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1. Introduction

Oxygen is essential for the survival of all living beings. A balanced oxygen environment is
required since both lower and higher than the required oxygen levels can be detrimental to
the cells (Figure 1). The oxygen state of a tissue results from the relative contributions of
oxygen consumption and delivery. Different organs in the body exist under different
oxygen environments, depending on the location and function of the cells in an organ. Most
healthy organs reside in 3-6% oxygen [1] while conditions lower than 3% oxygen are
described as hypoxia. Cells also survive in hypoxic environments during normal
development [2]. However, hypoxia is mostly detrimental to the cells by disrupting the
oxygen homeostasis.

Cancer cells are capable of surviving under hypoxic conditions by inducing the expression
of metabolic enzymes required for anaerobic metabolism. To fulfill their oxygen and
nutritional requirements, cancer cells can also induce the formation of blood vessels by a
process called angiogenesis. A transcription factor called hypoxia inducible factor-1 (HIF-1)
is responsible for induction of specific gene expression by binding to hypoxic response
elements (HRE) present in the promoters of these target genes, which are essential for cells
to survive under a low oxygen environment, as reviewed recently in [3]. When hypoxic
tumor cells are reoxygenated due to angiogenesis, oxidative stress may occur. However,
angiogenesis in tumors is aberrant due to sparse arteriolar supply [4], low vascular density
[5], and inefficient orientation of microvessels [6]. This creates a scenario where cancer cells
are in flux, where they cycle between hypoxia and the reoxygenated state. There are two
dominant timescales that contribute to the cycling kinetics. One is of a faster frequency with
a few cycles per hour and primarily arises from fluctuations in red blood cell flux [7]. The
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126 Carcinogenesis

slower timescale varies from hours to days and is due to vascular remodeling [8]. This
makes angiogenesis irregular with respect to both space and time, thereby leading to an
unstable cancer environment that oscillates between low and high oxygen conditions. This
cycling phenomenon is termed intermittent hypoxia or cycling hypoxia [9]. The involvement
of reoxygenation phases in intermittent hypoxia suggests the possibility that redox
enzymes, such as thioredoxin, may be upregulated in addition to the hypoxic enzymes.

Figure 1. Oxygen homeostasis. Low cellular oxygen results in hypoxic stress causing cells to upregulate
pathways involved in increasing the oxygen supply. On the other hand, higher oxygen levels result in
oxidative stress and many antioxidants are induced in response, in order to reduce the available oxygen
and prevent subsequent cellular damage.

2. The thioredoxin system

Cellular oxygen status is a key regulator of several important biological functions. To
maintain the oxygen homeostasis, cells utilize antioxidant systems. An important
antioxidant system that is present in all species and is conserved through evolution is the
thioredoxin system. It comprises thioredoxin and thioredoxin reductase and catalyses
oxidoreductase reactions through a dithiol-disulfide exchange mechanism [10]. Thioredoxin
is a small 12kDa protein containing an active site motif of Cys-Gly-Pro-Cys. Reduced
thioredoxin catalyses the reduction of disulphide bonds in other oxidised proteins and in
the process itself becomes oxidised such that a disulphide bond forms between the two
cysteine residues in its active site. Thioredoxin is then restored to a reduced state by
thioredoxin reductase with the use of NADPH [10].

2.1. Subcellular localisation and functions of thioredoxin

Thioredoxin is found in the cytoplasm, in the nucleus and also in the extracellular
environment and it has distinct functions in each location (Figure 2). The key function of the
thioredoxin system is to maintain the redox balance of cells by either directly scavenging
highly unstable and reactive molecules known as reactive oxygen species (ROS) [11] or by
regulating the activity of several other important enzymes, such as peroxiredoxins [12] and
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methionine sulfoxide reductase (MSR) [13] that also maintain the cellular oxygen balance.
Peroxiredoxins are a family of small (22-27 kDa) peroxidases comprised of 6 isoforms. They
use their -SH groups as reducing equivalents and act to reduce peroxides such as H:0,
organic hydroperoxides and peroxynitrite [12]. The oxidised form of peroxiredoxins can
then be recycled back to their active reduced form through the action of an electron donor,
which for peroxiredoxins 1-5 is thioredoxin. The MSR family consists of MSRA and MSRB
antioxidant proteins and provides an indirect defense against ROS. Methionine residues in
several proteins become oxidised by ROS to Met-S-O and Met-R-O, epimers of methionine
sulfoxide (Met-O). This can render the proteins non-functional. MSRA and MSRB can
restore the functionality of proteins by reducing the Met-5-O and Met-R-O bound proteins
respectively [14]. During this process the MSR proteins become oxidised, but are reduced to
their active form by thioredoxin. Thioredoxin also directly interacts with the apoptotic
pathway by binding to apoptosis signal-regulating kinase-1 (ASK-1), a member of the
MAPKKK family. The reduced form of thioredoxin binds to ASK-1 but in the presence of
ROS, thioredoxin becomes oxidised and dissociates. This allows the free ASK-1 to promote
apoptosis [15].
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Figure 2. Localisation of thioredoxin with some of its functions and regulatory pathways.

