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Abstract 

The development of drug resistance to chemotherapeutic drugs is a serious obstacle in the 

successful treatment of cancer. New cancer drugs are continually being developed with 

the goal of increasing the effectiveness of chemotherapy. However, new mechanisms of 

drug resistance are also continually being identified. Understanding the mechanisms of 

drug resistance is a vital step in identifying new drug targets which may prevent or 

reduce the development of drug resistance. A recent unpublished study identified 

peroxiredoxin III (prx Ill) as being up-regulated in breast cancer cells in culture 

following exposure to the commonly used anti-cancer drug doxorubicin. 

Doxorubicin and the almost identical drug epirubicin have multiple mechanisms of 

activity. One function of these drugs is to increase intracellular hydrogen peroxide (H20 2) 

concentrations to induce cell death. As prx Ill is a mitochondrial protein which reduces 

H20 2, it has been suggested that increased expression of prx Ill may contribute to the 

development of drug resistance to doxorubicin or epirubicin. However, before such a role 

for prx Ill in the development of drug resistance can be further investigated, prx Ill 

expression needs to be examined in patients undergoing chemotherapy. 

The aim of this study was to examme prx Ill expression 111 the white blood cells of 

patients undergoing chemotherapy with epirubicin, and in healthy control subjects. 

Additionally, as the activity of a number of peroxiredoxins has been shown to be 

modulated through the formation of complexes and over-oxidation, complex formation 

and over-oxidation in response to treatment with doxorubicin or epirubicin was also 

examined. The results of this study could identify a new target for preventing or reducing 

the development of drug resistance. While the sample sizes were too small to draw 

conclusions, some patients showed a change in the expression of peroxiredoxin III 

following chemotherapy with epirubicin, suggesting that further investigation into the 

expression of peroxiredoxin III following chemotherapy would be worthwhile. 
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Chapter 1: Introduction 

1. 1 Cancer 

Cancer is a leading cause of death and disease in many (Ministry of Health , 2007). Cancer, 

or the development of tumours , appears to be the result of a number of genetic changes in a 

cell. Hanahan and Weinberg (2000) outlined six "hallmarks" of cancer - changes that are 

seen in most, if not all , tumours . 

The first is the ability of cells to mimic normal growth signals. Normal cells require signals 

from their environment to grow. Without these signals, normal cells do not proliferate. 

Cancer cells develop the ability to grow without these signals , through a number of 

mechanisms. Some cells appear to develop the ability to synthesise their own growth 

factors, while other cells over-express growth factor receptors allowing stronger responses 

to background levels of growth factor, or express mutant receptors which are constitutive ly 

active , mimicking constant stimulation with growth factor (Faivre and Lange, 2007). 

Cells must also develop insensitivity to the anti-growth signals rece ived from their 

environment. Similarly to growth factors , anti-growth signals are received by cell-surface 

receptors . If these cell-surface receptors are lost or mutated, cells become unresponsive to 

anti-growth signals. This in tum allows cells to grow when they otherwise would not. 

As well as being able to proliferate inappropriately, it appears that cells also need to be able 

to avoid programmed cell death (apoptosis) if a tumour is to develop . Sensors continually 

monitor both the intracellular and extracellular status for any signs of abnormality, such as 

DNA damage or hypoxia. Signals suggesting an abnormality or a lack of signals indicating 

the normal situation trigger apoptosis. For example, a major protein involved in sensing 

DNA damage and triggering apoptosis is p53 . Loss of p53 is seen in a large percentage of 

cancers and appears to represent an important mechanism for avoiding apoptosis (Harris, 

1996). 



Normal cells in culture appear to be able to double only 60 to 70 times, while tumour cells 

are able to double indefinitely (Hayflick, 1965). The ends of the chromosomes, called 

telomeres, appear to be responsible for this limit in the number of doublings a normal cell 

can undergo. Telomeres consist of many copies of a short repeat sequence. Due to the 

inability of the replication machinery to reach the ends of the chromosomes, 50- 100 base 

pairs (bp) are lost from the end of the telomeres at each cycle of replication. Eventually the 

telomeres become too short, chromosomes become unstable and cell death occurs (Counter 

et al. , 1992). Cancer cells however are able to prevent telomere shortening by up-regulating 

expression of telomerase, the telomere maintenance enzyme (Shay and Sacchetti , 1997). 

A large network of capillaries supplies oxygen and essential nutrients to all cells of the 

body; without this blood supply cells die. The same is true for cancer cells . Therefore if 

tumours are to continue to grow, new blood vessels are required . Not surprisingly, many 

tumours develop the ability to induce angiogenesis (the growth of new blood vessels). A 

number of changes in gene expression appear to be involved in the ability to induce 

angiogenesis however, these are not yet fully understood (Bouck et al. , 1996). 

Finally, many tumours eventually develop the ability to invade surrounding tissue and form 

tumours at new sites , a process known as metastasis . This is responsible for approximately 

90% of cancer deaths (Sporn, 1996). Once tumours metastasise, often the only practical 

treatment available is chemotherapy (Sauna et al., 2007) , a treatment which presents its 

own problems as will be discussed later in this chapter. 

The development of cancer is clearly a complicated process, involving numerous alterations 

of the genome and gene expression patterns. Not surprisingly, the treatment of cancer is 

also complicated. Currently a combination of surgery, chemotherapy, and in some cases 

radiotherapy is used to target cancer cells. There are numerous anti-cancer drugs available 

for use, and new drugs are continually being developed. Two drugs routinely used to treat a 

variety of tumours are doxorubicin (adriamycin), and the almost identical drug epirubicin. 

Doxorubicin ( dox) and epirubicin ( epi) differ only in the orientation of one hydroxyl group, 

which appears to be responsible for the slightly decreased cardiotoxicity of epirubicin 
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(Salvatorelli et al., 2006). Dox binds DNA by intercalating between base pairs, inhibiting 

both RNA synthesis and DNA replication. This prevents production of proteins and 

replication of cells (Blum and Carter, 1974). Dox also associates with the topoisomerase II

DNA complex, inhibiting DNA re-ligation which results in the accumulation of double

stranded DNA breaks (Lothstein et al., 200 I) . Finally, doxorubicin has been associated 

with an increase in the generation of reactive oxygen species (ROS) such as hydrogen 

peroxide (H20 2) , which in turn have been linked to the induction of apoptosis (Lothstein et 

al. , 2001 ). Epirubicin functions through the same mechanisms as doxorubicin (Salvatorelli 

et al. , 2006). 

Chemotherapy is usually administered in three week cycles, giving patients time to recover 

between doses . Optimal doses of anti-cancer drugs are designed to produce maximal death 

of cancer cells , without being toxic to the patient. However, the side-effects associated with 

anti-cancer drugs often prevent use of the optimal dose, or prevent patients from receiving 

all doses of chemotherapy, which reduces the effectiveness of the treatment. Individual 

variations in the rate of absorption, metabolism and excretion of anti-cancer drugs can also 

influence the efficacy of treatment (Ralph et al. , 2003). However, the ability of cells to 

develop resistance to anti-cancer drugs poses the biggest challenge to chemotherapy and the 

treatment of cancer. 

1.2 Mechanisms of drug resistance 

A number of mechanisms of drug resistance have been characterized. These mechanisms 

may be present before treatment, or develop as a response to chemotherapy, and usually 

involve up-regulation of resistance mechanisms or down-regulation of drug targets (Di 

Nicolantonio et al. , 2005). One of the most extensively studied mechanisms of drug 

resistance involves up-regulation of P-glycoprotein (P-gp). P-gp is expressed in several cell 

lines which are resistant to a number of different chemotherapeutic agents . P-gp is an ATP

binding cassette (ABC) transporter protein found in the plasma membrane, and is capable 

of pumping drugs such as doxorubicin and epirubicin out of cells. P-gp expression has been 

shown to quickly increase in some patients in response to a variety of chemotherapeutic 
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drugs (Di Nicolantonio et al. , 2005). Increased expression of P-gp leads to increased efflux 

of drugs from the cells, reducing their ability to induce cell death. 

Changes that result in a decrease in the uptake of certain drugs may also play a role in the 

development of drug resistance. For example in the case of methotrexate, a toxic folate 

analog, resistance occurs through the mutation of one or both of the folate transporters 

(Gottesman, 2002). Reduced uptake decreases the effectiveness of a drug in mediating cell 

death and preventing cellular proliferation. 

Expression of topoisomerase II (topo II) appears to be down-regulated in response to a 

number of topo II-targeting drugs, including doxorubicin and epirubicin (Gottesman, 2002; 

Allen et al. , 2004) . Down-regulation of topo II results in decreased accumulation of double

stranded DNA breaks. This allows DNA replication and transcription to occur, and prevents 

activation of cell death pathways usually activated in response to extensive DNA damage. 

Increased DNA repair has also been associated with the development of drug resistance, as 

increased repair of DNA damage allows cells to continue to proliferate (Gottesman, 2002). 

As with the development of cancer, the development of drug resistance appears to involve 

changes in the expression of multiple genes. While many mechanisms involved in drug 

resistance have been partially characterized, new mechanisms are continually being 

identified. Understanding the mechanisms involved in drug resistance is a vital step in the 

development of new and more effective treatments for cancer. 

1.3 Searching for new mechanisms of resistance 

As drug resistance plays such an important role in decreasing the effectiveness of anti

cancer drugs, a great deal of work is being carried out to identify new target proteins 

involved in its development. Recent developments in both microarray technology and two

dimensional electrophoresis have provided researchers with new ways to compare gene 

expression in drug-sensitive and drug-resistant cells. For example, complimentary DNA 

(cDNA) microarrays have been used to examine camptothecin resistance in glioblastoma 

cell lines (Morandi et al. , 2006), and two-dimensional electrophoresis has been used to 
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examme doxorubicin resistance m MCF7 breast cancer cells (Liu et al. , 2006). An 

unpublished study which used cDNA microarrays to examine changes in the expression 

patterns of cells in culture following doxorubicin exposure identified peroxiredoxin lil (prx 

lll) as one protein which is up-regulated in response to treatment with doxorubicin 

(Williams et al. , unpublished). In this study, MDAMB23 l , MCF 12A and MCF7 cells were 

exposed to 3 µM doxorubicin for 2 hours, 24 hours or 48 hours before RNA was extracted, 

first strand cDNA was synthesized and microarray experiments were performed. 

Expression of peroxiredoxin lil was found to be highest 24 hours after exposure to 

doxorubicin. MDAMB23 l , MCF12A and MCF7 cells showed 4-fold , 2.5-fold and 2-fold 

increases in peroxiredoxin llI expression respectively, 24 hours following treatment with 

doxorubicin . Prx Ill may therefore play a role in the development of resistance to 

doxorubicin, or epirubicin. 

1.4 Peroxiredoxins 

The peroxiredoxins (prxs) are a family of small , ubiquitously expressed peroxidases, which 

are highly conserved in both prokaryotes and eukaryotes (Kim et al. , 2005). There are six 

known human isoforms, which localize to different regions of the cell. Prx l and II are 

found in the cytoplasm and nucleus , and prx Ill localizes to mitochondria , while prx IV is 

found in the endoplasmic reticulum and extracellular space. Prx V exists in two forms , long 

and short. The long fom1 localizes to mitochondria while the short form is found in 

peroxisomes (Kinnula et al. , 2002) . Prx VI is found in the cytosol , mitochondria and 

peroxisomes (Knoops et al. , 1999). Based on the number of conserved cysteine residues 

present and the mechanism of activity, the peroxiredoxins have been divided into three 

separate classes - 2-cys (2-cysteine ) , atypical 2-cys and 1-cys ( 1-cysteine) peroxiredoxins. 

Peroxiredoxins I to IV are 2-cys proteins as they contain two conserved cysteine residues 

and form a homodimer during catalysis (Jeong et al. , 2006). Prx V is an atypical 2-cys 

peroxiredoxin as it forms an intramolecular rather than an intermolecular disulfide bond 

during catalysis (Jang et al. , 2006). Prx VI only contains one of the conserved cysteine 

residues, and is classed as a 1-cys peroxiredoxin, however other cysteine residues may play 

a role in catalysis (Kinnula et al. , 2002). 
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The mechanism of the 2-cys peroxiredoxins has been the most extensively examined, and 

an outline is presented in figure 1.1. H20 2 oxidises the conserved amino-terminal cysteine 

residue to produce an unstable cysteine-sulfinic acid intem1ediate. This unstable residue 

forms an intermolecular disulfide bond with the carboxyl terminal cysteine residue of a 

second prx molecule, to produce a head-to-tail homodimer. Thioredoxin then reduces the 

disulfide bond, to restore prx to an active state. Thioredoxin reductase then reduces 

thioredoxin at the expense of a molecule of nicotinamide adenine dinucleotide phosphate 

(NADPH) ( Seo et al., 2000; Chang et al., 2004). In the case of prx III, thioredoxin-2 the 

mitochondrial thioredoxin, is the electron donor, and thioredoxin reductase-2 restores active 

thioredoxin-2 (Chang et al., 2004). 
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Figure 1.1 Mechanism of H20 2 reduction by 2-cys peroxiredoxins 

H2O2 oxidises the conserved amino-tenninal cysteine residue to produce an unstable 

cysteine-sulfinic acid intennediate (SOH). This unstable residue fom1s an intramolecular 

disulfide bond with the carboxyl tem1inal cysteine residue of a second prx molecule, to 

produce a head-to-tail homodimer. Thioredoxin reduces the disulfide bond, to restore prx to 

an active state and thioredoxin reductase reduces thioredoxin at the expense of a molecule 

of nicotinamide adenine di nucleotide phosphate ( ADPH). 

1.5 Peroxiredoxins and Reactive Oxygen Species 

Reactive oxygen species such as H2O2 and the superoxide amon (02 -) are generated 

through the activity of the electron transport chain within mitochondria, and through 

cellular processes such as inflammation, the immune response and removal of foreign 

compounds (Apel and Hirt, 2004). The superoxide anion can be converted to H2O2 

spontaneously, or through the activity of a number of superoxide dismutases . H2O2 is 

removed from cells through the activity of a number of enzymes, including the 
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peroxiredoxins, catalase and glutathione peroxidases (Rhee et al., 2003). It is generally 

accepted that reactive oxygen species (ROS) such as H20 2 play an important role in 

oxidative damage and apoptosis. ROS are associated with damage to molecules such as 

DNA, proteins, carbohydrates and lipids (Rhee et al., 2003) . Furthermore, generation of 

H20 2 in response to apoptotic signals, such as those received in response to serious DNA 

damage, appears to lead to the release of cytochrome c into the cytoplasm, which in turn 

triggers the activation of caspases and eventually leads to cell death (Ragu et al. , 2007; 

Tsang et al., 2003) . 

A number of studies have shown that the peroxiredoxins are able to remove H20 2 from 

cells, and protect cells from H20 2-induced apoptosis when over-expressed. Bae et al. 

(2007) found that the normal breast cell line (MCF I 0A) transfected with prx I and II 

allowed cells to resist H20 2-induced cell death , when non-transfected cells could not. 

Depletion of prx Ill sensitized HeLa cells, a human cervical carcinoma cell line, to 

staurosporine- and TNF-a (tumour necrosis factor a)-induced apoptosis, and also resulted 

in increased intracellular H20 2 levels (Chang et al. , 2004) . 

ROS have also been implicated in a number of non-apoptotic signaling pathways. Signals 

from both platelet derived growth factor (PDGF) and epidermal growth factor (EGF) result 

in transient increases in intracellular H20 2 concentration. Inhibition of the increase in H20 2 

prevents protein tyrosine phosphorylation norn1ally seen in response to PDGF or EGF 

(Sundaresan et al., 1995; Bae et al., 1997). Stimulation of these cells with PDGF or EGF 

results in an increase in intracellular H20 2. Over-expression of prx I or II prevented this 

increase in H2O2 in a number of different cell lines (Kang et al. , 1998). Furthermore, 

extracellular H20 2 activates the transcription factor NFKB, which is then able to bind to 

NFKB binding sites to modulate expression of a number of genes . Over-expression of prx II 

in HeLa cells reduced NFKB binding to NFKB binding sites and reduced expression from a 

reporter construct under the control of NFKB binding sites (Kang et al. , 1998). Over

expression of prx III has also been shown to result in decreased cell proliferation, providing 

further evidence in support of a role for peroxiredoxins in regulating or terminating signals 

from growth factors (Nonn et al. , 2003) . Therefore, ROS appear to be important in a 
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number of cellular signaling pathways, and peroxiredoxins are capable of terminating the 

signals generated by these pathways. 

1.6 Peroxiredoxins as molecular chaperones 

In 2002, Rabilloud et al. (2002) used two-dimensional electrophoresis and tandem mass 

spectrometry to examine the cellular response to oxidative stress. Their results showed that 

under oxidative stress a second, more acidic, form of several of the peroxiredoxins was 

present in cells. This more acidic form was most prominent for peroxiredoxin II, possibly 

because it is one of the most abundant peroxiredoxins in the Jurkat cells used in the study. 

These more acidic forms were not seen in response to other types of stress, therefore it is 

unlikely that this acidic form is associated solely with cell death . The more acidic form of 

prx appears to be caused by over-oxidation of the acidic site cysteine residue. The authors 

also report that cell death correlated with a decrease in the levels of normal prx under 

oxidative stress , suggesting that without functional peroxiredoxins a cell is more 

susceptible to oxidative stress-induced cell death . 

Moon et al. (2005) examined prx II structural changes in response to oxidative stress , and 

found that over-oxidised prx II forms much higher molecular weight complexes than the 

dimer formed by active prx II . To test whether the higher molecular weight complexes 

showed chaperone activity, the aggregation of several proteins in the presence and absence 

of prx II was measured. The first protein to be examined was citrate synthase (CS), a 

protein known to aggregate at high temperatures . In the presence of prx II , thermal 

aggregation was inhibited. The insulin p chain was also found to be protected from 

dithiothreitol-induced precipitation in the presence of prx II. Finally a-synuclein 

aggregation in response to oxidative stress was found to be inhibited by the presence of prx 

II. These higher molecular weight complexes were found to possess little peroxidase 

activity. In contrast, prx II dimers showed high levels of peroxidase activity, and did not 

exhibit any molecular chaperone activity. These results suggest that prx II is able to prevent 

aggregation and unfolding of a wide variety of proteins, rather than a small sub-set of 

proteins. Therefore, prx II may function as a peroxidase in dimer form and as a molecular 

chaperone, preventing protein unfolding and aggregation, when over-oxidised. In contrast 
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to the results presented by Rabilloud et al. (2002), Moon et al. (2005) report that the over

oxidised forms of prx may increase resistance to H20 2-induced cell death . Kang et al., 

(2005) suggest that when H20 2 concentrations increase to higher than normal levels as a 

result of a "death signal" the prxs are over-oxidised to prevent termination of this signal. 

The prxs then take on the role of molecular chaperone, protecting proteins present in the 

cell. If the cell survives, the prxs may be reduced and return to functioning as peroxidases. 

