours growth cells cultured in media containing 10% FBS in either normoxic or
0.1% hypoxia showed absorbance readings similar to the absorbance readings obtained
after 0 hours for both treatments (Figure 4.3A and B). After 48 hours growth the
absorbance had increased in both normoxic and 0.1% hypoxic cells. After 72 hours growth
the absorbance had increased again in both normoxic and 0.1% hypoxic treated cells. In
contrast, when culturing cells in media containing either 0% or 1% FBS no change in
absorbance was evident after 24 hours growth, similar to cells grown in media containing

10% FBS. However, after 48 hours the absorbance decreased for both normoxic and 0.1%
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hypoxic cells grown in media containing either 0% or 1% FBS. This decrease in
absorbance readings continued after 72 hours growth. A column graphical representation
for each of the FBS concentrations used is shown in Figure 4.4 to compare normoxic with

hypoxic growth conditions.

There was a statistical difference between cells cultured in media containing either 0%, 1%
and 10% FBS after 48 hours and 72 hours growth compared to 0 hours when analysed
using a one-way ANOVA employing Tukey’s Post-Hoc test, as indicated by * (p < 0.05) in
Figure 4.3. However, there was no statistical difference between cells cultured in media
containing 0%, 1% and 10% FBS after 24 hours compared to 0 hours for normoxic or
hypoxic treated cells. Moreover, there was a statistical difference between normoxic and
0.1% hypoxic treated cells cultured in media containing 10% FBS after 72 hours, as
indicated by A (p < 0.05) in Figure 4.4A when analysed using a repeated-measure two-way

ANOVA employing the Bonferroni post-test.

Since there is no significant difference in growth rate between cells cultured in any of the
serum concentrations used at 24 hours grown in either normoxia or hypoxia, media
supplemented with 10% FBS was chosen for all subsequent hypoxic experiments. This is in
part because all further hypoxic investigations in this thesis will be performed within a 24
hour hypoxic exposure period. In addition, all oxidative stress investigations in this thesis,
as well as previous work performed by members in our laboratory, have been performed on

MDA-MB-231 cells cultured in 10% FBS containing media.
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Figure 4.4: Column graphical representation of cellular growth when cultured in media
containing different percentages of FBS. A): Cells grown in 10% FBS containing media.
B): Cells grown in 1% FBS containing media. C): Cells grown in 0% FBS containing
media. A repeated-measure two-way ANOVA employing the Bonferroni post-test showed
a significant difference between normoxia and 0.1% hypoxia treated cells after 72 hours
when grown in 10% FBS containing media, as indicated by A (p < 0.01). Data is presented
as mean = SEM from three independent experiments.
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4.3.2 Characterization of MDA-MB-231 cells in response to re-
oxygenation and cycling hypoxia

4.3.2.1 The Different Oxygen Growth Conditions used in this Project

The next step in characterizing the MDA-MB-231 breast cancer cells in hypoxia was to
examine cell morphology, cell viability and ROS levels in response to re-oxygenation and
cycling hypoxic conditions. Several different combinations of hypoxia and re-oxygenation
were chosen to mimic many of the different hypoxic conditions that occur in the tumor

microenvironment.

The oxygen treatments chosen were prolonged hypoxia (H) and prolonged hypoxia
followed by different lengths of re-oxygenation (H/R) (refer to Figure 4.5). As reported in
chapter 1, hearts exposed to cycles of short periods of ischemia followed by reperfusion
become resistant to subsequent lethal ischemic injury and this technique is known as
ischemic pre-conditioning (PC) (Murry éf al., 1986; Li et al., 1990; Flack éf al., 1991; Das
et al., 1993). Since the cardio-protective abilities of ischemic pre-conditioning have been
shown to be redox regulated (Kihlstrom, 1990; Yagi éf al., 1994; Nakamura éf al., 1998;
Isowa éf al, 2000), similar hypoxic/re-oxygenation cycling periods were used in this
project in order to mimic the hypoxic cycling occurring in tumors. Therefore, in addition to
the hypoxia and re-oxygenation treatments mentioned above, 4 hypoxic cycles (comprised
of 10min hypoxia followed by 20min re-oxygenation) preceding prolonged hypoxia (PC-H)
and prolonged hypoxia followed by different length of re-oxygenation (PC-H/R) were also
used. These short 4 hypoxic/re-oxygenation cycles will be referred to as pre-conditioning
(PC) henceforth. A schematic representation of the different oxygen growth treatments used
in this thesis is shown in Figure 4.5 while a more detailed description for each treatment is

provided in the method section 2.2.4.5.
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Figure 4.5 Schematic representation outlining the different oxygen growth conditions used to grow
MDA-MB-231 cells in this study. A): Nomenclature for normoxia (N), hypoxia (H), re-oxygenation
(R) and pre-conditioning (PC). B): Outlining the different combinations of hypoxia and re-
oxygenation used and their respective length of exposures.

The PC treatment was achieved by growing the cells at 0.1% oxygen in a hypoxic C-
Chamber for 10 minutes and then switching to normal (~20%) oxygen conditions
(normoxia) for 20 minutes. This cycle was repeated four times between hypoxia and
normoxia within a 2 hour period before being transferred into prolonged hypoxia for 16
hours. Since 20% oxygen is much higher than 0.1% oxygen switching to normoxia results
in a re-oxygenation step. After cells were grown in 0.1% hypoxia for 16 hours they were
either processed (using the hypoxic C-Shuttle glovebox) or re-oxygenated by being
transferred to normoxic conditions for 2, 4 or 6 hours. These cells were processed under

normoxic conditions.
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4.3.2.2 Cell morphology

The initial experiment in the MDA-MB-231 cells after growth in the different oxygen
growth conditions outlined in Figure 4.5 was performed to assess the cells’” morphology.
Cells were also grown in media containing 100uM H,0, for 30 minutes as a control for
oxidative stressed cells. After exposure to the different conditions the cell morphology of
the MDA-MB-231 cells was examined under an Olympus CK30 microscope (Olympus
Co., Japan) at 100X magnification. The experiments were performed multiple times with

representative images shown in Figure 4.6.
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Normoxia H,0,
Hypoxia PC-H
H/R 2h PC-H/R 2h
H/R 4h PC-H/R 4h
H/R 6h PC-H/R 6h

Figure 4.6: Morphology of MDA-MB-231 cells after different oxygen growth treatments.
A): Normoxic treated cells, B): 100uM H,O, treated cells, C): 0.1% hypoxic cells, D): PC-
H treated cells, E): H/R 2h treated cells, F): PC-H/R 2h treated cells, G): H/R 4h treated
cells, H): PC-H/R 4h treated cells, I): H/R 6h treated cells, J): PC-H/R 6h treated cells.
Images were taken using an Olympus CK30 microscope (Olympus Co., Japan) at 100X
magnification. Scale bar = 0.05mm.

138



The cells exposed to 100uM H,O, for 30 minutes (Figure 4.6B) exhibited an altered cell
morphology compared to normoxic treated cells (Figure 4.6A). These cells appeared to be
less elongated and more rounded in shape. The cells exposed to hypoxia (Figure 4.6C) or
PC-Hypoxia (Figure 4.6D) showed a similar morphology to H,O, treated cells. When
hypoxic or PC-hypoxic treated cells were exposed to a longer period of re-oxygenation
(Figure 4.61 and J) their morphology becomes very similar to that of the normoxic treated
cells. This trend suggests that the cells become stressed when exposed to hypoxia but
recover during the re-oxygenation phase. No difference was observed in overall
morphology between hypoxic (Figure 4.6C) or PC-hypoxic (Figure 4.6D) treated cells or
their respective re-oxygenation exposures (Figure 4.6E, G and I compared to Figure 4.6F,

H and J respectively).

4.3.2.3 Cell Viability and Reactive Oxygen Species Levels

Both cellular viability and ROS levels were determined in MDA-MB-231 cells cultured in
all the different oxygen growth conditions outlined in Figure 4.5 using a flow cytometry-
based ROS assay (2.2.9). In this assay the reagent DCF-DA (Molecular Probes) was added
to the cells in order to measure intracellular ROS. DCF-DA reacts with highly oxidizing
ROS, such as hydroxyl radicals (LeBel éf al., 1992) and is frequently used to measure
whole cell ROS production (Keller éf al., 2004; Imhoff and Hansen, 2010). Concurrently,
this assay also allows for cell viability to be measured, by the use of the 7AAD dye, in
response to the same oxygen growth conditions. The assays were performed with the
assistance of Bernadette Bellette at the Eskitis Institute for Cell & Molecular Therapies
with processing of the samples through the BDAria FACS machine (BD Biosciences).
These assays were performed at least two times and the gating strategy used to analyse the

assays is outlined in figure 4.7.

Multiple controls were required in order to perform the assays. Each flask of cells grown
under the different oxygen conditions yielded two samples, one treated with 7AAD and one

without 7AAD. One flask, without DCF-DA (cultured in normoxia) was used as a negative
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control. The negative sample without 7AAD was used to calibrate the BDAria FACS
machine (BD Biosciences) while the negative sample treated with 7AAD only was used to
create the gating strategy (Fig. 4.7). The samples without 7AAD from each flask of cells
grown under the different oxygen conditions were also used to calibrate the BDAria FACS
machine (BD Biosciences), while the samples treated with 7AAD were the relevant

samples used to procure data.

For the gating strategy (negative 7AAD only sample) a gate was first drawn to separate
viable cells from non-viable cells using 7AAD (Fig. 4.7A). The cells that did not show any
uptake of 7AAD were accepted as viable. A second gate was then drawn to separate the
viable cells based on their size, with small cellular particles rejected as debris (Fig. 4.7B).
Finally, the remaining control cells were inspected for any fluorescence at 488 nm, which
was considered to be background fluorescence and was therefore used as the standard by
which all other samples would be judged (Fig. 4.7C). This allowed for a gate to be created,
which separated background fluorescence from positively stained cells, and only the cells
within this R3 gate (Fig. 4.7D) were used for ROS data analysis. An equivalent number of
cells was seen in R3 (Figure 4.7D) between different samples on any given day and the
fluorescence is expressed as the mean fluorescence per cell for each sample. Figure 4.7D
shows a representative experimental result using normoxic cells as the sample for ROS

generation.
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Figure 4.7: Representative graphs outlining the gating strategy used to analyse the flow
cytometry-based ROS assays. A): Cells selected using 7AAD to exclude non-viable cells.
B): Cells selected based on size to discard cellular debris. C): A gate (R3) was created
using 488 nm fluorescence to separate background from positively stained cells. D): Cells
in gate (R3) were used for ROS data analysis. Blue — 7AAD only cells, Red — Normoxic
cells (representative experimental result).

141



4.3.2.3.1 Cellular Viability

The 7AAD dye used in the flow cytometry-based assays allowed for cellular viability to be
assessed. All cells that remained after being separated out from non-viable cells (Fig. 4.7A)
and cell debris (Fig. 4.7B) were accepted as viable cells. The cell viability results are

presented in Figure 4.8.
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Figure 4.8: Cell viability of MDA-MB-231 cells in response to different oxygen growth
conditions. Non-PC treated samples and PC treated samples were analysed separately using
a one-way ANOVA employing Tukey’s Post-Hoc test. A statistical difference was
observed between hypoxic and normoxic treated samples, as is indicated by * when P <
0.01. Similarly, a statistical difference was also observed for all of the samples undergoing
re-oxygenation compared to the hypoxic treated cells, as indicated by A when p < 0.01.
Data is presented as mean + SEM from at least two independent experiments.