In the nucleus, thioredoxin is responsible for regulating the activity of several transcription
factors. Nuclear factor-kB (NF-«B) is a transcription factor involved in the regulation of
apoptosis and is activated in response to ROS [16]. Under normal conditions, NF-kB is
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inhibited by I-«f, which keeps NF-«kB sequestered in the cytosol. In response to oxidative
stress, I-kp is degraded and releases NF-«f, which is translocated to the nucleus. In the
nucleus, thioredoxin directly reduces Cys62 in the p50 subunit of NF-kB, which allows NE-
kB to bind to the specific recognition sequence in the promoter of its target genes, such as
those involved in cell survival, to induce their expression [16]. Thus, thioredoxin contributes
to the upregulation of anti-apoptotic proteins. Thioredoxin can also regulate transcription
factors via indirect mechanisms through redox factor-1 (Ref-1), which is an intermediate
protein that reduces several other transcription factors to enhance their binding to the
promoters of their target genes [17]. Activator protein-1 (AP-1) is a heterodimeric complex
of Fos and Jun proteins that binds to the DNA regulatory element known as the AP-1
binding site [18]. AP-1 mediates growth of cells in response to external stimuli. Thioredoxin
acts on Ref-1, which in turn activates AP-1 by reducing the highly conserved cysteine
residues in the DNA-binding domains of Fos (Cys154) and Jun (Cys272) [17]. Therefore,
thioredoxin is also involved in cell growth. Furthermore, under hypoxic conditions,
thioredoxin activates HIF-1 through Ref-1.

Thioredoxin is also secreted by a variety of normal and neoplastic cells through an as yet
unknown pathway [19]. Secreted thioredoxin has been implicated in immune responses [20,
21] and in cell survival mechanisms [22, 23]. Extracellular thioredoxin has been suggested to
have chemotactic activity and to act as chemo-attractant for neutrophils, monocytes and T-
cells [24]. Extracellular thioredoxin has also been associated with cancer cell metastasis [25]
and the promotion of a matrix metalloproteinase-9 (MMP-9) dependent invasive phenotype
in malignant breast cancer cells [26].

2.2. The thioredoxin system and cancer

High levels of thioredoxin have been observed in many cancer cells and tumors in response
to the elevated levels of oxidative stress these cells are considered to experience. High levels
of both thioredoxin and thioredoxin reductase have been observed in the most metastatic
tumors [27]. Using prostate cancer cell lines, Chaiswing and colleagues showed that the
more invasive cell line displayed a more reduced cellular state [28]. In addition, when two
human lung carcinoma cell lines expressing either high or low thioredoxin levels were
injected into immuno-deficient mice, the high thioredoxin expressing cell lines resulted in
more aggressive tumors being formed [29]. These studies suggest that thioredoxin plays a
critical role in promoting tumor progression.

While the specific roles that thioredoxin has in cancer metastasis are yet to be fully
identified, it is known to have a role in regulating MMP function. MMPs are involved with
extracellular matrix (ECM) degradation, an important aspect of metastasis [30]. MMP
activity is regulated by tissue inhibitor of matrix metalloproteinases (TIMPs) [31]. In normal
cells, MMP levels are maintained by TIMPs and ECM degradation is inhibited. In tumor
cells, the MMP/TIMP balance is disturbed, leading to ECM degradation and subsequent
tumor invasion. Addition of extracellular thioredoxin was shown to preferentially inhibit
TIMPs, leading to an increase in overall MMP activity and thus, stimulating neuroblastoma
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cell invasion [25]. Recently, it was shown that over-expression of thioredoxin in MDA-MB-
231 breast cancer cells stimulated MMP-9 expression by upregulating NF-xB, Sp1 and AP-1
activity and enhancing binding of these transcription factors to the MMP-9 gene promoter.
Transfection of a construct expressing a dominant negative redox inactive thioredoxin
protein inhibited MMP-9 promoter activity and subsequent NF-«B, SP1 and AP-1 binding
[26].

2.3. Induction of the thioredoxin system by oxidative stress

The induction of thioredoxin expression during oxidative stress in both normal and cancer
cells has been well documented and occurs primarily through an antioxidant response
element (ARE) in the thioredoxin gene promoter. ARE elements are short cis-acting
elements found in the promoter regions of many genes encoding antioxidant enzymes and
they regulate gene expression during oxidative stress [32]. A redox-sensitive transcription
factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) plays a critical role in mediating the
antioxidant gene expression via the ARE element [33]. Nrf2 is ubiquitously expressed in
most tissues and is continuously degraded in the cytosol under normal oxygen conditions
via its inhibitor “kelch-like erythroid cell-derived protein-1” (Keapl) [34]. Keapl contains
several cysteine residues that act as redox sensors. Upon changes in the cellular oxygen
environment, these cysteine residues are oxidised [35]. As a result, Keapl undergoes a
conformational change and releases Nrf2, which is translocated into the nucleus [32]. In the
nucleus, Nrf2 forms a heterodimer with small maf proteins and binds to the ARE of the
target antioxidant genes [36], including thioredoxin [37] and thioredoxin reductase [38]
(Figure 3).
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Figure 3. Antioxidant gene expression via the ARE/Nrf2 pathway.
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3. The HIF-1 signaling pathway

Hypoxia-inducible factor-1 (HIF-1) is an important transcription factor that regulates the
expression of several vital genes in response to oxygen deficient conditions [3]. These
include genes encoding metabolic enzymes to allow growth under hypoxia and proteins
that assist hypoxic tissues to re-establish oxygen supply. Of particular relevance to tumors,
HIF-1 induces the expression of vascular endothelial growth factor (VEGF), which is
required for angiogenesis. HIF-1 transcription factor is a complex of two subunits: aryl
hydrocarbon receptor nuclear translocator (ARNT), also known as HIF-18, which is
constitutively expressed in all cells, and HIF-a, which is stabilised under hypoxia. Normally,
HIF-a is synthesized and continuously degraded in the cytosol, but in response to a low
oxygen environment it starts accumulating rapidly [39]. HIF-a is then translocated into the
nucleus, where it dimerises with HIF-1p to form the HIF-1 complex, which then binds to the
hypoxia responsive element (HRE) in the promoters of target genes to activate their
expression [3] (Figure 4).
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Figure 4. Regulation of the HIF-1 signaling pathway and the expression of its target genes.