Prx I also appears to act as a molecular chaperone after inactivation of its peroxidase 

activity. Jang et al. (2006) report that inactivation of prx I can occur through the 

phosphorylation of a threonine residue (Thr90
). Prx I phosphorylated at Thr90

, or mutated to 

aspartate at this residue to mimic phosphorylation, forms higher molecular weight 

complexes which exhibit negligible levels of peroxidase activity . Instead these complexes 

were found to possess chaperone activity, inhibiting thermal aggregation of malate 

dehydrogenase . Phosphorylation of Thr90 was found to be mediated by severa l cyclin

dependent kinases in vitro. In vivo, prx I phosphorylation leve ls cycled in parallel with 

cyc lin-dependent kinase 2 (cdc2), suggesting that cdc2 is likely to play the most important 

role in prx I phosphorylation in vivo (Chang et al. , 2002). The authors suggest that 

phosphorylation of prx I is likely to occur after di sintegration of the nuclear envelope, and 

that the subsequent increase in H20 2 levels may play an important role in cell cycle 

progress10n. 

While there is evidence of molecular chaperone activity in higher molecular weight forms 

of prx I and II, formed following over-oxidation of the active cysteine residues , similar 

studies do not appear to have been carried out with other peroxiredoxins despite evidence 

for similar over-oxidation of these proteins. 

Recently Cao et al. (2007) examined the structures of oxidised and reduced prx III in vitro. 

The results suggest that reduced prx III spontaneously forms into a decameric ring 

structure, while oxidised prx Ill forms homodimers. Oxidised prx III was only found to 

form decameric rings at high protein concentrations (10 mg/mL), which may not be 

physiologically relevant. Whether these complexes also acted as molecular chaperones was 
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not examined. However, if the results obtained with the high molecular weight complexes 

formed by prx I and II apply to the structures formed by prx III these results suggest that 

prx III may have dual functions within the cell and that adopting the role of molecular 

chaperone may not be dependent on enzyme inactivation. Further work on the higher 

molecular weight structures formed by the 2-cys prxs clearly need to be carried out to 

determine the exact role these structures play within the normal cellular environment. 

1.7 Regeneration of active peroxiredoxin 

As peroxiredoxins appear to play an important role in signal transduction through the 

removal of H20 2 from cells, it was necessary to determine whether over-oxidised 

peroxiredoxin could be returned to its active form. Woo et al. (2003) used extracts from 

cells incubated with [351S-labelled amino acids, followed by washing and incubation with 

un-labelled amino acids, to examine whether re-generation of active prx I was due to de 

nova synthesis or reduction of the over-oxidised form. The results indicate that the active 

form of prx I can be regenerated through reduction of the over-oxidised form . Regeneration 

of other prx isoforms has since been shown. Sulfiredoxin (Srx I) , is a Saccharomyces 

cerevisiae protein encoded by a gene induced by high H20 2 levels. Biteau et al. (2003) 

discovered this protein was able to reduce the over-oxidised form of peroxiredoxins in 

yeast (a previously unknown role for Srx I). Following this discovery, the human sestrins 

Hi95 and PA26 were also found to reduce over-oxidised peroxiredoxins. Over-expression 

of Hi95 or PA26 was found to significantly increase the regeneration rate of active prx I 

(Budanov et al. , 2004) however further work is required to determine the mechanism of prx 

regeneration, and to identify proteins involved in regeneration of other prxs. 

1.8 Peroxiredoxins and disease 

Altered expression of sub-sets of the six peroxiredoxin isoforms has been linked to several 

diseases. Prx I expression appears to be enhanced in thyroid cancer (Yanagawa et al. , 

1999), and lung cancer (Chang et al., 2001 ). Prxs I, II and III appear to be over-expressed 

in breast cancer (Noh et al. , 2001). Prxs I, II, III, V and VI show increased expression 

compared to normal tissue in malignant mesothelioma (Kinnula et al., 2002). Furthermore, 

prxs I and II have been found to be over-expressed, and prx III down-regulated in both 
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Alzheimer's disease and Down ' s syndrome (Kim et al. , 2001; Sanchez-Font et al. , 2003). 

Prxs Ill to VI have been shown to be down-regulated in failing human myocardium 

(Brixius et al. , 2007), while prx V appears to be up-regulated in cells of the central nervous 

system in multiple sclerosis patients (Holley et al. , 2007). This list is far from exhaustive as 

changes in prx expression patterns are continually being associated with new diseases. 

Cancer cells are generally dividing rapidly, and as a result of constant stimulation by 

growth factors may have higher than normal intracellular H20 2 levels. The increased 

expression of peroxiredoxins in cancer cells may therefore be an attempt by cells to adapt 

to increased oxidative stress (Park et al. , 2006). The expression of different peroxiredoxins 

in different disease states suggests that while they all remove H20 2, the peroxiredoxins 

have distinct functions within the cell. 

1.9 Peroxiredoxin Ill 

Recent unpublished work suggested that peroxiredoxin Ill (AOP-1 , MER5 , PRDX3) may 

be up-regulated in cells exposed to doxorubicin. The exact role of prx lll within the cell 

remains to be elucidated, however experimental results suggest that prx lll plays a role in 

the regulation of H20 2 levels. Depletion of prx Ill from HeLa cells results in increased 

intracellular levels of H20 2, and sensitizes cells to induction of apoptosis by TNF-a (Chang 

et al., 2004). These cells showed increased rates of mitochondrial membrane potential 

collapse, cytochrome c release and caspase activation, which suggests that prx III plays a 

role in mitochondria-mediated apoptosis by regulating intracellular H20 2 levels . 

Furthermore, prx Ill (MER5) knockout mice showed increased susceptibility to 

lipopolysaccharide-induced oxidative stress, and 1.5 to 2.0 fold higher intracellular H20 2 

levels in macrophages compared to normal mice (Li et al., 2007). Lee et al. (2007) 

examined prx Ill expression in cultured human lens epithelial cells, and cultured whole 

lenses and found that prx Ill mRNA transcript levels significantly increased following 

exposure to H20 2 concentrations as low as 2 µM . These results further support the 

suggestion that prx III plays an important role in the removal of H20 2 in vivo . 
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There is some evidence that prx Ill plays a role in a number of signaling pathways within 

the cell. Nonn et al. (2003) reported reduced cell proliferation in cells over-expressing prx 

m, which may be due to increased removal of H20 2 produced during growth factor 

signaling. Yang et al. (2007) also report a role for prx III in proerythrocyte differentiation. 

Prx lII expression was found to fluctuate in human leukemia K562 cells following chemical 

induction of differentiation into erythrocytes. Furthermore, a K562 cell line over-expressing 

prx III was found to arrest in the G 1 phase of the cell cycle. These results suggest that prx 

III plays an important role in proerythrocyte differentiation, possibly by regulating 

intracellular H2O2. 

As both doxorubicin and epirubicin function to increase intracellular H2O2 levels (Lothstein 

et al. , 200 I; Tsang et al., 2003) this suggests a possible role for prx lil in the development 

of drug resistance. Increased expression of prx Ill following chemotherapy with dox or epi 

may make cells more tolerant to the increases in H2O2 caused by these drugs, increasing 

cell survival and reducing the effectiveness of chemotherapy. Such a role for prx III is 

supported by the observation that prx III over-expression in WEHI7 .2 mouse thymoma 

cells protected cells against apoptosis induced by the anti-cancer drug imexon, which also 

functions to increase intracellular H2O2 (Nonn et al. , 2003). 

As increased or reduced peroxiredoxin expression has been shown to have consequences 

for a number of cellular processes and signaling pathways, it is likely that the expression of 

prx lil and other peroxiredoxins is carefully regulated. Currently little is known about the 

regulation of prx III expression however recent work has identified some possible 

mechanisms of prx III regulation. Baker et al. (2007) found that prx III mRNA transcripts 

are up-regulated in the peripheral blood mononuclear cells (PBMC) of some patients 

treated with imexon. This up-regulation was seen within three hours of treatment; however 

sample sizes were very small. The authors also identified a putative antioxidant response 

element (ARE) in the prx III promoter which may play a role in this up-regulation. Specific 

binding of transcription factors to the ARE in the prx III promoter was not examined. 
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Prx Ill expression also appears to be partly regulated by c-Myc, and is required for Myc

mediated transformation. Wonsey et al. (2002) examined prx Ill expression using a cell 

system where c-Myc was fused to the hormone binding domain of the estrogen receptor. 

This retains c-Myc in the cytoplasm until tamoxifen, an estrogen analog, is added. 

Cyclohexamide was used to inhibit protein synthesis. Prx Ill expression was found to 

increase following treatment with tamoxifen and cyclohexamide, which provides indirect 

support for a link to c-Myc. Chromatin immunoprecipitation experiments coupled with real 

time PCR identified a number of regions within the prx III gene which are bound by c-Myc 

following the addition of serum to serum-starved cells (Haggerty et al., 2003). Together, 

these results suggest that c-Myc directly regulates prx Ill expression. Logarithmically 

growing c-myc-null fibroblasts showed a reduction, but not a complete loss, in prx Ill 

expression (Wonsey et al. , 2002), suggesting that while c-Myc plays a role in regulating 

expression of prx Ill , other factors are likely to be involved. 

Rangwala et al. (2007) report a further mechanism of regulation of prx Ill in mouse 

embryonic fibroblasts . Peroxisome proliferator-activated receptor y coactivator-1 a (PGC-

1 a) appears to induce prx III expression in an estrogen-related receptor a (ERRa)

dependent manner. ERRa regulates transcription of a number of genes by binding to 

estrogen response elements , however it does not bind estrogens. Prx lil mRNA expression 

also appears to be up-regulated in mouse uterine cells in response to estradiol. This up

regulation appears to be dependent on the presence of the estrogen receptor (ER) (Deroo et 

al. , 2004), a ligand-activated transcription factor. Therefore, while prx lll expression 

appears to be ubiquitous, there may be tissue-specific differences in the levels of prx III 

expression. 

The regulation of prx III expression appears to be a complicated process, and remains to be 

fully elucidated. However, a number of studies suggest that regulation of prx III expression 

may be further complicated by regulation of the process of protein synthesis, or 

degradation. A number of studies have reported that prx III mRNA transcripts do not 

increase significantly, with increases above three-fold rarely being reported ( Lehtonen et 

al., 2005; Baker et al., 2007; Williams et al. , unpublished) . Instead, larger changes are seen 
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m protein express10n. Therefore, exammmg both prx llI mRNA and protein levels 1s 

important when studying and drug-induced changes in prx Ill expression. 

1.10 Research aims 

Prx Ill was identified as being up-regulated in response to doxorubicin treatment in 

cultured cells, which has led to the suggestion that prx llI may play a role in the 

development of resistance to doxorubicin and epirubicin. However, before such a role can 

be investigated further, the expression of prx Ill needs to be examined in patients 

undergoing chemotherapy with doxorubicin or epirubicin. White blood cells were collected 

from patients immediately before and three weeks after their first dose of chemotherapy 

with epirubicin. Samples were also collected from control subjects at three week intervals. 

Real time reverse transcription PCR was used to examine prx Ill mRNA expression, while 

sodium dodecylsulfate polyacrylamide gel electrophoresis (SOS-PAGE) coupled with 

western blotting was used to examine prx III protein levels. Furthermore, as prx lll has 

been shown to form higher molecular weight structures, native polyacrylamide gel 

electrophoresis (PAGE) coupled with western blotting was used to examine complex 

formation by prx lil in cultured MCF7 cells and white blood cells . Finally, prx Ill is known 

to be inactivated by over-oxidation of the active cysteine residue . Therefore two

dimensional electrophoresis was used to examine over-oxidation of prx Ill in MCF7 cells 

following exposure to doxorubicin . 

The specific objectives of this work were: 

o To examme peroxiredoxin lll mRNA and protein expression m patients 

undergoing chemotherapy with epirubicin using real time RT-PCR and 

SOS-PAGE coupled with western blotting. 

o To examine peroxiredoxin III mRNA and protein expression m control 

subjects using real time RT-PCR and SOS-PAGE coupled with western 

blotting. 
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o To examme prx III complex formation in MCF7 cells in response to 

doxorubicin exposure, and the white blood cells of patients and control 

subjects using native-PAGE coupled with western blotting. 

o To examine over-oxidation of prx Ill in MCF7 cells following exposure to 

doxorubicin using two-dimensional electrophoresis coupled with western 

blotting. 
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Chapter 2: Materials and methods 

2.1 Materials 

Tissue culture 

All sterile tissue culture flasks and cell scrapers were obtained from Nunc Inc, Naperville, 

IL, USA. Tissue culture plates were obtained from Greiner Bio-One, Gem1any. Opti

mm1mum essential medium (Opti-MEM®), foetal bovine serum (FBS) , trypsin and 

penicillin-streptomycin (5 ,000 units/ml) were purchased from lnvitrogen Corporation, 

Auckland, New Zealand. Acrocap Filter Unit (0 .2 µm) filters were obtained from Pall 

Corporation, Ml , USA. Dimethyl sulfoxide (DMSO) was obtained from Sigma Chemical 

Company, St Louis , MO, USA. Human insulin was purchased from Roche, Mount 

Wellington, New Zealand. 

Protein manipulations 

Complete™ Mini EDT A-free protease inhibitor cocktail tablets were purchased from 

Roche Molecular Biochemicals, IN , USA . Bradford protein assay dye concentrate and Dual 

Colour Precision Plus protein markers were purchased from BioRad Laboratories , CA, 

USA. Purified bovine serum albumin (BSA) was purchased from New England BioLabs. 

PlusOne™ DryStrip Coverfluid, isoelectric focusing strips , and immobilised pH gradient 

(IPG) buffer were purchased from GE Healthcare. N,N,N',N'-Tetramethylethylenediamine 

(TEMED) was obtained from Sigma Chemical Company, St Louis, MO, USA. 

Polyacrylamide-bis (29.1 :0.9) ready-to-use solution (40%) was purchased from Merck. 

Monoclonal mouse antibody to peroxiredoxin Ill ( 128) and polyclonal goat antibody to 

peroxiredoxin Ill (14-C) were purchased from Santa Cruz Biotechnology, CA, USA. 

Mouse monoclonal antibody to ~-actin (AC-74) and rabbit anti-mouse secondary antibody 

conjugated to horseradish peroxidase were purchased from Sigma-Aldrich, St Louis, MO, 

USA. Polyvinylidine fluoride (PVDF) membrane was acquired from Pall Corporation, MI, 

USA. BM chemiluminescence blotting substrate A and B were purchased from Roche, 

Mount Wellington, New Zealand. 
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RNA purification and manipulation 

TRizol® was obtained from Invitrogen Corporation. Diethylpyrocarbonate (DEPC) was 

purchased from BDH Laboratory Supplies, Poole, England. RNaseZap™ was purchased 

from Ambion. First strand complimentary DNA (cDNA) synthesis kit components were 

obtained from Invitrogen Corporation, Auckland, New Zealand. 

DNA manipulation 

Sphl restriction endonuclease and buffer, were obtained from New England BioLabs. Taq 

polymerase was purchased from Roche , Mount Wellington, New Zealand. Agarose was 

purchased from BioLine Pty Ltd, New South Wales, Australia. PureLink™ PCR 

purification kit and 1 kb plus DNA ladder were obtained from Invitrogen Corporation. GE 

Healthcare supplied the dNTPs. 

Real time PCR 

ABsolute SYBR Capillary mix was purchased from Thermo Scientific. 96-well 

LightCycler 480 plates and cover sheets were purchased from Roche, Mount Wellington, 

New Zealand. LightCycler 480 software release I .3.0.0705 was obtained from Roche. 

Primers were synthesized by Sigma Genosys Australia Pty Ltd, NSW, Australia . 

General laboratory supplies 

1.5 ml micro-centrifuge tubes and all pipette tips were purchased from Axygen. 

Ammonium persulfate (APS), KC!, NaCl, NaOH, sodium dodecyl sulfate (SDS) and urea 

were purchased from Merck. 15 mL and 50 ml tubes were purchased from Nunc Inc, 

Naperville, IL, USA. lodoacetamide, and dithiothreitol (DTT) were acquired from Sigma 

Chemical Company, St Louis, MO, USA. 

All other chemicals and reagents used were of an analytical grade or better. 
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2.2 Mammalian cell culture 

All manipulations of mammalian calls, with the exception of protein and RNA extraction, 

were performed in a class 11 biohazard cabinet. Cells were grown at 37°C under humid 

conditions, with 5% CO2. Media on slow growing cells was changed every 2-3 days. 

2.2.1 Media 

Opti-minimum essential medium (Opti-MEM®) I reduced serum medium (lnvitrogen) was 

prepared as directed by the manufacturer. Powdered medium was dissolved in MilliQ water 

and 2.4 grams of tissue culture grade sodium bicarbonate was added per litre of medium. 

Following adjustment of the pH to 6.8, medium was filtered using a 0.2 µm AcroCap™ 

filter (Pall Corporation). Medium was stored in sterile glass bottles at 4°C and required 

supplements were added before use. Medium for MCF7 cells was supplemented with I% 

penicillin-streptomycin (pen-strep), 2% fetal bovine serum (FBS), 0.1 mg/mL recombinant 

human insulin. Medium was wam1ed to room temperature immediately before use. 

2.2.2 Starting cells from frozen stocks 

Cell lines were stored in the gaseous phase of liquid nitrogen. When required, cells were 

removed from storage, thawed quickly and transferred to sterile 15 mL tubes containing 5 

mL of the appropriate complete medium. Cells were pelleted by centrifugation at 1000 rpm 

in an Eppendorf Centrifuge 5702 and a 5702/R rotor for five minutes. Cells were re

suspended in 2 mL complete medium and I mL was dispensed into a Nunc T75 flask 

containing 12 mL of complete medium . Cells were left to grow for 2-3 days before 

passaging, depending on confluence. 

2.2.3 Passage of cells 

Cells grown to at least 80% confluence were passaged into fresh Nunc T75 flasks . Medium 

was removed and cells were incubated with 1.5 mL express stable trypsin-like enzyme plus 

phenol red (TrypLE™) for approximately two minutes. The TrypLE™ reagent was then 

removed and the sides of the flask were tapped sharply to aid in cell detachment. 
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Detachment of the cells was confirmed by examination under an inverted microscope. Cells 

were re-suspended in 5 mL complete medium and 2.5 mL was dispensed into new flasks 

containing IO mL of complete medium. If protein was to be extracted, cells were dispersed 

into 150 mm tissue culture plates containing complete media. 

2.2.4 Freezing of cells 

Cells for storage were treated as outlined in 2.2.3 and re-suspended in 2 mL I 0% DMSO in 

FBS and transferred to cryovials . The cryovials were wrapped in laboratory tissue and 

stored at -80°C overnight to slow the freezing process. The cryovials were then transferred 

to the gaseous phase of a liquid nitrogen store for long term storage. 

2.2.5 Exposure of cells to doxorubicin 

Cells were grown to approximately 70-80% confluence in 150 mm tissue culture plates or 

Nunc T75 flasks . Medium was removed from plates of cells to be exposed to doxorubicin . 