Cells grown under normoxic conditions gave 87% cellular viability while hypoxic and PC-
hypoxic treatment resulted in a statistically significant decrease in cellular viability
compared to normoxic cells with a viability of 73% and 75%, respectively (Figure 4.8).
Upon 2, 4 and 6 hours re-oxygenation after hypoxic treatment a statistically significant
increase in cellular viability compared to hypoxic cells was observed with a viability of

84%, 87% and 89%, respectively. Similarly, 2, 4, and 6 hours re-oxygenation after PC-
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hypoxic treatment resulted in a statistically significant increase in cellular viability to 87%,
88% and 85%, respectively. However, there was no observed difference between non-PC
and PC treated cells (see Figure 4.8) for any of the respective hypoxic or re-oxygenated
conditions. Thus, upon any hypoxic treatments (non-PC or PC) cellular viability decreases
while after re-oxygenation the cellular viability returned back to that similar to normoxic
treated cells. It was decided that a cellular viability of approximately 70-75% for cells

exposed to hypoxia was acceptable for subsequent experiments.

4.3.2.3.2 ROS Levels

In order to determine whether ROS levels increase or decrease in response to hypoxia
MDA-MB-231 cells were cultured under hypoxia or PC-hypoxia. DCF-DA was added to
the cells for 30 minutes while the cells were still in hypoxia after which the cells were
processed for FACS analysis (2.2.9) to determine relative ROS levels compared to
normoxic treated cells. The hypoxic and PC-hypoxic treated cells were processed in either
normoxic conditions or in hypoxic conditions using the C-shuttle glovebox (Biospherix) to
determine if processing with or without hypoxia made a difference. The assay was
performed at least two times and the result is presented in Figure 4.9. The data was
expressed as a change in the percentage of fluorescence of the different hypoxic treated

cells relative to normoxic cells, with normoxia represented as 100%.
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Figure 4.9: Relative ROS levels after processing hypoxic or PC-hypoxic treated cells with
or without a glovebox. Relative levels of ROS were expressed as a change in fluorescence
over normoxia. Hypoxic treated samples and PC-hypoxic treated samples were analysed
separately using a one-way ANOVA employing Tukey’s Post-Hoc test. A statistical
difference was observed when comparing normoxic treated samples to the ‘with glovebox’
and ‘without glovebox’ treated samples, as is indicated by * when P < 0.01. Similarly, a
statistical difference was also observed between the ‘with glovebox’ and ‘without
glovebox’ processed samples, indicated by A (p < 0.01). Data is presented as mean + SEM
from at least two independent experiments.

When cells were processed under hypoxic (with glovebox) or non-hypoxic conditions
(without glovebox), after being exposed to hypoxia or PC-hypoxia, quite different results
were obtained (Figure 4.9). Cells grown in hypoxia but processed without the glovebox
showed a markedly increased ROS level at 155% compared to normoxic cells, while
processing the cells within the glovebox showed a decreased ROS level at 82%. Both were
statistically significant when compared to normoxic treated cells using a one-way ANOVA
employing Tukey’s Post-Hoc test, when p < 0.01. Similarly, cells cultured under PC-
hypoxic conditions showed that cells processed without the hypoxic glovebox resulted in
an increased relative ROS level of 154%, while processing with a glovebox yielded 85.0%.
Both these values were also statistically significant. Furthermore, processing the cells

without the hypoxic glovebox resulted in statistically higher ROS levels relative to cells
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processed with the glovebox. Thus, after growing cells in hypoxia an increase in ROS
levels is observed when cells are processed under normoxic conditions, while processing
cells under hypoxic conditions (with a glovebox) resulted in a decrease in ROS levels
instead. These results demonstrate that hypoxic cells exposed to very short periods of
normoxic conditions can result in significantly different levels of measured ROS.
Consequently, the hypoxic glovebox was used when processing hypoxic treated cells for

any further ROS experiments.

The next step in characterizing the MDA-MB-231 breast cancer cells in hypoxia was to
examine changes in cellular ROS levels in response to re-oxygenation and cycling hypoxia.
The cells were cultured in the different oxygen growth conditions outlined in Figure 4.5
and ROS levels determined (2.2.9). Cells were also grown in media containing 100uM
H,0, for 30 minutes as a positive control for oxidative stress. The assays were performed at
least two times and the result is presented in Figure 4.10. The data was expressed as a
change in the percentage of fluorescence of the different hypoxic treated cells relative to

normoxic cells, with normoxia represented as 100%.

145



A) Relative ROS levels
220% * A
g 200%
< 180% * A
)]
S 160% A A
Y © 140% W Non-PC
v X
o g 120%
3 £ 100% - *
Ll
c
.G-J 60% 1 T T - T T T
[-Y]
& Sl S & A o) &
® S Q0 S oY Q& Q&
s Q \
6 $o£‘° 8 ‘?‘\ ‘2‘\ N
B) Relative ROS levels
220% *A
E A
= 200% *
o 180% T
e .
S o 160%
@ X 140% A A
9 o ° mPC
}
o £ 120% 1
S5 =
T 2 100% - *
c
5 ] ]
&o 60% i T T T T T
(1]
< R Qv NS S NS o
o 5 O & Vv O ©
«° & e R\
S & & &

Figure 4.10: Relative ROS levels under different oxygen growth conditions. Relative levels
of ROS were expressed as a change in fluorescence over normoxic cells. A) Relative ROS
levels of non-PC treated cells, B) Relative ROS levels of PC treated cells. A one-way
ANOVA employing Tukey’s Post-Hoc test showed a statistical difference compared to
normoxic cells, indicated by * (p < 0.01). A A indicates statistical difference compared to
either hypoxic (Panel A) or PC-H sample (Panel B) (p < 0.01). Data is presented as mean =+
SEM from at least two independent experiments.

There were considerable differences observed in the relative ROS levels in the MDA-MB-
231 cells after exposure to the different oxygen growth conditions. Relative to normoxia,

which is represented as 100%, H,O; treated cells resulted in an increase in ROS levels to
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205%. Cells exposed to hypoxia for 16 hours showed a decrease in ROS levels. Re-
oxygenation of cells for either 2, 4 or 6 hours after hypoxic exposure (H/R 2h, H/R 4h and
H/R 6h) resulted in an increase in ROS levels from hypoxic cells to 110%, 148% and 115%
respectively. The cells exposed to 4 hours re-oxygenation showed a significantly higher
level of ROS than either 2 hours or 6 hours re-oxygenation. The levels of ROS observed
after 4 hours re-oxygenation (H/R 4h) was also significantly higher than the levels of ROS
obtained for normoxic cells. The differences described above were all shown to be

statistically significant using a one-way ANOVA employing Tukey’s Post-Hoc test.

For cells subjected to hypoxic cycling (PC) before the hypoxic exposure (Figure 4.10B)
similar ROS levels were obtained to that of non-PC treated cells (Figure 4.10A). Cells
exposed to cycling hypoxia followed by hypoxia for 16 hours (PC-H) showed a decrease in
ROS levels. Re-oxygenation of the cells for either 2, 4 or 6 hours after PC-hypoxic
exposure (PC-H/R 2h, PC-H/R 4h and PC-H/R 6h) resulted in an increase in ROS levels
from PC-hypoxic cells (PC-H) to 110%, 159% and 112% respectively (Figure 4.10B). The
PC treated cells exposed to 4 hours re-oxygenation showed a significantly higher level of
ROS than either 2 hours or 6 hours re-oxygenation. The levels of ROS observed after 4
hours re-oxygenation (PC-H/R 4h) was also significantly higher than the levels of ROS
obtained for normoxic cells. The differences described above were all shown to be

statistically significant using a one-way ANOVA employing Tukey’s Post-Hoc test.

This data indicates that upon any hypoxic treatments (Non-PC or PC) ROS levels decreases
while after 2 hours re-oxygenation the ROS levels return back to that similar to normoxic
treated cells. Interestingly, after 4 hours re-oxygenation exposure the ROS levels had
increased to a level higher than that observed for normoxic cells suggesting that cells are

exposed to oxidative stress.
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4.3.3 Expression of the thioredoxin system in response to different
oxygen growth conditions

With the characterization of the MDA-MB-231 cells cultured in different oxygen growth
conditions completed, the next experiments investigated the expression of the thioredoxin
system in response to the same oxygen growth conditions. SDS-PAGE and Western blots

were performed to determine relative protein levels.

4.3.3.1 Intracellular Protein levels of the Thioredoxin System

To examine the protein expression pattern of the thioredoxin system in response to re-
oxygenation and cycling hypoxic conditions SDS-PAGE (2.2.3.4) and Western blots
(2.2.3.5) were performed. In addition, the protein levels of peroxiredoxin, Ref-1 and HIF-
lo were also examined under the same oxygen growth conditions. As discussed in chapter
1, peroxiredoxin and Ref-1 redox activities are regulated by thioredoxin (Demple éf al.,
1991; Robson and Hickson, 1991; Robson éf a/., 1991; Wood ét al., 2003; Immenschuh and
Baumgart-Vogt, 2005) and an increase in both peroxiredoxin and Ref-1 protein levels in
response to hypoxia have been demonstrated by several studies (Kim éf a/., 2003; Hedley ét
al., 2004). However, a more recent study found that peroxiredoxin protein levels increased
in response to re-oxygenation and not in response to hypoxia (Kim éf a/., 2007). Therefore,
these proteins were included in this current study. The HIF-la subunit of the HIF-1
transcription factor is regulated in an oxygen-dependent manner and therefore the presence
of the HIF-1a protein was used as a positive control to confirm the induction of a hypoxic
response. ARNT (also termed HIF-1B), which is constitutively expressed, was used as a

loading control to ensure equal loading was achieved.

The MDA-MB-231 cells were grown under the different oxygen growth conditions
outlined in Figure 4.5. Then cells were lysed (2.2.3.2) and the total amount of protein
estimated (2.2.3.3). SDS-PAGE (2.2.3.4) was performed with 50 pug of total protein extract
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loaded per well for each sample. Thioredoxin and peroxiredoxin samples were run on a
15% SDS-PAGE gel, while Ref-1 and tioredoxin reductase samples were run on a 12%
SDS-PAGE gel and HIF-1a samples on a 10% SDS-PAGE gel. Thereafter, western blots
(2.2.3.5) were performed using the antibodies specified in table 2.5. The western blot
experiments were repeated at least two times and representative blots of non-PC treated
cells are shown in Figure 4.11A. The Image Gauge Ver. 4.0 software (FujiFilm) was used
to analyse relative intensities between samples for each western blot experiment and the
densitometry result is shown in Figure 4.11B. Representative blots of PC treated cells are
shown in Figure 4.12A and their relative intensities compared to normoxic samples are
shown in Figure 4.12B. The data was expressed as a change in protein levels of the treated
cells relative to normoxic cells, with normoxia represented as 1. On the thioredoxin
reductase blots bands were very faint and not always detectable. Therefore, the thioredoxin
reductase blots could not be analysed for relative protein intensities and the blots are not

represented in this thesis.
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Figure 4.11: Relative protein levels from non-PC treated MDA-MB-231 cells. A):
Representative Western blots. Protein extracts (50 pg per well) from cells cultured under
different oxygen growth conditions were run on 10%, 12% or 15% SDS-PAGE gels and
probed with specific antibodies (Table 2.5). Trx: Thioredoxin blot, Prx: peroxiredoxin blot,
Ref-1: Ref-1 blot, HIF-1a: HIF-1a blot, ARNT: loading control. B): Densitometry of
Western blots from non-PC treated cells as determined using the Image Gauge Ver. 4.0
software (FujiFilm). A statistical difference was observed between H/R 4h samples and
normoxic samples, as indicated by a * (p < 0.05) using a one-sample t-test. Data is
presented as mean + SEM from at least four independent experiments.
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The non-PC western blots (Figure 4.11A) showed that peroxiredoxin and Ref-1 protein
levels did not change when cultured in hypoxia for 16 hours compared to normoxia, while
an increase in thioredoxin protein levels was evident after hypoxic treatment. This was
confirmed by the densitometry analysis, with thioredoxin protein levels increasing to 2.38
(Figure 4.11B) relative to normoxia. However, this increase in thioredoxin expression was
not statistically significant when analysed using a one-way ANOVA. HIF-1a accumulation
during hypoxia leading to HIF-1 expression has been shown in different cell lines (Hopfl éf
al., 2004; Dery ét al., 2005; Csiki éf al., 2006). Similarly, after exposure of MDA-MB-231
cells to hypoxia, HIF-1a began to accumulate within the cells and was easily detected by
western blot analysis (Figure 4.11A), however it was not seen in normoxic or re-

oxygenated cells as expected.

