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ABSTRACT 

 

Thioredoxin is a small ubiquitous oxido-reductase found in all species.  The 

highly conserved active site, which facilitates thioredoxins redox activity, contains two 

redox active cysteine residues.  Thioredoxin has numerous protein substrates to which 

it donates H+ ions and it can also function as a free radical scavenger.  Through these 

activities thioredoxin is able to influence the redox state of not only its protein targets, 

but also the entire cellular environment.   

 

Thioredoxin has been implicated in many biological functions, and one 

mechanism by which it influences these functions is through interactions with a number 

of transcription factors including NF-κB and p53.  Thioredoxin also has numerous 

extracellular biological roles.  It has been shown that thioredoxin is actively secreted 

from a number of normal and transformed cell lines including fibroblasts and activated 

B and T cells  

 

This study investigates the role of thioredoxin in embryonic implantation and 

cancer cell metastasis, two physiological functions which rely on the same basic 

processes.  Thioredoxin expression has previously been shown to be increased in 

many cancers.  However it has not yet been established whether this increase is a 

causative or a side effect of the cancerous phenotype.  Similarly thioredoxin expression 

has previously been shown to be increased during different phases of the oestrus cycle 

and pregnancy. 

 

This thesis describes the role of thioredoxin in embryonic implantation using a 

marmoset model.  A thioredoxin cDNA was isolated and subsequently sequenced.  

Preliminary antibody experiments indicated that the anti human thioredoxin monoclonal 

antibodies available in our laboratory would recognise marmoset thioredoxin.  

Subsequently immunocytochemistry using anti human thioredoxin antibodies was 

carried out on sectioned marmoset uterus and embryonic tissue.  The results indicated 

that thioredoxin is expressed by cells at the embryonic-maternal interface of early 

implantation sites.  Further studies demonstrated that thioredoxin is also expressed 

and secreted by cultured blastocysts in vitro.   

 

This thesis also describes the role of thioredoxin in cancer cell metastasis.  

Results of this study indicate that thioredoxin is actively involved in facilitating the 
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invasive phenotype of breast cancer cells.  The two cell lines utilised were MCF-7, a 

well differentiated, relatively non-invasive breast cancer cell line; and MDA-MB-231, a 

poorly differentiated, highly invasive breast cancer cell line.  The cell lines were 

transfected with thioredoxin sense, antisense and 1SS (encodes thioredoxin with both 

active cysteine residues mutated to serine residues and is thus redox inactive) 

constructs.   

 

The results demonstrate that when endogenous thioredoxin levels are 

increased, i.e. transfected with a sense thioredoxin construct, the invasive breast 

cancer cell line MDA-MB-231 becomes more invasive, conversely when endogenous 

levels are decreased, i.e. transfected with antisense or 1SS constructs, the invasive 

capacity of these cells decreases.  However, when the endogenous level of thioredoxin 

was manipulated in the relatively non-invasive cell line MCF-7 very little effect was 

observed.  Results also indicate that thioredoxin has the ability to act as a 

chemoattractant for actively invading breast cancer cells.  Both of these functions 

appear to be dependent on thioredoxin’s redox activity.   

 

Additional studies described in this thesis have shown that thioredoxin is 

involved in the regulation of Sp1 in vitro.  Sp1 is a transcription factor known to regulate 

the transcription of a number of genes whose products are intimately involved in the 

invasive phenotype.  The results in this study suggest that Sp1 DNA binding is 

regulated by thioredoxin such that when reduced by the enzyme its binding to DNA is 

facilitated.  Results also indicate that Sp1 may regulate the transcription of thioredoxin 

by binding to Sp1 sites within the thioredoxin promoter. 
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Chapter One - INTRODUCTION 

 

Preamble 

 

In recent years it has become apparent that redox regulation is an essential 

mechanism in the control of cellular function.  Both the activity and expression levels of 

numerous proteins are known to be affected by the oxidative state of the cellular 

environment.  Oxidative stress is an extreme example of redox regulation and can be 

inflicted by various stimuli including UV exposure and chemicals such as diamide and 

H2O2.  These stresses result in the accumulation of potentially dangerous reactive oxygen 

species (ROS). 

 

ROS are free radical species which contain an unpaired electron in their outer 

orbital (Cimino et al, 1997).  This unpaired electron renders the whole molecule extremely 

unstable and therefore they attack electrons from other molecules.  Examples of ROS 

include H2O2, singlet oxygen, the superoxide anion (O2
-), the hydroperoxyl radical (HO2) 

and the hydroxyl radical (HO) which is a breakdown product of H2O2.  In addition to being 

generated by external stimuli, ROS can occur spontaneously via the mitochondrial 

electron transport pathway (Cimino et al, 1997).   

 

An increase in intracellular levels of ROS can have many deleterious biochemical 

effects including; induction of damage to lipids, especially the lipid bilayer; both nuclear 

and mitochondrial DNA damage; damage to certain amino acids; and oxidation of 

cysteines in proteins (Cimino et al, 1997).  On a whole organism level, a build up of ROS 

has been implicated in ischemia reperfusion injury (Hesse et al, 1985 and Repine, 1991), 

cancer (Wickramasinghe et al, 1976 and Kennedy et al, 1984) and aging (Oberley et al, 

1980 and Shi et al, 1994).   

 

The thioredoxin system is one of the cells defences against the damage caused by 

oxidative stress.  Thioredoxin is a small protein found in all organisms and has a multitude 

of roles within the cell, most of which are dependent on its ability to reverse the effects of 

an oxidative environment by reducing cysteine residues within its substrates (Holmgren, 

1985).  Thioredoxin has been the focus of many research programs over the last 3 

decades and while this research has elucidated much information regarding the proteins 

structure, function and expression, there is still much which remains unclear.   
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 A significant portion of thioredoxin research into has been directed at determining 

the expression levels and localisation patterns within tissues.  One extremely consistent 

finding is that thioredoxin is found in increased levels in almost all cancers including, 

colorectal carcinoma, pancreatic ductal carcinoma and Human T Cell Leukemic Virus and 

Epstein Barr Virus infected cell lines (Berggren et al, 1996; Nakamura et al, 2000 and 

Wakasugi et al, 1990).  Additionally it is found to be increased in various stages of 

pregnancy including the pre-fertilisation dominant follicle, the placenta and the cells of the 

developing embryo (Iwai et al, 1992; Clarke et al, 1987; Di Trapani et al, 1991; Perkins et 

al, 1995 and Kobayashi et al, 1995).  While cancer and embryonic development may 

seem far removed from each other there is one particular process which is common to 

both, implantation (or invasion).  In order for either the cancer cell or the developing 

embryo to implant into the wall of the adjacent tissue or the uterine wall respectively 

certain cells must attain the ability to actively degrade the extracellular matrix of the 

relevant tissue.  The invading cells of the embryo resemble metastatic cancer cells in so 

many features that they are often referred to as being pseudomalignant (Strickland et al, 

1992) 

 

 Previous research has shown that thioredoxin is intimately involved in embryonic 

implantation.  This fact, coupled with the increased thioredoxin expression levels observed 

in many cancers, has led us to question whether the role of increased thioredoxin in 

cancer cells is to facilitate invasion and subsequently metastasis.  This project was 

designed to determine if this is in fact the case.  

 

1.1 Thioredoxin 

 

1.1.1  Introduction 

 

 Thioredoxin is a small ubiquitous oxido-reductase found in all organisms.  It was 

originally isolated and characterised from E.coli in 1964, where it was found to be a H+ 

donor for ribonucleotide reductase (Laurent et al, 1964).  Since this discovery thioredoxin 

has been intensely studied by many research groups and its elucidated roles seem to 

grow daily. 

 

 The active site, which facilitates thioredoxins redox activity, is extremely highly 

conserved between species.  The site contains two redox active cysteine residues 

configured Cys-Gly-Pro-Cys (Holmgren, 1985).  These two cysteine residues allow the 



thioredoxin molecule to exist in either a reduced (thioredoxin-(SH)2) or oxidised 

(thioredoxin-S2) state.  When reduced the two cysteines are independent and each have 

one bound hydrogen ion.  However under certain conditions the H+ ions are donated to a 

substrate protein and the two cysteines form a disulfide bridge, that is the thioredoxin 

becomes oxidised (Holmgren, 1985).   

 

 Two other components interact with thioredoxin to make up the thioredoxin 

system.  These are thioredoxin reductase and NADPH.  Thioredoxin reductase is a 

flavoprotein, highly specific for both thioredoxin and NADPH.  The role of these two 

components is essentially to “recycle” thioredoxin back from its oxidised form to a reduced 

state (Holmgren, 1985).  This process is described in the diagram below (figure 1.1).    

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Thioredoxin Reductase

(SH)2

Thioredoxin-(SH)2

Oxidised 
Substrate S2

Thioredoxin-S2

Reduced 
Substrate

NADPH + H+ NADP+ 

FIGURE 1.1 : The Thioredoxin System. 

 

1.1.2  Redox activity 

 

 Thioredoxin has numerous protein substrates to which it donates H+ ions.  

Through this donation thioredoxin is able to influence the redox state of not only the 

protein it acts on, but also the entire cellular environment.  Cells are extremely susceptible 

to changes in oxidative environment and a highly oxidised state is known to cause 

damage to both proteins and DNA .  This in fact has been implicated in the aging process 

as will be discussed later.  Sources of oxidative stress are numerous and include hypoxia, 

X radiation and UV radiation.   
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During the reduction process substrates bind to the hydrophobic surface 

surrounding the active site of the thioredoxin molecule.  Cysteine 32, acting as a 

nucleophile, then forms a covalently linked mixed disulfide with a cysteine residue from 

the substrate protein.  The deprotonated cysteine 35 then attacks the mixed disulfide 

bond, forming an intracellular disulfide bridge with cysteine 32.  The now reduced 

substrate protein is released and the thioredoxin molecule is subsequently 

reduced/recycled by the actions of thioredoxin reductase and NADPH.  (Holmgren, 1985) 

  

One of the most understood roles of thioredoxin is its ability to catalyse the reduction of 

insulin by dithiothreitol (DTT) (Holmgren, 1979).  This fact has been exploited to develop a 

quantitative test for determining thioredoxin concentration in samples.  As seen in Figure 

1.2, oxidised insulin is comprised of two strands held together by two disulfide bridges.  In 

this state insulin is soluble in water.  When reduced by DTT the strands separate and 

precipitate.  This precipitation can be measured at A650. 
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Reduced Insulin –
Water insoluble 

SH-- 

 SH-- 

--SH

--SH
 ---S---S----- 

 ---S---S--- 

Oxidised Insulin –
Water soluble 

DTT 

FIGURE 1.2: Reduction of Insulin by DTT.   

When DTT alone is added to insulin, the rate of reduction is very slow although the 

reaction will eventually continue until all insulin is reduced.  When thioredoxin is also 

added the reaction rate is greatly increased (Holmgren, 1979).  This is because the 

thioredoxin reduces the insulin catalytically at a much faster rate than DTT.  The 

thioredoxin is then re-reduced by DTT, allowing it to reduce more insulin.  

 

The quantitation of thioredoxin using this process is facilitated by keeping the 

concentration of DTT and insulin constant.  The rate of the reaction and accordingly the 

rate of change in absorbance is directly related to the concentration of thioredoxin in a 

sample (Holmgren, 1979).   



 

 

1.1.3 Structure 

 

The general tertiary structure of thioredoxin is extremely highly conserved, from 

E.coli right through to humans.  Additionally the active site is perhaps one of the most 

highly conserved of all enzymes.  As mentioned thioredoxin is a 12kDa protein that is 

known to exist in a number of forms although the basic structure is always retained.   

 

The E.coli thioredoxin tertiary structure comprises a basic core structure 

homologous to that found in higher order species.  As seen in figure 1.3, the structure is 

based around a central core of 5 strands of β sheet, enclosed by 4 α helices (Eklund et al, 

1991).  This tertiary structure has been named the “Thioredoxin Fold” (Eklund et al, 1991).  

The active site cysteines are positioned at residues 32 and 35 at the amino end of the 

second α helix.  One part of the area adjacent to the active site is hydrophobic and 

thought to be the main interaction site for other proteins. 

 

 
FIGURE 1.3: E.coli thioredoxin   (source : Eklund et al, 1991) 
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When comparing the basic tertiary structure of E.coli to that of mammalian 

thioredoxins the core central structure is highly conserved.  Many of the amino acid 

substitutions are conservative and tend to occur distal to the active site (Eklund et al, 

1991).  Mammalian thioredoxin contains 3 additional cysteine residues at positions 63, 70 

and 74 (Holmgren, 1979).  The roles of these cysteines remains uncertain, although it is 

known that they are unable to form intramolecular disulfide bridges and therefore can not 

be redox active. 

 

Residue Cys74 of thioredoxin has been implicated in a phenomenon known as 

early pregnancy factor, EPF (Clarke et al, 1991).  EPF is detectable in maternal serum 

within hours of fertilization.  It is detected through the first two thirds of pregnancy and its 

presence is dependent on the presence of a viable embryo.  When a Cys74Ser mutation 

exists there is no EPF activity, while mutation of the active site has no effect (Tonissen et 

al, 1993).  Therefore although thioredoxin is required for EPF activity its redox function is 

not, illustrating that roles exist for thioredoxin other than those dependent on redox 

activity. 

 

The first mammalian thioredoxin was isolated by Moore in 1967.  Since then it has 

been established that there are three distinct forms of mammalian thioredoxin.  The 

traditional thioredoxin, thioredoxin 1, has all five cysteines and is 104 amino acids in 

length (figure 1.4).  Thioredoxin 2 is slightly larger at 166 amino acids and approximately 

18kDa (Spyrou et al, 1997).  It does not have cysteines 63, 70 or 74, but it does have a 

mitochondrial translocation signal.  Upon cleavage of this signal the resulting protein is 

12.2kDa and is able to be reduced by thioredoxin reductase and NADPH. 

 

The third form of mammalian thioredoxin known to exist is a 10kDa truncated, 

redox inactive form.  Truncated thioredoxin has the same N-terminal as thioredoxin 1 and 

has been found to be secreted by numerous cell types including human U937 

myelomonocytic leukemia cells and T-helper cell hybridoma MP6 cells (Sahaf et al, 2000).  

No cDNA has ever been isolated for truncated thioredoxin and it is therefore thought that 

the truncation occurs post translationally.  The precise role of this thioredoxin is unclear 

although it is known to act as a cytokine and induce the secretion of interleukin 12 in 

monocytes (Pekkari et al, 2001).  Although all three forms of thioredoxin are expected to 

have important and distinct roles within the cell, this project will focus solely on the 

cytoplasmic thioredoxin 1. 



 

 

 
Reduced Thioredoxin          Oxidised Thioredoxin  
Source: Forman-Kay et al. (1990)  Source: Weichsel et al. (1996)  
 

 

 

FIGURE 1.4: Mammalian Thioredoxin Tertiary Structure  

It has been shown that mammalian thioredoxin tends to form covalent homodimers 

in solution (Weichsel et al, 1996b).  This effect is seen particularly when the environment 

is strongly oxidised or if the thioredoxin concentration is high.  The association is quite 

weak however, so it is unclear whether this dimerisation occurs in physiological 

conditions.  The dimerisation occurs through Cys74 and results in the internalisation of the 

active site of both molecules (Gasdaska et al, 1996).  Accordingly the homodimer is not 

redox active, and although it is thought that the dimerisation is a means of regulation of 

activity, its precise role is unknown (Weichsel et al, 1996b). 

 

Additionally thioredoxin forms heterodimers with numerous substrates.  For 

example NF-κB and Ref1 (Matthews et al, 1992 and Hirota et al, 1997).  The interaction 

with NF-κB occurs by an interaction between Cys32 of thioredoxin and Cys62 of the p50 

subunit of NF-κB (Matthews et al, 1992).  The heterodimer complexes are stabilised by 

hydrogen bonds and electrostatic and hydrophobic interactions.  Thioredoxins interact 

with a number of transcription factors including NF-κB and Ref1, and this interaction will 

be discussed in detail in section 1.2.4.5.   

 

 Thioredoxin also has numerous extracellular biological roles.  It has been shown 

that thioredoxin is actively secreted from a number of normal and transformed cell lines  

 7



 8

including fibroblasts and activated B and T cells (Rubartelli et al, 1992).  However, 

thioredoxin has neither an internal nor N-terminal signal sequence, at least one of which is 

generally required to direct proteins to and through the cell membrane.  Accordingly, the 

protein is secreted by a leaderless pathway although the precise mechanism by which this 

occurs has not yet been elucidated (Rubartelli et al, 1992).  Interestingly thioredoxin 

reductase has also been shown to be secreted, suggesting that perhaps the entire 

thioredoxin system is involved in facilitating extracellular thioredoxin functions (Soderberg 

et al, 2000). 

 

1.1.4  Biological Roles 

 

As mentioned thioredoxin has numerous biological roles both intracellularly and 

extracellularly which may be either dependant on or independent of its redox activity.  

These roles include catalysis of protein folding (Lundstrom, 1990), DNA nucleotide 

synthesis and implantation (Matsui, 1996).  There are however 5 roles which have, in 

recent years, become the focus of the majority of thioredoxin research.  These are its 

protective role against oxidative stress, effect on cell proliferation, protection against 

apoptosis, regulation of chemoattractant activity and transcription factors (figure 1.5).  

Each of these roles will be discussed in detail. 

 

1.1.4.1 Protection from oxidative stress 

 

 Protection from oxidative stress is the basic role of thioredoxin.  Each of its 

functions discussed below facilitate the ability of thioredoxin to protect and allow the repair 

of proteins, which subsequently protects the whole cell from damage caused by oxidative 

stress.  There is a great deal of evidence which suggests that this is the primary role of 

thioredoxin.   

 

Firstly thioredoxin expression is known to be induced by various forms of oxidative 

stress causatives including UV exposure and H2O2 (Sachi et al, 1995).   In one study the 

increase in thioredoxin expression was noted within 6 hours of treatment with H2O2 (Sachi 

et al, 1995).  Other studies have described the induction of thioredoxin in retinal pigment 

epithelial cells upon oxidative stress induced by temporary ischemia followed by 

reperfusion and/or light exposure (Ohira et al, 1994).  Later studies by the same group 

found that H2O2 exposure of these cells actually resulted in an induction of thioredoxin in 



the mitochondria and they suggested that the resultant increase in thioredoxin levels had 

a cytoprotective effect (Gauntt et al, 1994).   
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Finally it has been suggested that the aetiology of certain conditions may be a 

direct result of oxidative stress induced damage, due to decreased levels of thioredoxin.  

For example many patients with Alzheimer’s disease have significantly decreased levels 

of thioredoxin protein in the affected areas of the brain (Lovell et al, 2000).  Seemingly in 

an attempt to compensate for this the activity level of thioredoxin reductase in the same 

regions is greatly increased.  However, the balance is still towards a decrease in overall 

activity of the thioredoxin-thioredoxin reductase system.  It is believed that the resultant 

increase in oxidative stress, and subsequently oxidative stress induced damage causes 

the neurodegeneration of diseased brain areas of these patients (Lovell et al, 2000). 

 

1.1.4.2 Cell Proliferation and Growth 

 
A study by Teshigawara in 1985 was the first to suggest a possible role for 

thioredoxin in cell growth (Teshigawara et al, 1985).  In this study reduced thioredoxin was 

found to promote growth of a Human T cell leukaemia virus infected cell line.  In the same 

study thioredoxin was found to augment the expression of the Interleukin 2 receptor. 

 

Over the following 10 years thioredoxin was found to increase cell proliferation in a 

large number of all lines including Epstein Barr Virus infected B lymphoblastic cells 

(Wakasugi et al, 1990), Swiss Murine  3T3 fibroblasts, Jurkat T cells, leukemia cells and 

MCF-7 breast cancer cells (Powis et al, 1994).  The ability of thioredoxin to increase 

growth has been shown to be redox dependent.  In fact the transfection of WEHI7.2 cells 

with a redox inactive mutant of thioredoxin resulted in a 71% decrease in doubling time 

(Freemerman et al, 2000). 

 

It was soon discovered that the growth promoting capability of thioredoxin was 

actually occurring in combination with other proteins. Thioredoxin shows marked 

synergism with a number of cytokines including interleukins 1 + 2 and through this 

synergism it is able to affect the growth of both transformed cells of heampoeitic origin 

(Wakasugi et al, 1990) and solid tumour cell lines (Gasdaska et al, 1995). Thioredoxin 

was found to be such a strong promoter of proliferation that it is able to stimulate growth in 

both serum free and growth factor free media (Gasdaska et al, 1995). 

 

However unlike many other growth factors, there are no high affinity binding sites 

for thioredoxin on the surface of cancer cells which would indicate the existence of a 

receptor (Gasdaska et al, 1995).  Instead thioredoxin is thought to either increase the 
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activity of other growth factors or to increase the sensitivity of their receptors on the cell 

surface, or perhaps a mixture of the two.  Exactly which is the case remains to be clarified. 

 

In addition to synergism with interleukins 1 and 2, thioredoxin has been shown to 

potentiate the activity of other growth factors.  For example the activity of fibroblastic 

growth factor is increased over 100 fold at 10-30nM thioredoxin (the concentration of 

thioredoxin in human serum) (Kitaoka et al, 1994).  The expression levels of interleukins 

1, 2, 6, 8 and tumour necrosis factor (TNF) are all increased by thioredoxin (Schenk et al, 

1996).  This increase occurs at very low thioredoxin concentrations and there is a 

concurrent increase in thioredoxin mRNA.  Therefore it is believed that the increase is the 

result of a transcriptional event rather than as a result of post translational processing or 

secretion (Schenk et al, 1996).  Additionally, thioredoxin is critical for p38 MAP Kinase 

activation which regulates cytokine expression (Hashimoto et al, 1999). 

 

Essentially the process by which thioredoxin is thought to increase cell growth is 

by acting as a co-cytokine.  This, combined with the increased levels of thioredoxin seen 

in many cancer cell lines and tumours, suggests that it may act as an autocrine growth 

factor increasing the growth rate of cells it is released from and those that are proximal.  

This would partially account for the high growth levels characteristic of many cancers.  

However increased cell growth alone can not sustain a high level of whole tumour growth 

and progression.  There must also be a concurrent decrease in cell death.  This leads to 

the third biological function of thioredoxin to be discussed, inhibition of apoptosis. 

 

1.1.4.3 Inhibition of Apoptosis 

 

 Thioredoxin has been shown to inhibit apoptosis induced by numerous chemicals 

including dexamethasone, staurosporine and etoposide (Baker et al, 1997).  In the Baker 

study WEHI7.2 cells were stably transfected with human thioredoxin DNA.  This resulted 

in a maximum 2 fold increase in thioredoxin protein levels.  The transfected cells were 

found to be resistant to apoptosis induced by the above chemicals while endogenously 

added thioredoxin did not provide such protection.  The latter reiterates the suggestion 

that thioredoxin is not taken up by cells.  When those transfected cells were injected into 

SCID mice, tumours grew faster than in those transfected with wild type WEHI7.2 and this 

is thought to be at least partially due to the decrease in apoptosis.   
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In support of this theory, inhibitors of thioredoxin have been shown to induce 

apoptosis in cancer cells and in animals (Baker et al, 1997).  Likewise when WEHI7.2 

cells were transfected with a redox inactive mutant of thioredoxin they were far more 

susceptible to apoptosis induced by dexamethasone, aposide and doxorubin. 

(Freemerman et al, 2000). 

 

Thioredoxin essentially inhibits apoptosis through its scavenging ability.  Apoptosis 

is generally preceded by an increase in H₂O₂ and both catalase and thioredoxin are able 

to decrease apoptosis.  Additionally thioredoxin may affect apoptosis levels by interacting 

with L-cysteine and glutathione (Iwata et al, 1997).  Both L-cysteine and glutathione play 

crucial roles in regulation of lymphocyte proliferation and decreased levels of both induce 

apoptosis in a number of cell lines including Jurkat cells.  The cells inability to neutralize 

oxidative stress in L-cysteine and glutathione depleted conditions results in apoptosis. 

Thioredoxin has dual roles in such conditions by;  

1. Scavenging reactive oxidant species; and 
2. Enhancing the internalization of L cysteine and increasing intracellular 

glutathione levels. (Iwata et al, 1997). 
 

1.1.4.4  Chemoattractant Activity  

 

 Recently it was shown by Bertini and co-workers that thioredoxin acts as a 

chemoattractant for neutrophils, monocytes and T cells in culture. (Bertini et al, 1999).  

The redox function of thioredoxin is required for this activity.  Unlike other chemokines, 

thioredoxin does not result in an increase in intracellular calcium and the process is 

therefore G protein independent.  It is presumed that thioredoxin may initiate signal 

transduction which induces chemotaxis by oxidising and cross linking cell surface 

molecules (Bertini et al, 1999).  In contrast to these results, increased thioredoxin has also 

been shown to decrease lipopolysaccharide stimulated neutrophil migration in a murine air 

pouch model by acting directly on the neutrophils themselves (Nakamura et al, 2001(a)).  

It was also found to inhibit leukocyte recruitment induced by certain chemokines.  

Therefore there is still much to be elucidated about the precise role of thioredoxin in 

chemotaxis.  
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1.1.4.5 Regulation of Transcription 

 

As mentioned earlier a build up of ROS within the cell can induce many extremely 

damaging effects, many of which are facilitated by modulating the activity levels of 

transcription factors.  Some transcription factors are induced, while others are inhibited, by 

an oxidative environment.  Cellular changes brought about by the effect of ROS on 

transcription factors include; 1) a general increase in expression levels of many proteins; 

2) induction of stress proteins; and 3) changes in cell growth and proliferation (Cimino et 

al, 1997).    

 

The activity of many transcription factors have been shown to be under redox 

regulation.  The mechanisms by which redox conditions regulate these factors are very 

different, and in some cases quite complicated.  To provide a brief overview of how redox 

conditions influence transcription, four transcription factors will be discussed; NFκB, AP1, 

p53 and Sp1.   

 

 a) NFκB 

 

NFκB was first discovered in B cells as a nuclear transcription factor that bound to 

the B-site of the immunogenic κ enhancer (Sen et al, 1986).  It is a heterodimer composed 

of the subunits p50 and p65 and both subunits are necessary for DNA binding activity 

(Urban et al, 1991).  The activity of NFκB is controlled in the first instance by the 

regulatory subunit IκB (Baeuerle et al, 1988).  When bound to this inhibitory subunit NFκB 

is located in the cytoplasm and is inactive.  It is unable to translocate to the nucleus at this 

point.   

 

A large variety of stimuli induce the release of IκB and subsequently the activation 

of NFκB.  The common denominator between many of the stimuli which induce this 

release is that they are detrimental to the cell itself.  Such stimuli include; viral infection 

and bacterial lipopolysaccharides; proinflammatory cytokines such as interleukin 1 and 

TNF; and UV and γrays (Muller et al, 1997).  Upon stimulation both NFκB and IκB are 

phosphorylated and the complex dissociates (Link et al, 1992).  NFκB is then free to 

translocate to the nucleus. 

 

Much early research indicated that NFκB transcriptional activity was dependent on 

the redox environment of the cell and many of the results were contradictory (Staal et al, 
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1990 and Schreck et al, 1991).  Some researchers reported that antioxidants and a 

reduced environment inhibited the DNA binding activity of the factor (Staal et al, 1993 and 

Schreck et al, 1992).  Contrary to this, others reported that NFκB DNA binding was 

increased by antioxidants (Toledano et al, 1991 and Matthews et al, 1992). 

 

It was eventually determined that NFκB is in fact dually regulated by redox 

conditions.  When bound to the IκB in the cytoplasm reducing agents, such as thioredoxin 

and DTT, serve to inhibit dissociation of the complex.  However, upon the addition of 

oxidation inducing stimuli, such as UV radiation or H2O2, the complex dissociates and 

NFκB translocates to the nucleus.  Once in the nucleus NFκB must be in a reduced state 

to bind DNA.  Many studies have shown that thioredoxin is able to directly regulate the 

activity of NFκB (Hayashi et al, 1993, Meyer et al, 1993; Mitoma et al, 1994 and Schenk et 

al, 1994).  As would be expected thioredoxin inhibits the DNA binding of NFκB when 

cytoplasmic cell extracts are used (Okamoto et al, 1992).  This redox regulation of DNA 

binding is mediated through the reversible reduction of Cys62 of the p50 subunit of NFκB 

(Matthews et al, 1992). 

 

NFκB is one of the important regulators in the development of cancers.  It induces 

the expression of E-selectin, the induction of which is considered to be the “rate 

determining step” in the initiation of cancer cell-endothelial cell interactions (Okamoto et 

al, 1997).  Further to this, studies have shown that increased NFκB activity in vivo, by the 

transfection of NIH3T3 cells with antisense IκB, results in oncogenic transformation (Flohe 

et al, 1997).  These transfected cells show increased growth on soft agar, increased 

saturation density and increased tumour formation in nude mice.  As would be expected 

transfection of the same cells with sense IκB results in decreased NFκB activity, 

decreased saturation density and flattened cell morphology (Flohe et al, 1997).  Similarly 

when NIH3T3 cells are transfected with sense p65 they display increased NFκB activity 

and subsequently decreased growth, decreased tumour formation and elimination of the 

ability to adhere to the extracellular matrix (Flohe et al, 1997).   

 

All of the effects of increased NFκB activity mimic those of increased thioredoxin 

levels.  This combined with evidence that NFκB activity is constitutively increased in 

thioredoxin over-expressing cells indicates that the one of the mechanisms through which 

thioredoxin facilitates cancer progression is by directly regulating NFκB. 
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b) AP1 

AP1 is a transcription factor that plays a major role in growth and differentiation by 

coupling extracellular signals to gene-activating events (Angel et al, 1991).  It was first 

identified as the transcriptional factor that binds to an essential cis-element of the human 

metallothionein IIa promoter (Lee et al, 1987).  The dimeric protein is composed of the 

subunits jun and fos as either a heterodimer or a jun homodimer (Rauscher et al, 1988 

and Halazonetis et al, 1988).    The heterodimer is a much stronger promoter of gene 

transcription than the jun homodimer (Halazonetis et al, 1988).  No fos homodimer has 

ever been isolated (Angel et al, 1991).   The active region of AP1 contains a leucine 

zipper motif and it is the basic residues of fos adjacent to the leucine zipper that contribute 

to the DNA binding (Neuberg et al, 1989).  Interestingly though fos can not bind DNA 

alone. 