3 mM doxorubicin-HCI (Delta West Pty Ltd) was prepared in the appropriate complete 

medium and carefully added to the cells . Cells were then returned to the incubator for the 

appropriate length of time, either 2 hours or 24 hours , before RNA or protein was extracted 

as outlined in sections 2.9 and 2.4 respectively . 

2.2.6 Exposure of cells to oxidative stress 

Cells were grown to at least 80% confluence in 150 mm tissue culture plates. Medium was 

removed from plates of cells to be exposed to oxidative stress. I 00 µM hydrogen peroxide 

(H2O2) was prepared in the appropriate complete medium and carefully pipetted into the 

plate. The plate was then returned to the incubator for one hour before protein was 

extracted as outlined in section 2.4. 

2.3 Isolation of white blood cells 

Blood was collected in heparinised or EDTA-coated vacutainers at Palmerston North 

Hospital and transported to Massey University on ice. Three parts red blood cell (RBC) 

lysis solution (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) were added to one part 
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whole blood in sterile 15 mL or 50 mL Nunc tubes. The tubes were inverted gently to mix 

and incubated at room temperature for 10 minutes with shaking. RBC lysis solution is a 

hypotonic solution which causes lysis of RBCs but does not lyse the more robust white 

blood cells (WBCs). It is therefore useful for removing RBCs from a blood sample. After 

incubation at room temperature , the sample was centrifuged at 1300 rpm in a Sorvall RT7 

centrifuge with an RTH750 rotor for 10 minutes to pellet WBCs and any remaining intact 

RBCs. The pellet was resuspended in RBC lysis solution and again centrifuged at 1300 rpm 

for 10 minutes . The WBC pellet was then washed with ice-cold phosphate-buffered saline 

(PBS: 0.14 M NaCl, 2 .7 mM KCI , IO mM Na2HPO4, 1.8 mM KH 2PO4, pH 7.2 to 7.4) and 

pelleted by centrifugation for 10 minutes at 1300 rpm. This wash step was repeated to 

ensure that any remaining contaminants were removed. The cell pellet was then used 

immediately for RNA or protein extraction. 

2.4 Protein extraction and quantification 

2.4.1 Preparation of cells grown in monolayer for protein extraction 

Cells were grown to at least 80% confluence in 150 mm tissue culture plates, with the 

appropriate medium. Medium was removed and cells were carefully washed twice with 5 

mL PBS. Cells were then harvested in I mL Tris-EDTA-NaCI (TEN) buffer (40 mM Tris

Cl, pH 7.4, I mM EDTA, 0.15 M NaCl) using a cell scraper. Cells were transferred to a 1.5 

mL micro-centrifuge tube and pelleted by centrifugation at 10,000 x g for 5 minutes at 4 °C. 

The supernatant was discarded and the pellet was used immediately for extraction of total 

protein. 

2.4.2 Extraction of total cellular protein 

An appropriate volume of radio-immuno precipitation (RIPA) buffer (IO mM Tris-Cl , pH 

8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% 

SOS, 140 mM NaCl) was added to the cell pellet in a 1.5 mL micro-centrifuge tube. The 

mixture was passed through the pipette tip a number of times to aid with cell lysis. The 

sample was then incubated at 4°C for 30 minutes, with shaking. To remove unwanted cell 

21 



debris, the sample was centrifuged at approximately 13,000 x g for 30 minutes, at 4°C. The 

supernatant was dispensed into 20 µL, 50 µL and l 00 µL aliquots in fresh micro-centrifuge 

tubes and stored at -80°C until required. 

2.4.3 Quantification of protein extracts 

The protein concentration of prepared total cellular extracts, and acetone precipitated 

samples in incomplete rehydration buffer (7 M urea, 2% CHAPS) was determined using a 

method that is based on the assay described by Bradford ( 1976). This method utilises the 

shift in the absorbance of Coomassie Brilliant Blue G-250 from 465 nm to 595 nm upon 

binding to protein. The increase in absorbance at 595 nm can be measured and used to 

calculate the concentration of protein in an unknown sample. Protein samples were diluted 

appropriately in MilliQ water and 5 µL was dispensed in triplicate into wells of a 96-well 

microplate. A 10 mg/mL stock solution of BSA (New England BioLabs) was diluted 50-

fold in MilliQ water and used to produce a series of standards containing between O µg and 

2.0 µg of protein . The standards were also prepared in triplicate. Protein Assay dye reagent 

concentrate (Bio-Rad) was diluted 5-fold in MilliQ water and 200 µL was added to each 

well. The plate was left to stand at room temperature for 10 minutes to allow the colour to 

develop. Absorbance at 595 nm was determined using an Anthos LabTec HT2 plate reader. 

A standard curve was constructed using the absorbance values for the standard samples and 

concentration of the unknown samples was calculated using the standard curve. An 

example of such a calculation is shown in appendix one. 

2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SOS-PAGE) 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SOS-PAGE) is a technique 

that is used to separate proteins according to their relative molecular weights. Sodium 

dodecyl sulfate (SOS) is an anionic detergent which binds to proteins, disrupting their 

secondary structure and affording each protein a negative charge that is proportional to its 

mass. A current is then passed through the gel, separating proteins according to their 

relative negative charges. 
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2.5.1 Casting of 10% SDS-PAGE gels 

Glass spacer and short plates (Bio-Rad) were carefully cleaned with isopropanol, using lint

free wipes, and placed in the casting frame and stand. The resolving and stacking gel 

solutions (per 0.75 mm gel) were prepared according to the manufacturer 's instructions, as 

outlined in table 2.1. 

Component Resolving gel Stacking gel 

1.5 M Tris-Cl, pH 8.8 1.875 mL -

0.5 M Tris-Cl , pH 6.8 - 1.25 ml 

Acrylamide-bis ready-to- 1.25 mL 838 µl 
use solution, 40% (Merck) 

MilliQ water 1.875 ml 2.86 ml 

10% SOS (w/v) 100 µl 50 µl 

13% APS * 75 µl 25 µl 

TEMED* 7.5 µl 5 µl 

Table 2.1 Resolving and stacking gel so lutions for SDS-PAGE 

* APS and TEMED were added immediately before casting the gel. 

Immediately before casting, APS and TEMED were added to the resolving gel solution to 

initiate polymerization. The solution was carefully swirled to mix and approximately 3.6 

mL was poured between the glass plates using a pipette. Approximately 1.5 cm was left at 

the top for addition of the stacking gel. The resolving gel was over-laid with water

saturated butanol to limit access of air to the gel and ensure formation of a smooth top 

surface. The resolving gel was left to set for at least 30 minutes at room temperature before 

the butanol was washed away with MilliQ water. Blotting paper was used to remove all 

water from the top of the gel. APS and TEMED were then added to the stacking gel 

solution which was swirled to mix and approximately l mL was poured over the resolving 
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gel using a pipette. A well-forming comb was placed into the top of the gel and the gel was 

left to set for approximate ly ten minutes. To ensure complete polymerization, the gel was 

wrapped in a damp paper towel and plastic film and stored at 4°C overnight. 

2.5.2 SDS-PAGE 

SOS-PAGE was performed usmg a Mini-Protean 3 cell (Bio-Rad). Gels were removed 

from the casting frame and placed into the cells according to the manufacturers instructions. 

The inner chamber was fi lled with electrode buffer (25 mM Tris, 192 mM glycine, 0.5% 

SOS, pH 8.3) and the assembly was left for several minutes to check for leaks. 

Approximately one third of the outer tank was then fi lled with electrode buffer. Samples to 

be separated by SOS-PAGE were treated to denature a ll proteins. Five x treatment buffer 

(60 mM Tris-C l, pH 6.8, 25% g lycerol (v/v), 2% SOS, 0. 1 % bromophenol blue, 14. 1 mM 

B-mercaptoethanol) was diluted 5-fold in sample. The sample was then placed in a boiling 

water bath fo r five minutes. After boiling, the sample was left to cool at room temperature. 

Samples were then carefully loaded into individual wells. 5 µL of Precision Plus Protei n™ 

Dual Color Standards (Bio-Rad) were loaded into an adjacent well. Electrophoresis was 

perforn1ed at 120 V unti I the dye front was j ust off the bottom of the gel. 

2.5.3 Coomassie staining of polyacrylamide gels 

Polyacrylamide gels could be stained to detect protein . Gels were stained for 15 minutes at 

room temperature, with shaking, using Coomassie R-250 stain (50% methano l, I 0% glacia l 

acetic acid, 0.25% Coomassie Brilliant Blue R-250). Excess stain was then removed, the 

gel was rinsed w ith de-stain ( 15% methanol, 8% acetic acid), then left shaking at room 

temperature in fresh de-stain for several hours, or overnight. 

2.6 lmmunoblotting 

Following separation of proteins by SOS-PAGE, the proteins could be transferred to a 

membrane and antibodies used to detect specific proteins. After detection, the antibodies 

used to detect one protein could be stripped off the membrane, allowing detection of other 

prote ins on the membrane. 
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2.6.1 Transfer of proteins to PVDF membrane 

The Mini-Protean 3 cell was also used for transfer of proteins from a polyacrylamide gel to 

a PVDF membrane for immunoblotting. A sponge soaked in transfer buffer (25 mM Tris, 

192 mM glycine, pH 8.3) was placed onto the transfer cassette. Two pieces of 3 mm 

Whatmann® paper soaked in transfer buffer were placed on top of the sponge. The gel was 

equilibrated in transfer buffer for several minutes before being placed on top of the 

Whatmann® paper. Before use, PVDF was 'activated ' in methanol for five minutes and 

rinsed in MilliQ water. The membrane was then equilibrated in transfer buffer and carefully 

placed on top of the gel to avoid trapping air bubbles. Two more pieces of 3 mm 

Whatmann® paper and another sponge were soaked in transfer buffer and placed on top of 

the membrane. The transfer cassette was closed and inserted into the transfer apparatus. An 

ice block was inserted into the tank to keep the system cold. Proteins were transferred at 

475 mA for 1.5 hours. 

2.6.2 lmmunoblotting 

After transfer, the membrane was blocked for one hour at room temperature with shaking, 

in I% non-fat skim milk powder in Tris-buffered saline-Tween 20 (TBST: 50 mM Tris, 

150 mM NaCl, 0. 1 % Tween-20) . The membrane was then incubated overnight at 4°C, with 

shaking, in 0.5% blocking solution (0.5 % non-fat skim milk powder in TBST) containing 

the primary antibody at the correct dilution . After overnight incubation with primary 

antibody, the membrane was washed with TBST for l O minutes at room temperature , with 

shaking. This step was repeated three times . The membrane was then incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibody in 0.5% blocking 

solution for one hour at room temperature. Finally, the membrane was washed for 15 

minutes at room temperature with shaking. This wash step was repeated three times . 

Enhanced chemi luminescence was used to detect the horseradish peroxidase-conjugated 

secondary antibody. BM chemiluminescence blotting substrate A (Roche) and BM 

chemiluminescence blotting substrate B (Roche) were mixed at a ratio of 100: l. The 

membrane was incubated in the blotting substrate for three minutes . The membrane was 

then removed from the blotting substrate and left for five minutes to allow the reaction to 
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develop. Light produced by the reaction was detected in a dark room using X-ray film 

(Kodak). X-ray films were developed using a l00Plus™ Automatic X-ray film developer. 

2.6.3 Stripping of PVDF membranes 

Where more than one protein was to be detected on a single membrane, the antibodies were 

stripped off the membrane before the membrane was exposed to further primary antibodies. 

Antibodies were stripped off the membrane using a 0.1 M glycine, pH 3.0 solution. 

Membranes were incubated in this stripping solution for 24 hours at room temperature, 

with shaking. The membrane was then washed several times in TBST to remove any excess 

stripping solution. At this point the membrane was ready for further immunoblotting. 

2. 7 Two-dimensional electrophoresis 

Two-dimensional electrophoresis (2DE) is a technique which uses two steps to separate 

proteins by two different properties. In the first dimension, proteins are separated by their 

isoelectric point (pl) using an immobilised pH gradient (!PG). In the second dimension 

proteins are separated by their molecular weight using SOS-PAGE. 

2.7.1 Preparation of protein sample for 2DE 

Protein samples to be used for 2DE were first acetone precipitated to remove impurities and 

allow re-suspension in rehydration buffer. Four volumes of ice-cold acetone were added to 

the sample and vortexed to mix well. The sample was stored overnight at -20°C before the 

white, ' fluffy ' protein precipitate was collected by centrifugation at approximately 8,000 x 

g for 15 minutes at 4 °C. The supernatant was removed and the pellet was allowed to dry at 

room temperature for 15 minutes. Care was taken not to over-dry the pellet as this would 

make re-suspension difficult. Incomplete rehydration buffer (7 M urea, 2% CHAPS) plus I 

x EDTA-free protease inhibitor cocktail (Roche) was added to the protein pellet and the 

sample was incubated at room temperature for one hour. The sample was vortexed every I 0 

minutes to aid with re-suspension. Incomplete rehydration buffer was used for resuspension 

as some components of the complete rehydration buffer can interfere with protein 
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quantification. An aliquot of the sample was removed for protein quantification and the 

remaining sample was used for 2DE immediately or stored at -80°C until required. 

2. 7.2 Isoelectric focusing 

An appropriate amount of total protein in incomplete rehydration buffer, typically 200 to 

300 µg, was added to sufficient incomplete rehydration buffer to give a total volume of 

127.4 µL. To this, 2.6 µL of IPG buffer, 0.001 g OTT and a trace of bromophenol blue 

were added to complete the rehydration buffer (7 M urea, 2% CHAPS, 2% IPG buffer, 

bromophenol blue). A 125 µL aliquot of the sample was carefully transferred into a ceramic 

7 cm strip holder. The protective plastic backing strip was removed from a 7 cm 

Immobiline IPG DryStrip. The strip was carefully lowered into the tray, gel side down, to 

avoid trapping air bubbles under the strip. PlusOne lmmobiline DryStrip Coverfluid 

(Amersham Biosciences) was used to cover the entire strip , to prevent sample evaporation. 

A cover slip was placed over the coverfluid. Isoelectric focusing was performed using the 

Ettan IPGphor II IEF system (Amersham Biosciences) and the following run parameters : 

30 Volts 13 hours Active rehydration 390 Volt hours 

300 Volts 30 minutes Step and hold 150 Volt hours 

1000 Volts 30 minutes Gradient 385 Volt hours 

5000 Volts I hour 20 minutes Gradient 2500 Volt hours 

5000 Volts 30 minutes Step and hold 4000 Volt hours 

If the required voltage was not reached for example due to impurities in the sample, the 

Ettan IPGphor II IEF system used volt-hour values to ensure focusing was complete. 

2.7.3 Polyacrylamide gel casting for 2DE 

The resolving gel was cast as outlined in section 2.5.1 , however only 0.5 cm was left at the 

top of the gel before water-saturated butanol was added. Once the resolving gel had set, the 

butanol was washed away with MilliQ water, and a few drops of MilliQ water were added 

to the top of the gel to prevent dehydration. The gel was wrapped in a damp paper towel 

and plastic film and left overnight at 4°C to ensure compete polymerization. 
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2.7.4 Second dimension: SDS-PAGE 

After IEF the strip was washed three times in electrode buffer (25 mM Tris, 192 mM 

glycine, 0.5% SOS (w/v)) to remove the coverfluid. The strip was then transferred to SOS 

equilibration buffer (50 mM Tris-Cl, pH 8.8, 6 M urea, 30% glycerol (v/v), 2% SOS (w/v), 

bromophenol blue) plus IO mg/mL OTT for 20 minutes to reduce disulfide bonds. The strip 

was then incubated in SOS equilibration buffer plus 25 mg/mL iodoacetamide for 20 

minutes. lodoacetamide a lkylates thiol groups, preventing re-fom1ation of disulfide bonds. 

Followi ng equilibration, the strip was rinsed in running buffer then placed onto the top of 

the gel w ith the plastic backing against the glass. Care was taken to avoid trapping air 

bubbles between the strip and the top of the gel. 5 µL of Precis ion Plus Protein™ Dual 

Color Standards (Bio-Rad) were mixed with hot 0.5% agarose and carefully pipetted onto 

the gel , at the end of the IPG strip. The IPG strip was then covered with 0.5% agarose 

containing a trace of bromophenol blue, to prevent movement of the strip and aid in 

movement of proteins from the strip to the gel. SOS-PAGE was performed at 120 V until 

the dye front reached the bottom of the ge l. 

2.7.5 lmmunoblotting of 2DE gel 

Transfer of proteins from the gel to PVOF membrane and subsequent immunoblotting was 

performed as outlined in section 2.6. 

2.8 Native polyacrylamide gel electrophoresis 

Native polyacrylamide gel e lectrophoresis (PAGE) separates proteins in their native state . 

Unlike SOS-PAGE, where proteins are separated by their relative molecular mass, native 

PAGE separates proteins on the basis of both charge and mass. This makes it possible to 

examine the formation of protein complexes. 

2.8.1 Casting of native PAGE gels 

Glass spacer and short plates (Bio-Rad) were carefully cleaned with isopropanol, using lint

free wipes, and placed in the casting frame and stand. The resolving and gel solutions were 

made up as outlined in table 2.2. 
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Component Resolving gel Stacking gel 

1.5 M Tris-Cl, pH 8.8 l.875 mL -

0.5 M Tris-Cl, pH 6.8 - 2.5mL 

Acrylamide-bis ready-to-use solution, 40% (Merck) 0.765 mL 0.375 mL 

MilliQ water 2.46 mL 2.125 mL 

13 % APS* 75 µL 25 µL 

TEMED* 7.5 µL 5 µL 

Table 2.2 Resolving and stacking gel solutions for native PAGE 

* APS and TEMED were added immediately before casting the gel. 

Native PAGE gels were poured as outlined in section 2.5. l. 

2.8.2 Native PAGE 

Native PAGE was performed as described in section 2.5.2, without the addition of SOS. 

Samples were not denatured. lnstcad samples were mixed with loading dye (25% glycerol 

(v/v), bromophenol blue) to ensure samples would sink into the wells. Electrophoresis was 

performed at 120 V until the dye front was just off the bottom of the gel. 

The proteins were then transferred from the gel to a PVDF membrane and immunoblotted, 

as outlined in section 2.6. 
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2.9 Extraction of RNA 

2.9.l Diethylpyrocarbonate treatment of tubes, tips and water 

As RNA is sensitive to degradation by RNases, all pipette tips, tubes and water used during 

RNA extraction and cDNA synthesis were first treated with DEPC. DEPC is an alkylating 

agent which modifies residues in the active site of RNase A-type enzymes, inactivating 

them. Tips and tubes to be treated were placed in glass beakers and submerged in MilliQ 

water containing 0.1 % DEPC. Where DEPC-treated water was required, MilliQ water 

containing 0.1 % DEPC was placed in small glass bottles, and lids were placed loosely over 

the bottle opening. Beakers containing tips and tubes were covered and left overnight. The 

following day excess water was removed and all tips, tubes and bottles of water were 

autoclaved three times to inactivate any remaining DEPC. 