Upon 2, 4 and 6 hours re-oxygenation an increase in peroxiredoxin protein levels relative to
normoxic samples was observed on the western blot (Figure 4.11A), with similar increased
levels for all three re-oxygenation treatments. The densitometry analysis confirmed this
(Figure 4.11B), showing protein levels of 2.2, 2.4 and 2.7 for 2, 4 and 6 hours re-
oxygenation, respectively. However, the increase in peroxiredoxin expression after any of
the re-oxygenation treatments was not statistically significant when analysed using a one-

way ANOVA.

Different results were obtained upon 2, 4 and 6 hours re-oxygenation for thioredoxin and
Ref-1 proteins. On the Ref-1 blot no change in protein levels were observed after any re-
oxygenation treatments compared to normoxia (Figure 4.11A and 4.11B). On the
thioredoxin blot (Figure 4.11A) higher protein levels compared to normoxic samples were
observed for all the re-oxygenation treatments, with 4 hours re-oxygenation showing the
highest increase. The densitometry analysis confirmed this (Figure 4.11B), showing protein
levels of 3.0, 3.7 and 2.6 for 2, 4 and 6 hours re-oxygenation, respectively. When using a
one-way ANOVA to test for differences between the mean values for all treatments no
statistical significant was seen for thioredoxin. However, when differences between each
treatment and the normoxic samples were analysed separately for significance by
performing a one-sample t-test a significant increase was seen for thioredoxin after

treatment with hypoxia followed by re-oxygenation for 4 hours (H/R 4h). A student t-test
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was performed so that the data could be more easily compared with published reports

which compare each treatment separately back to normoxia.

For cells undergoing hypoxic cycling (PC) before hypoxic exposure (Figure 4.12) different
results were obtained compared to that of non-PC treated cells (Figure 4.11). As seen in
Figure 4.12A cells exposed to cycling hypoxia followed by hypoxia for 16 hours (PC-H)
showed a clear increase in peroxiredoxin and thioredoxin levels relative to normoxia, while
only a slight increase was seen for Ref-1. This was confirmed by the densitometry analysis,
with peroxiredoxin protein levels increasing to 2.7 (Figure 4.12B) and thioredoxin protein
levels increasing to 3.0, while Ref-1 protein levels increased to 1.4, relative to normoxia.
However, the differences described above were not statistically significant when analysed
using a one-way ANOVA. HIF-la accumulation during hypoxia leading to HIF-1
expression has been shown in different cell lines (Hopfl éf al., 2004; Dery ét al., 2005,
Csiki et al., 2006). Similarly, after exposure of MDA-MB-231 cells to hypoxia, HIF-1a
began to accumulate within the cells and was easily detected by western blot analysis
(Figure 4.12A), however it was not seen in normoxic or re-oxygenated cells as expected.
On the HIF-1a blot a band was detected for the hypoxic and PC-hypoxic samples (Figure
4.12A), while no bands were seen for the normoxic and re-oxygenated samples, as

expected.

152



<= ) =
- SV
= S e ¢
o > = == ~
A) E § =z = = =
) >~
z £ & & £ g
Prx I — 23 kDa
Trx - — — — | 12kDa
Ref-1 —— — ——— 37 kDa
HIF-1q - 120 kDa
B) Densitometry of PC western blots
10 .
9
g "
3 7
£ 6
*g i B Prx
[«
g 3 B Trx
s 2
o 1 @ Ref-1
[J]
-4 0 -

Figure 4.12: Relative protein levels from PC treated MDA-MB-231 cells. A):
Representative Western blot. Protein extracts (50 pg per well) from cells cultured under
different oxygen growth conditions were run on 10% or 15% SDS-PAGE gels and probed
with specific antibodies (Table 2.5). Trx: Thioredoxin blot, Prx: peroxiredoxin blot, Ref-1:
Ref-1 blot, HIF-1a: HIF-1a blot, ARNT: loading control. B): Densitometry of Western
blots from PC treated cells as determined using the Image Gauge Ver. 4.0 software
(FujiFilm). A one-way ANOVA employing Tukey’s Post-Hoc test was performed for each
protein. A statistical difference was observed between PC-H/R 4h samples and normoxic
samples, as indicated by a * (p <0.05) or a A (p <0.01). Data is presented as mean = SEM
from at least two independent experiments for Prx while data from Ref-1 and Trx are from
at least three independent experiments.
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Upon 2, 4 and 6 hours re-oxygenation an increase in peroxiredoxin and thioredoxin protein
levels relative to normoxic samples was observed on the western blot (Figure 4.12A). The
densitometry analysis confirmed this (Figure 4.12B), showing peroxiredoxin protein levels
of 2.3, 2.6 and 1.6 and thioredoxin protein levels of 4.9, 7.8 and 5.8 for 2, 4 and 6 hours re-
oxygenation, respectively. When using a one-way ANOVA to test for differences between
the mean values for all treatments for each protein a statistically significance (p < 0.05) was
seen for thioredoxin after 4 hours re-oxygenation treatment compared to normoxic treated
samples, while no statistical significance was detected for peroxiredoxin. However, when
differences between each treatment and the normoxic samples were analysed separately for
significance by performing a student’s t-test a significant increase was seen for thioredoxin

after both PC-H/R 2h and PC-H/R 4h.

On the Ref-1 blot (Figure 4.12A) higher protein levels compared to normoxic samples were
observed for all the re-oxygenation treatments, with 4 hours re-oxygenation showing the
highest levels. The densitometry analysis confirmed this (Figure 4.12B), showing protein
levels of 1.5, 1.9 and 1.6 for 2, 4 and 6 hours re-oxygenation, respectively. A one-way
ANOVA employing Tukey’s Hoc test showed that Ref-1 protein levels after 4 hours re-
oxygenation treatment was statistically significant (p < 0.05) compared to normoxic treated

samples.

In order to determine whether PC treatment has an effect on the expression of the different
proteins compared to non-PC treatment a two-way ANOVA employing the Bonferroni
post-test were performed between non-PC and PC treated samples and across the re-

oxygenation timeline for each protein and the result is shown in Figure 4.13.
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Figure 4.13: Relative densitometry of Western blots from non-PC and PC treated cells. A):
Densitometry from Prx Western blots. B): Densitometry from Trx Western blots. C):
Densitometry from Ref-1 Western blots. A two-way ANOVA employing the Bonferroni
post-test showed a statistical difference between PC treated and non-PC treated samples,
indicated by * (p < 0.05). Data is presented as mean = SEM from at least two independent

experiments for Prx while data for Ref-1 and Trx are from at least three independent
experiments.
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No significant difference was detected between non-PC and PC treated samples for
peroxiredoxin (Figure 4.13A). When comparing the thioredoxin protein levels obtained
from non-PC treated samples and PC treated samples (Figure 4.13B) a clear difference is
observed. The PC treated samples shows a marked increase in thioredoxin protein levels
compared to the non-PC treated samples with 4 hours re-oxygenation showing a statistical
difference. Similarly, when comparing the Ref-1 protein levels obtained from non-PC
treated samples and PC treated samples (Figure 4.13C) a noticeable difference is observed.
The PC treated samples show higher Ref-1 protein levels than non-PC treated samples with
4 hours re-oxygenation showing a statistical difference. These results indicate that PC
treatment does have an effect on the expression of thioredoxin and Ref-1, which will be

discussed later.
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4.4 Discussion

Although the hypoxic microenvironments present in tumors are generally accepted as an
important factor that influences cancer progression, they are usually regarded as a static
global phenomenon. Consequently, when reviewing the current catalogue of research
papers concerned with hypoxic microenvironments in tumors, much less attention has been
given to the impact that the dynamic changes of tumor oxygenation have in regulating the
behaviour of cancer cells. Thus, the main aim in this chapter was to determine the effect the
dynamic changes of tumor oxygenation have in regulating the expression of the thioredoxin

system in the MDA-MB-231 breast cancer cell line.

4.4.1 Growing and passaging cells in hypoxia

Many different methodologies have been used for /n Vitro studies to grow cells under
hypoxic conditions in order to mimic the ‘static’ hypoxic tumor environment. For example,
some studies expose cells to hypoxia by flushing plastic culture flasks containing cells with
humidified nitrogen gas purged of oxygen for a few hours after which the flasks were
sealed until the cells were processed under normoxic conditions for their intended
experiment (Yao éf al., 1994; Berggren éf al., 1996). Other studies use oxygen sensors and
controllers to regulate the oxygen concentration until the cells are needed for processing
(Welsh éf al., 2002; Kim et al., 2003; Csiki ét al., 2006). However, whether these cells are
processed under normoxic or hypoxic conditions are rarely mentioned. As described earlier
in this chapter (in section 4.2) close monitoring of the oxygen levels at all times when
culturing cells in hypoxia is vital in order to ensure that cells are kept in hypoxia and not
exposed to re-oxygenation. Thus, the use of an oxygen sensor that can regulate the levels of
oxygen at a steady oxygen concentration is important as well as using a hypoxic glovebox

when preparing the cells for an experiment. Therefore, depending on the methods being
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used to grow cells under hypoxia different results can be obtained. As such, interpreting

data obtained from some hypoxic studies becomes difficult.

The importance of processing the hypoxic treated cells under hypoxic conditions was
demonstrated in the current study. Hypoxic cultured cells processed under normoxic
conditions (without glovebox) showed an increase in ROS levels, while cells processed
under hypoxic conditions (with glovebox) resulted in a decrease in ROS levels instead
(Figure 4.9). This clearly shows that even short-term exposure to normoxic conditions can
result in significantly different levels of ROS. The increase in ROS levels observed when
processing the cells without the glovebox suggests that re-oxygenation occurred when the
cells were switched from hypoxia to normoxia, resulting in oxidative stress. In addition to
the data obtained when processing the cells without the glovebox, experiments using MDA -
MB-231 cells exposed to hypoxia followed by re-oxygenation treatment also resulted in a
significant increase in ROS levels using the DCF-DA dye (Figure 4.10A) confirming that
re-oxygenation results in an increase in ROS. This hypothesis is further supported by a
study in which an increase in ROS levels were detected in HUVEC cells exposed to re-

oxygenation when measured using the DCF-DA dye (Therade-Matharan éf al., 2004).

As mentioned previously in this chapter, several studies have reported a decrease in ROS
levels when stressed under hypoxia (Archer éf al., 1989; Paky et al., 1993; Hool and
Arthur, 2002; Michelakis éf a/., 2002), while many other studies have reported an increase
in ROS levels in hypoxia (Hohler éf a/., 1999; Chandel ét al., 2000; Enomoto éf al., 2002;
Abramov éf al., 2007; Kolamunne éf a/., 2010; Li éf al., 2011). These contradictory results
could potentially be due to the different methodologies used when growing cells in hypoxia
or whether the cells were processed under normoxic or hypoxic conditions. The choice of
reagent being used to measure intracellular ROS levels may also play a role in the results
obtained. Additionally, the use of different cell lines and oxygen levels to grow cells in

hypoxia could be a contributing factor.

