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Abstract 

Intrinsic or acquired drug resistance of tumours is a major problem for successful therapy of 

breast cancer patients. The efficacy of doxorubicin, one of the most important and commonly 

used drugs in chemotherapy, can be severely compromised by a variety of unspecific 

mechanisms rendering tumours drug resistant. Little is known however, about the specific 

events taking place in response to doxorubicin treatment, which may repair doxorubicin­

induced damage, leading to drug resistance. 

Doxorubicin is a topoisomerase II poison, which interferes with topoisomerase II enzymes 

during DNA replication, resulting in DNA double-strand breaks. Topoisomerase II enzymes 

mediate the passage of DNA strands by introducing transient DNA breaks, and are essential for 

changes in DNA topology during replication. The DNA lesions induced by the combination of 

topoisomerasc II and doxorubicin can be repaired by either non homologous end-joining or 

homologous recombination repair, as both pathways arc specifically responsible for the repair 

of DNA double-strand breaks. The DNA-dependent protein kinase catalytic subunit in non 

homologous end-joining and Rad5 1 in homologous recombination repair are essential for each 

of these pathways. If it was possible to specifically target these proteins or other antagonistic 

mechanisms of doxorubicin-induced cell death, which may be activated in response to 

doxorubicin treatment, chemosensitivity of tumours could be restored and chemotherapy made 

more effective. Hence it was the purpose of this study to investigate proteome-wide changes in 

protein expression in response to drug treatment, as well as speci fically analysing alterations in 

the protein levels of the DNA-dependent protein kinase catalytic subunit and Rad5 1 .  

Global changes in protein regulation of breast and breast cancer cells were investigated using 

mass spectrometric and electrophoretic analysis techniques. These experiments however, could 

not reproducibly identify any genuine drug-induced changes in protein levels, as only proteins 

of relatively high abundance could be analysed. Immunoblotting results however, showed that 

Rad5 1 was differentially regulated in a cell l ine- and drug dosage-dependent manner, while 

levels of the DNA-dependent protein kinase catalytic subunit remained largely unchanged. 

Furthermore, increased levels of topoisomerase I I  alpha protein were also detected. In addition, 

immunohistochemical analysis demonstrated that both Rad5 1 and the DNA-dependent protein 

kinase catalytic subunit could be independently overexpressed in breast tumours and therefore 

may represent potential targets for selectively enhancing chemosensitivity of breast cancers. 
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1 .1 Breast Cancer 

Chapter One 

Introduction 

Breast cancer is the second most common cancer of women worldwide and the leading cause 

of cancer-related death. The majority of affected women develop breast cancer without a 

family history of the disease. The chance that a woman will develop invasive breast cancer 

during her l ifetime is 1 in 1 2  in New Zealand, with incidences increasing with age. The latcst 

reports in New Zealand also predict a future increase in reported breast cancers, while the 

mortality rate is expected to drop. Although breast cancer can also occur in males, the 

incidence is extremely low in comparison to the occurrence in females. Chemotherapy is one 

of the most important and effective ways of killing tumours and curing the patient. Hence, 

inherent or acquired drug resistance is one of the biggest problems in successful breast cancer 

chemotherapy today, as the presence of drug resistant tumours is often fatal .  As tumours can 
be resistant to treatment for a variety of reasons it is important to understand these resistance 

mechanisms so that they can be overcome to improve patient survival (Ministry of Health, 

New Zealand, 2002). 

1 .2 Breast Cancer Treatment 

The extent of breast cancer is generally classified in four stages (1 - IV), with increasing stage 

reflecting an increased extent of disease. Treatment options (e.g .  radiation, hormonal, 

surgical , chemotherapy or alternative) depend largely on the stage of the cancer. In recent 

years, major advances in breast cancer therapy have been made with the introduction of 

tamoxifen, a hormonal treatment, and trastuzumab (herceptin), an anti-erbB2 antibody. 

1.2.1 Hormone Treatment 

Hormones play a key role in the development of breast cancer, as well as therapy selection. 

The female sex hormones, cstrogen and progesterone, are well-established endocrine steroid 

regulators that activate their nuclear receptors, (the estrogen receptor (ER) and progesterone 

receptor (PR), respectively). The activated hormone receptors directly modulate the 

transcription of their target genes, which include growth factors (such as transforming growth 

factor alpha, epidermal growth factor, and erbB2) ,  components for cell cycle progression 

(such as different cyclin protcins), and genes responsible for chromatin structure and general 

transcription (such as histones) .  These hormones are also amongst the most serious risk 
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factors for acquiring breast cancer, when present at elevated levels. ER expression is found in 

about 60% of primary breast cancers, while only present in 6- 1 0% of normal breast cells, 

where it controls development and growth. ER expression also serves as a marker for tumour 

aggressiveness (Dickson and Stancel, 2000; Hanstein et al., 2004; Duffy, 2005). 

Breast tumours often differ in estrogen receptor status, which consequently determines the 

appropriate treatment options. Hormonal treatment "inactivates" the estrogen receptor, which 

is at the centre of a complex regulatory mechanism promoting tumour growth in malignant 

cells, and can be particularly effective, as it disrupts proliferation-promoting pathways. 

Estrogen receptor expressing tumours are the prime target in tamoxifen treatment, which is 

also used in cancer prevention for women at high risk of developing breast cancer. Tamoxifen 

presumably inactivates the ER by blocking the interaction of co-activators with the receptor 

(Jordan and Morrow, 1 999; Thiebaud and Secrest, 200 1 ;  Hanstein et al., 2004). 

1 .2.2 Immunotherapy of erbB2 

Much of the recent research has focused on erbB2, a transmembrane receptor protein. ErbB2 

is a member of the epidermal growth factor receptor family (EGFR), capable of mediating the 

lateral signal transduction of all EGFRs (Graus-Porta et al., 1 997) (Fig. 1 . 1 ) . These receptors 

are involved in cancer deVelopment as well as tumour proliferation, and survival (Yu and 

Hung, 2000; Holbro et al., 2003). In  particular, erbB2 overexpression plays an important role 

in cancer progression, and increases tumour aggressiveness, as well as metastatic potential 

(Yu et al., 1 993 ;  Looi et al., 1 997; Tan M, 1997). Gene amplification and resultant 

overexpression of the erbB2 gene is found in 25-30% of all primary breast cancers. In 

addition, overexpression of erbB2 has been found to significantly lower the overall survival 

rate in breast and ovarian cancer patients (Slamon et al., 1 987;  Meden et al., 1 998). A maj or 

breakthrough in recent years however, has been achieved with the development of the 

recombinant anti-erbB2 antibody, trastuzumab (herceptin). Antibody binding triggers a 

variety of mechanisms which result in the destruction of the tumour cell, including the down­

regulation of erbB2 expression and erbB2 degradation, as well as triggering an immune cell 

response, and enhancing sensitivity towards chemotherapy (Sliwkowski et al., 1 999). The 

administration of trastuzumab has led to significantly increased survival rates in patients with 

erbB2 overexpressing tumours, using trastuzumab alone (Vogel et aI., 200 1 )  or III 

combination with chemotherapeutic drugs (Slamon et al., 200 1 ;  Pegram et al., 2004) . 

2 
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The epidermal growth factor receptor (EGFR) family consists of four different receptors, 

erbB I, erbB2, erbB3, and erbB4. Signal transduction by erbB receptors is mediated by 

ligand specific binding to the extra-cellular receptor domain, which initiates dimerization 

(only shown for erbB I). As erbB2 does not have a specific ligand it requires the formation 

of heterodimers with any of the other activated erbB receptors. Indeed erbB2 is the 

preferred dimerization partner of all other erbB receptors. After activation the intracellular 

tyrosine kinase domain undergoes autophosphorylation, and subsequently phosphorylates 

(P) signalling molecules, which leads to the activation of proliferative pathways. The 

ErbB3 tyrosine kinase is impaired and hence requires erbB2 as dimerization partner for 

signalling activity. Trastuzumab is an erbB2 specific antibody which inhibits erbB2-

mediated signal transduction. 
3 



1 .3 C hemotherapy 

Chemotherapy is one of the most potent forms of cancer therapy. Some of the most common 

chemotherapeutic agents are cyclophosphamide, taxol, fluorouracil, epirubicin and 

doxorubicin. Since heterogeneity is a common feature of tumours, treatment usually involves 

a mixture of these chemotherapeutic drugs most suited to patient requirements. This ensures 

that a wide range of cancer cells with different susceptibilities can be attacked simultaneously. 

Generally, a drug-target interaction stimulates a cascade of events, ultimately resulting in 

apoptosis. This complex pathway will usual ly involve some type of sensor that detects a 

death-inducing signal, a signal transduction network, and execution machinery, together 

mediating the process of cell death. 

1 .3 . 1  Drug Categories 

Chemotherapeutic agents fall into several categories; alkylators, antimetabolites, 

topoisomcrase II poisons, and microtubulin spindle poisons. The following summarizes the 

mechanisms of action of these agents and indicates clinical situations in which they may be 

used. 

Alkylators affect cancer cells by crosslinking DNA molecules, blocking DNA repair and 

replication. Cyclophosphamide is the most commonly used alkylating agent and is employed 

for the treatment of lung, prostate and cervical cancers, to name a few. Antimetabolites (e.g .  

F luorouracil) act as false building blocks in nucleic acid synthesis, causing cel l  death during 

division. Antimetabolites may also interfere with DNA and/or RNA synthesis by inhibiting 

enzymes essential for nucleotide biosynthesis, such as dihydrofolate reductase and thymidilate 

synthase (Longley et aI., 2003) .  F luorouraci l  is used in the treatment of a number of cancers, 

including breast, liver, colon and pancreas. Topo II poisons include potent inhibitors of DNA 

replication, which cause DNA damage. Doxorubicin is the most commonly used drug in this 

category which is utilized to treat a variety of cancers, and plays a pivotal role in breast cancer 

chemotherapy. Mitotic spindle poisons comprise of two groups :  taxanes (such as paclitaxel) 

stabilize the microtubules; and vinca alkaloids (such as v inorelbine), which inhibit tubulin 

polymerization (Abal et al., 2003; Zhou and Giannakakou, 2005). Both poisons are used in 

breast cancer, as well as non small cell lung cancer. 

4 



1 .3.2 Topoisomerase 1 1  Poisons 

The first topoisomerase II  (topo I I) poisons in clinical use, the anthracyclines daunorubicin 

and its derivative doxorubicin are natural products produced by the Streptomyces species. 

Anthracycline drugs belong to the most important class of drugs used in chemotherapy, with a 

wider range of clinical use than any of the other categories of agents. Furthermore, these topo 

I I  poisons are relatively easy to combine with other drugs and are therefore often incorporated 

in combination chemotherapy regimens. In particular doxorubicin, also known as adriamycin, 

was found to have an extremely broad range of therapeutic activity against tumours and still 

remains the most important and widely used topo II poison. Other topo II poisons used in 

chemotherapy include indarubicin, epirubicin, etoposide and mitoxantrone.  

Topo I I  poisons can act as DNA intercalating agents causing sing1c and double-strand DNA 

breaks, or can form reactive free radicals inflicting oxidative damage upon cellular proteins. 

As DNA intercalating agents they induce the formation of a covalent topo I I-DNA complex, 

arresting the enzyme-DNA complex in what is known as the cleavable complex, and thus 

transforming the enzyme into a cellular toxin. Topo I I  enzymes exert their function by 

inducing transient double-strand breaks in the DNA molecule allowing for strand passage. 

This involves binding of the 5 'phosphate end by the enzyme, which in the case of a drug 

intercalating the DNA is shifted rc1ative to the 3 'OH cnd of the DNA during formation of the 

cleavable complex. The helix unwinding caused by intercalation supposedly leads to the 

misalignment of the cleavable complex and results in DNA strand breaks. It is also possible 

for the drug to stabilize the cleavable complex, preventing DNA religation, and to induce 

collisions with proteins tracking along the DNA, such as polymcrases, which results in 

irreversible DNA double-strand breaks (Fig. 1 .2) (Robert and Larsen, 1 998 ;  Kellner et al. , 

2002) . The accumulation of these irreversible DNA double-strand breaks eventually activates 

a series of cellular processes, resulting in cell necrosis or apoptosis (Topcu, 200 1 )  
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Fig. 1 .2 :  Proposed structure and catalytic cycle of topoisomerase 11 
One DNA strand '0' (gate) is  cleaved during cleavable complex formation (CCl 

and CC2), allowing the passage of another intact DNA strand 'T' (transport). The 

enzyme is a homodimer consisting of three functional segments, an ATPase (top), 

a cleavage (B), and a C-terminal (A) domain. The topoisomerase-II poisons act by 

stabilising stage 3 or 4, where the DNA strand is c leaved. (Taken from Kellner et 
al. ,  2002) 

1 .4 Resistance Mechanisms 

Resistance to chemotherapeutic drugs can be either intrinsic or acquired. Indeed, about 50% 

of tumours either do not respond to chemotherapy or re-emerge after treatment (Chu, 200 1 ) . 

One of the most well characterized intrinsic resistance mechanisms against anti-cancer drugs 

is conferred by P-glycoprotein (P-gp) . The phenomenon of drug efflux from the cell , mediated 

by P-gp as well as other factors, is called multi-drug resistance (MDR). P-gp belongs to a 

class of proteins tenned ATP-binding cassette (ABC) transporters, which control traffic o f  

biological molecules across cell membranes. Other ABC transporter proteins involved in  

MDR are known as  multi-drug resistance associated proteins (MRP) and mitoxantrone 

resistance associated protein (MXP) . Other factors, such as differential expression of certain 

genes, can also confer drug resistance on cancer cells. Prominent examples of this kind of  

resistance mechanism are erbB2 (Fig. 1 . 1 ) and topoisomerase 11 alpha (Fig. 1 .2) .  

1 .4.1 P-Glycoprotein Mediated Multi-Drug Resistance 

Keld Dano ( 1 972) was the first to describe an active outward transport of anthracyclines from 

tumour cells and thus detected what is now known as MDR. The efflux of anthracyclines was 
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later traced back to an overexpression of a membrane protein named P-glycoprotein and was 

the first human ABC protein shown to export drugs from the cell (Litman et aI., 200 I). The 

gene encoding P-gp was named mdr-l (U eda et al., 1 986). The broad substrate recognition 

pattern of P-gp makes it a very potent resistance mechanism against a wide variety of agents, 

including anticancer agents (Varadi et al., 2 002 ; Leslie et al., 2005). For many years P-gp was 

believed to be the major cause of drug resistance in chemotherapeutic treatment of cancers. 

Nowadays, it is more obvious that drug resistance in cancer cells is a multifactorial process 

that can involve different ABC transporters, such as MRP and MXP, which transport a wider 

variety of substrates than P-gp alone (Filipits et al., 1 996) . 

1 .4.2 Multi-Drug Resistance Associated Protein 

In 1 992,  20 years after Dano's work, Co le discovered the MDR associated protein (MRP), a 

second major ABC transporter involved in MDR. This protein showed a 1 5% homology to P­

gp and is present in tumour tissues at elevated levels (Litman et al., 200 I) . Although MRP 

transports different drugs than P-gp, MRP conferred drug resistance has also been detected in 

cells exposed to doxorubicin and other reagents . MRP is ubiquitously present in most cell and 

tumour types, but elevated levels of MRP mRNA are found in most human cancer types 

(Nooter et al., 1 995;  Ito et al., 1 998). MRP l -3 have been shown to be involved in doxorubicin 

transport, thus mediating drug resistance. Studies focusing on the correlation of expression 

levels and survival are however, yet to yield any conclusive results. Approximately 30% of 

primary breast cancer cases have been shown to exhibit significant MRP expression and 

presumably confer an increased risk of treatment failure (Nooter et aI., 1 997; Burger et aI., 

2003) .  A different study, however, did not find data to sustain this conclusion (Ferrero et al., 

2000). Hence, the role of MRP in clinical drug resistance stil l  remains to be determined. 

1 .4.3 Mitoxant rone Resistance Associated Protein 

M ore recently, a novel drug resistance conferring protein has been detected in the plasma 

membrane (Doyle et al., 1 998; Scheffer et al., 2000; Schellens et al., 2000) of different cancer 

cell lines and termed MXP, for mitoxantrone resistance associated protein. It was shown to be 

expressed in breast cancer cells (MCF7) which had been treated by combining adriamycin and 

verapamil (a P -gp inhibitor) , to select for resistance mechanisms other than P-gp (Ross et al., 

1 999) .  Although elevated MXP levels have been observed in breast carcinomas (Diestra et ai., 

2002), they could not be linked to conferring anthracycline resistance (Faneyte et al., 2002) . 
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1 .4.4 Glutathione-S-transferase 

Detoxification of doxorubicin occurs in the liver, where CYP450 enzymes are responsible for 

metabolizing doxorubicin into inactive derivatives (Steams et al. , 2004). Another important 

mechanism of detoxification is the attachment of glutathione to drug molecules by the 

glutathione-S-transferases (alpha, mu, and pi), which leads to the deactivation of  

chemotherapeutic agents. Increased expression of  glutathione-S-transferases has been 

implicated in enhanced therapy resistance of a variety of tumours including those of the breast 

(Pcrquin et al. , 200 1 ; Su et al. , 2003) .  Although glutathione-S-transferase-mediated drug 

resistance contributes to the multi-drug resistant phenotype of tumour cells it does not appear 

to have the same broad drug interaction spectrum typical of the ABC transporters. It is known 

that doxorubicin, for example, does not undergo significant glutathione conjugation, and 

hence should remain relatively unaffected by glutathione-S-transferase expression levels 

(Gaudiano et aI. , 2000) . 

1 .4.5 erbB2 

erbB2 is a transmembrane receptor protein which is overexpressed in about 30% of all breast 

cancers (section 1 .2 .2) .  It is not only a potent oncogene, but can also render cancer cells drug 

resistant. Several clinical trials have revealed that overexpression of erbB2 makes cancer cells 

less responsive or even resistant to certain types of chemotherapeutic treatment (Gusterson et 
al. , 1 992; Yu et al. , 1 998), but the underlying mechanism of action remains elusive (Yu and 

Hung, 2000). 

1 .4 .6 Topoisomerase 11 Alph a  and Beta 

The topoisomerase II enzymes, designated topo I I  alpha and beta, are typically responsible for 

the interconversion of topological states of DNA molecules. In particular, topo I I  alpha has 

been shown to be essential for the replication process and cell survival (Holm et aI. , 1 985) . 

Over the years many drugs have been developed targeting these enzymes, such as 

anthracyc1ines (doxorubicin and daunorubicin), epipodophyllotoxins (etoposide) and 

anthracene-diones (mitoxantrone) , to name a few. The main aim of many of these drugs is to 

stabilize the cleavable complex, which is formed during DNA replication and represents a 

state in which temporary double-strand nicked DNA is bound to the enzyme (Fig. 1 .2) .  

Stabilization of this complex eventually renders the cell  incapable of replication and induces 

cell death (Robert and Larsen, 1 998).  
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Although many tumour types display elevated levels of both topoisomerase I I  isoforms it has 

been found that drug resistance is conferred on cells exhibiting decreased enzyme levels 

(Deffie et al., 1 9 89). The topo n alpha expression level depends on the cell cycle state, with 

low amounts usually present during the GOlGI-phase (Sullivan et al., 1 987; Woessner et al., 

1 99 1 ). Enzyme levels increase during the S-phase, reaching their maximum in the G21M­

phase, at which point the cell is most susceptible to topo II  drugs, as there is a high number of 

cleavable complexes present (Tanoguchi et al., 1 998). Conversely, reduced topo II alpha 

levels result in fewer c leavable complexes, making cells relatively drug resistant. Moreover, 

two additional mechanisms have been reported for cells carrying deletions of nuclear 

localization signals (Feldhoff et al., 1 994). It has been hypothesised that in these cells 

cytoplasmic topo II alpha could act as a drug sump by reducing the amount of drug molecules 

effectively entering the nucleus and being able to bind to nuclear topo n alpha (Withoff et al., 

1 996). Furthermore, the decreased levels of nuclear topo n, which arc due to delocalized 

nuclear topo Il in the cytoplasm, can generate fewer cleavable complexes, thus contributing to 

drug resistance (Fig. 1 . 3) .  

It has also been suggested that the beta form of topo n, which has been shown to be decreased 

or absent in several resistant cell lines (Evans et al., 1 994; Harker et al., 1 995) ,  can interact 

with the same DNA sequences as the alpha form and may therefore be a primary cause for 

drug resistance (Marsh et al., 1 996). 
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Chemosensitizers Trastuzumab 
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Fig. 1 .3 :  Mechanisms of drug resistance 

mdr-l overexpression increases the synthesis of P-gp (ABC transporter protein), enhancing drug 

efflux from the cell. MRP and MXP are also ABC transporter proteins, increasing drug efflux 

from the cell when present at elevated levels. Chemosensitizers target such multi-drug resistance 

mechanisms to stop drug efflux and restore drug sensitivity. erbB2 gene overexpression 

contributes to drug resistance by an unknown mechanism (?). Trastuzumab, an erbB2 specific 

antibody is used to kill erbB2 overexpressing tumours. Reduced nuclear levels of topo II alpha 

and/or beta lead to a decreased number of cleavable complexes available to be targeted by drug 

molecules such as doxorubicin (Dox). This results in less DNA damage, thus increasing the 

chances of cell survival. Increased amounts of cytoplasmic topo 11 alpha binding to drug 

molecules, such as doxorubicin also promotes drug resistance, by decreasing the number of drug 

molecules entering the nucleus. 
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1.5 New Therapeutic Agents and Reversal of Drug Resistance 

Overcoming mechanisms conferring multi-drug resistance will always be of utmost 

importance, in order to ensure drug efficacy, even if other molecules are the actual 

chemotherapeutic target. As more than 50% of cancer patients do not respond to 

chemotherapy or relapse and eventually die from the disease, it is necessary to improve 

current therapy strategies as well as discovering new, more potent drugs. Historically, an 

empiric approach has been used for drug discovery, but with new insights into the molecular 

mechanisms and cellular signalling pathways, drug discovery efforts have become more 

focused. Currently, multiple strategies are being investigated to enable more efficient 

treatment of cancer patients. Some of these are summarized below. 

1.5.1 C hemosensitizers 

One promising strategy of incrcasing thc cfficacy of current anti-cancer agents is to reverse 

mechanisms associated with multi-drug resistance, such as P-glycoprotein-mediated drug 

efflux. Although a significant number of such agents, also called chemosensitizers, are 

available which can overturn MDR-mediated drug resistance; toxicity, adverse effects, and 

poor solubility at required doses, render most unsuitable for clinical application. In addition, 

effective chemosensitizers need to be specific for tumour cells, with little or no effect on 

normal cells. They must also enhance drug efficacy without altering pharmacokinetic 

properties (Peer et aI., 2004). Although it is unlikely that a single chemosensitizer alone will 

be applicable in all clinical situations given the diversity of different tumours, a number of 

molecules with chemoresistant potential have been identified and are currently undergoing 

clinical trials, such as the P-gp inhibitors tariquidar (XR9576) (Agrawal et al., 2003; Pusztai 

et aI., 2005) and zosuquida (LY335979) (Shepard et al., 2003; Sandler et aI., 2004). 

1.5.2 Tumour Suppressors and Proto-Oncogenes 

A different approach to therapy targets genes and their products which are at the very basis of 

breast cancer development. It is widely accepted that accumulation of multiple genetic 

aberrations are required for cancer development. Such malignant genetic changes are usually 

the result of oncogene activation (for example c-Myc, erbB2 and CCNDl) via mutation, 

translocation, or amplification, coupled with the inactivation of tumour-suppressor genes (for 

example BRCAl, BRCA2, p53, and PTEN). In tumour cells, mutations in oncogenes and 

tumour suppressor genes, as well as the lack of proper control mechanisms responsible for 

growth regulation, differentiation, DNA repair, and apoptosis, can result in dysfunctional or 
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overabundant gene-products. In addition to disease initiation and development, many of the 

affected gene products can render tumours drug resistant, or favour the development of drug 

resistance mechanisms. One aim of counteracting these aberrations for therapeutic purposes is 

to reverse detrimental effccts by re-establ ishing tumour suppressor function, or by decreasing 

the activity of overexprcssed oncogene products. Onc approach is to complement defective 

cells with functional tumour suppressor proteins for example in p53 mutated cells, using viral 

(Mujoo et al., 1 996; Lebedcva et at., 200 1 ;  Wen et at., 2003) or non-viral strategies (Xu et at., 

200 1 ; Kim et al., 2003) in order to restorc tumour suppressor activity. 

Viral strategies usually use a replication deficient adenovirus system, for example ad-p53 

SCH 58500, to exprcss the gene of interest, in this case p53 .  This strategy has been tested 

successfully for a variety of tumours including breast (Dummer et al., 2000) . Non-viral 

strategies, such as liposome-mediated gene transfer for example, uti lize liposome-bound 

ligands. TI1cse ligands bind to specific receptors on the cell surface, which mediate 

endocytosis . Because liposomes form spontaneous complexes with naked DNA, such as 

plasmid vectors, these expression systems can be released during endocytosis and expressed, 

once they have found their way into the nucleus (Xu et aI., 200 1 ) . This  system also allows 

systcmatic targeting of tumours overexpressing receptors which mediate endocytosis upon 

l igand binding, such as folate or transferrin receptors. 

A different strategy is to either inhibit oncogene expression or to target the oncogene product. 

RNA interference has successfully been used to knock down the expression of CCNDl 
(cyclin D I encoding gene) stably transfccted cells, which has resulted in increased 

chemosensitivity of tumour cells (Kommann et al., 1 998; Kommann et al., 1 999; Nakashima 

and Clayman, 2000). Selective targeting of tumours overexpressing the erbB2 oncogene 

product for example, is possible using a specific antibody (trastuzumab) (section 1 .2 .2) .  

The critical step in chemotherapy of tumour cells is the induction of apoptotic pathways. 

Molccules involved in mechanisms influencing this decision, such as DNA repair, cell cycle 

checkpoint, and growth regulation, represent particularly interesting targets for enhancing 

treatment efficacy. In general, little is known about the immediate cellular response to 

particular agents used in chemotherapy. Understanding the cellular activation of response 

mechanisms due to treatment with specific chemotherapeutic agents however, may expose 
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mechanisms which contribute to cell survival, as well as drug resistance towards a particular 

agent, and could hence be specifically targeted to increase treatment efficacy of that drug. 

1 .6 Gene Expression Analysis 

Gene expression profiling utilizing cDNA microarray technology has been used to discover 

additional genes involved in mechanisms of drug resistance. Levels of gene expression in 

different cells (e.g. normal and cancer cells, or drug-treated and untreated cells) have been 

compared with the aim of finding new potential targets for cancer treatment. Such expression 

analyses have identified differentially regulated genes. Nonetheless, they have not resulted in 

any major breakthrough in helping to understand new mechanisms of drug resistance. 

In a study conducted by Kudoh et al. in 2000 it was found that MCF-7 breast cancer cells 

displayed a 2-30 fold increase in transcription of some genes in a time-dependent manner 

when transiently exposed to doxorubicin. These authors also found that some of the genes that 

were overexpressed during transient drug treatment were also overexpressed in drug resistant 

MCF7 cancer cells. In a different study Sotiriou et al. (2002) used microarrays to evaluate 

gene expression in response to chemotherapy and found that breast tumours which were 

susceptible to therapy showed a different expression profile than those which were not. Genes 

overcxpressed in both studies comprised of transcription factors, protein kinases and 

phosphatases, cell cyele regulators, proteascs, apoptotic and antiapoptotic factors, and 

metabolic genes. 

Although these and other studies provide a global view of the complex response of breast 

cancer cells to drugs, and proof of numerous biological pathways being altered, they fail to 

show actual effects on end products of affected pathways and changes at the protein level in 

general . M icroarray analyses cannot predict the actual effects of altered gene expression on 

specific protein levels, protein (-protein) interactions, or post-translational modifications 

(Luker et al., 200 1 ) .  

1 .7 Posttranslational Protein Modification 

One example that highlights the importance of  post-translational protein modification, and the 

necessity to understand the effects of such alterations on the cell, is the phosphorylation of the 

mdr-l gene product P-gp. Loo and Clarke ( 1 999) discovered that contrary to common belief, 

P-gp unlike other ABC proteins, is not functional immediately after synthesis, but requires a 
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maturation process for the glycosylated core protein to be fully functional. These authors 

hypothesized that for the successful maturation o f  the protein, the presence of drug substrates 

is required in order to remove certain barriers blocking the maturation process. Earlier 

experiments have revealed that P-gp is probably phosphorylated by phospholipase C when 

exposed to stress (e.g. heat shock, drug treatment), possibly regulating and increasing the 

proteins transport function (Yang et al., 1 995). 

Moreover, protein phosphorylation is also an integral mechanism of signal transduction 

networks, which are activated in response to cellular stress and damage, and detcnnine 

subsequent cellular events. One prominent example for phosphorylation-mediated signal 

transduction is the phosphorylation of p53 in response to DNA damage, which may result in 

cell cycle arrest, DNA repair, or apoptosis (Kim et aI., 1 999). 

These examples underscore the importance of investigating post-translational and protein 

interaction events in response to drug treatment, as an integral part of understanding 

resistance mechanisms in cancer and discovering new potential targets for drug therapy or 

therapy regimen. 