2.9.2 Extraction of RNA 

Total RNA was extracted from cells usmg TRlzol:E (Invitrogen) , following the 

manufacturer ' s instructions. All manipulations involving RNA were perfom1ed using 

DEPC-treated pipette tips and micro-centrifuge tubes. Benches, pipettes and gloves were 

cleaned with RNaseZap® (Ambion) . 

An appropriate volume of TR!zoi® was added to the WBC pellet or, in the case of cells 

grown in monolayer, directly to the flask after removal of medium. TRlzoI® is a 

monophasic solution containing phenol and guanidine thiocyanate which inhibit RNases . 

The cell lysate was passed through a pipette tip several times before being left at room 

temperature for five minutes to allow complete dissociation of nucleoprotein complexes. 

Cells grown in a monolayer were then scraped off the flask using a cell scraper and 

transferred to a l .5 mL micro-centrifuge tube. WBCs were also transferred to a 1.5 mL 

micro-centrifuge tube. For every 750 µL of TRI reagent® initially added, 200 µL of 

chloroform was added to the sample. The lid was capped tightly and the sample was shaken 

vigorously for 15 seconds. The sample was then stored at room temperature for 

approximately 10 minutes before being centrifuged at no more than 12,000 x g for 15 

minutes at 4°C. Centrifugation produced three layers; a lower phenol-chloroform layer, an 
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interphase, and an upper aqueous phase containing RNA. The aqueous phase was 

transferred to a fresh tube and RNA was precipitated by addition of isopropanol. Samples 

were inverted several times then left at room temperature for l O minutes. RN A was 

collected by centrifugation at no more than 12,000 x g for l O minutes at 4 °C. The 

supernatant was removed and the RNA pellet was washed with 75% ethanol in DEPC

treated water. If RNA was not required immediately, it was stored at -8O°C at this point. If 

RNA was to be used immediately it was pelleted by centrifugation at 7500 x g for 5 

minutes at 4°C. The ethanol was carefully removed and the pellet was air-dried at room 

temperature . RNA was redissolved in DEPC-treated water. To ensure RNA was completely 

redissolved the sample was incubated at 55 to 6O°C for IO minutes . RNA concentration was 

determined by ultraviolet (UV) spectrophotometry using l µL of sample in the Nanodrop® 

ND-10OO spectrophotometer (Nanodrop). As the Nanodrop® instrument can accurately and 

reproducibly measure nucleic acid samples up to 3700 ng/µL , dilution of samples was 

generally not necessary for quantification. The absorbance of a sample at 260 nm (A26o) can 

be used to calculate RNA concentration using the following formula : 

Concentration = A260 x 40 mg/mL 

RNA at a concentration of 40 mg/mL gives an A260 of 1.0. The ratio of absorbance at 260 

nm compared to 280 nm (A260/A280) was used as a guide to RNA purity and also to identify 

partially re-dissolved samples. Partially re-dissolved RN A has an A260/ A280 of less than 1.6. 

RNA samples with an A260/ A280 of 1.8 or greater were used for cDNA synthesis . 

2.10 Complimentary DNA synthesis 

Complimentary DNA (cDNA) was synthesised using the Super-Script first-strand system 

for RT-PCR (lnvitrogen) and oligo(dT) 12_18 primers. Total RNA preparations, such as those 

prepared with TRizol™, contain a complex mix of RNA molecules of which only 1-3% is 

messenger RNA (mRNA). To reduce the complexity of the final cDNA preparation 

oligo(dT) primers, rather than random hexamers, were chosen for cDNA synthesis . 

Olido(dT) primers bind to the poly(A) tail found on the majority of eukaryotic mRNA 

molecules and can then be extended by reverse transcriptase. Transfer RNA (tRNA) and 
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ribosomal RNA (rRNA) molecules make up a large proportion of total RNA preparations. 

As tRNA and rRNA do not contain poly(A) tails, these molecules are not reverse 

transcribed when oligo( dT) primers are used. Random hexamers are short primers of 

random sequences which bind to complimentary regions of RNA and are extended by 

reverse transcriptase. As the random hexamers can anneal to complimentary sequences 

within any RNA molecule, the resulting cDNA sample is much more complex. A more 

complex sample of cDNA may interfere with real time RT-PCR experiments, particularly if 

the transcript of interest is of low abundance. Therefore oligo(dT) primers were chosen for 

cDNA synthesis . 

1 µg of RNA was added to 0.5 µL oligo(dT) 12_18 (0 .5 µg/µL) and I µL of IO mM dNTP 

mix. Sufficient DEPC-treated water was added to give a total volume of 13 µL. Oligo(dT) 

primers were annealed by incubation of the sample at 65 °C for five minutes. Samples were 

then placed on ice for one minute . cDNA synthesis mix containing 4 µL 5X first strand 

buffer (250 mM Tris-HCl, pH8 .3, 375 mM KCI , 15 mM MgC!i), 1 µL 0.1 M DTT, l µL 

RNaseOUT™ Ribonuclease Inhibitor (40 U/µL) and I µL SuperScript™ lll Reverse 

Transcriptase (200 U/µL) was then added to the sample. Incubation of the sample for 45 

minutes at 55°C allowed cDNA synthesis to occur. The reaction was stopped by incubation 

at 70°C for 15 minutes . Before the newly synthesised cDNA could be used for RT-PCR, 

the remaining RNA was removed. This was achieved by addition of I µL of RNase H (2 

U/µL) and incubation at 37°C for 20 minutes . cDNA was used for RT-PCR immediately or 

stored at -20°C until required. 

2.11 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a method which allows logarithmic amplification 

of short, specific sequences of DNA using a pair of primers and Taq DNA polymerase, a 

thermo-stable DNA polymerase isolated from Thermophilus aquaticus. 

2.11.1 Reaction set up 

PCR reactions were set up in 0.2 ml thin-walled PCR tubes (Eppendorf) in a total reaction 

volume of 50µL. 25.5 µL of sterile water, 5 µL 10 x PCR buffer plus MgCb (100 mM Tris-
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HCl, 15 mM MgCh, 500 nM KC!, pH 8.3)(Roche), 5 µL of 3 mM dNTP mix, 5 µL of the 

forward and reverse primer each at concentration of 50 ng/µL, 2 µL of template cDNA and 

2.5 µL of Taq polymerase (I U/µL) were added to the PCR tube. The tube was vortexed to 

mix and centrifuged briefly to collect the contents at the bottom of the tube. PCR was 

carried out on the GeneAmp® PCR system 2700 using the program outlined below. 

94°c 3 minutes Initial denaturation 

94 °C 20 seconds 

55°c 30 seconds Amplification 30-40 cycles 

72°C 45 seconds 

12°c 5 minutes Final extension 

2.11.2 Agarose gel electrophoresis 

Following PCR, 1/5 (10 µL) of each reaction was examined by agarose gel electrophoresis. 

50 X Tris-Acetate EDTA (TAE: 2 M Tris, 2 M acetic acid, 50 mM EDTA, pH 8.5) was 

diluted 50-fold in MilliQ water to give l X TAE. 0.7% agarose was produced by melting 

0.42 g agarose in 60 ml I X T AE, and poured into the electrophoresis apparatus . I µL of 

ethidium bromide (IO µg/µL) was added to the gel. A comb was placed into the gel and the 

gel was allowed to set for 30 to 60 minutes . The gel was then covered with l X T AE, and 2 

µL of ethidium bromide (IO µg/µL) was added to the buffer. DNA samples were mixed 

with loading dye (40% sucrose (w/v) 0.25% bromophenol blue) and loaded into the wells 

of the gel. Electrophoresis was carried out at l 00 V until the dye front was approximately 

2/3 of the way down the gel. DNA was visualized using a Gel Doc™ (BioRad). 

2.11.3 Purification of PCR product for sequencing 

Prior to DNA sequence analysis the PCR product was purified using the PureLink™ PCR 

Purification kit (Invitrogen) according to the manufacturer's instructions. Briefly, DNA is 

precipitated and bound by PureLink™ Binding buffer. Centrifugation removes impurities 

in the sample, while the DNA remains trapped in the spin column. The DNA can then be 

eluted in sterile water. 
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2.11.4 DNA sequence analysis 

Sequencing was performed by Ms Lorraine Berry at the Allan Wilson Centre Genome 

sequencing service (Massey University) . 2 ng per I 00 bp of PCR product and 3.2 pmol of 

the appropriate primer were supplied in 15 µL of sterile water. Sequencing was performed 

using an ABI3730 Genetic Analyzer (Applied Biosystems Inc.) and the BigDye™ 

Terminator Version 3.1 Ready Reaction cycle sequencing kit (Applied Biosystems Inc .). 

2.11.5 Restriction endonuclease digests 

15 µL of the PCR reaction was added to I µL SphI, 5 µL IO x Buffer 2 (0 .5 M NaCl , 0. 1 M 

Tris-HCI, 0.1 M MgCb, 10 mM OTT, pH 7.9)(New England BioLabs) and 29 µL of sterile 

water. The solution was vortexed to mix and incubated at 3 7°C for one hour. The solution 

was then incubated at 70°C for 20 minutes to stop the reaction. 

2.12 Real time PCR 

Real time PCR is a rapid PCR method which allows quantification of the amount of DNA 

present in the reaction after each round of amplification using a fluorescent dye or probe. 

As a result, amplification can be seen in rea l time, rather than only at the end of 30 or 40 

cycles . Therefore real time PCR is more reliable for quantification studies . 

2.12.1 Setting up the basic reaction 

Real time RT-PCR reactions were set up in 96-well plates that were designed specifically 

for use with the LightCycler™ 480 (Roche). Reactions were prepared in 20 µL volumes. A 

master mix was created and 15 µL of this was carefu lly pipetted into each required well. 

The amount of each component required for one reaction is shown in table 2.3. When x 

number of reactions were to be prepared, a master mix was created for (x + 1) reactions to 

ensure there was sufficient master mix for all reactions . 
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Absolute QPCR SYBR Green mix 2x 
concentration (ABgene) 10 µL 

Forward primer 2 µL 

Reverse primer 2 µL 

Sterile water I µL 

Total 15 µL 

Table 2.3 Real time PCR reaction components required for one reaction 

After addition of the master mix, 5 µL of DNA template was added to each well. Negative 

controls containing 5 µL of sterile water instead of template DNA were included with each 

real time PCR run. The LightCycler™ 480 was programmed to cycle as outlined in table 

2.4. 

Step Cycles Temp. Hold Ramp Acquisition Analysis mode 
(OC) Rate mode 

(°C/s) 
Preincubation 95 15 min 4.4 None None 

95 !Os 4.4 None 
Amp Ii fication 30* 60 !Os 2.2 None Quantification 

72 25s 4.4 None 
85 5s 4.4 Single 
95 5s 4.4 None Melti ng curves 

Melting 65 I min 2.2 None 
curve 97 Continuous 5 

acquisitions/°C 
Cooling 40 !Os 1.5 None None 

Table 2.4 The LightCycler 480 cycle programme. 

* The number of cycles was adjusted to 35 or 40 when required. 

To reduce the influence of primer dimers formed by the peroxiredoxin Ill (prx Ill) primers, 

an additional step based on the method reported by Ball et al. (2003) was included in the 

program. Immediately before fluorescence was determined by the LightCycler™ 480, the 

sample temperatures were increased to 85°C for 5 seconds. Th is is one degree below the 
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melting point of the peroxiredoxin III product, and above the melting point for the primer 

dimers. Therefore this step is expected to melt most, if not all, primer dimers before 

determination of fluorescence. Upon completion of an experiment, melting peaks were 

examined to confirm the expected products were produced. Agarose gel electrophoresis 

was also used to examine the reaction products . A sample agarose gel is presented in 

appendix eight. An example of the amplification curves and melting peaks that were 

obtained during real time RT-PCR experiments can be found in appendix nine and ten 

respectively. 

2.12.2 Determination of optimal primer concentrations 

The optimal primer concentration should be determined before quantification of DNA 

samples. lf primer concentration is too high primer dimers may become a serious problem. 

lf primer concentration is too low, it may limit the PCR resulting in a shift in the CT values 

for a sample. To determine the optimal primer concentration a series of primer 

concentrations from 0.5 µM to 4 µM were prepared, to give concentrations from 50 nM to 

400 nM in the final reaction mixture . The concentration of the forward and reverse primers 

was identical in any reaction . Triplicate reactions of each primer concentration were run 

using a series of serial dilutions of a cDNA sample. CT values and melt curves were 

examined and the lowest primer concentration which did not result in a shift in the CT 

values was determined. The final products were examined using agarose gel electrophoresis 

to ensure a single product of the correct size was obtained. 

2.12.4 Determination of primer efficiency 

Ideally, a primer pair will give an efficiency of 2.0. That is, with each cycle the number of 

copies of the sequence of interest doubles. A number of factors , such as longer amplicons 

and impurities in the reaction mixture, can result in lower efficiencies. To enable correction 

for different primer efficiencies when determining relative expression levels, the average 

efficiency for each primer pair must be determined. A series of dilutions of cDNA were 

made and used in real time PCR reactions. The LightCycler™ 480 software (Roche) was 

used to produce a plot of CT against log concentration. The primer efficiency was also 

calculated by the software using this plot. A series of ten standard curves were generated 
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over several days to give a total of l 0 efficiency values. The average efficiency was then 

calculated. 

2.12.5 Calculation of relative expression levels 

The expression level of peroxiredoxin III after chemotherapy, relative to expression levels 

before chemotherapy were calculated using a method first described by Pfaff! (200 I). 

These were normalized to an internal control , P-actin, to control for differences in RNA 

quality and total cDNA. The equation is given in section 3.6. 

2.13 Statistical Analysis 

A one-sample, two-sided t-test (a=0.05) was used to examine the statistical significance of 

any apparent differences between the observed mean fold change for each sample and a 

hypothetical mean of one, or no change. A sample calculation is given in appendix two. 

2.14 Ethics Approval 

This study (CEN/07 /020003) was given ethical approval by the Central Regional Ethics 

Committee. 
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Chapter 3: Expression of peroxiredoxin III in vivo 

3.1 Introduction 

Recent unpublished work exammmg changes in gene expression m cells in culture 

suggested that peroxiredoxin Ill (prx Ill) may be up-regulated following exposure to 

doxorubicin. One of the cytotoxic functions of doxorubicin is to increase intracellular 

hydrogen peroxide (H20 2) levels. As prx Ill has been shown to remove H20 2 (Chang et al. , 

2004), it has been suggested that prx Ill may play a role in the development of resistance to 

doxorubicin. Therefore a small clinical study was begun in an attempt to correlate 

expression of prx Ill in vivo with clinical outcome of chemotherapy with doxorubicin or 

epirubicin. As it is not possible to examine the response of tumour cells in vivo, white 

blood cells were chosen as an indicator of cellular responses to chemotherapy in this study. 

White blood cells are often used as markers for response to treatment as collection is not 

invasive, and many drugs reach target sites through the bloodstream, resulting in exposure 

of white blood cells to the drug (Lequerre et al. , 2006). It is important to note that this is a 

pilot study and the clinical outcome of chemotherapy for the patients involved will not be 

available for several years. 

The aim of the work presented in this chapter was to examine the expression of prx Ill in 

cancer patients before, and three weeks after chemotherapy with epirubicin. Where 

possible, samples were to be obtained following three successive rounds of chemotherapy 

however as some patients did not tolerate chemotherapy well and time was limited, in most 

cases this was not possible. As little is currently known about the expression of 

peroxiredoxin Ill , these experiments were also performed in a number of control subjects at 

three week intervals . 

The expression of prx III mRNA was examined using real time reverse-transcription PCR 

(RT-PCR). This technique utilizes a fluorescent dye, in this case SYBR Green, which binds 

non-specifically to double-stranded DNA, and a pair of primers designed to amplify a 

specific DNA sequence. Figure 3.1 outlines the principle of real time PCR. Real time PCR 

and real time RT-PCR are exactly the same; the RT simply indicates that the template used 
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in the reaction is cDNA rather than genomic DNA. The progress of the PCR is monitored 

in real time by the increase in fluorescence at the end of each cycle. Initially specific 

fluorescence due to replication of the DNA of interest can not be distinguished from 

background fluorescence levels. The " threshold cycle" (CT), or the cycle where 

fluorescence from a PCR product can be distinguished from background fluorescence, is 

determined by the LightCycler software (Roche). During early cycles all the reaction 

components are fresh and in plentiful supply, leading to efficient rep lication. This is the 

exponenti al phase and is most useful for quantification purposes. As the reaction 

progresses, components become limiting and the rate of replication slows until eventually a 

plateau is reached and no further significant increase in fluorescence is seen. The more 

copies of the DNA of interest there are in the sample, the more rapidly fluorescence above 

background levels can be detected . Real time RT-PC R data can be used for absolute o r 

relati ve quantification experiments. For the purposes of this study relative quantifi cation 

was used. C hanges in prx Ill were normalized to P-actin to control for variation in RNA 

quality and total cDNA quantity. P-actin was found to be a su itable loading control as 

microarray data showed that P-actin express ion was unchanged fo llowing exposure to 

doxorubicin (Williams et al., unpublished). 

Changes in mRNA levels are not necessarily reflected in protein levels due to regulation of 

protein synthesis and degradation. Therefore SOS-PAGE fo llowed by western blotting was 

used to examine prx Ill protein levels . Following electrophoresis (section 2.5), proteins are 

transferred to a PVDF membrane (section 2.6) and incubated w ith a primary antibody 

against the protein of interest. Excess primary antibody is then washed off and the 

membrane is incubated with a secondary antibody directed against the primary antibody. 

The secondary antibody is conjugated to horseradish peroxidase (HRP), which reacts with a 

proprietary reagent (Roche), to emit chemiluminescence. The binding of secondary 

antibody to the primary antibody can therefore be detected by exposing the membrane to X

ray film. Comparison of the protein of interest to a loading control such as P-actin can be 

used to control for differences in protein loading between two different samples. 
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Outline of the principles of real time PCR. 

Primers designed to the DNA sequence of interest anneal to D A in the sample. The 

primers are then extended, as in nom1al PCR, to produce a double stranded piece of DNA. 

The SYBR Green dye binds to the double stranded product and emits light which is 

detected by the LightCycler 480. The " threshold cycle" (CT), or the cycle where 

fluorescence from a PCR product can be distinguished from background fluorescence, is 

dete,mined by the LightCycle software (Roche). During early cycles all the reaction 

components are fresh and in plentiful supply, leading to efficient replication. This is the 

exponential phase and is most useful for quantification purposes . As the reaction 

progresses, components become limiting and the rate of replication slows until eventually a 

plateau is reached and no further significant increase in fluorescence is seen . 
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3.2 Expression of peroxiredoxin Ill mRNA 

Blood samples (8 mL where possible) were collected from patients immediately before, and 

three weeks after their first dose of chemotherapy. All patients received chemotherapy with 

epirubicin, however it should be noted that a cocktail of drugs is usually used. Therefore, it 

can not be ascertained with any certainty whether any changes in prx Ill expression are due 

solely to treatment with epirubicin. Patients also received varying doses of the 

chemotherapeutic cocktai l, which was modified for each patient. The cocktail and dose 

received by each patient was not known at the time of writing. 