For example, when the reagents AmplexRed and DCF-DA were used to measure H,O, in
isolated lung tissue a decrease in ROS levels was shown (Michelakis éf al., 2002). The
AmplexRed reagent is specific for H,O,, while the DCF-DA reagent preferentially

measures H,O, but also detects other ROS species. Therefore, the results from the above
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study suggest that the production of H,O, decreases in hypoxia in tissues. In another study,
ROS was measured in the HOC2 embryonic rat heart-derived cells using the superoxide
specific reagent dihydroethidium (DHE) (Kolamunne éf a/., 2010). Interestingly, in this
study a non-significant decrease in ROS was shown after 30 minutes hypoxia while a
significant increase in ROS was detected after 4 hours hypoxia, indicating that the time of
hypoxic exposure might also result in different ROS levels. In combination these studies
illustrate that different ROS levels can be obtained when using tissues as compared to cell

lines and the reagents used may also influence the ROS levels measured.

4.4.2 Determining the oxygen concentration needed to elicit a

hypoxic response in the MDA-MB-231 cell line

At the commencement of this project the exact oxygen concentration needed to elicit a
hypoxic response in the MDA-MB-231 cell line was uncertain. Thus, it was important to
establish which oxygen concentration was needed to induce a hypoxic response before any
experiments using re-oxygenation or cycling hypoxia could be performed. Hypoxic studies
performed on the MDA-MB-231 cell line by other researchers have used oxygen
concentrations of 0.5% to 5% (Graham éf al., 1999; Postovit éf al., 2002; Oppegard éf al.,
2010). However, in a study by Graham and colleagues a stronger hypoxic response was
observed when growing MDA-MB-231 cells at a lower oxygen concentration (Graham éf
al., 1999). The LDH activity assay results described in the current study support this by
showing a higher LDH activity in cells stressed under 0.1% oxygen compared to 1%
oxygen. In fact, when growing the MDA-MB-231 cells in 1% oxygen no significant
increase in LDH activity was observed, indicating that 1% oxygen does not induce a

hypoxic response in this cell line.

As mentioned in chapter 1, the abnormal vascular growth occurring in tumors results in a
diminished delivery of both oxygen and nutrients (Folkman, 1971). As such, the

concentration of serum used in cell culturing media in /17 Vitro hypoxic studies also needs to
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be taken into consideration. Therefore culturing cells in media supplemented with both a
high and a low percentage of serum under conditions of hypoxia was assessed. The growth
rate of the MDA-MB-231 cells in response to 0.1% hypoxia were similar to normoxic
treated cells for up to 48 hours of growth when cultured in media supplemented with either
a high or a low percentage of FBS (Figures 4.3 and 4.4). Hence, the serum concentration
used in the cell culture media did not affect the growth rate of the MDA-MB-231 cells
under hypoxic conditions compared to normoxic treated cells for the 24 hours growth used

in subsequent experiments.

4.4.2 The thioredoxin system in hypoxia

Although many studies have reported an up-regulation of the thioredoxin system, and other
antioxidants, in hypoxic regions of tumors (Berggren éf a/., 1996; Kim éf al., 2003; Hedley
ét al., 2004), only a handful of research papers have directly showed an up-regulation of the
thioredoxin system by hypoxic exposure from /11 Vitro studies (Berggren éf al., 1996; Park
ét al., 2010). For example, one study showed via northern blots that thioredoxin and
thioredoxin reductase mRNA was up-regulated 14 and 4 fold, respectively, in HT-29 colon
cancer cells by hypoxic treatment (Berggren éf a/., 1996).The method used to grow cells
under hypoxia in this study was by flushing plastic culture flasks containing the cells with
humidified nitrogen gas purged of oxygen for a few hours after which the flasks were
sealed for the remainder of the experiment. Another study showed via western blots that
thioredoxin protein levels were up-regulated in both hEPC and HUVEC cells after hypoxic
exposure, while thioredoxin reductase protein expression was only increased in the hEPC
cells and decreased in the HUVEC cells (Park éf a/., 2010). Reverse transcription-PCR was
also used in this study to determine the mRNA levels of thioredoxin after hypoxic
exposure. A slight increase in mRNA was detected after 24 hours hypoxia in the hEPC cell
line while no change in thioredoxin expression was observed in the HUVEC cell line. The
method used to grow cells under hypoxia in this study was by placing the cells in a GasPak

pouch system, which utilizes a reagent sachet to produce a CO;-enriched anaerobic
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environment in a container that can be sealed off. The results from these studies suggest
that the thioredoxin system might be regulated differently in response to hypoxia in

different cell lines.

Moreover, neither of the studies mentioned above specified whether they processed the
cells under normoxic or hypoxic conditions or at which oxygen level they used for their
hypoxic studies. As the levels of oxygen was never monitored the increased levels of the
thioredoxin system observed may have been a result of a possible re-oxygenation exposure
at any time during the experiment or while the cells were being processed. In fact, it has
been shown that after as little as 30 seconds exposure of re-oxygenation results in an
increase in nuclear thioredoxin levels in HeLaS3 epithelial carcinoma cells (Jewell éf al.,
2001). This further illustrates the point that even a short period of exposure of hypoxic cells
to normal oxygen conditions can result in significantly different results and validates the
use of the glovebox to maintain hypoxic conditions at all times during the growth and
processing of the samples. In addition, as a contradiction to the previous studies, (Kim éf
al., 2003) showed by western blot that thioredoxin protein levels was up-regulated in
response to re-oxygenation but not by prolonged hypoxia (when using 0.05% oxygen) in
the A549 cell line. Consequently, whether the high levels of the thioredoxin system found
in hypoxic regions of tumors is a result of prolonged hypoxia or a response to the dynamic

changes in oxygenation occurring in tumors is still unclear.

In the current study, thioredoxin protein levels were determined in the MDA-MB-231 cells
after 16 hours hypoxic exposure, using the hypoxic c-chamber and glovebox to ensure re-
oxygenation did not occur. An increase in thioredoxin protein levels was clearly seen when
visually assessing the bands on the non-PC western blot (Figure 4.11A). However,
densitometry analysis of the bands obtained from several independent western blot
experiments (Figure 4.11B) showed this increase to be non-significant compared to
normoxic treated samples. Thus, thioredoxin protein levels did not significantly increase
after hypoxic exposure in the MDA-MB-231 cell line when cultured and processed using
the hypoxic chamber and glovebox. While this is inconsistent with some of the previous

hypoxic studies performed in other cell lines it should be noted that it is variable in the
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literature as to whether densitometry values are calculated and reported or whether
interpretations are made solely based on visualization of the bands on the western blot. Cell
line differences might also account for these varied experimental outcomes. However, the
results reported here are in agreement with the result obtained by (Kim éf a/., 2003)

indicating that perhaps thioredoxin does not significantly increase in hypoxia.

In addition to thioredoxin, the redox proteins Ref-1 and peroxiredoxins are also highly
expressed in hypoxic regions of tumors (Kim éf a/., 2003; Hedley éf al., 2004). Therefore,
it was of interest to assess whether they were regulated in a similar manner as that of
thioredoxin in response hypoxia. Interestingly, no increase in Ref-1 or peroxiredoxin
protein levels was seen on the western blots (Figure 4.11A) and this was also confirmed by
densitometry analysis (Figure 4.11B). These results suggest that hypoxia does not up-
regulate the protein expression of Ref-1 and peroxiredoxin in the MDA-MB-231 cell line.
Similar results for peroxiredoxin 1 were observed by (Kim éf a/., 2003) in the A549 cell
line cultured in hypoxia. However, in a study investigating the protein levels of Ref-1 in
hypoxia (Yao éf al., 1994) different results were obtained compared to the data presented in
the current study. In that study a markedly increase in Ref-1 protein levels was seen after
hypoxic exposure for 8 hours in the human adenocarcinoma cell line compared to normoxic

cells (Yao et al., 1994).

When assessing cellular viability of the MDA-MB-231 cells after hypoxic exposure a
significant decrease in viability was observed compared to cells grown in normoxia (Figure
4.8). A decrease in cellular viability in response to hypoxia has also been shown by other
researchers (Park éf al., 2010; Li éf al., 2011). In addition, the cell morphology of the
MDA-MB-231 cells was altered in response to hypoxia with cells showing a more rounded
morphology compared to normoxic treated cells (Figure 4.6), indicating that the cells were
stressed. Since an increase in thioredoxin levels is usually associated with an increase in
cell survival these results suggest a correlation between the observed non-significant

increase in thioredoxin levels and a decrease in cell viability in response to hypoxia.

162



As the protein expression of thioredoxin, peroxiredoxin or Ref-1 were not significantly up-
regulated in hypoxia the high levels of these proteins found in hypoxic regions of tumors
could therefore be as a response to the dynamic changes in oxygenation occurring in
tumors. To investigate this, protein expression levels were also examined in response to re-
oxygenation (discussed in section 4.4.3) and cycling hypoxia (discussed in section 4.4.4),
which are /n vitro conditions that are suited to mimic the unstable oxygenation milieu of a

tumor.

4.4.3 The thioredoxin system in hypoxia/re-oxygenation (Non-PC)

While only a few /n Vitro studies have been performed on the thioredoxin system in
response to hypoxia even less studies have been undertaken in response to re-oxygenation.
For example, in the same study that showed no change in thioredoxin protein levels in
hypoxia (Kim éf al, 2003), an increase in thioredoxin protein and mRNA levels were
observed in response to re-oxygenation by western blot and northern blot, respectively.
However, in another study a clear decrease in both thioredoxin and thioredoxin reductase
protein levels were observed in response to re-oxygenation treatment (Kim éf a/., 2010).
Interestingly, both these studies were performed in the A549 lung cancer cell line. The
oxygen concentration used to induce the hypoxic response however differed between the
studies, with 0.05% oxygen used in the study showing an increase in thioredoxin levels
(Kim et al., 2003) while 0.2% oxygen was used in the study showing a decrease in
thioredoxin levels (Kim éf a/., 2010).

In the current study, thioredoxin protein levels were assessed in the MDA-MB-231 cells
after 2, 4 and 6 hours re-oxygenations. An increase in thioredoxin protein levels was clearly
seen when visually assessing the bands on the non-PC western blot (Figure 4.11A), with 4
hours re-oxygenation showing the highest levels. Densitometry analysis of the bands
obtained from several independent western blot experiments (Figure 4.11B) showed the

increase to be non-significant when comparing the mean values of all the treatments using a
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one-way ANOVA. As the reported levels of thioredoxin in the published literature have
compared each oxygen treatment separately back to normoxia a one-sample t-test was also
performed so that the data reported in this thesis could be more easily compared with the
data presented in published reports. As such, when comparing the protein levels for each
individual re-oxygenation treatment with the normoxic sample the increase in thioredoxin
levels obtained after 4 hours re-oxygenation showed to be statistically significant. Hence,
the thioredoxin levels obtained after re-oxygenation treatment in this current study is in
parallel to the results obtained by (Kim éf al., 2003), with re-oxygenation showing an

increase in thioredoxin protein expression.

When assessing the peroxiredoxin protein levels after 2, 4 and 6 hours re-oxygenation an
increase was also clearly seen when visually assessing the bands on the non-PC western
blot (Figure 4.11A). Although an increase can be seen it was not enough of an increase to
be statistically significant. Other studies investigating the expression of peroxiredoxins in
response to re-oxygenation have found variable results depending on which peroxiredoxin
was examined. For example, in one study an increase in peroxiredoxin 1 was observed after
re-oxygenation treatment by western blot (Kim éf a/., 2003) while another study showed
that the expression of both peroxiredoxin 1 and 5 were up-regulated by re-oxygenation but
not the peroxiredoxins 2, 3 and 4 (Shiota éf a/., 2008) in human prostate cancer PC3 cells.
While antibodies were used in these studies to detect specific peroxiredoxins the
peroxiredoxin antibody used in the current study detected all the peroxiredoxins present in
the cell, which might explain why different results were seen. Also, since the trend shows
increased peroxiredoxin protein levels after re-oxygenation exposure more repeats could be

performed to determine if a statistical significant increase can be obtained.