 

 Much evidence has indicated that AP1 is redox regulated.  However, as with 

NFκB, this appears to be far from straight forward.  Firstly, AP1 only binds to DNA when 2 

cysteines (154 fos and 272 jun) are reduced (Morgan et al, 1991).  Further to this, its DNA 

binding activity is inhibited by oxidative agents such as N-ethylmaleimide and diamide in 

vitro (Abate et al, 1990) and diethyl maleate in vivo (Esposito et al, 1994).  Additionally 

antioxidants N-acetyl-L-cysteine and pyrrolidine dithiocarbamate increase both AP1 DNA 

binding and AP1 mediated transactivation in response to phorbol ester while H2O2 

inhibited phorbol ester activation (Meyer et al, 1993).   

 

However this study also demonstrated that in unstimulated cells H2O2 acts as a 

weak inducer of AP1 (Meyer et al, 1993).   Other studies have also shown that several 

oxidants, including H2O2 and UV exposure, can induce AP1 activity (Stein et al, 1989 and 

Devary et al, 1991).  It has been suggested that oxidants produce an immediate increase 

in AP1 activity, while antioxidants result in a slower increase in AP1 through inducing de 

novo synthesis of both jun and fos (Schenk et al, 1994).  This is thought to be the case as 

when inhibitors of thioredoxin or of translation are added, no increase in AP1 activity can 

be induced by antioxidants (Schenk et al, 1994). 

 

It has been shown that a nuclear redox factor exists which stimulates AP1 DNA 

binding (Abate et al, 1990).  This factor is Ref-1 (Xanthoudakis et al, 1992).  Ref-1 induces 

AP1 activity through the reduction of a single conserved cysteine residue in jun (Okuno et 

al, 1993).  Studies have shown that thioredoxin directly reduces and therefore recycles 

Ref-1, and in this way regulates the activity of AP1 (Hirota et al, 1997).  Ref-1 has in fact 
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been implicated in the induction of a number of transcription factors including NFκB and 

(Xanthoudakis et al, 1992(b)) and p53 (Jayaraman et al, 1997).          

 

c) p53

 

p53 is a transcription factor intimately linked to tumour progression.  It was 

originally designated as an oncogene, capable of regulating the proliferation of Swiss 3T3 

mouse cells (Mercer et al, 1982).  When transfected into rat embryonic fibroblasts p53 

immortalised the cells (Jenkins et al, 1984) and when co-transfected into the same cells 

with the activated oncogene c-Ha-ras, it resulted in a transformed phenotype (Eliyahu et 

al, 1984 and Parada et al, 1984).  However, later studies suggested that wild type p53 

was actually a tumour suppressor, and upon mutation it becomes an oncogene (Finlay et 

al, 1989 and Eliyahu et al, 1989).  These experiments showed that transformation 

potential of cells co-transfected with wild type p53 and either mutant p53 or c-Ha-ras was 

reduced (Finlay et al, 1989).  This effect was also seen when wild type p53 was co-

transfected with a number of other known proto-oncogenes (Eliyahu et al, 1989).  

Therefore wild type p53 is involved in the inhibition of tumourogenesis, and its inactivation 

plays an important role in neoplastic development. 

 

p53 has a central DNA binding domain which is comprised of two large loops held 

together by a zinc atom, and a loop-sheet-helix motif (Cho et al, 1994).  Residues from 

both motifs interact with the minor and major grooves respectively.  The zinc atom is co-

ordinated with the protein through interactions with 1 histidine and 3 cysteine residues.  As 

such the conformation and activity of p53 are both dependent on the redox environment of 

the cell (Rainwater et al, 1995).    Further to this there are 4 cysteines located in the loop-

sheet-helix motif which are extremely important in DNA binding (Rainwater et al, 1995).  

When these cysteines were mutated to serines the DNA binding activity of the protein was 

decreased in vitro.  However it is still unclear whether these 4 cysteines are subject to 

redox regulation in vivo.  

 

One of the first studies describing the effect of redox on p53 was completed by 

Hainaut and co-workers (Hainaut et al, 1993).  This group found that oxidative agents 

such as diamide and UV exposure altered the conformation of p53 and decreased its DNA 

binding activity.  Conversely, reducing agents restored both conformation and DNA 

binding activity in vitro.  In a study completed by Russo and co-workers, COS 7, HeLa and 

Hep3B cells were transfected with p53 and treated with the oxidising agent Diethyl Malate 
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(DEM) (Russo et al, 1995).  Cell extracts from those cells which had been exposed to 

DEM showed much less DNA binding activity than those that had not.  This indicated that 

p53 was not only redox regulated in vitro, but also in vivo.   

 

A number of studies have linked the redox regulation of p53 to thioredoxin.  The 

earliest studies were completed on yeast and found that when a thioredoxin reductase 

homolog was mutated there was a corresponding decrease in the ability of p53 to inhibit 

growth (Casso et al, 1996).  They postulated that the decrease in activity of the 

thioredoxin system would result in a build up of oxidation, and subsequently inhibit p53 

DNA binding activity.  Other studies in yeast systems have supported this theory, and 

further suggested that by increasing cellular oxidation, a decrease in activity of the 

thioredoxin system effects both the DNA binding and transactivation of p53 (Merrill et al, 

1999). 

 

A study by Ueno and co-workers, has demonstrated that p53 activity is also 

regulated by thioredoxin in human systems both in vitro and in vivo (Ueno et al, 1999).  In 

vitro it was shown that 1µM thioredoxin was equivalent to 50mM DTT in increasing p53 

DNA binding.  While in vivo this study showed that transfection of human colon cancer 

cells with thioredoxin enhanced p53 dependent p21 expression.  Interestingly Ref-1 has 

been shown to both increase p53 DNA binding activity and stimulate its transactivation 

(Jayaraman et al, 1997).   The study by Ueno et al, also established that transfection of 

the colon cancer cells intensified Ref-1 mediated p53 activity.  Together this suggests that 

thioredoxin regulates p53 activity both directly (similarly to NFκB) and indirectly (similarly 

to AP1).  

 

d) Sp1 

 

Sp1, 2, 3 and 4 make up the Sp family of transcription factors (Suske, 1999). Sp1, 

3 and 4 each act through the GC-box – 5’ GGG GCG GGG 3’. Sp2 actually binds to a GT 

element. For the purposes of this discussion primarily Sp1 will be considered.  Sp1 has 

been implicated in the activation of a large number of genes including many house-

keeping, tissue specific and cell cycle regulated genes such as dihydrofolate reductase, 

aldolase A and thymidylate synthase (Dynan et al, 1986; Izzo et al, 1989 and Horie et al, 

1995).   
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Like NFκB, there is a variety of research linking Sp1 activity to cancer progression.  

It has been shown that both its expression level and activity level is increased in 

squamous cell carcinomas when compared to comparatively benign papillomas (Kumar et 

al, 1999).  This indicates that increased Sp1 activity correlates with progression stage of 

epidermal tumours in particular.  HeLa cells transfected with a dominant negative Sp1 

transcript display total growth inhibition and it is impossible to isolate viable clones (Chen 

et al, 2000).  When transfected with an inducible vector containing the same transcript, 

induction results in a decreased growth rate and a prolonged S-phase (Chen et al, 2000).   

 

Sp1 contains 3 zinc finger motifs that bind DNA.  These zinc fingers have 

conserved cysteine and histidine residues that form bonds with the zinc molecule 

(Posewitz et al, 1995).  As discussed with reference to p53, this renders the protein 

extremely susceptible to redox regulation and a number of studies have shown that this is 

in fact the case.  One of the earliest of these, completed by Ammendola and co-workers, 

investigated the role of Sp1 in aging (Ammendola et al, 1994).  In this study they found 

that while the expression level of Sp1 was unaltered, the DNA binding activity of Sp1 was 

decreased in nuclear extracts from older rats when compared to extracts from younger 

rats.  This decrease in binding efficiency in extracts from older rats was reversed by the 

addition of DTT.  In parallel to this the DNA binding activity of the extracts from younger 

rats was abolished by the addition of H2O2.  This study confirmed that Sp1 was under 

redox regulation and also suggested that it may play an important role in the aging 

process (Ammendola et al, 1994). 

 

Similar to this study, Schafer et al described the variation in Sp1 DNA binding 

activity seen between resting and proliferating cells (Schafer et al, 1996).  After noting that 

the expression levels of two proteins whose expression was known to be controlled by 

Sp1 (aldolase and pyruvate kinase) were increased in proliferating cells, they theorised 

that either the level of Sp1 or Sp1 activity must also be increased.  The actual level of Sp1 

was found to be equivalent in both types of cells.  However nuclear extracts from 

proliferating cells had much more Sp1 DNA binding activity than those taken from resting 

cells.  Further to this they also found that antioxidants increased the activity level of the 

extracts, while oxidants had the opposite effect.   As resting cells have a far greater 

concentration of potent oxidising agents they concluded that it was these which were 

inhibiting Sp1 in these cells, while in proliferating cells the cellular environment was 

comparatively reduced and therefore Sp1 was activated (Schafer et al, 1996). 
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Numerous other studies completed by several others have established that Sp1 

DNA binding activity is in fact regulated by redox factors (Knoepfel et al, 1994).  A study 

by Wu et al in 1996 showed that nuclear extracts from HeLa cells which had been 

exposed to diamide had decreased Sp1 activity compared to extracts from normal cells.  

This effect was completely reversed by the addition of DTT.  The same study suggested 

that the susceptibility of Sp1 was extremely high, similar to that of NFκB and higher than 

AP1 (Wu et al, 1996).  Despite these studies indicating that Sp1 is regulated by redox 

conditions, no published research has investigated if thioredoxin is able to regulate the 

transcription factor.   

 

1.1.5 The Thioredoxin Gene 

 

Since thioredoxin is integral to many cellular processes it is indeed strange that 

only limited studies have been performed regarding the thioredoxin promoter.  The human 

thioredoxin gene has been determined to span 13kb and is comprised of 5 exons 

(Tonissen et al, 1991).  The active site coding region is located within exon 2.  Multiple 

copies of thioredoxin homologous sequence exist in the human genome but the exact 

number is unknown (Tonissen et al, 1991).  The minimal promoter region of the 

thioredoxin gene is approximately 700bp in length and appears to have an extremely 

complex regulation system. 

 

The promoter contains no canonical TATA or CCAATT box, and is very GC rich 

(Tonissen et al 1991).  These are features common to the promoters of many “house-

keeping” and growth regulatory genes including those of; gamma glutamyl hydrolase, 

which has an important role in folate metabolism (Yin et al, 1999); Myc-associated zinc 

finger protein, a transcription factor (Song et al, 1998); and WNT5A, a growth factor 

involved in cell-cell signalling during growth and differentiation (Danielson et al, 1995).  

Traditionally it had been assumed that such promoters were under very little regulation 

and were essentially constitutive promoters, thus the term “house-keeping”.  However that 

idea is changing as more evidence suggests that they may in fact be under quite complex 

regulation.  For example it has been shown that the transcription factors ETF and Sp1 

preferentially bind to specific GC rich sequences within such TATA less promoters 

(Kageyama et al, 1989 and Kadonaga et al, 1986).   

 

The thioredoxin promoter has been shown to contain putative consensus 

sequences for numerous transcription factors including NF-κB, AP-1 and 3 Sp1 binding 
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sites (Tonissen et al, 1991).  Of these three Sp1 sites, two are the preferred sequence 

(5’GGGGCGGGGC) and the third is a sequence to which Sp1 is known to bind with high 

affinity (5’GGGGCGGAGC) (Kadonaga et al, 1986).  In addition to these traditional 

transcription regulation sites it has recently been shown that the thioredoxin promoter 

contains specific regions which may be responsible for the redox regulation of thioredoxin 

expression. 

 

Research suggests that at least two such regulatory sites exist within the 

thioredoxin promoter, the oxidative stress responsive element (ORE) and the antioxidant 

response element (ARE) (Taniguchi et al, 1996 and Kim et al, 2001).  The first of these, 

the ORE, has been located to a region of the thioredoxin pomoter at –951 to –932.  The 

study completed by the Yodoi group found that thioredoxin expression is increased in 

response to oxidative stress caused by H2O2, diamide and menadione.  This increase 

appears to be due to an increased binding of a novel transcription factor to the ORE.  No 

recognisable consensus sequence could be found within the ORE although in EMSA 

studies a nuclear extract formed a complex with an oligonucleotide homologous to the 

region.  

 

Thioredoxin expression has also been shown to be induced by hemin, a known 

promoter of free radical formation, in the erythroleukemic cell line K562 (Leppa et al, 

1997).  The ARE, which was mapped to –452 to –420 of the thioredoxin promoter, has 

been shown to be at least partially responsible for this (Kim et al, 2001).  Within this region 

lies an AP1 consensus sequence (TGCTGAGTAAC).  This consensus sequence is 

required for basic activity of the ARE but the entire region as mapped is required for full 

function.   

 

The process by which the ARE regulates thioredoxin expression appears to be 

multi-faceted.  Under unstimulated conditions there exists constitutive binding of the 

transcription factor NF-E2p45/small Maf to the ARE (Kim et al, 2001).  This is obviously 

involved in maintaining basal level transcription of the thioredoxin gene.  Upon hemin 

stimulation however Nrf2/small Maf complex binds the ARE followed by an increase in 

thioredoxin gene transcription (Kim et al, 2001).  Additionally PMA stimulation results in 

the binding of Jun/Fos to the ARE.  However, in K562 cells binding of the ARE by Jun/Fos 

does not induce the thioredoxin gene.  This does not discount the fact that in other tissues 

or other developmental/differentiation stages it may induce transcription (Kim et al, 2001). 
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The switch from unstimulated NF-E2p45/small Maf binding of the ARE to hemin 

induced Nrf2/small Maf binding appears to be a result of a significant increase in nuclear 

Nrf2 levels and a parallel decrease in NF-E2p45 nuclear levels.  When cells are in an 

unstimulated state Nrf2 is found bound to Keap1 in the cytoplasm (Itoh et al 1999).  

Exposure to hemin results in dissociation of this complex and subsequent nuclear 

translocation of Nrf2 and induction of the thioredoxin gene.  In this way hemin, a promoter 

of oxidative stress, is able to increase the expression of thioredoxin through the ARE. 

 

However to complicate matters somewhat a separate study has shown that 

exposure to hemin results in induction of the thioredoxin gene independently of oxidative 

stress, but in a heat shock factor 2 dependent manner (Leppa et al, 1997).  There has 

been little more elucidated about the regulation of thioredoxin expression in this manner.  

 

In summary it is clear that the regulation of the thioredoxin gene is quite complex.  

There are numerous factors involved in the modulation of thioredoxin protein expression 

and each of these appears to fulfil its regulatory role in a different manner.  Such complex 

regulation and the fact that it is induced in response to so many stimuli is indicative of the 

importance of thioredoxin within the cell. 

 

1.1.6 Expression and Localisation 

 

 Thioredoxin is widely distributed throughout human tissues as reported by Fujii et 

al, 1991(a).  An early study using rabbit tissue also showed that both thioredoxin and 

thioredoxin reductase are widely distributed throughout organs and tissues, but that the 

level of expression varied between individual cell types (Rozell et al, 1985).  They found 

that epithelial cells, neuronal cells and secretory cells expressed high levels of these 

proteins while mesenchymal cells produced relatively low levels.  In addition they found 

that most of the thioredoxin was localised to the cytoplasm, and enrichment at the 

secretory granules, the plasma membrane or in the subplasma membrane zone (Rozell et 

al, 1985).  

 

 A study completed by Berggren et al in 1996 analysed the thioredoxin and 

thioredoxin reductase mRNA level in numerous cancer cell lines from ovarian, prostate, 

renal, brain, breast, colon, lung, leukemia, myloma and melanoma tumours.  Although all 

contained both thioredoxin and thioredoxin reductase mRNA, the levels were subject to 

quite significant variation between cell lines of both the same and different tissues.  
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Thioredoxin expression has been studied in many disease and injury states and an 

increased concentration has been reported in many instances. 

 

  1. Human Immune Deficiency Virus (HIV) 

Thioredoxin is found at heightened levels in plasma of HIV positive individuals.  In 

25% of patients the levels of thioredoxin in plasma are far greater than the highest levels 

of the control group. (Nakamura et al, 1996).  The level of thioredoxin in HIV positive 

patients is not indicative of survival.  However survival is markedly decreased when 

thioredoxin levels are chronically increased in patients who have developed AIDS. 

(Nakamura et al, 2001(b)). Thioredoxin has been shown to inhibit lipopolysaccharide 

induced chemotaxis which is a basic immune mechanism.  As such increased thioredoxin 

eliminates the last barrier of defence for these immuno-deficient individuals. 

 

A recent study has shown that thioredoxin is able to regulate the redox state of the 

CD4 receptor (Matthias et al, 2002).  CD4 is the primary receptor for HIV-1 and is made 

up of four domains, three of which contain disulfide bonds.  Matthias and co-workers have 

found that at least one of these bonds, the disulfide bond of domain 2, is regulated by 

thioredoxin which is actually secreted by CD4(+) T cells.  When the CD4 domain 2 thiols 

are locked in a reduced state the entry of HIV-1 into the T cell is blocked.  Further to this 

the study indicated that the reduction of the domain 2 disulfide bond was thioredoxin 

specific, as other tested reducing agents were not able to reduce the bond at the same 

concentration.  

 

  2. Rheumatoid Arthritis 

Increased thioredoxin is found in both the plasma and synovial fluid of patients with 

rheumatoid arthritis (Jikimoto et al, 2002 and Maurice et al, 1999). This increase may be 

indicative of high levels of oxidative stress in these patients and it has been suggested 

that the growth promoting effects of thioredoxin in fact potentiate disease activity in these 

patients.   

  

   3. Amyotrophic lateral sclerosis  

Recent research has found that there is an increase in thioredoxin gene 

expression in patients suffering this progressive neuromuscular disease that causes 

degeneration of motor neurons and eventually results in death (Malaspina et al, 2001). 
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 4. Burns victims 

 Thioredoxin expression is greatly increased in the serum of burn patients (Abdiu et 

al, 2000).  There is also a significant increase in the number of platelets and it was shown 

that these cells were producing thioredoxin.  As such Abdiu and co-workers have 

suggested that thioredoxin is not only involved in rapid antioxidant defence and cell 

growth, but it is also linked to cytoprotection and wound healing in burn tissue.  

  

1.1.6.1 Regulation of Thioredoxin Expression 

 

The expression of thioredoxin has been shown to be modulated by numerous 

stimuli.  It appears that a basal constitutive expression level exists but both external and 

internal stimuli can affect expression of the thioredoxin gene.  Oxidative stresses, 

including chemical oxidants, are perhaps the most well-known inducers of the thioredoxin 

gene.  For example when HT29 colon cancer cells were subjected to hypoxic conditions 

they were found to maintain a 14-fold increase in thioredoxin mRNA over 18 hours 

(Berggren et al, 1996). 

 

 Additionally thioredoxin expression has been shown to be hormone regulated.  

Estradiol incubation of primary culture stromal cells of human endometruim resulted in an 

increase in both thioredoxin mRNA and protein. This effect was inhibited by tamoxifin, an 

estrodiol antagonist. (Maruyama et al, 1999). 

 

 Intracellularly thioredoxin is generally localized in the cytoplasm.  Upon oxidative 

stimuli thioredoxin translocates to the nucleus (Tanaka et al, 1997).  Once in the nucleus it 

is responsible for the regulation of numerous transcription factors, both directly and 

indirectly as discussed previously.   

 

 Two biological conditions in which thioredoxin expression has been extensively 

researched are in cancer and pregnancy, both of which are relevant to this thesis and are 

discussed in more detail in the following sections. 
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1.2 Cancer 

 

1.2.1 Introduction 

 

 Behind arterial disease, cancer has become the second most common 

cause of death.  As such the search to define its cause and subsequently a cure or 

prevention is extensive.  It is generally accepted that the cancer arises from an 

accumulation of genetic mutations.  Genes that are found to be involved in cancer 

progression tend to fall into two groups; oncogenes and tumour suppressor genes. 

Hundreds of such genes have been identified including oncogenes; proliferating cell 

nuclear antigen (Takasaki, 1981), epidermal growth factor gene (Helseth et al, 1988) and 

c-myc (Hayward et al, 1981), and tumour suppressor genes; p53 (DeLeo et al, 1979), 

BRCA1 (Liu, 1993) and PTEN (Li et al, 1997). 

 

It has been suggested that in most cases one or more of the tumour suppressor 

genes are mutated (Yokota, 2000).    Although mutations can have either a positive or 

negative effect on the efficiency of the tumour suppressor genes it is those mutations 

which decrease their transcription or result in the production of inactive/dysfunctional gene 

products that are directly involved in facilitating cancerous growth.   

 

With the removal of some growth inhibiting genes the mutated cells are under less 

constraint and the fine balance begins to tip towards excessive growth.  Further mutations 

to oncogenes can increase expression of such genes and further promote tumour cell 

proliferation and growth.  In non-cancerous cells these two groups of genes are in fine 

balance, the oncogenes promote growth and proliferation at an acceptable rate and the 

tumour suppressor genes inhibit the excessive growth of the same cells.  In addition to 

these oncogenes and tumour suppressor genes, the expression of many other genes is 

affected by and/or partially responsible for the cancerous phenotype.  Many of these 

genes and their protein products can be used as markers of tumour progression. 

 

Many distinct types of cancer exist and these are divided into three broad groups: 

 Carcinomas – arise from epithelial cells 

 Sarcomas – arise from the supporting tissue 

 Leukaemias and Lymphomas – arise from blood forming cells of the bone marrow 

and lymph nodes. 

Cancers are further characterised by their organ of origin. 



 

1.2.2 Cancer Physiology 

 

 In the case of carcinomas and sarcomas regardless of the tissue of origin the 

basic progression of the tumour is similar and a breast cancer model will be used as an 

example for explanation of this progression (figure 1.6).  Initially the breast tissue is well 

organised into glandular tissues, fat and other structures (1.6a).  When enough genetic 

mutations have accumulated in one cell it will begin to proliferate and grow excessively.  

The cells will all have the same mutations as the parent cell.  The cells continue to grow 

and proliferate to form a benign growth (1.6b).  At this stage the tumour cannot spread 

from the tissue in which it developed and can remain benign for many years. (Cairns, 

1975) 

 

 

FIGURE 1.6:  
 
The Stages of 
Breast Cancer 
Tumour 
Progression. 
 
Normal breast 
tissue (a) is very 
organised and each 
tissue type is 
segmented.  As one 
type of cell begins to 
proliferate 
uncontrollably in a 
confined area a 
solid benign growth 
(b) is formed.  As 
this growth 
continues the 
tumour begins to 
grow throughout the
different breast 
tissues and the 
tumour becomes  a 
metastatic growth 
(c). 
 
(Source: Cairns, 1978)

a) Normal
breast 
tissue 

b) Solid 
benign 
tumour 

c) Metastatic 
growth 
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 If any cells of this benign growth acquire any more mutations they may be able to 

spread from the tumour and infiltrate the adjacent tissues.  The cancerous cells can 

spread throughout the breast glandular tissue and involve ligaments and muscles of the 

underlaying breast (1.6c).  Again upon further mutation the cells may break off from the 

initial tumour and enter the blood stream or lymphatic system (intravasation) where they 

can travel to areas of the body distal to the original site.  At the same point the cell will 

attach to the arterial wall and infiltrate through into the neighbouring tissue or extravasate. 

 

After infiltrating new tissues, the cells survive by establishing their own interface 

with the blood system, a process termed angiogenesis.  This stage of progression is 

called metastasis and is responsible for the spread of cancer throughout the body making 

it extremely hard to treat.  Almost all cancer deaths are a result of metastasis.  The 

process of metastasis on a cellular level is outlined in figure 1.7. 

 

 
 

FIGURE 1.7 – 
Stages of Metastasis
 
As mutations 
accumulate within a 
cell it may loose its 
anchorage dependence 
and release from the 
original tumour (step 
1).  The cell can then 
intravasate and enter a 
blood vessel or the 
lymphatic system (step 
2), where it can be 
transported to other 
regions of the body 
(step 3).  At some point 
it may contact and 
adhere to a vessel wall 
(step 4).  The cell may 
then invade through the 
vessel wall and 
infiltrate the adjacent 
tissue resulting in a 
secondary tumour (step 
5).  In this way 
malignant tumour can 
spread throughout the 
body. 
 
(Source: Saiki, 1997) 
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1.2.3 Cancer Biochemistry 

 

Each of the stages of metastasis are regulated by different cellular molecules.  

Perhaps the two most important classes of molecules are those involved in;     

a)  Attachment and cell adhesion; and 

b)  Proteolysis and degradation of host barriers.  

 

1.2.3.1 Attachment and Cell Adhesion Molecules 

 

The first stage of metastasis is the detachment of cells from the original solid 

benign growth.  This relies on loss of cell-cell interactions, primarily through the loss of cell 

adhesion molecules.  Once the cell has entered the blood stream or lymphatic system it 

encounters other cells such as platelets and endothelial cells also travelling through these 

systems (Saiki, 1997).  At some point the tumour cell and these circulating cells may form 

an emboli (see figure 1.7, step 3).  As this emboli gathers more cells it continues to grow.  

The emboli may gather enough cells so that it is too large to travel through some sections 

of the blood stream or lymphatic system (Saiki, 1997).  Under such conditions it is likely 

that the emboli will adhere to the contact wall, and proceed to invade through the vessel 

wall, and the extracellular matrix (ECM), into the adjacent tissue.  Just from this brief 

overview of the initial stage of metastasis it is obvious how attachment and adhesion 

molecules are important.    

 

The primary molecules involved in these early stages of metastasis are the 

cadherins, selectins and integrins.  Cadherins are calcium dependent cell-cell adhesion 

molecules which mediated cell sorting mechanisms.  The 4 sub classes of cadherins are 

allocated depending on where they are expressed.  These are epithelial (E-cadherin), 

placental, neural and liver. When E-cadherin activity is sufficient it maintains epithelial 

organisation and ensures that cells are unable to dissociate from neighbouring cells 

(Saiki, 1997).  Upon loss of E-cadherin activity cells are able to separate from other cells 

and in this way it plays an extremely important role in invasion and metastasis.   

 

Selectins are calcium dependent carbohydrate binding proteins.  Again there are 

subclasses of selectins, each are expressed by different cell.  L-selectin, is expressed on 

lymphocytes, E- on endothelial cells and P- on platelets and endothelial cells (Maemura et 

al, 1994).  The expression of E-selectin is minimal or even absent on unstimulated cells.  
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However its expression is stimulated by interleukin 1, TNF or other inflammatory cytokines 

Bevilacqua et al, 1989).  The carbohydrates that these selectins recognise are expressed 

on the cell surface of many carcinoma cells.  Accordingly they may bind, for example, E-

selectin on endothelial cells which have been stimulated by cytokines.  Tumour cells 

produce cytokines and may induce the expression of selectin from nearby cells, thus 

facilitate their own adhesion (Maemura et al, 1994). 

 

The third class of adhesion molecules intimately involved in metastasis are 

integrins.  Unlike cadherins and selectins, the integrins important in metastasis are 

actually expressed by the tumour cells.  They are basically cell surface receptors for the 

ECM (Maemura et al, 1994).  There are at least 16 integrins, all of which bind at least one 

ligand.  Such ligands include fibronectin, laminin and type IV collagen.  Many metastatic 

tumours express increased levels of integrins, thereby enabling tumour cells in transit to 

attach to the basement membrane and the ECM (Dedhar et al, 1990 and Fujita et al, 

1992).  However in others a decreased level of integrin expression is seen with increased 

malignancy (Plantefaber et al, 1989).  Therefore the process by which integrins affect 

malignancy is a complex issue which is not yet fully understood (Maemura et al, 1994). 

 

The expression of primarily these three classes of adhesion molecules facilitates 

the first stages of metastasis (Maemura et al, 1994).  A decrease in cadherins allows cells 

to leave the primary tumour, while the selectins and integrins facilitate adhesion at a 

region distal to the original site. Once the cell leaves the tumour it enters either the blood 

stream or the lymphatic system.  Neither of these provides a favourable environment for 

the tumour cell and to survive it must adhere to the vessel wall and invade into the 

adjacent tissue (Maemura et al, 1994).  Expression of selectins by the endothelial cells of 

the ECM and integrins on the surface of the tumour cells result in the transitting cells 

“catching” the ECM.  Upon adhesion at a distal site the next step is extravasation which 

requires proteolysis and degradation of the vessel wall and ECM of the adjacent tissue. 

 

1.2.3.2 Proteolysis and Degradation of Host Barriers 
 

Protease mediated lysis of the ECM is actually a normal process in certain 

situations.  These include trophoblast implantation in early pregnancy, tissue remodelling 

and bacterial invasion.  When there is an imbalance of proteolysis favouring invasion cells 

have the potential to become malignant (Liotta et al, 1991).  Degradation of the ECM is 

regulated by a number of proteins in fine balance.  Two major classes of these are matrix 

metalloproteinases (MMPs) and tissue inhibitor of matrix metalloproteinases (TIMPs). 



 

MMPs are proteins which actively degrade the ECM.  There are three classes of 

MMPs determined by their substrate preference: interstitial collagenase, which specifically 

degrade type I collagen; type IV collagenases (gelatinases); and stromelysins (Liotta et al, 

1991).  Stromelysins are responsible for the degradation of a variety of matrix components 

including laminin, fibronectin and the non-collagenous domains of type IV collagen.   

 

All MMPs are secreted from the cells as inactive zymogens (Liotta et al, 1991).  

Activation is required before the enzyme can degrade any substrate.  When inactive, the 

zymogen has a metal atom (usually zinc)-sulphydhryl side chain interaction which results 

in the formation of an inactive centre.  Disruption of this metal-sulphydryl interaction 

results in a conformational rearrangement and rapid acquisition of protease activity (Liotta 

et al, 1991).  This process is outlined in figure 1.8.   

 

 
 

 

 

 

 

FIGURE 1.8: Model of MMP – Latent State and Enzyme Activation. 
All MMPs are secreted as latent proenzymes.  Latency is maintained by interaction
between an unpaired cys residue and a metal atom.  Disruption of this interaction results
in full collagenolytic activity.  The enzyme then undergoes autoproteolytic cleavage of the
N-terminal profragment to generate a stable active enzyme. 
Source: Liotta et al, 1991. 