Patient samples were collected in EDT A- or heparin-coated vacutainers, to prevent 

coagulation, and stored on ice. White blood cells were isolated as soon after collection as 

possible. Following isolation of white blood cells , RNA was extracted and l µg of RNA 

was used in first-strand cDNA synthesis reactions. Real time RT-PCR was performed using 

the program outlined in table 2.4. The primer sequences are given in figure 3.2. P-actin 

primers were designed by Kelly Senior (Massey University, Palmerston North) and 

produced an amplicon of 189 bp. Prx lll primers were designed by Lehtonen et al. (2005) 

to give an amplicon of 352 bp. Both primers were designed to span an intron-exon 

boundary, to prevent amplification of genomic DNA. To confim1 that the primers did not 

amplify genomic DNA, cDNA synthesis reactions were carried out minus reverse 

transcriptase. Real time RT-PCR experiments using the cDNA minus reverse transcriptase 

reaction products did not produce a product with either primer pair. This confirmed that the 

primers did not amplify genomic DNA. 
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p-actin forward primer 5' GGGAAA TCGTGCGTGACA T 3' 

P-actin reverse pimer 5 ' GAAGGAAGGCTGGAAGAGTG 3 ' 

Prx lil sense primer 5' CTTGGTGTATTTATCCAGGCAAGATGGC 3' 

Prx Ill antisense primer 5' GGCCTGCTGCATGTGGAAGAACGA 3 ' 

Figure 3.2 Primer sequences 

P-actin primers were designed by Ke lly Senior (Massey Univers ity, Palmerston orth), to 

produce an amplicon of 189 base pa irs (bp). Prx Ill primers were designed by Lehtonen et 

al. (2005) to produce an amplicon of 352 bp. 

3.3 Specificity of prx III primers 

Specificity of the prx Ill primers was detem1ined by restriction enzyme digestion 

experiments and DNA sequencing of the PC R product. PC R was performed (section 

2.11.1) to g ive a product of approximately 350 base pairs, as shown in lane four of figure 

3.3. PCR with the P-actin primers al so produced a product of the expected size (l ane two). 

To confirm that this product was due to amplification of prx lll, the product was isolated 

using the PureLink™ PC R Purification kit (lnvitrogen) and digested using the restriction 

endonuclease Sphl. This was expected to produce two products, one of I 09 bp and a second 

of 243 bp. The products of this digestion were examined using agarose gel e lectrophoresis. 

The results of the enzyme digest are shown in figure 3.4. Lane one contains IO µL of a I kb 

plus DNA ladder, used to give an indication of the s ize of PC R and digestion products. 

Lane two contains IO µL of the restriction enzyme digestion reaction. Two bands of the 

expected sizes are clearl y visible in this lane. The digestion was only partially complete as 

there is still some visible undigested PCR product, which is the same size as the product in 

the undigested PCR sample loaded in lane three. A small amount of primer dimer is visible 

at the bottom of lane three. These results support the conc lusion that the prx Ill primers are 

specific for prx Ill. 

To further confirm that the PCR product was prx III , the purified PCR product was also 

sent to Lorraine Berry at the Allan Wilson Centre Genome Sequencing Service (Massey 

University, Palmerston North) to be sequenced. The sequence of the PCR product, aligned 
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with the mRNA sequence of prx Ill, NCBI accession number NM006793, is shown in 

figure 3.5. The sequences align , with only a few uncalled bases at each end of the PC R 

product sequence (top line) and a single mismatch within the sequence, which may be due 

to a polymorphism. A portion of the chromatogram obtained during DNA sequencing is 

presented in appendix twelve. 

These experiments confirm that the prx I 11 primers are specific for peroxiredoxin Ill. 
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P-actin and peroxiredoxin 111 PCR products. 

PCR was performed with ~-actin (lane 2) or peroxiredoxin Ill (lane 4) primers and cD A 

prepared from MCF7 a the template. Negative control reactions with water were also 

performed and are shown in lanes I (~-actin primers) and 5 (prx Ill primers). 10 µL (1/5) of 

each PCR reaction was separated on a 0.7% agarose gel in I x TAE buffer by 

electrophoresis at I 00 V for approximately one hour. IO µL of I kb plus ladder was loaded 

in lane 3. D A was visualized by incorporation of ethidium bromide (0.5 µg/mL) into the 

gel and running buffer, and exposure to UV light. The sizes of the molecular size markers 

are shown on the left in base pairs (bp). PCR with ~-actin primers produced a product of 

approximately 190 bp; whi le PCR with prx Ill primers produced a product of 

approximately 350 bp. Expected sizes were 189 bp and 352 bp respectively for ~-actin and 

prx III. 
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Figure 3.4 
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Digestion of the peroxiredoxin Ill PCR product with Sphl. 

PCR was perfonned us ing prx III primers and MCF7 cDNA, and digested with the 

restri cti on enzyme Sph l. The digested PC R product and an undigested control sample were 

separated on a 0.7% agarose gel in I x TA E buffer by electrophoresis at 100 V for 

approximately one hour. DNA was visualized by incorporation of ethidium bromide into 

the gel and running buffer, and exposure to UV light. T he sizes of the molecular markers 

are given on the left, in base pairs (bp). Lane one conta ins IO µ L of a I kb plus ladder. Lane 

two contains IO µL of the digestion reaction. Lane three contains IO µ L undigested PC R 

product. Digestion of the PC R product w ith Sphl produced two products ( lane two); one of 

243 bp and the other of I 09 bp. Digestion was incomplete with some product remaining 

undigested. 
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32' CTTKGTGTATTTATCCAGGCAAGATGGCTAAAGTGGGAATCCACTGAGAC 277 

:II = 1111111111111111111111111 11111111111111 111111 
486 cttggtgtatttatccaggcaagatggctaaagtgggaatccactgagac 437 

276 TGCGACAACTTCACAGTTCACATCGTGAAATTCGTTAGCTTTGTCACTAA 227 

111111111111111111111 1111111111111111111111111111 
436 tgcgacaacttcacagttcacgtcgtgaaattcgttagctttgtcactaa 387 

226 AAGCAACAATTTCTGTAGGACACACAAAGGTGAAATCCAAAGGATAGAAG 177 

111 II I I 11 11 I I I I I I I I 11 I I I I I I 11 I I I I I I 11 I I 111 11 I I I I I I 
386 aagcaacaatttctgtaggacacacaaaggtgaaatccaaaggatagaag 337 

17 6 AAAAGCACCAAATATTTCCCCTTAAAGTCATCAAGGCTTAGGTCTTTGAA 127 

111111 1111111111111111 11 111 11 I 11 11 1111111111 111111 
336 aaaagcaccaaatatttccccttaaagtcatcaaggcttaggtctttgaa 287 

126 CTCTCCATTGACAACGGCTGTACCCTTAAAATAGGGTGCATGCTGGGTGA 77 

1111 I I I 11 11 I I I I I I I I 11 I I I 11 I 11 I I I I I 111 I I I I I 11 I I I I I I 
286 ctctccattgacaacggctgtacccttaaaatagggtgcatgctgggtga 237 

76 CAGCAGGTGCATGGCATGAGGAACTGGTGCTGAATAATTTTKCTTG.SCK 28 

II I I I I I I I I I I I I I I I I I 11 111 I I I I I I I I 11 111 11 I I : 11 I I : : 
2 36 cagcaggtgcatggcatgaggaactggtgctgaataattttgcttgactg 187 

27 GMWYWGWYAYACMATGM 11 
I ::: I : 11 : I I : 

18 6 gaaccagaacacaataa 170 

Figure 3.5 Alignment of PCR product sequence and prx Ill mRNA 

sequence 

PCR was performed using cD A prepared from MCF7 cells and prx Ill primers. The 

product was purified using the PureLink™ PCR Purification kit (lnvitrogen) and sequenced 

by Ms Lorraine Berry at the Allan Wilson Centre Genome Sequencing Service (Massey 

University, Palmerston North)(top line). Prx Ill mRNA sequence (lower line) was obtained 

from the NCBI nucleotide database (accession number NM006793). Sequences were 

aligned using BestFit. A portion of the chromatogram obtained during D A sequencing is 

presented in appendix twelve. 
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3.4 Determination of optimal primer concentrations 

The optimal primer concentration was determined before real time RT-PCR was used for 

quantification experiments. Figure 3.6 shows the shift in amplification curves when primer 

concentration was too low. Two different dilutions, l/10 and 1/ 100, of a cDNA sample 

were used. The purple (I / 10) and brown (I / I 00) lines show amplification curves for 

reactions where the prx lil primers are at a final concentration of 100 nM. The cyan and 

blue lines show the same samples amplified using primers at a final concentration of 50 

nM. The cyan and blue lines are offset to the right, compared to the purple and brown lines. 

This is because the reduced amount of primer limited the PCR reaction, increasing the 

number of cycles required for amplification. 

To determine the optimal pnmer concentrations, real time RT-PCR reactions were 

performed using final primer concentrations ranging from 50 nM to 400 nM for both the ~

actin and prx Ill primers. The products were examined using a combination of melting 

curve analysis and agarose gel electrophoresis . Examples of melting peaks and agarose gel 

electrophoresis results are presented in appendix eight, nine and ten. 

The optimal concentrations were found to be 200 nM for the ~-actin primers and I 00 nM 

for prx lll. Although optimizing the prx llI primer concentration greatly reduced primer 

dimer formation , the prx lll primers were capable of dimer formation therefore an 

additional step was added to the cycle program as an extra precaution . Before fluorescence 

was detected at the end of each round of amplification, the temperature was raised to 85°C. 

This was expected to melt any prx Ill primer dimers , preventing their contribution to the 

fluorescence readings (Ball et al. , 2003). 
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Cycles 

Low primer concentration results in a shift in amplification 

curves. 

A sample of cDNA was diluted 1/10 and 1/100 in sterile water. Real time RT-PCR was 

performed on these two diluted samples with primers at a final concentration of I 00 nM 

(purple and brown lines respectively) or 50 nM ( cyan and blue lines respectively) . The cyan 

and blue lines are shifted to the right, compared to the purple and brown lines . This is a 

result of limiting primer concentration, and shows that 50 nM is not suitable as a final 

concentration for prx lil primers. 
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3.5 Determination of average primer efficiency 

Relative quantification was performed using a method first described by Pfaffl (200 I). This 

method requires determination of the average efficiency of each primer pair. To determine 

the average efficiency, a series of dilutions (1/5, 1/10, 1/50, 1/ 100, 1/500) of white blood 

cell first strand cDNA were created and used in real time RT-PCR experiments (section 

2. 12). A standard curve of log concentration versus fluorescence was produced and the 

efficiency was calculated by the LightCycler 480 software ( Roche). The effi ciencies 

determined from ten individual standard curves, generated over a number of days, were 

used to calculate the average efficiency. A sample of the data used to generate the standard 

curves is presented in appendix three. The average efficiencies of the ~-actin and prx Ill 

primers, ca lculated from the efficiencies listed in table 3. 1, were found to be 1.97(±0.015) 

and 1.96 (±0.045) respectively. These are acceptable for use in quantification as the highest 

possible efficiency for PCR is 2.00. 
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Prx III efficiency P-actin efficiency 

Table 3.1 

2.03 1.969 

1.971 1.986 

1.937 1.991 

1.927 1.961 

1.940 1.942 

2.032 1.991 

1.959 1.973 

1.968 1.962 

1.900 1.967 

1.909 1.976 

Efficiency values determined from ten individual standard 

curves. 

A series of dilutions (1 /5, 1/10, 1/50, 1/100, 1/500) of cDNA were generated and used in 

real time RT-PCR experiments to produce ten standard curves . These standard curves were 

used to calculate the efficiency of each primer pair. The averages of ten such efficiencies 

were used in subsequent re lative quantification calculations. The average efficiency for the 

~-actin primers was 1.97 (±0.015), while the average efficiency for the prx Ill primers was 

1.96 (±0.045). Appendix three shows a sample of the data used to calculate these 

efficiencies. 
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3.6 Fold change in prx Ill mRNA 

The fo ld change in prx Ill mRNA was calculated using the formula shown below. 

Where: 

E C before - C After 
Prx Ill T T 

E C before - C After 
P-actin T T 

E is the effi ciency of the indicated primer pair 

Cr before is the threshold cycle of the indicated gene for the sample taken 

before treatment. 

C/ ncr is the threshold cycle for the indicated gene for the sample taken 

after treatment. 

This formula was first reported by Pfaftl (200 I) as a method for calculating relative 

expression levels of a gene of interest. Nom1alisation to a house-keeping gene, such as ~

actin, controls for differences in R. A quality and total cD A quantity. Unlike other 

methods used for relative quantification, such at the L'.11'.1C r method, this formula also allows 

for correction for differences in primer efficiency. 

Each sample was analysed in triplicate with the average thresho ld cycle (Cr ), as calcu lated 

by the LightCycler 480 software, being used to calculate the fo ld change. ~-actin and prx 

llI reactions for each sample to be compared were run at the same time. Where possible the 

average fold change was calculated from three separate experiments. The average fo ld 

changes for patient samples are shown in table 3.2, and changes for control samples are 

shown in table 3.3. All calculated fo ld changes and a sample calculation are given in 

appendix two. A sample of the data used to calculate the fold change values is presented in 

appendix six. 

Two patients, patient two and patient three, showed a statistically significant increase in prx 

Ill mRNA three weeks following the first dose of chemotherapy treatment. One of these 

patients, patient three, also showed a further increase in prx Ill mRNA following the second 
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dose of chemotherapy. However, this patient also received treatment for a serious infection 

during the course of this study. It is unknown whether this would have influenced prx III 

expression as little is known about the expression and regulation of this gene. No other 

patients were followed beyond the first dose of treatment. One patient, patient five , showed 

a statistically significant decrease in prx III mRNA expression following chemotherapy. 

The remaining patients, patient one and patient four, showed no statistically significant 

changes in prx Ill mRNA following the first dose of chemotherapy. 

Patient Average Two-tailed 

fold change p-value 

One 0.731 0 .1853 

Two 2.22* 0 .0084 

Three 1.33 7* 0.0013 

Three 2.33 * 0 .0012 

(Round 2) 

Four 0.734 0 .0916 

Five 0.527* 0.002 

Table 3.2 Prx Ill fold changes calculated for patients 

Real time RT-PCR was perfom1ed using cDNA prepared from white blood cell samples 

collected immediately before and three weeks after chemotherapy. Where possible the 

results of three experiments were used to calculate the average fold change. * denotes a 

statistically significant difference from the hypothetical mean of 1.0, or no change, as 

determined by a one-sample, two-sided t-test (p < 0.05). Patients two and three showed 

statistically significant increases in prx Ill mRNA, while patient five showed a statistically 

significant decrease in prx lll mRNA three weeks following the first dose of chemotherapy. 

Patient three showed a further increase in prx Ill mRNA three weeks following a second 

dose of chemotherapy. A sample of the data used to calculate these fold change values is 

presented in appendix six. All calculated fold changes used to determine average fold 

changes are presented in appendix two. 
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Fold L\ between first and Fold L\ between second and 

second sample third sample 

Control Average fold Two-tailed p- Average fold Two-tailed p-

change value change value 

One 1.03 0.4899 1.26 0.3 143 

Two 1.26 0.297 0.78* 0.0082 

Three 1.24 0.4 11 6 1.4 14 0.07 1 

Four 1.363* 0.0255 1.10 0.6854 

Table 3.3 Prx Ill fold changes calculated for all control samples 

Real time RT-PC R was performed using cD A prepared from white b lood cell samples 

collected from control samples co llected at three week interva ls. Where po s ible the results 

of three experiments were used to calculate the average fo ld change. * denotes a 

statisticall y significant d ifference from the hypothetica l mean of 1.0, or no change, as 

determi ned by a one-sample, two-sided t-test (p < 0.05). All calculated fold changes used to 

determi ne average fo ld changes are presented in appendix two. 

One of the con trol subjects showed a sma ll but statisticall y significant increase in prx Ill 

mRNA between the first and second sample, collected three weeks apart. However, no 

fu rther increase was seen between the second and third sample, which were also collected 

three weeks apart. Another control subject showed no s ignificant change in prx lll m RNA 

between the first and second sample. However a small , but statistically s ignificant change 

was seen between the second and third sample. These changes were also smaller than the 

changes seen in most of the patient samples. 

The sample sizes in this study were too small to draw any conclusions; however the results 

suggest that prx lll mRNA levels do not fluctuate greatly in the white blood cells of most 

healthy people. In contrast, some patients undergoing chemotherapy with epirubicin may 

show changes in prx Ill mRNA expression. SDS-PAGE fo llowed by western blotting was 
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used in an attempt to determine whether these changes were translated into changes in prx 

Ill protein levels. 

3.7 Expression of prx III protein 

SOS-PAGE was performed using 20 µg (control samples) or 30 µg (patient samples) of 

total protein, and proteins were then transferred to a PVDF membrane (section 2.6) . Prx I1I 

was detected using a mouse monoclonal anti-prx llI ( 12B) antibody (Santa Cruz) , at a 

dilution of 1/1000. P-actin was detected using a mouse monoclonal anti-P-actin (AC-74) 

antibody (Sigma) at a dilution of 1/2500. HRP-conjugated rabbit anti-mouse antibody 

(Sigma) was used at a dilution of 1/5000 to detect both primary antibodies . 

A number of problems were encountered during the optimization of the SOS-PAGE and 

western blot experiments. Initially a polyclonal goat anti-prx III antibody (Santa Cruz) was 

used to detect prx lll. Following several unsuccessful attempts to detect prx lll, the 

antibody was tested on purified histidine-tagged prx III (Sapphire BioScience) and found 

not to detect prx lll. Therefore, a new mouse monoclonal antibody to prx III (Santa Cruz) 

was ordered and tested on purified prx Ill . This was found to detect the purified protein. 

The method initially used to extract total protein also did not release prx III from 

mitochondria. As a result, prx III was collected with the cellular debris during 

centrifugation, and discarded. A number of different extraction methods were trialled 

before an appropriate method for the extraction of prx lll was identified. A further problem 

was found with the membrane being used . A nylon membrane was initially used during the 

transfer of proteins for immunoblotting, however this was found not to hold protein well , as 

a second membrane placed behind the first during transfer was found to "capture" a 

reasonable amount of protein. Using PVDF for western blot experiments appears to rectify 

this problem. 

