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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-kB 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
Band 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



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.



TABLE OF CONTENTS

Abstract

Table of Contents

List of Figures
Statement of Originality
Acknowledgements
List of Abbreviations

List of Publications

Chapter One - Introduction

Preamble
1.1 Thioredoxin
1.1.1 Introduction
1.1.2 Redox Activity
1.1.3 Structure
1.1.4 Biological Roles
1.1.4.1 Protection from Oxidative Stress
1.1.4.2 Cell Proliferation and Growth
1.1.4.3 Inhibition of Apoptosis
1.1.4.4 Chemoattractant Activity
1.1.4.5 Regulation of Transcription
a) NFkB
b) AP1
c) p53
d) Sp1
1.1.5 The Thioredoxin Gene
1.1.6 Expression and Localisation

1.1.6.1 Regulation of Thioredoxin Expression

1.2 Cancer
1.2.1 Introduction
1.2.2 Cancer Physiology
1.2.3 Cancer Biochemistry
1.2.3.1 Attachment and Cell Adhesion Molecules
1.2.3.2 Proteolysis and Degradation of Host Barriers

iv

Xiv
XV

XVi

o O W N DN -

11
12
13
13
15
16
17
19
21
23

24
24
25
27
27
28



1.3

1.4

1.2.4 Cancer Cell Characteristics
1.2.5 Thioredoxin Expression in Cancer

1.2.6 Thioredoxin, Cancer and Transfections

Pregnancy

1.3.1 Follicle Maturation and Ovulation
1.3.2 Fertilisation and Transit to the Uterus
1.3.3 Implantation and Establishment of the

Feto-Maternal Interface

1.3.4 Expression and Localisation of Thioredoxin in Pregnancy

Summary and Aims
1.4.1 Role of Thioredoxin in the Invasive Phenotype

1.4.2 Relationship Between Thioredoxin and Sp1

Chapter Two — Materials and Methods

2.1

2.2

2.3

Materials

2.1.1 Bacterial Strains

2.1.2 Marmoset Tissue Samples
2.1.3 Human Breast Cancer Cell Lines
2.1.4 Chemicals and Reagents
2.1.5 Enzymes

2.1.6 Kits

2.1.7 Specific Reagents

2.1.8 Plasmids and Constructs
2.1.9 Antibiotics

2.1.10 Solutions

Bacterial Methods
2.2.1 Growth of Bacterial Cultures
2.2.2 Production of Competent Cells for Transformation

2.2.3 Transformation of Competent Cells with DNA

Tissue Culture
2.3.1 Growth of Cell Lines

30
31
32

34
34
36

37

43
43
43

44
44
44
44
44
46
46
46
47
47
47

51
51
51
51

52
52



24

2.5

232
233
234
235
2.3.6
2.3.7

Passaging Cells

Timed Collection for Western Blot and ELISA Analysis
Freezing Cells in Liquid Nitrogen

Stable Transfection of Cell Lines

Selection of Stable Transfected Clones

Invasion Assays

DNA Methods

2.4.1
242
243
244
245
2.4.6
247
248
249

Preparation of Plasmid DNA

Agarose Gel Electrophoresis

DNA Purification from an Agarose Gel
Restriction Digests

Ligation Reactions

Extraction of Total RNA from Marmoset Liver
Preparation of mRNA from Marmoset Liver
cDNA Synthesis

Polymerase Chain Reactions (PCR)