When Ref-1 protein levels were assessed in the current study via western blots after re-
oxygenation treatment no change in protein levels was observed. Since thioredoxin
regulates Ref-1 it is perhaps not surprising that Ref-1 protein levels shared a non-statistical
significant increase with thioredoxin after hypoxia and re-oxygenation exposure in the
MDA-MB-231 cells. However, this is not in agreement with another study investigating the
protein levels of Ref-1 in response to hypoxia and re-oxygenation in the human

adenocarcinoma HT29 cell line (Yao éf al., 1994). In that study an obvious increase in Ref-
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1 was seen in response to hypoxia while re-oxygenation exposure resulted in a marked
decrease in Ref-1 levels, although the levels obtained after re-oxygenation exposure were

still higher than that seen for normoxic treated cells.

While there are only a few /11 Vitro studies investigating the expression of thioredoxin in
response to hypoxia and re-oxygenation, as discussed above, there are also some /17 Vivo
studies that have focused on thioredoxin in response to ischemia/reperfusion injury of the

heart.

Myocardial ischemia/reperfusion causes cardiomyocytes to face conditions that drastically
alter their redox status by changing from a low oxygen environment to oxidative stress
(Meerson €t al., 1982), similar to that of hypoxia/re-oxygenation. As a result reperfusion of
ischemic myocardium produces ROS and results in apoptotic cell death leading to an
infracted heart. Although reperfusion leads to oxidative stress and an increase in oxidative
damage in cardiomyocytes, thioredoxin protein levels have been shown to be down-
regulated after ischemia/reperfusion (Turoczi é€f 4/, 2003). Numerous studies have
demonstrated that the excessive production of ROS in combination with a drastic decrease
in thioredoxin play a role in the pathophysiology of ischemic heart disease (Das and

Maulik, 1994).

As hypoxia/re-oxygenation mimics the ischemia/reperfusion response it was also of interest
to assess the levels of ROS in cells exposed to hypoxia/re-oxygenation. As mentioned
earlier, in this study an increase in ROS levels was seen after re-oxygenation treatment
(Figure 4.10A). This correlates with results obtained from ischemia/reperfusion treated rat
hearts (Turoczi éf al., 2003; Gurusamy éf al., 2007). However, when assessing the cellular
viability different results were obtained compared to that observed for the
ischemia/reperfusion injury. In the current study, hypoxic exposure resulted in a decrease in
cellular viability while during the re-oxygenation treatments the cells were recovering with
the cellular viability returned to that similar to normoxic cells (Figure 4.8). A similar trend

was seen when assessing the cell morphology (Figure 4.6). In the study on
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ischemia/reperfusion injury an increase in apoptotic cell death was seen in response to

reperfusion treatment instead (Turoczi éf /., 2003; Gurusamy éf al., 2007)

The differences observed in cellular viability could potentially be correlated to the different
levels of thioredoxin observed in response to re-oxygenation compared to the reperfusion
treatment, as an increase in thioredoxin levels is usually associated with an increase in cell
survival. As mentioned above, an increase in thioredoxin levels was observed after 4 hours
re-oxygenation (Figure 4.11) in the current study, while a decrease in thioredoxin levels
was observed after reperfusion (Turoczi éf /., 2003; Gurusamy éf a/., 2007). This increase
in thioredoxin protein levels after re-oxygenation may be as a response to the increase in

ROS levels also observed after 4 hours re-oxygenation (Figure 4.10A).

4.4.4 The thioredoxin system in cycling hypoxia (PC treatment)

As mentioned in chapter 1, most studies on cycling hypoxia have focused on the regulation
of HIF-1 and angiogenesis (Yuan éf a/., 2005; Semenza and Prabhakar, 2007), while most
of the available data regarding antioxidants and cycling hypoxia come from studies of
ischemia/reperfusion in cardiac disease (Maulik éf /., 1998a; Maulik éf a/., 1999a; Maulik
et al., 1999b; Maulik et al., 2000; Maulik and Das, 2002). Hearts can be pre-conditioned
(PC) by challenging them with sub-lethal duration of repeated ischemia and reperfusion
that render them tolerant to subsequent lethal ischemia and reperfusion (Sato éf al., 2000;
Das, 2001). Thus, ischemic PC treatment converts the ischemic/reperfusion-induced death
signal into a survival signal. While ischemia/reperfusion reduces the levels of thioredoxin
in the heart, ischemic PC has been shown to induce the expression of thioredoxin (Turoczi
et al., 2003). In addition, the expression of Ref-1 has also been shown to be induced by
ischemic PC treatment of the heart (Turoczi éf al., 2003). In fact, the survival signal
provided by ischemic PC treated hearts has been correlated with over-expression of both
thioredoxin and Ref-1. Since dynamic changes in oxygenation occurs in tumors it was of

interest to investigate whether a similar regulatory mechanism to that of ischemic PC also
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occurs when exposing cells to several shorter cycles of hypoxia/re-oxygenation before a

longer hypoxic exposure followed by re-oxygenation.

When protein levels of thioredoxin, peroxiredoxin and Ref-1 were assessed in the current
study via western blots after exposing the MDA-MB-231 cells to PC-hypoxic treatment a
slight increase was shown for all three proteins. However, densitometry analysis of the
bands obtained from several independent western blot experiments (Figure 4.11B) showed
the increase to be non-significant. Cycling hypoxia has been shown to induce higher levels
of HIF-1a compared to prolonged hypoxia (Yuan éf al., 2005; Semenza and Prabhakar,
2007). Since no significant change in the expression of thioredoxin, peroxiredoxin or Ref-1
was seen in the current study after cycling hypoxia followed by prolonged hypoxia in the

MDA-MB-231 cell line it suggests that they are not regulated by HIF-1.

When the expression of thioredoxin, peroxiredoxin and Ref-1 were assessed in response to
re-oxygenation following PC-hypoxic treatment some interesting results were obtained.
While no significant change in protein levels was detected for peroxiredoxin, both
thioredoxin and Ref-1 protein levels were significantly up-regulated after 4 hours re-
oxygenation (Figure 4.12) when each protein was analysed using a one-way ANOVA
across the different oxygenation exposure length. In addition, thioredoxin levels were also
significantly up-regulated after both 2 and 4 hours re-oxygenation compared to normoxic

samples when analysed by a student t-test (Figure 4.12).

Interestingly, when comparing the protein levels from non-PC and PC treated MDA-MB-
231 cells the increase in thioredoxin and Ref-1 protein expression observed after re-
oxygenation were significantly higher in the cells exposed to PC (Figure 4.13). In fact, a
two-way ANOVA analysis showed that both the time of re-oxygenation (with PC-H being
equivalent to 0 hours re-oxygenation) and whether cells had undergone PC treatments were
statistically significant for thioredoxin, while only PC treatment was significant for Ref-1.
This data strongly supports the hypothesis that cycling hypoxia results in a higher up-
regulation of thioredoxin than hypoxia or re-oxygenation. The PC-H/R induced levels of
thioredoxin and Ref-1 correlates with data obtained from ischemic PC treatment (Turoczi éf

al., 2003).
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The survival signal provided by ischemic PC treated hearts has not only been correlated
with an up-regulation of thioredoxin and Ref-1 but also with a decrease in oxidative
damage as assessed by measuring the MDA (malonaldehyde) content of the heart (Turoczi
et al., 2003; Gurusamy éf al., 2007). In the current study the increase in thioredoxin and
Ref-1 protein levels observed in PC-H/R 4h treated cells did not have an effect on the
cellular viability (Figure 4.8) or ROS levels (Figure 4.10). As can be seen in Figure 4.8 the
cell viability after H/R 4h and PC-H/R 4h is very similar and the ROS levels seen in PC-
H/R 4h and H/R 4h treated cells (Figure 4.10A and Figure.10B) also shows similar
increased levels. While the increase in thioredoxin and Ref-1 protein levels in PC-H/R
treated cells did not lower the ROS levels compared to H/R treated cells, a decrease in

oxidative damage might still have occurred. This would be interesting to study in the future.

In summary, the results presented in the current study strongly support the hypothesis that
the dynamic changes in oxygenation occurring in tumors results in higher levels of
thioredoxin. In this study 4 short cycles of hypoxia/re-oxygenation was used to induce a PC
response. It should be noted that tumors undergo cycling between hypoxia and re-
oxygenation throughout their lifespan. Hence, the extremely high levels of thioredoxin
often observed in tumors could be due to the continued cycling of low and high levels of
oxygen. The fact that high levels of thioredoxin in cancer is associated with aggressive
tumor growth, decreased patient survival and resistance to anti-cancer treatment further
emphasizes the important role that the unstable oxygen environment has in regulating the

behaviour of cancer cells.
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5.1 Introduction

The thioredoxin system is one of the key antioxidant systems in the cell that performs
multiple functions. It plays important roles in maintaining the redox homeostasis within the
cell which is crucial for cell survival. Elevated protein levels of both thioredoxin and
thioredoxin reductase are often present in many human primary cancers and this high
expression is associated with aggressive tumor growth (Kim éf al., 2003; Ceccarelli éf al.,
2008; Cha et al., 2009), as well as decreased patient survival and resistance to anti-cancer
treatments (Iwao-Koizumi éf a/., 2005; Kim éf a/., 2005; Lu éf al., 2007). The fact that the
expression of the thioredoxin system is dictated by the levels of oxygen present within the
cell and that the tumor environment is usually under either oxidative or hypoxic stress, as
discussed in chapter 1, it is quite puzzling that not much is known about the regulation of

the thioredoxin system promoters in response to hypoxia or cycling hypoxia.

As reported in chapter 4 in the current study, thioredoxin protein levels were not
significantly altered in response to hypoxic treatment in the MDA-MB-231 cells, while
hypoxia followed by 4 hours re-oxygenation treatment resulted in a slight increase in
thioredoxin levels. However, the most interesting finding was that cells that had undergone
cycling hypoxia before the hypoxia followed by re-oxygenation treatment showed
significantly higher levels of thioredoxin. Due to the fact that thioredoxin and thioredoxin
reductase are mostly regulated by the induction of their gene expression in response to
cellular stresses, the results obtained in chapter 4 raises the question whether the

thioredoxin system promoters are regulated in a similar fashion.

In order to fully understand the role of the thioredoxin system in cancer an increased
understanding of the regulatory mechanisms involved in their gene expression in response
to the diverse oxygenation environments existing in tumors are necessary. Therefore, the
aim described in this chapter was to investigate the transcriptional regulation of the
thioredoxin system promoters in response to oxygen growth conditions that mimics the
tumor environment. This will be achieved by performing luciferase reporter assays on both

the thioredoxin and thioredoxin reductase promoters in response to different oxygen growth
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conditions, including hypoxia, re-oxygenation and cycling hypoxia which have been
described in Chapter 4 (Section 4.3.2.1). In addition, initial investigation will be performed
to determine if Nrf-2 is involved in the regulation of the thioredoxin promoter under

hypoxia and re-oxygenation exposure.
Therefore, to summarise the aims undertaken in this chapter:

e Investigate the transcriptional activation of the human thioredoxin and the core
thioredoxin reductase promoter regions in response to different oxygen growth
conditions that mimics the tumor environment, including hypoxia, re-oxygenation

and cycling hypoxia.

e Investigate if the Nrf-2 pathway is involved in the transcriptional activation of the
human thioredoxin promoter region in response to different oxygen growth
conditions that mimics the tumor environment, including hypoxia and re-

oxygenation.
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5.2 Results

5.2.1 Thioredoxin System Promoter Activity in non-PC treated
Cells.

To investigate how the thioredoxin and the core thioredoxin reductase promoters are
regulated in response to hypoxia and re-oxygenation luciferase reporter assays were
performed using the Trx.Prom1068 thioredoxin promoter constructs and the pGL3-TrxR
promoter construct. The pGL3-HRE (section 3.2.2) and the pGL3-basic constructs (Table
2.1) were also transfected into the MDA-MB-231 cells and used as a positive control for
hypoxia and control for background readings, respectively. As the second aim in this
chapter was to determine if the Nrf-2 pathway is involved in the transcriptional activation
of the human thioredoxin promoter region in response to different oxygen growth
conditions two more thioredoxin promoter constructs were also transfected into the cells.
The two extra constructs used were the Trx.Prom670, which contains the ARE element, and

Trx.Prom547, which does not contain the ARE element.