1 .8 Project Background 

Since gene expression analysis, using microarray technology for example, cannot provide a 

complete picture of the events, effects, and consequences that occur at the post-translational 

level of cell physiology in response to drug exposure, it is necessary to employ additional 

techniques that allow for these events to be examined in more detail. Changes in 

transcriptional activity are non-linear and do not correspond to a I: 1 gene expression: protein 

synthesis ratio. Transcriptional alterations thus cannot be used to predict changes at the 

protein level (Dutt and Lee, 2000; Wulfkuhle et al., 200 1 ;  Godovac-Zimmermann et al., 

2005). Moreover, proteins are often highly interactive and regulate specific molecular 

pathways. The expression of other proteins (e.g. transcription factors and pathway regulators) 

can hence influence certain pathways, whieh in turn wil l  exert changes on other proteins or 

gene expression. I t  is therefore very likely that different and additional changes will be 

encountered at the protein level than at the transcriptional level, as a consequence of drug 

treatment. 
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Several studies have used proteomic strategies to investigate changes in protein expression in 

drug sensitive compared to drug resistant breast cancer cell lines. In particular, the MCF7 cell 

line has been utilized, because a doxorubicin resistant subpopulation has been isolated, 

MCF7! Adr, which allows a direct comparison of drug sensitive and resistant cells. Two 

dimensional gel electrophoresis (2DGE) as well  as surface-enhanced laser desorption 

ionization mass spectrometry (SELD I-MS) and liquid chromatography mass spectrometry 

based strategies have been used for this type of analysis. It is unclear at this stage however, if 

the observed differences between drug sensitive and resistant cell l ines are phenotypical or 

associated with doxorubicin treatmcnt (Hathout et al., 2002; Brown and Fensclau, 2004; 

Gehrmann et al.,  2004; Gehrmann et al., 2004; Hathout et al. , 2004) . Moreover, differences 

bctween breast cancer cell lincs, such as MCF7 cells and MDA MB 23 1 cclls, havc also been 

observed using these techniques (Hathout et al., 2004) . 

More immcdiatc changes in protein regulat ion in breast cancer cel l  l ines have also been 

studied in response to doxorubicin exposure . Again 2DG E  and SELDI-MS were used for 

analysis, and although a few proteins appeared to be differentially regulated, only three 

different isoforms of the heat shock protein 27 (HSP27), which were down-regulated after 

doxorubiein treatment, were identified (Chen et al., 2002) . Earlier studies have linked HSP27 

expression specifically to doxorubicin resistance in breast cancer cells (Ciocca et al., 1 992; 

Oesterreich et aI., 1 993). The mechanism by which resistance is rendered on cells however, 

remains unclear. In light of this, the functional consequences of HSP27 down-regulation after 

doxorubicin treatment are also not understood. In the study conducted by Chen and his co­

workers (2002), cells were exposed to a low concentration (0. 1 � M) of doxorubicin, which 

consequently may have limited the degrce of change in protein rcgulation. In another study, a 

high concentration ( I  0 �M) of doxorubicin was utilized, but only a very small range of 

proteins (2-5 kDa and 1 5 -20 kDa) were analysed (Mian et al., 2003) ,  dramatically limiting the 

chances of detecting differentially regulated proteins . Nevertheless, these studies have 

underscored the possibility of using proteomic techniques for detecting differentially 

regulated proteins in response to doxorubicin treatment. 

1 .9 Aim of Project 

Resistance to chemotherapeutic drugs is one of the most severe problems occurring during 

treatment of cancer patients. The aim of this study was to investigate mechanisms which may 

contribute to cancer cells becoming resistant during drug treatment, by monitoring changes in 
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protein expresslOn profiles, which could ultimately provide information to help Improve 

current therapeutic strategies. 

To this end human breast cells (MCF 1 2A) and the breast cancer cell lines (MCF7 and MDA 

MB 23 1 )  were treated with a commonly used chemotherapeutic drug (doxorubicin) and 

analysed for changes in protein expression compared to untreated control cells. Unlike other 

studies however, whieh maintained cells in drug-spiked media (Chen et aI., 2002; Mian et aI., 

2003), doxorubicin was removed from the media after one hour, to mimic the clinical 

situation of doxorubicin metabolism and removal. Furthermore, an ER positive (MCF7) and 

an ER negative (MDA MB 23 1 )  cell line were used in this study because the ER receptor 

status of breast tumours can have an impact on drug resistance (lampieri et al., 2002).  

One approach of detecting candidate proteins which were up- or down-regulated in response 

to drug exposure was to monitor changes of the whole proteome using two dimensional gel 

electrophoresis (2DGE)  and surface-enhanced laser desorption ionization mass spectrometry 

(SELDI-MS). Differentially regulated proteins could then be identified by peptide mass 

fingerprinting and cellular functions determined (Chapters 3-5) .  

A second approach was to specifically investigate changes in proteins whieh are likely to be 

involved in the repair of doxorubicin-induced damage. Because doxorubicin is known to 

cause DNA-damage, two proteins involved in independent DNA repair pathways were 

specifically monitored for drug-induced alterations in protein expression (Chapter 6) . 
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2.1  Materials 

Chapter Two 

Materials and Methods 

MCF 1 2A, MCF7, and MDA MB 23 1 cell lines were all purchased from the American Type 

Culture Collection. 

DMSO and sodium bicarbonate were tissue culture grade from Sigma Chemical Company, St. 

Louis, MO, USA. Opti MEM, Penicillin (5000 U/mL), Streptomycin (5000 !-lg/mL), 2.5% 

trypsin, and foctal calf scrum were from Invitrogen Life Technologies Inc . ,  Ncw Zealand. 

Cryotubes were from Nune INC. ,  IL, USA. Media sterilization filters were Supor Acrodisc 32  

0.2 !-lM filters from Gelman Sciences, MI ,  USA. T25  and T75 Nunc filter cap easy flasks 

were from Invitrogen, New Zealand. T300 filter cap flasks and 3 80 mm x 25mm cell scrapers 

were from TPP, Medica Pacifica Ltd., New Zealand. 1 2-well plates with lids were from 

Coming Costar Corporation, MA, USA. Doxorubicin (2 mg/mL, Upjohn & Pharmacia) was a 

gift from Richard Isaacs, Palmerston North Hospital. Propidium iodide and thymidine were 

from Sigma Chemical Company, St. Louis, MO, USA.  

BenzonaseE and Tergitol NP-4 were from Sigma, St. Louis, IL,  USA.  SwinnexE membrane 

holders and 0.65 !-lm DuraporeE membranes were from Millipore, MA, USA. The IPGphorE 

and Hoefer SE 600 Ruby standard dual cooled basic gel electrophoresis uni t, immobilized pH 

gradient dry strips (IPG strips) pH 4-7 and 3 - 1 0, plus oncE dry strip cover fluid, and IPG 

buffer were from Amersham Pharmacia Biotech AB, Uppsala, Sweden. Phoretix 2D 

Evolution gel analysis software was from Nonlinear Dynamics, England. 

Lubricated micro-centrifuge tubes were from Coming Cos tar Corporation, MA, USA. 

Reversed-phase Cr8 ZipTipsE were from Millipore, MA, USA and nitrocellulose from Bio 

Rad Laboratories, CA, USA. Angiotensin I was a kind gift from David Lun, Massey 

University. Alpha-cyano-4-hydroxycinnamic acid (CHCA) and 2 ,5,Dihydroxybenzoic acid 

(gentisic acid) were from Sigma Chemical Company, St. Louis, MO, USA. 

Bradford reagent, acrylamide (40%), and SDS-PAGE broad range molecular weight standards 

were from Bio Rad Laboratories, CA, USA. The Roche Complete™ mini protease inhibitors, 

the Chemiluminescence Blotting Substrate (POD) Kit, and nylon membrane (positively 
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charged) were from Roche Molecular Biochemicals, Mannheim, Germany. Nylon membrane 

(positively charged) was also used from Gelman Sciences, MI, USA. 3 M M  paper was from 

Whatman, England. 

DNA-PKcs (H- 1 63 ,) (rabbit polyclonal, N-terminal human DNA-PKcs), Rad5 1 (H-92) (rabbit 

polyclonal, C-terminal human Rad5 1 ), and topo II  alpha (K- 1 9) (goat polyclonal, C-terminal 

human topo Il alpha) antibodies were from Santa Cruz Biotechnology, CA, USA. Alpha 

tubulin (anti-alpha tubulin clone DM l A), and the IgG horse radish peroxidase conjugates of 

anti-mouse, anti-human, and anti-goat antibodies were from Sigma Chemical Company, St. 

Louis, MO, USA. The X-ray film, developer, and fixer were from Eastman Kodak, NY, USA. 

Trifluoroacetic acid (TFA) , formic acid, and acetonitrile were gradient grade quality from 

Romil, England. 0 .22 jlm Ultrafree-MCf; filters and 0.2 jlm filter membranes were from 

M illipore. MA, USA. Jupiter C4 250 mm x 4 .6 mm. 300 A, 5 jlm, column, security guard 

column. and widepore C4 (Butyl) cartridges were from Phenomenex, New Zealand. The 

ultrafiltration membranes Vivaspinf; 2 mL, 5 kDa (MWCO); CentriconR SR-3, 3 kDa 

(MWCO); Macrosepf;, 1 0  kDa (MWCO);  were from Vivascience, Germany; Millipore, MA, 

USA; and Pall, England, respectively. 

2.2 Methods 

2.2.1 Cell Culture 

2 .2 . 1 . 1  Cell Maintenance 

All handling of cells, other than harvesting, was carried out under aseptic conditions using a 

laminar air flow unit (Crossflow 1 800 with HEPA filter, Westinghouse) . Media was fi ltcr­

sterilized using a 0 .2 jlm acro cap filter (Pall), stored at 4°C, and warmed up to RT just prior 

to use. MDA MB 23 1 and MCF7 cells were grown in Opti-MEM (GibcoBRL) supplemented 

with 2% foetal calf serum (FCS) (GibcoBRL), 2 .4  mg/mL sodium bicarbonate, and 50 

units/mL of penicillin and streptomycin (GibcoB RL). MCF 1 2A were cultured in a I :  I 
mixture of Ham's F 1 2  (Sigma) and DMEM (Sigma) supplemented with 2 .4 mg/mL sodium 

bicarbonate (Sigma), 20 ng/mL epidermal growth factor (Sigma), 500 ng/rnL hydrocortisone 

(Sigma), 5% horse serum (GibcoBRL), and 50 units/mL of penicillin and streptomycin 

(GibcoBRL) .  MCF7 and MCF 1 2A were grown in media containing 1 0  jlg/mL insulin 

(Roche) . All cells were grown in humid conditions at 37°C in a 5% CO2 incubator and 

experiments were carried out during exponential growth phase unless otherwise indicated. 
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2 .2 .1 .2 Cell Passaging 

I x trypsin (0.25%) (GibcoBRL) was obtained by diluting I mL of 1 0  x concentrated trypsin 

with 9 mL of PBSE (0. 1 4  M NaCI, 2 . 7  mM KCI, 4 .3 mM NaHP04.2H20 pH 7 .2  plus 0 .5 mM 

EDTA) under aseptic conditions. After removing the old cell media, 1 x trypsin was added to 

the flasks at a ratio of 1 mLl40 cm2 . The cells were monitored under an inverted light 

microscope (Olympus CK2) and the trypsin solution removed as soon as the cells started 

rounding up. Flasks were vigorously tapped on the side several times to facilitate dislodging 

of the cells. The cells were aspirated in fresh media which was evenly distributed to new 

flasks. Fresh media was added to the new flasks to a final concentration of 0 . 1 25 mLlcm2 

before being placed in the incubator. Generally, filter top flasks were used ranging from 25 

cm2 (T25) (Nunc) for growing cells from frozen stocks to 75 cm
2 

(T7S) (Nunc, Invitrogen) 

and 300 cm2 (T300) (TPP) which were used for drug exposure experiments. 

2.2. 1 .3 Freezing and Thawing of Cell Stocks 

After trypsin treatment, cells were taken up in 1 mL of FCS and 1 0% DMSO. The cells were 

then transferred to cryo tubes (Nunc) and wrapped in tissue paper before being stored at -

70°C. After 24 h, the cells were transferred to a l iquid nitrogen container where they were 

stored indefinitely. When starting a new batch of cells from frozen stocks they were first 

removed from the container and quickly defrosted by holding the tube in the hand. The cells 

were then transferred to a sterile 1 5  mL nunc tube and 5 mL of appropriate growth media 

added before being pelleted at 480 x g. The supcmatant was removed and the cells 

resuspended in 5 mL of fresh media. The suspension was than transferred to a T25 flask 

(Nunc) for cell propagation. 

2.2 .1 .4 Drug Exposure 

Cells were seeded at 25-30% confluence and left undisturbed for 24 h before exposure to 

doxorubicin (Pharmacia & Upjohn, New Zealand) for 1 h. The medium was then replaced 

with doxorubicin-free conditioned media and cells left undisturbed until harvested. When 

selecting for "resistant" cells, the culture was left undisturbed for 4 days, after 80-90% of the 

cells had died, the media was replaced. The culture was allowed to re-establish growth before 

being passaged, and re-exposed to doxorubicin an additional two times before harvesting. 
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2.2.1 .5 Cell Viability Assay 

Cells were seeded at 1 x 1 05 (MDA MB 23 1 and MCF 1 2A) and 5 x 1 04 (MCF7) per well in 

1 2  well p lates (Nunc). For analyses, growth media and trypsinized cells were collected and 

centrifuged at 480 x g for 5 min. Cell pellets were resuspcndcd in PBS (0 . 1 4  M NaCI, 2 .7 mM 

KCI, 1 0. 1  mM Na2HP04, 1 .8 mM KH2P04 pH 7.2) and diluted 1 :  1 with erythrosin B ( 1  

mg/mL) to distinguish between viable and dead cells, and counted using a hemocytometer 

(Neubauer). 

2.2.1 .6 Harvesting  Cells 

Old media was discarded and cell cultures were repeatedly washed with ice-cold PBS to 

remove extracellular proteases and plasma proteins. Flasks were scraped thoroughly, cells 

were repeatedly collected in 10 mL ice cold PBS and pooled into 50 mL Nunc� tubes. The 

cell suspension was then centrifuged at 480 x g at 4°C for 5- 1 0  minutes and the supernatant 

discarded. The tube was weighed to estimate the protein concentration which is roughly 5% of 

the wet weight (Taylor, 2003) before snap freezing the cell pel let in liquid nitrogen and 

storing at -70°C . 

2.2.2 Protein Handling 

2 .2.2.1 Protein Extraction for 2D Analysis 

Cell pellets obtained by harvesting three T80 flasks or onc T300 were lysed using 270 �L of 

extraction buffer (8 M urea, 4% (w/v) C HAPS (3-[(3 -Cholamidopropyl)dimethylamino J- l ­

propanesulphonate) , 1 x Complete ™ mini, 40 mM tris p H  9), to which 5 mM 2-TCEP was 

added, and vortexed vigorously. As the suspension turned viscous 2 JlL of Benzonase� 

(Sigma) was added and the solution vortexed for an additional minute, observing an 

immediate decrease in sample viscosity. After 5 min 1 mM EDTA and 2 M thiourea were 

added. Once the thiourea had dissolved, the lysis buffer was completed by adding 0.75 JlL of 

4-Vinylpyridine (95% solution) to a final concentration of  20 mM and left to stand at R T for 

90 minutes, occasionally inverting the tube. 

2.2 .2.2 TCA P recipitation 

Trichloroacetic acid (TCA) was added to a final concentration of 1 5%, for protein 

precipitation, and incubated on ice for l h. After centrifugation at 1 3 000 rpm at 4°C for 1 5  

min, the protein pellet was repeatedly washed with 3 00 �L o f  ice-cold acetone and 

centrifuged. The protein pellet was subsequently dissolved in 1 00 �L extraction buffer (8 M 
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urea, 2 M thiourea, 4% CHAPS,  40 mM tris pH 9, and I x Roche Complete™ mini) which 

had been prefiltered using Swinnex® (Millipore) membrane holders with a 0 .65 f.lm 

Durapore® membrane (Millipore), by vortexing for l h. 

2.2.2.3 Ultracentrifugation 

Samples were transferred to ultracentrifugation tubes (Beckman) and centrifuged at 1 x 1 05 X 

g at 1 5°C for 30 min in a Beckman TL- I 00 tabletop ultracentrifuge to remove nucleic acids 

from protein extracts obtained without Benzonase® treatment. The supematant was 

subsequently transferred to a fresh tube. 

2.2.2 .4 Storing of Protein Extracts 

Protein extracts were divided into aliquots (30 f.ll) and snap frozen in liquid nitrogen before 

being transferred to -70°C for storage. 

2.2 .2.5 Bradford Assay 

BSA (New England Biolabs, 1 0  mg/mL) was diluted with Milli Q water to give standard 

concentrations of 0 (Milli Q only) 0. 1 ,  0 .25 ,  0.5 , 0.75, 1 ,  and 2 f.lg/f.lL.  Protein samples were 

diluted 5 ,  1 0, 20, 50, and 1 00 fold with M illi Q water. 5 f.lL of each sample and BSA solution 

were transferred to a 96-well microtiter plate (Nunc). Bradford protein assay dye reagent 

concentrate (Bio Rad) was diluted 1 :4 in Mil l i  Q water and 1 95 f.lL added and left standing for 

5 min. Each dilution was carried out in triplicate and shaken for 1 0  sec at medium speed 

before the absorption was measured at 595 nm using an anthos htII spectrometer (Sci Tech).  

A standard curve was constructed utilizing the BSA standards of known concentration, 

allowing the determination of protein concentration in the samples. 

2.2.2.6 Reversed-Phase High Perform ance Liquid Chromatography 

RP-HPLC was conducted using a DIONEX system (ASI- 1 00 sample injector, 580 Pump, 

STH585 column oven, and a UVD340S detector) and data analysed using DIONEX 

chromeleon c lient 6 .40 software. All reagents were filtered using a 0.2 f.lm filter (Millipore) 

and H20 was initially charcoal filtered. Protein extracts were filtered prior to analysis using 

0.22 f.lm Ultrafree-MC filters (Millipore) . Different amounts of protein extracts were loaded 

onto a Jupiter C4 250 mm x 4 .6 mm, 300 A, 5 f.lm column (Phenomenex), which had a 

security guard column containing two widepore C4 (Butyl) cartridges, attached. Prior to any 

analysis the column was routinely equilibrated with acetonitrile and the trendline monitored 
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on the computer. Once the trendline had stabilized and no changes were observed for at least 

1 0  min the column was subsequently equilibrated with 0 . 1 % trifluoroacetic acid (TF A) in 

H20, until no more trendline-changes were observed for at least 1 0  min. Different amounts of  

protein sample were then injected onto the column which was followed by a wash H20 (0. 1 % 

TF A) ,  before eluting proteins off the column using different concentrations of AcN and 0. 1 % 

TF A in H20. The samples were collected in 1 5  mL test tubes and kept on ice. 

2.2.2.7 Speed Vac 

The protein fractions (approximately 5 mL) were transferred from the test tubes to lubricated 

micro-centrifuge tubes (CostarlY) and dried in a speed vac (SpeedVac SC l OO, Pierce) at a 

medium drying rate. When 70% of the sample had cvaporated, it was reconstituted to the 

original volume by adding more fractionated protein solution. This process was repeated 10-

1 5  times until all of the fractionated sample solutions were used up, at which stage the 

samples were dried to completeness. The dried protein fractions were then dissolved in 

protein extraction buffer. 

2.2.2.8 Ultrafiltration 

All ultrafiltration devices were used according to the manufacturer' s recommendations. 

Protein fractions containing an AcN concentration exceeding the manufacturer' s 

recommendations were diluted to recommended levels using protein extraction buffer. In 

gencral thc protein fractions were filtered at least three times and diluted with prefiltered 

extraction buffer between filtering spins to dilute the AcN. Ultrafiltration devices and 

molecular weight cut-off values (MWCO) were as follows: VivaspinlY 2 mL (Vivascience), 5 

kDa (MWCO); CentriconlY SR-3 (Amicon), 3 kDa (MWCO); MacroseplY (Pall), 1 0  kDa 

(MWCO) . 

2.2.2.9 F reeze Drying 

A fter RP-HPLC the protein fractions were collected in 1 5  mL tubes (Nunc), snap frozen in 

liquid nitrogen, and stored at -70°C for 24 h. The fractions were then dried in a lyophilizer 

and reconstituted in filtered extraction buffer. 

2 2  



2.2.3 Two Dimensional Electrophoresis 

2 .2 .3.1 I soelectric Focusing (lEF) 

Samples consisting of 75 Ilg of protein in 300 ilL of extraction buffer containing 0 .0 I % 

Coomassie brilliant blue, 0 .5% IPG buffer, and 0.00 I % tergitol NP-4 were transferred into the 

middle of an 1 8  cm strip holder. The cover of either pH 4-7 or 3- 1 0  immobilised pH gradient 

I PG strips (Amersham Biosciences) was carefully removed and the strip placed gel-side down 

in the correct orientation onto the strip holder, ensuring no air bubbles were trapped 

underneath the strip .  Approximately 2 mL of Plus oneE cover oil (Amersham Biosciences) 

was applied on top of the strip to avoid sample evaporation. Strips were focused in 7 

subsequent steps which had been programmed into the IPGphorE (Amersham Biosciences) 

apparatus as follows: 

1 .  30 V for 1 3  h 

2 .  2 5 0  V for I h 
3 .  500 V for 1 h 

4 .  750 V for 1 h 

5 .  2500 V for I h  

6 .  5000 V for 1 h 

7 .  8000 V for 9 h 

2 .2 .3 .2 Polyacrylamide Gel Casting 

Acrylamide stock solution (30.8% T, 2 .6% C) was prepared by adding 29.22 g of acrylamide 

and 0 .87 g of Bisacrylamide to 1 00 mL of Milli Q water and stored in the dark at 4°C. 1 0-

1 5% gradient gels were cast using 1 2 .9  mL of both heavy and light solution which were 

prepared as follows: 

Reagent Light solution 1 0% Heavy solution 1 5% 

Acrylamide 1 0  mL 1 5  mL 

4 x Resolving buffer 7 . 5  mL 7.5 mL 
M ill i  Q water 1 2  rnL 4.6 mL 

1 0% SDS 0.3 mL 0 .3  mL 
Sucrose none 4 .5  g 

20% APS (Ammonium 8 1 .3 ilL 2 5  ilL 

persulfate) * 4 .2 ilL 4 .2  ilL 

TEMED* 

* Were added to the 1 2 .9 ml of solutIOn already in the mIxing chamber 
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The Hoefer SG 1 00 mixing chamber (Amersham B iosciences) and a Bio-Rad Econo Pump 

were used for pouring the gels. First the heavy solution was transferred into the chamber 

labelled "H" and the tap of the L chamber was opened to allow the heavy solution to force 

any air out of the connection tube. Once the tubing was filled with heavy solution the tap was 

c losed and the light solution filled into the "L" labelled chamber. APS and TEMEO were 

added as indicated and mixed wel l  using stir bars at a stirrer setting of 6 (medium fast). The 

stir bar in the "L" chamber was removed before starting to pour the gel, by opening the tap of 

the "H" chamber by 3 half turns to the left .  The pump was then switched on at a flow rate of 

2 .4 mLlmin. Once the front of the heavy solution had reached the pump, the tap of the light 

chamber was opened by 3 half turns to the left to allow the mixing of the two solutions. A 

needle attached to the cnd of the rubber hosing was placed in the middle of the assembled 

glass plates and gradually moved upwards in sueh a way as to maintain a distance of about 1 

cm between the needle tip and the gel front. Immediately after finishing casting, thc gel was 

overlaid with a thin layer of about 300 ilL of water-saturated butanol .  After allowing to stand 

at RT for at least 1 h ,  the gel was covered in wet paper towels, wrapped in plastic wrap and 

stored at 4°C overnight to ensure proper polymerization. 

2.2.3.3 Second Dimension and Strip Transfer 

After IEF, the focused strips were washed 3 times in SOS running buffer (25 mM tris base, 

1 92 mM glycine, 0. 1 % (w/v) SOS). Focused strips of protein samples extracted according to 

the protocol of (Berkelman and Stenstedt, 1 998) were subsequently transferred to SOS 

equilibration buffer (6 M urea, 30% glycerol, 2% SOS, 1 0  mg/mL OTT) for 20 min before 

being placed in alkylating buffer (6 M urea, 30% glycerol, 2% SOS, 25 mg/mL 

iodoacetamide) for 20 min. Protein samples which had been alkylated prior to IEF were 

transferred to SOS equilibration buffer without OTT for 20 min. All strips were then placed 

onto filter paper for 5 min. The strips were then cut at the cathodic end and the blue anodic 

end to an appropriate size for transfer onto the polyacrylamide gel . After lubricating the strips 

in running buffer (25 mM tris base, 1 92 mM glycine, 0 . 1 % (w/v) SOS), they were placed on 

the second dimensional gel with the plastic-side against the glass and overlaid with agarose 

(0. 5% agarose with a trace of Coomassie blue) to facilitate protein transfer from the first to 

the second dimension. The gels were then placed into the Hoefer SE 600 Ruby gel tank 

(Amersham Biosciences). The gel tank was connected to a c irculating water bath for 

temperature control, maintaining 20°C .  Electrophoresis was carried out at 1 0  mA for 20 min, 
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before increasing the current to 20 mA and then continued until the Coomassie blue dye front 

reached the gel bottom, which typically took 1 6  h.  

2.2 .3 .4 S ilver Stain ing 

The silver staining protocol was a kind gift from Zhou-Zhan Liu, I nstitute of Molecular 

Biosciences, Massey Univcrsity. Milli Q water was used for all solutions which were 250 

mLlgc1 unless stated otherwise. Gels were transferred to glass bowls containing 50% ethanol 

and 1 0% acetic acid, and placed on a shaker at RT overnight. They wcre then rinsed in 5% 

ethanol and I % acetic acid for 1 5  min, before being washed 3 timcs for 5 min cach wash. For 

scnsitisation purposes the gels were transferred to a 40 mg sodium thiosulfatc solution for 2 

min, after which they were washed for 5 min, and then placed in a 0.4 g silver nitrate solution 

for 20 min. After being washed twice for 20 sec. in 400 mL of water, the gels were washed 

with 50 mL of developer solution containing 60 g/l sodium carbonate, 0 .5 mL 37% 

formaldchydc and 20 mL 0.2 g/l sodium thiosulfatc. The gels were thcn lcft in frcsh dcveloper 

solution until the desircd staining had been achievcd, which usually took 5-6 min. Thc 

solution was then replaced with 5% cold acctic acid for 1 0  min before repcatedly rinsing thc 

gels with water. Gels werc stored in a 35% methanol, 3% glycerol solution and scaled in 

laminating cover sheets. 

2.2 .3.5 I mage Acquisition 

Stained gels were placed on a glass tray in the Fuj i  F LA 1 000 dark box which was set to D IA 

and digitizing mode for image acquisition. Pictures wcre obtained with thc Image Reader 

1 000 program using automatic exposurc. Saved images were exported as tiff files and 

manually analysed for differences in protein concentration and spot patterns using Adobe 

Photoshop. 

2 .2 .3.6 Phoretix 2D Software Analysis 

Image analysis was performed using the manufacturer's (Non linear) recommended settings. 

Gel images were aligned to match spots between different gels. This was achieved by gel 

warping, a process by which the areas surrounding prominent and easily identifiable proteins 

spots on different gels are matched. This procedure was particularly important for gels 

showing slight protein migration differences which otherwise would havc prevented accurate 

spot matching. Spot detection was performed automatically by the software. Results were 

checked and corrected manually where necessary to ensure correct spot matching. Only spots 
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exceeding a signal intensity of 0 .04 units were used for analysis in order to facilitate spot 

matching and to reduce data ambiguity. Background subtraction was performed in accordance 

with the manufacturer' s recommendations, but additional options were utilized when data 

confirmation was considered necessary. A protein spot had to be up- or down-regulated 1 .7 

fold between samples to be considered as a potential candidate. 

2.2.4 Immunoblotting 

2.2.4.1 Protein Extraction 

A fter harvesting, the cells were lysed in 40 mM Hepes pH 7.9,  0.4 M KCl, 1 mM DTT, 1 0% 

glycerol,  1 mM EDTA, and I x Roche Complete™ mini using 4 freeze-thaw cycles in liquid 

nitrogen . Aliquots were snap frozen and stored at -70°C and protein quantification carried out 

by Bradford assay as described in section 2 .2 .2 .5 .  

2.2.4.2 Western Blots 

A Bio-Rad mini gel system was used for I D  SOS-PAGE, and to transfer the proteins onto a 

membrane following the manufacturer' s  recommendations. Samples containing 2 0  )lg of 

protein were boiled in 1 x SDS loading buffer (SOS, glycerol, 2-�-mercaptoethanol, 

bromophenol-blue) for 5 min, and transferred onto ice for 5 min, before being loaded onto 5-

1 0% gradient SDS-PAGE mini gels. The gels were run in SOS electrophoresis buffer (25 mM 

Tris, 1 92 mM Glycine, 0. 1 % w/v SOS in H20) at 200 V until the dye front reached the bottom 

of the gel . 

Proteins were transferred to a nitrocellulose membrane (Pall, Roche) in electrotransfer buffer 

(25 mM Tris, 1 92 mM glycine in H20) at a constant current of 450 mM for 1 hour. Roche BM 

chemiluminescence Blotting Substratc (POD) was used for immuno detection according to the 

manufacturer' s  recommendations. Membranes were cut into the appropriate molecular weight 

regions where applicable or transferred whole into TBST (0.5 M Tris, 1 50 mM NaCl, 0. 1 % 

v/v Tween 20) including 1 %  blocking reagent for I h at RT. The proteins were 

immunolabeled using 1 :250 Rad5 1 (H-92) (Santa Cruz) and 1 :4000 ONA-PKcs (H- 1 63) 

(Santa Cruz) , 1 :250  topo II alpha (K- 1 9) (Santa Cruz) , and 1 :2000 alpha tubulin (DM l A) 

(Sigma) primary antibodies in TBST including 0.5% blocking reagent for 1 h. The 

membranes were then washed twice in TBST and twice in TBST plus 0.5% blocking reagent 

for 1 0  min each, before adding the appropriate amount of horseradish conjugated secondary 

antibody (anti-rabbit, 1 :2500; anti-goat and anti-mouse, 1 : 5000 (Sigma)) in TBST including 
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0.5% blocking reagent for 1 h at RT. Subsequently, the membranes were washed in TBST 

three times for 15 min before being bathed in detection solution (99 parts solution A, 1 part 

solution B) for 2 min. 