2.4.10 DNA Cycle Sequencing

Protein Methods

2.5.1
252
253
254
255
2.5.6
2.5.7
2.5.8

Recombinant Protein Extraction from E.coli
Eukaryotic Cell Extract Preparation

Lowry Protein Estimation

Denaturing SDS PAGE

Western Blotting

ELISA

Electrophoretic Mobility Shift Assays

Luciferase Assays

Chapter Three — Marmoset Thioredoxin — Results & Discussion

3.1

3.2

Introduction

Marmoset Thioredoxin

3.21
3.2.2

Cloning and Sequencing

Protein Expression

Vi

52
52
53
53
54
54

56
56
57
57
58
58
58
59
59
60
60

62
62
62
62
63
63
64
65
66

67

69
69
73



3.2.3 Western Blotting 74

3.3 Immunocytochemistry 76

3.4 Discussion 79

Chapter Four — Breast Cancer Cell Lines and Thioredoxin — Results & Discussion

4.1 Introduction 81
411 MCF-7 81
4.1.2 MDA-MB-231 81
4.1.3 Establishment of Baseline and Optimisation 82
4.2 Thioredoxin Expression and Secretion 83
4.3 Growth and Invasive Characteristics 85
4.3.1 Cell Growth 85
4.3.2 Invasive Capability 86
4.4 Discussion 91

Chapter Five — Thioredoxin and Invasion — Results & Discussion

5.1 Introduction 92
5.2 Construction and Transfection of the Plasmids 94
5.2.1 Sense and Antisense Constructs 94
5.2.2 Transfection 94
5.2.3 Tansfectants 96
5.3 Characteristics of the Transfectants 98
5.3.1 MDA-MB-231 Transfectants 98
5.3.1.1 Western Blots 98
5.3.1.2 ELISAs 98

5.3.1.3 Real Time PCR 100

5.3.1.4 Growth on Plastic 100

vii



5.3.1.5 Growth on Matrigel™

5.3.1.6 Boyden Chamber Invasion Assays
5.3.1.7 Summary of MDA-MB-231 Thioredoxin

Transfectant Results

5.3.2 MCF-7 Transfectants
5.3.2.1 Western Blots
5.3.2.2 ELISAs
5.3.2.3 Real Time PCR
5.3.2.4 Growth on Plastic
5.3.2.5 Growth on Matrigel™
5.3.2.6 Boyden Chamber Invasion Assays
5.3.2.7 Summary of MCF-7 Thioredoxin

Transfectant Results
5.4 Chemoattractant Effect of Thioredoxin on Actively Invading
MDA-MB-231 Cells
5.4.1 Boyden Invasion Assays
5.5 Thioredoxin Antibodies and Inhibition of MDA-MB-231 Invasion
5.5.1 Boyden Invasion Assays
5.5.1.1 Effect of Thioredoxin Antibodies on Invasion
5.5.1.2. Effect of Thioredoxin Antibodies
on Chemoattration
5.6 Discussion
Chapter Six : Thioredoxin and Sp1 —Results & Discussion
6.1 Introduction

6.2 Cloning of Sp1

6.3 Expression of Recombinant Sp1

viii

102

104

105

107

107

108

109

109

109

112

112

114

114

116

116

116

117

118

122

122

125



6.4 Regulation of Sp1 DNA Binding

6.5 Binding of Sp1 to the Thioredoxin Promoter

6.6 Future Directions

6.7 Discussion

Chapter Seven: Final Discussion & Future Directions

71 Overview of Major Results

7.2 Discussion

7.3 Future Directions

References

126

132

134

136

141

142

146

148



LIST OF FIGURES

Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:
Figure 1.6:
Figure 1.7:
Figure 1.8:
Figure 1.9:
Figure 1.10:
Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 4.1:

Figure 4.2:

Figure 4.3:

The Thioredoxin System 3
Reduction of Insulin by DTT 4
E.coli Thioredoxin Structure 5
Mammalian Thioredoxin Tertiary Structure 7
The Biological Roles of Thioredoxin 9
The Stages of Breast Cancer Tumour Progression 25
Stages of Metastasis 26

Model of MMP — Latent State and Enzyme Activation 29

Development of the Oocyte 35
Blastocyst Implantation 38
A Trophoblast Vesicle 68

Overview of Cloning Strategy for Marmoset
Thioredoxin cDNA 70

Complete Marmoset Thioredoxin cDNA Sequence and the
Deduced Amino Acid Sequence 71