 

Upon activation MMPs degrade their specific substrates which results in localised 

total degradation of the ECM, enabling the tumour cell to colonise the adjacent tissue and 

establish a secondary tumour.  As would be expected there is now a vast amount of 

evidence indicating that a positive correlation exists between MMPs and tumour cell 

invasion (Liotta et al, 1980; Nakajima et al, 1989; and Djonov et al, 2002).  It has also 

been shown that MMP expression levels are increased in many invasive human cancers, 

further emphasising the important role of these enzymes in tumour metastasis (Torii et al, 

1998; Yonemura et al, 2000; and Kato et al, 2002). 
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Under normal conditions the activity of MMPs are kept in check by inhibitory 

TIMPs (Liotta et al, 1991).  TIMPs 1 and 2 are the best characterised of the TIMP family.  

TIMP1 is a glycoprotein which forms a 1:1 complex with interstitial collagenase, activated 

stromelysin and 92kDa type IV collagenase (Murphy et al, 1981).  TIMP2 is a non-

glycosylated secreted protein which complexes with both active and inactive 72kDa type 

IV collagenase (Goldberg et al, 1989).  In this way it is able to abrogate the hydrolytic 

activity of all MMPs.  Activation of either latent 72kDa or 92kDa type IV collagenase-TIMP 

complex is reversed by the binding of a second TIMP2 molecule (Liotta et al, 1991).  As 

such TIMPs naturally regulate the activity of MMPs.  If this balance is maintained cells will 

have insufficient MMPs to allow degradation of the ECM and subsequently invasion of 

secondary sites by rogue tumour cells.  However in cases where the expression of, or 

activation of, MMPs is higher than the TIMP levels can control the fine natural balance is 

disrupted and invasion ensues.  

 

1.2.4 Cancer Cell Characteristics 

 

Tumours vary greatly as described from the tight benign growths to the metastatic 

form.  The individual cells of the tumours are also varied in their degree of differentiation.  

The cells of the initial benign growths are well differentiated and epitheliod in shape.  

However as the cancer becomes malignant the cells become less regular in their size and 

shape and far less differentiated.  This alteration in cancerous phenotype can be 

monitored at the morphological level as described, but also at the genetic and protein 

level. 

 

A study completed by Sommers and co-workers focused on markers of 

differentiation state in numerous human breast cancer cell lines (Sommers et al, 1994).  

These cell lines were taken from all stages of the cancer cell progression from, for 

example the well relatively non-invasive MCF-7 cells, to the intermediate SKBr3 cells and 

finally the poorly differentiated, highly invasive MDA-MB-231 cell line.  Firstly at a 

morphological level these cells varied greatly when grown on plastic and even more so 

when grown on matrigel, a basement membrane matrix.  The well differentiated cells were 

basically polygonal when grown on plastic and tended to grow in an organised monolayer.  

In contrast, the MDA-MB-231 cells displayed various cell shapes, predominantly spindle 

like.  This cell line showed far less contact inhibition such that the cells grew over each 
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other when present in high densities.  The intermediate cell line also showed a varied cell 

shape on plastic. 

 

However when cells are grown on Matrigel they tend to invade into the basement 

membrane matrix in a manner that is totally dependant on the invasive ability of the cell 

line.  The non-invasive MCF-7 cells formed large fused colonies when grown on Matrigel, 

while the highly invasive, poorly differentiated cells grew large stellate projections as 

would be expected from cells invading into the matrix.  The SkBr3 intermediate cell line 

displayed non-fused spheres as their invasive ability lay somewhere between the two 

extremes. 

 

Sommers and co-workers then went on to examine the expression of a number of 

cell markers in breast cancer cell lines of varying differentiation state.  Those studied were 

predominantly proteins involved in maintaining structural integrity and cell adhesion.  

These included; E-cadherin; intergrins; junction markers, involved in cell-cell adhesion; 

and keratin.  Almost all of these markers were decreased in poorly differentiated cell lines.  

The exception was vimentin which was found to markedly increase as differentiation 

levels decreased.  Vimentin is generally expressed only by cells of mesenchymal origin 

and as such is not generally expressed in breast tissue.  Its presence in advanced tumour 

cell lines indicates that the entire expression system of the cells is dysfunctional.  Overall 

the results from the Sommers study established that there are a number of cell markers 

that display an altered expression with respect to the differentiation state of cancer cells 

and that this state is intimately linked to metastatic potential.   

 

1.2.5 Thioredoxin Expression in Cancer 

 

Almost all cancers studied have been found to have elevated thioredoxin gene 

expression.  The roles of thioredoxin with respect to increasing cell growth and decreasing 

apoptosis may account for its presence in so many cancers.  Examples of demonstrated 

increased thioredoxin expression in cancers include: 

a) Human primary colorectal carcinoma (Berggren, 1996).   

Almost half of those studied had a 3 to greater than 100 fold increase in 

thioredoxin mRNA when compared to adjacent normal colonic mucosa.  

There was however no correlation between mRNA and intracellular 

thioredoxin protein levels, indicating that some of the thioredoxin is 

secreted in vivo. 
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b) Pancreatic ductal carcinoma (Nakamura et al, 2000). 

Increased thioredoxin protein levels are observed in both tissue and 

plasma. 

c) Human T cell Leukemic Virus- and Epstein Barr Virus-infected cell lines 

(Wakasugi et al, 1990). 

Thioredoxin levels are increased in almost all of these cell lines. 

 d) Neoplastic cervical squamous epithelium (Fujii et al, 1991(b)). 

 Normal cervical squamous epithelium stains negative for thioredoxin, while 

both the intermediate and superficial layers of neoplastic cervical 

squamous epithelium stain positive for thioredoxin in all studied cases. 

 

 A study completed by Berggren and co-workers investigated the time course of 

changes in thioredoxin and thioredoxin reductase mRNA expression (Berggren et al, 

1996).  MCF-7 breast cancer cells were growth arrested to ensure all cells were at the 

same stage in the cell cycle.  The cells were then stimulated with serum and the levels of 

both thioredoxin and thioredoxin reductase mRNA monitored over the following 24 hours.  

Thioredoxin mRNA expression had a two hour lag before increasing steadily over the 24 

hour period.  Thioredoxin reductase mRNA levels increased immediately for four hours 

then dropped almost back to pre-stimulation level at eight hours before steadily increasing 

over the 24 hours.  Berggren et al have suggested that the biphasic trend seen with 

thioredoxin reductase mRNA expression is indicative of its expression being cell cycle 

dependent, while thioredoxin mRNA expression appears not to be under the same cell 

cycle regulation. 

 

1.2.6 Thioredoxin, Cancer and Transfections 

 

 Thioredoxin expression levels in cancer cells have also been modulated using 

transfection strategies.  A study undertaken by Gallegos et al in 1996 examined the effect 

of transfecting MCF7 breast cancer cells with sense or redox negative thioredoxin 

transcripts.  When transfected with the sense thioredoxin MCF7 cells displayed unaltered 

growth on plastic, however there was a several fold increase in colony formation on soft 

agar, indicative of an increase in anchorage independent growth.  Surprisingly western 

blots showed that there was no significant increase in thioredoxin protein levels 

intracellularly and only about 50% of the transfected clones showed increased levels of 

secretion. 
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 In contrast the MCF7 cells transfected with redox inactive thioredoxin transcripts 

showed monolayer growth inhibition on plastic, a 73% inhibition of colony formation in soft 

agar and almost complete inhibition of MCF7 induced tumour formation (Gallegos et al, 

1996).  The cells were also altered morphologically, being far more rounded and showing 

a decreased nucleus/cytoplasm ratio.  These are morphological characteristics typical of 

more well differentiated (less metastatic) cells. 

 

 Other thioredoxin transfection studies have shown similar results with other cell 

lines.  WEH17.2 mouse lymphocytic leukemia cells transfected with redox inactive 

thioredoxin transcript displayed a decreased growth rate, both in culture and on soft 

agarose (Freemerman et al, 2000).  These cells also showed an increased susceptibility 

to drug induced apoptosis. 

 

 When WEH17.2 cells were transfected with sense thioredoxin they were protected 

from apoptosis induced by some, but not all, apoptosis inducing drugs (Baker et al, 1997).  

When these cells were injected into immunodeficient mice the resultant tumours grew 

faster than when injected with wild type cells.  The tumours showed less spontaneous 

apoptosis and were also not affected by dexamethasone, an apoptosis inducing drug 

(Baker et al, 1997).  Similarly when HT29 colon cancer cells and A2780 ovarian cancer 

cells were transfected with sense thioredoxin they were more resistant to apoptosis 

inducing drugs which generate oxidative radicals including adrimycin and mitamycin C 

(Yamada et al, 1997).  However they were not more resistant to other apoptosis inducing 

dugs including cisplatin. 
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1.3 Pregnancy 

 

Without considering spermatogenesis, pregnancy can essentially be divided into 

five stages; 

1. Follicle Maturation and Ovulation 

2. Fertilisation and Transit to the Uterus 

3. Implantation and Establishment of Feto-maternal Interface 

4. Embryonic Development 

5. Labour 

Obviously each of these stages is imperative to the successful birth of a healthy baby; 

however for the purposes of this project a brief overview of the first three stages should be 

sufficient. 

 

1.3.1 Follicle Maturation and Ovulation 

 

Every woman is born with her entire life supply of ova in the form of primary 

oocytes.  The process of oogenesis is then responsible for the transformation of the 

primary oocytes into ova.  This is not completed for the first time until puberty and then 

recurs approximately every 28 days throughout a woman’s life until she reaches 

menopause. 

 

The first step of the ovulation cycle involves the development of a number of 

primary oocytes into follicles (figure 1.9).  To achieve this firstly several layers of 

granulosa cells must surround each developing oocyte.  These structures are referred to 

as primary follicles (figure 1.9b).  The oocyte enlarges and a protective glycoprotein coat, 

the zona pellucida, forms between the oocyte and the granulosa cells which continue to 

divide and replicate, forming several layers.  Theca cells surround the granulosa cell 

layers and develop several connective tissue layers, the theca folliculi (figure 1.9c).  The 

theca folliculi eventually differentiates into the theca interna and theca externa (figure 

1.9d). 

 

As the granulosa cells continue to proliferate, the oocyte increases further in size.  

Eventually fluid produced by the cells surrounding the oocyte accumulates within the 

follicle, producing the antral cavity.  The dominant follicle produces large amounts of 

estradiol which enhances the development of the surrounding granulosa cells.  A fully 

developed follicle is approximately 2cm in diameter and produces quite large amounts of 



estradiol.  Just prior to ovulation leutinising hormone (LH) levels are increased, as is the 

synthesis of prostaglandin and proteolytic enzymes.  The actions of proteases such as 

collagenase and plasmin cause degradation of the surrounding connective tissue of the 

ovarian wall.  The oocyte, surrounded by the zona pellucida and corona radiata (radially 

arranged granulosa cells) is then expelled from the ovary and begins its journey to the 

uterus. 

 

FIGURE 1.9: 
Development of the 
Oocyte. 
 
a) primordial follicle 
 
b) primary follicle 
 
c) secondary follicle 
 
d) Graafian 
(mature) follicle 
 
Source : Stables, 
1999. 
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Following ovulation the walls of the follicle and the layers of theca cells collapse 

inwards.  The cells form the corpus luteum, which secretes both progesterone and 

estrogen required to maintain the oocyte.  If fertilisation occurs the implanted embryo 

secretes human chorionic gonadotrophin (hCG) which stimulates the corpus luteum to 

continue functioning.  However once the placenta develops the capacity to secrete 

progesterone and estrogen itself the corpus luteum is no longer required.  If fertilisation 

does not occur hCG is not produced, the corpus luteum begins to regress and involution 

begins.  The subsequent decrease in estrogen and progesterone results in menstruation. 

(Stables, 1999).  
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1.3.2 Fertilisation and Transit to the Uterus 

 

Fertilisation normally occurs in the upper third of the fallopian tube.  The zygote is 

formed after the two nuclei of the egg and the sperm fuse.  It will remain in the upper third 

of the fallopian tube for approximately 24 hours post fertilisation, after which it is propelled 

down the fallopian tube by ciliary action.  It will reach the uterine cavity around 3 to 4 days 

after fertilisation.  During this time the zygote begins to divide, but the cells are 

constrained by the zona pellucida and so with each division the cells get smaller and 

smaller.  By the time it reaches the uterine cavity the zygote has divided into 8 to 16 

daughter cells (blastomeres) and is now termed a morula. 

 

At this stage the cells polarise such that the outer cells become flattened against 

the zona pellucida, while the inner cells begin to divide more slowly and remain large and 

round.  Nutrient rich fluid from the uterus enters the morula and a blastocyst is formed.   

 

The blastocyst is essentially comprised of four components; 

1. The protective zona pellucida 

2. Trophoblasts – the outer wall of cells 

3. The inner cell mass 

4. Blastoceal – a fluid filled cavity  

Previous to the formation of the blastocyst all cells were considered “totipotent”, meaning 

they could potentially contribute to any part of the embryo or placenta.  The division of the 

cells into the trophoblast and inner cell mass is the first step in specialisation of the cells 

and is termed determination, as cells are now restricted in their developmental path.  

Accordingly the trophoblast cells are destined to contribute to the embryonic portion of the 

placenta (the chorion), and the inner cell mass will give rise to the embryo and its 

associated yolk sac, allantois and amnion.  The second stage of cell specialisation is 

concerned with the cells developing their distinct functions and morphology.  This process 

of differentiation is an extremely complex one and will not be discussed here.  

 

In the initial days following fertilisation the zona pellucida acts to prevent the 

blastocyst from adhering to the oviduct walls.  However once the blastocyst has reached 

the uterus it must “hatch” from the zona pellucida in order to implant and continue to 

develop.  The degradation of the zona pellucida is thought to be mediated by both 

blastocyst and uterine secretions.  The blastocyst can then escape from the glycoprotein 
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coating and begin the process of implantation into the uterine wall.  (Blackburn et al, 

1992). 

 

1.3.3 Implantation and Establishment of the Feto-Maternal Interface 

 

On approximately the sixth day post fertilisation the blastocyst begins to implant.  

The first step in this process involves adhesion to the uterine epithelium, the 

endometrium.  The most common site for this is the posterior wall of the uterus.  The 

endometrium basically catches the blastocyst on its extracellular matrix which contains 

collagen, laminin, fibronectin, hyaluronic acid and heparin sulfate receptors.  The 

trophoblast cells contain integrins which bind collagen, laminin and fibronectin and 

produce heparin sulfate proteoglycans immediately prior to adhesion.  (Blackburn et al, 

1992) 

 

Upon contact with the endometrium, apposition, the trophoblast cells undergo 

rapid DNA synthesis and become cuboid in shape.  These cells now form the 

cytotrophoblast and it is these cells which begin to secrete proteases including 

collagenases and stromelysin which digest the extracellular matrix of the uterine tissue 

enabling the blastocyst to implant into the uterine wall (figure 1.10).  As the implantation 

process continues the cytotrophoblast cells lose their plasma membranes and form a 

mass of cytoplasm filled with nuclei and organelles.  These multinucleated cells form the 

syncytiotrophoblast which are presumed to be relatively non-invasive in contrast to the 

cytotrophoblast cells.  The syncytiotrophoblasts produce and secrete hormones including 

human chorionic gonadotropin which are required for maintenance of the pregnancy. 

 

As the enzymes secreted by the cytotrophoblasts erode the uterine tissues, the 

uterine glands release their contents to nourish the blastocyst.  Further to this the stroma 

cells of the entire uterus, beginning at the implantation site and radiating out, goes through 

what is known as the decidual reaction and become swollen with glycogen and lipids.  

This provides additional nutrition for the blastocyst.  At this point the endometrium is now 

referred to as the decidua. 

 

In a further response to the tissue invasion by the blastocyst the uterus sends 

blood vessels to the implantation area.  These eventually come into contact with the 

syncytiotrophoblast.  Mesoderm tissue begins to extend outwards from the embryo and 

joins with the trophoblast extensions to produce the blood vessels that will eventually for 



the embryonic portion of the placenta, the chorion.  The chorion has a number of roles 

including the secretion of hormones that cause the mother to retain the embryo and the 

production of regulators of the immune system to ensure there is no rejection of the 

embryo.  The corpus luteum is maintained by the continued release of hCG by the 

trophoblast cells until the placenta has formed sufficiently to provide the required levels of 

both estrogen and progesterone, usually around week 12.  By this point the blastocyst has 

completely implanted into the uterus wall, the placenta has formed and is fully functional 

and embryonic development is continuing rapidly. 
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Due to the ethics and logistics involved with scientific testing of human embryos, a 

number of choriocarcinoma cell lines have been established to allow experimentation of 

embryonic cells in vitro due to their biochemical similarities (Di Trapani et al, 1998). 

 

The processes of embryonic development and differentiation and labour naturally 

follow on from what has been discussed above.  However these are extremely detailed 

processes which fall outside the scope of this project and there is subsequently no need 

to discuss them here. 

 

Much evidence has shown that thioredoxin has a crucial role to play in pregnancy.  

The following section will discuss the expression and localisation of thioredoxin during the 

reproductive process. 

 

1.3.4 Expression and Localisation of Thioredoxin in Pregnancy 

 

 Early pregnancy factor (EPF) was first described by Morton et al in 1974.  Its 

activity is detectable within hours of fertilisation and it is thought to protect the embryo 

from immunological rejection (Morton, 1984).  A study by Clarke et al in 1987 isolated a 

12kDa polypeptide that readily oxidised to form a 25kDa disulphide linked dimer.  They 

also found that antibodies to this polypeptide destroyed EPF activity.  A later study 

established that this 12kDa polypeptide was in fact thioredoxin (Clarke et al, 1991).   

 

 Although antibodies to thioredoxin destroyed EPF activity, pure human 

recombinant thioredoxin alone was unable to elicit EPF activity.  However when human 

recombinant thioredoxin was combined with non-pregnancy sera it was able to induce 

activity (Clarke et al, 1991).  This indicated that although thioredoxin is necessary for the 

EPF function, it is not the sole component. 

 

 Since its identification as a component of EPF, the expression and localisation of 

thioredoxin during pregnancy has been studied from both the maternal and fetal 

perspectives.  A study by Sahlin et al in 1997 investigated the expression of thioredoxin 

mRNA in the cervix of both pregnant and non-pregnant women.  They found the levels in 

non-pregnant women correlated with the serum levels of oestradiol.  Thioredoxin mRNA 

levels in late pregnancy cervix were 3 fold higher than in non-pregnant women.  However 

the oestradiol dependence of thioredoxin mRNA expression was not evident in the late 
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pregnancy cervix, probably due to the fact that the estogen levels are naturally so high in 

pregnant women that thioredoxin mRNA expression is already at a maximum.   

 

 Further to these results the Sahlin group suggested that the maternal thioredoxin 

plays a role in the slow remodelling of the cervix, which occurs from early pregnancy 

through until term.  The many and varied roles of thioredoxin would support this including, 

stimulation of cell growth, protection of cells from oxidative stresses and regulation of 

transcription factors.  All of which are required in the remodelling of the cervix. 

 

 A study by Osborne and co-workers has also described the estrogen dependence 

of thioredoxin expression (Osborne et al, 2001).  This study investigated the localisation 

and expression levels of thioredoxin in mouse reproductive tissues during the oestrus 

cycle.  They found that the levels were highest during oestrus compared to dioestrus and 

metoestrus.  This stage of the cycle is when oestrogen levels are at their highest.   

 

 How thioredoxin expression is dependent upon oestrogen levels is unclear.  Many 

genes with estrogen dependent expression contain an estrogen response element (ERE) 

in their promoter (Klein-Hitpass et al, 1986).  The thioredoxin promoter contains no such 

element.  There are however a number of other estrogen responsive promoters which do 

not contain an ERE.  Many of these share common features, for example some including 

insulin-like growth factor 1 and tamoxifen, contain an AP1 binding sequence which has 

been shown to be essential for estrogen dependence (Umayahara et al, 1994 and Webb 

et al, 1995), while others contain an Sp1 motif to which their estrogen dependence has 

been attributed (Porter et al, 1997).  The thioredoxin promoter contains both Sp1 and AP1 

consensus sequences (Tonissen et al, 1991 and Tanaguchi et al, 1996).  Accordingly 

these may be responsible for the estrogen dependence of thioredoxin expression. 

 

The possible roles of thioredoxin in embryonic development have been studied 

from as early as pre-fertilisation.  A study by Iwai et al 1992, investigated the expression 

of thioredoxin in the developing follicles through the menstrual cycle.  They found that 

primordial follicles did not produce thioredoxin and the preantral and antral follicles 

produce only small amounts.  In contrast the pre-ovulatory dominant follicle produced very 

high levels.  Following fertilisation the granulosa cells stain negative for thioredoxin while 

the theca cells produce positive results.  Overall their study showed that thioredoxin was 

localised in those cells with binding sites for either leutinizing hormone or follicle 

stimulating hormone (Iwai et al, 1992).  Additionally the high expression of thioredoxin in 
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the theca cells, the outer most layer of the follicle, may suggest a protective role from 

oxidative stress.  

 

 Two early studies by the Clarke group showed evidence of high thioredoxin 

expression levels in mammalian placenta (Clarke et al, 1987 and Di Trapani et al, 1991).  

Subsequently this group investigated the expression levels and localisation of thioredoxin 

in placental extracts (Perkins et al, 1995).  In first trimester villous samples the thioredoxin 

expression was higher than in term villous samples.  The thioredoxin was found to 

originate from the cytotrophoblast cells which are responsible for the implantation of the 

blastocyst into the endometrium.  Neither first trimester nor term syncytiotrophoblasts 

expressed thioredoxin.  As most of the cytotrophoblasts have differentiated into 

syncytiotrophoblasts by term, this would explain the decreased level of thioredoxin 

expressed in term villious.   

 

 In decidua samples thioredoxin was found to originate from the stromal cells 

(Perkins et al, 1995).  The large number of these cells leads to a very high overall level of 

thioredoxin expression in decidua.  Perhaps the most significant findings of the Perkins 

study was the localisation of thioredoxin to the implantation site, and more specifically to 

the invasive cells of the trophoblast and the contrasting absence of thioredoxin in the non-

invasive cells into which the cytotrophoblasts differentiate.  In another study thioredoxin 

expression was localised to the trophoblast cells and the decidua (Kobayashi et al, 1995).  

These results suggest that the role of thioredoxin with respect to pregnancy is possibly 

protection of the embryo and placental trophoblasts from oxidative stress. 

 

 Yet another study by the Clarke group investigated the expression and secretion of 

thioredoxin in transformed cytotrophoblast cells using three choriocarcinoma cell lines, 

BeWo, Jar and Jeg3 (Di Trapani et al, 1998).  The level of thioredoxin expressed by these 

cell lines was quite different, although all were found to secrete a significant amount of 

their total thioredoxin (between 10 and 24%).  In all three cell lines the intracellular 

thioredoxin was found to be totally the 12kDa full length form.  However extracellularly, 

while predominantly the 12kDa form, very small amounts of the 10kDa truncated 

thioredoxin were also found.  The role that truncated thioredoxin may play in pregnancy is 

yet to be elucidated. 

 

 Transgenic mouse studies have also been used to establish the role of thioredoxin 

in pregnancy.  A study by Matsui et al in 1996 created heterozygote and homozygote 
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mouse thioredoxin knockouts.  Heterozygote embryos were viable and fertile although 

they produced about one half the amount of thioredoxin protein expressed by wild type 

(homozygous positive thioredoxin embryos).  In contrast homozygote thioredoxin negative 

embryos all died shortly after implantation.  The progeny of a heterozygote/wild type cross 

were approximately 40% heterozygote and 60% wild type.  No homozygote negative 

progeny were born.  When 6.5 day old zygotes were studied, all those showing normal 

growth were either wild type or heterozygotes while one quarter of the decidua did not 

actually contain an embryo proper.  These, presumably homozygous negative thioredoxin 

embryos, did induce a decidual reaction upon implantation but the embryo proper died 

very early in development. 

 

 In the same study 3.5 day old embryos were collected and grown in vitro in culture 

(Matsui et al, 1996).  Just over one quarter did not hatch from the zona pellucida or did not 

attach to the plastic.  A further approximately 7% showed poor trophoblast growth and 

their ICM did not proliferate.  The remainder of the cultured embryos showed normal 

growth and the ICM cells proliferated well.  All of these were found to be either wild type or 

heterozygotes.  

 

 This study categorically established that thioredoxin has a major functional role in 

embryonic development and implantation.  One likely role is that of protection of the 

embryo from oxidative stress due to the high levels of ROS it is subjected to during the 

early stages following fertilisation. 
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1.4 Summary and Aims 

 

 Thioredoxin has been the focus of countless research reports over the last few 

decades.  Its biological roles have been elucidated and its possible roles in many 

biological conditions investigated.  In light of this information the aim of this project is two-

fold; 1. to investigate the role of thioredoxin in the invasive process using a breast cancer 

cell model; and 2. to define the relationship between thioredoxin and the transcription 

factor Sp1.  

 

1.4.1 Role of Thioredoxin in the Invasive Process 

 

 Based on the known role of thioredoxin in embryonic implantation and the 

extremely high levels of thioredoxin observed in many cancers, this thesis poses the 

question of whether one of the roles of this increase in thioredoxin levels is to facilitate 

invasion.  To this end experiments have been designed to examine the potential role of 

thioredoxin in the invasion process during both embryonic and breast cancer cell invasion.   

 

With respect to thioredoxin and embryonic invasion the localisation of thioredoxin 

in the invading embryos in vivo is to be investigated.  Additionally the synthesis and 

secretion of thioredoxin from blastocysts in vitro is examined.  For investigation of the role 

of thioredoxin in cancer two breast cancer cell lines will be utilised, one invasive and one 

non-invasive, and thioredoxin expression levels will be manipulated through transfections.  

These transfectants will then be tested for expression level, secretion level, and invasive 

potential.  The ability of thioredoxin to act as a chemoattractant to the invasive cell line will 

also be investigated. 

 

1.4.2 Relationship between Thioredoxin and Sp1 

 

 As outlined, thioredoxin has been implicated in the redox regulation of numerous 

transcription factors.  While it is known that Sp1 is regulated by redox factors, as yet no 

research has shown whether Sp1 is indeed regulated by thioredoxin.  The ability of 

thioredoxin to affect the DNA binding activity of both recombinant and native human Sp1 

will be tested in vitro.  As there are a number of potential Sp1 consensus sequences 

within the thioredoxin promoter this project aims to determine whether Sp1 binds to the 

promoter in vitro.  
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Chapter Two – MATERIALS & METHODS 

 

2.1 Materials 

 

2.1.1 Bacterial Strains 
 

ED8799 - hsdD, metB7, supE, (glnV)44, supF, (tyrT)58, ∆(lacZ)M15, rk
-, mk

- 

(Biotech Australia) 

  

 BL21 -  [DE3]pLysS, F-, ompT, rB
-, mB

- (Studier et al, 1990) 

  

2.1.2 Marmoset Tissue Samples 

 

 Marmosets were housed and bred at the Royal Womens Hospital, Carlton Victoria 

by Mandy Sibson and Dr Alex Lopata.  Tissue samples were kindly provided to us.   

 

2.1.3 Human Breast Cancer Cell Lines 

 

 These cell lines were a kind gift from Dr Erik Thompson; St Vincents Hospital, 

Melbourne Australia. 

 

 MCF-7 – breast cancer cell line, from a pleural effusion of an infiltrating ductal 

carcinoma (Engel et al, 1978).  Well differentiated, epitheliod, estrogen receptor positive, 

non-invasive. 

 MDA-MB-231 – breast cancer cell line, from a pleural effusion of an 

adenocarcinoma (Cailleau et al, 1974).  Poorly differentiated, epitheliod, estrogen receptor 

negative, highly invasive. 

 

2.1.4 Chemicals and Reagents  

 

All reagents and chemicals were from commercial sources and were of the highest 

grade available.  Suppliers of the more important chemicals and reagents are listed in the 

table below: 
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Reagent Supplier Reagent Supplier 
3MM blotting paper Selby Glycerol Sigma 

Acetic acid Chem Supplies Glycine Amresco 

Acrylamide Sigma Goat-anti-mouse avidin 

HRP 

Biorad 

Agar Spectrum Invasion assay filters Neuroprobe 

Agarose Invitrogen IPTG Progen  

Ammonium acetate BDH Lipofectamine Invitrogen 

Ammonium persulfate Sigma Lithium Chloride Unilab 

Antibiotics Invitrogen Luria Broth ICN 

Bacto peptone Becton Dickinson Magnesium Chloride Sigma 

bis-Acrylamide Sigma Matrigel Becton Dickinson 

Boric acid BDH β-Mercaptoethanol Sigma 

Bromophenol blue Sigma Nitrocellulose transfer 

membrane 

Biorad  

Calcium chloride Univar Oligonucleotides 

(including sequencing 

primers) 

Geneworks 

Chemiluminescent 

Detection Film 

Roche PEG 6000 BDH 

Coomassie Blue Sigma PGEM-TEasy Promega 

DNA 100bp ladder 

standards 

Invitrogen Poly dIdC Sigma 

EDTA Univar Potassium chloride Sigma 

Ethanol Chem Supplies Potassium Dihydrogen 

orthophosphate 

Univar 

Ethidium Bromide Sigma di-Potassium Hydrogen 

orthophosphate 

Univar 

FCS Invitrogen Protein markers (pre-

stained broad range) 

Biorad 

Formaldehyde Sigma Qiashredders Qiagen 
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D-Glucose Amresco Quick Dip Dyes Lab Tek 

Radionucleotides Geneworks Sodium hydroxide BDH  

RNase A Amersham Sodium iodide Sigma 

RPMI Invitrogen TEMED Sigma 

SDS Sigma Tris Amresco 

Sodium acetate BDH Trypan Blue ICN 

Sodium carbonate BDH Trypsin/Versene Invitrogen 

Sodium chloride BDH Tween-20 Sigma 

 

 

2.1.5 Enzymes 

 

Enzyme Supplier 
Restriction Enzymes New England Biolabs 

T4 DNA ligase Promega 

T4 PNK Invitrogen 

 

2.1.6 Kits 

 

Enzyme Supplier 
Big Dye Terminator Sequencing Mix Applied Biosystems 

Chemiluminescence kit Amersham 

cDNA synthesis kit Invitrogen 

mRNA synthesis kit Qiagen 

PCR kit Promega 

 

2.1.7 Specific Reagents 

 

Human Thioredoxin Reductase: a kind gift from Vivian Tang – was purified from human 

placenta using the protocol described in Arner et al 1999. 