Figure 3.7 shows western blot results for all available control samples and figure 3.8 shows 

western blots for all available patient samples. Initially relative quantification and 

normalization of prx III signals was to be attempted, however a number of problems 

prevented this. 
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As seen in figures 3.7 and 3.8 (lower panel), western blotting of ~-actin resulted in a 

number of bands rather than a single clear band. A cluster of approximately seven bands 

was seen in most samples, however in longer exposures additi onal bands were also seen 

above these seven bands (figure 3.9). This may be due to non-specific binding of the 

antibody or degradation of the samples during white blood ce ll isolation or protein 

extraction. The regular appearance of the same seven bands, as well as the higher molecular 

weight bands would support non-specific binding of the antibody. Furthermore, there was 

no evidence to suggest that prx Ill was degraded, however degradation of the samples can 

not be ruled out. SOS-PAGE and western blotting of an MCF7 cell extract alongside a 

white blood cell extract showed a sing le band of the same electrophoretic mobility as the 

largest of the seven regular bands (appendix seven), therefore this band was expected to be 

~-actin. As one of the other bands showed a very similar electrophoretic mobility to ~-actin, 

separation of these bands for quantification would not have been possible. As a result, 

quantification was not attempted. 

~-actin was also much more abundant than prx 111. Loading 20 µg or 30 µg of total protein 

gave clear bands for prx 111 after exposing the membrane to x-ray film for 3 minutes whi le 

~-actin gave indistinguishable bands after only five seconds. Loading on ly IO µg total 

white blood cell protein was attempted, however the prx III signal often became too weak 

to be detected, even after longer exposures . Another loading control, a-tubulin, was also 

tria lled. However, as shown in appendix fi ve, the antibody gave a single clear band for 

MCF7 control extracts, but a-tubulin was not detected in white blood cell extracts. The 

reason for this remains unclear. 
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Western blot results for all control samples 

One blood sample was taken from control subjects (odd numbered lanes) and a second was 

taken three weeks later (even numbered lanes). White blood cells were isolated and total 

protein as ex tracted. 20 µg of total protein was separated on a I 0% SDS-PAG E gel and 

immunoblotted to detect prx Ill (upper panel). The membrane was stripped overnight in 0.1 

M glycine, pH 3.0, to remove bound antibody, then blotted to detect ~-actin (lower panel). 

Experiments using MCF7 extracts suggest the highest band in the lower panel is ~-actin 

(appendix seven). The cause of the other bands seen in the lower panel remains 

undetermined. 

Lane Contents 

20 µg control one, sample one 

2 20 µg control one, sample two 

3 20 µg control two, sample one 

4 20 µg control two, sample two 

5 20 µg control three, sample one 

6 20 µg control three, sample two 

7 20 µg control four, sample one 

8 20 µg control four, sample two 
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Figure 3.8 Western blot results for all patient samples 

One blood sample was taken from patients immediately before chemotherapy ( odd 

numbered lanes) and a second sample was taken three weeks following chemotherapy 

(even numbered lanes). White blood cells were isolated and total protein as extracted. 30 

µg of total protein was separated on a I 0% SDS-PAG E gel and immunoblotted to detect 

prx Ill (upper panel). The membrane was stripped overnight in 0.1 M glycine, pH 3.0, to 

remove bound antibody, then blotted to detect ~-actin (lower panel). Experiments using 

MCF7 ex tracts suggest the highest band in the lower panel is ~-actin. The cause of the other 

bands seen in the lower panel remains undetermined. Some prx Ill remained in dimer form 

(red arrow) despite boiling sample with treatment buffer containing ~-mercaptoethanol for 

a minimum of five minutes. 

Lane 

2 

3 

4 

5 

6 

7 

8 

Contents 

30 µg patient one, sample one 

30 µg patient one, sample two 

30 µg patient two, sample one 

30 µg patient one, sample two 

Empty 

Empty 

30 µg patient three, sample one 

30 µg patient three, sample two 
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Lane 

Figure 3.9 

2 3 

~-actin 

Longer exposures showed higher molecular weight bands 

were detected by the P-actin antibody 

White blood cell extracts were separated by 10% SOS-PAGE at 120 V for approximately 

90 minutes, transfen-ed to PVDF membrane at 450 mA for 90 minutes and immunoblotted 

to detect ~-actin. The membrane was exposed to x-ray film for two minutes . A number of 

higher molecular weight bands were detected (blue an-ows). 

Lane 

2 

3 

Contents 

40 µg white blood cell extract 

30 µg white blood cell extract 

20 µg white blood cell extract 
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A further problem was incomplete denaturation of prx Ill d imers. Despite boiling samples 

for a minimum of five minutes with treatment buffer containing P-mercaptoethanol, some 

prx Ill remained in dimer form. This was detected as a second band at approximately 55 

kDa, as seen in figure 3.8 (red arrow). Quantification can not be carried out when there are 

two distinct bands for a protein. 

Finally, normalization and quantification from immunoblots usually requires bands to be 

compared to be exposed to x-ray film at the same time. This is to ensure that differences in 

exposure time or chemiluminescence solution do not influence the results. As prx Ill is 

approximately 27 kDa in size, and P-actin is 42 kOa, cutting the membrane at 37 kOa was 

attempted. This would have al lowed the upper half of the membrane to be used to detect P

ac tin, and the lower half to detect prx Ill at the same time. However, this was found to 

destroy the prx 111 signal. Therefore, the antibodies were stripped off the membrane 

between detection of prx Ill and P-actin. This, combined with multiple P-actin bands , 

means that quantification and normalization could not be perfom1ed. 

As patient samples and time were limited, rectifying these problems was not possible 

during this study. Triplicates were not performed, to preserve remaining protein for future 

work, when these problems may be over-come. Unfortunately not all patient samples could 

be separated by SOS-PAGE and immunoblotted due to insufficient available sample. 

A further method which can give an indication of protein loading is staining proteins in a 

polyacrylamide gel using Coomassie R-250 stain. Proteins can not be transferred to PVDF 

membrane for immunoblotting fo llowing staining therefore staining identical gels or 

loading duplicate samples on a gel and cutting the gel so that one sample can be transferred 

and the other is stained is required. An example of a Coomassie stained SOS-PAGE gel is 

given in appendix four. A 20 µg sample of the first (odd numbered lanes) and second (even 

numbered lanes) total protein extract, collected from control subjects three weeks apart, 

was separated on I 0% SOS-PAGE. Overall, loading between the first and second sample of 

most control subj ects appears to be similar. However, there appear to be some differences 

in the relative intensities of some of the bands between paired samples. For example, two 
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prominent bands seen in lane one are much less prominent in lane two. While every effort 

was made to ensure equal protein loading between lanes, some small differences were 

evident. This emphasizes the importance of using an internal control for protein loading for 

quantitative immunoblotting. 

An additional problem, wh ich reduced the time available to collect patient samples, was 

with the ethical approval for this study. Any changes to a study, including to patient 

consent forms or the information collected from patients must receive a new approval from 

the ethics committee. Following the initial ethical approval, it was determined that 

additional patient infom1ation should be collected for use in future analysis of the results. 

Therefore a second application to the ethics committee was required, which delayed the 

start of patient sample collection to late in 2007. 

Due to all the problems outlined in this section, no conclusions can be drawn from the 

immunoblot results obta ined in this study. The questions of whether the results obtained 

using real time RT-PCR are physio logically significant or reflected in protein levels remain 

unanswered at thi s point. 

3.8 Chapter summary 

Real time RT-PC R was used to examine prx Ill mRNA expression in the white blood cells 

of patients undergoing chemotherapy w ith epirubicin and control subjects. Specificity of 

the prx Ill primers was confirmed by restriction endonuclease digestion and DNA 

sequencing of the PC R product. Primer concentrations were optimized before real t ime RT

PCR was used to quantify prx Ill expression. To control for differences in RNA quality and 

total cDNA quantity, changes in prx Ill were normalized to P-actin. 

White blood cell s were collected from cancer patients immediately before and three weeks 

after chemotherapy, or from healthy controls at three week intervals. The results presented 

in this chapter suggest that some patients may show a ltered prx lil mRNA expression three 

week fo llowing chemotherapy with epirubicin. In contrast, results obtained with control 

subject samples suggest that prx llI mRNA levels may not normally fluctuate significantly. 
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However, sample sizes were too small to draw any conclusions about the expression of prx 

III mRNA. 

As changes in mRNA are not necessarily reflected in protein levels, SOS-PAGE and 

western blotting experiments were carried out to examine prx lII protein expression. 

However, due to a number of problems which could not be rectified in the time available, 

these results were inconclusive. 

61 



Chapter Four: Formation of complexes 

4.1 Introduction 

A number of studies have reported that the typical 2-cysteine peroxiredoxins, including prx 

Ill, are capable of forming higher molecular weight complexes. In particular, a decameric 

ring structure has been identifi ed (Moon et al. , 2005; Cao et al., 2007). The higher 

molecular weight structures have been shown to possess little peroxidase activity, and 

instead appear to act as mo lecu lar chaperones, preventing the unfolding and aggregation of 

a wide variety of proteins (Moon et al. , 2005). The signal to switch between the dimer and 

decamer structures remains unclear, however it has been suggested that ox idative stress 

may play a role in this switch . Cao et a l. (2007) report that reduced prx lll collects into 

higher mo lecular weight structures, while oxidized prx Ill is o rganized into dimeric 

structures, and was only found to form higher molecular weight structures at much higher 

protein concentrations ( IO mg/ml). Such high protein concentrations may not be re levant in 

vivo. These results suggest that at times w here there is less intracell ular H20 2 and abundant 

prx 11 I, prx II I may take on a second role as a molecular chaperone. When H20 2 increases 

in response to various cellular signals, prx Ill activity returns to the main task of H20 2 

removal. 

The aim of the work presented in this chapter was to examine prx Ill higher molecular 

weight complex formation in MCF7 cells exposed to doxorubicin and in white blood cells 

of control subjects and patients undergoing chemotherapy with epirubicin . Native PAGE 

coupled w ith western blotting was used to examine complex formation. Unlike in SDS

PAGE, in native PAGE proteins are not denatured before being separated by 

polyacrylamide gel electrophoresis. Instead, proteins are separated on the basis of bo th size 

and charge. As a result complexes remain intact, and can be detected due to d ifferent 

mobi lities in the polyacrylamide gel. 

4.2 Detection of higher molecular weight complexes in MCF7 cells 

MCF7 cells were exposed to 3 µM doxorubicin for O (control), 2 or 24 hours before total 

protein was extracted. This concentration of doxorubicin was chosen as the same 
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concentration was used in the study which identified prx III as possibly being up-regulated 

following exposure to doxorubicin. Higher doxorubicin concentrations also result in too 

much cell death . Protein extracts were separated on a 6% polyacrylamide gel, transferred to 

a PVDF membrane and immunoblotted to detect prx Ill. A mouse monoclonal anti-prx Ill 

( 12B) antibody (Santa Cmz) diluted 1/ 1000 and a rabbit anti-mouse antibody conjugated to 

HRP (Sigma) diluted 1/5000, were used to detect prx Ill-containing complexes. These 

experiments were repeated four times. Figure 4.1 shows two representative immunoblot 

results. Higher mobility complexes were detected in all samples (blue arrows). Lower 

mobility complexes were detected in most MCF7 samples, in varying quantities. This 

suggests that cell s usually contain some prx Ill in larger complexes however, as native 

PAGE separates proteins on the basis of both size and charge, it is not possible to estimate 

the sizes of the complexes detected this way. However, the higher mobility band is 

expected to be prx lll dimer. The lower mobility band may be due to the decameric prx lll 

structure, however other complexes of the various peroxiredoxins have also been reported 

and these can not be rul ed out. There was no clear correlation between doxorubicin 

exposure and changes in the amount of higher molecular weight complex detected. Instead, 

these results suggest that prx lll lower mobility complexes may normally fluctuate w ithin 

ce lls. 

63 



Lane .. 

.. 

1 2 3 4 5 6 

Figure 4.1 Native PAGE and western blotting of MCF7 extracts 

Total prote in extracts were prepared from control (unexposed) MC F7 ce lls ( lane I and 4), 

and ce lls exposed to 3 µ M doxorubic in for two hours ( lane 2 and 5) or 24 hours (lane 3 and 

6) on two di fferent days. Samples were separated on 6% nati ve po lyacrylamide gels at 120 

V for approximate ly 90 minutes, transferred to PVDF membrane at 450 mA for 90 minute , 

and immunoblotted to detect prx Ill. Higher mobility complex (blue arrows) was detected 

in a ll samples and is expected to be prx III dimer. Lower mobility complex was also 

detected in most samples to varying degrees (red arrow). Some protein rema ined stuck in 

the stacking gel (green arrow). These experiments were repeated four times, and the results 

shown are representati ve of these expe riments. 

Lane Contents 

20 µg MC F7 total protein, unexposed 

2 20 µg MCF7 total protein, 2 hour exposure 

3 20 µg MCF7 total protein, 24 hour exposure 

4 20 µg MC F7 total protein, unexposed 

5 20 µg MCF7 tota l protein, 2 hour exposure 

6 20 µg MCF7 total protein, 24 hour exposure 
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The variation in the amount of lower mobility complex detected in MCF7 extracts may also 

be due to differences in protein loading. As many common loading controls are known to 

form complexes with other proteins in vivo , it is not possible to directly control for 

differences in loading. One method for estimating whether protein loading was similar is to 

seperate identical sample volumes by SOS-PAGE and immunoblot with a loading control 

such as P-actin. However, this can only give a rough estimate of protein loading as 

differences in pipetting and transfer efficiency can not be controlled for. 

4.3 Detection of higher molecular weight complexes in white blood cells 

Native PAGE was also performed using patient and control samples extracted from white 

blood cells . Figure 4.2 shows immunoblot results for patient samples, and figure 4.3 shows 

immunoblot results for control samples. To give an indication of total protein loading, 

immunoblot results of similar SOS-PAGE experiments are also shown where possible 

(lower panels) . All white blood cell extracts showed a higher mobility complex, predicted 

to be the dimer, and a much lower mobility complex. The amount of lower mobility 

complex appears to fluctuate between the first and second, or pre and post samples. 

However, as the loading control shows, loading was not entirely equal for some samples. 

These results are therefore difficult to interpret, particularly as the loading control could not 

be quantified. The results for a number of samples suggest that the apparent fluctuations in 

prx Ill higher molecular weight complex may not be solely due to differences in protein 

loading. For example, the SOS-PAGE results for control one (Figure 4.3 lanes I and 2, 

lower panel) suggest that sample loading may have been similar, perhaps with slightly more 

protein in lane one than lane two. However, the native PAGE results show an increase in 

lower mobility complex between sample one and sample two (figure 4.3 lanes I and 2, 

upper panel). The differences seen in lower mobility complex were reproducible. These 

results suggest that differences in protein loading may not be able to fully account for 

fluctuations in lower mobility complex formation in white blood cells. Instead, the amount 

of prx III lower mobility complex present in white blood cells may fluctuate, perhaps in 

response to oxidative or other stress. Patient samples also showed fluctuations in lower 

mobility complex formation, however with such a small number of samples and an absence 

of loading control data for some samples due to limited available protein, no correlation 
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between lower mobility complex formation and chemotherapy could be identified. A 

further consideration is that while doxorubicin and epirubicin function to increase 

intracellular H20 2, these drugs are often cleared rapidly from a patient's bloodstream 

(Ralph et al. , 2003). As a result, it is probable that no correlation will be seen between 

treatment and lower mobility complex formation in samples taken three weeks after 

treatment. Therefore, performing such experiments with samples taken in the period 

immediately fo llowing treatment, when epirubicin is still present in the bloodstream, may 

be more usefu l. 

A small number of samples appeared to conta in an additional prx Ill-containing complex, 

of a slightly lower electrophoretic mobility than the lowest molecular weight structure 

(green arrow, figure 4.2). This band was reproduc ible; however it was not possible to 

estimate the size of this intermediate complex from native PAGE experiments. Therefore, it 

is not possible to draw any conc lusions about this complex. 

These results suggest that the formation of prx Ill lower molecular weight complexes may 

fluctuate within cells. As it appears that the higher molecular we ight complexes are fom1ed 

from reduced prx Ill (Cao et al. , 2007), this would support the suggesti on that lower 

mobility complexes are formed when there is more prx III than is required for the removal 

of H20 2. As H20 2 fluctuates, as part of signaling pathways, due increased electron transport 

chain leakage or in response to external stimuli, the amount of prx Ill required for H20 2 

removal also fluctuates. 
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Lane 2 3 4 5 6 7 8 9 10 

P-actin 

Figure 4.2 Representative western blot results for patient samples 

Total protein extracts were prepared from white blood cells collected from patients 

immediately before chemotherapy (lanes I, 3, 5, 7 and 9) and three weeks after ( lanes 2, 4, 

6, 8, I 0) chemotherapy with epirubicin. Samples were separated on 6% native 

polyacry lamide gels at 120 V for approximately 90 minutes, transferred to PVDF 

membrane at 450 mA for 90 minutes, and immunoblotted to detect prx Ill (upper panel). 

Higher mobility complex (blue arrows) was detected in all samples and is expected to be 

prx III dimer. Lower mobili ty complex was also detected in all samples in varying amounts 

(red arrow). Some samples showed an additional complex (green arrow), which remains 

unidentified. 30 µg total protein was also separated by 10% SOS-PAGE and western 

blotted using the same conditions to detect P-actin (lower panel), where sufficient sample 

was available. These results are representative of duplicate, and in some cases triplica te, 

experiments. 

Lane 
1 &2 
3&4 
5&6 
7&8 
9& 10 

Contents 
20 µg total protein patient one 
20 µg total protein patient two 
20 µg total protein patient three 
20 µg total protein patient four 
20 µg total protein patient five 
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Lane 2 3 4 5 6 7 8 

+--

Figure 4.3 Representative western blot resu lts for control samples 

Total protein extracts were prepared from white blood cells collected from control subjects. 

Sample two (lanes 2, 4, 6, 8, I 0) was taken three weeks after sample one (lanes I, 3, 5, 7 

and 9) . Samples were separated on 6% native polyacrylamide gels at 120 V for 

approximately 90 minutes , transferred to PVDF membrane at 450 mA for 90 minutes, and 

immunoblotted to detect prx Ill (upper panel) . Higher mobility complex (blue arrows) was 

detected in all samples and is expected to be prx lll dimer. Lower mobility complex was 

also detected in all samples in varying amounts (red arrow). 20 µg total protein was also 

separated by 10% SOS-PAGE and western blotted using the same conditions to detect~

actin (green arrow, lower panel). Results presented here are representative of duplicate 

experiments. 

Lane 

1&2 

3&4 

5&6 

7&8 

Contents 

20 µg total protein extract, control one 

20 µg total protein extract, control one 

20 µg total protein extract, control one 

20 µg total protein extract, control one 
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4.4 Chapter summary 

Native PAGE experiments coupled with western blotting were used to examine prx I ll 

lower mobi lity complex formation in MCF7 cells in culture in response to treatment with 

doxorubicin. The results suggest that cells contain at least some prx Ill in lower mobi lity 

complexes. The amount of lower mobili ty complex detected appeared to fluctuate between 

samples; however no correlation between lower mobi li ty complex formation and 

doxorubicin exposure could be established. As loading differences could not be controlled 

for, it was not possible to determine if these fl uctuations were due to differences in the 

amount of protein loaded, even though every effort was made to load equivalent amounts of 

protein. 