Images were captured using X-ray film (Kodak X-Omat K film) and a 1 00 Plus™ automatic 

X-ray film processor from All-pro Imaging (Hicksville, New York 1 1 801). Additional images 

were acquired using the Fuji  Las 1 000 intelligent dark box according to the manufacturer's  

recommendations for immunoblots. Images were saved as tiff files. 

2.2.4.3 Densito metry 

Densitometric analysis was performed using ImageJ software according to the manufacturer's  

recommendations. Gel images to be analysed using ImageJ software were used as tiff files. 

First, one lane was marked using the rectangular tool from the menu. Each subsequent lane 

was then marked with a new rectangle, with the same dimensions as the first rectangle. After 

the final lane which was to be ineluded in the analysis had been marked, the results for each 

lane were displayed in a plot profile. The higher a band was located on the lane of the gel, the 

further left the corresponding peak appeared. The height of the peak corresponded to the 

densitometric value (protein concentration) of the gel band (section 6.8, Fig. 6.4). fndividual 

peaks were then selected and the densitometric value of each peak/band summarized in a list, 

which allowed the determination of the relative concentration of proteins in each sample. 

2.2.5 Matrix-Assisted Laser Desorption I onization Mass Spectrometry (MAL DI-MS) 

2.2.5.1 Fa rmer's Reagent Destai ning (Gharahdaghi et al. , 1 999) 

The protein band of interest was excised from the gel and cut up into small cubes 

(approximately 1 mm2). A fresh solution of 30 mM potassium ferricyanide and 1 00 mM 

sodium thiosulfate was prepared at a ratio of 1 :  1. The gel slices were place in a 650 ilL 

centrifuge tube and covered in this solution, typically a volume of 30-50 ilL was sufficient. 

The tube was gently vortexed until the brownish colour disappeared from the gel cubes. At 

this point the solution was removed and 25 mM ammonium bicarbonate (PH 8) added, and 

vortexed for 1 0  min. The solution was then discarded and fresh 25 mM ammonium 

bicarbonate (pH 8) was added. The slices were then treated as described in section 2.2.5 .3 .  
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2.2.5.2 Hydrogen Peroxide Destaining 

The excised protein band was cut into small cubes, placed in a centrifuge tube and repeatedly 

washed in water for 5 min. The cubes were then repeatedly treated with 25 mM ammonium 

bicarbonate (pH 8) for 5 min. 1 % H202 in 25 mM ammonium bicarbonate (PH 8) was then 

added and removed once the cubes appeared clear, which typically took less than 10  minutes. 

They were then rinsed in water twice for 5 min, before adding a 1 % formic acid solution. 

After 5 min, the solution was replaced by a 1 % formic acid/acetonitrile solution with a ratio of 

1 :  1 .  The solution was replaced by acetonitrile 5 min later and cubes were ready for in-gel 

digestion after a further 1 0  min. 

2.2.5.3 In-Gel Protein Digestion 

After completely drying the gel cubes using a speed-vac (SpeedVac SC I OO, Pierce) pump 

they were submersed in 100 ilL of 2 mM Tris (2-carboxyethyl) phosphinc (TCEP), in 25 mM 

ammonium bicarbonatc and incubated at 37°C for 1 5  min, occasionally agitating the tube. 

The supernatant was then replaced by adding 1 00 ilL of 20 mM iodoacetamide in 25 mM 

ammonium bicarbonate and incubated at 37°C in the dark for 30 min. The supernatant was 

then discarded and the gel cubes washed three times with 200 ilL of 25 mM ammonium 

bicarbonate for 1 5  minutes under constant shaking. The gel slices were then completely dried 

using a speed vac and transferred to a lubricated micro-centrifuge tube (Costar®) .  The cubes 

were subsequently rehydrated in 5 - 1 0  ).tL of trypsin solution (0.05 ).tg/IlL sequencing grade 

modified trypsin (Roche) in 40 mM ammonium bicarbonate containing 0. 1 %  w/v n­

octylglucoside for I h. After this period, an additional 50 ilL of trypsin solution was added 

and the gel slices incubated at 3rC overnight. The solution was then centrifuged and the 

supernatant transferred to a new lubricated centrifuge tube. In the subsequent step, the sample 

volume was reduced to 1 0-20 ilL using a spced vac. 

2.2.5.4 ZipTip® Sample Concentration 

In general, all samples which had been silver stained were further concentrated and desalted 

after in-gel digestion using reversed-phase C ' 8 ZipTips® (Millipore) according to the 

manufacturer's  recommendations. After wetting the resin with acetonitri le, the tip was 

equilibrated using 0. 1 % TF A. Prior to loading, TF A was added to the sample to a final 

concentration of 0 . 1 %. After aspirating the sample ten times, the bound peptides were washed 

twice in 0. 1 % TF A, and once in 5% ethanol and 0. 1 % TF A. Peptides were eluted in 2 ilL of 
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0. 1 % TFA and 50% AcN, mixed with a matrix (see 2 .2 .2 .5  and 2 .2 .2 .6), and loaded onto thc 

MALDI-MS target plate. 

2.2.5.5 Dried Droplet Method 

1 0  mg/rnL of alpha-cyano-4-hydroxycinnamic acid (CHCA) m 1 vol acetontile and 2 vol 

0 . 1  % trifluoroacetic acid (TFA) were vortexed for 30 seconds to solubilize the matrix .  The 

solution was quickly centrifuged and the supernatant transferred to a new tube. The 

supernatant was then mixed in a ratio of 1 :  I with the protein sample to be analysed. 1 ilL of 

this mixture was then applied to the target plate and allowed to dry in a laminar flow hood 

before analysis. In some cases this step was repeated in order to increase the amount of 

detectable peptides. 

2.2.5.6 Fast Evaporation Method (Vorm et al., 1994) 

40 mg/mL of CHCA was dissolved in acetone and vortexed briefly. Insoluble material was 

removed by transferring the supernatant to a new tube after centrifugation. A 1 0  mg/mL 

solution of nitrocellulose (Bio-Rad) in acetone/isopropanol ( 1 : 1 )  was mixed in a ratio of 1 :4 

with the CHCNacetone solution. 1 ilL of matrix solution was deposited on the target plate 

and allowed to dry. 0 .5 ilL of 5% formic acid was then placed on top of the dried matrix. 0.5 

ilL of  sample solution was then injected immediately into the drop of formic acid on the target 

plate and allowed to dry in a laminar flow hood. As an optional step samples were rinsed 

three times by depositing 5 - 1 0  ilL of  water on the probe and then immediately removing it. 

The samples were then analysed in the mass spectrometer. 

2.2.5.7 MALDI-MS Analysis 

The peptides on the target plate were ionized and analysed on a micromass® TofSpec 

2EIM@LDFM. After loading of the target plate, subsequent mass spectra were either obtained 

manually by moving the crosshair and selecting different areas for ionization within a target 

circle, or automatically using the software. The amount of laser energy required for optimal 

sample signals needed to be determined empirically for each analysis. Angiotensin I was 

added to one target well and analysed prior to any sample data col lection to ensure correct 

calibration of the mass spectrometer. If the mono isotopic angiotensin I signal deviated from 

its known mass ([M+H]+ = 1 296.6853),  the mass spectrometer was adjusted and calibrated 

accordingly. The average sample signal intensities of ten laser shots were recorded using 
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Mass Lynx v.3 .5 software. The list of mass spectra generated was subsequently used for 

peptide mass fingerprinting analysis. 

2.2.5.8 Peptide Mass Fingerprinting 

The lists of peptide peaks generated by MALDI-MS were searched against the Mascot protein 

data base for protein identification using the Mascot Peptide Mass Fingerprint program 

(www .matrixscience.com). The following parameters were used for identifying the protein 

using the peptide list obtained from MALDI-MS:  The Swiss-Prot and Matrixscience database 

(MSDB) were selected as the protein databases. The search was restricted to the mammalian 

taxa, and trypsin specified as the enzyme used for proteolytic cleavage of the protein, 

al lowing 1 missed cleavage site. No modifications were selected from the menu (default) 

when searching a database. Peptide mass tolerance was set to 1 Da (default) and M H+ and 

monoisotopic mass selected from the mass values menu. The list of peptide peaks obtained 

from MALDI-MS was cntered in the query field and searched against either the Swiss-Prot or 

Matrixsciencc database. Results included the degree of sequence coverage (in percent), the 

number of matched and unmatched peptide peaks, and a score indicating the likel ihood of 

having identified the protein in question. 

2.2.5.9 Target Plate Maintenance 

Cleaning of  target plates was carried out according to the manufacturer's recommendations. 

The target plate was scrubbed in 2% Decon 90 using a tooth brush and rinsed with distilled 

water followed by soaking for 1 5  min in trichloroethylene. This was followed by sonication 

for 30 min in 2% Decon 90. Plates were then rinsed extensively with HPLC-grade water, 

followed by rinsing with HPLC-grade acetonitrile and allowed to dry before use. 

2.2.6 F ACS (Fluorescence-activated CeU Sorter) Analysis 

Cells were trypsinized and pelleted at 480 x g at 4°C for 1 0  min, before determining the cell 

concentration using a hemocytometer (Neubauer) . Approximately 1 x 1 06 cells were used for 

F ACS analysis and were resuspended in 50 ilL  PBS and fixed with 600 ilL 70% ethanol at 

4°C for at least 1 h, or stored for up to 1 week at 4°C. Cells were then washed in PBS twice 

before adding 1 00 ilL of 1 mg/mL RNase for 1 5  min at RT, and staining in 200 ilL of 1 00 

IlglmL propidium iodide for 2-24 h. F ACS analysis was performed on a Becton Dickinson 

FACScalibur (BD Biosciences, NSW, Australia), counting at least I x 1 05 cells per sample. 
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The data analysis was perfonned by Dr Fran Wolber, Institute for Food, Nutrition and Human 

Health, Massey University. 

2.2.7 Immunohistochemistry 

All immunohistochemistry procedures were performed at MedLabCentral, Palmerston North 

Hospital and analysis conducted by Dr Bruce Lockett, Palmerston North Hospital . 

2.2.7.1 Cell Blocks 

Harvested M DA MB 23 1 cells were fixed in 1 0% formaldehyde and transferred to 

MedLabCentral at 4°C. Cell blocks for immunohistochemical analysis were prepared by 

washing the fixed cells in isotonic saline (0.85%) three times and collecting the cell pellet by 

centrifugation. Cells were then resuspended in 5 drops of nonnal human plasma followed by 

the addition of 5 drops of activated thrombin mixture and 3 drops of 25 mM CaCl .  The 

forming clot was then placed onto a histology cassette and immersed in 70% ethanol . The clot 

was then embedded in paraffin and 2 J.!m thick slices cut from the block and placed on a 

silanized glass slide. Slides had previously been placed in a silane solution (2% silane in 

acetone) for 2 min and washed in two changes of distilled water before being dried. 

2.2.7.2 Histological Staining 

Staining of the tissue specimens was performed at MedLabCentral, Palmerston North 

Hospital by Dr Bruce Lockett, using an autostainer. At first, tissue slides were deparaffinised 

in xylene and rehydrated with tap water, before treating the tissue with 33% H202 for 1 0  min. 

Antigen retrieval was perfonned by placing the sl ide in 0.25 M Tris base, pH 9, for 1 0  min, 

after which the slides were rinsed extensively in tap water, distilled water, and placed in PBS 

containing 0.05% tween. The next step was to apply DNA-PK ( 1 :  1 200) and Rad5 1 ( I  : 90) 

antibodies to the slide and incubate at 25°C for 30 min on a rotator. The slides were then 

rinsed three times with PBS and placed into Powervision solution, a commercial antibody 

detection complex. 45 min later the slides were rinsed three times with PBS, and then twice 

with distilled water. The sl ides were then submersed in DAB Chromogen (DAKO) for 5 min, 

and rinsed with tap water before being placed in copper sulphate for I min. A fter rinsing with 

water, the slides were counterstained by dipping them into haematoxylin five times, rinsing in 

water and dipping them in ammonia ten times. The slides were then rinsed in distilled water 

and dehydrated. Finally, the slides were examined under a light microscope and the degree of 

immunohistological staining determined using the semi-quantitative H-score methodology 
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( McCarthy et al., 1 985) .  Images were acquired using a 4 megapixel digital camera mounted to 

a light-microscope. 
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Chapter Three 

SE LD I-MS 

3.1 Su rface-Enhanced Laser Desorption I onization Mass Spectrometry (SELDI-M S) 

Surface-enhanced laser desorption mass spectrometry was used to determine the feasibility of 

detecting differentially regulated proteins, using the drug treatment regime described below 

and to compare these data to data obtained from two dimensional gel electrophoresis. SELDI­

MS is a technology which combines the use of chromatographic surfaces with mass 

spectrometric analysis, and according to the manufacturer has a sensitivity l imit comparable 

to other mass spectrometers (femto to atto mol range), and can detect proteins of over 500 

kDa in size (Grus et aI., 2003). Samples are applied directly onto protein chips, each of which 

features a unique protein binding property, for example: hydrophobic, hydrophilic, anion 

exchange or cation exchange, thereby effectively fractionating the sample prior to analysis. 

The initial binding of proteins to the chip surface is fol lowed by a wash step to eliminate any 

contaminants which may interfere with analysis. After drying the sample, a matrix consisting 

of energy absorbing molecules is used to overlay the bound sample, to facilitate desorption 

and ionization for subsequent mass spectrometric analysis. Molecules which have been 

ionized by laser shots are analysed by the time of flight detector and their masses 

subsequently displayed as a mass-to-charge ratio (m/z). Ionisation of a 2000 Da protein for 

example usually results in the addition of one proton which results in an rnlz value of 200 1 

( [M+H] 1+) . If  two protons were added during ionization, the resulting rnlz value would be 

1 00 1  ( [M+2Hfj.  The resulting spectra display the relative intensity of each protein peak 

compared to the strongest sigual/peak, which is set at 1 00 units . For instance, if a protein 

passes the detector ten times fewer than the most abundant molecule, the resulting signal for 

this protein would be 1 0  units. 

3.2 Cell  Li nes and P rotein Extracts 

Three cel l l ines commonly used in breast cancer research were chosen for analyses o f  

potentially differentially expressed proteins i n  response to doxorubicin treatment :  MCF 1 2A 

(normal breast tissue), MCF7 (breast cancer, estrogen receptor positive and wild-type pS3 ) ,  

and MDA MB 23 1 (breast cancer, epidermal growth factor receptor and transforming growth 

factor receptor alpha positive, BRCA 1 and pS3 mutated, more aggressive than MCF7 (Xie et 

aI., 2002). These cells were grown to approximately 80% confluence, as growth inhibitory 

effects due to space limitation should not have been present at that stage. Cells were then 
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either harvested (0 h) or exposed to 5 JlM doxorubicin for I h ,  after which the media was 

changed. Drug exposed cells were then harvested 2 h and 24 h after initial exposure, thereby 

allowing the analysis of immediate and prolonged changes in protein expression. These 

parameters were chosen as a previous study revealed that a drug concentration of 5 J!M would 

al low only resistant cells to survive, while avoiding total annihilation of the cell culture 

(Allen, 2003) .  Drug exposure time was limited to 1 h to ensure clinical relevance of the 

experiment, as doxorubicin has only a short half-life in treated patients (Pharmacia & 
Upjohn). Harvested cells were lysed using a nuclear extraction buffer (section 2 .2 .4. 1 )  and 

quantified using the Bradford method (section 2 .2 .2 .5) .  Protein extracts were snap frozen in 

l iquid nitrogen and stored on dry ice for shipment to Ciphergen in Brisbane, Australia, where 

the SELDI-MS analysis was conducted. 

SELDI-MS was used to analyze 8 of the 9 protein samples: the 0, 2, and 24 h samples of 

MCF7 and MDA MB 23 1 ,  as well as the 0 h and 24 h samples of MCF 1 2A. Thc remaining 

sample, MCF I 2A 2 h, had to be omitted from analysis, as the protein chips used contained 

only 8 sample loading spots. Extracts were loaded onto different complementary protein 

chips. 

3.3 Results 

Of the three cell lines analysed by SELDI-MS, 7 differentially regulated proteins were 

detected in response to doxorubicin exposure. Up-regulated protein expression was observed 

in MCF7 (Fig. 3 . 1 and Fig. 3 .3), MDA MB 23 1 (Fig. 3 .2 and Fig. 3 . 3), and MCF 1 2A (Fig. 

3 .2) after drug exposure, while down-regulated proteins were found only in MDA MB 23 1 

and MCF 1 2A cells (Fig. 3 .2). The results were subsequently summarized and are shown in  

table 3 . 1 .  Unfortunately, SELDI analysis had to be  discontinued as  i t  was offered by 

Ciphergen for promotional purposes only, and additional analyses were beyond the budget of 

this research .  
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Fig. 3.1 : SELDI analysis of a protein up-regulated in MCF7 cells 

Before conducting the analysis samples were overlaid with a matrix consisting of 

energy absorbing molecules to allow protein desorption and ionization. A schematic 

(top) and peak-flow chart (bottom) representation highlighting a 5- 1 0  fold increase 

in signal intensity of a 6929 Da protein, which was up-regulated in MCF7 cells 24 h 

after drug exposure (blue rectangle) . 
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Fig. 3.2: Gel view of differentiaUy regulated protei ns in M DA MB 231 and 

M C F12A cells 

Prior to analysis samples were overlaid with a matrix consisting of energy absorbing 

molecules to allow protein desorption and ionization. SELDI-MS analysis software 

al lowed viewing of data either in standard peak-flow, schematic (top) or gel view mode 

(bottom). In the latter, increasing signal intensity was represented by increasing 

blackness of the corresponding band. A 1 6 .828 kDa protein, which corresponds in 

molecular weight to Caveolin-2 ( 1 6828.5 1 Da), was found to be down-regulated 

approximately five fold in MDA MB 23 1 (red arrows) and MCF 1 2A (blue arrow) after 

drug treatment. Furthermore, post-treatment up-regulation of a 20.223 kDa protein was 

detected in MDA MB 23 1 (yellow arrows) and MCF 1 2A (green arrow) . 
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Fig. 3.3 : Peak flow diagram of candidate p roteins of MCF7 and MDA MB 23 1 

cells 

Prior to analysis samples were overlaid with a matrix consisting of energy absorbing 

molecules to allow protein desorption and ionization. A protein of 1 5 .957 kDa was found 

to be up-regulated by more than 1 0  fold in MCF7 cells 2 h after drug exposure only. In 

MDA MB 23 1 cells an 1 1 . 1 00 kDa protein showed a 10 fold down-regulation in response 

to doxorubicin treatment. 
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Down Up 
MDA M B  1 1 . 1 00 9.220 
231 1 6 .828 20.223 

MCF12A 1 6.828 1 6 .845 
20.223 

MCF7 6 .929 
1 5.957 

Table 3.1 : S u m m a ry of candidate proteins 

The molecular weight (kDa) of proteins which appeared up- or down-regulated due to 

drug exposure in the three cell l ines tested, according to SELDI-MS analysis, are 

shown. Bold numbers indicate candidate proteins which were differentially expressed 

in both M DA MB 23 1 and MCF 1 2A cell l ines. 

3.4 Protein Mass I dentification 

In order to identi fy those proteins differentially regulated in response to drug treatment using 

the mass value only, the Swiss-Prot database was searched usmg TagIdent 

(http ://au.expasy.org/tools/tagident.html) .  Once a protein mass and deviation range was 

entered, the program searched the Swiss-Prot database for matching protein masses, which 

were subsequently recorded in a list. To ensure only relevant matches were displayed, the 

search was limited to human proteins. The accuracy of protein masses as determined by 

SELDI-MS was within 1 Da according to Cyphergen. Consequently, when searching the 

database for putative candidates using protein mass, a deviation of +/- 2 Da was used to allow 

for rounding since most of the actual protein masses did not contain any decimals. For 

example 6926 Da may actually be 6926.9 Da in which case a 1 Da deviation would result in 

an actual rounded mass of 6928 Da. A search against the molecular weight of the 7 

differentially regulated candidate proteins, using the TagIdent search engine against the 

Swiss-Prot database, only retrieved one resul t: Caveol in-2 ( 1 6828.5 1 Da) matched the 1 6.828 

kDa protein which was found to be down-regulated in both MDA MB 2 3 1 and MCF 1 2A cel ls 

after doxorubicin treatment. 

Caveolin-2 has been suggested to act as a scaffolding protein within caveolar membranes and 

also to functionally regulate the activity of the alpha subunit of G-proteins. It is expressed in 
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endothelial cells, smooth muscle cells, skeletal myoblasts, and fibroblasts and has been found 

to be up-regulated in lung cancer cells after doxorubicin exposure (Belanger et al., 2003). 

Furthermore, cDNA analyses have shown that the caveolin-2 (CAV2) gene is overexpressed 

in lung cancers (Bianchi et al., 2004) and that increased protein levels coincide with shorter 

survival (Wikman et aI., 2004). On the contrary, suppressed CAV2 expression coinciding 

with lower protein levels has been reported in human breast cancers compared to normal 

tissue indicating a potential role of caveolin-2 in tumour progression (Sagara et aI., 2004).  

3.5 Discussion 

Interestingly, the results described here demonstrated that some proteins of identical 

molecular weight showed a similar response to drug treatment, in two different cell lines i .e .  

MDA MB 23 1 and MCF I 2A. This consistency provided support that the observed differences 

in protein levels were a genuine response to drug exposure and were not merely coincidcntal . 

The high degree of simi larity in signal intensity of proteins from different samples further 

underscored this notion. Furthermore, SELDI-MS provided data of differentially regulated 

proteins and their masses. Ideally, all experiments would have been conducted in triplicate in 

order to confirm the reproducibi lity of any changes in protein expression. As a next step, 

SELDI-MS integrated software analysis could then have been employed to determine the 

statistical significance of observed differences. Since it was not possible to analyse any 

additional samples the reproducibility of these results could not be confirmed. The data base 

search demonstrated however, that these data are only of very l imited use in trying to identify 

proteins in question, as the mass value alone is not sufficient for positively identifying 

unknown proteins. Post-translational changes are common for proteins, altering their 

molecular weight, and can be expected especially of proteins involved in signalling pathways, 

which are likely to be activated in response to drug treatmcnt. As thc search program 

(TagIdent) does not have the ability to consider changes in molecular weight due to post­

translational modifications, the protein can no longer be correctly matched to the data base 

entry. Furthermore, false positive identification of proteins is also a concern, as any number o f  

modifications may result in the same molecular weight o f  two entirely different proteins. For 

this reason, peptide fingerprints of candidate proteins are usually necessary to unambiguously 

identify unknown proteins. 

The size limit for proteomic analysis (protein mixture) of whole proteins is roughly 2 - 40 

kDa (Adam et aI., 2002). Although the analysis of proteins beyond this size is possible, they 

3 9  



become increasingly more difficult to ionize with increasing molecular weight. In practice this 

means that unless a large protein is highly abundant its chances of being ionized, and hence 

detected, are very slim compared to smaller proteins. For this reason, proteins which were 

identified as being differentially regulated after drug treatment in this research using SELDI­

MS, were below 30 kDa in size. 

One potential candidate which was down-regulated after doxorubicin treatment in MDA MB 

23 1 and MCF 1 2A cel ls was matched to Caveolin-2 by searching the Swiss-Prot protein 

database. It is unclear at this point if the differentially regulated protein of 1 6.828 kDa is 

indeed caveolin-2, and whether or not it plays a functional role in response to doxorubicin 

exposure. Contrary to the observation made here, caveolin-2 has been reported to be up­

regulated in lung tumour cells after doxorubicin treatment. At present there are no data 

available that may explain this discrepancy. It is not uncommon however, for a protein to 

respond di fferently to drug-induced cellular stress in different tissues or cell lines (Bourgarel­

Rey et al. ,  2000) . 

Overall ,  the SELDI-MS results presented here succeeded in demonstrating the feasibility of 

the approach used in the current study, providing evidence that differentially regulated 

proteins could be detected in response to doxorubicin exposure in MDA MB 23 1 ,  MCF 1 2A, 

and MCF7 cells . 
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Chapter Four 

Establishing a Methodology for the Separation and Identification of 

Unknown Proteins 

4.1 Introduction 

First introduced by O'Farrell (O'Farrell, 1 975), two dimensional gel electrophoresis (2DGE) 

has remained one of the most popular techniques employed to study changes in protein 

expression. Protein samples are first separated on a small gel strip by means of isoelectric 

focusing (IEF) taking advantage of differing isoelectric point values. An immobilized pH 

gradient ( IPG) gel strip is created by covalently incorporating a gradient of basic and acidic 

acrylamido buffering groups into a polyacrylamide gel .  The concentrations of different acidic 

and basic buffers used for casting the gel determine the final range and shape of the IPG 

strips. Proteins are focused in gel regions where their net charge is zero. The gel strip 

containing the focused proteins is then transferred to the second dimension, an S OS-PAGE 

gel, which separates the proteins according to their molecular weight. 20GE allows the study 

of whole protein extract expression profiles of different samples (e.g. cancerous and normal 

cells), that can subsequently be compared and scrutinized for differentially expressed proteins. 

This method had already been used successfully in other breast cancer studies focusing on 

monitoring drug-induced alterations in protein expression in cancer cells (Chen et aI. ,  2002; 

Moller et aI. , 2002), post-translational modifications (Owek et aI. , 200 1 ), and analysing 

differences between malignant and normal tissues (Stastny et aI. , 1 984) . In this s tudy 2DGE 

was used in an attempt to analyse and identify proteins differentially regulated in response to 

doxorubicin treatment using the same experimentai design as that utilized for SELDi-MS 

analysis . 

4.2 Optimisation for Two Dimensional Gel Electrophoresis 

Initially cells were lysed and proteins extracted as previously described (section 2 .2 .4 . 1 ) . 

These protein extracts were then mixed with rehydration buffer (8  M urea, 2% (w/v) CHAPS, 

0.5% IPG buffer, 2.8 mg/mL DTT, bromophenol blue) (Berkelman and Stenstedt, 1 998) to a 

final protein amount of 1 20 Ilg, which was used for IEF.  Isoelectric focusing was ineffective 

however, as the tracking dye actually migrated towards the anode instead of the cathode. This 

was a consequence of the high salt concentrations generated from the potassium-chloride in 

the extraction buffer. In order to circumvent the problem of high salt concentration a suitable 

extraction protocol incorporating a 2DGE extraction buffer, was developed. Widely used 
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extraction buffers for 2DGE usually contain for example: 8 M urea, 4% (w/v) CHAPS, 40 

mM tris base, 5 mM DTT, 1 x Roche Complete™ mini, 0.5% IPG buffer (carrier 

ampholytes), and a trace of bromophenol blue (Berke1man and Stenstedt, 1 998). While this 

buffer omitted salts, its use resulted in increased sample viscosity necessitating the use of 

ultracentrifugation to remove residual DNA and RNA from the sample. While the 2DGE 

buffer al lowed IEF to proceed, detectable spot numbers were low (data not shown). 

Therefore, a number of alterations were subsequently made to improve the protocol. To 

enhance protein solubility, thiourea was added as this has been reported to significantly 

increase the number of spots detectable on 2D gels (Rabilloud, 1 998). Thiourea had an added 

advantage as it creates an inhibitory effect on proteolysis, even exceeding that measured for 

protease inhibitors, such as Roche Complete™ mini (Castellanos-Serra and Paz-Lago, 2002). 

Bromophenol blue was substituted by Coomassie bril liant blue, which was documented to 

improve spot resolution (Vilain et ai., 200 I ) . Finally, tergitol was added as it has been 

reported to reduce the detrimental effects produced by salt ions, improving spot resolution, 

reducing horizontal smearing, and minimizing strip bums (Laoudj -Chenivesse et ai, 2002). 

This new running buffer (8 M urea, 4% CHAPS, I x Complete™ mini, 40 mM tris base, 2 

mM DTT, I mM EDTA, 2 M thiourea, 0.0 1 %  Coomassie brill iant blue, 0 .5% IPG buffer, and 

0 .00 1 %  tergitol NP-4) resulted in the generation of the first comparable 2D gels (Fig. 4. 1 ) . 

4.3 Two Dimensional Gels 

Protein samples, extracted 0, 2 ,  and 24 h after doxorubicin treatment, from normal breast cells 

(MCF 1 2A) and from breast cancer cells (MCF 7 and MDA MB 23 1 ), were separated on 1 3% 

2 D  SDS-P AGE gels using the improved 2D extraction buffer protocol. Some of these gels 

displayed potentially differentially regulated proteins (Fig. 4 . 1 ) . 
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Fig. 4.1 : 2DGE gels of MDA M B  231 cells using 60 J.lg of protein 

Two representative results of 2DGE analyses using 1 3% po lyacrylamide of MDA MB 

2 3 1 ,  unexposed (A) and 2 h after doxorubicin exposure (B) are shown. Arrows highlight 

potentially differential ly regulated proteins. The circle displays an area of densely 

populated high Mw proteins and ionic impurities result ing in streaking and poor 

resolution. 

Due to accumulation of high Mw proteins, ionic impurities, and faint protein staining of less 

abundant proteins, the results obtained were inconclusive and demanded further optimization, 

combining higher loading capabilities with better resolution. 