3.1. HIF-1 proteins and hypoxic regulation

Both HIF-1 subunits belong to the basic helix-loop-helix (bHLH)/Per-ARNT-Sim (PAS)
family of transcription factors. The bHLH domain aids in DNA-binding while the PAS
domain mediates protein-protein interaction. Both domains also act as an interface for
dimerisation of the a and B subunits [40]. There are three identified HIF-a subunits [3] and
one B subunit, which is alternatively spliced [41]. HIF-1a is the most characterised form and
will be discussed in this chapter. HIF-1o and HIF-2a have structurally similar DNA binding
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and dimerisation domains, but they differ in their transactivation domains. This may
explain why a genome wide screen detected both HIF-1o and HIF-20 bound to the same
HRE consensus sites, but without initiating the same transcriptional response [42].
Moreover, HIF-2a is only expressed in certain tissues [43], while HIF-1a is ubiquitously
expressed. Overall their biological actions in response to hypoxia are distinct, as reviewed
by Loboda and colleagues [44]. For example, HIF-lo, but not HIF-20 regulates the
transcription of genes encoding enzymes involved in glycolysis [45], while HIF-2a has been
associated with adaptation to high altitude exposure [46]. Furthermore, Bracken and co-
workers showed in PCI2 rat cells that HIF-la required a shorter duration (4h) under
hypoxia to be stabilized, whereas a longer hypoxic exposure (16h) was required for HIF-2a
stabilization. However, this difference was cell-line specific [47]. In human colon cancer,
advanced tumors displayed strong HIF-1a staining and weak HIF-2a staining, while in early
stage tumors, strong HIF-2a and weak HIF-1a staining was observed. This implies that HIF-
lo and HIF-2a have different roles in colon cancer [48]. In contrast, HIF-3a has inhibitory
function since it lacks the transactivation domain, but binds to HIF-1a and prevents it from
activating transcription. Therefore, HIF-3a is also called “inhibitory PAS domain” (IPAS) and
arises as an alternatively spliced product of the HIF-1a gene [49].

There are two transactivation domains in HIF-la: the amino-terminal transactivation
domain (NAD) and the carboxy-terminal transactivation domain (CAD) [50, 51]. These
domains are involved in the transcriptional activation of HIF-1a under hypoxia. The NAD
overlaps the oxygen-dependent degradation domain (ODD), linking the transcriptional
activity of HIF-1 with the stabilisation of the protein [50]. On the other hand, the
transcriptional activity of the CAD is associated with the binding of transcriptional co-
activators, including CREB-binding protein (CBP)/p300 [52]. The recruitment of the co-
activators is redox-regulated and requires Ref-1, which reduces the cysteine residue at
position 800 of HIF-1a within the CAD region [53]. The co-activators are then able to bind
HIF-1 and subsequently initiate transcription. It should be noted that Ref-1 is an
intermediate protein that is regulated by thioredoxin.

3.2. Regulation of HIF-1 under normoxia

Although the HIF-1la proteins are activated in response to hypoxia, they do not sense the
changes in the oxygen environment themselves. Sensors to such changes have been
identified as oxygen-dependent hydroxylases. The hydroxylases responsible for modifying
HIF-1a are the “prolyl hydroxylase domain-containing proteins’ (PHDs) and an asparaginyl
hydroxylase called ‘Factor Inhibiting HIF-1" (FIH-1) [54]. These hydroxylases continuously
modify HIF-la in presence of oxygen. When there is a negative change in oxygen
availability, PHDs and FIH-1 can no longer hydroxylate HIF-1a, which is stabilised and
translocated to the nucleus [55] (Figure 5).

Under higher oxygen conditions, PHDs modify distinct proline residues (Pro 402 and Pro
564) in the ODD domain of HIF-1a [56], leading to the recruitment of von Hippel-Lindau
(VHL) proteins [57] and subsequent degradation of HIF-1a [58]. The PHD family has three
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members: PHD1, PHD2 and PHD3, with PHD2 being the most abundant and highly active
towards HIF-1a [59]. PHDs require only a short stretch of HIF-1o amino acids (as short as 20
residues) for the selective recognition of proline hydroxylation sites and subsequent VHL-
binding. These sites reside within an LXXLAP motif, which is highly conserved between the
HIF-a isoforms as well as across species [58]. The hydroxylation enables the VHL protein to
bind HIF-1a, which initiates degradation via the ubiquitination pathway [58, 60]. VHL-
deficient cells have the HIF-1a subunit constitutively stabilised and thus, HIF-1 is constantly
activated in these cells [57].
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Figure 5. Regulation of HIF-1a during normoxia and hypoxia.

An additional hydroxylation event in the CAD domain ensures that any HIF-1a that escapes
degradation is rendered inactive. This process involves the hydroxylation of an asparagine
residue instead of a proline and suppresses the recruitment of CBP/p300 co-activators [54].
This asparaginyl hydroxylase is the FIH-1, and uses both HIF-1o and HIF-2a as substrates.
In HIF-1o, FIH-1 hydroxylates an asparagine residue at position 803. FIH-1 is an Fe(II)-
dependent enzyme and plays the role of a second oxygen sensor within the hypoxic
response pathway [61].