All the constructs were transiently transfected into the MDA-MB-231 breast cancer cell
line for 5 hours. Then cells were grown in 0.1% hypoxia for 16 hours or in 0.1% hypoxia
for 16 hours followed by either 4 or 24 hours of re-oxygenation treatment. After exposure
to the different oxygen growth conditions the activity from the luciferase reporter
constructs was measured using luciferase assays (2.2.6.2). The luciferase reporter assays
were performed in triplicate and repeated three times and the luciferase activity normalized
using total protein levels. To analyse both basal and induced levels of promoter activity the
data is expressed as the average firefly luciferase activity (RLU= relative light units) and is
shown in Figure 5.1A. To compare the fold induction between the different promoter
constructs the data is also expressed as average fold induction in luciferase activity relative

to un-induced cells and is shown in Figure 5.1B.
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Figure 5.1: Thioredoxin and thioredoxin reductase promoter activity from non-PC treated
cells. Luciferase reporter assays were performed on lysates from MDA-MB-231 cells
transfected with either different thioredoxin promoter-luciferase constructs or a thioredoxin
reductase promoter construct in response to non-PC oxygen growth conditions. Three
independent experiments were each conducted in triplicate, with luciferase activity
normalized by total protein content for each sample. Data are expressed as mean = SEM. A
one-way ANOVA followed by Tukey’s Post-Hoc test was performed separately for each
promoter construct. A): Relative light units from the thioredoxin and thioredoxin promoters
of non-PC treated cells. B): Fold inductions of the thioredoxin and thioredoxin promoters
of non-PC treated cells. An asterisk indicates treated samples that show statistical
significant differences with their respective normoxic samples (p<0.01); a # indicates re-
oxygenation samples that show significant differences compared to their respective hypoxic
treated sample (p<0.01). RLU=relative light units.
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As shown in Figure 5.1 the thioredoxin promoter construct Trx.Prom1068, which contains
both the ARE and ORE element, and the thioredoxin reductase promoter both showed a
decrease in promoter activity after hypoxic treatment for 16 hours, although it was not
statistically significant. The promoter activity from the other two thioredoxin promoter
constructs, Trx.Prom 670 and Trx.Prom547, was not altered in hypoxia relative to their
normoxic treated samples. However, as expected, the pGL3-HRE positive control vector
for hypoxia showed a clear increase in promoter activity in response to hypoxic treatment

(Figure 5.1), indicating that the cells have successfully instigated a hypoxic response.

Re-oxygenation treatment of the cells for 4 hours resulted in a significant increase in
promoter activity for the thioredoxin reductase promoter (Figure 5.1) relative to both the
normoxic and hypoxic treated samples. However, for the thioredoxin promoter only the two
promoter constructs containing the ARE element (Trx.Prom1068 and Trx.Prom670)
showed a significant increase in promoter activity relative to both the normoxic and
hypoxic treated samples. This suggests that the Nrf-2/ARE pathway might be involved in

up-regulating the thioredoxin promoter in response to 4 hours re-oxygenation.

When the cells were exposed to re-oxygenation for 24 hours even higher levels of promoter
activity was detected for the thioredoxin reductase and thioredoxin promoters compared to
that obtained from the shorter 4 hours re-oxygenation exposure (Figure 5.1). In addition,
the Trx.Prom547 construct, which does not contain an ARE element, also exhibited a
significant increase in promoter activity after 24 hours re-oxygenation, indicating that the
core thioredoxin promoter region is also involved in regulating the induction of the

thioredoxin promoter in response to a longer re-oxygenation exposure.

The pGL3-HRE positive control vector for hypoxia also showed an increase in promoter
activity after 4 hours re-oxygenation relative to the hypoxic treated sample. However, after
24 hours re-oxygenation the promoter activity for the pGL3-HRE construct decreased

significantly (Figure 5.1).
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5.2.2 Thioredoxin System Promoter Activity in PC-treated Cells.

To investigate if cycling hypoxia is involved in regulating the transcriptional activity of the
thioredoxin and the core thioredoxin reductase promoters, luciferase reporter assays were

performed using the same promoter constructs as that used above in section 5.2.1.

All the constructs were transiently transfected into the MDA-MB-231 breast cancer cell
line for 5 hours. Then cells were exposed to cycling hypoxia, as previously described in
chapter 4, after which the cells were further grown in 0.1% hypoxia for 16 hours or in 0.1%
hypoxia for 16 hours followed by either 4 or 24 hours of re-oxygenation treatment. After
exposure to the different cycling oxygen growth conditions the activity from the luciferase
reporter constructs was measured using luciferase assays (2.2.6.2). The luciferase reporter
assays were performed in triplicate and repeated three times and the luciferase activity
normalized using total protein levels. To analyse both basal and induced levels of promoter
activity the data is expressed as the average firefly luciferase activity (RLU= relative light
units) and is shown in Figure 5.2A. To compare the fold induction between the different
promoter constructs the data is also expressed as average fold induction in luciferase

activity relative to un-induced cells and is shown in Figure 5.2B.

As shown in Figure 5.2 the thioredoxin promoter construct Trx.Prom1068, which contains
both the ARE and ORE element, showed a decrease in promoter activity after PC-hypoxic
treatment for 16 hours. The promoter activity from the other two thioredoxin promoter
constructs, Trx.Prom670 and Trx.Prom547, was not altered in PC-hypoxia relative to their
normoxic treated samples. Also, no change in promoter activity was detected for
thioredoxin reductase relative to normoxia in response to PC-hypoxic treatment. These
results for the thioredoxin system promoters are similar to that obtained for non-PC treated
samples (Figure 5.1), suggesting that PC treatment before prolonged hypoxic exposure does

not have an effect on the thioredoxin system transcriptional activation.
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Figure 5.2: Thioredoxin and thioredoxin reductase promoter activity from PC treated cells.
Luciferase reporter assays were performed on lysates from MDA-MB-231 cells transfected
with either different thioredoxin promoter-luciferase constructs or a thioredoxin reductase
promoter construct in response to PC oxygen growth conditions. Three independent
experiments were each conducted in triplicate, with luciferase activity normalized by total
protein content for each sample. Data are expressed as mean = SEM. A one-way ANOVA
followed by Tukey’s Post-Hoc test was performed separately for each promoter construct.
A): Relative light units from the thioredoxin and thioredoxin promoters of non-PC treated
cells. B): Fold inductions of the thioredoxin and thioredoxin promoters of non-PC treated
cells. An asterisk indicates treated samples that show statistical significant differences with
their respective normoxic samples (p<0.001); a # indicates re-oxygenation samples that
show significant differences compared to their respective hypoxic treated sample
(p<0.001). RLU=relative light units.
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The promoter activity obtained after PC-hypoxic treatment from the pGL3-HRE positive
control vector (Figure 5.2) showed a clear increase relative to the normoxic samples,

indicating that the cells had successfully instigated a hypoxic response.

Re-oxygenation exposure of the cells for 4 hours following the cycling hypoxic treatment
(PC-H/R 4h) resulted in a significant increase in promoter activity for the thioredoxin
reductase promoter (Figure 5.2) relative to both the normoxic and hypoxic treated samples.
For the thioredoxin promoter only the Trx.Prom1068 promoter construct showed a
significant increase in promoter activity relative to both the normoxic and hypoxic treated
samples after 4 hours re-oxygenation. However, after 24 hours re-oxygenation (PC-H 24h)
a significant increase in promoter activity was detected for all the three thioredoxin
promoter constructs tested, similarly to that obtained for non-PC treated samples that
underwent 24 hous re-oxygenation. Also, the thioredoxin reductase promoter (pGL3-TrxR)
showed a much higher promoter activity after PC-H/R 24h relative to PC-hypoxic or PC-
H/R 4h treated samples (Figure 5.2).

In summary, the thioredoxin system promoters are not up-regulated by hypoxia in the
MDA-MB-231 cells. However, re-oxygenation exposure results in an up-regulation of both
the thioredoxin and thioredoxin reductase promoters. This up-regulation is possibly due to
oxidative stress caused by the re-oxygenation exposure. Additionally, cycling hypoxia did

not have an effect on the transcriptional regulation of the thioredoxin system.

5.2.3 Thioredoxin Promoter Activity when Inhibiting Nrf-2.

When hypoxic cells are exposed to re-oxygenation they have to quickly adapt to cope with
going from having a low oxygen tension to a much richer oxygen environment. Hence, the
re-oxygenation exposure causes cellular oxidative stress. As discussed in chapter 1, the
thioredoxin promoter is known to be up-regulated in times of oxidative stress through the
Nrf-2/ARE pathway. Given that re-oxygenation causes oxidative stress and an increase in
thioredoxin promoter activity was observed in response to re-oxygenation treatment in the

previous result sections the possibility of Nrf-2 transcription factor being involved in this
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up-regulation was of interest. Therefore, initial thioredoxin promoter reporter assays were
performed in cells exposed to hypoxia and re-oxygenation using the Trx.Prom1068
thioredoxin promoter construct while targeting the Nrf-2 transcription factor. This was
achieved by co-transfecting the cells with a construct expressing a dominant negative form

of Nrf-2 (section 2.2.3.2). The pcDNA3 construct was co-transfected as a control.

All the constructs were transiently transfected into the MDA-MB-231 breast cancer cell
line for 5 hours. Then cells were grown in 0.1% hypoxia for 16 hours or in 0.1% hypoxia
for 16 hours followed by either 4 or 24 hours of re-oxygenation treatment. After exposure
to the different oxygen growth conditions the activity from the luciferase reporter
constructs was measured using luciferase assays (2.2.6.2). The experiment was performed
once with luciferase activity measured from three independent samples and the luciferase
activity normalized using total protein levels. To analyse both basal and induced levels of
promoter activity the data is expressed as the average firefly luciferase activity (RLU=
relative light units) and is shown in Figure 5.3A. To compare the fold induction between
the different promoter constructs the data is also expressed as average fold induction in

luciferase activity relative to un-induced cells and is shown in Figure 5.3B.
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Figure 5.3: Thioredoxin promoter activity while inhibiting Nrf-2 from non-PC treated cells.
Luciferase reporter assays were performed on lysates from MDA-MB-231 cells co-
transfected with Trx.Prom1068 and pdnNrf-2 in response to non-PC oxygen growth
conditions. The luciferase activity was normalized by total protein content for each sample.
Data are expressed as mean = SEM. A): Relative light units (RLU) from the thioredoxin
promoter of non-PC treated cells. B): Fold inductions of the thioredoxin promoter of non-
PC treated cells.
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As shown in Figure 5.3 the thioredoxin promoter construct Trx.Prom1068 co-transfected
with the control vector pcDNA3 showed a decrease in promoter activity after hypoxic
treatment for 16 hours, although it was not statistically significant. This result is in

agreement with that previously obtained for the hypoxic treated cells in section 5.2.1.