 

Recombinant Human Thioredoxin: a kind gift from Sarah-Jane Gregory – was produced in 

E.coli and purified as described in Clarke et al 1991. 

 

Thioredoxin Monoclonal Antibodies: a kind gift from Giovanna Di Trapani – as described 

in Di Trapani et al, 1998.  
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2.1.8 Plasmids and Constructs 

 

pGemT Easy: Promega 

pET28a: Novagen 

pBSKS+: Stratagene 

pETthio: From this laboratory; as described in Clarke et al 1991 

pCH11O: Pharmacia 

pSp1: Dr R Tjian, California University, Berkeley  

pCDNAIII: Pharmacia 

pCDNAIII.strx: This thesis 

pCDNAIII.astrx: This thesis 

pCDNAIII.1sstrx: This thesis 

 

2.1.9 Antibiotics - standardly used concentrations 
 
Antibiotic Concentration 
Ampicillin: 100µg/ml 

Geneticin: 700µg/ml for MCF-7 

transfectants 

 1000µg/ml for MDA-MB-231 

transfectants      

Kanamycin: 100µg/ml 

Penicillin: 100µg/ml 

Streptomycin:  100µg/ml 

 

2.1.10 Solutions 

 

5% Blotto 

 for ELISA –  50mM Tris-HCl pH 7.5 

   300mM NaCl 

   5% w/v Dutch Jug skim milk powder 

 for Western Blots  - 5% w/v Dutch Jug skim milk powder in TBS Tween   

 

Agarose Gel Loading Buffer 
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 40% w/v Sucrose 



 3% w/v Bromophenol Blue 

 

ELISA coating buffer (pH 9.6) 

 15mM Na2CO3 

 35mM NaHCO3 

 

ELISA light up solution 

 5ml 0.5M NaAc pH 4.5 

 20ml water 

 500µl 10mg/ml TMB in DMSO 

 2.5µl H2O2

 

ELISA wash buffer 

 50mM Tris-HCl pH 7.5 

 300mM NaCl  

 0.05% Tween 20 

 

EMSA sample buffer (5 X Stock) 

 50mM Tris-HCl pH 7.8 

 250mM NaCl 

 25% v/v Glycerol 

5mM EDTA * 

 2.5mM DTT * 

  * EDTA and DTT optional 

 

Freezing Solution for Tissue Culture 

 5ml 10% SCM 

 4ml FCS 

 1ml DMSO 
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Gel Purification Wash Buffer 

 10mM Tris-HCl pH 7.6 

50mM NaCl  

2.5mM EDTA 

50% (v/v) Ethanol 

 

Luria Broth (LB Broth) 

 5g Peptone 

 5g NaCl 

 2.5g Yeast Extract 

  Make to 1 litre with deionised water 

 

Lysis Buffer 

 50µl of buffer A (100mM NaCl, 10mM Tris-HCl pH 7.6, 1mM EDTA pH 8.0)  

plus 

50µl of buffer B (100mM Tris-HCl pH 6.8, 20% glycerol) 

  

PBS (10 x Stock) 

 1.36M NaCl 

 27mM KCl 

 100mM Na2HPO4

 18mM KH2PO4  

 

Plasmid Preparation Solution 

 15% w/v sucrose 

25mM Tris-HCl pH 8.0 

10mM EDTA 

 

SDS PAGE running buffer (5 X Stock) 

 124mM Tris-HCl 

 96mM Glycine 

 0.5% w/v SDS 
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SDS(+) gel buffer 

 0.5g SDS 

 5ml 0.5M Tris-HCl pH 6.8 

 4ml glycerol 

 1ml water 

 Add 20µl 1M DTT to 200µl SDS(+) gel buffer just prior to use 

 

TAE (50 X Stock) 

 2M Tris-HCl 

 50mM EDTA 

 0.57% v/v Acetic Acid 

 

TB (5 x Stock) 

 445mM Tris-HCl 

 445mM Boric Acid 

 

TBE (5 X Stock) 

 445mM Tris-H Cl 

 445mM Boric Acid 

 10mM EDTA 

 

TBS Tween (Western Blot Wash Buffer) 

 20mM Tris-HCl 

 137mM NaCl 

0.1% v/v Tween 20 

 Adjust pH with HCl to 7.5 

 

Towbin Transfer buffer 

 25mM Tris-HCl 

 192mM Glycine 

 20% v/v Methanol 
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2.2 Bacterial Methods 

 

2.2.1 Growth of Bacterial Cultures 

  

Bacterial cultures were grown aerobically either in liquid LB or on LB plates with 

relevant antibiotics and additives at 37°C. 

 

2.2.2 Production of Competent Cells for Transformation 

  

The day before the competent cells were required a starter culture was set up with 

one colony from a plate being transferred to 5ml of LB and cultured overnight.  The next 

morning 1ml of the overnight culture was transferred to 50ml of LB and grown with 

aeration until the culture had reached log phase.  This was determined to be when the OD 

of the culture at A600 had reached 0.4-0.6.  The culture was then transferred to a sterile 

tube and centrifuged at 2,800 X g for 5 minutes.  The supernatant was removed and the 

resultant pellet resuspended in 30ml of cold 0.1M MgCl2.  Again the cells were centrifuged 

at 2,800 X g for 5 minutes and the supernatant discarded.  This time the cells were 

resuspended in 2ml of cold 0.1M CaCl2 and subsequently incubated on ice for at least one 

hour prior to transformation.  Competent cells could then be stored at 4°C for up to 2 days. 

 

2.2.3 Transformation of Competent Cells with DNA 

  

5µl of plasmid DNA was incubated with 50µl of prepared competent cells on ice for 

20 minutes.  A 5 minute “heat shock” step followed wherein the cell-DNA mix was incubated 

at 37°C.  Following this the mix was put back on ice for at least 20 minutes.  The cells were 

then spread onto a LB-agar plate containing the relevant antibiotic and 40µl of 4% X-gal in 

DMF if blue/white selection was required.  The plates were incubated at 37°C overnight. 
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2.3 Tissue Culture 

 

2.3.1 Growth of Cell Lines 

  

Cell lines were maintained in RPMI media supplemented with 10% FCS.  Penicillin 

and streptomycin were also added to the media to discourage bacterial infection.  

However if geneticin was used to select transfectants, penicillin and streptomycin were 

omitted from the media. Cells were grown in NUNC tissue culture treated flasks/plates at 

37°C/5% CO2.  Note that all tissue culture work was completed in a laminar flow hood 

under sterile conditions unless indicated otherwise. 

 

2.3.2 Passaging Cells 

  

When cells reached approximately 80-100% confluency a portion was passaged 

into a new flask to allow continual access.  The media was removed and the cells rinsed 

twice in 1 X PBS.  Sufficient trypsin/versene was added to cover the surface of the cells 

and they were then incubated at 37°C for 2-5 minutes depending on the cell line.  Cells 

were checked under the microscope to ensure all had separated from the flask and were 

mostly individual cells rather than clumps.  Approximately 8ml of media containing FCS 

was added to the flask and a transfer pipette used to rinse the surface of the flask and to 

transfer the cells and media to a 10ml tube.  This was then centrifuged at 265 X g for 5 

minutes.  The media was removed and the cell pellet resuspended in 10ml of fresh media.  

An aliquot of the cell suspension was then transferred to a new flask and fresh media 

added to give a final total of 10ml.  The amount of cells transferred to the new flask 

depends on the cell type and the degree of confluency of the culture.  If cells were to be 

counted, 50µl of the cell suspension was transferred to an eppendorf tube and mixed with 

50µl of trypan blue.  This mixture was then applied to a heamocytometer and counted to 

determine the number of cells/ml.  Subsequently the total number of cells could be 

determined or a known amount of cells could be harvested. 

 

2.3.3 Timed Collection for Western Blot and ELISA Analysis 

 

 When cells were collected for analysis by western blotting or ELISA it was 

important to ensure than incubation conditions and time were kept constant.  To this end 

each cell line tested was grown to approximately 70% confluency, at which point the 

media was changed and the cells incubated for a further 24 hours.  The cells were 

collected and counted and the media was collected.  In addition to ensuring that the cells 
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sampled were subjected to similar growth conditions, this allowed the media to be 

analysed as a function of the cells present. 

 

2.3.4 Freezing Cells in Liquid Nitrogen 

  

After cells were counted an aliquot containing 1X106 cells was collected, 

centrifuged at 265 X g for 5 minutes and the media removed.  500µl of cold freezing 

solution was then added drop-wise to the cell pellet, as the pellet was slowly 

resuspended.  The freezing suspension was transferred to a cryotube which was then 

placed in a Styrofoam container lined with tissue paper.  This box was placed at -30°C for 

2-5 hours, at which time it was transferred to the -80°C freezer overnight.  The following 

day the cryotubes were placed in liquid nitrogen and stored indefinitely. 

 

2.3.5 Stable Transfection of Cell Lines 

  

Transfections of the breast cancer cell lines were carried out using Lipofectamine 

reagent and subsequently the procedure closely followed that outlined in the Gibco 

protocols guide with a few amendments.  In brief, 24 hours prior to transfecting, cell lines 

were seeded into 6 well plates in antibiotic free media, at such a density that they would 

be 80-90% confluent the following day.  On the day of the transfection the DNA-

Lipofectamine complex was made.  This involved diluting 2µg of DNA in 100µl of serum 

and antibiotic free medium.  The Lipofectamine reagent was also diluted, 8µl in 100µl.  

These two dilutions were then mixed and allowed to incubate at room temperature for 15 

minutes.  Following this incubation the media was removed from the cells to be 

transfected and they were washed twice with 1 X PBS.  The transfection complex was 

further diluted to 1 ml in serum containing/antibiotic free media and then applied to the 

cells.  The cells were then incubated for 5 hours at 37°C/5% CO2.  After 5 hours the media 

level was increased to the normal level with serum containing/antibiotic free media and 

the cells were incubated at 37°C/5% CO2 overnight.  The following day the media and all 

dead cells were removed and replaced with fresh serum containing media, supplemented 

with geneticin (concentration dependent on the cell type being transfected).    
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2.3.6 Selection of Stable Transfected Clones 

  

When the transfected cells had recovered sufficiently that they were again 80-

90% confluent they were trypsinized and seeded back into 6 well plates at very low 

ratios.  For example one well was usually seeded 1 in 40, 1 in 20 and 1 in 10 into 3 

wells.  These were maintained in geneticin supplemented media to allow selection of 

transfected cells.  Seeding the cells at such a low ratio allowed for the growth of distinct 

individual colonies which could be isolated.  Once the individual colonies had reached a 

sufficient size most of the media was removed.  A 200µl pipette was then used to 

aspirate each individual colony, with some media, and transfer it to a 96 well plate.  The 

cells were maintained in these wells until confluent, at which time they were trypsinized 

and transferred to a 24 well plate.  Similarly they were transferred to a 6 well plate and 

finally into flasks.  All the time the cells were maintained in geneticin containing media to 

ensure the selection of transfected clones.  Following this selection process the 

transfected cells were generally maintained in serum containing/antibiotic free media 

and were spiked with geneticin on every third passaging.   

 
2.3.7 Invasion Assays 
   

Invasion assays were carried out according to the Boyden Chamber Invasion 

Assay, as described in detail by Price and Thompson, with some amendments (Bloomfield 

et al, 2001).  Invasion assay filters (13mm with 12 micron pores) were coated with 65µl of 

Matrigel diluted in serum free media (1/10 for MDA-MB-231 cells and 1/20 for MCF-7 cells), 

and incubated overnight at 4°C.  The bottom well in each chamber was filled with 215µl of 

test media.  The filters were soaked in media and then applied to the top of the bottom well 

containing media.  A rubber ring was then applied to the top of the filter and the top well 

screwed into place.  Cells were counted and 250,000 cells were resuspended in 900µl of 

media.  These cells were then applied to the top well.  The chambers were incubated at 

37°C/5% CO2 for the predetermined time (9 hours for MDA-MB-231 cells and 24 hours for 

MCF-7 cells). 

 

Following this incubation period the apparatus was disassembled and the filter 

pinned upside onto a Styrofoam base.  The filters were then washed with Methanol for 1 

minute, then 1 minute each in Quick Dip Dyes 1 and 2 respectively.  Excess dye was then 

washed off and the filters transferred to a glass microscope slide.  Again the orientation 

was reversed such that the original upside was again facing up.  Excess dye and non-

invaded cells were removed by lightly brushing the filters with a wet cotton tip.   

 
54



 

The filters were then examined under microscopy and the numbers of invaded 

cells within 5 fields were counted.  The cell counts were then averaged and where 

specified subtracted from the negative control average to give the cell invasion number.  

Statistics were calculated using a Standard T Test.  
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2.4 DNA methods 

 

In general, except where indicated, all standard molecular biology protocols were adapted 

from procedures described by Sambrook et al, 1989. 

 

2.4.1 Preparation of Plasmid DNA 

  

A bacterial colony or an aliquot of a bacterial glycerol was added to 50ml of LB.  This 

was incubated overnight at 37°C.  The culture was then transferred to a 50ml tube and 

centrifuged at 3,100 X g for 5 minutes at 4°C.  The supernatant was discarded and the pellet 

resuspended in 2.5ml of plasmid prep solution.  5ml of 0.2M NaOH/1% SDS was added and 

the solution mixed gently on ice until it became clear.  4ml of 3M sodium acetate (pH 4.6) 

was then added and again the solution was mixed gently on ice until it turned white.  The 

solution was then centrifuged at 18,000 X g for 10 minutes at 4°C and the supernatant 

transferred to a clean tube.  10ml of isopropanol was added and the tube incubated on ice 

for at least 10 minutes.  The tube was centrifuged at 12,500 X g for 10 minutes at 4°C and 

the resultant supernatant discarded.   The pellet was resuspended in 400µl of water and 

transferred to an Eppendorf tube.  400µl of 5M lithium chloride was added, the tube was 

vortexed well and incubated on ice for at least 10 minutes.  Following this incubation the 

solution was centrifuged at 15,000 X g for 10 minutes.  The supernatant was transferred to 

another tube and 600µl of isopropanol added.  This was incubated on ice for 10 minutes, 

then centrifuged at 15,000 X g for 10 minutes.  The supernatant was removed and the pellet 

resuspended in 200µl of water.  3µl of 10mg/ml RNase A was added and the solution 

incubated at 37°C for 15 minutes.  200µl of phenol/chloroform was then added and the 

mixture vortexed thoroughly prior to centrifugation at 15,000 X g for 2 minutes.  

Subsequently the aqueous layer was transferred to a clean tube.  20µl of 3M sodium acetate 

(pH 5.3) and 500µl of ice cold ethanol was added and the solution mixed well prior to 

incubation on ice for at least 15 minutes.  The tube was then centrifuged at 15,000 X g for 

10 minutes and the supernatant discarded.  The pellet was washed with 500µl of 70% 

ethanol.  The tube was centrifuged at 15,000 X g for 5 minutes, the supernatant discarded 

and the resultant plasmid DNA pellet resuspended in 20-50µl of water.  This could then be 

stored indefinitely at −20°C.  
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2.4.2 Agarose Gel Electrophoresis 

  

DNA was always electrophoresed on an agarose gel to check the amount and 

integrity.  Standardly a 1% agarose gel was used, although occasionally when running 

smaller DNA fragments a higher percentage was required.  To make a 1% agarose gel 

0.4g of agarose was added to 40ml of TAE buffer and the agarose dissolved by boiling.  

The agarose mixture was cooled slightly and 2µl of 10mg/ml ethidium bromide was added.  

The mixture was then poured into a cast with a well comb and allowed to set.  Once set 

the comb was removed and the gel was place in the electrophoresis chamber containing 1 

X TAE running buffer.  Samples were mixed with DNA gel loading buffer prior to applying 

to the wells.  The gel was then electrophoresed at 100V for approximately 40 minutes.  

This time was extended if the DNA fragments were quite large or if the fragments to be 

separated were of a similar size.  The DNA was then visualised under ultra violet light and 

compared to 100bp ladder size standards present on the same gel. 

 

2.4.3 DNA Purification from an Agarose Gel 

 (Boyle et al, 1995) 

 

Once the DNA had been electrophoresed on an agarose gel the required band 

could be identified.  This band was then excised from the gel using a scalpel blade and 

placed in an Eppendorf tube.  500µl of 6M sodium iodide was added and the agarose slice 

was melted at 55°C (approximately 5 minutes).  5µl of well vortexed silica was then added, 

the solution mixed well and subsequently incubated at room temperature for 5 minutes.  

The tube was then centrifuged at 15,000 X g for 5 minutes and the supernatant discarded.  

The pellet was resuspended in 400µl of GC-wash buffer, the tube was centrifuged at 

15,000 X g for 1 minute and the supernatant removed.  This was repeated twice.  After the 

third wash the tube was centrifuged for 5 minutes to ensure all liquid was removed from the 

pellet.  The pellet was then resuspended in 20µl of water and incubated at 37°C for 5 

minutes.  Again the tube was centrifuged at 15,000 X g for 5 minutes.  The supernatant, 

containing the purified DNA, was retained.  This could be stored indefinitely at −20°C.  

Note that this method is only suitable for DNA fragments over 150 base pairs in size.   
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2.4.4 Restriction Digests 

  

Restriction digests were generally carried out in a final volume of 20µl containing 

the DNA, enzyme/s and applicable buffer as supplied by the manufacturer.  In most cases 

they were incubated at 37°C, with the exception of SmaI digests which were carried out at 

25°C.  Double digests were carried out simultaneously unless the buffer conditions were 

not suitable for both in which case one digest was performed, the DNA electrophoresed 

and purified before the second enzyme digest.    

 

2.4.5 Ligation Reactions     

  

Ligation reactions were carried out in a final volume of 20µl, at 16°C for 12-16 

hours.  DNA was usually present in a ratio of 1:5 for vector:insert.  DNA ligase was used 

with the buffer containing ATP supplied by the manufacturer. 

 

2.4.6 Extraction of Total RNA from Marmoset Liver 

  

Extraction of total RNA from Marmoset liver tissue was achieved using a Qiagen 

RNeasy kit according to the manufacturer’s instructions.  In brief, 600µl of RLT buffer (as 

provided) was added to 30mg of liver tissue and the mix was homogenised until the 

sample was “uniformly homogeneous”.  The suspension was centrifuged, the supernatant 

transferred to a new tube and 600µl of 70% ethanol added and mixed. 

 

 600µl of the sample solution was then applied to a RNeasy spin column with a 

collection tube, and centrifuged for 15 seconds at 15,000 X g.  The flow through was then 

discarded.    This was repeated with the remainder of the sample using the same spin 

column.  700µl of wash buffer (as provided) was then applied to the column which was 

subsequently centrifuged again as above and the wash buffer discarded. 

 

 The spin column was then transferred to a clean collection tube 500µl of RPE 

buffer (as provided) applied, the column and tube centrifuged for 15 seconds at 15,000 X 

g and the flow through again discarded.  This was then repeated.  The RNA was then 

eluted from the spin column by adding 50µl of RNase free water and centrifuging the 

column, with a fresh collection tube, at 15,000 X g for 1 minute.  This elution step was 

repeated with a second aliquot of RNase free water and the flow through collected in the 

same collection tube. 
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2.4.7 Preparation of mRNA from Marmoset Liver  
  

mRNA was prepared from total RNA prepared in 2.4.6 above, using a Qiagen 

Oligotex mRNA Spin Column protocol according to the manufacturer’s instructions.  In 

brief, 1 mg of total RNA was brought to a total volume of 500µl with RNase free water.  To 

this 500µl of OB buffer (as provided) and 55µl of Oligotex suspension was added.  

Contents were mixed thoroughly and incubated at 70ºC for 3 minutes to disrupt the 

secondary RNA structure. 

 

 The solution was allowed to cool and incubated at room temperature for 10 minutes 

to allow the mRNA to complex with the Oligotex.  The solution was then centrifuged at 

15,000 X g for 2 minutes and the supernatant discarded.  The pellet was resuspended in 

400µl of OW2 (as provided), the solution transferred to a small spin column which was 

subsequently centrifuged at 15,000 X g for 1 minute and the flow through discarded.  A 

further 400µl of OW2 was then applied to the column which was again centrifuged and the 

flow through discarded. 

 

 The column was then transferred to a new collection tube and 30µl of elution 

buffer OEB (as provided) heated to 70ºC was applied to the column.  This was pipetted 

up and down several times to ensure that the resin was completely mixed with the buffer.  

The column and collection tube were then centrifuged at 15,000 X g for 1 minute.  This 

was repeated with a second 30µl aliquot of heated OEB, and the flow through collected in 

the same tube.  The flow through containing the mRNA was transferred to a storage tube 

and stored at -20ºC until use.   

 
2.4.8 cDNA Synthesis 
  

cDNA was reverse transcribed from mRNA prepared as in 2.4.7 above using an 

Invitrogen SuperScript™  First Strand Synthesis system for RT-PCR according to the 

manufacturers instructions.  In brief, mRNA, dNTPs (as provided) and oligo-dT primer (as 

provided) were mixed well, incubated at 65°C for 5 minutes and then on ice for 1 minute to 

cool.  A reaction mixture containing buffer, MgCl2, DTT and RNase inhibitor (all provided) 

was prepared and mixed with the mRNA/oligo-dT mixture prepared above.  This was 

incubated at 42°C for 2 minutes prior to the addition of SuperScript™ II Reverse 

Transcriptase and a further incubation at 42°C for 50 minutes.  The reaction was then 

terminated by incubation at 70°C for 15 minutes and was then chilled on ice.  The resultant 

cDNA was then used in PCR reactions using specific oligonucleotides to isolate the 

required sequence. 
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2.4.9 Polymerase Chain Reactions (PCR) 
  

The general PCR reaction used is outlined below 

  10X PCR buffer      -   5µl 

  1.25mM dNTPs     -   8µl 

  MgCl2            -   2–5mM depending on specificity required 

  Primers (100ng/µl) -   1µl each (2 per reaction) 

  Taq polymerase  -   2 units 

  DNA template  -   1-100ng per reaction  

  Water   -   to 50µl total reaction volume 

 A number of PCR programs were used but all followed the same basic steps with 

small variations in the annealing temperature.  This basic program, using 55°C as the 

annealing temperature, is outlined below 

  95°C for 3 minutes 

  95°C for 30 seconds - denaturation 

  55°C for 1 minute  - annealing  repeated 35 times 

  72°C for 1 minute  - extension 

  72°C for 10 minutes 

 
2.4.10 DNA Cycle Sequencing 
  

If plasmid DNA was to be sequenced it was first subjected to PEG precipitation.  

80µl of 20% PEG/2.5 M NaCl was first added to the DNA.  This was incubated on ice for 1 

hour and subsequently centrifuged at 15,000 X g for 10 minutes.  The supernatant was 

discarded and the pellet washed with 200µl of 70% ethanol.  Again the DNA was 

centrifuged and the supernatant removed.  The pellet was allowed to dry and was then 

resuspended in 20µl of water.  The DNA concentration was then determined 

spectrophotometrically at 260nm and the preparation diluted to 300-500ng/µl.  The 

sequencing PCR mix consisted of 1µl of diluted DNA template, 8µl of Big Dye Mix, 1µl of 

sequencing primer (3.2pmol/µl) and 10µl of water.  The sequencing PCR program is 

outlined below 

  Ramp @ 1°C/sec to 96°C 

  96°C for 10 seconds 

  Decrease @ 1°C/sec to 50°C  Repeat 25 times 

  50°C for 5 seconds     

  Ramp @ 1°C/sec to 60°C 

  60°C for 4 minutes 
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Following the sequencing PCR the reactions were processed according to the 

manufacturers instructions.  Briefly, samples were precipitated at room temperature, by 

the addition of 2µl of 3M sodium acetate (pH 4.6) and 50µl of 95% ethanol.  The reactions 

were then centrifuged at 15,000 X g for 20 minutes and the supernatant discarded.  The 

pellet was rinsed with 250µl of 70% ethanol, centrifuged for 5 minutes and the 

supernatant removed.  The pellet was dried at 90°C for 2 minutes prior to analysis.  All 

sequencing analysis was completed by the Griffith University Sequencing Facility.  
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2.5 Protein Methods 

 

2.5.1 Recombinant Protein Extraction from E.coli 

 

Recombinant protein expression in E.coli was achieved using the T7 expression 

system originally developed by Studier et al, 1990.  Essentially the coding sequences were 

cloned into an IPTG inducible pET vector, which was then transformed into the E.coli strain 

BL21 [DE3]. In the case of SP1 induction, cultures were grown in LB supplemented with 

1mM ZnCl2 and 100µg/mL ampicillin to ensure retention of plasmid.  Cultures were grown 

to an A600 optical density of approximately 0.600 – 0.800 before they were harvested.  The 

cultures were then pelleted by centrifugation at 5,000 X g for 5 minutes.  They were then 

resuspended in an applicable amount of water (dependent on culture size) and subjected 

to three freeze/thaw cycles.  Again samples were centrifuged (13,000 X g for 10 minutes) 

and the liquid phase separated from the cell pellet. 

 

2.5.2 Eukaryotic Cell Extract Preparation 

  

Cell lines were grown in RPMI 1640 media supplemented with 10% fetal calf 

serum and harvested when they had reached approximately 80% confluency.  Cells were 

trypsinized, counted and pelleted in aliquots of  2.5 X 106 cells with the media removed.  

The cell pellet was resuspended in 100µL of lysis buffer and subjected to 3 freeze/thaw 

cycles.  The cells were then sonicated for 3 minutes and centrifuged at 5000 X g for 10 

minutes.  The supernatant was retained and stored at -20°C until required.    

 

2.5.3 Lowry Protein Estimation 

  

Lowry protein estimations were carried out on a 96 well plate using a Biorad kit 

according to the manufacturer’s instructions.  In brief, a standard curve was established in 

triplicate using known concentrations of BSA, 10µl per well.  Samples were serially diluted 

1 in 2, in 4 and in 8 and 10µl applied to triplicate wells.  20µl of Lowry reagent S was added 

to 1 ml of Lowry reagent A in a reservoir.  25µl of this mix was then added to each well.  

200µl of Lowry reagent B was then added to each well.  The plate was incubated at room 

temperature for 10 minutes and then the absorbance taken at A750 (Spectra Max 250 plate 

reader (Molecular Devices) and SOFTmax Pro program).  The absorbance readings for the 

standards were collated into a graph and the protein concentrations of samples were then 

determined from this curve. 
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2.5.4 Denaturing SDS PAGE 

  

Denaturing SDS PAGE gels were made as previously described (Laemmli, 1990) 

and consisted of an acrylamide concentration of 15% for the separating gel and 5% for the 

stacking gel.  The recipes for these are outlined in the table below. 

 

Reagent 5% Stacking gel 15% Separating gel 
Water 4.1ml 2.3ml 

1M Tris pH 6.8 750µl 0 

1.5M Tris pH 8.8 0 2.5ml 

30% Acrylamide 

(29:1 A:bis) 

1ml 5ml 

10% SDS (w/v) 100µl 100µl 

10% APS 100µl 100µl 

TEMED 6µl 4µl 

TOTAL 6ml 10ml 

 

 Extract protein concentration was determined by Lowry protein estimation as 

described above (2.5.3).  Standardly 40µg of protein extract was added to each well.  

Prior to loading extracts were mixed with SDS(+) gel buffer and boiled at 100°C for 2 

minutes.  Pre-stained markers were heated at 42°C for 5 minutes.  Once loaded the gels 

were electrophoresed at 180V for 50-70 minutes depending on the separation required.  

The apparatus was then disassembled and the gels either stained with coomassie or used 

for western blotting.   

    
2.5.5 Western Blotting 
  

Samples to be analysed by western blotting were first applied to an SDS PAGE 

gel.  The gel, 3MM blotting paper and nitrocellulose transfer membrane were then 

equilibrated in towbin transfer buffer for 10 minutes.   These were then assembled in a 

semi dry blotting apparatus (Bio-rad) and transferred for 15 minutes at 15 volts. 

  

Following transfer the membrane was blocked in 5% blotto for 1 hour at room 

temperature or overnight at 4°C.  The membrane was then washed in TBS/Tween, once 

for 10 minutes and 3 times for 5 minutes.  The primary antibody (anti-thioredoxin antibody 

2b1) diluted in 5% blotto was then applied for 1 hour at room temperature.    Again the 

membrane was washed in TBS/Tween, once for 10 minutes and 3 times for 5 minutes.  
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Following these washes the secondary antibody (goat-anti-mouse avidin HRP), also 

diluted in 5% blotto was applied for 1 hour at room temperature.  The membrane was then 

washed again as previously.   

  

Detection of the antibodies was carried out using a chemiluminescent kit.  Briefly the 

two solutions provided in the kit were missed at a ratio of 1:1 and then applied to the 

membrane which had been placed in a sealable plastic bag.  The bag and membrane were 

placed in a light proof cassette for 10 minutes prior to the film being applied.  The film was 

placed on the membrane for time periods ranging from 30 seconds to 5 minutes depending 

on the strength of the signal.  The film was then developed using an automatic developing 

machine (Kodak Film Processor SRX-101A). 

 

2.5.6 ELISA 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             

  

  

 

 

 

 

 

 

Samples 1-5 

All serially diluted in 

duplicate down the 

plate 

Blank (no 1o antibody) 
 
 
Control (no sample) 
 
Standards (serially 
diluted in duplicate) 

100µl of 20µg/ml primary antibody (anti thioredoxin antibody - 1b3) diluted in coating 

buffer was added to each required well on a 96 well plate. This was incubated at 37°C for 1 

hour.  The coating buffer was then removed and the plate washed three times in ELISA 

wash buffer.  The samples and standards were then added to the plate.  Samples were  
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standardly added as 25µg for protein extracts or 200µl of neat media.  A standard curve was 

also loaded, the thioredoxin concentration beginning at 50µg and being serially diluted 1 in 2 

across the plate.  The plate was then incubated overnight at 4°C.     

 

 The following morning samples were flicked from the plate, and wells washed 3 

times with ELISA wash buffer.  The second antibody (biotinylated anti thioredoxin antibody : 

b-2b1) diluted in blotto was then applied to the wells and incubated at 37°C for 2 hours.  