Thus, under normoxia, prolyl and asparaginyl hydroxylases prevent the activation of HIF-
la by acting on the NAD and CAD domains respectively. However, when oxygen levels
decrease, these hydroxylases become inactive, HIF-la proteins are stabilised and
translocated to the nucleus where they dimerise with HIF-1p. The reduction of a key
cysteine residue in the CAD by Ref-1, through the action of thioredoxin, results in the
recruitment of transcriptional co-activators and subsequent expression of the target genes.
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3.3. Regulation of the HIF-1 system by ROS

While HIF-1 is stabilised and active under conditions of low oxygen, paradoxically ROS can
also stabilise HIF-1. Under normoxia, the addition of H202 caused HIF-1o stabilisation and
enhanced expression from HRE-reporter constructs [62]. In addition, Hep3B p° cells, which
do not have mitochondrial electron transport function, can exhibit HRE-luciferase reporter
activity under normoxia upon addition of H202 [62]. The molecular basis for ROS stabilising
HIF-1 was shown by exposing murine breast tumor cells to nitric oxide (NO). Addition of
NO caused nitrosylation of a specific cysteine residue in the ODD domain of HIF-1a under
normoxia. The VHL protein was therefore unable to bind to HIF-1a, thereby preventing its
degradation [63]. This represents a control mechanism that bypasses the function of the
PHD enzymes under normoxia, since the nitrosylation did not prevent or change the level of
proline hydroxylation detected in the NAD domain.

ROS is also believed to play a role in the HIF-1 signaling pathway during hypoxia. Cells
with non-functional mitochondria, and therefore, reduced ROS levels, were unable to
stabilise HIF-1a in response to hypoxia [62, 64]. When H20: was inhibited by catalase over-
expression in human 293 cells under hypoxia, there was reduced HRE-luciferase reporter
activity, suggesting lower HIF-1a activity, which was restored by the addition of H202 [62].
These observations suggest that the presence of H20: in the cytosol is necessary for HIF-1a
stabilisation under hypoxia. One possible role of ROS may be to inhibit the PHD enzymes.
Addition of 10 uM H202 showed more than 50% inhibition of PHD enzyme function in vitro
but did not increase HIF-1a transcriptional activity in Hep3B cells [65]. This is implies that
HIF-1a activation by ROS can occur through multiple pathways including both stabilisation
and recruitment of co-activators.

While ROS appears to exert some regulatory function on HIF-1, there is still debate as to
whether ROS levels are increased [62, 66, 67] or decreased [68-70] during hypoxia.
Contradictory results may occur due to differences in cell type, mode of generating hypoxia,
oxygen levels and assays used to measure ROS. Work from our laboratory demonstrated
that MDA-MB-231 breast cancer cells grown under hypoxia have reduced ROS levels [68].
However, we found that how the cells were processed was extremely important. If cells
were processed under normoxic conditions following the hypoxic growth then increased
ROS levels were observed. When cells were maintained under hypoxia throughout the
processing steps, then a decrease was evident [68]. This indicates that cells grown in hypoxia
must be maintained in hypoxia during processing to avoid introduction of an inadvertent
reoxygenation step (however brief), thus, mimicking the intermittent hypoxia observed in
tumors.

3.4. Redox regulation of the HIF-1 system

The activity of the HIF-1 system is regulated by the thioredoxin redox system, via Ref-1.
Thioredoxin provides the reducing potential for Ref-1 to reduce a cysteine residue in the
CAD domain of HIF-1a that enhances the ability of HIF-1 to recruit co-activators [53].
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Consequently, cell lines engineered to over-express thioredoxin also displayed increased
HIF-1a levels, enhanced HIF-1 DNA binding and increased activation of HIF-1 regulated
gene promoters. This results in increased levels of hypoxia regulated proteins such as VEGF
[71, 72] and cyclooxygenase-2 (COX-2) [73]. In contrast, when cells were transfected with the
dominant negative redox inactive thioredoxin protein, VEGF and COX-2 levels were
decreased. Other small molecule inhibitors of the thioredoxin system, such as quinols, also
led to down regulation of HIF-1 activity [72] and subsequently to a decrease in VEGF and
inducible nitric oxide synthase (iNOS) expression in MCF-7 breast cancer cells [74].

A recent study showed that thioredoxin reductase levels were decreased during hypoxia
and as a consequence higher ROS levels were observed [75]. They concluded that hypoxia
does not increase mitochondrial ROS production, but that lower thioredoxin reductase
levels are responsible for higher ROS levels. Since HIF-1 is also regulated by ROS, this study
demonstrated that the thioredoxin redox system could modulate HIF-1 signalling by
indirectly affecting ROS levels, in addition to the direct interaction described above.

4. Redox and hypoxic systems: the intermittent hypoxia link

The tumor environment is in flux between hypoxia and reoxygenation. Hypoxia induces the
formation of new blood vessels, which are often poorly formed, causing an inconsistent
oxygen supply [7]. Therefore, cells can experience a cycling between hypoxia and
reoxygenation. Hypoxic pathways are induced during periods of low oxygen while the
reoxygenation results in induction of antioxidant proteins, including the redox enzymes.
Thus, the interplay between the two systems is important to study in tumors. Interestingly,
the cycling between hypoxia and reoxygenation enhances HIF-1 activity. Many of the
studies undertaken to assess the role of HIF-1 and redox signaling in cancer are performed
using cancer cell lines. Therefore, each cancer cell line should be evaluated for its suitability
as a model system for intermittent hypoxia.