Re-oxygenation treatment of the cells for 4 hours resulted in a clear increase in promoter
activity for the Trx.Prom1068 (Figure 5.3) co-transfected with pcDNA3 relative to both the
normoxic and hypoxic treated samples. When the cells were exposed to re-oxygenation for
24 hours even higher levels of promoter activity was detected for the thioredoxin promoter
compared to that obtained from the shorter 4 hours re-oxygenation exposure (Figure 5.3).
Again this result is in agreement with that previously obtained for the re-oxygenated treated

cells in section 5.2.1.

When the cells were co-transfected with the pdnNrf-2 expressing construct no difference in
Trx.Prom1068 promoter activity was observed in response to hypoxic treatment relative to
the cells co-transfected with the control vector pcDNA3. However, when the cells were
exposed to either 4 hours or 24 hours re-oxygenation the cells being co-transfected with the
pdnNrf-2 construct did not show an increase in Trx.Prom1068 promoter activity relative to
normoxic treated samples. This trend suggests that Nrf-2 is involved in regulating the re-
oxygenation induced expression of the thioredoxin promoter, as the Trx.Prom1068
promoter construct contains the ARE element. However, the Nrf-2 transcription factor does
not seem to be involved in the hypoxic regulation of the thioredoxin promoter as no change

in promoter activity was detected in hypoxic treated cells when Nrf-2 was inhibited.
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5.3 Discussion

The tumor oxygen environment is highly unstable, switching between high and low oxygen
levels, due to abnormal vasculature (Folkman, 1971). As both thioredoxin and thioredoxin
reductase are highly expressed in these unstable oxygen tumor regions the aim of this
chapter was to investigate the transcriptional regulation of the thioredoxin system
promoters in response to oxygen growth conditions that mimic the tumor environment. The
promoter activity of both thioredoxin and thioredoxin reductase were investigated using
luciferase reporter assays in response to hypoxia and hypoxia followed by re-oxygenations,
as well as cycling hypoxic treatments preceding the hypoxic and hypoxic followed by re-

oxygenation treatments.

5.3.1 Non-PC treatment

The results described in this chapter have established that both the thioredoxin and the
thioredoxin reductase promoters are up-regulated in response to re-oxygenation exposure.
The promoter activity shown by the Trx.Prom1068 and pGL3-TrxR after both 4 hours and
24 hours re-oxygenation was significantly higher than both normoxia and hypoxia treated
samples (Figure 5.1). In addition, the hypoxic treated samples showed a slight decrease in
thioredoxin and thioredoxin reductase promoter activity, while the pGL3-HRE hypoxic
positive control construct showed a clear increase relative to their normoxic samples. This
suggests that the HIF-1 transcription factor is not involved in induced transcriptional
regulation of the thioredoxins system promoters in response to hypoxia in the MDA-MB-
231 cell line. However, further investigations are required to confirm this hypothesis. This
result is also in agreement with data obtained in chapter 4, which showed that thioredoxin

protein levels are not up-regulated during hypoxia in the MDA-MB-231 cell line.

When investigating the thioredoxin promoter three different promoter constructs were used

which contained either both the ORE or ARE elements (Trx.Prom1068), only the ARE
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element (Trx.Prom670) or none of the two elements (Trx.Prom547). Luciferase reporter
assays were performed utilizing these three different thioredoxin promoter constructs to
determine if the ARE and ORE elements are involved in the observed induced expression
of the thioredoxin promoter in response to re-oxygenation exposure. The results indicate
that the ARE element might be involved in this induction in response to re-oxygenation.
The promoter activity obtained from the thioredoxin promoter construct (Trx.Prom670),
also containing the ARE, showed a significant increase in promoter activity after 4 and 24
hours, similar to that shown by the Trx.Prom1068 construct (Figure 5.1), while the
promoter activity from the shorter thioredoxin promoter construct, Trx.Prom.547 (not

containing the ARE), was not induced after 4 hours re-oxygenations.

However, the thioredoxin promoter construct Trx.Prom.547 did show a significant increase
in promoter activity after 24 hours re-oxygenation. As the promoter region in the
Trx.Prom.547 construct contains the core thioredoxin promoter with three functional Spl
sites and a TATA box present (discussed in section 1.9.1) this suggests that the core
promoter region also plays a part in the up-regulation of the thioredoxin promoter in
response to a longer re-oxygenation exposure. Previous reports have found that the Spl
sites have a role in the oxidative stress activation of the thioredoxin promoter (Osborne éf
al., 2006). Luciferase reporter assays using thioredoxin promoter constructs with a mutated
ARE element performed in MDA-MB-231 cells showed that the promoter retained a
significant induced activity of the thioredoxin promoter in response to tBHQ, although the
induction folds were much lower than that obtained from a non-ARE mutated thioredoxin

promoter (Osborne éf a/., 2006).

The Nrf-2 transcription factor is known to bind to the ARE element in the thioredoxin
promoter and induce its activity in response to oxidative stress. As re-oxygenation results in
cellular oxidative stress initial reporter assays were performed to further elucidate the
involvement of the ARE element in the observed induction of the thioredoxin promoter in
response to re-oxygenation. A dominant negative Nrf-2 expressing construct was co-
transfected with the Trx.Prom1068 construct into MDA-MB-231 cells, which were then
exposed to hypoxia and re-oxygenation. After both 4 and 24 hours re-oxygenation exposure

the Trx.Prom1068 construct displayed a repressed promoter activity relative to the control
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pcDNA3 co-transfected cells (Figure 5.3). This result further supports the hypothesis that
the ARE element, via binding of Nrf-2, is involved in regulating the induced expression of
the thioredoxin promoter in response to re-oxygenations exposure. It should be mentioned

that this experiment was performed once in triplicate and therefore needs to be repeated.

5.3.2 PC Treatment

As reported in chapter 4 in the current study, thioredoxin protein levels in cells that had
undergone cycling hypoxia preceding the hypoxia followed by re-oxygenation treatment
showed significantly higher levels of thioredoxin than the non-PC treated cells (Figure
4.13). Therefore, to investigate if cycling hypoxia is involved in regulating the
transcriptional activity of the thioredoxin and the core thioredoxin reductase promoters

luciferase reporter assays were performed.

The results obtained from these reporter assays suggests that cycling hypoxic exposure
before prolonged hypoxia does not affect the promoter activity of thioredoxin or
thioredoxin reductase promoters. No difference in promoter activity was observed for
thioredoxin or thioredoxin reductse after PC-hypoxic treatment (Figure 5.2) compared to
the non-hypoxic treated cells (Figure 5.1). This results is also reflected in chapter 4 where
cycling hypoxia preceding a prolonged hypoxic exposure did not have a significant affect

on thioredoxin protein levels (Figure 4.13.).

When the cells were exposed to PC-H followed by re-oxygenation (PC-H/R) no difference
in promoter activity was detected for the thioredoxin or thioredoxin reductase promoters
(Figure 5.2) compared to the non-PC treated samples (Figure 5.1). Hence, this result
suggests that cycling hypoxia does not affect the transcriptional regulation of the
thioredoxin system promoters in response to re-oxygenation. As the results reported in
chapter 4 clearly shows that cycling hypoxia affects the thioredoxin protein levels in

response to re-oxygenation other regulatory mechanisms could be involved.
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CHAPTER

6

FINAL DISCUSSION



6.1 Summary of Results
The major results obtained from studies detailed in this thesis are outlined below:

e Serum choice, particularly with respect to selenium concentration, for culturing cell

lines influences experimental outcomes.

e Luciferase reporter assays revealed the presence of a potential repressor element in
the thioredoxin promoter involved in repressing its basal and oxidative stress

induced expression.

e In response to oxidative stress MDA-MB-231 breast cancer cells with a
compromised thioredoxin system compensate by inducing even higher levels of

thioredoxin and thioredoxin reductase.

e In MDA-MB-231 cells hypoxia and PC-H results in a decrease in ROS levels and
cellular viability compared to normoxia, while H/R and PC-H/R results in increased

ROS levels and cell viability compared to normoxia and hypoxia.

e MDA-MB-231 cells grown under hypoxia and PC-H did not show an increase in

thioredoxin, peroxiredoxin or Ref-1 protein levels.

e MDA-MB-231 cells grown under H/R and PC-H/R showed an increase in

thioredoxin protein levels.

e MDA-MB-231 cells grown under PC-H/R showed a significantly higher increase in

thioredoxin and Ref-1 proteins than cells grown under H/R.

e Thioredoxin and thioredoxin reductase promoters are not up-regulated in MDA-

MB-231 cells grown under hypoxia and PC-H.

e Thioredoxin and thioredoxin reductase promoters are significantly up-regulated in

MDA-MB-231 cells grown under H/R and PC-H/R.

e The H/R induced expression of the thioredoxin promoter was inhibited in cells

overexpressing a dominant negative form of Nrf-2.
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6.2 Discussion

For many years hypoxia has been well known to be a common feature of tumors and is
implicated as a contributor to the malignant phenotype of cancers. Hypoxia activates HIF-1
which promotes the expression of numerous genes that function to improve oxygenation
through erythropoiesis and angiogenesis (Semenza, 2003). The importance of HIF-1 in the
growth and behaviour of tumors have been extensively investigated. While hypoxia is a
common feature of tumors a common misconception is that tumors consist of a central
hypoxic core surrounded by better-oxygenated cells. In reality, hypoxia can be seen in all
areas of the tumor and even around every individual blood vessel. Oxygenation within a
tumor is also highly heterogeneous with respect to oxygen concentration (Evans éf al.,
2001; Kaanders éf al., 2002; Ljungkvist éf al., 2005). In addition, the vasculature in tumors
is often poorly developed resulting in dynamic changes in blood flow, which also
influences the oxygenation state of the tumor (Durand and Aquino-Parsons, 2001; Lanzen
et al., 2006) Hence, the oxygenation patterns in tumors are highly complex, with many
areas of a tumor subjected to periodic changes in oxygenation leading to exposure to

hypoxia followed by re-oxygenation.

While a large number of research papers have been published focusing on the effect of
hypoxia in tumors very little is known about the contribution of re-oxygenation to the
malignant phenotype of cancers. However, as re-oxygenation is believed to cause oxidative
stress antioxidants most likely play an important role during this oxygenation state of the
tumor. As discussed in chapter 1, the thioredoxin system is one of the major antioxidant
systems in the cell and is highly elevated in many cancers. Like hypoxia, the extremely
high levels of the thioredoxin system in tumors have been implicated as a contributor to the
malignant phenotype of cancers (Farina éf a/., 2001; Lincoln éf a/., 2003; Chaiswing éf al.,
2007; Ceccarelli éf al., 2008).

The thioredoxin system is known to be up-regulated in response to oxidative stress induced
by different chemicals, such as tBHQ (Hintze éf al., 2003; Osborne éf al., 2006). This

increase is mainly regulated on a transcriptional level via the binding of the Nrf-2
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transcription factor to an ARE element in the thioredoxin and thioredoxin reductase
promoters (Kim éf al., 2001; Sakurai éf al., 2005). Previous studies performed on the
thioredoxin system promoters in response to oxidative stress have revealed that complex
regulatory mechanisms are involved. While there are a few published research papers
investigating the protein and mRNA expression levels of the thioredoxin system (see 4.4.2)
in response to hypoxia there are no studies investigating their transcriptional regulation
during hypoxia or in response to re-oxygenation. Since the thioredoxin system is highly
expressed in cancers, further study is needed to fully understand the regulatory mechanisms
involved in their induced expression in response to the different oxygen conditions that
occurs in tumors. Hence the overall aim of this thesis was to investigate how the expression
of the thioredoxin system is regulated under oxygen conditions that mimic the tumor

environment.