Alignment of Marmoset Thioredoxin cDNA Compared
with the Human cDNA Sequence 72

Alignment of Deduced Amino Acid Sequence of
Marmoset Thioredoxin Compared with Human,
Rhesus Monkey, Rat and Mouse 73

Recognition of Recombinant Marmoset Thioredoxin by
Monoclonal Anti Human Thioredoxin Antibodies 75

Immunocytochemistry Performed on Marmoset Tissues and
Trophoblast Vesicles 77

Thioredoxin Secretion From Trophoblast Vesicles — ELISA 78

Intracellular Thioredoxin Levels in MCF-7 and
MDA-MB-231 Cells 83

Growth of MCF-7 and MDA-MB-231 Cells on Plastic 85

Growth of MCF-7 and MDA-MB-231 Cells on Matrigel™ 86



Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:

Figure 5.9:

Figure 5.10:
Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Traditional Boyden Invasion Chamber

Modified Boyden Invasion Chamber

Invasion Assay Filters

Baseline Invasion of MCF-7 and MDA-MB-231 Cell Lines

Cloning Strategy for Sense and Antisense
Thioredoxin pCDNAIII

Western Blots of Protein Extracts from
MDA-MB-231 Transfectants

Densitometry of Western Blots of
MDA-MB-231 Transfectants

MDA-MB-231 Thioredoxin Clones Grown on Plastic
MDA-MB-231 Transfectant Growth on Matrigel™
Invasion of MDA-MB-231 Transfectants

Western Blots of Protein Extracts of MCF-7 Transfectants
Densitometry of Western Blots of MCF-7 Transfectants
Morphology of MCF-7 Transfectants on Plastic
Morphology of MCF-7 Transfectants on Matrigel™
Invasion of MCF-7 Transfectants

Chemoattractant Effect of Exogenous Thioredoxin on Wild
Type MDA-MB-231 Cell Invasion

Effect of Antibodies on Invasion of MDA-MB-231 Cells
pETSp1 Cloning Strategy

Confirmation of Recombinant Sp1 Expression by
Western Blot

Specificity of Recombinant Sp1 Protein Extract

Redox Regulation of Recombinant Sp1 by the
Thioredoxin System

Sp1 DNA Binding Regulation by the Thioredoxin System

Specificity of Sp1 DNA Binding Activity from MDA-MB-231
Native Protein Extract

Xi

87

89

89

90

95

99

100

101

103

104

107

108

110

111

112

114

117

124

125

127

128

129

130



Figure 6.7:

Figure 6.8:

Figure 6.9:

Figure 6.10:

Figure 6.11:

Figure 6.12:

Figure 7.1:

Confirmation of the Specificity of Sp1 DNA Binding Activity from
MDA-MB-231 Native Protein Extract using

Antibodies 131
Redox Regulation of MDA-MB-231 Protein Extract Interaction

with the Sp1 Consensus Sequence 131
Partial Thioredoxin Promoter 132

Redox Regulation of the Binding of Recombinant Sp1 to the
Partial Thioredoxin Promoter 133

Basal and Sp1/Sp3 Induced Firefly Luciferase Expression
from Human Thioredoxin Promoter Constructs 136

Possible Effect of Oxidative Stress on Sp1 and
Thioredoxin 139

Hypothetical Interaction between Thioredoxin and Sp1 in the

Invasive Process of Cancer Invasion and Embryonic
Implantation 144

Xii



STATEMENT OF ORIGINALITY

This work has not previously been submitted for a degree or diploma in any university.
To the best of my knowledge and belief, the thesis contains no material previously
published or written by another person except where due reference is made in the

thesis itself.

K. L. Bloomfield

xiii



ACKNOWLEDGEMENTS

This research was carried out in the School of Biomolecular and Biomedical Science,

Faculty of Science, Griffith University. This project was funded by an APAWS.