4.4 Purification Strategies 

Proteins are commonly alkylated before transfer of the I PG strip to the 2nd dimensional gel to 

eliminate any protein interactions due to disulphide bonding (section 2 .2 .3 . 3) .  Commonly, 

DTT is used to reduce disulphide bonds prior to IEF,  and subsequently they are irreversibly 

alkylated using iodoacetamide (Berkelman and Stenstedt, 1 998). This protocol has been 

fol lowed by much of the scientific community, but recent reports have indicated that this may 

not be the best practice. Two problems arise when reducing and alkylating proteins using this 

standard protocol. Firstly, reduction of proteins is not permanent, and as they are not alkylated 

during IEF it is possible for disulphide interactions to occur, resulting in improper focusing. 

Secondly, it has been argued that iodoacetamide was not the best alkylating agent to use, and 

that reaction times for proteins captured in the gel matrix of the strip to be completely 
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alkylated were much too short (Galvani et a!. , 200 1 ;  Galvani et a!. , 200 1 ;  Herbert et a!. , 

200 1 ) . In fact, insufficient alkylation results in several alkylation states of proteins, depending 

on the number of possible thiol-containing residues. As a consequence, a protein spot can 

appear spurious and may be hard to identify using peptide mass fingerprinting methods. Near 

complete alkylation of thiol-groups is therefore essential when trying to identify minute 

amounts of protein, as is commonly the case in proteomic studies (Herbert et a!. , 200 1 ) . 

To overcome difficulties mentioned above, the substitution of iodoacetamide for acrylamide 

has been proposed. Because alkylation using acrylamide works best under slightly basic 

conditions, it was necessary to increase the pH of the sample buffer to - 9 (Herbert et a!. , 

200 1 ) .  Furthermore, excess acrylamide had to be scavenged by the addition of free cysteine to 

prevent alkylation of lysine residues during electrophoresis. The increase in pH was another 

problem, as samples required filtering to remove residual nucleic acids and impurities prior to 

reversed-phase high performance liquid chromatography (RP-HPLC). The filtering 

membranes used were compatible only with solutions not exceeding pH 8. Adjusting the pH 

to acceptable values proved very difficult, as the sample volume was very small after 

filtration. A report published shortly after initial trials using acrylamide as an alkylating agent, 

identified 4-vinylpyridine as a more potent alkylating agent (Sebastiano et a!. , 2003). Another 

important advantage of 4-vinylpyridine IS its compatibility with Tris(2-

carboxyethyl)phosphine (2-TCEP), which is a stronger reducing agent than DTT (Getz et a!. , 

1 999). Replacing acrylamide with 4-vinylpyridine, and DTT with 2-TCEP provided several 

improvements to the current protocol . It was then possible to completely reduce and alkylate a 

protein sample simultaneously, prior to IEF, without the necessity of adjusting the pH and 

therefore, providing a robust protocol (section 2 .2 . 3 .3) .  

4.5 Protein Prefractionation 

In addition to a very effective extraction protocol, a suitable strategy needed to be 

implemented to achieve improved resolution and loading capabi lities . Using RP-HPLC as a 

prefractionation method prior to 2DGE has been reported to provide the necessary 

improvements. Individual fractions have been shown to yield better resolution, due to salt 

removal and simplified protein mixtures (Badock et a!. , 200 1 ;  Van den Bergh et al. , 2003). In  

addition, the total amount of  sample protein distributed over the individual fractions was far 

greater than could have been loaded onto a single gel (> 1 mg rather than - 1 00 Jlg). This was 
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equivalent to a 1 0  fold increase in sensitivity, al lowing less abundant proteins to be studied 

without interference from spots representing highly abundant proteins. 

To further enhance resolution of high molecular weight proteins and to avoid clustering in 

upper gel areas, gradient gels were used. 1 0%- 1 5% polyacrylamide gradient gels were found 

to allow good separation of high Mw proteins while at the same time preventing smaller 

proteins from running off the gel .  

Nevertheless, the protein extraction and purification protocol sti l l  necessitated modifications 

to suit requirements dictated by the use of RP-HPLC. It was paramount to successfully 

remove cell debris from samples prior to analysis by RP-HPLC. One solution was the use of 

Benzonase@, a urea tolerant, highly active exonuclease which digests both DNA and RNA, 

significantly helping to reduce viscosity. After this treatment however, the sample was still 

not sufficicntly purc, as differcnt ultrafi ltration devices used for prc-run purification still 

suffercd from immcdiatc clogging of the filter membrane. One possible method to eliminatc 

this problem was to usc TCA precipitation. As precipitation is not recommended when doing 

proteomic studies (Berkelman and Stenstedt, 1 998), it was necessary to ensure that any 

protein loss, be it selective or unselective, was avoided. To ensure sample reproducibility a 

TCA precipitated whole sample, which was subsequently separated on a RP-HPLC column, 

was compared to an untreated standard whole sample (data not shown). Indeed, not only were 

there no apparent spot losses, but RP-HPLC also improved resolution and focusing of some 

proteins. 

While the aim of using RP-H PLC to prefractionate protein sampies was to improve protein 

loading and protein spot resolution, the number of fractions used had to be kept to a minimum 

to ensure the feasibil ity of this approach. Hence, the original protocol (Badock et al., 200 1 )  

was modified to a two-step fractionation protocol which was found to be the most successful 

compromise (Fig. 4.2) .  In the first step, any interfering substances were eliminated from the 

samples, for example salts stemming from the buffer and sample. After collecting the first 

fraction using 45% acetonitrile (AcN), all remaining proteins were eluted using 1 00% AcN. 
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The original protocol, comprising of a five-step protein fractionation using increasing amounts 

of acetonitrile, was initially used to estimate protein distribution and to determine the most 

feasible fractionation strategy (A and B (expanded y-scale)). Protein fractions eluted with 45% 

and 1 00% AcN (C and 0 (expanded y-scale)) resulted in the best spot distribution and 

resoiution patterns on 2D geis, After an initial wash step, protein elution was monitored by 

measuring light absorption at 280 run (Welcsh et aI., 2002) and 230 run (gray), 

The two fractions were subsequently concentrated using a speed vac and separated on a 2D 

gel. To evaluate any spot differences relating to the fractionation procedure, gels from the 

45% and 1 00% acetonitrile fractions were compared to a gel using whole cell extract (Fig. 

4.3). 
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Fig. 4 .3 :  2D gels after sample p refractionation 

20 gels of a prefractionatcd MDA MB 23 1 sample (gel A: whole sample; gel B: 1 00% 

acetonitrile fraction; gel C :  45% acetonitrile fraction) . 75 ug of protein was loaded on 

each of thc threc 1 0- 1 5% SDS-P AGE gradient gels. Some spot intensities were either 

increased (arrows) or decreased (rectangles) in gels of fractionated samples compared to 

the whole extracts, while others appeared in both fractions (circles) . In general, 

fractionated samples exhibited lower background than did the whole extract. 

4.6 Narrow Range Immobilized pH Gradient (IPG) Dry Strips 

A further alternative for simplifying spot patterns was to use narrow pH range immobilized 

gradient strips. Indeed, this approach succeeded in improving spot resolution, while only a 

few proteins at the acidic and basic end were lost (Fig. 4 .4 and F ig. 4 .5) .  
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Fig. 4.5 : Native and prefractionated samples on pH 4-7 strips 

C lose up of an area (blue boxes, Fig. 4.4) benefiting from sample prefractionation by 

increasing the resolution of obscured proteins. 300 Ilg of MD A MB 23 1 cell extract was 

fractionated using RP-HPLC and loaded onto pH 4-7 strips. 64 Ilg of the 45% (Gel C) 

and 44 Ilg of the 1 00% (Gel B) acetonitri le fractions were separatcd on 1 0- 1 5% 

gradient gels and compared to native sample (Gel A), which contained 75 Ilg of protein. 

Coloured arrows show landmark proteins and their distribution in the prefractionated 

samples. Red c ircles il lustrate proteins which were obscured in the unfractionated 

sample, but could be resolved in the 45% AcN fraction. Proteins only identifiable as 

individual spots after fractionation, are highlighted by white diamond arrows. 

Although the employment of RP-HPLC and sample prefractionation al lowed comparatively 

more protein to be loaded onto 2D gels, it also demanded higher initial amounts of protein. 

Therefore, the sample volume required reduction after RP-HPLC to achieve feasible gel 

loading quantities. Several methods were used including different types of concentrators, 

freeze-drying and precipitation in order to overcome this difficulty. None of these approaches 

however, were successful in generating reproducible and consistent protein yields, as they 

resulted in an average loss of 80-90%, and therefore this method was not feasible (Table 4. l ) .  

A t  one point, concentration of samples in a speed-vac appeared to be more useful, incurring 
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losses of only 20%, but proved inconsistent and the majority of samples eventually suffered 

from losses equivalent to those of the other methods tried. 

Concentration Starting Final Possible 

Method Amount Amount Cause 

Membrane 
Vivaspin 3 . 5  mg 0.6 mg 

adsorption 

CentriconQ\) SR-3 1 mg 0. 1 mg " 

MacrosepQ\) 1 mg 0.2 mg " 

TCA Organic solvent 

precipitation 
1 .25  mg 0. 1 1  mg 

interference 

Tube surface 
Freeze-dry I mg Total loss 

adsorption 

Tube surface 
Speed-vac varyIng varyIng 

adsorption 

Table 4. 1 :  Concentration methods 

In general, approximately 80% of a sample was lost during sample 

concentration after RP-HPLC separation, irrespective of the technique 

and devices used. 

Unfortunately, the problems posed by prefractionating protein samples USIng RP-HPLC 

proved to be insurmountable and therefore this approach was not feasible. 

4.7 Peptide Mass Fingerprinting Using MALDI-MS 

Matrix-assisted laser desorption mass spectrometry (MALDI-MS) is a commonly used 

procedure in peptide fingerprinting, in which a protein spot is excised from a gel and 

subsequently digested with a peptidase (e.g. trypsin). The resulting peptides are then extracted 

from the gel and loaded onto the mass spectrometer for analyses, during which the peptides 

are ionised by laser pulses. Each individual peptide should then be displayed as a mass/charge 

(rn/z) peak. If a sufficient number of peptides are displayed a peptide fingerprint can be 

established. As each protein has a unique peptide finger print, unknown proteins can be 

identified by searching their peptide fingerprint profile against a protein database, for example  
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Mascot or Swissprot (Simpson, 2003) .  In  this study MALDI-MS was employed to help 

identify possible candidate proteins determined by 2DGE. 

The first requirement was a methodology that was sensitive enough to identify small amounts 

of protein and reproducible enough to discern peptide and background peaks, thereby 

increasing confidence in data. To establish such a method, different concentrations of BSA 

ranging from 1 00 pmol to 1 pmol were subjected to a standard SDS-PAGE. BSA was 

visualised by either Coomassie or silver staining, and the BSA band was excised from the gel . 

Si lver stained BSA bands had to be de stained prior to trypsin digestion (Sumner et al., 2002). 

The resulting pep tides were then extracted from the gel and dried in a speed-vac, before being 

resuspended in matrix solution in preparation for MS analysis (section 2 .2 .5) .  Only peaks 

significantly larger (> 1 0%) than the background noise were used for peptide mass 

fingerprinting (Fig. 4 .6) .  

Sample handling proved to be critical in obtaining useful MALDI-MS data. No sample peaks 

could be obtained when using standard Eppendorf-tubes, even when digesting a 1 00 pmol 

B SA-band. The use of lubricated (low protein binding) tubes proved to be essential in 

obtaining peptide peak spectra that succeeded in correctly identifying BSA as the protein in 

question. In addition, the use of Zip tips (Mil l ipore®) allowed the sample to be concentrated, 

leading to improved spectra and significant noise reduction (data not shown) . 

Sample loading was another critical step in successfully obtaining MALDI-MS data. In 

general , there is no optimal protocol for sample preparation and the best conditions needed to 

be determined empirically, as the spectra obtained depend largely on the matrix, the matrix 

solvent ratio, and the sample composition used (Kussmann et al. , 1 997). Sinnapinic acid, 

genetisic acid (DHB), and a-cyano-4-hydroxycinnamic acid (alpha-CH CA) are three matrices 

commonly used for MALDI-MS of peptide mixtures . Furthermore, there are a variety of 

different methods for loading a sample onto a MALDI-MS target plate prior to analysis .  Of 

these techniques the dried-droplet and the fast evaporation method are the most common 

(Taylor, 2003) .  

Experiments revealed that the fast evaporation method using CHCA as matrix produced the 

best and most reliable data (section 2 .2 . 5 .6) .  Unlike other preparation methods, the sample 

could be washed on the target plate due to the addition of nitrocellulose to the matrix solution 

5 1  



(Landry et al. , 2000) . Peptides bound to the nitrocellulose, therefore allowing interfering 

substances such as salts to be to be washed off, and thus reducing background noise. 

laser energy: OS-Fe 
Mep Detector voltage: 1 800V 

I S·2·03bsa-si!·I Oprrlold7 6 (0.105) Cn (Cen,7, 70.00, HI); Cm (2:9) TOF LD+ 
2.52e3 

B 

t 

. 1 9  
soo eoo 700 800 000 1000 1 100 1200 1 XlO 1400 1500 1� 1700 1800 1000 2000 2100 2200 2300 2400 2SOO 2600 

Fig. 4.6: MALDI-MS BSA peak spectrum using the fast evaporation method 

Peak spectrum for 1 0  pmol si lver stained BSA protein which had been concentrated 

using Zip-tips (A). 1 0  pmol of Coomassie blue stained BSA was digested with trypsin 

and extracted from the gel. 1 1 1 0  of the extracted digest was loaded for analysis. Results 

show the corresponding peak spectrum after background subtraction (B). 

A list of significant peaks was compiled and searched against the Mascot protein data base for 

protein identification. Results obtained included a score indicating the likelihood of having 

correctly identified the protein in question, as well as protein mass and pI ,  which were used 

for additional verification of the protein . The results also included a sequence coverage score 

(as a percentage), depicting identified peptides. Using this procedure, a methodology was 

establ ished that successfully identified BSA, while using as little as I I I 0 of 1 0  pmol (67 ng) 
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starting material when using Coomassie blue stain and 1 0  pmol when using silver stained gel 

spots (Fig. 4 .7 and Fig. 4 .8) .  

M a t c h  t o : AAA5 1 4 1 1 ; S c ore : 1 5 2  
BOVALBUMIN N I D : - Bos taurus 

Nominal mas s  (Mr ) : 6 9 2 4 8 ; Calculated pI value : 5 . 8 2 
NCBI BLAST s e arch o f  AAA5 1 4 1 1  against n r  
Unf o rma t t e d  s equence s t r ing for past ing int o other appl i c a t ions 

Taxonomy : Bos t aurus 
L inks to r e t r i eve other ent r i e s  cont a in ing t h i s  s e quenc e f rom NCB I Ent re z : 
ALBU BOVI N  f rom B o s  t aurus 

C l e avage by Tryp s in : cuts C - t e rm s ide of KR unl e s s  next res idue i s  P 
Numb e r  of mas s  values searched : 2 5  
Numb e r  o f  mas s  values mat che d : 2 2  
S e quence Cove rage : 3 6 %  

Mat c hed pept i de s  shown in B o l d  Red 

1 MKWVT F I SLL LLFS SAYS RG VFRRDTHKSE IAHRFKDLGE EHFKGLVL IA 
5 1  FSQYLQQC P F  DEHVKLVNEL TE FAKTCVAD ESHAGCEKS L HTLFGDELCK 

1 0 1  VASLRETYGD MADC CEKQ E P  ERNECFLSHK DDSPDLPKLK PDPNTLCDE F  
1 5 1  KADE KKFWGK YLYEIARRHP YFYAPELLYY ANKYNGVFQE CCQAEDKGAC 

2 0 1 LLPKI ETMRE KVLASSARQR LRCASIQKFG ERALKAWSVA RLSQKFPKAE 
2 5 1  FVEVTKLVTD LTKVHKE C CH GDLLECADDR ADLAKYICDN QDTI SSKLKE 

3 0 1  CCDKPLLEKS HCIAEVE KDA I PENLPPLTA DFAEDKDVCK NYQEAKDAFL 

3 5 1  GSFLYEYSRR HPEYAVSVLL RLAKEYEATL EECCAKDD PH ACYSTVFDKL 
4 0 1  KHLVDEPQNL IKQNCDQ F E K  LGEYGFQNAL IVRYTRKVPQ VSTPTLVEVS 

4 5 1  RS LGKVGTRC CTKPES ERMP CTEDYLS L I L  NRLCVLHEKT PVS E KVTKCC 

5 0 1  TESLVNRRPC FSALTPDETY VPKAFDE KL F  TFHAD I CTLP DTEKQ I KKQT 
5 5 1  ALVELLKH KP KATEEQLKTV MENFVAFVDK CCAADDKEAC FAVEGPKLVV 
6 0 1  STQTALA 

Fig. 4.7 : Peptide mass fingerprint 

Pooled Mascot search result for trypsin digested 10 pmol silver stained BSA sample, 

positively identifying BSA, with a sequence coverage of 36% and a total score of 1 52 .  

Experimental data of  several samples was pooled to eliminate "false" positive peaks and 

include reproducible peaks close to the threshold. 
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Match t o :  AAA5 1 4 1 1 ; S c ore : 7 7  
BOVALBUMIN N I D : - Bos taurus 

Nominal ma s s  ( Mr l : 6 9 2 4 8 ; Calculated p I  va lue : 5 . 8 2 
NCBI BLAST s e arch o f  AAA5 1 4 1 1  aga i n s t  nr 
Unf o rma t t e d  s equenc e  s t r ing for p a s t ing int o o the r appl i c a t ions 

Taxonomy : Bos t aurus 
L inks to r e t r i eve o t h e r  ent r i e s  conta ining t h i s  s e quence f rom NCB I Ent re z : 
ALBU BOVIN f rom Bos t aurus 

C l e avage by Tryp s in : cuts C - t e rm s ide of KR unl e s s  next r e s idue is P 
Numbe r  of mas s  val u e s  searched : 1 2  
Numbe r  o f  mas s  va l u e s  matche d :  1 0  
Sequence Cove rage : 1 7 %  

Fig. 4.8: Protein identification 

Mascot search result for l /  I 0 of a trypsin digested 1 0  pmol Coomassie blue stained BSA 

sample, positively identifying B SA, with a sequence coverage of 1 7% and a total score 

of 77 (matched pcptides not shown). (Note: Scores greater than 73 arc sign ificant) 

4.8 Discussion 

Initially, a protocol needed to be developed that allowed the reproducible 20GE analysis o f  

proteins differentially regulated i n  human breast and breast cancer cell lines in response to 

doxorubicin. A time-consuming process of trial and error was necessary to produce good 

quality 20 gels sufficient to obtain a significant amount of meaningful data. 

One strategy devised to improve overall sensitivity and increase the chance of detecting any 

protein candidates was the use of  RP-HPLC as a prefractionation method. This strategy had 

previously been used successfully in 20GE, studying proteins of the brain using a buffer 

composition similar to that used in this research (Badock et at., 200 I ;  Van den Bergh et aI. , 
2003) .  Unfortunately, the use of the column recommended by the authors had to be 

discontinued, after two faulty columns were trialled and fai led quality testing. The faulty 

pieces had to be substituted for a RP-HPLC column from a different supplier, possibly 

compromising the original protocol, due to different packaging materials. 

C logging of the guard columns was a major problem when loading the sample onto the 

column. Since water (+ 0 . 1 %  TFA) is used for this process the sample buffer was inevitably 

diluted out causing hydrophobic proteins to come out of solution and b lock the column pores . 
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Consequently, only 50- 1 00 Ilg of protein could be fractionated per run, resulting in very dilute 

large post-separation sample volumes of typically 4-5 mL. As a result, sample volumes had to 

be reduced dramatically since only 3 50 ilL of protein sample could be loaded onto an IPG 

strip. Unfortunately, none of the various concentrating methods tested could consistently 

recover sufficient amounts of protein, therefore this approach was not feasible. 

S ince sample prefractionation can significantly enhance the performance of a 2DGE protocol, 

a growing number of such strategies are being described in the literature, for example: size 

exclusion ultrafiltration, sepharose assisted separation, sub-cellular fractionation, differential 

solubil ization, chromatographic separation techniques, to name a few. Chromatography based 

protocols are l ikely to be the most potent techniques avai lable, provided they are compatible 

with sample buffers. As the solvent concentration determines which proteins are eluted off the 

column, these techniques allow the user to "customize" fractions for the specific purpose in 

mind. In this study, the potential use and power of such an approach was highlighted using 

RP-HPLC. In retrospect, anion exchange/cation exchange chromatography or gel filtration 

chromatography may have been more suitable with regard to the sample buffer. 

A robust MALDI-MS sample preparation and purification protocol is paramount for 

successful peptide fingerprinting. There has been much debate in the l iterature, as to whether 

the use of Coomassie blue or silver for protein staining is preferable for proteomic studies. 

This study, like many others, employed silver staining because it is about 1 0  fold more 

sensitive than Coomassie blue staining. Many scientists argue that destaining is essential i f  

any peaks are to b e  detected after silver staining while others refute this  claim (Gharahdaghi 

et aI., 1 999; Mortz et aI., 200 I ) . During the experimental setup stage it was not possible to 

detect BSA peaks from silver stained gels without prior destaining. In general, it was more 

difficult to obtain peak spectra from silver stained than from Coomassie blue stained protein 

bands. The destaining protocol used here (Sumner et al., 2002) was preferred over that most 

widely used (Gharahdaghi et aI., 1 999) as it del ivered more consistent results and omitted 

toxic substances. 

The use of Zip-tips for sample purification and concentration has previously been reported to 

result in improved MALDI-MS data (Jin et aI., 1 999), and proved to be crucial in this work 

for obtaining adequate MALO I-MS data from silver stained gels. The enhancement of data 

quality is mainly due to the combination of two factors. Firstly, s ilver ions and other 
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interfering substances e.g. salts are removed from the sample, significantly reducing 

background noise. Secondly, sample concentration allows the entire peptide mixture to be 

loaded onto one target, radically improving the signal to noise ratio. 

Overcoming the loss of proteins during sample preparation and purification was one of the 

most difficult tasks in establishing a sound proteornics protocol . Peptide preparation after in­

gel digestion for MALDI-MS, and concentrating of protein fractions after RP-HPLC, resulted 

in the most severe losses probably due to adhesion of protein to tube surfaces and filter 

membranes. One remedy was the use of lubricated tubes which dramatically reduced protein 

adhesion to the plastic surface and proved to be essential for successful MALDI-MS analysis. 

Although low-protein binding filter membranes were used with all centrifugal devices to 

concentrate RP-HPLC separated protein, losses remained unacceptable. Some researchers 

propose pre-treatment of such devices with "sticky" proteins such as B SA, to block potential 

binding sites. This approach however, was unsuccessful in preventing those losses. As a result 

the use of membrane based protein concentration devices was not feasible. An effort to use 

lubricated tubes for drying proteins in a speed-vacuum was l ikewise unsuccessful .  

Spot resolution achieved on 2D gels however, was successfully improved by replacing pH 3-

1 0  IPG strips with pH 4-7 strips. Not only were spot patterns simplified, but previously 

undetectable proteins were also visible, while only a few proteins were lost at both the acidic 

and basic ends of the strip.  The use of gradient gels further increased spot resolution, and high 

quality spot patterns were obtained. As a resul t, a protocol with the potential to identify 

differential ly expressed proteins using 2D gels was successfully established. 
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Chapter Five 

2D gel electrophoresis 

5.1 Introduction and Strategy 

The aim of this study was to investigate the immediate (2 h) and prolonged (24 and 48 h) 

response of drug sensitive breast cancer cells to doxorubicin using two dimensional gel 

electrophoresis (2DGE) .  In addition, drug tolerant ("resistant") cells, which were harvested 24 

h after a third doxorubicin exposure, were also analysed. 

To obtain drug tolerant ("resistant") breast cancer cells, MDA MB 23 1 cells were exposed to 

1 ,  2 ,  3, 4, or 5 /lM doxorubicin for 1 h, before being returned to conditioned media. After cells 

had recovered and re-grown to about 80% confluence they were exposed again. This 

procedure was repeated onee more and cells were harvested 24 h after the third exposure. 

Analysis of cell survival and re-growth indicated that the use of 3 /lM doxorubicin was the 

most feasible for this analysis, as higher concentrations led to almost complete culture 

annihilation. Consequently, all experiments presented in this chapter, including the generation 

of  resistant cells (R sample), were performed by treating cells with 3 /lM doxorubicin. 

Growth of large numbers of cells was required to achieve sufficient protein yield for analysis. 

To eliminate proteins responding to confluence-related differential regulation an "over­

confluent" sample, which was purposely grown to confluence, was included in the analysis. 

5.2 Results 

Differential protein regulation was compared in six samples from two different batches of  

cells i n  the first experiment. The 0 h (untreated control) and R I  (resistant) samples were from 

batch 1 ,  while the 2 h, 24 h, 48 h, and QC (over-confluent) samples were from batch 2 (Fig. 

5 . 1 ) . As the 0 h sample of batch 2 had been lost during RP-HPLC fractionation (which was 

discontinued after this incident), it was replaced by the control sample of batch 1 .  This 

approach did not compromise data validity because the aim of this experiment was to look at 

genuine batch-independent changes in protein expression after drug treatment. Hence the 

origin of  the control sample should have been irrelevant for verifying drug-induced changes in 

protein expression. The R I  (resistant) sample of batch 1 was chosen, as that of  batch 2 was 

sti l l  in preparation at the time of analysis. 
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Fig. 5.1 : First set of 2D gels for MDA MB 23 1 cells 

2 h b atch 2 pH 7 

48 h batch 2 pH 7  

75 J..lg of protein extracted from 0 h, 2 h, 24 h, 48 h, overconfluent (OC) and resistant (R) 

sample were run on a pH 4-7, 1 0- 1 5% SDS-PAGE gradient gel and silver stained. The control 

(0 h) and resistant samples were from batch 1 ,  while the remaining samples were from batch 

2. Samples QC and R I  exhibited higher background, however, this did not have any 

significant detrimental effects on gel analysis. 

5 8  



The results indicated a few striking differences in spot intensities between the control and drug 

treated samples, as well as within the group of treated samples. The most apparent differences are 

highlighted in figure 5.2. 

O h  
batch 1 

pH 4 

48 h oc 

Fig. 5.2 : Potential candidates in MDA MB 23 1 cells 

R 

O h  

48 h 

2 h  

. ,  
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.,.,: .. ':� 
��, .. ..... 

.,- . .... �"'-
� M A  

o 

pH 7 
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M w  

Low 

M w  

R 

Three gel areas in the first set of experiments (75 !lg of protein separated on a pH 4-7, 1 0- 1 5% SDS­

PAGE gradient gel) featuring potential candidate proteins (boxes A, B, C), were analysed and are 

shown using the control sample from batch 1 (0 h) as a reference gel. These areas were evaluated for 

differential protein regulation and are shown as close-ups for all samples (A, B, C). In area A, down­

regulation of three spots (arrows) was observed in all samples compared to the native sample (0 h), as 

well as a spot unique to the 2 h and OC sample ( circle), indicating confluence-related expression. A 

set of spots very weakly expressed in the control sample, but up-regulated in all others (rectangle), and 

proteins up-regulated in 2 h, and OC samples (arrows), were seen in area B .  A protein spot was down-

c 

regulated in the 2 h samples compared to the remaining samples in area C (white circle). 59 



To confirm that the differences observed in this first experiment were reproducible and batch­

independent, new cells were grown from frozen stocks (batch 3) in order to obtain a new 

control sample (0 h). In addition, cells from batch 1 ,  harvested soon after doxorubicin 

exposure (2 h), were also analysed (Fig. 5 .3) .  Samples harvested at these time points had 

exhibited the most significant differences (see Fig. 5 .2), therefore this new set was used for 

companson. 

H igh 
Mw 

Low 
Mw 

pH 4 O h  pH 7 

Fig. 5.3 : 2D  gels of 0 h batch 3 and 2 h batch 1 

pH 4 2 h  pH 7 

H igh 
Mw 

Low 
Mw 

An additional control sample (0 h), as well as a different 2 h sample were analysed to 

confirm potential candidate proteins observed in the first experiment. 75 Jlg of protein were 

separated on a pH 4-7, 1 0- 1 5% SDS-PAGE gradient gcl. 

Data obtained from these two samples revealed that spots, which had been regarded as 

potential candidates for differential regulation due to drug exposure in the first set of  

experiments, could not be confirmed. Indeed, the two controls (0 h) of batches I (Fig. 5 . 1 )  and 

batch 3 (Fig. 5 .3 )  showed marked differences in expression of the candidate proteins. To 

illustrate these findings, the spot areas containing potential candidate proteins from 

experiment one (Fig. 5 .2) were compared to corresponding areas of the two new samples (Fig. 

5 .4). 
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O h  2 h  
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Fig. 5.4 : Candidate confirmation using samples 0 h batch 3 and 2 h batch 1 

c 

Gel areas exhibiting potential candidate proteins from the first set of experiments (75 Ilg 

of protein separated on a p H  4-7, 1 0- 1 5% SOS-PAGE gradient gel) (Fig. 5 .2) are 

indicated as A, B, and C. To confirm these findings, a comparison was made to gels 

obtained from 0 h batch 3 and 2 h batch 1 ,  for each of these areas, labelled a, b, and c .  

Proteins thought to be down-regulated in  area A (arrows) after drug treatment were not 

expressed in the control sample (0 h) of batch 3 (a) at all .  Moreover, proteins which appeared 

absent from the control sample o f  batch 1 (0 h, B) were present in the control of batch 3 (0 h, 

b), as indicated by the white box. Candidate proteins which seemed to be up-regulated 2 h 

after drug exposure in the first experiment (arrows, B), were also strongly expressed in the 

native sample of batch 3 (arrows, b). Furthermore, a spot which appeared to be down­

regulated 2 h after exposure (batch 2) in area C (circle) was present at a much higher 

concentration in the 2 h sample of batch I (circle, c). Unfortunately, none of the initial 

candidates (Fig. 5 .2) could be confirmed as being differentially regulated. 
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As the two control samples (0 h) of batches I and 3 had exhibited striking differences in 

expression of the candidate proteins, a fresh batch (4) of cells was grown from frozen stocks 

in an attempt to val idate the result obtained for either one of the controls, and to determine i f  

any of the observed differences were batch specific (Fig .  5 .5). This new batch was also going 

to be used to investigate any drug dosage-dependent changes in protein expression 24 h after 

doxorubicin treatment. 