4.1. Use of an in vitro model system for intermittent hypoxia

The MDA-MB-231 breast cancer cell line is often used as an in vitro model system for
metastatic cancer. However, most researchers grow these cells under what is usually
regarded as normoxia, that is 20% oxygen, despite this not being physiologically relevant.
We wanted to assess the suitability of this cell line for hypoxic cycling studies. Our first aim
was to determine the most appropriate level of oxygen to use to ensure a strong hypoxic
response is generated. We assayed the lactate dehydrogenase (LDH) activity present in
MDA-MB-231 cells grown in either 1% oxygen or 0.1% oxygen. LDH is a glycolytic enzyme,
which is upregulated in response to hypoxia through the binding of HIF-1 to an HRE
element in its gene’s promoter [76]. Cells were cultured in 5% CO2 with either 1% oxygen or
0.1% oxygen for 24 hours in a hypoxic C-chamber (Biospherix, New York, USA), and then
lysed within a C-shuttle glovebox (Biospherix) using a buffer comprised of 150 mM NaCl, 50
mM Tris-HCI pH 8.0, 0.5 % (v/v) Nonidet P-40, 0.5 mM EDTA, 2 mM PMSF, 1 pl/ml
proteinase inhibitor cocktail VI (AG-Scientific, California, USA). Protein estimation was
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performed using the DC protein assay kit (BioRad, NSW, Australia) and equal amounts of
cell lysate were used to measure LDH activity. The assay buffer contained 50 mM Tris-HCl
pH 7.5, 1 mg/ml NADH, 1 mg/ml pyruvate and the LDH activity was measured at 340 nm
using a Spectromax Plate reader. The results are presented in Figure 6. The data is expressed
as a change in percentage of LDH activity relative to normoxic treated cells, with normoxia
represented as 100%. While cells grown at both 1% and 0.1% oxygen levels showed an
increase in LDH activity, only cells grown in 0.1% oxygen had a statistical significance
compared to cells grown under normoxia.

Relative LDH activity
250% -

200% -

-E lsm -

100% =
~ .

Normoxia 1% Hypoxia 0.1% Hypoxia

Change in LDH activity from
Normox

Figure 6. Relative LDH activities in MDA-MB-231 cells after 24 hours of 1% Oz or 0.1 % O2 growth.
Normoxia and 0.1% hypoxia treated cells showed significant difference using a one-way ANOVA
employing Tukey’s Post-Hoc test, as indicated by * (p <0.05). Data presented as mean + SEM from three
independent experiments conducted in triplicate.

We then wanted to assess the morphology and viability of the MDA-MB-231 cells grown
under various oxygen growth conditions. We selected 0.1% oxygen as the hypoxic condition
to culture these cells in, to ensure a strong hypoxic response. The MDA-MB-231 cells were
grown under prolonged hypoxia (16 hours) followed by different lengths of reoxygenation
by transferring cells to 20% oxygen (referred to as normoxia). To assess the effect of cycling
hypoxia, cells were also subjected to 4 pre-conditioning (PC) cycles (comprising 10 minutes
hypoxia and 20 minutes reoxygenation) prior to the hypoxic growth phase. These different
conditions are illustrated in Figure 7. The cycling between hypoxia and normoxia was
repeated four times within a 2 hour period before cells were transferred into prolonged
hypoxia for 16 hours. Since 20% oxygen is much higher than 0.1% oxygen switching to
normoxia results in a reoxygenation step. After cells were grown in 0.1% hypoxia for 16
hours they were either processed using the hypoxic C-Shuttle glovebox to maintain hypoxic
conditions or re-oxygenated by being transferred to normoxic conditions for 2, 4 or 6 hours.
These cells were processed under normoxia.

To confirm that cells were viable under these oxygen growth conditions, a fluorescence
activated cell sorting (FACS) based assay was used. Cells were harvested and detached
using cell dissociation buffer (Life Technologies), washed in phosphate buffered saline (PBS)
pH 7.4, and then resuspended at a concentration of 1x10° cells/ml containing an appropriate
dilution of 7-aminoactinomycin D. The cells were then stored on ice until they were
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Figure 7. Oxygen growth conditions used to grow MDA-MB-231 cells. Schematic representation
outlining the different combinations of hypoxia and reoxygenation and their respective length of
exposure used to grow MDA-MB-231 cells. Red indicates growth under 20% oxygen. Blue indicates
growth in 0.1% oxygen. N: normoxia (20% oxygen); R: reoxygenation; H: hypoxia; PC: pre-conditioning.
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Figure 8. 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 compared to normoxia, as indicated by * (P
<0.01). A statistical difference was observed for all reoxygenation samples compared to hypoxic cells, as
indicated by A (p <0.01). Data is presented as mean + SEM from at least two independent experiments.

analysed for viability using the BD FACSAria flow cytometer (BD Biosciences). The results
are shown in Figure 8. Upon growth in hypoxia cellular viability decreases, while after
reoxygenation cell viability returns to levels consistent with those of cells grown in
normoxia. A decrease in cell viability following hypoxic growth has also been observed by
other researchers using different cell lines [77, 78].

The morphology of the cells grown in each oxygen growth condition was assessed by
microscopy. Cells were also grown in media containing 100pM H20: for 30 minutes as a
control for oxidative stressed cells. After exposing MDA-MB-231 cells to different oxygen
growth conditions, cell morphology was examined under an Olympus CK30 microscope
(Olympus Co., Japan) at 100X magnification. Experiments were performed multiple times
with representative images shown in Figure 9. Cells exposed to 100uM H20:2 for 30 minutes



The Interaction Between Redox and Hypoxic Signalling Pathways
in the Dynamic Oxygen Environment of Cancer Cells 137

Normoxia
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 9. Morphology of MDA-MB-231 cells after different oxygen growth treatments. A): Normoxia
treated cells, B): 100uM H20: treated cells, C): 0.1% hypoxia treated 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, ]): PC-H/R 6h treated cells. Images were taken using an Olympus CK30 microscope at
100X magnification. Scale bar = 0.05mm.
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(Figure 9B) exhibited altered cell morphology compared to normoxia treated cells (Figure
9A). These cells appeared to be less elongated and more rounded in shape. The cells
exposed to hypoxia (Figure 9C) or PC-hypoxia (Figure 9D) showed a similar morphology to
H20: treated cells. When hypoxia or PC-hypoxia treated cells were exposed to a longer
period of reoxygenation (Figure 91 and J) their morphology becomes very similar to that of
the normoxia treated cells. This trend suggests that the cells become stressed when exposed
to hypoxia but recover during the reoxygenation phase. No difference was observed in
overall morphology between hypoxia (Figure 9C) or PC-hypoxia (Figure 9D) treated cells or
their respective reoxygenation exposures (Figure 9E, G and I compared to Figure 9F, H and
], respectively).