There are many people to whom | owe thanks for their help and support. | am
incredibly grateful to my supervisor Kathryn Tonissen for sharing her knowledge and
experience. Thank you also to Frank Clarke for his guidance and advice. A huge
thank you also to my laboratory colleagues in both the Tonissen and Clarke
laboratories, particularly to Ben, Simone, Col, Leisa, Suzanne, Sarah-Jane, Giovanna,

Tracy, Terry, and Hye-Jin for their assistance, advice, humour and friendship.

Thank you to Mandy Sibson and Dr Alex Lopata’s laboratory for their work with the
immunocytochemistry; to Dr Robert Tjian for the Sp1 plasmid; and Dr Erik Thompson

for the breast cancer cell lines.
Finally, a huge thank you to my family for their constant encouragement and support;

and to my partner Luke for his encouragement, patience and especially for keeping me

sane, grazie mille!

Xiv



LIST OF ABBREVIATIONS

ARE: Antioxidant Response Element

MRNA: messenger RNA

bp: base pairs

OD: Optical Density

BSA: Bovine Serum Albumin

O/N: Overnight

cDNA: copy DNA

ORE: Oxidative Stress Response

DEM: Diethyl Malate

Element

DMF: N,N-Dimethylformamide

PAGE: Poly-Acrylamide Gel

DMSO: Dimethyl sulfoxide

Electrophoresis

DNA: Deoxyribonucleic Acid

PBS: Phosphate Buffered Saline

dNTP: deoxynucleotide triphosphate

PCR: Polymerase Chain Reaction

DTT: Dithiothreitol

PEG: Polyethylene Glycol

E.coli: Escherichia coli

PNK: Polynucleotide Kinase

ECM : Extracellular Matrix

RNA: Ribonucleic Acid

EDTA: Ethylenediaminetetra Acetic Acid

ROS: Reactive Oxygen Species

rpm: revolutions per minute

EMSA: Electromobility Shift Assay

SCM: Serum Containing Media

ERE: Estrogen Response Element

SDS: Sodium Dodecyl Sulfate

EPF: Early Pregnancy Factor

TEMED: N,N,N',N —

FCS: Fetal Calf Serum

Tetramethylethylenediamine

FSH: Follicle Stimulating Hormone

TIMP: Tissue Inhibitor of

hCG: Human Chorionic Gonadotrophin

Metalloproteinase

HIV: Human Immune Deficiency Virus

TRed: Thioredoxin Reductase

HRP: Horse Radish Peroxidase

Trx: Thioredoxin

ICM: Inner Cell Mass

TNF: Tumour Necrosis Factor

IPTG: Isopropyl-p-D-

thiogalactopyranoside

UTR: Untranslated Region

UV: Ultra Violet

LB: Luria Broth

LH: Leutinising Hormone

MMP: Matrix Metalloproteinase

XV




LIST OF PUBLICATIONS

Lopata A, Sibson MC, Enders AC, Bloomfield KL, Gregory MS, Trapani GD, Perkins
AV, Tonissen KF, Clarke FM. 2001. Expression and localization of thioredoxin during

early pregnancy in the marmoset monkey. Mol. Hum. Reprod. 7(12):1159-65.

Bloomfield KL, Baldwin BL, Harkin DG, Tonissen KF. 2001. Modification of the
Boyden chamber to improve uniformity of cell invasion of matrigel-coated membranes.
Biotechniques. 31(6):1242, 1244, 1246.

Bloomfield K, Osborne S, Kennedy D, Clarke F, Tonissen K. Thioredoxin mediated
redox control of the transcription factor Sp1 and regulation of the thioredoxin gene
promoter. Gene. Submitted - Recommended minor revisions which are currently being

completed.

Xvi



	ABSTRACT
	TABLE OF CONTENTS
	Chapter Seven: Final Discussion & Future Directions
	References         148
	LIST OF FIGURES
	STATEMENT OF ORIGINALITY


	ACKNOWLEDGEMENTS
	LIST OF ABBREVIATIONS