H igh 
Mw 

Low 
Mw 

pH 4 O h  batc h  1 

High 
Mw 

Low 
Mw 

pH 4 

pH 7 pH 4 O h  batch 4 

, 

pH 7 

H igh 
Mw 

Low 
-:�������-----------� Mw 

O h  batch 3 pH 7 

Fig. 5.5: Reproducibil ity of control (0 h)  samples from batches 1 , 3 ,  and 4 

75 �g of protein were separated on a pH 4-7, 1 0- 1 5% SDS-PAGE gradient gel . The 

overall level of reproducibility was high, but a few marked differences could be observed 

between the different batches. Proteins which appeared up-regulated or down-regulated in 

batch 1 are indicated by an ellipse or box, respectively. Arrows point to proteins exclusive 

to the control of batch 1 .  In general, batches 3 and 4 displayed the most similarities. Gels 

of 0 h batch 1 and 0 h batch 3 are the same as in figure 5 . 1 and 5 .3 ,  respectively. 
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In a parallel experiment three equivalent samples obtained 24 h after drug exposure from 

batches 1 ,  2, and 4 were analysed for reproducibi l ity. The 24 h sample of batch 1 was run on a 

1 2 .5- 1 7% SDS-PAGE during gradient optimization experiments. Hence, spots identical with 

those on the other gels are observed at a higher position on this gel, in comparison. 

Nevertheless, the data obtained allowed for spot comparison and evaluation of sample 

reproducibility. The results were similar to those obtained from the analysis of control 

samples of different batches, with a high overall reproducibility and only a few marked 

differences (Fig. 5 . 6) .  

pH 4 24 h batch 1 

• 

pH 4 

pH 7 

High 
Mw 

Low 
Mw 

24h batch 2 

pH 4 24 h batch 4 

pH 7 

Fig. 5.6 : Samples taken 24 h after treatment of batches 1 , 2, and 4 

75 Ilg of protein separated on a pH 4-7, 1 0- 1 5% (24 h batch 2 and 4) or 1 2 .5- 1 7% 

(24 h batch 1 )  SDS-PAGE gradient gel. Ellipses and squares mark differences between 

the three 24 h samples of batches 1 ,  2 and 4. The gels of the 24 h samples of  batches 1 

and 2 are the same as in figures 5 . 3  and 5 . 1 ,  respectively. 

pH 7 
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As the previous experiments did not indicate any genuinely differentially regulated proteins, 

an additional experiment was designed to investigate the possibility of drug-dosage-related 

changes in protein levels. For this purpose cells of batch 4 were exposed to the standard 

concentration of 3 IlM doxorubicin, as well as 25 IlM and 5 0  IlM, respectively and harvested 

24 h after treatment (Fig. 5 .7). 

pH 4 O h  pH 7 

, 

r 
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Fig. 5.7 : Drug-dosage-effect 24 h after 3, 25, and 50 �M doxorubicin treatment 

75 Ilg of protein separated on a pH 4-7, 1 0- 1 5% SDS-PAGE gradient gel . Three of 

the four samples (all batch 4) were exposed to different amounts of doxorubicin and 

analysed 24 h post treatment. Parts of the gel showing the expression profile 24 h 

after 3 JlM doxorubicin treatment were destroyed, but no vital information was lost. 

Streaking was observed in the 24 h 25 IlM sample slightly reducing gel quality. Gels 

of the control (0 h) and the sample obtained 24 h after treatment with 3 IlM, are the 

same as in figure 5 .5 and 5.4, respectively. 
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While reproducibility between gels was very high, a drug-dosage-dependent response could 

not be detected, as no significant differences were observed between any of the samples 

tested. 

Since some of the protein extracts used had been stored for about 2 months prior to analysis, 

an investigation into the detrimental effects of prolonged storage as well as repeated freezing 

and thawing, was carried out using the "R" sample of batch 1 .  Repeated analysis of this 

sample also allowed an assessment of any perturbation caused by high background during the 

first analysis (Fig. 5 .8) .  

pH 4 RI pH 7 

High 
Mw 

Low 

pH 4 R2 pH 7 

Mw ��------------��-=�------------'I 

Fig. 5.8 : Gel-to-gel reproducibility of sample "R" 

7 5 J..lg of protein separated on a pH 4-7, 1 0- 1 5% SDS-PAGE gradient gel. Although 

gel R I  (fresh sample) which is the same gel as in figure 5 . 1 ,  exhibited a higher 

background, spots were almost identical with the stored sample (R2). The only 

apparent difference between the two samples is circled. 

Apart from one protein c luster, which is likely to be a buffer contaminant, which was also 

observed in other gels (Fig. 5.6), no qualitative or quantitative changes in protein spots were 

observed between samples R I  and R2, strongly suggesting that the actual differences 

observed between samples in the earlier experiments were sample specific and not procedure 

related. 
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5.3 Summary 

The immediate (2 h) and delayed (24 h and 48 h) drug-induced cel lular response of breast 

cancer cells after exposure to doxorubicin was analysed using 2DGE. A total of 1 4  gels from 

4 different MDA MB 23 1 batches were used to evaluate both the validity of observed 

differences, and batch-independent reproducibility. Although significant differences between 

drug exposed and control samples were observed initially, these were not reproducible and 

therefore had to be attributed to sample and batch variability. Moreover, a drug-dosage effect 

could not be established, although a higher incidence of dead cel ls was observed in the flasks 

(data not shown) administered with a higher drug concentration (24 h, 25 IlM, and 50 1lM). 

The only major differences observed were from a sample of confluent cells. The general 

reproducibility of gels was good. Marked differences could be observed however, between 

samples which had been treated in the same manner, but originated from different batches. A 

general variation in spot intensities could also be detected. Collectively, unequivocal evidence 

for drug-induced changes in protein expression could not be detected using these methods. 

5.4 Discussion 

For 2DGE analysis of changes in protein levels in response to doxorubicin treatment of breast 

cancer cells, samples were collected at different time points (0, 2 ,  24, 48 h). Since any data 

obtained required verification, it was necessary to use additional samples. Because 2DGE is a 

time consuming process it was not feasible to use all three cell lines (MDA MB 23 1 ,  

MCF 1 2A and MCF7) which were used for SELDI-MS. The decision to use MDA MB 23 1 

was based on the fact that more proteins exhibited differential regulation after drug treatment 

in this cell line, according to SELDI-MS data. The MDA MB 23 1 cell l ine was also much 

easier to grow and maintain in culture than MCF7, which was the only other cancerous cell 

l ine used in this study. Furthermore, during initial setup when protein extracts of each of the 

three cell lines were run on 2D gels, MDA MB 23 1 cells showed the highest number of 

potential changes in protein levels in response to drug exposure (Chapter 4, Fig. 4 . 1 ) . 

Unfortunately, none of the potential candidate proteins could be confirmed as genuinely 

differentially regulated in response to doxorubicin treatment. A comparison of different 

control samples showed unique differences between these samples. These differences could 

either be inherent differences acquired over time as cell stocks deviate from the parental cell 

stock or procedure related variations. In general, reproducibility between gels of the same 

sample has been reported to be less than 1 00%, and is in fact usually 80-90% when using 
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si lver staining (Terry and Desiderio, 2003 ; Chevalier et al. , 2004). Taking this into account, 

the gels produced in this study were of very high quality. 

The protocol used in this study was the result of extensive optimization of the original 

protocol, to ensure gel reproducibility and data quality. The inability to detect differentially 

regulated proteins was due to a combination of insufficient sensitivity and visualization 

methodology. For time course analysis, as used in this study, sample prefractionation would 

have significantly enhanced the scope and detection sensitivity. RP-HPLC was intended to be 

employed for this purpose, but proved unreliable as discussed in sections 4 .5 ,  4 .6, and 4 .8 .  

S ilver staining was used for visualising proteins on 2D gels as  i t  has a much greater sensitivity 

than Coomassie bril liant blue staining. Unfortunately, silver staining is not an end-point stain 

like Coomassie brilliant blue and the results are consequently likely to be more variable. 

Hence, close monitoring of the developing process was required to ensure comparable spot 

intcnsities and background levels. Moreover, this procedure was very susceptible to the use of 

different chemical reagents, producing different outcomes when these were changed. An 

obvious example was seen with samples OC and R of the first experiment (Fig. 5 . 1 ), which 

displayed higher background than normal due to the use of a different type of sodium 

bicarbonate during staining. Although this did not notably alter the results obtained, it did 

underscore the impact slight variations in procedure could have on the reproducibility of the 

staining protocol . 

The results of this study have demonstrated that silver staining is not ideal for the analysis of 

differentially regulated low abundance proteins. At the time of analysis however, s ilver 

staining was the only viable visualization methodology available. Since then, new 

technologies have emerged with a goal of improving MALDI-MS compatibility and staining 

sensitivity e.g. :  Deep Purple, Sypro Ruby, and Cy-Dye stains (Knowles et al. , 2003 ; 

Chevalier et al. , 2004; Friedman et al. , 2004).  In particular, the latter has gained much 

attention and use in work studying temporal changes in protein expression. In addition to an 

internal standard, up to two different samples can be run simultaneously, increasing 

throughput and decreasing sample variability, thereby making this a much more sophisticated 

approach than classical silver staining. In fact, current studies still relying upon silver staining 

usually investigate expression profiles of different disease states or differences between 

normal and malignant tissues. Changes observed in these studies are usually due to permanent 
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alterations in protein expression and can be quite dramatic. Hence these studies do not require 

the level of sensitivity and reproducibility necessary for investigating changes of a temporal 

nature, as in this research project, and silver staining may therefore be sufficient. 

5.5 Analysis of 2D Gels Using Phoretix® 2D Evolution Software 

Manual assessment of 2D gel profiles did not result in the detection of reproducible changes 

in protein expression as a result of drug exposure. Greater objectivity may be obtained in 

silico using software developed specifically for this purpose. Hence Phoretix® software 

(Nonlinear) was obtained on a "free trial" basis and used to analyse the 2D gels described in 

section 5 .2 .  The results are summarized in table 5 . 1 (section 5 .5 .6) .  To attribute differential 

regulation of proteins as a genuine response to drug treatment, protein spots were required to 

exhibit at least a two fold up- or down-regulation in comparison to other samples. In addition, 

results had to be reproducible when different batches of cells were tested. Phoretix® 2D 

Evolution software was used for computerized spot detection and spot volume calculation 

(spot concentration) while manual editing was performed to optimize spot matching and spot 

area comparison where necessary. 

5.5. 1 Reference Gel and Spot Comparison Analysis 

For spot identification and volume determination all gels were compared to a reference gel . 

From the three unexposed MDA MB 23 1 samples (0 h) of batches 1 ,  3 ,  and 4, the software 

automatically selected the gel of batch 4 as the base for the reference gel. Consequently, prior 

to sample analysis all spots were matched to the corresponding spot on the reference gel . 

Volumes of the reference spots were the averages of this spot from all three control (0 h) gels .  

Spot matching was performed after background subtraction was completed. Because many 

different spots and gel areas were analysed, a reference map was constructed to assist in the 

identification of these regions on the gels (Fig. 5 .9) .  
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Fig. 5.9 : Candidate spots as determined by Phoretix 2D software analysis 

The reference gel (75 )lg of protein of the control sample (0 h) of batch 4 

separated on a pH 4-7, 5 - 10% SDS-PAGE gradient gel) was chosen to represent 

the gel areas containing the candidate spots discussed in this chapter. The areas 

of candidate proteins are shown with the boxed area, and the relevant spots are 

circled and numbered in accordance with the software analysis data. The 

surrounding spot areas are displayed to confirm that the alterations in spot 

intensity observed between gels were not due to differences in gel loading. The 

area labelled as 3 D  was chosen to investigate the reproducibility of the 2D gels. 

5.5.2 Reproducibility Between Batches 

High 
Mw 

Low 
Mw 

Unexposed samples (0 h) of batches 1 ,  3, and 4 were analysed for variations in protein levels 

unrelated to drug treatment, and to estimate overall gel reproducibility. For this purpose, a 

central area of the gels, designated as "3D" in figure 5 .9, was chosen featuring different spot 

intensities and low background interference (Fig. 5 . 1 0) .  
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Fig. 5 .10 :  Inter-batch reproducibility 

Pboretix 2D Evolution software allowed visualising differences in spot intensities 

by selecting an area of interest on the gel and choosing the 3 D  map option from 

the menu. The height and width of peaks in the 3 D  diagram (left column) are 

representative of the circumference and concentration of the corresponding gel 

spot (right column). Spots featuring a dark flat peak exceeded the detection range 

l imit. This was usually only the case with very intense spots. Sample and batch 

reproducibility is demonstrated using the untreated (0 h) cell extracts of  batch I 

(A), batch 3 (B), and batch 4 (C) . 

While a certain degree of variability was present in the untreated sample of  batch I ,  compared 

to the control samples of batches 3 and 4, the latter two exhibited almost identical spot 

patterns and spot intensities. 

70 



5.5.3 Gel Analysis 

To determine differential protein expression, gels from the same batches were compared to 

each other as well as to the reference gel, as some sample spots may differ more strongly 

between different samples of the same batch, than between spots of the reference gel. Any 

candidate spots showing differential regulation were then compared to the same spot of an 

identically treated sample from a different batch to determine whether or not the observed 

difference was genuinely due to drug exposure. All expression data were verified visually to 

ensure that candidate spots did represent differentially regulated proteins, rather than being 

attributed to strong background differences, smears or position on gels (e.g. : edge of gel) (Fig. 

5 . 1 1 ) .  

O h  batch 1 O h  batch 3 O h  batch 4 

Fig. 5 .1 1 :  Influence of background on spot 403 

High background or smearing had a major impact on some spot values as 

demonstrated with spot 403 (circled) which is displayed as an area view (top), as 

shown in figure 5 .9, and a close up view (bottom). According to the expression 

data, spot 403 was down-regulated 4 .9  fold in the control sample of batch 3 and 

4 .5 fold in batch 4 compared to batch 1 .  Visual verification however, did not 

support this observation and indeed suggested that the differences in the 

expression data were due to the intense background in batch 1 .  

In the analysis of the first set of 2D gels, all of which were obtained from samples of batch 1 ,  

the spots from the reference gel as well as the unexposed sample (0 h) of batch 1 were used as 

controls. The remaining samples (2 h, 24 h, resistant (RI ) , and R2 (repeat R I )  were compared 
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to the controls, as well as to each other. Data that suggested differences in expression levels of 

samples 2 h, 24 h, R I ,  and R2 in comparison to the control (0 h, batch 1 )  were verified against 

the reference gel. The importance of this was demonstrated in the case of spot 673 which was 

up-regulated 2 .4 fold 2 h after doxorubicin treatment when compared to the control (0 h, batch 

1 ), but decreased 2 . 8  fold in comparison to the reference gel . As a result, the observed 

increase in protein levels of spot 673 2 h after treatment in batch 1 ,  was attributed to sample 

variation rather than a genuine response to drug treatment. Hence spot 673 was not considered 

as a candidate (Fig. 5 . 1 2) .  

Reference el O h  batch 1 2 h batch 1 

Fig. 5. 1 2 :  Verification of genuine protein expression i n  spot 673 

The gel area of spot 673 (top) is shown as indicated in figure 5 .9 .  Differential 

expression of spot 673 (circled) in samples 0 h and 2 h of batch 1 was a typical 

example of sample variation which was not due to drug treatment, as the 

protein is present at higher levels in the reference gel (0 h, batch 4) than in the 

2 h sample of batch 1 .  

Samples R I  and R2 made excellent markers for reproducibility between gels as the same 

protein extract was used to produce both gels (Fig. 5 .8 ) .  The results show that overall 

reproducibility between gels was retained, with only a few marked differences in particular 

areas on the gels (data not shown). 

5.5.4 Candidate Verification 

Since batch 2 lacks a sample of unexposed cells that could be used as a control in addition to 

the reference gel, differences in protein expression were verified by comparing the 2 h sample 
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to the equivalent sample of batch I ,  and the 24 h sample to those of batches 1 and 4. For 

example, if a spot was strongly down regulated in the 2 h sample of batch 2 in comparison to 

the reference gel, then the next step was to look for changes in expression levels of the 2 h 

sample of batch 1 .  This ensured the reproducibility of  the observation (Fig. 5 . l 3) .  

Reference gel 2 h batch I 2 h batch 2 

F ig. 5.13 :  Expression analysis of spot 723 

The gel area of spot 723 (circled) is shown on top, as indicated in figure 5 .9, while 

a close-up of spot 723 is displayed in the bottom row. 

Data for the 2 h sample of batch 2 shows spot 723 (circled) to be up-regulated 2 fold 

compared to the reference spot. However, in the 2 h sample of batch 1 the equivalent spot is 

not differentially regulated. Hence, the up-regulation in the 2 h sample of batch 2 was not a 

genuine response to drug treatment, and therefore spot 723 did not qualifY as a candidate. 

5.5.5 Drug-Dosage Effect 

To investigate the presence of any dosage-dependent changes in protein expression, samples 

of batch 4 were treated with 3, 25 ,  or 50 JlM of doxorubicin, and harvested 24 h later. 

Potential candidate spots were then compared to equivalent spots in identical samples of other 

batches for verification (Fig. 5. 1 4) .  No genuine dosage-dependent effects were observed. 
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Fig. 5 . 14 :  Expression analysis of spot 552 

The gel areas of spot 552 (top) are displayed in the top two rows, as indicated in 

figure 5 .9, while the bottom two rows show a close-up of spot 552 for each 

sample. Expression levels of spot 5 52 (circled) increased 1 .6 and 3 .5 fold, after 

treatment with 25 IlM and 50 IlM doxorubicin, respectively (top row). In 

comparison, the 24 h sample of bateh 2 featured higher concentrations of spot 552 

than the corresponding sample of batch 4.  Furthermore, expression levels of  the 

reference spot and of the control sample (0 h) of batch I ,  indicated approximately 

3 fold higher protein levels compared to the control sample of batch 4. This 

suggested sample variability was responsible for changes in protein levcls of spot 

552 rather than a genuine dosage-dependent effect. 

5.5.6 Summary 

Analysis of 2D gels using the 2D Phoretix Evolution analysis program did not result in the 

identification of differentially regulated proteins, and results were consistent with those 

obtained during manual analysis. Although a variety of changes were observed within each 
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batch tested, all of these were most likely to be the consequence of  sample variability. Two­

fold up- or down-regulation of a protein was required to be considered a candidate .  In order to 

ensure that al l candidates c lose to the threshold were considered, proteins showing at least l .7 

fold up- or down-regulation were included in the analysis (Table 5 . 1 ) . 
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A 
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B l  
O h  
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B 1  
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B l  
R I  

B2 
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B2 
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B4 
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B4 
24 h 

B4 
24 h 
2 5  
)..I.M 

Treat- B 1  B 1  8 1  8 1  8 1  82 82 B2 B3 84 B4 B4 B4 
ment O h  2 h  24 h R I  R 2  2 h  24 h 48 h O h  O h  24 h 24 h, 24 h, 

25 )..I.M 50 )..I.M 
# of 

spots 446 460 423 423 465 476 43 1 442 5 76 5 76 5 70 477 5 1 7  
analysed 

# of 
spots 1 2  2 7 6 0 5 1 1  8 1 0 0 2 

unmatched 

4 1  0 40 34 9 39 24 36 2 2 7 25 
40 3 1  42 26 33 56 63 33 94 74 6 7  3 6  

37 60 7 1  63 
67 48 6 1  8 3  

59 58 4 1  
37 28 26 

49 48 
49 63 

25 
42 

23 3 5  
28 1 7  

24 
1 0  

22 67 
1 5  26 

40 
24 

Table 5. 1 :  Differentially regulated protein spots 

The total number of potentially differentially regulated spots of each sample compared to 

the reference gel and gels of the same batch is summarized in this table. The batch number 

and sample treatment, as well as the total number of analyzed spots of each sample, 

including those unmatched to the reference gel, are indicated. The top numbers in each cell 

indicated the number of spots up-regulated, the bottom number indicated spots down­

regulated by at least 1 .7 fold, when comparing a sample in the top row to a sample in the 

left side column of the table . For example, the control (0 h) of batch 1 (which is 

abbreviated B l  0 h) displayed 446 spots of which 1 2  could not be matched, and shows 4 1  

spots up-regulated and 40 spots down-regulated, when compared to the reference gel .  

0 

6 
5 0  

5 5  
24 

36 
3 1  

1 5  
25 
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5.5.7 Discussion 

Although significant differences between gels were observed, each spot was subsequently 

eliminated when compared to spots in other samples. Generally, the overall reproducibility of 

spots was very high. There was a general variabil ity between gels however, which was mainly 

due to differences in background intensities and a different quality of resolution in areas close 

to the gel edges. 

Phoretix 2D software automatically generated P-values intended to assist in determining the 

significance of any expression differences between identical spots on different gels. The use 

of these statistical tools however, is ineffective when analysing silver stained gels. This is 

mainly due to the narrow dynamic range of si lver staining and the variability in overall 

staining intensity encountered between different gels. For this reason other methods such as 

immunoblotting are generally used to verify any differences in protein regulation and to 

perform statistical analysis of differential protein (Chen et al. ,  2002). 

Although the software succeeded in comparing spot values, extensive manual gel warping ' , 

spot matching, and background analysis was required. In particular, areas suffering from high 

or low background values and spot intensities close to the cut-off value compromised the 

interpretation of results. 

To collect valid data and to avoid the detection of "false" spots, a sensitivity limit was 

utilized. As a consequence, very weak spots below the cut-off value were excluded from 

analysis unless they could clearly be matched to spots on other gels. Since sl ight differences 

in spot migration between individual gels are common, and because very weak spots in 

particular could not always be clearly distinguished from the background, some spots could 

not be matched between certain samples (Table 5 . 1 ) . 

Taken together, the results of manual and computer-assisted analysis of 2D gels suggest that 

silver staining is insufficiently sensitive to detect changes in protein expression due to 

doxorubicin treatment of breast cancer cells under any of the conditions used. 

I The superimposing of two gel images which uses identical proteins on these gels as anchor-points for gel 
alignment, with the aim of producing matching protein spot patterns between the two gels. 
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Chapter Six 

DNA Double-Strand (DSB) Repair 

6.1 Introduction 

In humans and other eukaryotes the breaking of both strands of DNA can be caused by 

endogenous factors e .g. reactive oxygen species, V(D)J recombination
2
, replication associated 

damage, and exogenous factors such as mechanical stress, chemicals, chemotherapeutic 

agents and ionizing radiation. If left unrepaired these DNA double-strand breaks (DSBs) can 

lead to chromosome aberrations, higher radiation sensitivity, and cell death (Lees-Mil ler and 

Meek, 2003). There are two main DSB repair mechanisms in place:  homologous 

recombination repair (HRR) and non homologous end-joining (NHEJ).  Cell cycle state is 

critical in determining which of these pathways is utilized for the repair process. NHEJ is 

predominantly responsible for DNA DSB repair during G 1 - and early S-phase, while in late S 

and G2 both HRR and NHEJ seem to be of equal importance (Rothkamm et al. , 2003) (Fig. 

6. 1 ) .  
M 

G 1  

Fig. 6.1 : Cell cycle-dependent DNA DSB repair pathways 

Dark coloured parts of the circle indicate activity, while white coloured parts indicate 

inactivity of the pathway. NHEJ is predominantly responsible for DNA DSB repairs 

during G l and early S, whilc in late S and G2 both HRR and NHEJ seem to be of equal 

importance. 

NHEJ is an inherently more error prone repair process than HRR, potentially causing loss of  

nucleotides from the site of  breakage. However, since only a small percentage of genomic 

2 Process whereby segments of the immunoglobulin genes and the T -cell receptor are rearranged during 
development of the vertebrate immune system 
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DNA encodes proteins, entering replication and mitosis with an incorrectly repaired DSB may 

well constitute a lower risk to the organism than doing so with an unrepaired DSB. 

HRR is the most precise form of repair, but it is comparatively slow, and may not always be 

feasible as a homologous chromosome template is required for repair. One of the pitfalls of 

HRR is the possiblc loss of heterozygosity due to crossing over events of sister chromatids. 

Furthermore, apart from during and directly after replication, the two homologous 

chromosomes are not paired and the distance between them makes HRR virtually impossible. 

This may also be the reason why HRR seems to be restricted to the late S- and G2-phase and 

is indeed championed by some researchers as being more important during these phases than 

NHEJ (Henning and Sturzbecher, 2003). 

6.2 Non-Homologous End Joining 

During NHEJ, the Ku heterodimer binds to DNA at the ends of DSBs and subsequently 

recruits Xrcc4 (X-ray repair cross-complementing protein 4) and ligase IV, to form a complex 

which aligns and ligates the DNA ends (Fig. 6 .2) .  Ku also facilitates the recruitment and 

binding of the 465 kDa DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to the 

site, forming an activated DNA-PK complex which requires auto-phosphorylation in the 

process of repair (Burma and Chen, 2004) and potentially phosphorylates (serine/threonine) 

other DNA binding proteins involved in cel lular response mechanisms. The importance of 

these proteins is underscored by the increased sensitivity toward IR and severe deficiencies of 

cells defective in any of these genes (Ramsden and Gellert, 1 998;  Pastink et aI. , 200 1 ;  

Hopfner et aI. , 2002). 
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Fig. 6.2: Schematic representation of NHEJ 

Drugs or ionizing radiation-induced DNA DSBs are first recognized by Ku70 and Ku80, which 

bind to the DNA ends and recruit the DNA-dependent catalytic subunit D A-PKcs to form an 

active DNA-PK complex. The Artemis protein, which opens hairpin structures, and the Mre 1 1  
protein complex, consisting of Rad50, Nbs l and Mre l l ,  and possessing endo- and exo-nuc1ease 

activity, may both play a role in NHEJ if resecting of the ends is necessary. A DNA polymerase 

then synthesises new DNA ends which are joined by the Xrcc4 and ligase IV protein complex. 

As a result, the repaired DNA region is likely to deviate from the original sequence. (Modified 

from Jackson, 2002) 

6.3 Homologous Recombination Repair 

HRR involves many proteins e.g. Rad5 l ,  Rad52 ,  Rad54, and the Mre l l -Rad50-Nbs l 

complex (Fig.  6 .3) .  
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Fig.  6.3 : Schematic representation of H RR 

The repair procedure is believed to be initiated by resection of the break by the Mre 1 1  

complex (Mre l l ,  Rad50, Nbs l ), creating single-strand overhangs. Rad52 binds to these 

overhangs while Rad5 1 ,  which is critical for catalysing homologous strand pairing and 

exchange, forms filaments along the unwound DNA strand, facilitating strand invasion in 

conjunction with other proteins, such as Rad54 and RP A (replication protein A) (Khanna 

and Jackson, 200 1 ;  Jackson, 2002; Henning and Sturzbecher, 2003 ; Valerie and Povirk, 

2003) .  The resected 3 '  end invades a homologous DNA duplex and is extended by DNA 

polymerase. The ends are ligated by DNA ligase I and the interwound DNA strands 

(HoUiday junctions) are resolved resulting in either crossover or non-crossover gene 

conversion products. (Modified from Jackson, 2002) 

Increasing evidence has been obtained linking increased rates of DNA damage repair to 

elevated levels of DNA-PK and Rad5 1 ,  which contribute to cell resistance against IR and 

chemotherapy (Vispe et al. , 1 998;  Hansen et al. , 2003). Alteration in expression or activity of 

proteins involved in either the NHEJ or HRR pathway have been implicated as causing 

tumourigenesis and IRlchemo resistance mechanisms. Ku 70 and Ku 80 have been found to 

exhibit  both higher and lower DNA-binding activity in advanced tumours compared to normal 

tissue, independent of tissue origin (breastlbladder) . The differential activity may reflect 

different stages of disease progression, as more advanced tumours collectively displayed 
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much lower DNA-binding activity towards the heterodimer (Pucci et al. , 200 1 ) .  

Overexpression of Rad5 1 has been implicated in a variety of cancers, including breast cancer 

and contributes to resistance mechanisms and tumour progression in these cells (Raderschall 

et al. , 2002 ; Henning and Sturzbecher, 2003 ; Richardson et al. , 2004). 

6.4 DNA Damage Repair or Apoptosis? 

Although little is known about DNA damage-induced signal transduction, it seems that ATM, 

A TR, and DNA-PK, which are all phosphatidylinositol 3-kinase-like kinases (PIKKs), play an 

important role in phosphorylating (serine/threonine) p53 and other sensory proteins. PIKKs 

are known to modulate DNA-damage responses using different cell cycle checkpoints, 

apoptosis, and DNA repair (Norbury and Zhivotovsky, 2004). Apoptosis and DNA repair are 

likely to be counteracting pathways, predictably utilizing proteins involved in both pathways, 

such as A TM, A TR, DNA-PK, and BRCA 1 .  Si lencing of genes like A TM, A TR and DNA­

PKcs using siRNA has resulted in sensitizing cancer cells to ionizing radiation and 

chemotherapeutic agents, providing new insights for future treatment options (Collis et al. , 

2003 ; Yang et al. , 2004). 

Another important protein mediating apoptosis after DNA damage is c-Abl. In the event of a 

DNA lesion, A TM phosphorylates e-Abl which, in turn can phosphorylate two different 

tyrosine residues, the tyrosine (T) 54  and/or T3 1 5  site of Rad5 1 .  Phosphorylation of T54 

results in the loss of Rad5 1 's DNA-binding ability and promotes DNA strand exchange, while 

phosphorylation of T3 1 5  enhances interaction with Rad52 increasing HRR activity. 