Since various methodologies are used to generate hypoxia it is important to establish the
appropriate conditions for each cell line. MDA-MB-231 cells grown at 0.1% oxygen elicited a
hypoxic response, whereas 1% oxygen did not induce a significant hypoxic response. A
decrease in cellular viability in response to hypoxia was observed compared to normoxia,
but returned to normal levels during reoxygenation. Cells also exhibited a more rounded
morphology during hypoxia, consistent with a stress response. The recovery of the cells
during reoxygenation suggests that signaling pathways are involved that enable cells to
adapt to these changing oxygen conditions, with the most likely candidates being the HIF-1
and redox-dependent pathways.

4.2. Expression of the HIF-1 system under intermittent hypoxia

Several studies have implicated an upregulation in levels of the HIF-1 transcription factor
under intermittent hypoxia. This increase supersedes the HIF-1 levels found in acute
hypoxia [79, 80]. Yuan and co-workers found this to be Ca® dependent [80]. They
demonstrated the involvement of calcium-calmodium dependent kinase II (CaMK II) under
intermittent hypoxia. CaMK II phosphorylates p300, a co-activator required for the
transcriptional activity of HIF-1, thereby increasing the HIF-1 transactivation [80]. In
contrast, under acute hypoxia, HIF-1 transcriptional activity is increased as a result of a
decrease in the O: dependent asparaginyl hydroxylation in the CAD region of HIF-1a,
assisting in the recruitment of co-activators [54].

Intermittent hypoxia has been linked to increased tumor invasion and resistance against
radiotherapy [81, 82] and to enhanced metastasis in rodent lungs [83]. Liu and colleagues
demonstrated that intermittent hypoxia treated H446 lung cancer cells had a greater
metastatic ability and radio-resistance. They found HIF-1a was involved in both processes
[84]. Intermittent hypoxia exposed endothelial cells also showed enhanced migration and
exhibited an increased resistance against irradiation as compared to their counterparts
grown in normoxia or acute hypoxia. This effect was also mediated by HIF-1a since siRNA
targeting HIF-1a abolished the radiation resistance [82]. Therefore, HIF-1a may be expected
to have a role in tumor invasion observed under intermittent hypoxia.

Differences in expression of HIF-1a and HIF-2a under acute and intermittent hypoxia have
been shown in sleep-disordered breathing. While intermittent hypoxia caused an
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upregulation in HIF-la levels, the HIF-2a levels were down-regulated in intermittent
hypoxia treated rat PC12 cells and also in in vivo rat models. In contrast, acute hypoxia
upregulated both HIF-1a and HIF-2a [85]. It was proposed that down-regulation of HIF-2a
contributes to oxidative stress, at least in part via transcriptional down-regulation of a HIF-2
target gene, an antioxidant called superoxide dismutase (SOD). Intermittent hypoxia also
increased ROS by decreasing the mitochondrial complex I activity. The increase in ROS
levels was linked to the upregulated HIF-lo levels under intermittent hypoxia [86].
Therefore, the differential regulation of HIF-1a and HIF-2a is believed to cause oxidative
stress resulting from an imbalance between ROS and antioxidants [85]. Similar mechanisms
may contribute to higher levels of ROS in cancer cells. However, as antioxidants are proteins
that scavenge ROS, one may expect that antioxidant levels would be augmented in such a
scenario. Interestingly, a number of studies implicate an upregulation of antioxidants in
cancer cells cultured under intermittent hypoxia.

4.3. Expression of redox enzymes under hypoxia and intermittent hypoxia

Since intermittent hypoxia involves phases of reoxygenation, it is reasonable to expect that
redox enzymes would be induced during these reoxygenation phases. The expression of
thioredoxin during the hypoxic phase has been less clear. In hypoxic regions of tumors,
thioredoxin expression has been reported as high [87], but intermittent hypoxia may
contribute to this high expression. In cells cultured in vitro there has been conflicting reports
regarding thioredoxin expression levels under hypoxia.

Thioredoxin protein levels were increased in A549 human lung cancer cells during growth
in 0.05% oxygen [88] and in both human endothelial progenitor cells and human umbilical
vein endothelial cells cultured in 1% oxygen [78], as assessed by Western blotting. Our work
[68] showed a visible increase (by Western blotting) in thioredoxin levels in MDA-MB-231
cells cultured in 0.1% hypoxia, but this increase was not statistically significant. In addition,
neither thioredoxin nor thioredoxin reductase promoter activity was increased under
hypoxia [68]. Ref-1 protein levels were also not increased [68] while other studies reported
that peroxiredoxin protein levels were not increased in A549 cells cultured in hypoxia [89].
A recent study showed a decrease in thioredoxin reductase protein levels under hypoxia
[75]. Previously, it was reported that thioredoxin reductase was increased in human
endothelial progenitor cells but not in human umbilical vein endothelial cells under hypoxia
[78]. This conflicting data suggests that as with the variable ROS levels reported under
hypoxia, expression of the thioredoxin system under hypoxia may depend on the specific
cell line, oxygen levels or how samples are processed. For example, Jewell and co-workers
observed that thioredoxin levels in the nucleus were increased after as little as 30 seconds of
oxygen exposure following hypoxic growth [90]. Thus, in some reported cases, cells may
have received an inadvertent reoxygenation stimulus during processing of cells after
hypoxic growth, which was sufficient to induce antioxidant gene expression.