Initially, oxidative stress was used to further elucidate the regulatory mechanisms involved
in the regulation of the thioredoxin system promoters. Thioredoxin promoter reporter
assays were performed in MDA-MB-231 cells in response to tBHQ induced oxidative
stress. The results revealed the presence of a possible repressor element in the thioredoxin
promoter. A repressed promoter activity of the Trx.Prom773 construct was observed after
both basal and tBHQ induced oxidative stress compared to the Trx.Prom670 construct,
which did not contain the potential repressor element. Another interesting observation was
that the Trx.Prom942, which contains a longer promoter region than the Trx.Prom773
construct (including the potential repressor) did not seem to be affected by the repressor
region. The promoter activity from this thioredoxin promoter construct were similar to that
detected for the Trx.670 under both basal and tBHQ treatment, which suggests that the
thioredoxin promoter activity had been de-repressed by an element further up-stream of the
repressor. Analysis of the thioredoxin promoter region for potential promoter elements
using Matlnspector revealed two possible repressor candidates. The two candidates were a
Neuron-restrictive silencer element and an AP4 binding site both of which have been
shown to function as a repressor (Kim &t a/., 2006; Jung ét al., 2008). Also, a fork head
element was found further up-stream in the Trx.Prom942 promoter region. The fork head
protein FOXO3A has been shown to activate the antioxidant gene peroxiredoxin 3 through

this element during oxidative stress (Chiribau éf a/., 2008) and therefore is a possible de-
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repressor candidate. However, further studies are required to determine whether either of

them is involved in regulating the thioredoxin promoter.

Thioredoxin system promoter studies were also performed in response to tBHQ induced
oxidative stress in MDA-MB-231 cells having a compromised thioredoxin system. The
results revealed that the promoter activity of both thioredoxin and thioredoxin reductase
were induced above that obtained by tBHQ induced oxidative stress alone. Similar results
were obtained by Osborne éf al, (2006) when investigating the promoter activity of
thioredoxin in response to tBHQ in MDA-MB-231 cells stably transfected with a dominant
negative redox inactive thioredoxin protein. As discussed in chapter 1, both thioredoxin and
thioredoxin reductase have been put forward as potential targets for chemotherapy drugs,
with several tested in clinical trials (Arner and Holmgren, 2006; Mukherjee and Martin,
2008; Tonissen and Di Trapani, 2009). However, the results described above suggests that
cells respond by producing even more thioredoxin and thioredoxin reductase when the
thioredoxin system is targeted, especially in times of oxidative stress which will have

consequences regarding the effectiveness of the drugs.

Similar to the thioredoxin system, several different therapies have also been put forward to
target HIF-1 as its expression is highly implicated as a contributor to the malignant
phenotype of cancers. Interestingly, when tumors derived from Ras transformed MEFs had
a knockdown of HIF-la no difference in vascular density compared to their wild-type
counterparts was observed (Ryan éf al., 2000). The same result was obtained in HIF-1
knockdown tumors (Li éf al, 2005). Another study showed that the pro-angiogenic
cytokine interleukin-8 (IL-8) is induced in cells lacking HIF-1 (Mizukami éf a/., 2005) and
therefore IL-8 is believed to have a compensatory role in preserving the angiogenic
response under this adverse condition. These results indicate that a single target drug (such
as thioredoxin reductase or HIF-1) may not provide effective results. Therefore, it may be

worth targeting multiple targets.

The second part of this thesis focused on investigating the expression of the thioredoxin
system under different oxygen growth conditions to better mimic the tumor oxygen
environment, in contrast to using a chemical to induce an oxidative stress response. As

hypoxic studies had not previously been performed in our laboratory characterization of the
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MDA-MB-231 cell in response to hypoxia and re-oxygenation was first required, as well as
the setup of the hypoxic equipment, which was acquired during the period of these studies.
The results of this project showed that 0.1% hypoxia was necessary to elicit a hypoxic

response in the MDA-MB-231 cell line, as determined by performing LDH activity assays.

Cells grown under hypoxia showed a decrease in ROS levels and cell viability relative to
normoxic cells. This is contrary to the general consensus, with a large number of reports
showing an increase in ROS levels in hypoxia (Kolamunne éf 4/., 2010; Tulsawani éf al.,
2010; Li ef al., 2011). This could possibly be explained by the fact that different cell lines
or tissues, oxygen levels, hypoxic equipment and ROS detection methods have been used,
which has been discussed in more detail in chapter 4 (see 4.4.1). However, the results
reported in this thesis demonstrated that hypoxic conditions need to be maintained
throughout the whole experimental procedure including the processing of the cells after the
initial hypoxic exposure. Processing hypoxic treated cells under normal oxygen conditions
resulted in significantly different ROS levels compared to cells that were processed in a

hypoxic environment (inside a hypoxic glovebox).

Cells grown under H/R showed ROS levels that were significant higher than both normoxic
and hypoxic cells and an increase in cell viability similar to that detected in normoxic cells.
The increase in ROS levels in response to the re-oxygenation exposure suggests that the
cells underwent oxidative stress. Interestingly, the levels of thioredoxin protein were also
up-regulated in cells that were grown under H/R. As hypoxia alone did not show a
statistical increase in thioredoxin protein levels, this suggests that thioredoxin expression is
induced in response to the re-oxygenation exposure. This hypothesis was also supported by
thioredoxin promoter reporter assays in cells grown under hypoxia and H/R. Hypoxic
treated cells did not show a significant change in thioredoxin promoter activity relative to
normoxic cells while H/R treated cells showed a significant increase. The thioredoxin
reductase promoter was also investigated in response to hypoxia and H/R and mimicked the
promoter activity observed for thioredoxin. A detailed discussion of thioredoxin expression
during hypoxia and re-oxygenation with respect to the literature was provided in sections

4.4.2 and 4.4.3.
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The expression of peroxiredoxin 1, which is an antioxidant protein regulated by
thioredoxin, has been shown to be up-regulated by re-oxygenation exposure but not in
response to hypoxia in A549 cells (Kim éf al., 2007). Their study showed that the up-
regulation of peroxiredoxin 1 is through the binding of Nrf-2 to an ARE element in the
peroxiredoxin 1 promoter. This is very interesting as initial thioredoxin promoter results
presented in this thesis indicated that Nrf-2 is involved in regulating the induction of the
thioredoxin promoter under re-oxygenation. The thioredoxin promoter was unable to
induce a response during re-oxygenation when Nrf-2 was inhibited. Hence, a co-ordinated
induced response of several antioxidants via the Nrf-2 transcription factor might occur in

the cell in response to re oxygenation, similar to the well-studied oxidative stress response.

As the oxygenation patterns in tumors are highly complex, with many areas of a tumor
undergoing cycling between hypoxia and re-oxygenation, this thesis also investigated
whether cycling hypoxia has an effect on the regulation of the thioredoxin system. Results
from cells grown under PC-H or PC-H/R showed that cycling hypoxia did not have an
effect on cell viability or ROS levels when compared to non-PC cells. However, the protein
expression of both thioredoxin and Ref-1 were significantly higher in PC-H/R cells
compared to H/R cells. These results suggest that the cycling between hypoxia and re-
oxygenation that occurs in tumors affects the protein levels of thioredoxin present in
tumors. Cells grown under PC-H and PC-H/R did not show any difference in thioredoxin or
thioredoxin promoter activity compared to H and H/R cells. Therefore the increase in
thioredoxin protein levels observed in PC-H/R cells might be regulated by a post-
transcriptional mechanism in this cell line. One possibility may be that thioredoxin
transcripts are stored in stress granules until required. Other researchers have shown that
during hypoxia stress granules are formed containing HIF1-mediated transcripts, preventing
the transcripts from being translated into proteins (Moeller éf al., 2004; Dewhirst éf al.,
2008). Interestingly, in response to re-oxygenation stress granules disaggregate, which
results in the release of HIF1-regulated mRNAs so that they can be translated into protein.

Thus the PC treatment may be involved in a stress granule response.

In order to investigate the possibility that mRNA levels of thioredoxin and thioredoxin

reductase are increased in MDA-MB-231 cells grown under hypoxia and H/R real-time RT-
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PCR was attempted. However, the expression of several different normalizing genes varied
significantly between the different oxygenation treatments making interpretation of the
thioredoxin system gene expression data inconclusive. The results that were obtained
suggested that the mRNA expression pattern correlated with the promoter activity during
hypoxia and H/R. Further optimization of an appropriate normalizing reference gene is

required before any conclusions can be reported.

Interestingly, during the course of this project another study reported an increase in
thioredoxin expression in the A549 lung cancer cell line after exposure to cycling hypoxia
(Malec éf al., 2010), although the cycling parameters used were different to those used in
the current study. They used two cycles of 2 hours of normoxia followed by 2 hours of
hypoxia to obtain a significant increase in thioredoxin protein levels, while no change in
thioredoxin levels were seen after prolonged hypoxia. The study also showed an increase in
Nrf-2 levels when thioredoxin was increased. In addition, overexpression of thioredoxin
induced HIF-1a during cycling hypoxia, while inhibition of thioredoxin by si-RNA resulted
in markedly decrease of HIF-1a protein levels, as well as a significant down-regulation of
HRE-reporter gene expression (Malec éf al., 2010). Similar results were obtained when
inhibiting Nrf-2 or NOX-1 (NADPH-oxidase 1) by si-RNA and both of these were shown
to be acting upstream of thioredoxin. Based on their results they propose a signal
transduction pathway during cycling hypoxia where NOX-1, via ROS production, activates
Nrf-2, which via the Nrf-2/ARE pathway induces the expression of thioredoxin, which in

turn activates HIF-1a and consequently the hypoxic stress response.

In conclusion, the results presented in this thesis support the hypothesis that the dynamic
changes in oxygenation of the tumor microenvironment influences the expression of the
thioredoxin system. The extremely high levels of thioredoxin observed in the most
aggressive tumors may be as a consequence of the cycling between hypoxia and re-
oxygenation. Future studies may further refine the role of the thioredoxin system during

tumorigenesis to enable more effective treatments to be designed.
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6.3 Future Directions

The results achieved in this project suggest several possible directions that could be

followed in the future:

The potential repressor elements found in the thioredoxin promoter will be further
characterized by performing promoter reporter assays on thioredoxin promoter constructs
with the potential repressor regions mutated. It would also be interesting to determine if the

predicted fork head binding element is functional.

To enhance the protein expression studies performed during the different oxygenation
conditions thioredoxin reductase should also be included. In the current study several
thioredoxin reductase antibodies were trialled but did not yield any usable data. Therefore

this will be repeated using antibodies obtained from other sources.

The thioredoxin promoter reporter assays under H/R exposure in cells co-transfected with
the dnNrf-2 construct need to be repeated since it has only been performed once in
triplicate. The promoter activity of thioredoxin reductase in the presence of the dnNrf-2
during H/R exposure will also be included in future studies. This data can be strengthened
by the use of a wild type Nrf-2 over-expressing construct. The binding of Nrf-2 to both
promoters during re-oxygenation can be confirmed using chromatin immunoprecipitation

techniques.

It would be interesting to determine if the thioredoxin and thioredoxin reductase promoters
are down-regulated in cells that have reduced HIF-1 levels. This can be achieved through
the use of an IPAS expressing plasmid, which has been shown to function as a dominant
negative for HIF-1. Alternatively HIF-1 can be knocked down by siRNA and this strategy

is currently in progress in our collaborator’s laboratory in Melbourne.

Real-time RT-PCR will be used to quantitate mRNA levels of the thioredoxin system and
other oxygen regulated genes during the different oxygen growth conditions. This will

involve selection and validation of an appropriate normalizing gene.
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Overall this study will be enhanced by the use of different cycling patterns and oxygen
concentrations used to generate hypoxia in a range of cancer cell lines derived from

different tissues.
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