Depending on the cell cycle and the extent of DNA damage, it appears that the 

phosphorylation of T54 may inhibit HRR and initiate apoptosis. The phosphorylation of T3 1 5  

however, may augment HRR while suppressing apoptosis at the same time. Because of 

Rad5 1 ' s  crucial role in HRR it  has been proposed that the c-Abl-Rad5 1 complex may act as a 

gatekeeper between DNA repair and apoptosis (Henning and Sturzbecher, 2003 ;  Valerie and 

Povirk, 2003). 

6.5 Rad51 and DNA-PK Initiated Repair of Topoisomerase 11 Alpha Mediated DNA 

DSB 

In contrast to Rad5 1 ,  which is expressed in a cell cycle-dependent manner, peaking in late 

S/G2, DNA-PKcs and Ku70/80 levels remain constant throughout the cell cycle. However, 

nuclear relocalisation and an increase in DNA-PK activity, occur after the G l iS transition 
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(Flygare et aI. , 1 996; Nilsson et al. , 1 999). As mentioned earlier, the topoisomerase 11 alpha 

enzyme is involved in DNA replication and chromosome segregation with low levels of 

enzyme in GO/G 1 ,  which increase during late G l iS and peak during G2IM. Moreover, it has 

been shown that low concentrations of doxorubicin can halt the cell cycle at G2/M, while high 

drug concentrations can lead to arrest at early S-phase. The cell cycle state of a cell exposed 

to doxorubicin is one of the determining factors for subsequent steps. This is because the 

extent of DNA damage is correlated with the topo I I  alpha concentration, whieh depends on 

the cell cycle state, which in turn determines the preferred mechanism of repair (or apoptosis). 

Interestingly, recent studies revealed that in the ease of NHEJ, in order to repair topo I I  

poison-mediated DNA-DSB it was essential that the enzyme was removed from the DNA to 

allow binding of the Ku heterodimer (Martensson et al. , 2003).  Studies in chicken cells (DT 

40) have indicated that NHEJ is the predominant repair pathway for topo II poison-induced 

DNA lesions (Adachi et al. , 2003) ,  and that cells deficient in NHEJ are much more sensitive 

to chemotherapeutic agents than an HRR deficient variant. Furthermore, this group also 

speculated that at high drug dosage, an unknown type of DNA-damage may be produced, in 

addition to · the common lesions, which may require HRR and/or NHEJ. On the contrary, 

Hansen (Hansen et al. , 2003), suggested that both Rad5 1 -dependent homologous 

recombination and DNA-PK-dependent NHEJ play a role in DNA-DSB repair. These authors 

further suggested that NHEJ may be more focused on DNA repair upon G I arrest, whereas 

HRR may be more important in terms of cell survival after DNA damage-induced G2 arrest. 

NHEJ is c laimed to repair up to 80% of the DNA lesions very quickly and within 3 h of 

occurrence, while HRR is more tedious, but error-free (DiBiase et al. , 2000). 

It has also been shown that DNA-PK specific inhibitors, such as NU7026 (2-(morpholin-4-

yl)-benzo[h]chomen-4-one) and SU 1 1 752, significantly enhance the efficacy of topo II 

poisons, leading to increased DNA-DSB levels and G2/M checkpoint arrest (Veuger et aI. , 

2003 ; Ismail et al. , 2004; Willmore et al. , 2004). Inhibition of DNA-PK using target-peptides 

also succeeded in sensitizing human breast cancer cells to IR  (Kim et al. , 2002) .  Moreover, 

another study suggests a correlation of DNA-PK levels and doxorubicin resistance in relapsed 

leukaemia patients (Eriksson et al. , 2002). This notion was further underscored as HL60 cells, 

which were selected for doxorubicin resistance, were found to have a 1 5  fold increase in 

DNA-PK levels (Shen et al. , 1 998).  
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6.6 Aim 

Doxorubicin and other topoisomerase I I  alpha (topo II) pOlsons are commonly used in 

chemotherapy of breast cancer patients, primarily causing cell death by producing DNA-DSB, 

but also forming reactive oxygen radicals. Although many studies have investigated the 

effects of doxorubicin on cell cycle and cel l viability, little is known about the response of 

proteins involved in the repair of doxorubicin-generated DNA damage, which represent major 

factors in the cells struggle for survival and drug resistance. A better understanding of the 

cells response to overcome this cellular assault is essential for the development of targeted 

and more effective approaches to kil ling cancer cells. To investigate the DNA damage repair 

response to doxorubicin the expression of two key proteins, Rad5 1 and DNA-PKcs, were 

monitored in estrogen receptor (ER) negative MDA MB 23 1 ,  ER positive MCF7 breast 

cancer cells, and normal human breast cells MCF 1 2A. Additionally, 1 0  cl inical samples were 

analysed for overexpression as well as any potential correlations in expression of these two 

repair proteins in tumour compared to normal tissue. 

6.7 Experimental Design 

Before analysing actual proteins, samples of antibodies for DNA-PKcs and Rad5 1 were tested 

for their specificity and functionality . A dilution series of 1 :  1 00, 1 : 500 and 1 :  1000, of both 

antibodies in 0.5% blocking reagent (POD substrate, Roche� in TBST were directly spotted 

onto nylon membrane and treated according to the standard protocol . Both antibodies 

produced positive signals after treatment with anti-rabbit secondary antibody confirming 

primary and secondary antibody interaction. In order to verify protein detection limits and 

specificity, extracts containing 1 )!g, 5 J..lg and 20 J..lg of total protein, were spotted onto a piece 

of membrane and treated according to the standard protocol . Using dilutions of 1 : 500 primary 

antibody and 1 :2500 secondary antibody, all of the spotted protein dots could be detected 

without background reactivity. To ensure protein specificity, identical quantities of protein 

extract were loaded onto an 8% and a 5% gel. The low percentage gel was used to allow the 

large DNA-PKcs (465 kDa) to migrate into the gel more easily. Both antibodies specifically 

detected gel bands corresponding to the expected molecular weights of DNA-PKcs and Rad5 1 

(39 kDa). After assessing the signal intensities and signal to noise ratio, the optimal protein 

loads were determined to be 5 )!g and 25 J..lg, for DNA-PKcs and Rad5 1 , respectively. 

To investigate whether DNA-PKcs and Rad5 1 protein levels change in response to 3 J..lM 

doxorubicin treatment, an unexposed control sample and samples harvested 2 h and 24 h after 
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exposure, were analysed. Alpha tubulin was used as a loading control and gave strong signals 

with the 25 Ilg samples, but failed to produce any signals when 5 Ilg of protein was used, 

therefore demanding further optimization. 

I n  order to ensure reproducibility and consistency, both Rad5 1 and DNA-PKcs needed to be 

assayed on the same gel. Conditions for the detection of topo II alpha also required 

optimization. A primary antibody dilution of I :4000 for DNA-PKcs and I :250 for Rad5 1 ,  was 

used with a I :2500 anti-rabbit secondary dilution and gave optimal signals when analysing 20 

Ilg of protein. Clear and consistent detection of topo I I  alpha was obtained when using a 

primary antibody dilution of I : 200 and 1 : 5000 for anti-goat secondary antibody. 

Since these four proteins were very different in size, ranging from 465 kDa to 39 kDa, 

gradient gels were utilised to allow proper separation prior to western analysis. The best 

separation pattern was achieved when pouring 5 - 1 0% SDS-PAGE gels (2 .7  ml 1 0%, 1 .2 ml 

5%, 3% stacking gel). After electrotransfer the blotted nylon membranes were cut into four 

pieces, each containing a protein of interest, which were subsequently subjected to standard 

immunodetection. 

6.8 Results 

MDA MB 23 1 ,  MCF 1 2A, and MCF7 cells were exposed to 3 IlM doxorubicin and the 

subsequent immunoblots analysed for expression of DNA-PKcs, Rad5 1 ,  topo I I  alpha and 

alpha tubulin 0, 2 ,  24, and 48 hours after exposure, as previously described for the 2D gel 

electrophoresis studies. Images of the immunoblots were taken in a Fuji Dark Box and 

subsequently analyzed using Image J software for semi-quantitative comparisons (Fig. 6.4) 

(section 2 .2 .4.3) .  

In  both MDA MB 23 1 and MCF 1 2A cell lines, an increase in Rad5 1 and topo II  alpha levels 

was observed 24 h and 48 h after drug exposure (Fig. 6 . 5  and 6.6). In MCF7 cells topo I I  

alpha levels remained largely unchanged 24 h post-treatment, but decreased 48 h after initial 

drug exposure. In contrast to the results obtained for MDA MB 23 1 and MCF 1 2A cells, post­

treatment Rad5 1 levels were decreased at all time points in MCF7 cells. DNA-PKcs signals 

showed some degree of variation between experiments, but essentially remained unaltered. 

Samples taken from cells 2 h after first contact with doxorubicin did not always yield 

reproducible results. 
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Fig. 6.4: Densitometric analysis of MDA MB 231 extracts separated by SDS-PAGE 

The graph shows the representative densitometric results of MDA MB 23 1 cells 0, 2, and 24 h 

after exposure to doxorubicin using Image J software. Peak areas of D A-PK, topo I I  alpha, 

and Rad5 1 were compared to the corresponding alpha tubulin value, which was set to 1 00%. 

Protein concentration levels, relative to alpha tubulin, were then compared between samples 

for semi-quantitative analysis. 

MDA-MB-23 I MCF I 2A MCF7 

Time (hours) 0 2 24 0 24 48 0 2 24 0 24 48 0 2 24 48 

DNA-PK - - - - ... 
1 9.5 28.2 26.7 1 26 165 2 1 3  46.4 82.4 89 325 3 1 6  435 270 28 1 235 255 

Topo n - - - - -- - - - - - -
44 42.8 68. 1 35.5 58 65.5 6.2 20.4 72 8.5 50.8 40.3 32 7.9 34.8 2.8 

Tubulin 

Rad 5 1  - - - - - --- .-. ..... 
46.9 53.4 69. 1 52 74 .3 83 5.9 1 2.7 26.2 8.7 4 1 .4 30.3 52.6 24.8 24 4.9 

Fig. 6.5: Immunoblot of MDA MB 231 ,  MCF1 2A, and MCF7 cell protein extracts 

20 Ilg of total protein were separated on a 5- 1 0% polyacrylamide gel to compare temporal 

changes in topo 1 1  alpha and DNA repair proteins Rad5 1 and DNA-PK relative to alpha tubulin 0, 

2 ,  24 and 48 hours after 3 IlM doxorubicin treatment. Numbers indicate signal intensity as a 

percentage, relative to tubulin ( 1 00%). The results are representative of three experiments. 
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Fig. 6.6 : Statistical analysis of tem poral changes in protein expression 

Graphs show mean levels of DNA-PKcs, Topo I I  alpha, and Rad5 1 levels 2, 24, 

and 48 hours after doxorubicin treatment compared to the mean of the control (0 

h) which was set to a value of 1 .  Error bars indicate standard error of means of 2 

experiments for the 2 h samples and 3 experiments for the 24 h sample. 

Additional experiments were conducted for all time points and all cell types, 

con firming trends of the other replicates. These were captured on x-ray film only 

and hence could not be used for statistical analysis. Changes in expression of 

DNA-PK (p=0.0 I ), Topo I I  alpha (0.04), and Rad5 1 (0 .0 I )  in MDA M B  23 1 

celss 24 h after drug treatment were statistically significant when compared to 

the control . All other changes did not reach statistical signi ficance (p>0.05). 



6.8.1 F ACS Analysis 

Rad5 1 and topo II  alpha expression is known to be increased in late S- and G2IM-phases of 

the cell cycle (Woessner et al., 1 99 1 ;  F lygare et al., 1 996). FACS analyses were employed to 

establish whether the observed changes in protein levels were due simply to a change in cell 

cycle distribution, or were a genuine response to drug exposure. F ACS analysis revealed that 

only M DA MB 23 1 cells showed a strong increase of S and G2IM cells, with a concomitant 

decrease of cells in G I compared to the control, 24 h and 48 h after drug exposure. MCF7 

cells showed a marginal decrease of cells in S-phase, causing an increase in the number of 

G2IM cells. FACS profiles of MCF I 2A samples remained almost identical (Fig. 6 .7) .  No 

changes in cell cycle distribution were detected in any of the cell lines tested 2 h after drug 

treatment, compared to the control (data not shown). Consequently, the increase in Rad5 1 

expression observed in MCF 1 2A and MCF7 cells 24h and 48h after drug treatment, must be 

due to drug exposure, and is independent of cell cycle state. Unexpectedly, the same must be 

true for topo II alpha levels which were also elevated. Indeed, up-regulated topo [I alpha and 

Rad5 1 levels show a strong correlation in MDA MB 23 1 and MCF 1 2A cells. As the cell 

distribution profile of MDA MB 23 1 cells changes dramatically as a result of drug treatment 

further investigations were necessary to determine if the exhibited alterations in Rad5 1 and 

topo II alpha protein content were independent of cell cycle state in this cell line. 
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Fig. 6.7: FACS results 

Graphs show cell cycle distribution of MDA MB 23 1 ,  MCF I 2A, and MCF7 cell lines 0, 

24, and 48 h after 3 IlM doxorubicin treatment. All FACS experiments were repeated 

with a different batch of cells to ensure reproducibility. The number of cells in G 1 - CM 1 ), 

S- CM2), and G21M-phase CM3) of the cell cycle are indicated. The intervals M l ,  M2, and 

M3 which were used to distinguish between different cell cycle stages are identical for all 

samples of the same cell line. The results are representative of two experiments. 

6.8.2 Synchronization of MDA, MCF7 and MCF12A Cells 

PI 

The cellular addition of thymidine leads to the depletion of intracellular dCTP pools, and as a 

consequence drastically slows down the replication process. This results in an accumulation 
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of cells at the transition from G 1 - into S-phase of the cell cycle (Bjursell and Reichard, 1 973) .  

Once the cells are released from the imposed thymidine block they should traverse through 

the cell cycle synchronously. In an attempt to mimic the MDA MB 23 1 cell cycle distribution 

24 h after doxorubicin exposure, cells were subjected to a double thymidine block. Cells were 

initially blocked 24 h after passaging by adding 2 mM thymidine to the growth media. 1 6  h 

after blocking, cells were released for 1 0  hours before repeating the thymidine-block, again 

for 1 6  h .  The cells were then harvested 0 , 3 , 6 , 7 . 5 , 9 ,  and 24 h after being released from the 

second block, to determine at what point the cell cycle distribution profile was most similar to 

that seen 24 h after doxorubicin exposure in the respective cell lines . F ACS profiles of MDA 

MB 23 1 cells treated with 3 /-lM doxorubicin looked most similar to cells 6 h after release 

from the thymidine block (Fig. 6.8) .  Ultimately, this approach did not succeed in producing a 

cell cycle distribution profile of sufficient similarity to that of drug exposed cells, to allow 

confident comparison of cell cycle state and protein expression. Therefore, cell cycle­

independent expression of Rad5 1 and topo II alpha could not be confirmed in MDA M B  23 1 

in these experiments. 
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FACS profile of cells 0, 3, 6, 7.5, 9 ,  and 24 h (B through G) after release from thymidine 

block compared to (A) 24 h after treatment with 3 /-lM doxorubicin. 

6.8.3 Drug Dosage Effect 

Cells were treated with moderate to low (0.6 /-lM), moderate to high (3 /-lM) and high 

concentrations ( 1 5  /-lM) of doxorubicin to investigate the dosage-dependent response o f  MDA 

MB 23 1 ,  MCF 1 2A,  and MCF7 cell lines. Furthennore, cell viability was detennined using the 

above mentioned doxorubicin concentrations over a period of 7 days, employing erythrosine 

B to distinguish between viable and dead cells as described in section 2 .2 . 1 .5 .  These drug 

concentrations were chosen relative to the drug sensitivity of MDA MB 23 1 cells, which were 

the most sensitive of the 3 cell lines used (Fig. 6 .9) .  
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Fig. 6.9: Cell viabil ity assay 

The impact of drug treatment on MDA MB 23 1 ,  MCF 1 2A, and MCF7 cell survival using 

0, 0.6, 3, and 1 5  JlM doxorubicin, was monitored over 1 week with samples taken every 

24 h after initial exposure. No sample was taken on day 6 .  Results are averages of 

duplicate (in some cases triplicate) counts of two, independently grown and identically 

treated, samples. 

Both FACS analysis and immunoblotting were performed using the same sample, which was 

collected 24 h after drug exposure, as changes in protein expression were most significant at 

this point during the time course experiments. As in the time course experiments, DNA-PKcs 

levels remained largely unaltered across all concentrations of doxorubicin as compared to the 

unexposed control (Fig. 6 . 1 0) .  In MCF7 cells DNA-PK levels appeared elevated due to one 

experiment showing unusually low levels of DNA-PK in the control (0 h) (Fig . 6. 1 1 ) . A third 

experiment which could not be included for statistical purposes as it was only available on x­

ray film, confirmed the trends seen in the first experiment suggesting DNA-PK levels to 

remain unaltered after treatment (data not shown). Rad5 l and topo II alpha expression in both 

MDA MB 23 1 and MCF 1 2A cells, was markedly increased in response to 0.6 JlM and 3 JlM 

doxorubicin. Indeed all cell lines displayed significantly higher topo II alpha levels 24 h after 

exposure to 0 .6 JlM doxorubicin compared to the control. A dosage of 1 5  JlM appeared to 

reduce to po II alpha levels compared to that observed at the lower doses. Interestingly, in 

MCF7 cells Rad5 1 levels exhibited a completely opposite response, as they declined 

significantly with increasing drug concentration. Hence the Rad5 l response of the ER positive 

MCF7 cells is contrary to that seen in the ER negative MDA MB 23 1 cell line. On the other 
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hand, topo II alpha levels concur with those seen in MDA and MCF l 2A cells with 0.6 JlM 

doxorubicin. 

MCF7 MDA-MB-23 1 MCF 1 2A 

JlM Dox ° 0.6 3 1 5  0 0.6 3 1 5  0 0 .6 3 1 5  

DNA-PK � - - - .... � � �  .... ... .... � 
52.5 55 .5  73 .3 59.7 40.2 52.5 60 4 1 . 1  6 1 .7 72 . 1 44. 7  96.2 

Topo I l  - - - - ---...-. -- - --- � --- � ---

1 0 .9 26 .7  1 3 .9 4 7 .6 1 9 . 1  23 5.2 1 1 . 8  3 1 . 5 1 7 .2  1 4  

Tubulin -- _  ... -
� � .� .� - ' - - -

Rad5 1 - - - - � . � - _ . ....... ..... 

20.9 1 2 . 5  9.6 1 .9 1 8 .8  38 .7  40. 7  1 4.2 1 7 .8  52  30. 7 7 

Fig. 6.10: Immunoblot of MDA MB 23 1,  MCF1 2A, and MCF7 cell protein extract 

20 Ilg of total protein were separated on a 5- 1 0% polyacrylamide gel to investigate a drug­

dosage response of DNA-PK, topo II alpha, alpha tubulin and Rad5 1 to 0, 0 .6, 3, and 1 5  

IlM doxorubicin in the cell lines tested. Numbers indicate signal intensity as a percent 

relative to tubulin ( 1 00%) of  the same lane. The results are representative of 3 

experiments. 
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Fig. 6.1 1 :  Statistical analysis of  dosage-dependent changes in 

p rotein expression 

Graphs show mean levels of DNA-PKcs, Topo II alpha, and Rad5 1 

levels in the cell l ines tested 24 hours after 0, 0.6, 3 and 1 5  fl M 

doxorubicin treatment compared to the mean of the control (0 h) 

which was set to a value of 1 .  Error bars indicate standard error of 

means for 2 experiments. Rad5 1 downregulation after 1 5  flM 

doxorubicin treatment of MCF 7 cells was statistical ly significant 

(p=O.02) .  All other changes in protein expression did not reach 

statistical significance (p<0.05). 



6.8.4 Dosage-Dependent F ACS Analysis 

F ACS analysis of samples used in the experiment to test effect of drug dosage revealed that 

neither MCF7 nor MCF 1 2A cells showed any significant changes in cell cycle distribution 24 

h after exposure to varying amounts of doxorubicin (Fig. 6. 1 2) .  Hence, the changes in Rad5 1 

and topo I I  alpha expression in these cell lines were not cell cycle state specific, but appeared 

to be a genuine response to drug exposure, confirming the observations made during time 

course analysis . The results seen in MDA MB 23 1 cells were harder to interpret. A similar 

response was observed in cells exposed to 0.6 IlM and 3 IlM of doxorubicin, with the latter 

containing 50% more cells in G 1 .  If Rad5 1 expression was indeed restricted to the late stages 

of the cell cycle, this should have resulted in a much weaker signal in samples treated with 3 

Il M  compared to 0.6 IlM doxorubicin, but in fact the observed signal was actually slightly 

stronger. Hence, it seems likely that changes in Rad5 1 and topo 11 alpha protein levels in 

MDA MB 23 1 cells are also independent of cell cycle distribution, under these conditions. 
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Fig. 6. 1 2 :  FACS profiles for t ime course experiment 

A total of 1 05 cells were counted for each sample, with the exception of MCF 12A cells 

treated with 1 5  IlM,  as not enough cells were present in that sample (note the change in 

scale of y-axis). The number of cells in 0 1 - (M l ), S- (M2), and 02/M-phase (M3) of the 

cell cycle are indicated. The intervals M 1 ,  M2, and M3 which were used to distinguish 

between different cell cycle stages are identical for all samples of the same cell line. The 

experiment was repeated once with similar results. 
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6.9 Breast Cancer Immunohistochemistry 

Although both Rad5 1 and DNA-PK are essential in DNA-DSB repair, their precise role in 

malignant transformation and resistance to ionising radiation/chemotherapy remains unclear. 

Not surprisingly, Rad5 1 levels have previously been shown to be differentially regulated 

between normal and malignant human tissues, including breast (Moll et al. , 1 999; Maacke et 
al. ,  2000; Maacke et al. , 2000). On the other hand, expression of the DNA-protein kinase 

catalytic subunit (DNA-PKcs) which forms part of the functional DNA-PK protein complex, 

together with the Ku70 and Ku80 heterodimer, did not show any significant differences 

between different normal and malignant human tissues, including breast tissue. It seems that 

DNA-PKcs mRNA levels remain largely unaltered across a range of different types of tissue, 

while protein expression levels are cell and tissue specific, coinciding with Ku80 levels. 

Furthermore, expression levels in several cancerous tissues were paralleled by those in normal 

tissue. Interestingly, invasive carcinoma of the breast lacked consistent DNA-PKcs and Ku80 

expression, while lactating breast epithelium cells showed strong nuclear expression of both 

proteins, indicating that altcred protein expression may coincide with pathological changes 

(Moll et al. , 1 999). 

Unchanged DNA-PKcs levels have also been reported between normal colon tissue, colon 

adenomas, and colon carcinomas (Rigas et al. , 200 1 ) .  Another group however, refutes this, 

claiming colorectal tumours show significantly higher levels of mRNA and protein of DNA­

PKcs, as well as Ku70 and 80, and an increase in DNA-PK activity, compared to normal 

tissue (Hosoi et al. , 2004). Differences in the expression of DNA-PKcs have also been 

reported between different states of lymphoid malignancies (Holgersson et al. , 2004). 

Rad5 1 ,  which is a BRCA I interactive protein, has been reported to be down-regulated in 

about 30% of sporadic ,  hereditary and B RCA I -mutated breast carcinomas, while exhibiting 

high expression in normal mammary epithelial cells (Y oshikawa et a!. ,  2000). In contrast, 

another study reported that the histological grading of sporadic invasive ductal breast cancer 

was correlated with the over-expression of wild-type Rad5 1 ,  which may be permissive for 

tumour progression (Maacke et al. ,  2000) . 

Expression profiles in malignant breast tissue, and more importantly in relapse patients having 

developed resistance to chemotherapy, is limited and inconclusive. No previous studies have 

investigated a correlation between deregulated DNA-PK and/or Rad5 1 expression and patient 
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survival, in general or after treatment. In order to determine the feasibility of such an 

investigation, a pilot study was designed. For this purpose, tissue samples of 1 0  randomly 

chosen patients, prior to chemotherapeutic treatment, were selected from the Palmerston 

North Hospital tissue bank, and analysed for the expression of Rad5 1 and DNA-PKcs, and 

potential consequences such as patient survival . 

6.9.1 Staining of MDA MB 23 1 CeUs 

The purpose of this experiment was to ensure that the antibodies against Rad5 1 and DNA­

PKcs could be used for immunohistological staining of cells, and to ensure the protein 

specificity of the antibodies. MDA MB 23 1 cells were harvested, either untreated (0 h), or 2 h 

and 24 h after exposure to 3 IlM doxorubicin, and fixed in 1 0  % formalin. The samples were 

then transferred to Dr Bruce Lockett at the Palmerston North Hospital, where the cells were 

prepared as cell blocks for immunohistochemical analysis (section 2 .2 .7) .  The cells were 

probed with DNA-PKcs and Rad5 1 antibody and analysed by light microscopy (Fig. 6. 1 3) .  

o A-PKcs 

Rad5 1 

Fig. 6. 1 3 :  Immunohistochemical analysis of  Rad51 and DNA-PKcs expression in 

MDA MB 23 1 ceU blocks 

Blocks of MDA MB 23 1 cells which were harvested 0, 2 ,  and 24 h after drug 

treatment, were probed with Rad5 1 and DNA-PKcs primary antibodies and are shown 

above at 400x magnification. While DNA-PKcs (top row) was primarily detected 

within the nucleus, Rad5 1 (bottom row) produced strong cytoplasmic signals 

exceeding the intensity of nuclear staining. 
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To assess the overall intensity of staining, which was determined manually, a scoring system 

was implemented which ranged from 0 (no staining) to 3 (strongest staining) (McCarty et al., 

1 985) .  Nuclear and cytoplasmic staining were scored separately to detect any drug-induced 

translocation effect of Rad5 l or DNA-PKcs (Table 6 . 1 ), and results summarised (Table 6.2) 

MDA M B  231 , 0 h 

Stain ing I ntensity 
(N uclear) 

Staining I ntenSity 
(Cytoplasmic) 

MDA MB 231 , 2 h 

Stain ing I ntensity 
(N uclear) 

Staining I ntenSity 
(Cytoplasmic) 

M DA MB 231 , 24 h 

Staining I ntenSity 
(Nuclear) 

Staining I ntensity 
(Cytoplasmic) 

I 

0 
27 
0 

0 
86 
0 

0 
9 
0 

0 
75 
0 

0 
1 8  
0 

0 
97 
0 

1 
38 
38 

1 
1 2  
1 2  

1 
29 
29 

1 
24 
24 

1 
30 
30 

I 1 I 

3 
3 

DNA-PKcs 

2 3 total 
25 1 0  H-score 
50 30 1 1 8  

2 3 total 
1 0 H-score 
2 0 1 4  

DNA-PKcs 

2 3 tota l 
42 20 H-score 
84 60 1 73 

2 3 total 
2 0 H-score 
4 0 28 

DNA-PKcs 

2 3 total 
41 1 1  H-score 
82 33 1 45 

2 I 3 I 
total 

0 0 H-score 
0 0 3 

Rad51 

0 1 2 3 total 
53 39 8 0 H -score 
0 39 1 6  0 55 

0 1 2 3 total 
9 63 1 9  9 H-score 
0 63 38 27 1 28 

Rad51 

0 1 2 3 total 
30 44 1 7  9 H-score 
0 44 34 27 1 05 

0 1 2 3 total 
7 23 63 7 H-score 
0 23 1 26 2 1  1 70 

Rad51 

0 1 2 3 total 
46 40 1 0  4 H-score 
0 40 20 1 2  72 

i i i i i I 0 1 2 3 total 
1 0  70 20 0 H-score 
0 70 40 0 1 1 0 

Table 6. 1 :  Nuclear and cytoplasmic staining of DNA-PKcs and Rad51 in MDA MB 231 cells 

To assess the intensity of histological staining (H-score), 1 00 cells from each sample (0, 2, 24 h) 

were categorised according to the observed staining intensity (0 to 3). The number of cells in each 

category was then multiplied by the intensity value (0 to 3 )  of that category, and the sum of all 

four categories resulted in the final H-score. For example: DNA-PKcs 0 h featured 1 0  cells that 

showed the maximum staining intensity and therefore fel l  into category number 3 .  This resulted in 

a sum of 30 (3 x 1 0) .  The total H-score of all categories for DNA-PKcs was 1 1 8 .  DNA-PKcs and 

Rad5 1 primary antibodies were used at concentrations of 1 :  1 200 and 1 :90, respectively. 
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H-score O h  2 h  24 h 
D NA-
PKcs Nuclear 1 1 8 1 73 1 45 

Cytoplasmic H 
Score 1 4  28 3 

Rad51 Nuclear 55 1 05 72 
Cytoplasmic H 
Score 1 28 1 70 1 1 0 

Table 6.2 :  Summary of H-scores of MD A MB 231 cells 

The staining intensity for DNA-PKcs and Rad5 1 was at its strongest 2 h after drug 

exposure. While DNA-PKcs showed almost exclusive nuclear staining, Rad5 1 was 

predominantly present in the cytoplasm. Interestingly, 24 h after doxorubicin exposure 

nuclear Rad5 1 staining increased while cytoplasmic staining decreased compared to the 

control. Hence, Rad5 1 possibly shows a protein translocation effect after drug treatment. 

Both DNA-PKcs and Rad5 l antibodies successfully stained MDA MD 23 1 cel ls, which 

confirmed their suitability for the subsequent analysis of tumour tissue. 