Since reoxygenation stimulates the production of ROS, one might expect that high levels of
thioredoxin would be detected in cells reoxygenated after hypoxia. However, this appears
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not to be the case. In our studies [68] MDA-MB-231 cells cultured in 0.1% oxygen followed
by reoxygenation had increased thioredoxin levels as assessed visually on Western blots, but
this was statistically non-significant when quantitated by densitometry. In addition, after 6
hours of reoxygenation, the levels were visually decreasing. This correlates with other
studies that reported a visible decrease in thioredoxin protein levels in A549 cells grown in
0.2% oxygen followed by 6 hours or more of reoxygenation [91]. Their work showed that
thioredoxin was oxidised during the reoxygenation phase [91], probably by the increased
ROS levels [68]. After 6 hours of reoxygenation, ROS levels start to decrease and it is
possible that the cells no longer require thioredoxin. No change in Ref-1 was observed
during reoxygenation [68], but peroxiredoxin 1 expression was increased [89].

When conditions mimicking intermittent hypoxia are utilized, the involvement of
thioredoxin is quite apparent. Malec and co-workers utilized several different schemes to
grow A549 cells alternating between hypoxia and reoxygenation [92]. While a maximum of
three 2-hour cycles were used for either hypoxia or reoxygenation, the schemes with the
greatest number of cycles of hypoxia and reoxygenation resulted in the highest thioredoxin
levels. Nrf2 was also increased under these conditions and may be responsible for the
increased thioredoxin expression [92]. Our work [68] used a scheme that mimicked an
ischemia/reperfusion study performed in the heart [93]. In that study, 4 short cycles of
ischemia and reperfusion (of 10 and 20 minutes respectively) prior to longer-term growth in
ischemia and subsequent reperfusion led to very high levels of thioredoxin. These pre-
conditioning conditions also provided the heart protection from damage otherwise caused
by the longer-term ischemia and reperfusion. We applied these oxygen growth conditions
(Figure 7) to cancer cells and also detected high levels of thioredoxin in cells pre-conditioned
with short cycles of hypoxia and reoxygenation followed by a longer exposure to hypoxia
and reoxygenation [68]. Maximum thioredoxin protein levels were obtained after 4 hours of
reoxygenation, which was confirmed to be statistically significant. These short cycles may
also represent what happens in tumors due to red blood cell flux [7] and may provide the
tumor with protection against subsequent oxidative insult. Without the pre-conditioning
cycling, thioredoxin levels were not increased by as much during reoxygenation, indicating
that the cycling may provide an advantage to the cells. Of interest is that Ref-1 levels were
also higher in MDA-MB-231 cells subjected to the pre-conditioning, but not in cells grown
without this step [68]. Since Ref-1 and thioredoxin regulate HIF-1 activity, the short pulses
of hypoxia may be responsible for their induction. We found that the promoter activity of
both thioredoxin and thioredoxin reductase were dependent on Nrf2 in the reoxygenation
phase, and that cells cultured with the pre-conditioning cycles did not exhibit higher
promoter activity [68]. Therefore, the mechanism for inducing higher thioredoxin protein
levels in cells subjected to cycling may not be at the transcriptional level.

4.4. The Interaction of redox and hypoxic pathways under intermittent hypoxia

Cancer cells can reside in conditions of hypoxic as well as oxidative stress. HIF-1 and Nrf2
are two important transcription factors that play a crucial role in each of these conditions.
While HIF-1 is important for cell survival under low oxygen conditions, Nrf2 provides
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cytoprotection against oxidative stress by upregulating antioxidants such as thioredoxin.
Both HIF-1 and Nrf2 are induced in cells under intermittent hypoxia. This presents a
possible link between the oxygen- and redox-dependent regulatory pathways. As described
in 4.2, the increase in HIF-1 levels under intermittent hypoxia supersedes the HIF-1 levels
observed in acute hypoxia. Similarly, higher thioredoxin levels were observed under
intermittent hypoxia in comparison to acute hypoxia [68, 92]. Higher levels of other
antioxidants have also been observed under intermittent hypoxia. For example, Prx1 was
upregulated in response to hypoxia/reoxygenation, through the action of Nrf2, which binds
to the ARE in the Prx1 promoter. In cells lacking Nrf2, Prx1 expression was compromised
[89]. ROS levels are also higher under intermittent hypoxia [68] and are involved in both
HIF-1 regulation and induction of antioxidant expression through the action of Nrf2. This
may induce higher thioredoxin levels, which in turn results in the higher HIF-1 levels
observed under intermittent hypoxia.

The high levels of both thioredoxin and HIF-1 in cancer cells cultured under intermittent
hypoxia also have implications for tumor metastasis [79, 92]. Thioredoxin enhances the
invasive behavior of tumor cells by regulating MMP activity, which is required for ECM
degradation [25, 26]. HIF-1 over-expression during hypoxia has also been associated with
ECM degradation by upregulating MMP-2 [94] and MMP-9 gene expression [95]. In a
separate study, intermittent hypoxia treated A549 and H446 lung cancer cells exhibited
increased invasion in comparison to normoxic cells. Down-regulation of the HIF-1a gene
decreased the cellular migration in these cells, thereby linking HIF-1 to cancer cell invasion
under intermittent hypoxia [84]. Moreover, both thioredoxin and HIF-1 have been linked to
the development of resistance against anticancer therapeutics [82, 96, 97]. These common
outcomes suggest an interplay of redox and hypoxic systems under intermittent hypoxia,
with possible consequences for the design and testing of therapeutics.