Again plates were flicked and wells washed 3 times with ELISA wash buffer.  Light up 

antibody (Avidin-HRP conjugated) was applied to the wells, diluted 1 in 500 in blotto.  The 

plate was then incubated for 1 hour at 37°C.  Following this the liquid was flicked from the 

plate and the wells washed 3 times with ELISA wash buffer.   

 

 The light up solution was made just prior to use and 100µl was added to each well.  

The plate was then incubated at room temperature for 15 minutes.  100µl of 1M H2SO4 was 

added to each well to stop the reaction.  The absorbance of each well at 450nm was then 

measured (Spectra Max 250 plate reader (Molecular Devices) and SOFTmax Pro program) 

and the concentration of each sample determined based on the standard curve produced.   

  
2.5.7  Electrophoretic Mobility Shift Assays 
  
 Oligonucleotides used for the electrophoretic mobility shift assays (EMSAs) 

purchased from Genset Pacific were as follows; 

 Sp1 – 5’ TTC GAT CGG GGC GGG GCG AGC A 3’ 

 Sp-Mutant (Sp-M) – 5’ TTC GAT CGG TTC GGG GCG AGC A 3’ 

 AP-1 – 5’ AGC TTG ATG AGT CAG CCG GAT C 3’ 

  

To label the DNA 100ng of single stranded oligonucleotide was incubated with 10U 

PNK, 1 X PNK buffer (as supplied by the manufacturer), 5µL γ32P-ATP, and 11µL of water 

for 1 hour at 37°C.  Labelled oligonucleotide was precipitated from free label by the 

addition of 10µL of 7M ammonium acetate and 200µL of 100% ethanol and incubation at -

20°C for 12-16 hours.  The reaction was then centrifuged at 13,000 X g for 10 minutes and 

the supernatant removed.  The pellet was resuspended in 10µL of water and 500ng of the 

complementary single stranded oligonucleotide added.  This was then incubated at 95°C 

for 5 minutes, followed by a one hour incubation at 37°C.   

  

The labelled probe was diluted to approximately 100cps/µL for addition to DNA 

binding reactions.  These reactions were carried out in a total volume of 25µL containing 1 X 
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DNA binding buffer (10mM Tris pH7.8, 50mM NaCl, 5% glycerol).  Each reaction also 

contained 200ng of poly(dI-dC) • poly(dI-dC). Incubation temperatures prior to addition of 

the labelled probe also varied.  Those containing H2O2 were incubated for 15 minutes on 

ice.  Reactions containing either DTT or thioredoxin were incubated for 15 minutes at 37°C.  

Upon addition of the labelled probe the reactions were incubated at room temperature for a 

further 30 minutes. 

 

 Reactions were separated on a 6% non-denaturing polyacrylamide gel (29:1 

acryl:bis) containing 0.5 X TB buffer (0.045M Tris-Borate).  The gel was electrophoresed in 

0.25 X TB buffer (0.028M Tris-Borate) at 200V for approximately 3 hours.  Following 

electrophoresis the gel was exposed to X-ray film with an intensifying screen for 12-16 hours 

at -80°C. 

 

2.5.8 Luciferase Assays 

 

 Transient transfection of cell lines with the luciferase reporter constructs (200ng of 

each plasmid), together with the Sp1 or Sp3 constructs as required, was carried out using 

lipofectamine according to the manufacturer’s instructions (Invitrogen).  This protocol is 

described in section 2.3.5 with respect to stable transfections, the difference being that 

after the overnight incubation cells were harvested in 1 X luciferase lysis buffer.  Luciferase 

activity was then determined using a firefly luciferase assay kit (Promega) an a Wallac 

Victor luminometer (Perkin Elmer).  Each transfection was performed in triplicate and 

transfection efficiencies were normalised to protein concentration since the commonly used 

dual-reporter plasmids (eg pRL-TK) are inducible by Sp1 (Osborne et al, 2002).  Protein 

concentration was determined using the Bio-Rad Protein assay kit according to the 

manufacturer’s instructions. 
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Chapter Three - MARMOSET THIOREDOXIN – RESULTS & DISCUSSION  

 

3.1 Introduction 

 

 As outlined earlier, it has been established that thioredoxin expression is quite high in 

invasive cytotrophoblasts, which are the cells responsible for embryonic implantation into the 

uterine wall (Perkins et al, 1995).  Once these cells differentiate into syncytiotrophoblasts 

they lose both their ability to invade and their increased thioredoxin expression.  These 

results, together with that work of other researchers (for example Kobayashi et al, 1995 and 

DiTrapani et al, 1998) indicate that thioredoxin plays an intimate role in maintaining the 

invasive potential of embryonic cells.   

 

As such it is extremely important that we have a means to investigate the role of 

thioredoxin in the implantation process.  Due to the obvious problems and constraints 

involved in human embryo research, the next option is to research closely related primates.  

Callithrix jacchus, the white-tufted-ear marmoset, has been used by our collaborators 

(Franek et al, 1999) to develop a system that could be utilised to examine the role 

thioredoxin plays in the implantation process during pregnancy in an animal whose 

physiology is closely related to our own.   

 

Franek et al, 1999 described the culturing of marmoset blastocysts and found that 

they can form trophoblast vesicles in culture.  These vesicles are composed of an outer layer 

of trophoblast-like cells and an inner layer of endoderm-like cells (figure 3.1), and as such 

they mimic a blastocyst wall.  When grown in standard media the vesicles were found to 

secrete MMP2 in an inactive form, and did not secrete MMP9 at all.  This suggests that they 

were not invasive at this stage.  However when laminin was present both active MMP2 and 

MMP9 were detected intracellularly, but were not secreted.  Franek et al proposed that the 

lack of secretion of these MMPs was due to the absence of other factors of endometrial 

origin.  Therefore to establish the correct pattern of expression and secretion of any protein 

from blastocysts it is important to utilise studies that incorporate both in vitro culture systems, 

and the in vivo uterine environment. 

 

Subsequently to investigate the role of thioredoxin in the implantation process it is 

necessary to study its expression and localisation both in culture and in vivo.  Therefore both 

marmoset trophoblast vesicles and uterine samples from 12-14 day post-fertilisation 

marmosets were subjected to immunocytochemistry in order to determine the expression 

pattern of thioredoxin.  As there are currently no antibodies available against marmoset 
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thioredoxin, anti-human thioredoxin antibodies were used to investigate the expression and 

localisation of thioredoxin at the time of marmoset blastocyst implantation.  To this end it was 

first needed to determine the homology between human and marmoset thioredoxin and to 

establish that the anti-human antibodies would indeed recognise the marmoset protein.  Due 

to the scarcity of marmoset tissue, marmoset thioredoxin cDNA was to be isolated and 

cloned and recombinant protein expressed to allow investigation of this.  This chapter 

describes the cloning and sequencing of thioredoxin cDNA from marmoset liver, recombinant 

protein production in E.coli and western blots of the recombinant protein with various human 

thioredoxin antibodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Visceral 
endoderm 

Mural trophectoderm: 
Trophectoderm on side 
of vesicle opposite to the 
point of invasion 

Inner Cell Mass 

Parietal endoderm 

MATRIGEL 

Polar trophectoderm invades 
Matrigel

Trophoblast Vesicle 

FIGURE 3.1: A Trophoblast Vesicle.  The outer layer of trophoblast like cells and
an inner layer of endoderm mimic the blastocyst wall.  This is what would
contribute to the embryonic portion of the placenta.  The inner cell mass of a
blastocyst would become the embryo proper. 
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3.2  Marmoset Thioredoxin 

 

3.2.1 Cloning and Sequencing 

 

The cloning strategy used to allow the isolation, sequencing and recombinant protein 

expression of marmoset thioredoxin cDNA is outlined in figure 3.2 below.  Total RNA was 

isolated from marmoset liver, first  strand cDNA prepared and reverse transcriptase PCR 

was used to generate cDNA fragments, as described in sections 2.3.6 to 2.3.8.  

Oligonucleotides directed to the 3’ and 5’ untranslated region of the thioredoxin cDNA were 

designed based on the human sequence (5’ dGGA TCC ATT TCC ATC GGT CC and 5’ 

dTAG CCA ATG GCT GGT TAT GT respectively).  Therefore the coding region amplified 

was entirely derived of marmoset sequence.  The PCR used to isolate the marmoset 

thioredoxin cDNA using these two oligonucleotides was as outlined in section 2.3.9, and 

utilised 5mM MgCl2.  The first five cycles of the PCR utilised 94ºC denaturation, 37ºC 

annealing and 72ºC extension.  A further 30 cycles followed these in which the annealing 

temperature was raised to 50ºC, while the denaturation and extension times were 

maintained.    

 

The PCR amplified a 330bp region of the marmoset cDNA which was purified and 

ligated into the pGemTEasy vector.  Ligation reactions were transformed into ED8799 E.coli 

cells and plated onto agar plates containing ampicillin and X-Gal.  pGemTEasy contains a β-

galactosidase gene across its polylinker, making it easy to select colonies transformed with 

an inserted vector by blue/white colour selection.   

   

However, upon transforming and plating the ED8799 cells the vast majority of 

colonies were blue, with only a few white colonies per plate.  The control plates, on which 

non-ligated pGemTEasy was plated, contained very few colonies and all of these were blue.  

It is sometimes possible that if the inserted gene is small enough and does not disrupt the 

reading frame of the β-galactosidase gene, active β-galactosidase can be produced despite 

the insert.  This was the case here.  All blue colonies tested contained pGemTEasy with 

inserts.   

 

Selected colonies were grown in 50ml cultures and the plasmids extracted and 

purified for sequencing.  Figure 3.3 shows the complete sequence of the marmoset 

thioredoxin cDNA sequence together with the deduced amino acid sequence.  The marmoset 

thioredoxin cDNA sequence was found to be 96% homologous with the human sequence.   
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1. Total RNA isolated from Marmoset Liver. 
mRNA was isolated and cDNA was 
prepared. 
cDNA subjected to PCR using thioredoxin 
oligonucleotides. 

2. Marmoset thioredoxin cDNA containing 
some 3’ and 5’ UTR isolated, purified and 
cloned into pGemTEasy 

mtrx + UTR 

pGemTEasy:
mtrx+UTR 

3. mtrx + UTR in pGemTEasy sequenced to
determine sequence. 
Then used as template to isolate mtrx – 
UTR by PCR 

4. mtrx – UTR isolated, purified and cloned
into pGemTEasy.   

NcoI EcoRI mtrx - UTR 

pGemTEasy:
mtrx-UTR

5. pGemTEasy:mtrx-UTR digested with N
and EcorI, mtrx-UTR fragment isolated and 
cloned into expression vector pET 
previously digested with NcoI and EcoRI, 
and isolated.    

coI 

  pETmtrx 

     T7    
promoter 

mtrx - UTR 6. pETmtrx-UTR amplified in ED8799, 
extracted and purified.  Purified plasmid 
then transformed into BL21 cells to allow 
induction of recombinant mtrx-UTR 
expression.   

FIGURE 3.2: Overview of Cloning Strategy for Marmoset Thioredoxin cDNA. 
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Figure 3.4 displays the alignment of marmoset thioredoxin cDNA with that of human 

thioredoxin cDNA.    The deduced amino acid sequence differed from both the human and 

rhesus monkey sequence at only 4 positions.  Figure 3.5 shows the alignment of the 

deduced amino acid sequence of marmoset thioredoxin and the thioredoxin sequences from 

a number of mammals including human.  The highly conserved active site containing the two 

redox active cysteines was conserved, as were the three peripheral cysteines.  Note that 

mouse and rat thioredoxin contain an additional sixth cysteine residue that is not found in 

human or either of the non-human primate sequences. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

G G A T C C A T T T C C A T C G G T T C TAACAGCTGCTCGTCAGGCCCTAGCAGCCAAGATGGTCAA
                                                     M  V  K

GCAGATCGACAGCAAGGATGCTTTTCAGGAAGCCTTGGATGCGGCAGGTGATAAACTTGT
  Q  I  D  S  K  D  A  F  Q  E  A  L  D  A  A  G  D  K  L  V

AGTAGTTGACTTCTCAGCCACGTGGTGTGGGCCTTGCAAAATGATCAAGCCTTTTTTCCA
  V  V  D  F  S  A  T  W  C  G  P  C  K  M  I  K  P  F  F  H

TTCCCTCTCTGAAAAGTATTCCAATGTGGTATTCCTTGAAGTAGACGTGGATGACTGTCA
  S  L  S  E  K  Y  S  N  V  V  F  L  E  V  D  V  D  D  C  Q

GGATGTTGCTTCAGAGTGTGAAGTCAAATGCATGCCAACATTCCAGTTTTTTAAGAAGGG
  D  V  A  S  E  C  E  V  K  C  M  P  T  F  Q  F  F  K  K  G

ACAAAGGTGGGTGAATTTTCTGGAGCCAATAAGGAAAAGCTTGAAGCCACCATTAATGAA
  Q  K  V  G  E  F  S  G  A  N  K  E  K  L  E  A  T  I  N  E

TTCGTCTAATCATGTTTTCTGAAAA C A T A A C C A G C C A T T G G C T A
  F  V  *
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121

181

241

301

136

 

 

 

 

 

FIGURE 3.3: Complete Marmoset Thioredoxin cDNA sequence and the
Deduced Amino Acid Sequence. 
Regions to which PCR primers bound are underlined. 
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 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

 marmose…
 human.trx…

1
1

34
1

67
15

100
48

133
81

166
114

199
147

232
180

265
213

298
246

331
279

364
312

397
0

33
0

66
14

99
47

132
80

165
113

198
146

231
179

264
212

297
245

330
278

363
311

396
318

405
318

G G A T C C A T T T C C A T C G G T T C T A A C A G C T G C T C G
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

T C A G G C C C T A G C A G C C A A G A T G G T C A A G C A G A T
- - - - - - - - - - - - - - - - - - - A T G G T G A A G C A G A T

C G A C A G C A A G G A T G C T T T T C A G G A A G C C T T G G A
C G A G A G C A A G A C T G C T T T T C A G G A A G C C T T G G A

T G C G G C A G G T G A T A A A C T T G T A G T A G T T G A C T T
C G C T G C A G G T G A T A A A C T T G T A G T A G T T G A C T T

C T C A G C C A C G T G G T G T G G G C C T T G C A A A A T G A T
C T C A G C C A C G T G G T G T G G G C C T T G C A A A A T G A T

C A A G C C T T T T T T C C A T T C C C T C T C T G A A A A G T A
C A A G C C T T T C T T T C A T T C C C T C T C T G A A A A G T A

T T C C A A T G T G G T A T T C C T T G A A G T A G A C G T G G A
T T C C A A C G T G A T A T T C C T T G A A G T A G A T G T G G A
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T G A C T G T C A G G A T G T T G C T T C A G A G T G T G A A G T

C A A A T G C A T G C C A A C A T T C C A G T T T T T T A A G A A
C A A A T G C A T G C C A A C A T T C C A G T T T T T T A A G A A

G G G A C A A A A G G T G G G T G A A T T T T C T G G A G C C A A
G G G A C A A A A G G T G G G T G A A T T T T C T G G A G C C A A

T A A G G A A A A G C T T G A A G C C A C C A T T A A T G A A T T
T A A G G A A A A G C T T G A A G C C A C C A T T A A T G A A T T

C G T C T A A T C A T G T T T T C T G A A A A C A T A A C C A G C
A G T C T A A - - - - - - - - - - - - - - - - - - - - - - - - - -

C A T T G G C T A
- - - - - - - - -

FIGURE 3.4: Alignment of Marmoset Thioredoxin cDNA compared with the 
Human cDNA Sequence. 
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FIGURE 3.5: Alignment of Deduced Amino Acid Sequence of Marmoset
Thioredoxin Compared with Human (Clarke et al, 1991), Rhesus Monkey (An and
Wu et al, 1992), Rat (Tonissen et al, 1991) and Mouse (Matsui et al, 1996). 

 

3.2.2  Protein Expression 

  

 The oligonucleotides used to isolate thioredoxin cDNA from the total marmoset 

thioredoxin were designed such that they included quite a significant portion of untranslated 

region.  In order to express recombinant marmoset thioredoxin in E.coli a fragment was 

required which began with the ATG start codon, to ensure that the protein was expressed 

correctly.  Therefore a second PCR was carried out using the isolated marmoset thioredoxin 

fragment in pGemTEasy as a template, and using oligonucleotides that bound to the 

beginning and end of the coding sequence.  These oligonucleotides were: 5’dCCA TGG TGA 

AGC AGA TCG A and 5’dTAG ATG TAA GGC ACA TTG GTC.   

 

The 5’ oligonucleotide was designed based on the human thioredoxin cDNA 

sequence, however the base differences were conservative with respect to the amino acid 

sequence.  Furthermore the oligonucleotide was engineered such that it contained an NcoI 

site over the start codon (underlined) to allow the fragment to be easily digested out of 

pGemTEasy and cloned into an expression vector.  This PCR was carried out using 5mM 

MgCl2 and temperatures were set at 94ºC for denaturation, 45ºC for annealing and 72ºC for 

extension with 30 cycles of amplification.  

 

 73

 The PCR reaction was subsequently separated on a 1% agarose gel and a 318bp 

fragment isolated and purified.  This was then cloned directly into pGemTEasy.  The 

pGemTEasy:mtrx-UTR clone was transformed into ED87999 E.coli, where it was amplified, 



extracted and purified.  The clone was then digested with NcoI and EcoRI, and the mtrx-UTR 

fragment separated and purified.  A pET8 expression vector which contains an ampicillin 

resistance gene, was also digested with NcoI and EcoRI and the vector backbone separated 

and purified.  Subsequently the mtrx-UTR fragment was ligated into the pET vector to create 

pETmtrx.  The ligation mix was transformed into ED8799 E.coli cells and plated on ampicillin 

containing LB-agar plates.  Colonies were grown overnight in 50ml LB plus ampicillin.  The 

plasmid was then extracted, purified and transformed into BL21[DE3] E.coli cells to allow 

induction of recombinant marmoset thioredoxin expression.  The plasmid DNA was 

sequenced to confirm it contained marmoset thioredoxin sequences.   

 

 Colonies were grown in 50ml cultures to log phase prior to induction by the addition of 

1mM IPTG.  Cultures were induced for 16-20 hours.  Samples were taken both prior to and 

following induction.  Extracts were run on a 15% SDS PAGE gel to observe the induction 

(data not shown). 

 

3.2.3  Western Blotting  

 

Although the high conservation between the human and marmoset amino acid 

sequences was promising with regards to the probability that the anti-human antibody would 

recognise marmoset thioredoxin, we wanted to confirm this through the use of western 

blotting.  Protein extracts containing the induced marmoset thioredoxin were prepared and 

subjected to western blotting.  It is well established that anti-human thioredoxin antibodies do 

not recognise E.coli thioredoxin and therefore there was no need to blot uninduced samples.  

A number of different anti-human monoclonal antibodies were used as primary antibodies (Di 

Trapani, 1997).  The results of these blots are shown in figure 3.6.  All anti-human antibodies 

tested recognised the recombinant marmoset thioredoxin.  The actual thioredoxin antibody 

used commonly in the laboratory’s immunocytochemistry does not actually recognise 

thioredoxin in western blots.  It is thought that this may be due to a masking of the 

recognition site when thioredoxin is bound to a membrane (McDonald, 2001).  However, due 

to the ability of all four anti-human thioredoxin antibodies to recognise marmoset thioredoxin 

in this western blot we assumed that standardly used monoclonal anti-human thioredoxin 

antibodies should be suitable for completing immunocytochemistry studies on the marmoset 

samples.   
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FIGURE 3.6: 
Recognition of 
Recombinant Marmoset 
Thioredoxin by 
Monoclonal Human 
Thioredoxin Antibodies 
– Western Blot.  
On all blots lane 1 – 
100ng human 
thioredoxin; lane 2 – 
induced recombinant 
marmoset thioredoxin 
protein extract from 
E.coli. 
Each blot was probed 
with a different 
monoclonal human 
thioredoxin antibody; a) 
2b1; b) 9g9 and c) 5g8.
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3.3 Immunocytochemistry 

 

 The immunocytochemistry was carried out by A. Lopata, M.C. Sibson and A.C. 

Enders at the University of Melbourne.  Uterus samples, blastocysts and cultured trophoblast 

vesicles, and kidney samples which served as controls, were processed and embedded in 

paraffin, sectioned and applied to slides.  Immunocytochemistry was then carried out using 

monoclonal anti-human thioredoxin antibodies as described in Lopata et al, 2001.  The 

results of these studies are shown in figure 3.7.  (Sections were stained with 3’,3’-

diaminobenzidine (Research Organics) and 0.09% hydrogen peroxide in PBS, and counter 

stained in Mayer’s Haematoxylin (Merck Pty Ltd)). 

 

Kidney sections were used as controls, and as previously reported thioredoxin 

staining was confined primarily to the tubules, but was almost undetectable in the glomeruli 

(figure 3.7A) (Fujii et al, 1991(a) and Oberley et al, 2001).  Longitudinal sections taken from 

the uterus of a marmoset 12 days post ovulation showed a blastocyst attached to the wall of 

the uterine epithelium in the region of the inner cell mass (figure 3.7B).  Thioredoxin staining 

demonstrated strong expression in the polar trophoblasts, the uterine glands and the surface 

epithelium, and a lesser amount of expression in the mural trophoblast.  However there was 

no detectable staining of the inner cell mass.  

 

Figures 3.7C and D show sections of the marmoset uterus 15 days post ovulation, 

showing the polar trophectoderm in close proximity to the uterine epithelium during the 

attachment process.  Again strong staining was observed at the uterine glands and the 

surface epithelium.  Additionally it was observed that the strength of staining of the uterine 

glands decreased as the distance from the uterine cavity increased (data not shown).  By 

observing the section at this higher magnification it was apparent that thioredoxin was 

expressed by at the trophectoderm, while a section from the same implantation site which 

shows the inner cell mass (figure 3.7E) indicates that both the parietal and visceral ectoderm 

express thioredoxin, but again the inner cell mass does not.   

 

 Immunocytochemistry on sections of blastocysts grown on Matrigel™ showed that 

both the trophectoderm and the visceral and parietal endoderm stained positive for 

thioredoxin, while the inner cell mass was negative (figures 3.7F and G).   In vitro the 

trophoblast vesicles presumably mimic the activity of the blastocysts in vitro and also 

presumably mimic the activity of blastocysts in vivo.  As described earlier, these vesicles are 

formed by culturing fragments of divided hatched blastocysts and consist of an outer layer of 

trophoblast cells and an inner layer of endoderm cells.  Sections of trophoblast vesicles also  
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stained positive for thioredoxin at both the trophectoderm and the endoderm (figure 3.7H).  

When observed under higher power, the highest concentration of staining was found to be 

localised at the interface between the two layers (figure 3.7I).  It was also observed that 

thioredoxin was present in both the nucleus and the cytoplasm of the trophectoderm and 

endoderm cells.   

 

 In addition to these immunocytochemistry studies, ELISAs were completed on the 

media in which the trophoblast vesicles were cultured.  As seen in figure 3.8, the level of 

thioredoxin in the media was found to increase as the vesicles grew, indicating that they 

were secreting thioredoxin into the media. 
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FIGURE 3.8: 
Thioredoxin Secretion 
From Cultured Trophoblast 
Vesicles – ELISA. 
 
For each vesicle the 
medium was removed and 
replaced with fresh medium 
daily.  An ELISA was used 
to measure the thioredoxin 
concentration in separate 
wells over an 8 day period.  
The graph shows the levels 
of thioredoxin for seven 
different vesicle 
experiments. 
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3.4  Discussion 

 

 By isolating RNA from marmoset liver and preparing cDNA, the sequence of 

marmoset thioredoxin cDNA was determined.  This sequence varied only slightly from the 

human cDNA sequence and the deduced amino acid sequence varied in only four positions.  

The redox active site, which is extremely highly conserved throughout evolution, was 

conserved, as were the other three cysteine residues found in all mammalian thioredoxins.  

The sixth cysteine found in rat and mouse thioredoxin was not present, demonstrating a 

close relationship between the human, marmoset and rhesus sequences.  The homology 

between the human and marmoset amino acid sequences indicated that there was a high 

probability that monoclonal antibodies that recognise human thioredoxin would also 

recognise marmoset thioredoxin.  Expression of recombinant marmoset thioredoxin and 

subsequent positive western blotting results with monoclonal anti-human thioredoxin 

antibodies confirmed this.  Therefore it was determined that monoclonal anti-human 

thioredoxin antibodies would be applicable for use on the marmoset sections in 

immunocytochemistry. 

 

 The immunocytochemistry indicated that thioredoxin is expressed by cells of both the 

uterus and the blastocyst at the embryonic-maternal interface of early implantation sites.  

Further to this it is expressed and secreted by cultured blastocysts in vitro, indicating that the 

same may be true in vivo.  These results correlate well with those of others including Perkins 

et al, 1995, which described expression of thioredoxin by the placenta, and Di Trapani et al, 

1998, which described expression of thioredoxin by invasive cytotrophoblast cells in culture.  

Thioredoxin was expressed by both the polar and mural trophoblasts.  It is known that the 

polar trophoblasts of the blastocyst are involved in the invasive process in primates, while the 

mural trophoblasts of the uterine epithelium are involved in both the expansion of the 

implantation site and the attachment of the blastocyst to the uterine wall (Enders et al, 1999).  

However, exactly why thioredoxin is expressed at increased levels in the cells of both the 

invading blastocyst and in the uterine epithelium remains unclear.   

 

 This study has provided further evidence that thioredoxin has a role in maintaining 

and/or regulating embryonic implantation.  The localisation of thioredoxin to the actual 

attachment and invasion site is further evidence that its specific role may be the maintenance 

or regulation of the invasive process.  However, while it may have been ideal to continue 

using the marmoset/trophoblast vesicle model, there were a number of factors that prompted 

us to progress onto a breast cancer cell model.  Firstly, and most importantly, our access to 

the marmosets ceased.  Unfortunately this meant that no more samples were readily 
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accessible.  Additionally, the marmosets we were using were actually located in Melbourne.  

Due to the fragile nature of the blastocysts we found it extremely difficult to reliably transport 

and culture them in our laboratory in Brisbane.   

 

 The hypothesis behind this project was to investigate the role of thioredoxin in the 

analogous processes of embryonic implantation and cancer cell invasion.  The results from 

these early experiments supported our opinion that thioredoxin expression was intimately 

linked to the invasive phenotype, allowing us to move on to studying thioredoxin in the 

invasion of cancer cells.  The use of a breast cancer cell model provides a number of 

advantages over the marmoset/trophoblast vesicle model.  Firstly there are far fewer ethical 

issues to consider, as the culturing of cancer cells is a common practice and does not involve 

the sacrificing of animals.  Secondly the use of human tissue in the initial stage of this 

project, described above, was of course not an option. However with regards to the in vitro 

system, the use of human cancer cells implies that the results gained would be more 

applicable to human biology.   

 

 Finally, and perhaps most importantly, while the above results indicated that 

thioredoxin may be involved in implantation processes, at the time this project was started no 

studies had yet investigated the link between thioredoxin and invasion in metastatic cancer 

cells.  Given the similarities between the processes of embryo implantation and cancer cell 

metastasis and the results described in this chapter, justified the proposal that thioredoxin 

would be involved in maintaining/regulating the invasion of cancer cells.  These experiments 

are described in the following chapters.  
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Chapter Four – ESTABLISHMENT OF BASELINES AND OPTIMISATION OF 

PROCEDURES. – RESULTS & DISCUSSION 

 

4.1  Introduction 

 

 To continue the study of thioredoxin and invasive processes through the use of a 

breast cancer cell line model, two cell lines from either extreme of the differentiation 

spectrum were chosen, MCF-7 and MDA-MB-231.  These cell lines were subjected to a 

number of experimental procedures to determine their intrinsic thioredoxin expression and 

secretion levels and to investigate their invasive properties. 

 

 A study by Sommers et al, 1994 (as described in the introduction) examined the 

range of metastatic cancers for various markers and used MCF-7 cells as an example of a 

non-invasive, well differentiated line and MDA-MB-231 as their highly invasive, poorly 

differentiated cell line.  When grown on plastic the MDA-MB-231 cells grew as 

interconnected colonies of polygonal cells, and grew as fused colonies when grown on a 

MatrigelTM matrix (Sommers et al, 1994).   

 

4.1.1 MCF-7 

 

 The MCF-7 breast cancer cell line originated from a breast adenocarcinoma in a 

69 year old Caucasian woman (Soule et al, 1973).  It is a well differentiated cell line, which 

is generally epithelioid in shape.  In culture these cells grow as a mono-layer.  The growth 

of MCF-7 cells is hormone regulated due to the presence of estrogen receptors on the cell 

surface.  This is a characteristic common to well differentiated cancer cell lines.   

 

 As described by Sommers et al, well differentiated cell lines tend to be less 

invasive than poorly differentiated lines (Sommers et al, 1994).  MCF-7 is generally 

considered to be non-invasive.  However the cell line is tumorigenic in nude mice, a 

characteristic which is dependent on the presence of estrogen (Soule et al, 1980).  

 

4.1.2  MDA-MB-231 

 

 The MDA-MB-231 breast cancer cell line originated from a breast adenocarcinoma 

derived from a pleural effusion (Cailleau et al, 1974).  Like MCF-7 cells, MDA-MB-231 

also grow as a mono-layer and are tumorigenic in nude mice, however due to the lack of 

estrogen receptors, neither of these is dependent on the presence of the hormone.  This 
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cell line is epithelial-like in morphology, poorly differentiated and as expected is highly 

invasive.   

 

4.1.3 Establishment of Baselines and Optimisation 

 

 Before experiments were begun in earnest it was important to establish the 

baseline level of thioredoxin expression from these cell lines and also to confirm their 

invasive capabilities in our laboratory.  Additionally the procedure which was employed to 

analyse the cells invasive capability required optimisation, both generally and specifically 

for each cell line.  The Boyden Chamber invasion assays had not been utilised in our 

laboratory until these experiments and thus it was important to establish general 

parameters such as Matrigel™ concentration and cell number, as well as cell line specific 

parameters such as invasion time. 

 

 In performing the initial invasion assays it was found that an intrinsic problem with 

the Boyden Invasion chambers was that cell invasion was not uniform across the filter.  