6.9.2 Tumour Sample Analysis 

As a first step, control samples containing different types of tissue were used to assess the 

ability of the DNA-PKcs and Rad5 1 antibodies to differentially stain tumour and normal 

tissue, and to determine the appropriate dilution of the antibodies for histological analysis 

(Fig. 6. 1 4) .  
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3 

20x 
control blocks 

1 

4 

5 7 

6 8 

control blocks 

400x 400x 

o A-PKcs 

Rad5 1 

Fig. 6. 14 :  Control blocks used for testing DNA-PKcs and Rad51 primary 

antibodies 

Control blocks containing different tissues, such as metastatic InvaSive ductal 

carcinoma ( 1 ) , invasive ductal carcinoma (2), normal kidney (3), metastatic invasive 

lobular carcinoma (4), invasive lobular carcinoma (5) ,  normal liver (6), invasive ductal 

carcinoma (grade I )  (7), and fibroadenoma (8) were tested for the expression of Rad5 1 

(bottom row) and DNA-PKcs (top row). DNA-PKcs showed strong nuclear staining in 

several cases, including normal kidney and invasive lobular carcinoma tissue. Rad5 1 

produced weaker signals in most control tissues compared to DNA-PKcs signals, but 

showed strong cytoplasmic staining in kidney tissue, as well as strong nuclear and 

cytoplasmic staining in breast tumour. 

After successfully staining control tissues and establishing an immunostaining protocol using 

a primary antibody concentration of 1 :2000 for DNA-PKcs and I :  1 00 for Rad5 1 ,  respectively, 

1 0  breast tumour samples from the Palmerston North Hospital tissue bank were randomly 

selected and analysed for differentially expressed DNA-PKcs and Rad5 1 protein levels (Fig. 

6 . 1 5 , 6 . 1 6, and 6. 1 7) .  The immunohistochemical results of the 1 0  tested specimens were 

summarised and analysed for any obvious patterns, for example DNA-PKcs or Rad5 1 

expression and time of survival (Table 6 .3) .  
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DNA-PKcs 

Rad5 1 

Fig. 6. 1 5 : Patient tissue samples probed against DNA-PKcs and Rad51 protein 

Normal (white arrows) and cancerous (black arrows) breast tissues from three different 

patients, 3257/97, 4083/94, and 7876/0 1 were analysed for expression of DNA-PKcs 

(top row) and Rad5 1 (bottom row) and are shown at 400x magnification. There were no 

striking differences in the expression of either protein in samples from patient 3257/97.  

In the case of patient 4083/94, no apparent differences in DNA-PKcs expression were 

distinguishable between normal and tumour tissue. Rad5 1 however, was in fact more 

strongly expressed in normal epithelial cells than in tumour cells. Patient 7876/0 1 

featured intense staining for both proteins. However, only the levels of Rad5 1 were 

dramatically higher in tumour tissue compared to the normal tissue, with both nuclear 

and cytoplasmic staining being observed. 
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200x 
tumour and normal 

400x 
normal 

400x 
tumour 

Fig. 6.1 6 :  I mmunohistochemical staining of normal and tumour tissue 

D:"JA-P Kcs 

Rad5 1 

DNA-PKcs (top row) and Rad5 1 (bottom row) expression were analysed for patient 

1 8800/00. Sections of both normal and tumour tissue were magnified from the whole 

sample to illustrate differences between the two tissues. In the case of patient 1 8800/00, 

DNA-PKcs levels in the tumour tissues were drastically higher than those in normal 

tissue, while Rad5 1 levels remained unaltered. 
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200x 400x 400x 

DN A-PKcs 

Rad5 1 

tumour and normal tumour normal 

Fig. 6. 1 7 : Rad51  and DNA-PKcs expression in specimen 1 7641 100G 

Specimen 1 764 1 /00G is shown at 200x magnification, while the tumour and normal 

epithelial tissue is shown at 400x magnification. The immunohistochemical staining of 

sample l 764 1 100G revealed drastically increased levels of DNA-PKcs (top row) in 

tumour tissue compared to normal epithelium. Rad5 1 levels (bottom row) were found 

to be higher in normal epithelial cells than in tumour tissue. The immunological 

analysis of Rad5 1 also exhibited higher background levels, unlike DNA-PKcs detection 

which was virtually free of background noise. 
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o +>-

Adj. Adj . 
Normal Normal 

Tumour E pithelium Tumour E pithelium 
D NA- D NA-PKcs 
PKcs H RAD-S1 H RAD-S1 H Age at ER/PR 

Case# H-Score H -Score H-Score H-Score d iagnosis status Therapy Health 

4083/94 = 1 39 1 58 1 1 9  37 42 positive tamoxifen al ive 
1 8800/00 t 1 70 80 = 47 47 45 neQative chemo al ive 
3257/97 = 62 81  = 50 57 43 positive relapsed/dead 
608 1 /98 t 1 92 1 22 t 1 5 1  89 86 positive tamoxifen dead 

1 7641 /00 B t 1 91 1 28 1 1 3  33 59 neQative chemo al ive 
1 764 1 /00 G t 220 99 = 21  22 59 negative chemo al ive 

22089/0 1 = 1 54 1 40 i 1 70 57 44 positive chemo al ive -
7876/01 i 1 54 1 23 i 1 98 4 1  57 positive chemo al ive 
9778/99 = 70 68 = 29 35 53 positive relapsed/alive -, 

1 996/96 t 1 24 91 = 1 9  24 . L--84 positive tamoxifen relapsed/a live 

Table 6.3 : Summary of immunohistological staining of RadS1 and DNA-PKcs of 1 0  different tissue specimens 

In  addition to recording the staining intensities for DNA-PKcs and Rad5 l in the individual specimens, statistically relevant information 

such as age, estrogen (ER) and progesterone receptor (PR) status, type of therapy, and status of health, was also collected in order to 

identify any potential patterns. Unfortunately, in some cases not all information was available. Interestingly, DNA-PKcs levels in tumours 

were either up-regUlated (t) or close to the levels of the adjacent normal epithelial tissue (=), but never clearly down-regulated (t) .  Rad5 1 

levels on the other hand, were found to be clearly up- or down-regulated in tumour samples. 



The results revealed that both DNA-PKcs and Rad5 1 were differentially regulated in some 

breast tumours, while in others levels similar to those of normal tissue were observed. The 

results also showed different levels of these repair proteins when individual tissue samples 

were compared. There was neither a correlation between differentially regulated protein levels 

of DNA-PKcs and Rad5 1 ,  nor of protein expression and patient survival. 

6.10 Discussion 

Proteins involved III DNA repair pathways have been widely proposed as targets for 

selectively sensitising tumour cells to radio- and chemotherapy. A better understanding of the 

response to chemotherapeutic agents of two key proteins in NHEJ and HR, DNA-PKcs and 

Rad5 1 ,  respectively, would help determine the feasibility of this approach. Rad5 1 in particular 

is overexprcssed in many tumours compared to normal tissue, leading to increased levels of 

resistance (Maacke et al., 2000; Henning and Sturzbecher, 2003). Hencc, it has been 

professed as onc of the most suitable targets . There have been conflicting reports however, as 

to whether or not Rad5 1 is radiation- or drug-inducible (Bishop et aI., 1 998 ;  Russell et aI., 

2003) .  The results presented here show that Rad5 1 levels are altered upon doxorubicin 

treatment in cancerous and normal cells and that this response is cell cycle-independent as 

well as cell line specific. MDA MB 23 1 and MCF 1 2A cells showed increased Rad5 1 levels 

upon drug exposure 24 h and 48 h after treatment. It seems plausible that to repair the DSB 

lesions Rad5 1 expression is likely to be increased, especially if NHEJ is saturated. The 

availability of DNA-PK is likely to be a limiting factor for NHEJ, as this is not increased 

upon drug-induced DSB (Boldogh et al., 2003) .  Although DNA-PKcs analysis showed some 

inconsistencies, no significant alterations due to drug exposure were found, which is in 

accordance with these observations. 

Down-regulation of Rad5 1 however, as seen in MCF7 is not easily explained. One of the most 

striking differences between MCF7 and MDA M B  23 1 cells is that the latter express a mutant 

p53 ,  a mutant TGF-B and are ER negative. In particular, p53 (Sturzbecher et al., 1 996; 

M armorstein et al., 1 998; Kanamoto et al., 2002; Linke et al., 2003) and TGF-B (Kanamoto et 

aI., 2002) act as regulators of Rad5 1 -mediated DNA repair. BRCA2 (Marmorstein et al., 

1 998) and c-Abl (Kharbanda et al., 1 998; Yuan et al., 1 998) are also known to interact with 

Rad5 1 ,  but the exact mechanisms of Rad5 1 regulation are not yet fully understood. An 

imbalance and/or dysfunction of p53 and TGF-B could influence Rad5 1 expression, as a 

response to increased need for DNA repair. On the other hand MCF 1 2A cells express normal 
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pS3 and TGF- B, but respond to doxorubicin treatment in a similar manner to that observed in 

MDA MB 23 1 cells, suggesting an alternative mechanism is likely to be associated with 

increased RadS l protein expression in response to chemotherapeutic treatment. 

Indeed, the down-regulation of RadS l in MCF7 cells implies that HR may not play a critical 

role in repair of doxorubicin-induced DNA damage. One consequence of this down-regulation 

would be a decrease in the ability of the cell to perform chromosomal recombination. 

Overexpression of RadS l is seen in immortalized human cell lines (Xia et aI. , 1 997) and in 

tumour cells (Maacke et al. , 2000), and has been shown to have a dominant negative effect on 

cell survival (Flygare et al. , 200 1 ;  Kim et aI. , 200 1 ) . Indeed, MCF7 cells overexpress RadS I 

(Raderschall et aI. , 1 999), but according to the current data MCF l 2A showed an even greater 

elevation of expression, and MDA MB 23 1 displayed the highest level of expression out of 

the cell lines tested. A further increase, as a response to DSB, could possibly be more harmful 

leading to hyperrecombination and/or increased apoptosis .  In this respect the down-regulation 

of RadS I may enhance doxorubicin tolerance, concomitantly distributing DNA repair duties 

to other RadS l -independent pathways. In fact, MCF7 cells are the most doxorubicin tolerant 

cell line tested in this study. This suggests that RadS l -mediated HR may not play an 

important role in contributing to increased resistance towards doxorubicin. Moreover, NHEJ 

has been suggested to be the predominant repair pathway for topo II poison-induced DNA 

lesions (Adachi et al. , 2003). Further studies in chicken cells ( DT 40) have indicated the 

contribution of HRR to the removal of IR-induced DNA DSBs to be marginal. This group 

also suggests a model in which HRR may not be involved in the repair of DSBs until after the 

breaks have been sealed (Wang et aI. , 200 1 ) . 

The results presented here illustrate that RadS l expression is cell line-dependent which is in 

agreement with a study by Russell and co-workers who found RadS l expression inducible in 

glioma tumour cells, but not in normal fibroblasts (Russell et al. , 2003). Furthermore, the 

results of this study have also shown that topo I I  alpha is up-regUlated in a cell cycle­

independent manner 24 h after exposure to low to moderate drug concentrations in all cell 

lines used. It is possible that topo II alpha levels are elevated to compensate for drug bound 

topo II alpha protein or due to an increased need for topological rearrangement and 

maintenance triggered by DNA DSB repair. Hence RadS l ,  as well as topo I I  alpha appeared 

to be doxorubicin "inducible" in MDA M B  23 1 and MCF l 2A cell lines resulting in higher 

protein levels when using low to moderate concentrations of drug. 
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In other studies, low levels of topo I I  alpha have been associated with doxorubicin resistance 

in drug resistant cell lines (Tanoguchi et at., 1 998) .  Differential regulation of topo II alpha 

levels observed in the current study however, represents an initial response to doxorubicin 

treatment of drug sensitive cells. In addition, low levels of topo II alpha were observed after 

treatment with a high dose ( 1 5  J.lM) of doxorubicin. This effect was more likely to be caused 

by mechanisms which do not contribute to drug resistance. The use of high drug 

concentrations resulted in fewer viable cells and a higher number of cells with an abnormal 

morphology compared to cells which had received lower drug concentrations (data not 

shown). Onc possible explanation could be that higher amounts of drug may result in more 

cells undergoing necrosis or apoptosis more quickly, which may impair protein synthesis as 

well as decrease levels of certain proteins, such as Rad5 l and topo II alpha, due to proteolysis. 

It has previously been suggested that protein levels of DNA-PK, including DNA-PKcs could 

possibly be altered as a consequence of pathological changes (Moll et at., 1 999). Rad5 l has 

been reported to be differentially regulated in tumour cells including breast tissue (Moll et al. , 
1 999; Maacke et al., 2000). The research described here has also shown Rad5 l to be 

differentially regulated in human brcast cancer cell lines in response to doxorubicin exposure. 

To determine the feasibility of an in depth investigation into the relationship of changing 

levels of the DNA repair proteins DNA-PKcs and Rad5 l in response to chemotherapy, 

immunohistochemical analysis of 1 0  randomly selected breast tumour samples was performed 

as a pilot study. 

Initially, MDA MB 23 1 cells were immunostained using DNA-PKcs and Rad5 l pnmary 

antibodies to evaluate the ability of  these antibodies to detect protein in human tissues. 

Immunohistochemistry results showed an overall increase, as well as specific increase in 

nuclear staining of DNA-PKcs and Rad5 l after doxorubicin treatment. It is important to bear 

in mind that this experiment was carricd out only once and was performed simply to assess 

the feasibility of the antibodies for use in immunohistochemical staining of whole cells, and 

not for correlating with results from western blots. Hence, the results underscored the 

usefulness of these primary antibodies, as differential regulation of DNA-PKcs and Rad5 l 

was detected in response to doxorubicin treatment. 
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Although the statistical relevance of analysing a small number of samples was l imited, it 

provided convincing evidence that not only were DNA-PKcs and Rad5 l levels altered in 

some tumour cascs compared to adjacent normal epithelial, but that the antibodies used in this 

study could be successfully used for further, large-scale, immunohistochemical analysis of 

tumour tissues with statistical relevance. 

This was the first time that DNA-PKcs and Rad5 l levels have been examined concomitantly. 

In contrast to previously published data (Moll et aI. ,  1 999), the results obtained in this 

research show DNA-PKcs protein levels to be significantly altered between tumour and 

normal breast tissue in some patients. The results also suggest that protein expression levels of 

Rad5 1 can be either up- or down-regulated in tumour tissue compared to normal tissue, which 

is in agreement with previous reports (Maacke et al. , 2000; Y oshikawa et al. , 2000). There 

was no apparent correlation in the expression of these two DNA repair proteins. 

While increased activity of DNA-PKcs has been reported in many tumours and tumour cell 

lines, and seems to be indicative of chemo-resistanee and patient prognosis, the impact of 

elevated protein levels remains unclear. Increased DNA-PKes activity has becn associated 

with an increase in radiation and drug resistance (Boldogh et aI., 2003 ; Shintani et aI. ,  2003) .  

DNA-PKcs protein levels prior to treatment however, did not show any correlation with 

cellular resistance. It was only after radiation therapy that surviving cells displayed increased 

DNA-PKcs levels (Shintani et al. , 2003) .  

In other studies, increased levels of DNA-PKcs were reported to be associated with metastatic 

state and chemo-resistance (Urn et al., 2004). Increased protein levels and increased protein 

activity were also shown to be much higher in some drug resistant cell lines than in their 

parental counterparts. The drug resistant cells however, were very susceptible to wortmannin, 

a DNA-PK inhibitor, resulting in increased drug sensitivity while the parental cells remained 

unaffected (Kim et al. , 2000) . 

Overexpression of Rad5 1 ,  which protects against DNA damaged-induced apoptosis 

(Raderschall et al. , 2002), as well as resulting in enhanced IR and drug resistance of cultured 

tumour cell l ines (Vispe et aI. , 1 998; Yanagisawa et aI. , 1 998; Yanez and Porter, 1 999; 

Hansen e t  al. , 2003 ; Hansen e t  al. , 2003) ,  has been reported for many tumour cell l ines 

(Raderschall et aI. , 2002). In a different report however, no correlation between Rad5 l protein 
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levels and drug resistance m epithelial tumours could be found (Wang et al., 200 1 ) . 

Moreover, Rad5 l knock-down studies have shown reduced Rad5 1 protein levels to result in 

significantly increased drug and IR  sensitivity (Taki et aI. , 1 996 ; Ohnishi et aI., 1 998;  Collis 

et al. , 200 1 ;  Raderschall et aI. ,  2002). Increasing Rad5 1 protein levels have also been reported 

after drug treatment (Christodoulopoulos et al. , 1 999) . 

Overall, the consequences of elevated DNA-PKcs and Rad5 1 protein levels are not very well 

defined and there have been contradictory reports in the literature. It is also not c lear if indeed 

an increase in protein levels necessarily results in increased function, for example an increase 

in Rad5 l expression should result in enhanced DNA rcpair capabilities, but there may be 

other factors involved contributing to cellular resistance or DNA repair. 

Given the current data, an investigation into the alteration of the levels of DNA repair proteins 

prior to chemotherapy and post-treatment could bc helpful in generating new information on 

treatment efficacy and patient prognosis. In general, biopsies are performed on patients prior 

to any treatment, as was the ease in this study. Specimens are obtained after initial therapy 

only in patients that have suffered a relapse of disease. These cases are notoriously more 

difficult to treat and suffer a high mortality rate. It would be of particular interest to 

investigate whether increased levels of DNA-PKcs and/or Rad5 1 do indeed result in increased 

DNA-damage repair, and therefore render tumours overexpressing these proteins drug 

resistant. If this was the case both proteins could be used as prognostic markers . It would also 

be of interest to investigate any alterations in DNA-PKcs and/or Rad5 l protein levels in 

relapsed patients as a result of therapy. Hence, investigating any correlation of the aberrant 

expression of DNA repair proteins in these tumours to time of survival could provide valuable 

information, as this may have implications for further treatment options. 

Clearly, more information is needed to unravel the complex regulatory mechanisms involved 

in Rad5 1 expression and the precise role it plays in response to chemotherapeutic treatment. 

However, the results produced by this study have useful implications for tumour therapy, 

since both topo II alpha and Rad5 1 were inducible at certain doxorubicin concentrations in 

particular cell lines. It is therefore possible that combination of treatments including a Rad5 1 

inhibitor may be more potent in killing susceptible tumour cells than current procedures.  

Nevertheless, these results also highlight the fac t  that sensitising tumour cells by targeting 

Rad5 1 as a key component of the HR repair pathway may not be universally applicable and 
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that IR and/or drug response need to be determined first if such an approach IS to be 

successful. 
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7.1 Project Aims 

Chapter Seven 

Summary and Discussion 

The aim of this project was to detect proteins which were differentially regulated, in normal 

and tumour cell l ines, in response to doxorubicin exposure, as this could elucidate 

mechanisms involved in the development of cellular drug resistance .  This goal was pursued 

by investigating the temporal response of global changes in protein expression after drug 

treatment, as well as targeting specific proteins potentially involved in damage management. 

Surface-enhanced laser desorption ionisation mass spectrometry (SELDI-MS) and two 

dimensional gel electrophoresis (2DGE) were utilized for global protein expression analysis, 

in an attempt to discover candidate proteins exhibiting significant changes in protein levels in 

response to doxorubicin treatment. In addition, the expression levels of Rad5 1 and the DNA­

dependent protein kinase catalytic subunit (DNA-PKcs) were specifically monitored, using 

western blots, as these proteins are key factors in two independent pathways concerned with 

the repair of doxorubicin-mediated DNA damage. An increased capacity for DNA damage 

repair may be associated with increased Rad5 1 and DNA-PKcs protein levels, leading to 

cellular drug resistance. Therefore a number of breast tumour specimens were analysed by 

employing immunohistochemistry for deregulated levels of these repair proteins. 

7.2 Project Results 

SELDI-MS was used successfully to detect seven potential candidate proteins differentially 

regulated in cells after doxorubicin treatment. Unfortunately, SELDI-MS had to be 

discontinued as it was offered for promotional purposes only, and hence further candidates 

could not be determined and results could not be confirmed. Nevertheless, the mass of  one 

candidate matched that of Caveolin-2, a protein which has previously been shown to exhibit 

altered expression in response to doxorubicin treatment. 

2DGE was employed to confirm SELDI-MS results and to detect additional candidate 

proteins. Initially, changes were made to the standard 2D protocol ,  leading to improved 

sensitivity and robustness and resulting in high quality 2D protein expression patterns.  In 

order to increase the number of proteins that could be analysed, samples were prefractionated 

using RP-HPLC. This protocol did not deliver reproducible results however, and therefore 

was discontinued. In an alternative approach, protein patterns were successfully simplified 

I I I  



and protein resolution improved by replacing broad pH range focusing strips with narrow 

range strips. Manual comparison of 2D gels however, could not reproducibly detect proteins 

genuinely differentially regulated after drug treatment. In order to obtain greater data 

objectivity, Phoretix 2D Evolution, a 2D gel software analysis program, was used to analyse 

protein expression and spot patterns on the 2D gels .  This analysis confirmed the observations 

made during manual 2D gel analysis. 

Immunoblotting results of the two DNA double-strand break repair proteins, Rad5 l and 

DNA-PKcs, showed Rad5 1 to be differentially regulated in human breast and breast cancer 

cells in response to doxorubicin exposure, while DNA-PKcs levels remained largely 

unchanged. Results also showed that Rad5 l appears to be regulated in a cell line-dependent-, 

and dosage-dependent manner. Topo II alpha, the target of doxorubicin, was up-regulated in 

all cell lines, in a dosage-dependent manner. Results obtained using fluorescence activated 

cell sorting ( F  ACS) demonstrated that these changes were not due to cell cyc le arrest-induced 
alterations in cel l  cycle distribution in cells, but a genuine response to doxorubic in  exposure 
Furthermore, in a pi lot study using tissue specimens from the Palmerston North tissue bank, 

Rad5 l and DNA-PKcs were found to be independently overexpressed in some breast 

tumours. These results suggest that DNA-PKcs and Rad5 1 may be potential candidates for 

targeted chemotherapy, but that the feasibility for combinational chemotherapy with 

doxorubiein would depend on the type of tumour to be treated. 

7.3 Surface Enhanced Laser Desorption Ionisation Mass Spectrometry (SELDI-MS) 

SELDI-MS was used for detecting differentially regulated proteins in normal breast and 

breast cancer cell lines after doxorubicin treatment, and to assess the likelihood of detecting 

such candidates using 2DGE. SELDI-MS is a technology which combines protein 

fractionation using chromatographic surfaces, with mass spectrometric analysis. This 

approach allows the analysis of whole proteins, rather than pep tides, which can be an 

advantage when investigating possible changes, such as post-translational modifications. 

Although SELDI-MS technology has been proposed for the analysis of proteins of up to 500 

kDa in size, the results of this project indicate that this technology is likely to be optimal for 

analysing proteins of up to approximately 30-40 kDa. The sensitivity for larger proteins is 

significantly reduced as these are much harder to ionize and to introduce into the gas phase, 

making detection very difficult (McCracken, Ciphergen, personal communication). Because 

sample preparation and analysis are fairly straight forward procedures compared to other 
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techniques, SELDI-MS is very fast and allows numerous repeats. This is aided by the 

requirement for only small sample volumes, making this technology ideal for analysing 

proteins of moderate size . 

SELOI-MS was successfully utilized to discover seven differentially regulated proteins in 

response to doxorubicin treatment. The molecular weight of one of these proteins ( 1 6.828 

kDa), corresponded to Caveolin-2, a protein which may play a role in tumour progression 

(Sagara et al. , 2004). It is likely that more candidate proteins would have been detected using 

this procedure had it been freely available, given the similar responses of two proteins ( 1 6.828 

kDa and 20.223 kDa) in MOA MB 23 1 and MCF 1 2A cells. The method would have been 

limited however, since proteins of up to only 30-40 kDa can be detected with high sensitivity. 

The data obtained using SELOI-MS illustrated the usefulness of this technology for the 

current project. It also i llustrated that doxorubicin treatment did result in alterations of protein 

profiles in the cell lines tested and that similar changes might be detectable using 20G E .  

7 .4 Two Dimensional Gel Electrophoresis (2DGE) 

2DGE was used to find additional candidates, as well as to confirm the SELOI-MS results, 

and had the added advantage of being relatively sensitive over a wide range of protein masses. 

The results obtained using 20GE however, exhibited strong variations between different 

batches of cells used, and lacked sensitivity overall .  These findings were confirmed utilizing 

20 Phoretix Evolution software for gel analysis. 

The major obstacles encountered in this study usmg a standard 20GE protocol were 

insufficient scope and unreliable loading references. When analysing whole cell extracts, the 

total number of proteins which can be separated on a 20 gel is usually limited to � 1 500, when 

using silver staining. The vast majority of proteins detected however, are high abundance 

proteins which are usually of limited interest to the researcher (Gygi et al. , 2000) . The scope 

and sensitivity of 20GE is restricted by the loading capacity of the IPG strips used for IEF, 

which is claimed to be up to 2 mg of protein (Amersham Biosciences). The experience from 

this research project shows however, that protein loads of 400 Ilg result in loss of resolution 

due to excessive amounts of protein and possibly higher concentrations of substances 

interfering with silver staining (data not shown). Hence, loading of  2 mg of protein seems 

feasible only for samples of limited complexity, which is not typically the case when 

analysing crude cell extracts, as performed in this project. 
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7.5 Sample Prefractionation Strategies 

7.5.1  L iquid C hromatography 

In order to overcome the problem of low loading capacity, to increase the sensitivity of the 2D 

protocol used in this study, an approach employing RP-HPLC originally developed by 

Badock et al . (200 1 )  was adopted. This protocol used a urea based sample buffer very similar 

to the one used in the current project. The protocol successfully improved the sensitivity of 

the standard protocol, but unfortunately sample loading and subsequent sample concentration 

were unreliable and therefore this approach was not implemented. 

Alternatively, ion exchange high performance liquid chromatography (Butt et at. , 200 1 )  could 

have been used for prefractionating protein samples in order to increase the sensitivity of 

detecting low abundance proteins. In theory, the most important advantage of both of these 

chromatographic techniques is their ability to separate significant amounts of protein using 

separation conditions which are readily adjustable, and which result in customized protein 

fractions. This approach has the potential to analyse a total of 2 mg (or more) of protein by 

separating suitable sample fractions on 2D gels. In this scenario, a roughly 1 0-20 fold increase 

in sensitivity would have been obtained in comparison to the original 20 procedure, which 

used a maximum of only 75- 1 50 Ilg of whole cell extract and did not involve fractionation. 

In retrospect, the use of ion exchange chromatography may have provided a more straight 

forward alternative for fractionating protein samples. Because proteins are eluted in salts or 

buffers, samples could easily have been precipitated to concentrate proteins after 

fractionation. This would have been a major advantage over post RP-HPLC concentrating 

procedures, as the organic solvent used to elute proteins off the column severely interfered 

with protein precipitation. One disadvantage of ion exchange chromatography is however, 

that fractions are not as easily customized and hence offers less flexibility than RP-HPLC 

procedures. 

7.5.2 Multi Compartment Electrophoresis 

During the course of this research, other prefractionation techniques have been developed that 

could have helped in providing increased sensitivity to the protocol used in this study, and 

hence the detection of less abundant proteins.  The use of  multi compartment electrophoresis 

(MCE) in particular has rapidly become very popular as a fractionation method for 2D gel 

based proteomic studies. Samples are fractionated by separating proteins according to their pI, 
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much like the initial IEF step of 2D electrophoresis. For this procedure several interconnected 

chambers are divided by pH specific membranes, allowing the focusing of a protein within a 

pH range matching its isoelectric point value (Fig. 7 . 1 ) . 

Electrode chamber ---..,. 

Sample chamber _____ + 

Electrode 
chamber 

Tie rod holes 

M agnetic stirrer position 

Sample inlet/outlet 

Fig. 7.1 : Multi compartment electrophoresis 

Several different chambers are assembled through rod holes, resulting in a tube l ike 

structure. Electrodc chambers, an anode chamber at the low pH end, and a cathode 

chamber at the alkaline pH end, complete the assembly. Samples are loaded/removed 

through an inlet/outlet opening and sample circulation maintained using a magnetic 

stirrer. Protein samples are separated depending on the pH of immobilized membranes 

(not shown) placed between the chambers. (Taken from Hamdan and Righetti, 2003) 

This technology also allows focusing of high abundance proteins, such as albumins, which 

can subsequently be eliminated from any further analysis (Simpson, 2003). A further increase 

in protein sensitivity is obtained by using narrow pH immobiline dry strips for IEF, which are 

usually available in the same pH range as the isoelectric membranes used for MCE. Since 

MCE technology typically allows the fractionation of proteins within less than 1 pH unit, for 

example between pH 4.6-5 .4,  the sensitivity of detection of low abundance proteins is 

increased tremendously. The major advantages of MCE are that the protein sample remains in 

the same buffer at all times, high abundance proteins can be eliminated, and higher loading 

capacity is achieved. 

In this project, the use of MCE would have been ideal for sample prefractionation, as fractions 

can be directly separated using 2DGE without the need for protein concentration or buffer 

exchange. Furthermore, MCE would have offered a reasonable capacity for customizing 
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fractions by using different isoelectric membranes, and combining them with the appropriate 

immobiline IEF strips. In this study, pH 4-7 strips have been demonstrated to be superior to 

pH 3 - 1 0  strips with regard to protein resolution, when whole cell extracts were used (section 

4.6) .  It is very l ikely that this improvement in protein resolution would have been even more 

dramatic, had samples been fractionated and separated using MCE in addition to narrow pH 

strips, such as pH 4.5 - 5 .5. This would have substantially increased the sensitivity of the 

protocol and consequently the chances of finding any candidate proteins. The combination of 

these features would have allowed the analysis of a considerably l arger amount of protein, 

hence increasing the overall sensitivity of the protocol and the chance of finding candidate 

proteins. Unfortunately, acquiring this technology would have cost approximately NZ$30,OOO 

and hence was beyond the budget of this project. 