5. Consequences for drug development

Development of resistance in cancer cells against chemotherapies presents a major setback
in the prevention and cure of the disease that kills millions of people every year. Many
chemotherapeutics are based on heavy metals, such as gold and platinum that generate ROS
in cells, causing damage to DNA, proteins and lipids, and ultimately leading to apoptosis
[98]. However, cells upregulate their antioxidant defenses in order to scavenge ROS, and as
a result cancer cells become resistant to these drugs. High levels of thioredoxin and other
antioxidant proteins in tumors are correlated with resistance to various chemotherapeutic
agents, including cisplatin [97], docetaxel [96] and tamoxifen [99]. Furthermore, breast
tumors with high levels of thioredoxin and other antioxidants prior to treatment with
docetaxel were correlated with a high likelihood of developing resistance during therapy
[100]. Therefore, anti-cancer therapies could be designed to inhibit the thioredoxin system in
combination with radiation or chemotherapy.

Radiation treatment has been shown to cause reoxygenation of hypoxic tumors by
increasing perfusion. As the better oxygenated cells die due to irradiation, the oxygen
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consumption decreases [101]. This has been linked with accumulation of ROS. Moeller and
colleagues observed an elevation in levels of HIF-1 regulated proteins after 72 hours of
radiation exposure [102]. Inhibition of ROS by a SOD mimetic prevented the stabilisation of
HIF-1o and sensitized the tumor to the damage caused by radiation [103]. In a separate
study, they observed a delay in tumor growth following radiation when HIF-1 was inhibited
using an antisense knockdown technique [104]. HIF-18 null tumor lines were also found to
be sensitive to radiotherapy as they prevent the HIF-1 response [105]. All these studies
suggest that radiation treatment causes an increase in ROS levels that stabilise HIF-1o and
leads to the subsequent increase in levels of HIF-1 mediated proteins.

The formation of stress granules has been observed in hypoxic tumors, which were found to
disaggregate upon radiation exposure [102]. Stress granules contain mRNA transcripts and
are formed in cells under stress. To save energy during stress, these transcripts are not
translated into proteins [106]. Upon reoxygenation of hypoxic cells (during irradiation), the
HIF-1 regulated transcripts are released and are translated, leading to an increase in VEGF
and erythropoietin levels. This promotes angiogenesis, cell survival and proliferation,
ultimately making the cells resistant to radiotherapy [102].

Cancer cells are often resistant not only to a single drug but develop cross-resistance against
a range of drugs. Multidrug resistance (MDR) in cancer cells induces resistance against the
efficacy of structurally and mechanistically different anticancer drugs, significantly
decreasing their effectiveness. Higher drug doses in MDR cells not only produce toxic
effects but also further stimulate the resistance, making tumors hard to treat [107]. MDR
may arise due to alterations in targets, evasion of apoptosis, alteration in drug-uptake and
transport of drugs out of cells [108]. The efflux of drugs from cells is mediated by
transmembrane transporters belonging to the ATP-binding cassette (ABC) protein
superfamily. These proteins use ATP to transport drugs out of cells [109]. One highly
studied ABC transporter protein is P-glycoprotein (Pgp) (an MDR1 gene product) that has
been linked to MDR in cancer cells [110]. High levels of Pgp are found in MDR cells and
coincide with higher expression of HIF-1 [111-113]. Doublier and co-workers found MCF7
breast cancer cells grown under hypoxia to be resistant to doxorubicin. This resistance was
associated with an increased Pgp expression via increased HIF-1 activation since
transfection with siRNA specific to HIF-1 abolished this increase. They also observed that
the binding of HIF-1 to the MDR1 gene promoter was higher in hypoxic cells. These cells
accumulated lower levels of doxorubicin compared to normoxic cells [112]. Therefore, these
roles of HIF-1 should be assessed during optimization of treatment strategies.

6. Conclusion

The oxygenation state of the cells has immense importance in cancer biology and both
oxygen- and redox-dependent regulatory pathways are crucial for the process of
carcinogenesis. While HIF-1 is important for tumor cells to adapt to hypoxia, thioredoxin
protects cells from damage due to high oxygen levels. Since cancer cells have the ability to
survive under conditions of both hypoxic and oxidative stress, one may expect a cross talk
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between the oxygen- and redox-dependent systems in tumors. This idea is further
potentiated by the role of ROS in regulating the HIF-1 activity under both normoxia and
hypoxia, and in inducing the thioredoxin system under oxidative stress.

The in vivo tumor environment is dynamic and cycles between low and high oxygen
conditions. Surprisingly, these conditions are not taken into account while designing
anticancer drugs. Most anticancer drugs are evaluated under normoxia (20% oxygen), which
is not physiologically relevant and does not reflect the actual in vivo tumor environment.
Therefore, drugs tested under normoxic laboratory conditions may not respond similarly in
the patient’s body. Hence, it is important to evaluate the effectiveness of various
chemotherapeutics under a wide range of oxygen conditions, particularly under intermittent
hypoxia. Furthermore, both HIF-1 and thioredoxin levels are higher in cells grown under
intermittent hypoxia. The higher levels of both these proteins have also been linked to
enhanced invasion and resistance to treatment in cancer cells (Figure 10).

Therefore, the pathological implications of an upregulation of these important systems in
cancer demonstrate the vital need to increase our understanding of the molecular
mechanisms involved in the hypoxic and reoxygenation conditions encountered by the
cancer cells in vivo, in order to design and test more effective therapeutics.

INTERMITTENT HYPOXIA
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Figure 10. Overview of Trx and HIF-1 interaction under intermittent hypoxia and consequences for
cancer progression.
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