The same experiments were repeated using control and patient white blood cells. Again, 

sample sizes were too small to draw conclusions, and controlling for differences in prote in 

loading was d ifficu lt. However, in a number of cases there was a clear difference in the 

amount of lower mobil ity complex detected between the first and second sample of the 

same subject. These differences were reproducible, and did not always correlate w ith the 

results obtained for the loading control. This suggests that the amount of lower mobility 

complex may fluctuate in white blood ce lls, perhaps in response to changes in H20 2 

concentration. 
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Chapter 5: Inactivation of peroxiredoxin III 

5.1 Introduction 

A number of studies have shown that prx Ill can be reversibly inactivated through over

oxidation of the active cysteine residue upon exposure to increasing amounts of H20 2. 

Over-oxidation prevents dimer formation, which in tum prevents reduction of hydrogen 

peroxide. The physiological significance of this remains to be e lucidated, however it has 

been postulated that this may play a role in the detection of increasing H20 2 produced as 

part of a cellular death signal. 

Over-oxidation of prx II I results in a shift in the isoelectric point (pl) of the protein by 0.2 

to 0.3 pH points. This can be detected as a more acidic, "satel lite spot" in 2DE (Biteau et al. , 

2003). To examine whether prx Ill was significantly over-ox idised in MC F7 cells following 

treatment with doxorubicin for two hours or 24 hours, two-dimensional electrophoresis 

(2DE) fo llowed by immunoblotting to detect prx Ill was performed. As the name suggests, 

two-dimensional e lectrophoresis separates proteins in two dimensions. In the first s tep 

proteins are separated according to their pl. A protein extract is absorbed by an isoelectric 

focusi ng ( lEF) strip, which contains an immobilized pH gradient. A current is passed 

through the strip, drawing proteins along the IEF strip until their pl is reached. At this point 

a protein has no net charge, preventing further movement through the lEF strip. If a protein 

does move from this point in the strip, it wi ll again hold a net charge due to the change in 

pH, allowing the protein to move through the strip back to the point where it has no net 

charge. Following lEF, proteins are denatured using dithio thereitol, and cysteine residues 

are modified by iodoacetamide to prevent spontaneous formation of disulfide bonds. The 

lEF strip is then placed at the top of an SOS-PAGE gel and proteins are separated 

according to their relative molecular weights, as outlined in section 2.5. ln this study a 

further step was included to enable specific detection of prx Ill. The proteins in the 

polyacryamide gel were transferred to a PVDF membrane and immunoblotted. An outline 

of these experiments is presented in figure 5. 1. 
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Figure 5.1 Outline of two-dimensional electrophoresis experiments 

Proteins were separated according to their isoelectric point along an isoelectric focusing 

(IEF) strip. The IEF strip was then placed on top of an SOS-PAGE gel , and proteins were 

separated according to their relative molecular sizes. Proteins were then transferred to a 

PVDF membrane, and immunoblotted with primary antibody, fol lowed by horseradish 

peroxidase (HRP) - conjugated secondary antibody. The membrane was incubated with 

chemiluminescence solution (Roche) and light emitted by HRP was detected by exposing 

the membrane to x-ray film in a dark room. 
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5.2 Oxidative stress and peroxiredoxin Ill over-oxidation 

Before the 2DE and immunoblotting experiments outlined in section 5.1 could be used to 

examine prx Ill over-oxidation upon doxorubicin exposure, it was necessary to confirm that 

this method could detect over-oxidation of prx III. MCF7 cells, at a confluence of 

approximately 90%, were exposed to l 00µM H20 2 for one hour. Total protein was then 

extracted, quantified and acetone precipitated before 300 µg of total protein was used for 

IEF on a seven cm pH four to seven IEF strip. The proteins were then separated in the 

second dimension on a 10% polyacryamide gel, transferred to PVDF membrane and 

immunoblotted to detect prx III. A mouse monoclonal anti-prx III (12B) antibody (Santa 

Cruz) diluted I /I 000 was used as the primary antibody. A horseradish peroxidase 

conjugated rabbit anti-mouse antibody (Sigma) diluted 1/5000 was used as the secondary 

antibody. Figure 5.2A shows the results obtained with a control extract from cells which 

were not exposed to I 00 µM H20 2. Only a single spot is visible. This is expected to be 

active prx Ill , although peptide mass fingerprinting to confirm this was not performed. 

Figure 5.2B shows results obtained using a protein extract from cells exposed to I 00 µM 

H20 2. A second, more acidic spot, of the same molecular weight as the first , is seen. This is 

expected to be over-oxidised prx lll although peptide mass fingerprinting was not 

performed to confirm this . These experiments were performed in duplicate, and confirm 

that this method can be used to detect over-oxidised prx Ill. 
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Figure 5.2 Over-oxidation of peroxiredoxin Ill 

Total protein extracts from MCF7 control cells (A) or MCF7 cells exposed to I 00 µM H20 2 

for one hour were focused on a 7 cm pH 4 to 7 isoelectric focusing strip, separated on a 

10% SDS-PAGE gel and immunoblotted to detect prx Ill. Membranes were exposed to X

ray film for one minute . Control extracts show only a single spot for prx Ill , expected to be 

active prx Ill. Extract from cells exposed to 100 µM H20 2 showed an additional satellite 

spot (red arrow) , which is expected to be over-oxidised prx Ill. pH is indicated at the top . 

Therefore these experiments can detect over-oxidation of prx 111. 
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5.3 Over-oxidation of peroxiredoxin Ill in response to doxorubicin exposure 

2DE experiments performed as outlined in section 5.2 were also performed using total 

protein extracts from MCF7 cells exposed to 3 µM doxorubicin for two hours and 24 hours. 

Figure 5.3 shows representative immunoblots for these experiments. These experiments 

were performed in duplicate. Control extracts (figure 5.3A), extracts from cells exposed to 

doxorubicin for two hours (figure 5.3B) and extracts from cells exposed to doxorubicin for 

24 hours (figure 5.3C) all showed only a single spot. This was expected to be active prx III 

as even exposure of cells to 100 µM H20 2 failed to eliminate all active prx Ill. These 

results suggest that exposure of MCF7 cells to 3 µM doxorubicin for two hours or 24 hours 

does not result in significant over-oxidation of prx Ill. However, the limit of detection for 

this method is not known, therefore some over-oxidation of prx III upon exposure to 

doxorubicin can not be ruled out. Some cell death was noticed in plates exposed to 

doxorubicin for 24 hours. If prx Ill is over-oxidised as part of a death signal, it would be 

expected that some over-oxidation might be detected in these samples. However, as 

degradation of proteins begins at the same time as cell death , it is possible that most prx Ill 

was degraded in these dead and dying cells and therefore could not be detected. 

A number of studies have used cells in culture to examine responses to doxorubicin , and a 

wide range of doxorubicin concentrations have been used in these studies. It is not clear 

whether 3 µM doxorubicin accurately reflects concentrations seen in the bloodstream 

following chemotherapy. Therefore the results presented here may not be representative of 

events within white blood cells. 
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Figure 5.3 

+ 

Exposure of MCF7 cells to doxorubicin did not result in prx III 

over-oxidation 

300 µg total protein from control cells (A) and cells exposed to 3 µM doxorubicin for two 

hours (8) or 24 hours (C) was focused on a 7 cm pH 4 to 7 isoelectric focusing strip , 

separated on a I 0% SOS-PAGE gel and immunoblotted to detect prx III. Membranes were 

exposed to X-ray film for one minute. All cell extracts show only a single spot for prx lll, 

suggesting that prx m is not significantly over-oxidised upon exposure to 3 µM 

doxorubicin. 
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5.4 Chapter summary 

Peroxiredoxin Ill has been shown to be over-oxidised in response to oxidative stress. This 

can be detected by the development of a second, more acidic spot in two dimensional 

electrophoresis (2DE) experiments. Exposure of cells to 100 µM H20 2 was confirmed to 

result in a second, more acidic spot, indicating that this method was suitable for detecting 

over-oxidation of prx Ill. Similar experiments performed with extracts from cells exposed 

to 3 µM doxorubicin for two hours or 24 hours did not show any detectable over-oxidation 

of prx Ill. However, the limits of detection for this method are unknown; therefore some 

undetectable over-oxidation of prx [II can not be ruled out. Furthermore, it is unclear 

whether 3 µM doxorubicin accurately reflects the concentrations achieved in patient's 

bloodstreams following chemotherapy. 

However, if the results presented here accurately reflect events occurring in white blood 

cells in patients undergoing chemotherapy with epirubicin, then it is likely that prx lII is not 

significantly over-oxidised following chemotherapy. Therefore, the prx lil present is likely 

to be capable of actively removing H20 2 produced as a result of epirubicin metabolism. 
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Chapter 6: Discussion and further work 

6.1 Overview 

Cancer is caused by a loss of control of cell division and differentiation, a process which is 

normally very carefully regulated. Treatment often involves a combination of surgery to 

remove the tumour, chemotherapy to target remaining cancer cells, and sometimes 

radiotherapy. While some success has been achieved with chemotherapy, many patients 

develop resistance to the drugs used in chemotherapy, reducing the efficacy of treatment. 

Therefore a great deal of research is being carried out to identify mechanisms of drug 

resistance in order to develop methods to over-come or avoid resistance. 

A gene which was recently identified as being up-regulated in a number of different types 

of tumour (Yanagawa et al. , 1999; Chang et al. , 2001 ; Noh et al. , 2001; Kinnula et al. , 

2002 ; Brixius et al. , 2007 ; Holley et al. , 2007) and also in cells in culture following 

exposure to the commonly used anti-cancer drug doxorubicin is peroxiredoxin III 

(Williams et al., unpublished) . Doxorubicin, or the almost identical drug epirubicin, is used 

to treat a variety of cancers. These two drugs induce cell death through a number of 

mechanisms, one of which is by increasing intracellular H2O2 levels (Tsang et al. , 2003). 

An up-regulation of prx lll , which is involved in the removal of H2O2 (Chang et al. , 2004), 

may therefore play a role in the development of resistance to doxorubicin or epirubicin. 

However, before a role for prx llI in the development of drug resistance can be further 

investigated, it is necessary to determine whether the changes seen in cells in culture are 

also seen in patients undergoing chemotherapy with doxorubicin or epirubicin. 

The main aim of the work presented in this study was to examine prx Ill expression in 

patients undergoing chemotherapy with epirubicin. As little is currently known about in 

vivo prx Ill expression patterns, prx III expression was also examined in control subjects, 

using samples taken at the same time intervals as patient samples. 
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Prx Ill has been shown to form higher molecular weight complexes which exhibit minimal 

peroxidase activity and instead function as chaperones. Native PAGE was used to examine 

prx III complex formation , in cells in culture and in white blood cells. 

Finally, prx Ill has been shown to be reversibly inactivated by over-oxidation of the active 

cysteine residue upon exposure to higher H2O2 concentrations. Two dimensional 

electrophoresis experiments were used to examine prx Ill over-oxidation in response to 

doxorubicin exposure. 

6.2 Summary of results 

Expression of prx III 

Real time RT-PCR was used to examine prx Ill mRNA expression in patients undergoing 

chemotherapy with epirubicin and in control subjects (Chapter 3). While sample sizes were 

smaller than intended, and too small to draw any conclusions, the results suggest that prx 

lll mRNA expression may change in some patients following chemotherapy with 

epirubicin. In contrast, the results obtained for control subjects suggest that prx Ill mRNA 

may not normally fluctuate significantly in white blood cells . The range of fold changes in 

prx Ill mRNA seen in patients is not unexpected as patients often respond differently to 

chemotherapy. Some patients respond very well , while others do not respond at all. 

Therefore it would be useful to examine whether there is any correlation between changes 

in prx Ill expression and patient survival one year and five years following chemotherapy. 

The blood samples used in this study were taken three weeks following chemotherapy, 

which suggests that the changes seen in prx Ill mRNA may be more long-term, rather than 

a short term anti-oxidant response. This supports a possible role for prx III in drug 

resistance, as increased levels of prx Ill before subsequent doses of chemotherapy is 

expected to leave cells better prepared to deal with the increase in H2O2 caused by 

epirubicin. 
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To determine whether the changes seen in mRNA levels was reflected in protein levels, 

western blotting experiments were attempted to examine prx III protein levels (Chapter 3). 

Unfortunately a number of problems were encountered and these could not be resolved 

during the time available. Small alterations to the white blood cell isolation and protein 

extraction protocols, or a new loading control antibody could possibly resolve most of these 

problems. 

Sample sizes were too small to draw any conclusions about the expression of prx Ill 

however, these results suggest that further investigation into prx Ill expression may be 

warranted. 

Prx Ill complex.formation 

During the reduction of H20 2, the active cysteine residue of prx Ill is oxidized, producing 

an unstable cysteine-sul fen ic acid intermediate which quickly forms a head-to-tail 

homodimer. Thioredoxin-2 then reduces the disulfide bond and active thioredoxin is 

restored by thioredoxin reductase-2 at the expense of one molecule of NA DPH . A number 

of additional complexes containing prx 111 have been identified. In particul ar, prx lll 

appears to form a decameric ring structure. Initia lly, the higher molecular weight 

complexes were thought to be fo m1ed from over-oxidised perox iredoxins (Moon et al. , 

2005). More recently, Cao et al. (2007) discovered that reduced prx III orga111 zes 

spontaneous ly into these decameric structures. In contrast, ox idized prx I 11 forms 

homodimers, and only organizes into decameric structures at high protein concentrations, 

which may not be seen in vivo. The physiological significance of these structures remains 

to be elucidated. 

To examine whether exposure of MC F7 cells in culture to doxorubicin resulted in a shift 

from dimer formation to a higher molecular weight complex, or vice versa, native PAGE 

experiments were performed. The results showed a large amount of a lower higher mobility 

complex, expected to be prx Ill dimer, in all samples, and varying amounts of a lower 

mobili ty complex, possibly prx llI decamer (Figure 4. I). It is not possible to determine the 

s ize of a complex using native PAGE as this technique separates proteins on the basis of 
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both size and charge, therefore it was not possible to confirm whether the lower mobility 

complexes were indeed the higher molecular weight decamer identified by Moon et al. 

(2005). No clear correlation was found between doxorubicin exposure and complex 

formation. However, it is unclear whether the doxorubicin concentration used in these 

experiments accurately reflects the concentrations ach ieved in a patient' s bloodstream 

fo llowing chemotherapy. Furthermore, as no indication of protein loading was obtained for 

these experiments, it is possible that these apparent fluctuations were due to differences in 

protein loading. 

Complex formation was also examined in white blood cell protein extracts. Western blot 

results from SOS-PAGE experiments using the same samples were used to give an 

approximate indication of protein loading in the native PAGE experiments. The resul ts 

were difficult to interpret without being able to quantify the loading controls, however a 

number of samples showed fluctuations seen in lower mobility complex in white blood 

cells that may not be a result of differences in protein loading (Figures 4.2 & 4.3). Instead, 

it appears that the amount of lower mobi li ty complex present in wh ite blood cells may 

fluctuate naturally. As it appears that the lower mobility complexes may be formed from 

reduced prx Ill (Cao et al. , 2007), it is poss ible that the lower mobility complexes fluctuate 

in response to oxidative stress. Figure 6. 1 presents a possib le explanation for the 

fluctuations in lower mobility complex. When a cell is not growing rapidly or being 

exposed to increased levels of H20 2, only a small amount of prx III is required for H20 2 

removal. Thioredoxin and thioredoxin reductase maintain a ready supply of prx Ill capable 

of H2O2 removal. Remaining prx Ill takes on the additional role of molecular chaperone, 

preventing unfolding and aggregation of a wide variety of proteins (Moon et al. , 2005). As 

H2O2 increases, for example as part of the growth signal, or due to breakdown of foreign 

molecules or inflammation and the immune response, more prx Ill is required for H20 2 

removal. Some of the prx lll higher molecular weight complexes dissociate to aid in 

removal. When it is no longer required for H20 2 removal, excess prx Ill returns to the role 

of molecular chaperone. This allows a rapid response to increase H20 2 levels as protein is 

already avai lable within the cell. If further prx Ill protein is required for H20 2 removal, the 
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prx lll protein in higher molecular weight complexes ts a lready available to provide a 

"buffer" while new protein is synthesized. 

Further examination of higher m olecular weight complex formation in white blood cells is 

required to confirm that the amount of higher mo lecular weight complex does fluctua te, as 

only a few samples were available for this study and problems with the loading control 

prevented accurate analysis of resul ts. However, if the changes in prx Ill mRNA are 

refl ected in prx I lI protein levels, and protein not immediately required for H20 2 removal is 

maintained in the ce ll until required, this may have implications for patients undergoing 

chemotherapy w ith epirubicin. A higher amount of avai lable prx Ill protein before 

subsequent doses of chemotherapy suggests cells may be able to cope with the amount of 

H20 2 produced during the metabolism of epirubicin. If cells are more to lerant of higher 

levels of H20 2, cell death is less likely to occur. Therefore, increased prx lil expression 

may play a role in drug resistance to epi rubicin . 

Prx I fl inactivation 

As reported by Bitcau el al. (2003), prx III is reversibly over-oxidised at higher H20 2 

levels, resulting in inactivation. Lt has been suggested that over-oxidation of the 2-cysteine 

perox iredox ins plays a role in the detection of a death signal. H20 2 is produced in lower 

amounts as pa11 of various signalling pathways; however H20 2 is also produced as part of a 

death signal. Wh en H20 2 levels increase as part of a death signal thi s needs to be 

recognized by prx Ill, to prevent rem oval of the H20 2 and improper cell survival. Over

oxidation of prx lil may serve as this "off switch," however this remains to be establi shed. 

To examme whether prx lil is over-oxidised fo llowing exposure to doxorubic in, tota l 

protein extracts were subjected to two-dimensional e lectrophoresis (Chapter 5). An extract 

prepared from cells exposed to 100 µM H20 2 for one hour showed a second, more acidic 

satellite spot tha t was not seen in control extracts (Figure 5.2). T his confirmed that the 

method was able to detect over-oxidised prx lll. However, cell extracts exposed to 3 µM 

doxorubicin for two hours o r 24 hours showed no over-oxidation of prx Ill (Figure 5.3). 

Some cell death was noticed in the plates of cells exposed to doxorubicin for 24 hours, 

therefore if over-oxidation plays a role in the detection of a death signal, it would be 
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expected that some over-oxidised prx Ill would be detected in these samples. However, it is 

possible that much of the protein in the dead cells had already been degraded and therefore 

could not be detected using this method. 

It is unclear whether 3 µM doxorubicin accurately reflects the concentrations seen in a 

patient ' s bloodstream following chemotherapy. Repeating these experiments using white 

blood cell extracts taken from patients before and immediately after chemotherapy may be 

more useful. 