7.6 Protein Visualisation and Staining Methods 

This study utilized standard two dimensional gel electrophoresis procedures for detecting 

differentially expressed proteins. Equal amounts of protein from different samples were 

loaded onto 20 gels, silver stained, and subsequently analysed for differentially regulated 

proteins. Unlike (semi-) quantitative techniques, such as immunoblotting, 2DGE does not 

commonly use loading controls, and hence these were also omitted from this project. Feasible 

loading controls such as alpha tubulin however, may have helped to determine variability 

between different samples and hence improved data quality. 

The variation in staining intensity between gels not silver stained concomitantly was another 

major difficulty encountered in this study. As a result spot intensities appeared to vary due to 

different degrees of staining rather than differences in protein concentration .  Additionally, the 

narrow dynamic range of silver staining was also a drawback of this protocol. As a result, 

silver staining lacked the necessary robustness required for an optimal proteomic staining 

protocol. The absence of genuine loading controls for 2D gels and in proteomic studies in 

general, in addition to the susceptibility of silver staining to variations, made it very difficult 

to reliably detect differentially regulated proteins in this project. 

In the meantime, modern staining techniques such as Sypro Ruby, Cy dye, and Deep purple 

have been developed which have the potential to circumvent the described short comings of 

silver staining procedures, as these staining methods are robust and sensitive because they are 

end point stains .  In addition, they are also compatible with mass spectrometry (MS) 
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(Simpson, 2003) .  The emergence of fluorescent dyes, such as Sypro Ruby and Cy dyes has 

indeed revolutionized 2DGE. Cy dyes in particular, have now made it possible to reliably 

quantify differences in protein concentration between two different samples, and also to use a 

loading control .  This technique was first introduced by Unlu et al. ( 1 997), and has since been 

developed into a differential gel electrophoresis (DIGE) system which allows the 

simultaneous analysis of two different samples in addition to a control (a mixture of equal 

parts of the two samples which are to be analysed), all of which are labelled with different Cy 

dyes (CyTM2, Cy™3,  or CyTMS). Because, each of the three dyes are detected at different 

wave lengths, and all samples are run on the same gel (unlike silver staining), it is possible to 

quantify any differences in protein expression between samples, thereby avoiding variations 

typical of samples run on separate gels. The control sample acts as an internal standard and 

assists in assessing the reproducibility of any observed differences, when different batches are 

analysed (Gharbi et al. , 2002; Friedman et al. , 2004; Liang et al. , 2005). 

As the current project investigated changes in protein expression at various t ime points, DIGE 

would have been the gel electrophoretic method of choice , had it been available. This 

methodology would have significantly improved the reliability of comparative gel analysis, as 

the typical variabilities associated with silver staining would have been avoided. Furthermore, 

D IGE would have allowed the analysis of more samples in the same amount of time, resulting 

in higher throughput. The increased reproducibility of DIGE may well have resulted in the 

detection of candidate proteins, which could then have been analysed in more detail using a 

more targeted approach, such as immunoblotting. Acquiring both the dyes as well as the 

necessary software for gel analysis however, would have cost approximately NZ$ l 00,000 and 

hence was beyond the budget of this project. 

7.7 Statistical Analysis 

Technical and biological variations cause alterations in protein levels which are commonly 

encountered during sample analysis. In order to discriminate genuine changes in protein levels 

from general variability, statistical analysis of data can be performed. To this end the Student 

t-test is the most commonly employed method for determining statistical significance of 

differential protein expression in proteomic research and for western blots, as used in this 

project. Nevertheless, certain statistics software is proposed to be superior to t-tests, such as 

the significance analysis of microarrays method. There is however, no general agreement on 

statistical data processing of proteomic data derived from 2D. Furthermore, it is nowadays 
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standard to analyse gel images or mass spectrometry data using instrument specific data 

analysis software and depending on the type of analysis method/software used, results can 

vary significantly (Meunier et al. ,  2005 ; Maurer et ai. , 2005; Molloy et al. , 2003). 

With regard to the 20GE data produced in this project, conducting statistical analysis would 

have been ineffective. This is mainly due to dynamic limitations of silver staining and the 

encountered variation in overall staining intensity between different gels. To determine the 

statistical sign ificance of altered protein expression using silver staining, protein levels of 

specific candidates are usually analysed using immunoblotting in an additional step (Chen et 

al. ,  2002) .  S ince the data from the 2D gels did not yield any candidates for further analysis by 

immunoblotting, statistical analysis was not carried out. 

7.8 A lternative Methods for Proteome Analysis 

Some of the main drawbacks of the 20GE procedure, encountered in general as well as in this 

research, are its very time-consuming nature and lack of high throughput capacity. With this 

in mind, any additional steps incorporated into the standard 20GE protocol striving to add 

sensitivity by using prefractionation and narrow pH range IEF strips, inevitably result in a 

dramatic increase in the work load. For example, if a whole cell extract, as used in this 

project, was separated into two pH range specific fractions prior to 2DGE using MCE, this 

would immediately double the number of gels required for sample analysis. 

Techniques based on liquid chromatography (LC) principles, coupled with a mass 

spectrometer (MS) or tandem MS (MS/MS), could have helped in overcoming these 2DGE 

associated problems, as these strategies offer high-throughput, as well as sensitive and 

immediate protein or peptide analysis. Although there are many different forms of LC­

MSIMS, the multidimensional protein identification technology (MudPIT) represents one of 

the most potent systems. Unfortunately, acquiring such technology was beyond the budget of 

this research. 

7.8.1 Multidimensional P rotein Identification Technology (MudPIT) 

MudPIT procedures use reversed-phase and strong cation exchange resins packed into the 

same column, coupled to an electro spray ionisation (ESI) tandem mass spectrometer, which 

effectively allows a two dimensional separation of a complex protein mixture (Fig. 7 .2) .  

Unlike 2DGE however, proteins and peptides are separated according to hydrophobicity and 

1 1 8 



ionic interaction. Because the digested proteins are eluted off the two columns directly into 

the tandem MSIMS,  a protein can successfully be identified by analysing only one of its 

peptides, making this a much more reliable identification procedure than peptide mass finger 

printing, which is used with matrix-assisted laser desorption ionisation mass spectrometry. 

Complex 
Peptide Mixture 

�I� __ s_cx ____ �_� __ � 

HPLC ---+ 
Gradient 

scx 

1 Attachment of 
Microcolumn 

to System 

Fig. 7.2 : Multi dimensional p rotein identification technology 

ESI MS/MS 
and 

Database 
Searching 

Identification of 
Protein 

A peptide mixture is loaded onto a strong cation exchange (SCX) and reversed-phase 

(�) column and eluted using an HPLC gradient. The HPLC system is combined with 

an electro spray ionisation tandem mass spectrometer (ESl-MS/MS) allowing on line 

peptide sequencing and identification. (Modified from Simpson, 2003) 

This technology is superior to 2DGE in terms of high throughput and protein identification 

and therefore would have offered a more potent approach to this study. Much like 2DGE 

however, it does not use any loading controls, and as a result data reproducibility may be 

compromised. On the other hand, MudPIT would have offered the possibility of repeated 

analysis of samples to increase the confidence in data, which could have partially ameliorated 

this problem. 

7.8.2 Isotope-Coded Affinity Tagging (ICAT) 

One strategy which may have been able to overcome most problems associated with the use 

of 2DGE encountered in this research, such as the lack of suitable loading controls, high­

throughput and sensitivity, is lCA T. In this method, different tags are used to label cysteine 

containing peptides of two different samples. The tagging of these peptides allows the 
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quanti fication of a protein in each sample and any discrepancies in expression between the 

two samples. The main advantage of this approach is the ability to use fractionated samples, 

which are analysed and identified at the same time. This means that certain proteins could be 

used as loading controls. Generally, the tags consist of three functional moieties: a cysteine 

reactive moiety, a link er with either eight hydrogens (light) or eight deuterium (heavy) atoms, 

and a biotin moiety (affinity tag). The tags only attach to cysteine residues,  theoretically 

allowing them to bind approximately 92% of all human cysteine containing proteins (Miseta 

and Csutora, 2000). After tagging, protein samples are digested and affinity purified, thereby 

dramatically simplifying the complexity of the peptide mixture. After affinity purification, the 

peptides of two differently labelled samples are loaded onto a RP-HPLC column and eluted 

directly into an MS/MS for analysis (Fig. 7 .3) .  Quantification is achieved by comparing 

intensities of the light and the heavy peptide peaks, which will be 8 mass/charge (m/z) units 

apart due to the difference in weight of hydrogen and deuterium (Fig. 7 .4). 

1 20 



(a) ICA T Reagents 
Heavy reagent: d8-ICAT (X= deuterium 

� 
Light reagent: dO-ICAT (X� hydrogen) 
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Fig. 7.3 : Isotope-coded affi nity tagging 

This schematic depicts the principles of ICAT which was first introduced by (Gygi et 
aI. , 1 999). Hydrogen or deuterium are used to generate a light and a heavy fonn of the 
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/ 
linker molecule (a). Two samples labelled either with a light or heavy tag are prepared 

for quantitative MS analysis (b) . (Modified from Simpson, 2003) 

Quantify relative protein levels by measuring peak ratios 
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Fig. 7.4 : Peptide quantification and identification using M S/MS 

Identical peptides from two different samples are separated by 8 m/z units and 

quantified according to the individual peak height (A) . Peptides are then identified by 

MSIMS (B). The peptide sequence deduced from MSIMS data indicates the cysteine 

residue labelled with a light tag (green dot). (Modified from Simpson, 2003) 

ICA T would have been the non-electrophoretic method of choice for this research project, had 

it been available. It would have allowed the comparison and concomitant analysis of two 

samples, and therefore improved overall data quality. As proteins can be identified 

immediately after elution from a RP-HPLC column, this also allows the identification of 
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proteins which remain unchanged in all samples, and hence can be used as loading controls, 

as in the case of alpha tubulin. The possibility of using these loading controls would have 

allowed the detection of more subtle differences in protein expression than was possible with 

2DGE. Because ICA T analysis is also much less time consuming than 2DGE, it would have 

been possible to repeatedly run samples in order to gain greater statistical confidence. 

Furthermore, ICA T protein identification offers superior sensitivity and robustness, as 

additional handling steps which are typical for post 2 DGE identification procedures and often 

lead to peptide losses and decreasing sensitivity, are avoided. 

7.9 The Future of "Old Fashioned" 2DGE and Proteomics 

Ideally the investigation of changes occurring in cells in response to doxorubicin treatment 

would analyse and identify all proteins present. In reality however, no single method or 

technique exists which alone can achieve this goal .  Consequently, all currently available 

methods suffer from inherent limitations associated with the instrumentation and/or 

methodology being utilized, and therefore can only render an incomplete picture of the events 

occurring after drug treatment. 

Ultimately, the aim of any proteomic study is to achieve a level of sensitivity allowing the 

detection of low abundance proteins. These include proteins regulating expression and 

pathway activation which are likely to be part of the cellular stress response to doxorubicin 

treatment. Such proteins are often present at only 1 0  copies per cell, and consequently are 

below the detection limits of standard protocols, regardless of the analysis technique being 

employed. In such cases, large amounts of starting material have to be available and 

appropriately fractionated, to obtain a sample which may be investigated for such low 

abundance proteins. When growing adherent cells such as those used in this research, space 

requirements and high cost strongly limits the potential of possible scale-up procedures .  

Indeed, not al l  settings will be amenable for such a scale-up procedure and therefore may 

manifest a natural barrier for proteomic analysis at this time (Fig. 7 .5) .  
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The schematic shows the detection limit for a 25 kDa protein usmg silver and 

Coomassie blue staining, indicating the moles (mol) and mass (g) depending on the 

copy number and number of cells (or their estimated total weight) . (Modified from 

Simpson, 2003) 

Differences in protein expression due to environmental change or stress, as mentioned above, 

are likely to involve low abundance proteins, such as transcription factors. As evident from 

the results of this study, thc traditional approach of using 2DGE however, is not sensitive 

enough to detect such proteins, and it is also not possible to quantify them. 2DGE is routinely 

used to separate proteins of 1 0- 1 00 kDa in size, as larger proteins are unable to consistently 

enter the IPG gel strips. S ilver staining procedures like the one employed in this study will 

only detect proteins of, for example 25 kDa, if they have a copy number of 1 05 per cell, when 

approximately 1 00 Jlg (75 Jlglgel were loaded in this study) 9f protein extract is used (Fig. 

7 .5) .  Hence even a ten fold increase in sensitivity using appropriate fractionation procedures 

would still not be sensitive enough to detect proteins of relatively few copy numbers. As a 

matter of fact, to detect a low copy number ( 1 0  copies/cell) protein of 25 kDa using 2DGE 

and silver staining, 1 g of whole protein extract would be required (Fig. 7 .5) .  Protein yields 

from tissue cultures in this study were roughly 0. 1 mg/cm
2
. Hence it would have been 

necessary to grow cultures covering an area of approximately 1 00 m
2 

in order to obtain 1 g of 

total protein. Consequently, 2DGE is impractical for the analysis of low abundance proteins. 
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Due to the issues mentioned above, future studies endeavouring to elucidate drug treatment­

induced changes in mammalian cells will be compelled to offer several features: a) high 

sensitivity, which will l ikely be a combination of sophisticated prefractionation strategies and 

sensitive protein detection in the femto to atto mol region; b) high throughput, s ince 

prefractionation will be inevitable and dramatically increase the number of fractions that are 

required to be analysed for one sample; c) automated data assessment (bioinfonnatics), 

because a huge amount of data will be generated. 

Because 20GE approaches fail to provide the degree of sensitivity, high throughput capacity, 

and online protein identification required, it is quite likely that future studies similar to this 

project will employ either liquid chromatography or l iquid electrophoresis (for example free 

flow electrophoresis) , or a combination of both separation techniques, coupled to MS/MS,  

allowing sensitive protein analysis and online identification. 

7.1  0 Post-Translational Modifications 

In the current study, post-translational changes, in particular changes in phosphorylation 

status, would be likely to occur in response to doxorubicin-induced DNA damage.  It is well 

established that proteins involved in ONA damage signalling, including p53,  A TR, ATM, and 

c-Abl, can be phosphorylated and/or phosphorylate other proteins (Khanna and Jackson, 

200 1 ; Lee and Paull, 2005). In theory, any post-translational modifications of a protein that 

result in a change of the i soelectric point value and/or molecular weight, such as 

phosphorylation, can be detected using 20GE. If such a modification was unique to drug 

treated samples, a horizontal shift of the modified protein relative to the protein' s  position on 

the control gel would be expected, as a consequence of the change in isoelectric point value. 

Changes such as these were not observed using 2DGE in this project. 

In general, 20GE is not the preferred method to study post-translational changes of proteins, 

such as alterations in phosphorylation status, for several reasons. The labile nature of post­

translational modifications and presence of phosphatases make it very difficult to maintain 

these protein alterations during sample preparation. Moreover, the dynamic range of protein 

phosphorylation is low, as a protein kinase phosphorylates only 5- 1 0% of its target protein on 

average (Simpson, 2003) .  Hence it is almost impossible to detect such changes in less 

abundant proteins without sophisticated isolation and enrichment steps, such as 

immunoprecipitation or immobilized metal affinity chromatography. Therefore the study of 
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global changes in phosphorylation in a cell, also referred to as phosphoproteome, differs 

significantly from proteomic based approaches which simply monitor changes in expression 

patterns. Hence the use of 2DGE in phosphoproteomic studies is usually limited to the 

separation of proteins prior to immunoblotting procedures using phospho-specific antibodies. 

7.1 1 Drug Treatment 

There are two basic approaches for treating mammalian tissue culture cells in order to 

investigate cellular response to drug treatment as attempted in this study. One strategy is to 

maintain cells under continuous drug exposure. Usually the drug concentrations are initially 

quite low (sub IlM), and are then increased if drug tolerant cells are selected to study potential 

resistance mechanisms (Batist et al. , 1 986). Some researchers however, question the 

usefulness of such an experimental setup, as it does not reflect the clinical reality (Isaacs, 

personal communication). 

A second strategy is to transiently expose cells to a relatively high concentration (� 1 -5 IlM) of 

the drug only once or in intervals, which more accurately simulates the clinical situation. This 

approach has already successfully been implemented in previous studies, including research 

done in this laboratory studying drug-induced changes in protein expression (AlIen et al. , 

2004) .  Hence, a similar strategy was adopted for this project, monitoring short (2 h), mid (24 

h), and long term (48 h) changes in protein expression after doxorubicin treatment. 

Unfortunately, genuine changes in global protein expression were not detectable due to the 

lack of sensitivity of 2DGE. The drug treatment protocol itself was sound however, as i t  

allowed the successful monitoring of changes in protein expression when a more sensitive 

technique for protein analysis was employed, such as SELDI-MS and immunoblotting. 

7.12 DNA Repair P roteins 

Doxorubicin targets the DNA-bound topoisomerase II alpha enzyme which can lead to the 

breakage of both DNA strands when the DNA replication machinery collides with the drug 

bound DNA-protein complex. There are two main mechanisms present in mammalian cells 

which are involved in the repair of such DNA double-strand break (DSB) lesions. These are 

non-homologous end joining (NHEJ) in which DNA-PKcs is a key player, and homologous 

recombination repair (HRR), in which Rad5 1 p lays a key role. Normal and cancerous breast 

cells were analysed for changes in the amounts of  these DNA repair proteins and topo I I  alpha 

at various times after exposure, and also using different dosages. Furthermore, protein levels 
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of Rad5 1 and DNA-PKcs were also investigated in normal and malignant breast tissue from 

primary tumours. 

Topo I I  alpha protein levels were found to be elevated in a time-dependent and doxorubicin 

dosage-dependent manner, while DNA-PKcs levels largely remained unaltered under all 

conditions in the cell lines tested. Rad5 1 was expressed in a cell specific and drug dosage­

dependent manner with higher protein levels found in the drug sensitive cell lines. Moreover, 

both DNA-PKcs and Rad5 1 exhibited altered protein levels independent of each other, in 

some clinical specimens. 

7.1 2 . 1  RadSl 

Although Rad5 1 is known to play a key role in homologous recombination and repair, this is 

likely to be only one of its functions. Rad5 1 is also known to interact with other DNA damage 

repair signalling proteins, such as BRCA I ,  BRCA2, p53,  and c-Abl, the latter controlling 

Rad5 1 phosphorylation (section 6.4). The consequences of these interactions however, remain 

to be elucidated. Moreover, to function as part of the DNA recombination machinery, Rad5 1 

has to be transported into the nucleus, as it is also found in the cytoplasm. Hence, protein 

localization may have functional consequences, as well. 

Naturally one would assume that higher levels of Rad5 1 protein would confer increased drug 

resistance due to enhanced DNA repair capacity. The results of this project however, suggest 

that certain levels of Rad5 1 may be more indicative of cell death than cell survival, consistent 

with observations made by others (Flygare et aI. , 200 I ;  Y 00 and McKee, 2004) . At this stage 

it is unclear what exactly the functional consequences of differentially regulated Rad5 1 levels 

arc. Hence, the next step would be to determine whether drug-induced changes in Rad5 1 

protein expression result in altered DNA repair capacity. 

One way of assessing DNA repair is by using comet assays. In this scenario, broken and 

degraded DNA would result in a smear on a stained agarose gel .  Initially onc would expect to 

see an increase in smearing after drug treatment of the cells. As the levels of Rad5 1 increase 

however, the degree of smearing should be reduced if DNA repair takes place. If increased 

Rad5 1 levels are present in apoptotic cells only however, DNA repair procedures may have 

been aborted. Hence Rad5 1 levels may not be indicative of DNA repair capacity and cell 

survival. 
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If  indeed the up-regUlation of Rad5 1 results in increased DNA repair capacity, this increase 

should be measurable in an assay. For this purpose the DNA repair rate of unexposed cells 

would have to be compared to those showing increased Rad5 1 levels after drug exposure. 

Because Rad5 1 functions by facilitating DNA strand exchange during homologous 

recombination repair, the exchange rate can be measured. For this purpose, the incorporation 

of radio-labelled oligonucleotides into double-stranded homologous DNA can be 

radiographic ally measured after gel electrophoretic separation of the DNA (Morrison et al. , 

1 999). In the case of increased Rad5 1 functionality, this should result in a stronger signal as 

more radio-labelled oligonucleotides would have been incorporated into the homologous 

DNA strand. 

Tyrosine phosphorylation of Rad5 1 is known to be regulated by c-Abl (Henning and 

Sturzbecher, 2003) .  Because the DNA binding properties of Rad5 1 are determined by its 

tyrosine phosphorylation status ( section 6.4), and hence determine its functionality in the 

DNA repair process, it would be important to investigate any changes in phosphorylation as a 

response to drug treatment. One possible approach would be to use phosphotyrosine 

antibodies in a western blotting procedure to investigate any correlation between increased 

Rad5 1 levels and increase in tyrosine phosphorylation, since Rad5 1 has two tyrosine residues 

which are known to be phosphorylated. An MS/MS approach would be the easiest way to 

determine the individual phosphorylation status of these tyrosine residues. 

Rad5 1 is known to form nuclear foc i  with other proteins such as B RCA2 in the event of DNA 

repair (Yuan et aI. , 1 999; Tarsounas et aI. , 2003) .  Since DNA repair is confined to the 

nucleus, cellular localization or distribution of Rad5 1 after drug treatment may provide 

insights into any additional roles Rad5 1 may have. The immunohistochemistry results 

obtained from M DA MB 23 1 cells in this study have already indicated potential re­

localization of Rad5 1 ,  from the cytoplasm into the nucleus due to drug treatment. If in 

addition, antibodies which specifically target the phosphorylated tyrosine residues of Rad5 1 

were used, this could help to understand the consequences of these post-translational 

modifications on protein localization. 

Determining whether Rad5 1 up-regulation after drug treatment is due to increased 

transcriptional activity, or if post-transcriptional regulation is responsible, may be important 

as well, as this could have implications for treatment options . Such options include for 
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example the use of interfering RNA, which has already been successfully employed to target 

DNA-PKcs, and thcreby sensitising tumour cells to chemo/radio therapy (Peng et al. , 2002; 

Collis et al. , 2003) .  An experiment could be designed using cyclohexamide, a protein 

synthesis inhibitor, and actinomycin D or alpha amanitin, which are mRNA synthesis 

inhibitors, in order to determine the mode of Rad5 1 regulation in responsc to drug treatment. 

Doxorubicin is assumed to predominantly cause DNA damage, but also produces oxygen free 

radicals which can be lethal as well. To investigate whether Rad5 1 expression is in any way 

linked to apoptosis, cellular changes indicative of apoptotic onset could be examined. Such 

investigations could, for example, monitor the translocation of Bax, a pro-apoptotic protein, 

from the cytosol to the mitochondrial membrane; the cytosolic increase in cytochrome c 

levels, or the activation of caspascs, to name a few candidates (Smaili et al. , 2003) .  Bax and 

cytochrome c translocation could be monitored using specific primary antibodies. A 

fluorescent secondary antibody could then be used to determine the protein location by 

fluorescence microscopy (Chiang-Ting et al. , 2005) .  Furthermore, easpase activity could be 

monitored by a method such as F ACS, using a fluorescence emitting peptide linker whieh 

contains caspase c leavage sites (He et al. , 2004) . Upon caspase-mediated cleavage of the 

I inker, the fluorescence signal would be lost. Hence the loss of fluorescence would be relative 

to caspase activity. 

Doxorubicin, representing one of the most commonly used chemotherapeutic drugs, was 

utilized in this study. In a clinical setting however, different drugs are usually combined for 

more effective therapy. Hence, other commonly used drugs such as, for example, etoposide or 

cyclophosphamide, albeit inducing DNA damage by a different mechanism of action, may 

also lead to altered levels in Rad5 1 .  Hence testing the potential of different drugs to induce 

Rad5 1 expression, either as sole agents or in combination, may provide valuable information 

for targeted therapy. 

7.12.2 DNA-Dependent Catalytic Subunit (DNA-PKcs) 

As a key component of the active DNA-PK complex, the DNA-PK catalytic subunit (DNA­

PKcs) has been shown to require autophosphorylation to function in the DNA repair processes 

(Burma and Chen, 2004). Because DNA-PK responds to DNA damage by increased activity, 

rather than elevated protein levels, it is conceivable that post-translational modifications of the 

catalytic subunit mediate changes in the activity state of DNA-PK (Boldogh et al. , 2003) .  
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Similar to phosphorylation events of Rad5 1 ,  a tandem M S  based approach would be best to 

analyse post-translational modifications of DNA-PKcs after drug exposure and its 

consequences for DNA repair. Determining the presence of any modifications in tumour 

specimens overexpressing DNA-PKcs, and any affect these may have on proteins involved in 

DNA damage response pathways, such as BRCA I ,  may also provide relevant information. 

7.13 Cell Cycle 

F luorescence activated cell sorting (F ACS) results suggested that the observed changes in 

protein levels were independent of cell cycle state in MCF 1 2A and MCF7 and were a genuine 

response to doxorubicin treatment. It is very likely that the changes seen in MDA M B  23 1 are 

also independent of the cell cycle, but F ACS analysis results were not entirely conclusive. 

Hence, cell cycle synchronization using thymidine was employed in an attempt to mimic the 

cell cycle distribution profile seen in drug treated MDA MB 23 1 cells and to monitor cell 

cycle specific protein expression. These protein expression data could then have been 

compared to the protein levels observed in response to drug treatment. Thymidine trcatment 

however, did not succeed in providing meaningful data. More conclusive data could be 

obtained by determining the specific protein levels at different stages of the cell cycle. This 

could be achieved using synchronization agents which arrest cells at different stages of the 

cell cycle such as aphidicolin (G l iS-phase), hydroxyurea (S-phase), or nocodazole (G2/M­

phase) . Alternatively, cells could be synchronized in G l  by serum depletion. After the 

subsequent addition of fresh serum the cells could be analysed for cell cycle specific protein 

expression, as they are traversing the cell cycle. Elevated Rad5 1 and topo II alpha protein 

levels in MDA MB 23 1 cells would indeed be independent of cell cycle state if the levels of 

both proteins were higher in drug exposed cel ls  than at any cell cycle stage in each of the 

synchronized cultures. 

7. 14  Clinical Aspects 

Both Rad5 1 and DNA-PKcs overexpression in tumours have been reported to be involved in 

enhancing resistance to certain therapeutic drugs. Furthermore, the results presented here 

show that at least one D NA double-strand repair protein, Rad5 1 ,  is differentially regulated in 

response to doxorubicin treatment and could play an important role in the cellular response to 

such lesions. In addition, immunoblotting and immunohistochemistry results obtained in this 

study suggest that Rad5 1 and DNA-PKcs concentrations in patients' tumours vary and that 

alterations in Rad5 1 levels in response to chemotherapy are tumour-dependent, and are likely 
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to vary significantly as well. Because nonnal and malignant tissue may experience opposite 

effects with regard to Rad5 1 levels, which may actually be down-regulated in tumours and 

up-regulated in nonnal or benign tissue due to drug treatment, targeting Rad5 1 in combination 

with doxorubicin may be problematic .  Consequently, any therapy targeting Rad5 1 would first 

have to assess its relative abundance and expected response in tumour and nonnal cells to 

determine the feasibility of such an approach.  

If indeed Rad5 1 and/or DNA-PKcs are overexpressed in tumour tissue compared to normal 

tissue there are two possibilities for utilizing these proteins in therapeutic treatment and as a 

prognostic marker. For prognostic purposes a large group of samples, likely using hundreds of 

specimens, would have to be analysed for any correlations between protein expression and 

patient specific factors, such as those used in the current pilot study. Any relevant correlations 

between protein expression and clinical response could hence be used as prognostic markers. 

Monitoring other proteins known to interact with both Rad5 1 and DNA-PKcs, such as p53 

and c-Abl in case of Rad5 1 and BRCA 1 and Ku70/80 in case of DNA-PKcs, may also reveal 

important information. Such information may include a causal relationship between 

interacting proteins, as the phosphorylated form of Rad5 1 may only be present i f  c-Abl levels 

are also elevated for example. Or they may include synergetic effects on c linical response and 

outcome if  more than one protein is ab errantly expressed. Differences in post-translational 

modification and particularly phosphorylation status are also worth analysing, because they 

are important in terms of protein activity and are likely to influence c linical outcome as well. 

I f  targeting Rad5 1 and/or DNA-PKcs for therapeutic purposes one option would be to use a 

speci fic drug or inhibitor causing more destructive effects in cells that overexpress the 

proteins. A second approach would be to design a drug which targets Rad5 1 or DNA-PKcs, in 

order to reach a speci fic destination, but which acts on a different protein. Hence, the proteins 

would function as a pathfinder or anchor. 

7.1 5 Conclusions 

This project was a pilot study striving to elucidate cellular response mechanisms to 

chemotherapy which may lead to increased levels of resistance, and to discover candidate 

proteins which may be targeted to Improve current cl inical procedures. This study 

demonstrated the limitations of using standard 2DGE for sensitive detection of protein 

alterations in nonnal and cancerous breast cells in response to drug treatment. Furthermore, 
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l imitations of combining 20GE procedures with other technologies, such as reversed-phase 

high performance liquid chromatography, to achieve increased sensitivity have also been 

demonstrated. Using more sensitive immunodetection, Rad5 1 and topo II alpha were 

identified as differentially regulated proteins in response to chemotherapy while DNA-PKcs 

levels remained largely unchanged. Furthermore, Rad5 l and DNA-PKcs, which are both 

involved in DNA damage repair, were found to be overexpressed in some tumour cells, 

making them excellent candidates for targeted chemotherapy under certain conditions. In 

conclusion, these results provide a promising starting point for future investigations into 

understanding the cellular response to DNA double-strand break-inducing drug treatment and 

devising more potent strategies for chemotherapy. 
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