This has been a problem commonly encountered by researchers employing this 

technique.  A number of variations to the chamber were trialled to overcome this problem, 

eventually resulting in the modified Boyden Invasion chamber which is described in 

section 4.3.2.  
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4.2 Thioredoxin Expression and Secretion 

 

 To accurately determine thioredoxin expression and secretion levels both cell lines 

were grown to approximately 70-80% confluency, the media removed and replaced with 

10mL of fresh media containing 10% FCS, and the cells cultured for a further 24 hours.  

The media was then collected and the cells harvested and counted.  Protein extracts were 

prepared from both cell lines and subjected to western blotting using a monoclonal anti 

human thioredoxin antibody denoted 2b1 (Di Trapani, 1997).   

 

The results of these blots are seen in figure 4.1a.  It was quite obvious by eye that 

the MDA-MB-231 extracts contained more thioredoxin per weight total protein than the 

MCF-7 extracts (figure 4.1a).  Densitometry confirmed that this was correct (figure 4.1b) 

and values were shown via a T-test to be significantly different (P<0.05). 

 

            

         

FIGURE 4.1: 
Intracellular 
Thioredoxin 
Levels in MCF-7 
and MDA-MB-
231 Cells. 
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To determine secretion levels the media samples were subjected to ELISA 

ysis using anti human thioredoxin monoclonal antibodies 1b3 (primary) and 2b1-

nylated (secondary) (Di Trapani et al, 1997).  Prior to undertaking thioredoxin ELISAs 

he media samples G-Actin ELISAs were completed to confirm that any thioredoxin in 

edia was not due to cell lysis.  G-Actin is an intracellular protein and the presence of 
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G-Actin in the media is indicative of cell lysis.  All samples tested showed negligible levels 

of G-Actin in the media (data not shown).  Accordingly it was assumed that all thioredoxin 

in the media was due to secretion. 

 

The results of the thioredoxin ELISAs were standardised per cell number in 24 

hours.  MDA-MB-231 cells were found to secrete 0.28mg/ml (+/- 0.06) thioredoxin per 

1X106 cells, while the level of thioredoxin secreted from MCF-7 cells was 0.02mg/ml (+/-

0.03) thioredoxin per 1X106.  These results confirm that the level of thioredoxin, both 

intracellular and secreted, is higher in MDA-MB-231 cells than in MCF-7 cells.     
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4.3 Growth and Invasive Characteristics 

 

4.3.1 Cell growth 

 

 The morphology of both MCF-7 and MDA-MB-231 are well known and have been  

previously described by Sommers et al, 1994.  MCF-7 cells are generally flat and 

polygonal in shape, while the MDA-MB-231 cells are much more elongated and “spindly”.  

As seen in figure 4.2, the cell lines used in this study also displayed these characteristics 

when grown on plastic. 

  
 

 

  

A.     B. 

extreme

231 cel

MCF-7 

“norma

support

ratio tha

with MD

is the lo

accordi

observa
FIGURE 4.2 – Growth of Cell Lines on Plastic. 
A. MCF-7 & B. MDA-MB-231.  Magnification = 300X; Scale bar
represents 25µm. 
An interesting observation was that upon trypsinisation MCF-7 cells were 

ly hard to separate from clusters into individual cells.  Contrary to this MDA-MB-

ls dissociated readily upon trypsinisaton.  This is presumably due to the fact that 

cells are quite well-differentiated and accordingly they have retained many of the 

l” cell characteristics such as cell-cell adhesion.  Such an explanation would be 

ed by the fact that MDA-MB-231 cells are traditionally seeded at a much lower 

n MCF-7 cells, indicating that there is a lesser requirement for cell-cell adhesion 

A-MB-231 cells.  As discussed in Chapter 1, one of the first stages of metastasis 

ss of cell adhesion.  Obviously those cell lines which are poorly differentiated, and 

ngly more metastatic, would display less cell-cell adhesion, explaining these 

tions. 
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The growth of these two cell lines has also been described on Matrigel™.  

Matrigel™ contains a mixture of components including collagen, fibronectin and laminin 

and mimics a basement membrane.  Culturing cells on this substrate facilitates the 

observation of how the cells grow and behave in invasive situations.  To examine the 

growth of the cell lines in invasive conditions, 4 well plate wells were coated with a surface 

of undiluted Matrigel™ which was allowed to set overnight prior to the application of cells.  

The cells were then incubated for 16-24 hours before being inspected under 

magnification.   MCF-7 and MDA-MB-231 cells were both cultured on Matrigel™ (figure 

4.3) and the growth characteristics observed were analogous to those seen in Sommers 

et al (Sommers et al, 1994).  The non-invasive MCF-7 cells tended to form relatively flat 

clumps of cells (4.3A), whereas the invasive MDA-MB-231 cells formed extensive 

networks of cell extensions (4.3B).  This experiment was completed to essentially provide 

a baseline to compare the thioredoxin transfectants, as will be discussed in the next 

chapter.  

 

 

 

 

FIGURE 4.3 – Growth of MCF-7 and MDA-MB-231 Cells on
Matrigel™.  A. MCF-7 & B. MDA-MB-231.  Magnification = 300X;
Scale bar represents 25µm 

A.            B. 

  

 

4.3.2 Invasive Capability 

 

 As discussed MCF-7 cells are considered to be non-invasive, while MDA-MB-231 

cells are highly invasive.  This is precisely why these two cell lines were chosen for this 

study.  To confirm this, and again to set a baseline for the transfectant studies, Boyden  
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chamber invasion assays were used specifically to analyse the invasive capacity of 

cultured cell lines.   

 

The general set up of the Boyden invasion chamber is such that there is a bottom 

well to which the test media is added, typically a filter coated with a matrix which mimics 

basement membrane, such as Matrigel™ is layered on top of this (figure 4.4).  An upper 

hollow screw is then screwed down to hold the filter in place and cells in suspension are 

transferred into the hollow area of the screw, such that they are in direct contact with the 

Matrigel™.  It is important that the bottom surface of the screw is smooth to ensure it does 

not damage the delicate filter. 

 

 

 
   

 

  

FIGURE 4.4: Traditional Boyd
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The popularity of the Boyden chamber invasion assay has increased greatly over 

recent years, however there remains a problem with reliability and difficulty with 

reproducibility that needs to be addressed.  Our early experiences with this apparatus 

displayed extremely uneven invasion, particularly concentrated to the outer edges of the 

Matrigel™ coating.  This prompted an examination as to why this was occurring and 

investigation of possible ways to overcome the problem.   

 

 One common problem with these assays which may cause erratic invasion both 

within and between assays is that the Matrigel™ may set inconsistently.  This was ruled 

out as the problem in this case as the pattern of invasion was always constant such that it 

was always concentrated at the edges and very sparse through the centre (figure 4.6a).  

This pattern may have occurred if the Matrigel™ was simply setting thinner at the edges 

than in the middle; however the area of Matrigel™ that was pipetted was always 

significantly larger than the used area once the screw was applied.  Therefore the area of 

Matrigel™ exposed to the cells was essentially the centre of what was allowed to set and 

was of consistent thickness. 

 

 It was thought that the primary reason for the outward concentration of invasion 

was essentially due to the force of the screw pushing on the filter itself.  This would 

produce an upward curve in the filter inside the screw such that the areas directly adjacent 

to the screw would be slightly lower than the middle of the filter.  Subsequently there 

would exist a tendency for cells to move to the outer edges of the invasion area and settle 

there prior to invading.  In order to combat this a modification was needed to ensure that 

the filter would be kept relatively flat. 

 

 The solution to this problem was to apply a rubber washer between the filter and 

the screw (figure 4.5) (Bloomfield et al, 2001).  It is important that the washer has straight 

sides, rather than the rounded edges seen for example in o-rings.  A rounded edge would 

result in the same physical force being applied as with the screw.  In contrast a washer 

with straight edges with a slightly smaller inner radius than that of the well below it would 

ensure that the filter is kept flat.  
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test chamber.  The negative control chamber has serum free medium in the lower well, 

while the test chamber has media containing serum or some other attractant.  Obviously, 

if the assay is left for a long enough period of time all cells will eventually move to the 

lower chamber.  Therefore adequate invasion was determined as the time at which there 

was a sufficient degree of invasion, but still a substantial difference between the test 

assay and the negative control.  For MCF-7 cells this time was 24 hours, while MDA-MB-

231 cells only required 9 hours invasion time, confirming that the MCF-7 were relatively 

non-invasive when compared to MDA-MB-231.   

 

 As seen in figure 4.7 even after 24 hours the level of MCF-7 cell invasion was 

lower than that of the MDA-MB-231 cells.  Also note that the invasion assays were carried 

out using Matrigel™ diluted 1/20 for MCF-7 cells and MDA-MB-231 cells.  When placed on 

Matrigel™ diluted 1/20 the MCF-7 cells failed to invade after 24 hours.  If left longer than 

24 hours yeast infections occurred more frequently.  When yeast infections occurred the 

results were not used.  Consequently the difference in invasive capability is actually far 

greater than that indicated from these results. 
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Figure 4.7 – Baseline
Invasion of MCF-7 and
MDA-MB-231 Cell Lines.   
 
Invasion value = cells per
field. (n=3) 
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4.4  Discussion 

 

 Both the expression and secretion of thioredoxin was found to be higher in the 

highly invasive MDA-MB-231 cell line than for the non-invasive MCF-7 cell line.  

Additionally the invasive potential of these cell lines was confirmed using the Boyden 

chamber invasion assay.  Combined, these results support the hypothesis that thioredoxin 

expression directly correlates with an invasive phenotype.   

 

 The results in this chapter have set a baseline for further study of the cell lines.  In 

the following chapter the thioredoxin expression of the cell lines is manipulated through 

transfections, and the effect of exogenously applied thioredoxin is examined.  

Subsequently thioredoxin expression and secretion and invasive capacity of these 

manipulated cells are described.  It was therefore extremely important that a baseline for 

each characteristic was established.      
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Chapter Five –THIOREDOXIN AND INVASION – RESULTS & DISCUSSION  

 

5.1 Introduction 

 

 The results of Chapter 4 established the standard thioredoxin expression and 

secretion levels, and the invasive capacity of the two breast cancer cell lines, MCF-7 and 

MDA-MB-231.  The results suggested a correlation between thioredoxin and the invasive 

potential of these cell lines.  To further define the role of thioredoxin in invasion, the level 

of thioredoxin was manipulated exogenously and also endogenously through 

transfections.   

 

Transfecting cells with a gene of interest is an extremely valuable method of 

observing the effect of the gene product on in vivo cell function.  To this end the two 

breast cancer cell lines were transfected with sense and antisense thioredoxin constructs 

and a redox inactive mutant thioredoxin construct designated pCDNAIII.1SS.  They were 

also transfected with an empty vector to act as a control.  The transfectants were then 

assayed to determine the thioredoxin expression and secretion level, and invasive 

capacity.   

 

1SS mutant thioredoxin has the two thioredoxin active site cysteine residues 

mutated to serine residues.  As such the tertiary structure is maintained but the protein is 

redox inactive.  1SS thioredoxin actually serves as a dominant negative mutant, because 

it acts as a competitive inhibitor to the substrates of native thioredoxin including 

thioredoxin reductase (Gallegos et al, 1996).  As such when 1SS thioredoxin is present 

the level of thioredoxin reductase available to reduce native thioredoxin is reduced, and 

the entire thioredoxin system is affected.     

 

A recent study by Farina and co-workers described the ability of thioredoxin to 

increase the invasive capability of the neuroblastoma cells (Farina et al, 2001).  

Exogenously applied 1µM thioredoxin, in the absence of thioredoxin reductase, was able 

to increase the invasiveness of the cells.  The studies described in this chapter expand on 

this finding by investigating the ability of endogenously manipulated thioredoxin to 

influence invasive potential.  A study by Baker and co-workers found that endogenously 

manipulated thioredoxin was able to inhibit apoptosis, while exogenously applied 

thioredoxin could not (Baker et al, 1997).  This discrepancy suggests that it is important to 

establish how thioredoxin will affect cell phenotype when manipulated in both ways. 
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Finally the ability of thioredoxin to act as a chemoattractant with respect to 

invasion is also described below.  As mentioned in the Chapter 1, a number of studies 

have provided contradictory results as to the role of thioredoxin in chemotaxis.  Further to 

this no studies have as yet been completed investigating the ability of thioredoxin to act as 

a chemoattractant for actively invading cells.        
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5.2 Construction and Transfection of the Plasmids  

 

 The first step in transfecting the cell lines was construction of the plasmids to be 

transfected.  The base plasmid for all eukaryotic transfections was pCDNAIII.  This 

plasmid contains a cytomegalovirus (CMV) promoter, a selection gene conferring 

resistance to the antibiotic geneticin, and a multiple cloning site into which the applicable 

gene was cloned.  Accordingly resistance to geneticin was used as a marker to select 

transfected clones.  Separate to this region the plasmid also contains a gene conferring 

ampicillin resistance under the control of a separate promoter.  The CMV promoter only 

directs transcription in eukaryotic cells and not in prokaryotic systems, allowing 

amplification of the plasmid in a bacterial host without having any genes under CMV 

regulation being transcribed.  The pCDNAIII.1SS plasmid was constructed in our 

laboratory by Victoria Hutchinson.    

 

5.2.1 Sense and Antisense Constructs 

 

 The strategy for cloning the sense and antisense thioredoxin transcripts into 

pCDNAIII is outlined in Figure 5.1.  In both cases human thioredoxin was cloned from the 

plasmid pCHUTH.  This plasmid contains human thioredoxin in a pUC19 backbone, 

providing cloning sites for the transcript.  The human thioredoxin transcript was cloned 

into the pCDNAIII multiple cloning site.  Using the BamHI and EcoRI sites the transcript 

was cloned into pCDNAIII in the sense orientation, generating the plasmid designated 

pCDNA-Strx.  The BamHI and KpnI sites were used to clone the transcript in the 

antisense orientation, designated pCDNA-AStrx.  The pCDNA clones were transformed 

into E.coli to allow amplification.   

 

5.2.2 Transfection 

  

 The first step in creating stable transfectants is to establish the suitable 

concentration of selection antibiotic, in this case geneticin, for each particular non-

transfected cell line.  This was achieved by seeding cells into 6 well plates and replacing 

the usual media with media containing geneticin over a range of concentration once the 

cells had adhered to the well surface.  Geneticin acts to inhibit protein synthesis by 

binding to the 50S ribosomal subunit (Roche catalogue).  Therefore the cells must be 

exposed to the antibiotic for a few days before it begins to cause a substantial degree of 

cell death. 
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FIGURE 5.1: Cloning Strategy for Sense and Antisense Thioredoxin pCDNAIII. 
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 Accordingly both the MCF-7 and MDA-MB-231 cell lines were subjected to a range 

of antibiotic concentrations from 100µg/ml (the suggested working concentration) to 

1500µg/ml.  Sufficient death was judged under microscopy as when no cells were 

attached to the surface of the well after 4 days incubation.  The applicable concentration 

for MCF-7 was chosen as 700µg/ml, and MDA-MB-231 as 1000µg/ml.  These 

concentrations were maintained throughout the clonal selection process and once clones 

were established they were intermittently grown in these concentrations to ensure the 

integrity of the transfected colonies. 

 

 During the transfection process a number of variables needed to be optimised 

including the amount of lipofectamine and concentration of DNA to be added to the cells 

and the length of incubation, both prior to and following removal of the lipofectamine/DNA 

complex.  The optimum conditions were found when 8µl of lipofectamine was complexed 

with 40µg of purified non-linearised DNA for 30 minutes prior to mixing with serum 

free/antibiotic free media and subsequently applying to cells.  The cells were then 

incubated with the lipofectamine/DNA complex for 5 hours before the media was replaced 

with fresh 20% serum containing/antibiotic free media.  If the cells were left in media 

containing the complex for too long, the relative amount of cell death increased drastically.  

Ideally these conditions were maintained for approximately 20 hours before the media 

was removed and replaced with 10% serum containing media containing the appropriate 

concentration of geneticin and grown to approximately 80% confluency before they were 

split to allow selection of individual colonies. 

  

 In the case of the MCF-7 antisense thioredoxin transfectants it proved difficult to 

isolate individual colonies.  Therefore a number of “pooled” cultures were established in 

addition to the single clone cultures.   

 

5.2.3 Transfectants 

 

For reference the transfectants were named according to host cell and thioredoxin 

transcript transfected.  Further to this each isolated clone was allocated a number. 

 

Examples 

MDA-MB-231, control transfectant, clone number 1 = DCC1 

MDA-MB-231, sense transfectant, clone number 1 = DSC1 

MDA-MB-231, antisense transfectant, clone number 1 = DAC1 

MDA-MB-231, 1SS transfectant, clone number 1 = D1SC1 
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MCF-7, control transfectant, clone number 1 = CCC1 

MCF-7, sense transfectant, clone number 1 = CSC1 

MCF-7, antisense transfectant, clone number 1 = CAC1 

MCF-7, antisense transfectant, pooled culture number 1 = CAP1 
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5.3 Characteristics of the Transfectants 

  

 The transfectants were analysed using the following methods; 

  1. Western Blotting to determine intracellular thioredoxin levels  

  2. ELISA on media to determine secretion levels of thioredoxin  

  3. Real Time PCR to determine transcription of transfected plasmid  

  4. Analysis of morphology on plastic 

  5. Analysis of morphology on Matrigel™ 

  6. Invasion assays 

 

5.3.1 MDA-MB-231 Transfectants 

 

5.3.1.1 Western Blots 

 

 Western blots were completed to determine the amount of intracellular thioredoxin 

in the transfectants.  Three of each type of MDA-MB-231 transfectant was harvested, 

protein extracts prepared and subjected to western blotting with monoclonal anti human 

thioredoxin antibody, 2b1 (figure 5.2 and 5.3). 

 

 Except for a small number of clones the intracellular concentration of thioredoxin 

did not vary greatly between transfectant types.  No real trend was observed with respect 

to an increase or decrease in concentration. 

 

5.3.1.2 ELISAs 

 

 ELISAs were carried out as described in the previous chapter.  The G-Actin ELISA 

indicated that no significant cell lysis had occurred and as such all thioredoxin in the 

media was attributed to secretion.  

 

 Unfortunately the concentration of thioredoxin in the media inconsistently varied 

across and within transfectant types and even between duplicates (data not shown).  As 

such no reliable secretion levels could be determined. 
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 Western Blot #2 

  
 

Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: DCC3 33.75µg 
Lanes 6 & 7: DCC6 33.75µg 
Lanes 8 & 9: DAC1 33.75µg 
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Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: DAC7 33.75µg 
Lanes 6 & 7: DSC2 33.75µg 
Lanes 8 & 9: D1SC5 33.75µg 
Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: not applicable 
Lanes 6 & 7: not applicable 
Lanes 8 & 9: DSC5 33.75µg 
Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: Not applicable 
Lanes 6 & 7: DCC5 33.75µg 
Lanes 8 & 9: D1SC6 33.75µg 
FIGURE 5.2: Western Blots of Protein Extracts from MDA-MB-231 Transfectants.
All blots were probed with 2b1 anti-thioredoxin antibody.  Standards were human
thioredoxin. DC – Control clones; DS – Sense thioredoxin clones; DA – Anti-sense
thioredoxin clones; D1S – 1SS thioredoxin clones.
 



 

 

 

   

MDA-MB-231 Transfectants Intracellular 
Thioredoxin - Densitometry

0
2
4
6
8

DCC3
DCC5

DCC6
DAC1

DAC7

D1S
C5

D1S
C6

DSC2
DSC5

Transfectant

ng
 th

io
re

do
xi

n/
ug

 
pr

ot
ei

n 
ex

tr
ac

t
Series1

FIGURE 5.3 – Densitometry of Western Blots of MDA-MB-231
Transfectants.   

 

5.3.1.3 Real Time PCR  

 

 As neither the western blot or ELISA analysis indicated conclusively that there was 

a change in the level of thioredoxin produced by the mutants, real time PCR was carried 

out on the cells.  mRNA was extracted from collected cell pellets and cDNA was 

subsequently synthesised (see section 2.4.8).  The real time PCR’s were then carried out 

by Terje Svingen in our laboratory.  Primers used were directed to the thioredoxin insert in 

one direction and the vector in the other.  Results indicated that in all transfectants tested 

the insert was being transcribed.   

 

 

5.3.1.4 Growth on Plastic 

 

 The morphology of the MDA-MB-231 control (figure 5.4 A&B) and sense 

transfectants  (figure 5.4 C&D) on plastic was analogous to that of the wild type MDA-MB-

231.  In contrast the anti-sense (figure 5.4 E&F) and 1SS (figure 5.4 G&H) transfectants 

showed an altered morphology in that they were less elongated, and more tightly packed.  

This morphology change was more marked for the 1SS mutant transfectants.
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FIGURE 5.4 – MDA-MB-231 Thioredoxin Clones Grown on Plastic.  A&B = Control 
Clones; C&D = Sense Clones; E&F = Antisense Clones; G&H  = 1SS Clones.  
Magnification = 300X; Scale bar represents 25µm. 
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5.3.1.5 Growth on Matrigel™ 

 

 To examine the growth of the transfectants on a basement membrane, 4 

well plate wells were coated with a surface of undiluted Matrigel™ which was allowed to 

set overnight prior to the application of cells.  The cells were then incubated for 16-24 

hours before being inspected under magnification. 

 

Again the morphology of the control MDA-MB-231 transfectants was very similar to 

that of the wild type MDA-MB-231 cells (figure 5.5A).  The sense thioredoxin MDA-MB-

231 transfectants also showed no real difference in morphology to the wild type (figure 

5.5B).  Contrary to this the antisense and 1SS mutant thioredoxin transfectants displayed 

fewer extensions (figure 5.5C to G).  The degree of morphology variation seemed to fall 

across a range from mild to severe.  Some of the antisense transfectants showed only a 

mild change, such that the extensions were somewhat shorter than the wild type and 

more cells were required to form networks, while other antisense, and the 1SS 

transfectants showed quite extensive bunching of cells.   
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FIGURE 5.5 – MDA-MB-231 
Thioredoxin Transfectants Growt
Matrigel. 
A = Control clone; 
B = Sense clone;  
C & D = Anti-sense clones;  
E - G = 1SS thioredoxin clones. 
 
Magnification = 300X; Scale 
represents 25µm. 
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5.3.1.6 Boyden Chamber Invasion Assays 

 

 Boyden chamber invasion assays were carried out on three of each type of MDA-

MB-231 transfectant.  In determining the invasion level the baseline invasion (serum free 

media in the bottom well) value was taken away from the positive invasion (media 

containing fetal calf serum) level.  This may have actually resulted in an undervaluation of 

the invasion differences with respect to the clones because the negative values of each 

were also different, but a significant difference was seen even when this analysis method 

was used. 

 

 Essentially the order of invasive capacity was sense>>control>antisense=1SS, 

indicating that invasive capacity is directly correlated to the effective thioredoxin level 

(figure 5.6).  Statistical analysis (Standard T-Test) indicated that there was a significant 

difference in the invasive capacity of each of the sense, antisense and 1SS transfectant 

when compared to the control transfectant (P<0.05).  However there was no significant 

difference between the invasion level of the antisense and 1SS transfectants (P<0.05).  
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FIGURE 5.6: Invasion of MDA-MB-231 Tranfectants. 
DCC – Control clones; DSC – Sense thioredoxin clones;  
DAC – Antisense thioredoxin clones; D1S – 1SS thioredoxin 
clones. (n=3) 
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5.3.1.7 Summary of MDA-MB-231 Thioredoxin Transfectant Results 

 

 The major results of the studies on the MDA-MB-231 transfectants can be 

summarised as follows; 

 

1. Intracellular thioredoxin levels were maintained at a similar level between the 

transfectants. 

 

Unfortunately, as it was not possible to determine thioredoxin secretion levels for 

the transfectants it is hard to provide a definitive explanation as to why intracellular levels 

were unchanged.  It is likely that either the cells compensate by secreting more or less 

thioredoxin as required to maintain a constant intracellular level, or alternatively 

transcription of native thioredoxin is increased or decreased as required.  Yet another 

alternative is that the transcription from the CMV promoter is altered, for example 

methylation of the promoter will decrease transcription of the downstream transcript. 

Gallegos and co-workers found that MCF-7 cells transfected with 1SS thioredoxin 

secreted most of the excess thioredoxin into the media (Gallegos et al, 1996).  We 

assume that a similar mechanism occurred in the clones used in our experiments. 

 

A phenomenon noted in our laboratory by myself and other researchers working 

with cell lines transfected with various thioredoxin constructs, is that the changes induced 

by the constructs early after transfection quite rapidly dissipate with continuing passages 

(Osborne, private communication).  The effect of this is that after approximately 10 

passages the cells have almost reverted to the native phenotype.  This made analysis of 

the level of thioredoxin in the cell lines quite difficult, especially considering the sheer 

volume of cells required for invasion assays.   

 

 In the Gallegos study they found that even though the majority of 1SS thioredoxin 

was secreted, phenotypic changes and changes in proliferation rates were still observed 

(Gallegos et al, 1996).  This suggests that even a small change in intracellular thioredoxin 

levels can still cause downstream phenotypic consequences.  Consequently an 

explanation for the observation described in the previous paragraph may be that the cell 

has mechanisms in place to keep thioredoxin levels relatively constant, as even small 

changes in intracellular levels can have a significant phenotypic effect.  Thus as the 

clones get “older”, i.e. go through more passages, they begin to revert to base line 

thioredoxin levels.  This simply adds to the complexity of the many roles of thioredoxin 

and the subtly of its function.  
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2. The control and sense thioredoxin MDA-MB-231 transfectants were 

morphologically similar to wild type MDA-MB-231 both on plastic and on Matrigel™.  

However, the antisense and 1SS thioredoxin MDA-MB-231 transfectants were 

morphologically quite different.     

 

On plastic and on Matrigel™ the morphology of the antisense and 1SS thioredoxin 

MDA-MB-231 transfectants was indicative of less invasive cell lines.  On plastic the cells 

did not show the elongations characteristic of the MDA-MB-231 cell line, and instead grew 

as tightly packed polygonal cells.  On Matrigel™ these transfectants did not form the 

network of elongated extensions common to the wild type cells and instead appeared to 

use more and smaller cells to establish extensions. 

 

The morphology of the antisense and 1SS thioredoxin MDA-MB-231 transfectants 

on Matrigel™ was more like that observed by Sommers et al with the intermediate non-

invasive cell line SKBr3 and to the MCF-7 sense thioredoxin transfectants.  This 

suggested that these transfectants showed less invasive potential than wild type MDA-

MB-231.   

 

3.  The MDA-MB-231 sense thioredoxin transfectants were more invasive than the 

wild type and control transfectant, while the antisense and 1SS thioredoxin transfectants 

were less invasive, as determined by Boyden chamber invasion assays. 

 

These results correlate with the morphology changes described.  Together they 

suggest that endogenously inhibiting the activity of the thioredoxin system inhibits the 

invasive capacity of metastatic cells.  The biological significance of these results is 

discussed in section 5.7. 

 

Unfortunately the phenomenon described above with respect to the instability of 

the clones limited the amount of assays that could be carried out on each transfectant.  

Adding to this problem is the fact that at the time of creating the clones we were not aware 

of this problem and thus all the clones were made simultaneously.  Accordingly while a 

statistically significant difference in invasive capability was established, these experiments 

should be repeated with at least one more batch of freshly transfected clones to confirm 

the trend observed in these experiments.  

 

 

 
 106



5.3.2 MCF-7 Transfectants 

 

5.3.2.1 Western Blots 

 Western blots were completed to determine the amount of intracellular thioredoxin 

in the transfectants.  Three control and sense transfectants and two antisense 

transfectants were harvested, protein extracts prepared and subjected to western blotting 

with monoclonal human thioredoxin antibody, 2b1 (figure 5.7).  Subsequently 

densitometry analysis was performed on the western blots (figure 5.8). 
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Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: CCC1 33.75µg 
Lanes 6 & 7: CCC5 33.75µg 
Lanes 8 & 9: CAC2 33.75µg 
Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 to 7: Not applicable 
Lanes 8 & 9: CSC6 30µg 
Lanes 1-3: Thioredoxin Standards
50ng, 100ng, 200ng 
Lanes 4 & 5: CAC1 33.75µg 
Lanes 6 & 7: Not applicable 
Lanes 1-3: Thioredoxin Standards 
50ng, 100ng, 200ng 
Lanes 4 & 5: CSC4 33.75µg 
 Western Blot #2  
 
1    2    3      4     5     6     7     8     9
FIGURE 5.7 - Western Blots of Protein Extracts from MCF-7 Transfectants.  All
blots were probed with 2b1 anti-thioredoxin antibody.  Standards were human
thioredoxin. 
CC – Control clones; CA – Antisense thioredoxin clones; CS – Sense
thioredoxin clones. 
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FIGURE 5.8 – Densitometry of Western Blots of MCF-7
Transfectants. 

 

As described above with respect to the MDA-MB-231 transfectants, little variation 

existed between the MCF-7 transfectant types.  The intracellular levels of most clones 

tested was above that of the native MCF-7 cells (approximately 2.2ng/ug protein extract).  

This affect was not noted in the MDA-MB-231 transfectants, and may indicate that the 

MCF-7 cells do not have efficient mechanisms to deal with stresses, such as the 

transfection of a plasmid regardless of what it expresses and/or being maintained in a 

media containing geneticin prior to the experiments.  Thus the thioredoxin levels are 

generally increased in response to stress.     

 

5.3.2.2 ELISAs 

 In order to determine the level of thioredoxin secreted into the media, fresh media 

was incubated on the cells for 24 hours, collected and subjected to an ELISA.  Cell counts 

were taken so that all ELISA values could be normalised by cell number.   As described in 

Chapter 4, an ELISA to detect G-Actin was performed to confirm that no significant cell 

lysis had occurred.   
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Similarly to the MDA-MB-231 transfectants it was found that across samples, and 

even between duplicates, the concentration of thioredoxin in the media, as determined by 

ELISA, showed inconsistent variation (Data not shown).  Again this meant that no 

accurate secretion level could be determined.      

 

5.3.2.3 Real Time PCR 

  

 As described above with respect to the MDA-MB-231 transfectants, real time PCR 

carried out on the transfectants by Terje Svingen in our laboratory.  Results confirmed that 

the insert was being transcribed in all samples tested. 

 

 

5.3.2.4 Growth on Plastic 

 

 The growth morphology of all MCF-7 transfectants on plastic was analogous to 

that of the wild type MCF-7 cells as seen in figure 5.9. 