Lower mobility complex was detected in all MCF7 extracts however there was no evidence 

for significant over-oxidation of prx III in these samples. This suggests that over-oxidation 

may not be responsible for the switch to lower mobility complex formation , and supports 

results presented by Cao et al. (2007) that reduced prx Ill organizes into decameric 

structures. Over-oxidised prx III may also form higher molecular weight structures, 

however these results suggest that most, if not all , lower mobility complex is formed by 

active prx Ill. These results also support the suggestion that lower mobility complex forms 

when there is abundant prx Ill which is not required for H20 2 removal. 
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Figure 6.1 Overview of possible explanation of prx Ill complex formation 

When a cell is not being exposed to increased levels of H2O2, only a small amount of prx 

111 is required for H2O2 removal. Remaining prx I I I forms higher molecular weight 

complexes, taking on the addi tional role of molecular chaperone. As H2O2 increases, for 

example as part of the growth signal, or due to breakdown of foreign molecules or 

inflammation and the immune response, more prx Ill is required for H2O2 removal. Some 

of the prx 111 higher molecular weight complexes dissociate to aid in removal, until no 

longer required. 
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6.3 Future research 

The results presented in this study suggest that further investigation of prx III expression in 

patients undergoing chemotherapy with epirubicin would be worthwhile. The SOS-PAGE 

and western blot experiments examining prx III protein expression were inconclusive. 

Therefore developing a more robust assay to examine proteins levels and control for protein 

loading is necessary for assessing prx III expression in response to chemotherapy. The 

problems encountered in this study may be resolved if a new antibody to P-actin, or another 

loading control such as glyceraldehyde 3-phosphate dehydrogenase is used. Denaturation of 

prx Ill dimers was another problem, which may be resolved by treating samples with P

mercapthoethanol or OTT overnight or modifying the treatment buffer. 

Expanding this study to include more patients and follow patients through successive doses 

of chemotherapy as was initially intended, would allow conclusions to be drawn about prx 

Ill expression. Collection of more than 8 mL of blood from subjects would make further 

experiments easier as 8 mL was found to be insufficient for all the experiments that were to 

be carried out. It would be useful to repeat the native PAGE experiments presented in 

chapter four on additional white blood cells samples to confirm the fluctuations in lower 

mobility complex reported in this study. Furthermore, including additional control subjects 

in these experiments would also be useful to confirm the results presented here . To 

determine whether there is a correlation between changes in prx Ill expression through the 

course of chemotherapy and patient outcome, it would be necessary to follow up on 

patients one year and five years following chemotherapy. This was not possible during the 

course of this study. However, following up with patients will be important in assessing 

whether prx Ill plays are role in the development of drug resistance. 

A further consideration in examining changes in expression is whether the protein present 

in cells is active. Peroxiredoxins have been shown to be inactivated by over-oxidation, and 

prx I has also been shown to be inactivated by phosphorylation (Chang et al. , 2002; Jang et 

al., 2006). While Chang et al. (2002) were examining phosphorylation of prx I, the authors 

report that prx II also appeared to be phosphorylated by cdc2. As prx I and II are cytosolic 

proteins and prx III is a mitochondrial protein it is unlikely that prx Ill is phosphorylated by 
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cdc2 in vivo however phosphorylation by other kinases or regulation of activity through 

other modifications can not be ruled out. Therefore prx III activity in white blood cells 

should also be examined. Kim et al. (2005) present a method for testing 2-cys 

peroxiredoxin activity however prx III must first be isolated from a sample as the assay 

detects activity from all peroxiredoxins, not prx Ill specifically. A method for isolating prx 

Ill from white blood cells must be elucidated. 

In chapter four, prx lII complex formation in the white blood cells of patients undergoing 

chemotherapy with epirubicin was examined. No correlation between chemotherapy and 

variation in the amount of detected lower mobility complex was identified. However, as 

epirubicin is cleared rapidly from a patient's blood stream (Ralph et al. , 2003), collecting 

white blood cells immediately before and soon after chemotherapy may be more useful for 

these experiments. 

To examme whether there is a correlation between increasing H20 2 concentration and 

lower mobility complex formation , performing native PAGE and western blotting 

experiments using total protein extracts prepared from cells exposed to increasing amounts 

of H20 2, for varying lengths of time, may be useful. The dye 2 ', 7' -dichlorofluorescin 

diacetate (DCFH-DA) could be used to confirm increases in intracellular H20 2 (Carter et 

al. , 1994). DCFH-DA is a membrane permeable dye which is cleaved within cells and 

oxidized by H20 2 to produce the fluorescent product dichlorofluorescein (DCF), which 

remains trapped in cells. However, as noted previously, a putative antioxidant response 

element has been identified in the prx III promoter. If prx III expression is indeed increased 

in response to oxidative stress, this will complicate interpretation of the results and should 

be taken into consideration . 

Furthermore, the function of the lower and higher mobility complexes needs to be 

confirmed. Molecular chaperone activity has been attributed to the higher molecular weight 

complexes formed by prx I and prx II, but have not yet been confirmed for prx Ill. Kim et 

al. (2005) present a method for examining peroxiredoxin peroxidase activity, while Moon 

et al. (2005) present methods for examining the molecular chaperone activity of 
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peroxiredoxin complexes. Therefore, following isolation of the higher and lower mobility 

complexes formed by prx Ill, it should be possible to examine the peroxidase and 

chaperone activities of these complexes. 

Over-oxidation of prx Ill in MCF7 cells exposed to doxorubicin was examined in chapter 

five. The results suggest prx Ill is not significantly over-oxidised following doxorubicin 

exposure. However, as it was unclear whether 3 µM doxorubicin accurately reflects the 

concentrations achieved in a patient's bloodstream following chemotherapy, repeating these 

experiments using protein extracts from white blood cells collected from patients before 

and immediately after chemotherapy may yield more meaningful results. As white blood 

cells are often exposed to oxidative stress due to inflammation, the immune response and 

removal of foreign molecules, two-dimensional electrophoresis experiments using total 

protein extracts from control subjects would determine whether prx lll is normally over

oxidised in white blood cells . 

If prx Ill express10n is found to be altered in patients undergoing chemotherapy with 

epirubicin, and these changes correlate with patient outcomes, examining the mechanisms 

of regulation of prx lll expression may be useful in identifying new targets for preventing 

or limiting the development of drug resistance. Expression of mRNA is often regulated 

through the binding of transcription factors or other proteins to regulatory sequences with 

the promoter, and sometimes the intrans , of a gene. Examining the binding of proteins to 

the prx Ill promoter sequence using electrophoretic mobility shift assays (EMSA) may be a 

useful start in identifying proteins which may play a role in the regulation of prx Ill mRNA 

transcription. Comparing the binding of proteins from control cell extracts with those of 

cells exposed to doxorubicin could provide some insight into the proteins involved in 

changes in prx Ill mRNA expression following doxorubicin exposure. A combination of 

peptide mass fingerprinting and antibody supershift assays could be used to identify 

proteins detected using EMSA. Searching available databases with the prx Ill promoter 

sequence may also provide some possible candidates for the regulation of prx III 

expression. Chromatin immunoprecipitation experiments using primers to small, over

lapping regions of the prx III promoter could be used to identify the regions of the promoter 
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which are bound by particular proteins identified using EMSA (Haggerty et al., 2003). 

Once regions of the promoter bound by proteins are known, generating step-wise mutants 

and examining protein binding can be used to identify the minimum region required for 

protein binding. 

The binding of proteins to a promoter sequence may positively or negatively regulate 

mRN A transcription, or may have no significant influence on expression. Luciferase 

reporter assays using constructs containing different regions of the prx llI promoter could 

provide information on which regions of the promoter are important for positively or 

negatively regulating prx Ill mRNA transcription. 

It has been suggested that prx Ill expression 1s not only regulated at the level of 

transcription, but also in protein synthesis or degradation. To examine whether prx Ill 

protein degradation rates are altered following exposure to doxorubicin , control cell 

extracts and extracts from cells exposed to doxorubicin could be prepared and used in 

western blot experiments examining prx Ill protein levels . Cyclohexamide could be used to 

block protein synthesis. Protein extracts prepared at intervals such as zero, two, five , 15 and 

30 minutes following doxorubicin exposure could show whether there is a difference in the 

rates of prx Ill protein degradation . 

The collective results for these experiments may yield novel insights into the factors 

regulating prx lll expression and provide opportunities to develop more effective 

chemotherapy regimes . 

6.4 Conclusion 

Prx Ill mRNA expression appears to change in the white blood cells of some patients 

following chemotherapy with epirubicin. ln some patients prx III mRNA was found to 

increase while other patients showed no change, or a decrease in prx Ill mRNA. In contrast, 

prx III mRNA does not appear to significantly fluctuate in white blood cells under normal 

circumstances. Due to unforeseen problems with western blotting experiments it was not 

possible to determine if the change in mRNA seen in patient samples was reflected in prx 
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III protein levels. Native PAGE results suggest that prx Ill may form higher molecular 

weight complexes in white blood cells, and that the amount of prx Ill found in higher 

molecular weight complexes may fluctuate. While the cause of such fluctuation remains 

unknown, it may be due to fluctuations in intracellular H2O2 levels . Prx Ill was not found to 

be significantly over-oxidised following exposure to 3µM doxorubicin for two hours or 24 

hours. These results suggest that expanding this study to include additional patients and to 

follow patients further through treatment may be worthwhile . Determining whether these 

changes are reflected in prx Ill protein levels is also important. Finally, if prx III is found to 

be involved in the development of drug resistance, work to determine how prx Ill is 

regulated in response to doxorubicin or epirubicin will be important. Knowing the 

mechanisms involved in prx III may present further possible targets for preventing the 

development of drug resistance . 
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Appendix One: Bradford Protein Quantification Assay 
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Standard Curve of Bradford Protein Assay 

0.5 

Absorbance at 

595 nm (Average 

of triplicates) 

0.335 

0.467 

0.516 

0.552 

0.600 

0.742 

0.828 

1.5 

Amount of protein (ug) 

2 

White blood cell total protein extract 
(Diluted I: I 0, 5 µL) 

2.5 

Absorbance (595 nm) Amount of protein 
(µg) 

(from standard 
curve) 

0.685 1.3 

0.672 1.25 

0.687 1.31 

Average 1.287 

Original concentration 2.57 µg/µL 
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Appendix Two: One-sample, two-sided t-test 

Patient Fold Fold Fold Average fold Two-tailed 
change 1 change 2 change 3 change p-value 

One 0.57 1.0 0.624 0.731 0.1853 
Two 2.15 2.44 2.07 2.22* 0.0084 

Three 1.33 1.32 1.36 1.337* 0.001 3 
Three 2.32 2.26 2.42 2.33* 0 .001 2 

(Round 2) 

Four 0.77 0.863 0.57 0.734 0.09 16 
Five 0.533 0.53 - 0.5265* 0.002 

Control Fold Fold Fold Average fold Two-tailed 
change 1 change 2 change 3 change p-value 

One 1.0 1.09 0.99 1.03 0.4899 
Two 1.525 1.37 0.897 1.26 0.297 

Three 1.299 1.62 0.809 1.24 0.411 6 
Four 1.29 1.48 1.3 19 1.363* 0.0255 

One (Round 2) 1.65 1.1 0 1.032 1.26 0.3 143 
Two (Round 2) 0.80 0.76 - 0.78* 0.0082 

Three (Round 2) 1.47 1.1 9 1.582 1.4 14 0.071 
Four (Round 2) 1.50 1.087 0.727 1.10 0.6854 

Average fold change = sum of fo ld changes 2.22 

11 

Standard deviation of = ✓ fu, - mcani" 
0. 194679223 

values (s) 
n - 1 

Standard error (s.e) = s/✓n 0. 11 2398 I 02 

t-statistic = Sam12le mean - hyQothetical mean 10.854 

Standard error 

Two-tailed p-value Determined using /-statistic 0.0084 
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Appendix Three: Sample of data used to generate standard 
curves 

Data obtained using prx Ill primers 

Standard CT 

2.00E-1 23.59 
I.00E-1 24.64 
2.00E-2 26.87 
I .00E-2 28.26 
2.00E-3 30.64 

Standard curve generated by LightCycler 480 software 

Eno,: 0.0135 
Efficiency: 1.940 

30 --------

-----c 29 -----~ 28 

~ 27 

-~ 26 

u 25 

24 

Standard Curve 

• 

-2 

Efficiency (calculated by 
Lh?:htCvcler 480 software) 

1.940 

-1 
Log Concentration 
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Appendix Four: Example of Coomassie-stained SOS-PAGE gel 

Lane 2 3 4 5 6 7 8 9 

250 
150 
100 

75 

50 

37 

25 

20 

kDa 

Total protein extracts (20 µg) from control subjects were separated by I 0% SOS-PAGE for 

approximately 90 minutes at 120 V. The gel was then stained with Coomassie stain for 15 

minutes with shaking, and de-stained overnight at room temperature, with shaking. The size 

of the markers is given on the right in kilodaltons (kDa). 

Lane Contents 
1 Control 1, sample l 
2 Control 1, sample 2 
3 Control 2, sample l 
4 Control 2 , sample 2 
5 Control 3, sample 1 
6 Control 3, sample 2 
7 Control 4 , sample I 
8 Control 4 , sample 2 
9 Dual colour protein marker 
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Appendix Five: a-tubulin antibody 

Lane 2 3 

a-tubulin 

Prx Ill 

Protein was separated by 10% SOS-PAGE for approximately 90 minutes at 120 V, then 

transferred to PVOF membrane at 450 mA for 90 minutes . The membrane was cut at 50 

kOa. The upper half of the membrane was incubated with a monoclonal mouse antibody to 

a-tubulin (OM I A)(Sigma) . The lower half was incubated with a mouse monoclonal 

antibody to prx Ill ( 12B)(Santa Cruz) . Both portions were then incubated with rabbit anti

mouse antibody, conjugated to horseradish peroxidase (HRP). Chemiluminescence 

solutions A and B were used to detect HRP. The membrane was exposed to X-ray film for 

one minute. Two separate white blood cell extracts were used. MCF7 cell extract was used 

as a positive control. 

Lane 

2 

3 

Contents 

20 µg MCF7 total protein 

20 µg white blood cell extract 1 

20 µg white blood cell extract 2 
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Appendix Six: Sample of data used to calculate fold change 

Sample Gene CT Average CT Fold~ 

23 .82 

Prx lII 23 .79 23 .85 

Patient I 23 .93 

Pre 14.96 

P-actin 14.98 14.97 

14.98 

25 .52 0.624 

Prx Ill 25 .02 25 .22 

Patient I 25. 13 

Post 15.62 

P-actin 15.64 15.637 

15.65 

24.77 

Prx lll 24.85 24.84 

Control 3 24.9 1 

Sample 2 17.16 

P-actin 17.09 17. 137 

17.26 

23.73 1.582 

Prx III 23.70 23.69 

Contro l 3 23.64 

Sample 3 16.68 

P-actin 16.67 16.67 

16.66 
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Appendix Seven: Identification of P-actin band 

Lane 2 3 4 

Total protein extracted from white blood cells or MCF7 cells was separated by I 0% SOS

PAGE at 120 V for 90 minutes, transferred to PVDF for 90 minutes at 450 mA and 

immunoblotted to detect ~-actin (blue arrow). The membrane was exposed to x-ray film for 

approximately 30 seconds. 

Lane 

2 

3 

4 

Contents 

20 µg white b lood cell extract I 

20 µg white blood cell extract 2 

Empty (over-flow from lane 4) 

20 µg MCF7 cell extract 
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Appendix Eight: Example of agarose gel electrophoresis results 
obtained during real time RT-PCR optimisation 

Lane 

12000 

5000 

2000 
1650 

1000 
850 
650 
500 
400 
300 
200 
100 

bp 

2 3 4 5 6 7 

Real time RT-PCR experiments were performed with several different dilutions of white 

blood cell cDNA during optimization of the reactions. Aliquots (IO µL) of selected 

reactions were separated on a 0 . 7% agarose gel in I x T AE buffer at I 00 V for 

approximately one hour, to examine the reaction products. D A was visualized by 

incorporation of ethidium bromide into the gel and running buffer and exposure to UV 

light. The sizes of the molecular size standards are shown on the left in base pairs (bp ). 

Lane 

2 

3 

4 

5 

6 

7 

Contents 

10 µL l kb plus DNA ladder 

10 µL P-actin primers + undiluted cDNA 

l O µL P-actin primers + cDNA diluted 1/100 

10 µL prx Ill primers + undiluted cDNA 

l O µL prx Ill primers+ cDNA diluted 1/10,000 

10 µL prx III primers+ cDNA diluted 1/100 

10 µL prx III primers + cDNA diluted 1/ l 00 
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Appendix Nine: Example amplification curves obtained during 
real time RT-PCR experiments 

15 333 
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Target Amplification Curves 

,/ 
/ 

ll-art in 

I' " 11 1 

5 6 7 8 9 10 111 2 13 14 15 16 17 18 19 20 21 2223 24 2526 27 28 2930313233 34 3536 37 3839 40 
Cycles 

Real time RT-PCR was performed using first strand cDNA prepared from patient white 

blood cells and ~-actin or prx 111 primers as indicated. Fluorescence was detected following 

every cycle of amplification. The amplification curves were created by the LightCycler 480 

software using this fluorescence data. ~-actin transcripts are more abundant than prx 111 

transcripts therefore fluorescence increases more rapidly than for prx lll. Samples shown 

are pre W-actin: pink and black lines; prx Ill: red and grey lines) and post (~-actin: purple 

and dark green lines; prx III: blue and green lines) chemotherapy samples carried out in 

duplicate. 
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Appendix Ten: Example of results obtained during real time RT
PCR experiments 

8 .039 

~ 7.239 

6.439 

f -M 

~ 5 .639 
M 

' 'o;° 4.839 Prx Ill [3-acti n 
... 
5 ~ 4.039 

] 3.239 
.... 
~ 2.439 

~ 1.639 ) 0 .839 ~ \ ~ 0 .039 -
~ 

66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 
Temperature ("C) 

Real time RT-PCR was perfonned using first strand cDNA prepared from patient white 

blood cells and ~-actin or prx Ill primers as indicated . Following real time RT-PCR, the 

temperature was raised and fluorescence was detem1ined five times per degree Celsius. A 

melting peak profile was produced by the LightCycler 480 software using the fluorescence 

data . The prx 111 and ~-actin primers produce products with different melting temperatures , 

as shown in the melting peaks. 
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Appendix Eleven: Coomassie stained 2DE gel to confirm 
successful isoelectric focusing 

pH + 

To confirm successful isoelectric focusing, 300 µg of MCF7 total protein was focused on 

a 7 cm isoelectric focusing strip as outlined section 2. 7 .2, then separated by I 0% SOS

PAGE for 90 minutes at 120 V. The gel was stained with Coomassie stain for 15 minutes 

then de-stained for four hours. A number of protein spots are visible indicating successful 

isoelectric focusing. 2DE gels were not routinely stained as stained gels can not be 

imrnunoblotted, and sample was limited. 
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Appendix Twelve: Chromatogram from peroxiredoxin III DNA 
sequencing 
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A portion of the chromatogram obtained during DNA sequencing of the prx lll PCR 
product is shown to confirm the quality of the sequencing data . 
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