 

5.3.2.5 Growth on Matrigel™ 

 The growth of the cells on Matrigel™ was observed similarly as described above 

with respect to the MDA-MB-231 cells.  Cells were incubated on pre-set Matrigel™ for 16-

24 hours, then observed by microscopy.   

The growth of the control and antisense MCF-7 transfectants on Matrigel™ was 

similar to that of the wild type MCF-7 cells, as seen in figure 5.10.  However the sense 

thioredoxin transfected MCF-7 cells showed a marked difference in cell morphology.  As is 

evident in figure 5.10C, when these cells were grown on Matrigel™ they formed raised 

spheres.  The spheres actually appeared to grow on top of one another such that they 

produced a degree of vertical growth in the colonies.  This is in stark contrast to the wild 

type MCF-7 cells which tended to form very flat, almost indented, colonies on the 

Matrigel™ surface.   
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A.           B. 

   C.        D. 

     E.          F. 

 

 

 

FIGURE 5.9  – Morphology of MCF-7 Thioredoxin Transfectants on Plastic.   
A&B = Control Clones; C&D = Anti Sense Clones; E&F = Sense Clones.  
Magnification = 300X; Scale bar represents 25µm. 
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FIGURE 5.10 - Morphology of MCF-7 Thioredoxin
Transfectants on Matrigel. 
A = Control Clone; B = Antisense Clone; C = Sense Clone. 
Magnification = 50X; Scale bar represents 100µm 
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5.3.2.6 Boyden Chamber Invasion Assays 

 MCF-7 cells are generally considered non-invasive.  However they do exhibit 

some invasive capability as described in the previous chapter.  All transfectants were 

applied to Boyden chamber invasion assays and invasion values determined as the 

difference between the average cells per field in the test assays and the average cells per 

field in the negative control.  It was found that there was no statistical difference in 

invasive capability between the control and sense transfectants (P=<0.05).  The antisense 

transfectants displayed an inconsistent invasive phenotype and it was not possible to 

attain reliable invasion data.  The results of the invasion assays carried out on the control 

and sense thioredoxin MCF-7 transfectants are summarised in figure 5.11. 
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FIGURE 5.11: Invasion of MCF-7 Tranfectants. 
CCC – Control clones; CSC – Sense thioredoxin clones. 
(n=3)
mmary of MCF-7 Thioredoxin Transfectant Results 

e major results of the studies on the MCF-7 transfectants can be summarised 

 

All MCF-7 transfectants showed levels of intracellular thioredoxin above that of 

 MCF-7.  Transcription of the thioredoxin insert was confirmed by Real Time 
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This may be explained as discussed above, i.e. MCF-7 cells may not be as well 

equipped to deal with stresses and thus thioredoxin levels are generally increased in 

times of stress. 

2. The sense transfectants displayed growth on plastic analogous to the control 

and wild type MCF-7 cells and growth on Matrigel™ indicative of less differentiated cell 

lines.  No improved invasive capability was noted.   

The pattern of growth of the sense thioredoxin transfectants on Matrigel™ is 

actually quite similar to that observed by Sommers et al with the SKBr3 cell line.  SKBr3 is 

an intermediate cell line with respect to level of differentiation, even though it has a similar 

invasive capacity (or lack thereof) as MCF-7 cells.  The fact that the MCF-7 sense mutant 

displayed this morphology, which is indicative of slightly less differentiated cell lines, 

suggests that the increased thioredoxin levels found in many cancer cells may have a role 

in producing the less differentiated phenotype rather than the increased thioredoxin being 

a side-effect of the cellular dysfunction seen in these cells.  

The seemingly contradictory results of less differentiated morphology on 

Matrigel™ yet no increased invasiveness, is not completely unexpected when the 

characteristics of other relatively non-invasive cell lines are taken into account.  

Considering in particular SKBr3, a cell line of intermediate differentiation, which is still 

non-invasive.  It is well established that there is a range of differentiation seen in cancer 

cells and that it is only the least differentiated of these which display an invasive and 

metastatic phenotype.  Most likely what has been produced here is a cell line which is 

closer to becoming invasive than the wild type MCF-7 cells, yet not altered sufficiently to 

become fully invasive.   

The ability of a cell line to become fully invasive would of course be dependent on 

the state of the genes required for the invasive phenotype such as MMPs and TIMPs.  

While the extra thioredoxin may be sufficient to influence the activity of certain 

transcription factors with respect to certain promoters, it may not be able to have an effect 

on others.  As has been explained earlier, the metastatic potential of a cell line is 

determined by a number of genes which may need to be activated or conversely 

inactivated.  Thioredoxin alone may not be able to influence enough of these factors to 

induce the invasive phenotype.  So while the MCF-7 sense transfectants may be closer to 

becoming invasive than the wild type, thioredoxin alone appears not to be able to 

completely invoke this development.   
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5.4 Chemoattractant Effect of Thioredoxin on Actively Invading MDA-MB-231 cells  

 

5.4.1 Boyden Invasion Assays 

 

 The above results confirmed that endogenously manipulating the thioredoxin level 

in MDA-MB-231 directly influenced invasive potential.  Following on from this finding the 

question was posed as to whether thioredoxin could also act as a chemoattractant for the 

actively invading cells.  Again Boyden chamber invasion assays were used to determine 

this.  The chambers were assembled as previously described, except that varying 

concentrations of pre-reduced or non-pre-reduced thioredoxin were added to the bottom 

well.  MDA-MB-231 cells in serum free media were added to the top well and the whole 

chamber incubated for nine hours.  As a negative control serum free media was also 

applied to the bottom well.  As a positive control media containing 10% FCS was applied 

to the bottom well.  To reduce thioredoxin, DTT is added and the solution is incubated at 

37ºC for at least 15 minutes.  The results of these assays are summarised in figure 5.12.  

The invasion value was determined as the cells/field in the test assay less the cells/field in 

the negative control.  DTT was not added to either the negative or positive control media. 

 

 

 

FIGURE  5.12 – Chemoattractant Effect of Exogenous Thioredoxin on
Wild Type MDA-MB-231 Cell Invasion. (n=3) 
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The results indicate that at quite low concentrations (0.01nM) thioredoxin is able to 

act as a chemoattractant for actively invading MDA-MB-231 cells, regardless of whether it 

had been pre-reduced or not. 1nM thioredoxin was found to be the optimal concentration 

tested, while at a higher concentration the chemoattractant effect of thioredoxin was 

reduced.  This is similar to the results of Bertini et al (1999), who also found that the ability 

of thioredoxin to act as a chemoattractant was decreased at higher concentrations.  There 

was no statistically significant difference between the effect on invasion of the non-

reduced or reduced thioredoxin (Standard T-test P<0.05).  This result would appear to 

suggest perhaps the concentration of DTT, while ample to reduce the thioredoxin prior to 

its addition to the Boyden Chamber assay, was inadequate to recycle the thioredoxin at a 

sufficient rate to significantly affect the level of active thioredoxin during the experiment.   
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5.5 Thioredoxin Antibodies and Inhibition of MDA-MB-231 Invasion 

 

5.5.1 Boyden Invasion Assays 

 

 The results discussed so far in this chapter indicate that; 1. endogenously 

increased thioredoxin increases the invasive potential of MDA-MB-231 cells, a result 

which supports the finding of Farina et al that exogenously applied thioredoxin influences 

the invasion of neuroblastoma cells, and 2. exogenously applied thioredoxin acts as a 

chemoattractant to actively invading MDA-MB-231 cells.   

 

 To determine if the redox function of thioredoxin is necessary for these functions 

thioredoxin antibodies were applied to the Boyden Chamber Invasion assay.  Two 

antibodies were used, 9g9, which binds to the active site and thereby inhibits the redox 

activity of thioredoxin; and 2b1 which binds elsewhere and allows the active site to 

function.  To determine the effect of these antibodies on invasion they were added to the 

top chamber, or alternatively they were added to the bottom chamber to examine their 

effect on the chemoattractant ability of thioredoxin.  The results of these experiments are 

outlined below in figure 5.13. The invasion value was determined as the cells/field in the 

test assay les the cells/field in the negative control. 

 

5.5.1.1  Effect of Thioredoxin Antibodies on Invasion (Figure 5.13 - Panel A) 

 

 The addition of thioredoxin antibody 2b1 to the top well had no significant effect on 

the invasion rate of the MDA-MB-231 cells when compared to antibody free invasion 

(Standard T-test P<0.05); while the addition of the 9g9 antibody significantly decreased 

the level of invasion (Standard T-test P<0.05) (Figure 5.13 Panel A).  These results 

indicate antibodies which block the active site of thioredoxin, such as 9g9, inhibit its ability 

to regulate invasion.  Conversely antibodies which allow thioredoxin to retain its redox 

activity do not have such an effect.  These results clearly indicate that the redox function 

of thioredoxin is important for its role in invasion. 
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FIGURE 5.13: Effect of Antibodies on Invasion of MDA-MB-231 Cells. 
A.  Antibodies added to top chamber; B.  Antibodies added to bottom
chamber. (n=3) 
1.2  Effect of Thioredoxin Antibodies on Chemoattraction (Figure 5.13 B) 

The addition of antibodies to the bottom well of the Boyden Chamber had a similar 

ct to that described above.  When added to the bottom well 9g9 causes a significant 

rease in invasion, while 2b1 has no significant effect (Standard T-test P<0.05) (Figure 

 Panel B).  The fact that the 9g9 antibody had an inhibitory affect on the invasive 

ability of the cells when applied to the top chamber suggests that thioredoxin is able to 

ce invasion of these cells, and further that its ability to do so is dependent on its redox 

vity.  Similarly, the ability of 9g9 antibody to inhibit invasion when applied to the bottom 

mber indicates that the ability of thioredoxin to act as a chemoattractant is regulated 

ts redox function.     
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 When ELISAs were carried out to determine the level of thioredoxin in cell-less 

media it was determined that foetal calf serum containing media contains an undetectable 

level of thioredoxin (i.e. below the minimal amount detectable by ELISA).  Therefore we 

assume that the initial thioredoxin levels are extremely low in the “attractant” media in the 

lower well.  However, upon invasion the first cells would presumably secrete thioredoxin.  

We hypothesize that it is this thioredoxin that the added antibodies are binding to.  When 

2b1 antibodies are present thioredoxin is still able to perform its redox function and 

thereby produce a reduced environment in the lower well.  Based on the results described 

above this would attract other cells and induce them to invade also. 

 

 When 9g9 antibodies are present thioredoxin can not reduce its substrates due to 

the sequestration of its active site.  Accordingly the environment in the lower well will be 

oxidized and act to repel the cells rather than attract them.    Therefore these results 

indicate not only that thioredoxin is able to act as a chemoattractant to MDA-MB-231 cells, 

but also that this function of thioredoxin is mediated by its redox ability. 

  

 This result indicates that the inability of thioredoxin in the bottom chamber to fulfil 

its redox function inhibits invasion of MDA-MB-231.  In this experiment it is likely that the 

thioredoxin which is being bound by the antibodies is that which had been secreted by the 

actively invading cells.  Presumably this secreted thioredoxin would attract other cells to 

invade, however when bound by an antibody which blocks the redox active site it is 

unable to do so.  Therefore the concentration of active thioredoxin in the bottom well is 

greatly decreased.  This may also provide a partial explanation as to why MCF-7 cells are 

less invasive than the MDA-MB-231 cells.  As shown in the previous chapter, MCF-7 cells 

secrete significantly less thioredoxin than MDA-MB-231 cells.  Perhaps the lack of 

secreted thioredoxin present to act as a chemoattractant affects the overall level of 

invasion. 

 

 Initially these results seem to be in contrast with the results of the chemoattraction 

experiments (section 5.4.1) where it was found that thioredoxin was able to act as a 

chemoattractant to actively invading regardless of whether it was pre-reduced or not.  

However, the ability of non-pre-reduced thioredoxin to act as a chemoattractant may be 

due to the presence of either thioredoxin reductase in the FCS in the case of the positive 

control, or thioredoxin reductase secreted by cells after they have invaded subsequently 

attracting other cells to invade (Söderberg et al, 2000).  In this way non-pre-reduced 

thioredoxin will likely be reduced at some time following the invasion of initial cells. 
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5.6 Discussion

 

 The results described in this chapter have established that thioredoxin is actively 

involved in facilitating the invasive phenotype of breast cancer cells.  The above findings 

support the initial hypotheses that thioredoxin is directly involved in invasion, and further 

to this expand the results of Farina and co-workers (Farina et al, 2001). 

 

 As mentioned above a recent study has directly linked thioredoxin to the potential 

invasiveness of neuroblastoma cells in vitro (Farina et al, 2001).  Through the use of 

Boyden chamber invasion assays Farina and co-workers found that 1µM thioredoxin 

applied exogenously, in the absence of thioredoxin reductase, was able to increase the 

invasiveness of the cells.  Additionally the Farina group also investigated the ability of 

thioredoxin to regulate proteases and protease inhibitors involved in cancer cell invasion, 

i.e. MMP 2 and 9 and TIMP 1 and 2.  They found that thioredoxin is able to inhibit the 

activity of TIMP 1 and 2 at 0.3µM and matrix metalloproteinase MMP 2 at 2µM, however it 

was not able to inhibit MMP 9 activity at all (Farina et al, 2001).  The inhibition of the 

activity of these proteins was found to be due to thioredoxin induced structural changes in 

the proteins and was dependent on both the presence of thioredoxin reductase and on the 

redox activity of thioredoxin.   

 

As outlined in Chapter 1, MMPs are at least partially responsible for extracellular 

matrix degradation, while TIMPs generally function to inhibit the activity of MMPs and 

therefore inhibit matrix degradation.  A fine balance between the two is required to 

maintain normal function.  In many later stage cancers the balance is tipped strongly 

towards MMP activity and subsequently the tumour becomes invasive.  The implications 

of the Farina finding that thioredoxin has inhibitory effects on TIMP and MMP activity is 

that at concentrations of between 0.3 and 2µM thioredoxin effectively tips the balance 

towards MMP activity by inhibiting TIMPs.  Consequently between these concentrations 

thioredoxin enhances the invasive capability of neuroblastoma cells.    

 

It was important to establish that not only exogenously applied, but also 

endogenously manipulated thioredoxin was able to influence invasion, primarily due to the 

results of Baker and co-workers (Baker et al, 1997).  In the Baker study it was found that 

while endogenously increased thioredoxin could protect cells from apoptosis, exogenously 

applied thioredoxin could not.  This suggests that the manner by which thioredoxin exerts 

its effects may differ depending on whether thioredoxin functions intracellularly or 

extracellularly.  In the case of invasion it appears that both endogenously manipulated and 
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exogenously applied thioredoxin will result in increased activity.  Further to this the results 

of this chapter indicate that the ability of thioredoxin to influence invasion is dependent on 

its redox activity. 

 

This poses an interesting question as to whether intracellular and extracellular 

thioredoxin regulate thioredoxin through the same mechanism.  The results of Baker et al 

suggest that perhaps different mechanisms exist.  Perhaps intracellularly thioredoxin is 

able to regulate the function of numerous intracellular proteins involved in the invasive 

phenotype, as well as regulating the expression of many important genes.  It may then be 

that extracellularly the primary role of thioredoxin with respect to invasion is activating 

MMPs and other proteases which are secreted as inactive zymogens.   

 

The fact that we have found that thioredoxin also acts as a chemoattractant to the 

MDA-MB-231 cells furthers the work of Farina et al as it is now apparent that thioredoxin 

not only stimulates invasion but also potentially directs invasion.  This is supported by our 

finding that the ability of antibodies which block the thioredoxin active site inhibit MDA-MB-

231 invasion.   

 

The discovery that thioredoxin can act as a chemoattractant to invasive cells has 

interesting implications with respect to both cancer and pregnancy.  With respect to 

cancer perhaps the ability of thioredoxin to act as a chemoattractant provides an 

explanation as to why metastatic cancer cells spread to the part of the body that they do.  

The secondary cancer site may be determined by increased expression of thioredoxin at 

that site prior to invasion by the metastatic cancer cell.  This, in conjunction with the fact 

that thioredoxin is increased in a number of cancers and its ability to induce invasion 

(Farina et al, 2001), suggests that thioredoxin plays a major role in the development of a 

benign growth into a metastatic cancer.          

 

As outlined in the earlier chapters, the processes of invasion by metastatic cancer 

cells and implantation of the blastocyst in pregnancy are extremely similar, such that 

invading embryonic cells have been termed “pseudomalignant” (Strickland et al, 1992).  

Therefore it is probable that many of the factors which influence their invasive phenotype 

are shared.  As such, thioredoxin may also act as a chemoattractant for blastocysts.   

 

If this is the case it may be possible that thioredoxin ensures that the blastocyst 

implants at a suitable site.  Studies on mice have shown that thioredoxin expression 

varies in specific reproductive organs throughout the oestrus cycle (Osborne et al, 2001).  
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The level of thioredoxin is at its highest during oestrus, primarily due to the extremely high 

level of estrogen present during this stage of the cycle.  It is this time when the female is 

most fertile and most likely to become pregnant.  Although similar studies have not been 

performed on human tissue for quite obvious reasons, the oestrus cycle of mice is 

analogous to the menstrual cycle of humans.  Both have a peak in estrogen levels at a 

time which correlates with highest fertility (UNSW Embryology web site).   

 

During oestrus, thioredoxin expression is particularly high in the sample columnar 

epithelium and the uterine glands of the uterus (Osborne et al, 2001).  Perhaps the 

increased thioredoxin expressed by the uterine epithelium acts as a chemoattractant for 

the developing embryo to ensure that the implantation site is suitable.  Although 

thioredoxin expression is also high in the cilial columnar epithelium of the oviduct, this is of 

little consequence in the normal situation as the blastocyst is still contained within the 

zona pellucida as it travels towards the uterus.  The zona pellucida is the protective 

coating which surrounds the blastocyst.  It is not possible for the blastocyst to attach to 

anything while it is still encased within this coating.  However, once the blastocyst reaches 

the uterus it “hatches” from the zona pellucida and is free to attach and implant.  At this 

point perhaps the high level of thioredoxin expressed by the uterine epithelium actually 

acts to attract the blastocyst to the uterus wall to ensure that it implants. 

 

This theory may explain the occurrence of ectopic pregnancy.  An ectopic 

pregnancy occurs when the fertilised ovum implants into any tissue other than the uterine 

epithelium.  In 95% of ectopic pregnancies the blastocyst implants into the wall of the 

oviduct (Advanced Fertility Web Site).  Common causes of so called “tubal pregnancies” 

include problems which cause blockage of the oviduct such as endometriosis or some 

sexually transmitted diseases e.g. chlamydia or gonorrhoea (Health Central Web Site).  

Such events cause the fertilised ovum to move very slowly through the oviduct and 

accordingly the blastocyst “hatches” from the zona pellucida while still in the oviduct.  

Upon such an event the high expression of thioredoxin from the cilial epithelium of the 

oviduct may act as a chemoattractant to the blastocyst, perhaps explaining why it attaches 

and implants into the oviduct epithelium at all, rather than simply dying without attaching.    

 

In summary the results of this chapter indicate that thioredoxin is involved in 

inducing the invasive phenotype in potentially invasive cancer cells; that the redox 

function of thioredoxin is required for this; and that thioredoxin acts as a chemoattractant 

to actively invading cancer cells.  These results suggest that thioredoxin is directly 

involved in biological invasive processes such as metastasis and embryonic implantation. 
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Chapter Six – THIOREDOXIN AND SP1 - RESULTS & DISCUSSION 

 

6.1 Introduction  

 

As described earlier thioredoxin has been implicated in the control of numerous 

redox regulated transcription factors including AP-1 and NFκB.  Transcription factors 

have an important role in cancer due to the genes that they regulate, for example growth 

factors and proteases, and redox regulated transcription factors are particularly 

important in cancer cells due to the high levels of oxidative stress to which cancer cells 

are subjected.   

 

The aim for the following experiments was to determine if the activity of Sp1, 

another redox regulated transcription factor, is controlled by thioredoxin.  To this end a 

series of EMSAs were completed using both recombinant and native Sp1 to define the 

redox regulation of the factors activity and also to establish a definite role for thioredoxin 

in this process. 

 

6.2 Cloning of Sp1 

 

Unfortunately Sp1 is no longer commercially available and thus it was necessary 

to express Sp1 recombinantly in E.coli.  The human Sp1 cDNA clone was kindly donated 

to our laboratory by Dr R. Tjian University of California, Berkeley.  It was supplied to us 

in the pBS-Sp1-f1 vector.  To allow the expression of recombinant Sp1 in E.coli cells the 

cDNA clone was cloned into a pET vector as outlined in Figure 6.1. 

 

In brief, the pETthio vector contains the thioredoxin coding region under the 

control of the T7 promoter.  Cloning involved removing the thioredoxin coding region and 

replacing it with the Sp1 open reading frame (ORF) from the pBS-Sp1-fI plasmid such that 

it was then under the control of the T7 promoter.  The pETthio vector was first digested 

with NcoI and HindIII.  As an NcoI site exists within the Sp1 open reading frame in pBS-

Sp1-fI this plasmid was digested twice, once with NcoI and SacI, and then with SacI and 

HindIII. Following purification of the digested bands a three-way ligation was set up with 

the pET vector (NcoI/HindIII), Sp1a (NcoI/SacI) and Sp1b (SacI/HindIII).  This ligation was 

then transformed into competent ED8799 cells and positive clones chosen by their 
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resistance to ampicillin.  The plasmid was purified and sequenced to confirm the correct 

clone had been generated. 

.       
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pBS-Sp1-fI 
  (7.4kb) 

NcoI 

HindIII 

2.4kb ORF 
 4.4kb Sp1 cDNA

  NcoI                        SacI NcoI     HindIII                HindIII   

Two double digests :   
     NcoI/SacI    SacI/HindIII  

             These two sections retained

  pETthio

HindIII

BglII   NcoI

NcoI/HindIII digest of pETthio. 
This section removed.

pET vector

  BglII    NcoI                            HindIII 

              pETSp1

2.4kb ORF

 BglII      NcoI                        SacI NcoI     HindIII

          Thioredoxin cDNA 
BglII

    T7 
Promoter 

FIGURE 6.1: pETSp1 Cloning Strategy  
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6.3  Expression of Recombinant Sp1 

 

 Once the cloning of the Sp1 open reading frame was completed the new plasmid, 

pETSp1, was transformed into the E.coli strain BL21[DE3] to allow expression. The protein 

extract from non-induced transformed E.coli was applied to a western blot and an Sp1 

antibody used to confirm presence of the recombinant Sp1 (Figure 6.2).  When the 

BL21[DE3] strain is used in conjunction with a vector containing the T7 promoter expression 

of the target protein is induced by the addition of 1mM IPTG to the culture once it has 

reached an A600 of 0.4-0.6. This system is known to be quite “leaky” and as such there is a 

small amount of recombinant protein expression prior to induction.  In this case we found that 

more active recombinant Sp1 could be extracted when the culture was not induced, but 

simply prepared as a cell extract from culture grown to A600 of 0.4-0.6.  This was possibly due 

to the fact that human Sp1 may be toxic to the E.coli cells, ensuring that the cells would die or 

at the least not be able to sustain the plasmid.   

 

  

                     

           1 

FIGURE 6.2: 
Confirmation of 
Recombinant Sp1 
Expression by Western 
Blot.   
Arrow indicates relevant 
band. 
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6.4  Regulation of Sp1 DNA Binding 

 

Recombinant Sp1 protein extracts were then used on EMSAs to determine if the 

recombinant Sp1 would bind to its labelled consensus sequence.  The oligonucleotide used 

for this was a double stranded 22mer : 5’TTC GAT CGG GGC GGG GCG AGC A3’.  The first 

EMSAs were carried out using TBE gels and 0.5 X TBE as the running buffer (Andrew et al, 

2000).  Although shifted bands were present these could not be competed out by cold Sp1 

consensus sequence, and were therefore considered to be due to non-specific binding.  The 

fact that Sp1 is a zinc finger protein led us to consider two reasons as to why the recombinant 

protein was not actively binding the consensus sequence.   

 

Firstly the level of zinc in the LB may not have been sufficient to allow the production 

of functional Sp1, and secondly the presence of the chelating agent EDTA in the DNA binding 

buffer, gel and running buffer may have been further reducing the amount of available zinc.  

To combat these problems the media was supplemented with zinc and EDTA was removed 

from all solutions and the gel.  Both proved beneficial and subsequently EDTA was excluded 

from any solutions used with respect to the recombinant Sp1. 

  

 Following the omission of EDTA from the EMSA solutions a distinct banding pattern 

was attained.  The first step was to establish that the shifted band was both due to the 

recombinant protein rather than a native E.coli protein, and that the binding was specific. 

Figure 6.3 displays the initial EMSA used to verify both these points.  To demonstrate 

specificity two other sequences were employed, the AP-1 DNA binding consensus sequence 

(5’AGC TTG ATG AGT CAG CCG GAT C3’) and a mutant version of the Sp1 consensus 

sequence (SpM) (5’TTC GAT  CGG TTC GGG GCG AGC A3’ underlined residues are 

different to the Sp1 consensus sequence).  In figure 6.3 lanes 1-3 contain each probe, Sp1, 

AP-1 and SpM, with no protein extract.  Lanes 4 and 5 contain protein extracts from non-

transformed BL21 cells and no band was observed, confirming that the shifted band was due 

to the recombinant Sp1 and not another native E.coli protein.  Lanes 6-8 display the 

specificity of the recombinant protein extract as it will only bind to the Sp1 consensus 

sequence probe and not to the Sp mutant (SpM) or the AP-1 consensus sequence.  This 

result is supported by the competition reactions in lanes 9-15.  Only the addition of excess 

unlabelled Sp1 probe was able to disrupt the binding of the protein extract to the labelled 

probe, while the unrelated cold probes had no effect on this binding.  These experiments 
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confirmed that the transformed E.coli BL21 cells were expressing an active form of 

recombinant Sp1. 

 

 Once it was established that recombinant Sp1 was responsible for the shifted band it 

was possible to begin specific analysis of the activity of the protein.  The first experiment was 

to determine the ideal concentration of zinc to supplement the growing cultures with.  A range 

from 100µM to 100mM ZnCl2 was tested.  All cultures supplemented with over 1mM ZnCl2 

either died or grew extremely slowly.  Protein extracts from 100µM and 1mM ZnCl2 

supplemented cultures were applied to an EMSA.  1mM supplemented cultures produced 

more DNA binding activity than that supplemented with 100µM ZnCl2 (data not shown) and 

thus cultures where always supplemented with 1mM ZnCl2.  
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FIGURE 6.3 – Specificity of Recombinant Sp1 Protein Extract (recSp1 PE). 

Arrow indicates Sp1-DNA complex band. 

Lanes 1-3 contain no protein with Sp1, SpM and AP-1 labelled probes respectively.  Lanes 4 

and 5 contain the Sp1 consensus labelled probe and 5µg or 10µg of PE from BL21 cells 

containing no plasmid respectively.  The remaining lanes all contain 10µg of PE from BL21 

cells transformed with the Sp1 plasmid.  Lanes 6 and 7 contain labelled SpM and AP-1 probe 

respectively.  All remaining lanes contain labelled Sp1 consensus probe.  Lane 8 contains

Sp1 PE and Sp1 consensus probe only.  Lanes 9-11 contain increasing amounts of cold Sp1 

competitor (200ng, 500ng and 1µg).  Lanes 12 and 13 contain increasing amounts of cold

SpM competitor (500ng and 1µg), while lanes 14 and 15 contain increasing amounts of cold

AP-1 competitor (500ng and 1µg).     
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The binding activity of the recombinant Sp1 protein extract, with respect to redox 

environment was studied next.  As seen in figure 6.4, Sp1 binding activity is completely 

abolished by 5 and 10 mM H2O2 (lanes 3 and 4).  Conversely 50µM DTT increases the 

binding activity of the extract (lane 7).  The effect of thioredoxin on the binding efficiency of 

Sp1 can be seen in lanes 9-13, while the reducing agent DTT increases binding activity, 

thioredoxin was more effective with a concentration of 340nM able to enhance the binding of 

Sp1 to its consensus recognition sequence.  Lanes 14 and 15 demonstrate the synergistic 

effects of thioredoxin and DTT.  Lane 14 contains 50µM DTT and 170nM thioredoxin and the 

resultant band is greater than the band observed when either DTT or thioredoxin was added 

alone (lanes 7 and 10 respectively). 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

  

 

 

 

H2O2 (mM) 
DTT (µM) 
Trx (nM)  

0   0  5 10  0   0  0  0   0  0  0  0   0  0  0   
0   0  0  0 20  25 50 100  0  0  0  0   0 50 50  
0   0  0  0  0   0  0  0   85 170 340 680 850 170 340  

      1   2  3  4   5  6  7   8  9  10 11 12  13 14 15 
10µg recombinant Sp1 PE

FIGURE 6.4 – Redox Regulation of Recombinant Sp1 by the Thioredoxin System. 

Arrow indicates Sp1-DNA complex band. 

All lanes contain Sp1 consensus labelled probe.  Lane 1 contains no PE.  Lanes 2-15 contain 

10µg of PE from Sp1 transformed BL21 cells.  Lanes 3 and 4 contain 5 and 10mM H2O2

respectively, while lanes 5-8 contain increasing concentrations of DTT – from 20µM through to 

100µM.  Lanes 9-13 contain increasing concentrations of reduced thioredoxin – from 85nM 

through to 850nM.  Lanes 14 and 15 all contain 50µM DTT with 170 and 340nM reduced 

thioredoxin in lanes 14 and 15 respectively. 
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Inside the cell thioredoxin functions in conjunction with thioredoxin reductase and its 

co-factor NADPH. Therefore, we next tested the effects of adding the entire thioredoxin 

system to enhance the DNA binding activity of Sp1 (Figure 6.5). These results show that the 

highest increase in binding is seen when the entire system is present rather than adding 

individual components separately.  Consider particularly a comparison between lanes 6 and 

7, and 8 and 9. 
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Figure 6.5: Sp1 DNA Binding Regulation by the Thioredoxin System. 

Arrow indicates Sp1-DNA complex band 

All lanes contain Sp1 consensus labelled probe.  Lane 1 contains no PE.  All remaining 

lanes contain 10µg of recombinant Sp1 PE.  The remaining lanes additionally contain the 

following: Lane 3 - 50µM DTT; Lane 4 - 50µM DTT plus 100ng Trx; Lane 5 – 100ng 

TRed; Lane 6 - 100ng Trx and 25ng TRed; Lane 7 - 100ng Trx, 25ng TRed and 300µM 

NADPH; Lane 8 – 100ng Trx and 100ng TRed; Lane 9 – 100ng Trx, 100ng TRed and 

300 µM NADPH.  Lanes 7 and 9 represent the entire thioredoxin system. 
To test the redox regulation of endogenous Sp1 a protein extract from the breast 

cer cell line MDA-MB-231 was applied to the EMSA with the labelled Sp1 consensus 

uence oligonucleotide. Control reactions were performed with cold competitor and other 

lled probes to confirm the correct band was being studied (figure 6.6).  The EMSA 

duced two bands that may be attributed to Sp1 or other Sp family members binding.  A 

 gel shifted band was also present, although this was not able to be competed off by cold 
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Sp1 consensus probe and was therefore considered to be due to non-specific binding.  Other 

researchers have also observed this non-specific band (Worrad et al, 1997).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 6.6 – Specificity of Sp1 DNA Binding Activity from MDA-MB-231 Native Protein Extract. 
Indicates recombinant Sp1-DNA complex band 
Indicates probable native Sp1-DNA complex bands 

Lanes 1-10 contain 10µg of MDA-MB-231 protein extract.  Lane 11 contains 10µg of recombinant 

Sp1 protein extract to provide a size comparison to the native extracts.  Lanes 1, 2 and 3 contain 

labelled Sp1, SpM and AP-1 probe respectively.  All remaining lanes contain labelled Sp1 probe.

Lanes 4-6 contain increasing amounts of cold Sp1 competitor.  Lanes 7and 8 contain increasing 

amounts of cold SpM competitor while lanes 9 and 10 contain increasing amounts of cold AP-1 

competitor.     

 
 

To provide further confirmation that the DNA-protein complex responsible for the 

banding pattern was due to Sp1, antibodies were added to the reaction mixture prior to 

loading.  As is evident in figure 6.7 the binding was inhibited by Sp1 antibody.  There was a 

slight decrease in binding upon the addition of Sp3 but this was not unexpected.  The 

consensus sequences of Sp1 and Sp3 are very similar and therefore some cross reactive 

binding by native Sp3 was expected.  However the degree of decrease in the Sp3 antibody 

band indicated that the amount of Sp3 binding was small.  No decrease was seen upon the 

addition of NFκB antibody.  These results confirmed that the vast majority of the DNA binding 

was by Sp1. 
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DTT 50µg    -   +   +   +    -   - 
Trx 340nM   -   -   -   -    +   + 
Ab 200ng    -   -  Sp3 NFkB  -  Sp1 

  1   2   3   4    5   6 

MDA-MB-231 Native PE 
and Sp1 labelled probe 

The redox regulation of Sp1 from

the recombinant Sp1 protein extract (fig

its consensus sequence.  Both DTT an

of both, indicating that the natively prod

manner to recombinant Sp1.  

 

FIGURE 6.7 – Confirmation of the Specificity of Sp1 

DNA Binding Activity from MDA-MB-231 Native 

Protein Extract using Antibodies. 

        Indicates Sp1-DNA complex band as shown in 

figure 6.6. Lanes 1-6 contain 10µg of MDA-MB-231 

protein extract and Sp1 labelled probe.   Lanes 2, 3 

and 4 contain 50 µM DTT, Lanes 5 and 6 contain 

340 nM Trx. Lanes 2 and 5 do not contain any 

antibody. Lane 3 contains anti-Sp3 antibody, Lane 4 

contains anti-NF-κB antibody and Lane 6 contains 

anti-Sp1 antibody. 
 the MDA-MB-231 cell extract was tested similarly to 

ure 6.8).  Again H2O2 reduced the Sp1 interaction with 

d thioredoxin increased binding, as did a combination 

uced Sp proteins respond to redox stimuli in a similar 

 

 

 

 

 

 

 

 

6.5  Binding of Sp1 to the Thioredoxin Promoter 

FIGURE 6.8 – Redox Regulation of MDA-MB-231 Protein Extract Interaction with the Sp1 

Consensus Sequence. 

Arrows indicate probable Sp1-DNA complex bands. 

All lanes contain Sp1 consensus labelled probe.  Lane 1 contains no PE.  Lanes 2-12 contain 

10µg of PE from MDA-MB-231 cells.  Lanes 3 and 4 contain 5 and 10mM H2O2 respectively, 

while lanes 5 and 6 contain increasing 50 and 100µM DTT respectively.  Lanes 7-9 contain 

increasing concentrations of reduced thioredoxin – from 170nM through to 680nM.  The 

remaining lanes all contain 50µM DTT with 170, 340 and 680nM reduced thioredoxin in lanes 10, 

11 and 12 respectively. 
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The thioredoxin promoter contains a number of consensus Sp1 binding sites (figure 

6.9). The region spanning these sites and extending 700 bp upstream of the ATG codon has 

previously been shown to function as a promoter in CHO-K1 cells (Tonissen et al, 1991).  A 

330 bp fragment of the thioredoxin promoter spanning these GC sequences was end-labelled 

and used to test if recombinant Sp1 was capable of binding to these sites and if this binding 

was also potentially redox regulated. These results are shown in figure 6.10 and demonstrate 

that the binding was regulated in a similar manner to that observed when the oligonucleotide 

was utilised. DTT and thioredoxin enhanced Sp1 binding to the promoter element.  The 

existence of multiple bands in lanes 6-9 may be attributed to the probe being bound by 

varying numbers of Sp1 molecules, as the promoter fragment contains three potential Sp1 

binding sites. 

 
 
CCCGGGAGGGACCTTGTGTCTCTGGGGGTGACTGTCCGTCTCCCCGCCTCCCACCGTCAC 

GCGCAGTGCTGATCCCCACTTCCAGCTGGAGTGCGAGCTGGGCTTGGGGTTACAGGAGCC 

GAAGCCCTGGAGCTCCGCCCCACGCTTGCGCCAGCCCCGCCCCGATCCCGGCTCGCAGGC 

TCCAGGGGCGGGGCGTGGCCGGGGCGCAGCGACGGGCGCGGAGGTCCGGCCGGGCGCGCG 

CGCCCCCGCCACACGCACGCCGGGCGTGCCAGTTTATAAAGGGAGAGAGCAAGCAGCGAG 

TCTTGAAGCTCTGTTTGGTGCTTTGGATCCATTTCCATCGGTCCTTACAGCCGCTCGTCA 

GACTCCAGCAGCCAAGATGGTGAAGCAGATCGAGAGCAAG gt  
                 M  V  K  Q  I  E  S  K                         
 

 
 

 

 

SmaI 

SacI 

BamHI

FIGURE 6.9 Partial Thioredoxin Promoter.  The 330bp region used in the EMSAs is the region 

between the SmaI and BamHI restriction enzyme sites.  The boxed regions are Sp1 consensus 

sequences.  The start codon is shown in bold and italics. 
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DTT µM  0    0   50   0    0    0    0    50   50
Trx nM  0    0    0  170  340  680  850  170  340
           

10µg recombinant Sp1 PE 
 1    2   3   4    5    6    7    8    9   
FIGURE 6.10 – Redox Regulation of the binding of Recombinant Sp1 to the Partial 

Thioredoxin Promoter. 

Arrows indicate Sp1-DNA complex bands 

All lanes contain a 330bp partial thioredoxin promoter labelled probe.  Lane 1 contains no 

protein extract.  All other lanes contain 10µg of protein extract from Sp1 transformed BL21 

cells.  Lane 3  contains 50µM DTT.  Lanes 4-7 contain increasing concentrations of reduced 

thioredoxin – from 170nM through to 850nM.  The remaining lanes all contain 50µM DTT with 

170 or 340nM reduced thioredoxin in lanes 8 and 9 respectively. 
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6.6  In Vivo Regulation and Future Directions 

   

The above results have confirmed that Sp1 is redox regulated and specifically that 

thioredoxin is able to regulate the DNA binding activity of Sp1 in vitro.  The obvious next step 

is to investigate the ability of thioredoxin to regulate Sp1 DNA binding activity within the cell.  

Initial in vivo studies using the permanently transfected sense MDA-MB-231 cell line 

described in Chapter 5 of this thesis have recently been carried out by Simone Osborne in 

our laboratory.   

 

Initially native MDA-MB-231 cells were transiently transfected with a vector containing 

a luciferase reporter gene under the control of the 330bp thioredoxin promoter region used in 

the above EMSAs (Trx330.luc), or the entire thioredoxin promoter.  As shown in figure 6.11 

the 330bp thioredoxin promoter region was able to induce expression levels comparable to 

that obtained in those cells transfected with the entire promoter.  Both fragments provide 

expression well above that seen with the promoterless control plasmid pGL3-basic.  This 

indicates that the 330bp region of the promoter has a major role in the regulation of 

thioredoxin expression within the cell.   

 

Following these experiments MDA-MB-231 cells were co-transfected with Trx330.luc 

and a plasmid containing the Sp1 cDNA sequence under the control of a CMV promoter 

(CMV.Sp1). The expression of luciferase was found to increase approximately two-fold (figure 

6.11).  A similar luciferase expression increase was observed when the cells were co-

transfected with Trx330.luc and a plasmid containing the Sp3 cDNA sequence under CMV 

promoter control.  These results indicate that both Sp1 and Sp3 are capable of activating 

transcription from the thioredoxin promoter presumably via the Sp1 consensus sequence.  

This correlates with the antibody EMSA (figue 6.7) which indicated that some Sp3 from the 

MDA-MB-231 protein extract was binding to the Sp1 consensus sequence.   
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Figure 6.11 - Basal and Sp1/Sp3 Induced Firefly Luciferase Expression from Human 

Thioredoxin Promoter Constructs.   

 

Luciferase reporter assays were performed using pGL3-Basic and the 330 bp and 

2.4kB fragments of the Trx promoter (labelled Trx330 and Trx2.4kb respectively) 

transfected into MDA-MB-231 cells  Trx330 + Sp1 and Trx330 + Sp3 represent Sp1 

and Sp3 induced expression of Trx330 which was achieved through co-transfection of 

the 330Trx-luc plasmid with pCMV-Sp1 and pCMV-Sp3 respectively. Firefly luciferase 

activities were normalized to protein concentration. The delSp1-330trx construct which 

lacks all 3 Sp1 sites was also transfected into the cells.  
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6.7 Discussion 

 

 The results gained through these experiments clearly demonstrate that the DNA 

binding activity of Sp1 is not only redox regulated but also that it is directly regulated by 

thioredoxin in vitro.  Initial experiments using the classical oxidising and reducing agents, 

H2O2 and DTT respectively, allowed us to establish the redox pattern of Sp1 regulation and 

also confidently analyse the activity of native Sp1.   

 

 As in previous studies 5mM H2O2 was sufficient to interfere with the binding of 

recombinant Sp1 to its consensus sequence (Ammendola et al, 1994), while DTT at a 

concentration of 50µM enhanced binding activity.  Our hypothesis that thioredoxin would also 

increase DNA binding activity was also confirmed such that 340nM thioredoxin was adequate 

to increase binding.  This was over 10 times less than the amount of DTT required to 

increase binding to a similar degree, indicating that thioredoxin is a far more potent activator 

of Sp1 in vitro, and more importantly is functional at physiologically relevant concentrations.  

Although the local concentration of thioredoxin in human tissues has not yet been 

determined, one study has indicated that the intracellular concentration of thioredoxin in 

bovine tissue is approximately 2 to 12 µM (Holmgren et al, 1978; Powis et al, 2001).  Our 

results indicated that thioredoxin is able to increase Sp1 DNA binding in vitro at 340nM, thus 

thioredoxin has the potential to be an important redox regulator of Sp1 function in vivo.   

 

As expected when both 50µM thioredoxin and 170nM DTT were present they acted 

synergistically to increase the DNA binding activity of Sp1 above the level of either alone.   

This is due to the “recycling” effect that DTT has on thioredoxin (Holmgren, 1985).  As each 

thioredoxin molecule reduces an Sp1 molecule it becomes oxidised.  When DTT is present it 

has the ability to re-reduce thioredoxin, thus allowing it to maintain the reduced environment 

in the reaction.  In keeping with this the addition of the entire thioredoxin system (thioredoxin, 

thioredoxin reductase and NADPH) allows thioredoxin to be recycled as would be the case in 

vivo.  The binding activity of Sp1 was at its greatest when all components of the system were 

present rather than any individual component alone.   

 

  

 136



 
 

The breast cancer cell line MDA-MB-231 was used to investigate the redox regulation 

of native Sp1.  Again protein extracts were applied to EMSAs using DTT or H2O2 to reduce or 

oxidise prior to running.  Initial gels using native protein extracts involved applying a reaction 

containing recombinant Sp1 to the same gel to ensure the correct band was studied.  The 

major difference was that while the recombinant Sp1 extract produced only one shifted band, 

the native extracts gave three bands.  The lower of these three bands was not able to be 

competed off by the addition of unlabelled Sp1 and as such was considered to be the result 

of non-specific binding.  Of the two higher bands one was at the same position as the 

recombinant extract and was therefore considered to be due to native Sp1.  These bands 

behaved similarly in competitions reactions in that they only bound to the Sp1 consensus 

probe and they could only be competed off by unlabelled Sp1 probe.  The multi-band effect 

seen with native extracts has been noted in previous studies and has been attributed to the 

binding of other members of the Sp family (eg Sp3 and Sp4) to the Sp1 consensus sequence 

(Suske, 1999).  All members bind to similar sequences with varying affinities.  

 

These bands also behaved similarly in redox experiments.  H2O2 abrogated the 

binding of the extract to its consensus sequence while thioredoxin enhanced the binding 

activity.  Due to competing factors in the eukaryote cell extracts the reduction of binding by 

H2O2 and the increase by thioredoxin is not as pronounced as observed when recombinant 

Sp1 protein extracts were utilised.  The effects however were clear enough to confidently 

conclude that native Sp1 is redox regulated by thioredoxin in vitro.   

 

 Despite the human thioredoxin promoter sequence being published 10 years ago, 

very few studies have been performed regarding transcriptional regulation of the thioredoxin 

gene.  The promoter is TATAless and does not contain a CCAAT box.  This is typical of the 

promoters of many of the so-called “house-keeping” genes.  Although these genes were 

traditionally thought to be non-regulated, recently many of them have been found to be very 

tightly regulated.  The thioredoxin promoter covers 700bp and contains three putative Sp1 

consensus sequences (Tonissen et al, 1991).  Two of these are identical to the ideal Sp1 

consensus sequence to which Sp1 binds with extremely high affinity, while the other has a 

one base change - 5’ GGGGCGGAGC 3’.  Sp1 has been shown to bind to this sequence with 

high affinity also.   In this study a 330bp thioredoxin promoter fragment spanning these three 

Sp1 motifs was used to analyse the binding of recombinant Sp1 to the thioredoxin promoter.  
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Our results not only confirm that recombinant Sp1 can actively bind the thioredoxin promoter 

but also that this binding is subject to redox control by classical agents and thioredoxin.  

Further to this preliminary in vivo studies have indicated that both Sp1 and Sp3 regulate the 

thioredoxin promoter within the cell.  These results indicate that thioredoxin may indirectly 

regulate its own expression by facilitating the binding of the transcription factor Sp1 to the 

thioredoxin promoter. 

 

 This sets up an interesting hypothesis as to how thioredoxin is involved in combatting 

oxidative stress in vivo, as is outlined in figure 6.12.  When an external stimulus, such as UV 

light or radiation, is applied to a cell, the intracellular levels of oxidative species and free 

oxygen radicals increases.  As discussed in the introduction (see section 1.1.5), this may 

result in both an increase in ARE/ORE mediated thioredoxin gene expression and the 

translocation of thioredoxin to the nucleus (Taniguchi et al, 1996; Kim et al, 2001; Leppa et al, 

1997).   

 

Prior to this point most of the Sp1 within the nucleus would be in an oxidised state and 

therefore less able to bind to its consensus sequences within promoters including those 

within the thioredoxin promoter.  As the level of nuclear thioredoxin increases so would the 

amount of reduced Sp1, in turn resulting in an increase in Sp1 mediated transcription of 

various genes including the thioredoxin gene.  Sp1 consensus sequences also exist within 

the promoter of the Sp1 gene itself, thus the increased activity of existing Sp1 will also result 

in an increased transcription of the Sp1 gene, and presumably upon translation of the 

transcript, a further increase in expression from Sp1 regulated genes.   

 

Upon expression the resultant excess thioredoxin would then act to decrease 

oxidative stress and repair oxidative damage to proteins in the cytoplasm, thus returning the 

intracellular environment to its normal reduced state.  Simultaneously a certain amount of 

thioredoxin will translocate to the nucleus where it would also reduce other transcription 

factors such as NFκB and AP1 so that they are also able to activate transcription of other 

genes encoding proteins required during periods of oxidative stress.   

 

Additionally thioredoxin is also able to regulate the activity level of many proteins such 

as MMP’s and integrins; the later of which is known to be redox regulated and involved in the  
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metastasis of human breast cancer cells (Yan et al, 2001; Felding-Habermann et al, 2001).  

As such, the ability of thioredoxin to regulate transcription factors, and its ability to then 

regulate the activity levels of downstream proteins has important implications for both cancer 

metastasis and embryonic implantations.  
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FIGURE 6.12: Possible Effect of Oxidative Stress on 
Sp1 and Thioredoxin. 

 This study has not only established that Sp1 activity is subject to redox control, by 

thioredoxin, but also that Sp1 can bind to the thioredoxin promoter in a redox dependent 

manner.  These in vitro results were confirmed with preliminary in vivo experiments.  The 

immediate relevance of this work is the presence of Sp1 consensus sequences in the 

promoter region of numerous genes involved in cancer progression and the possibility that 

these genes may be indirecty regulated by thioredoxin.  Thioredoxin expression is increased  
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in many cancers, presumably in response to an increase in oxidative stress.  A downstream 

effect of this increase in thioredoxin may be the upregulation of genes under Sp1 control.  A 

number of the genes whose expression is known to be regulated by Sp1 are directly involved 

in the growth and progression of cancer cells.  Two such examples are MMPs (Qin et al, 

1999) and vascular endothelial growth factor (VEGF), the expression of which is stimulated 

by TGF-beta 1 through Sp1 dependent transcriptional activation (Benckert et al, 2003).  

MMPs are responsible for the degradation of basement membranes to allow invasion of 

adjacent tissue by metastasising tumour cells.  VEGF is involved in the process of 

angiogenesis, enabling invading cells to create links to the blood supply and thus establish a 

growing colony within the new tissue (Connolly et al, 1989).  Obviously the upregulation of 

both these proteins would be extremely favourable to tumour cells and give them a distinct 

growth advantage over other cells.  
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Chapter Seven: 
 

Final Discussion and Future Directions



Chapter Seven – FINAL DISCUSSION AND FUTURE DIRECTIONS  

 

7.1 Overview of Major Results

 

The major results obtained from the studies of this thesis are as outlined below: 

 

 A.  Marmoset thioredoxin cDNA was isolated, the sequence determined and 

amino acid sequence derived.  The active site is conserved and the three additional 

cysteines found in mammalian thioredoxins were present.  Antibody analysis indicated 

that anti human thioredoxin antibodies would recognise marmoset thioredoxin. 

 

 B.   Thioredoxin is expressed at high levels in the uterine lining and glands 

close to the invasion site and the invasive layer of the invading blastocyst but not in the 

inner cell mass both in vivo and in vitro. Additionally trophoblast vesicles secrete 

thioredoxin in vitro.  

 

 C. The highly invasive breast cancer cell line MDA-MB-231 expresses and 

secretes more thioredoxin than the non-invasive MCF-7 breast cancer cell line. 

 

 D. Endogenously manipulated thioredoxin directly correlates to invasive 

capacity of breast cancer cell lines in vivo. 

 

 E. The ability of thioredoxin to induce invasion is redox dependent. 

 

 F. Thioredoxin acts as a chemoattractant to invasive cells.  This is dependent 

on the redox activity of thioredoxin. 

 

 G. Thioredoxin regulates the DNA binding activity of Sp1 in vitro.  

 

 H. Sp1 binds to the thioredoxin promoter in vitro indicating that it may regulate 

expression from the promoter. 
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7.2  Discussion 

 

 The results of these studies have indicated that thioredoxin is important in the 

invasive capacity of both cancer cells and the cells of the implanting blastocyst.  This 

indicates that rather than being a mere by-product of cancer cell misfunction, the 

increased levels of thioredoxin observed in many cancer cells is actually influential in their 

growth, invasion and ultimately metastasis. 

 

 The ability of thioredoxin to influence the activity of many transcription factors, 

including Sp1, suggests that an increase in thioredoxin has a large number of downstream 

effects.  While thioredoxin alone may not be able to induce invasion, it is likely that the 

downstream effects on other genes, such as increased expression of MMPs and VEGF, 

does induce the invasive phenotype in susceptible cells. 

 

 This may explain why the MCF-7 cells transfected with sense thioredoxin, while 

showing a slight morphological change, displayed no increase in invasive phenotype.  The 

genotypic differences between MCF-7 and MDA-MB-231 cells are obviously quite 

significant.  MDA-MB-231 cells are poorly differentiated and thus have many genotypic 

variations from the initial non-cancerous type.  While MCF-7 cells are cancerous, they still 

retain many more of genotypic and phenotypic similarities to the original cell type, for 

example MCF-7 cells are still hormone regulated while MDA-MB-231 cells are not.  Thus 

perhaps an increase in thioredoxin levels in “normal” cells may not have a major effect 

because many other, and possibly more important, genes involved in invasion continue to 

function as normal.  However, when there is a misbalance in such genes, even a slight 

alteration in thioredoxin levels may have quite significant downstream affects.   

 

 This hypothesis is somewhat supported by the role of thioredoxin in embryonic 

implantation.  The invasive cells of the blastocyst, i.e. the cytotrophoblasts, are specially 

designed to degrade the uterine wall.  They secrete various metalloproteases and 

collagenases to degrade the epithelium and establish the vital links at the feto-maternal 

interface.  It is these cells in which we have found an increase in thioredoxin expression.  

Perhaps the increase in thioredoxin is able to influence the invasive potential of these 

cells because the relevant transcription factors and gene products (for example MMPs) 

are available for thioredoxin to regulate.  

 

 The ability of thioredoxin to regulate the activity of Sp1 is potentially important in 

both cancer and embryonic implantation.  As outlined earlier Sp1 has been found at 
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increased levels in hepatocellular carcinomas (Lietard et al, 1997) and is known to 

regulate MMP-2 (Qin et al, 1999).  A study using mouse embryos established that the 

level of Sp1 increases throughout the pre-implantation embryonic development (Worrad et 

al, 1997).  The concentration of Sp1 in the cells of the trophectoderm, i.e. the cells that will 

ultimately become invasive, was much greater than the cells of the inner cell mass 

(Worrad et al, 1997). 

 

 The studies described in this thesis indicate that thioredoxin is able to increase 

Sp1 activity.  This finding, combined with the fact that both of these proteins are increased 

in the trophoblast cells and at the time of implantation, and is suggestive that both 

thioredoxin and Sp1, probably synergistically, have an active role in the invasive 

phenotype of trophoblast cells.  Similarly, the presence of both Sp1 and thioredoxin at 

increased levels in cancer cells, combined with the results of this study, is suggestive of 

interactive roles between the two proteins.  Figure 7.1 provides a hypothetical outline as to 

how the two could potentially interact to induce invasion in both cancer and embryonic 

implantation. 

 

 The finding that Sp1 binds to the thioredoxin promoter adds to the complexity of 

this system.  Theoretically thioredoxin may be able to regulate its own expression level via 

Sp1.  However this would be limited by the expression level of Sp1, over which 

thioredoxin has limited control. 

 

 The results of this study have indicated that the ability of thioredoxin to induce 

invasion in cancer cells is dependent on its redox activity.  Many of the biological functions 

of thioredoxin are dependent on its redox activity including its growth proliferative effects 

(Gallegos et al, 1996).  Thus it is not unexpected to find that the role of thioredoxin in 

invasion is redox dependent.  The ability of thioredoxin to act as an oxido-reductase 

facilitates the reduction, and in many cases the activation, of existing proteins, including 

transcription factors, which in turn allows it to indirectly regulate the transcription level of 

many genes.  In this way the redox function of thioredoxin has far reaching consequences 

beyond the functions that it directly regulates.  Many of these downstream consequences, 

including the regulation of MMP and TIMP function, are relevant to both cancer invasion 

and embryonic implantation.  Due to the complexity of the invasive phenotype, and the 

number of factors involved, it is likely that there are many other as yet unknown genes 

whose expression is regulated by thioredoxin regulated transcription factors that are also 

influential in the invasive phenotype.  
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↑ VEGF 
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↑ Sp1 Activity 

↑ MMP’s 

Invading Blastocyst 

Figure 7.1: Hypothesis on Interaction between Thioredoxin and Sp1 in the
Invasive Process of Cancer Invasion and Embryonic Implantation. 

 
 

 Another researcher in our laboratory has completed a preliminary study 

investigating the effect on endometrial cancer cell attachment of exogenously applied 

thioredoxin (Kim, 2002).  The results of that study indicated that thioredoxin applied 

exogenously increased the percentage of cells which attached to a collagen coated 

surface.  Antibody studies indicated that this was also redox dependent.  Attachment is 

one of the initial stages in both embryonic implantation and cancer cell invasion, and the 

results of the Kim study support the findings of this study that thioredoxin has a major 

active role in both biological processes, and is not merely a by product or a cellular 

response to combat oxidative stress. 
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 This allows the potential for the use of thioredoxin as an anti-cancer target.  By 

selectively inhibiting thioredoxin in cancerous cells the chance of the cells becoming 

invasive would be reduced. Further to this, the findings of this study indicate that 

thioredoxin acts as a chemoattractant to actively invading cancer cells, thus allowing the 

potential to stop the metastasis of the cancer to certain parts of the body.  Some cancers 

tend to selectively metastasize to specific sites.  Accordingly anti-thioredoxin treatment to 

those areas may inhibit the spread of some cancers.  One recent study has found that the 

tripeptide arsenical 4,(N-(S-glutathionylactetyl)amino phenylarsenoxide (GSAO) is able to 

inhibit angiogenesis in solid tumors in mice (Don et al, 2003 see below).  GSAO achieves 

this by cross-linking two cysteine residues of the adenine nucleotide translocator.  It is 

possible that GSAO may also cross-link thioredoxin in a similar manner.  Thioredoxin will 

then be inactivated and the invasive potential of the affected cells may be subsequently 

reduced.  Thus GSAO has the potential to be an extremely powerful anti-cancer drug.   

 

(Don AS, Kisker O, Dilda P, Donoghue N, Zhao X, Decollogne S, Creighton B, Flynn E, 

Folkman J, Hogg PJ.  2003.  A peptide trivalent arsenical inhibits tumor angiogenesis by 

perturbing mitochondrial function in angiogenic endothelial cells.  Cancer Cell.  3:497-

509.) 
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7.3  Future Directions

 

 Future work will be focused primarily in two directions; the determination of the 

exact role of thioredoxin in invasion and the downstream effects of thioredoxin regulated 

Sp1 DNA binding activity. 

 

 With respect to embryonic implantation the next stage should be to investigate the 

effect of thioredoxin on cytotrophoblasts invasion when applied both endogenously and 

exogenously.  Choriocarcinoma cells could be applied to a Boyden invasion assay and 

similar experiments carried out as was described for the breast cancer cells in this thesis, 

i.e. elucidation of the invasive phenotype of the cells and how this is affected by the 

manipulation of thioredoxin.  This would aid in confirming that the thioredoxin increase 

seen in the invasive cells of the implanting embryo facilitates the invasive phenotype as 

has been established with respect to breast cancer cells in the studies described in this 

thesis. 

 

 With respect to breast cancer cell invasion the next stage will be the continuation 

of the co-transfection studies with Sp1.  The preliminary experiments described in Chapter 

6 indicate that when thioredoxin and Sp1 are both increased endogenously the level of 

expression from the thioredoxin promoter is increased.  As discussed, this has 

ramifications for not only thioredoxin expression, but also for the DNA binding activity of 

Sp1.  These investigations are to continue, for example; gene promoter analysis will be 

carried out on the three Sp1 consensus sequences in the thioredoxin promoter to 

determine the relative importance of each sequence element, and also studies to 

investigate the importance of Sp3 in the regulation of thioredoxin expression. 

 

 Furthermore an investigation of which Sp1 regulated genes are upregulated in 

both the singly and co-transfected cells should be carried out.  The expression of a 

number of proteins known to be involved in the invasive phenotype are redox regulated; 

and the promoter of the genes encoding a number of these proteins contain Sp1 DNA 

binding consensus sequences, including MMP’s and TIMP’s.  Thus, initial experiments 

should be focused on determining if increased levels of these proteins are found in the cell 

lines transfected only with sense thioredoxin; and conversely decreased in the anti-sense 

and 1SS thioredoxin transfected clones.  Following this, the same investigation would then 

be carried out on the co-transfected cell lines. 
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 Similarly the activity levels of a number of proteins involved in the invasive 

phenotype are redox regulated; these include MMP’s, TIMP’s (Farina et al, 2001) and 

integrins (Yan et al, 2001).  Thus an investigation of the activity level of these proteins in 

the transfected and co-transfected cell lines should be carried out also.  These studies 

would also involve an investigation of the direct effect of thioredoxin on the activity levels 

of these proteins when the thioredoxin level is manipulated both intracellularly and 

extracellularly.  Presumably the activity level of integrins and other cell surface proteins, 

as well as secreted proteins, will be affected by both intracellularly and extracellularly 

manipulated thioredoxin. 

 

 Invasion is a key process that links two quite distinct biological processes; 

embryonic implantation and cancer metastasis.  The underlying mechanisms that drive 

the invasive process is essentially the same in both implantation and metastasis and both 

rely on many of the same proteins and enzymes including metalloproteases and integrins.  

Furthermore many of these proteins are both redox regulated at an expression level and 

at an activity level.  Thus redox proteins are important in maintaining the fine biochemical 

balance required to facilitate implantation and inhibit cancer metastasis.  Thioredoxin is 

one such redox protein that has a major role to play in maintaining this balance, as is 

indicated by the results of this thesis. 
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