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Abstract 

Multidrug resistance (MDR) is a major limitation in the successful treatment of cancer 

using chemotherapy. Cancers can be intrinsically resistant or develop resistance during 

treatment to a variety of structurally and functional unrelated drugs. Numerous cellular 

mechanisms which contribute to MDR have been identified, however, the most common 

mechanism is the over expression of a 170kDa glycoprotein referred to as P-glycoprotein 

(P-gp). P-gp acts as an ATP-dependant drug efflux pump and is encoded by the MDRI gene. 

An understanding of the regulation of the MDRI gene is essential if the clinical impact of 

MDR is to be reduced. However, at this stage how this gene is regulated in vivo remains 

elusive. Amplification of the MDRI gene or an increase in mRNA stability may increase 

expression in cells already expressing P-gp, though they do not account for activation 

and/or regulation of the MDRI gene itself. Hence the focus of many studies is on the 

regulation of MDRI transcription. 

The current study investigated the role of intron 1 in MDRI promoter regulation. The intron 

1 region has been shown to contain a CpG island which is differentially methylated in the 

drug sensitive HL60 cells and completely unmethylated in MDR HlE8 cells. In vitro 

DNA:protein interactions were found to exist within this differentially methylated region. 

Thus the aim of the current study was to determine the functional role of the downstream 

CpG island in MDRI regulation in cells of varying origin and varying MDR levels. The 

MDR cells lines studied were the HL60 derived HlE8 leukaemic cell line, the K562 derived 

Kepru leukaemic cell line, the KB-3-J derived KB-8-5 cervical cancer cell lines and the 

Lo Vo and L/ ADR colon cancer cell lines. Reporter gene studies indicated an overall 

negative role in reporter activity for the +283 to +606bp region in the leukaemic MDR cell 

lines, whilst the same region was shown to increase reporter activity in the KB-8-5 cells. 

The colon LoVo and L/ADR cells also showed an increase in activity for the +283 to 

+606bp, however, the increase was not found to be significant. Further subdivision of the 

+283 to +606bp region suggested the existence of several different potential and repressor 

and enhancer regulatory elements in the HlE8, Kepru and KB-8-5 MDR cell lines. 
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Similarly, reporter gene functional studies of the +65 to +282bp region resulted in an 

overall inhibitory effect in reporter gene activity in the HlE8 cells and a stimulatory effect 

in the KB-8-5 , LoVo and L/ADR MDR cell lines. Further subdivision of the +65 to +282bp 

region revealed several different potential repressor and enhancer elements in the cell lines 

tested . This region had not been previously investigated for DNA:protein interactions. 

UV in vivo footprinting was used to investigate in vivo chromatin structure and potential 

DNA :protein interactions in intron 1 of the MDRl gene. Sites of hypersensitivity and 

protection were found in intron 1 in all cell lines, however, it is hypothesised that some of 

the sites observed relate directly to chromatin structure as opposed to specific transcription 

factor DNA bind ing. For example a region of concentrated protection, possibly due to a 

positioned nucleosome was fo und to exist in the drug sensitive cells, whilst this same 

region was less and less protected in the more drug resistant cells. Furthermore, an increase 

in the number of hypersensitive sites was observed in the more drug resistant cell lines 

which may be due to RNA polymerase II pausing. However, many of the protected sites 

were also found throughout the intron I region , including some with the previously 

observed in vitro DNA footprints , providing further evidence that intron 1 is involved in the 

regulation of the MDRI gene. A comparison of the locations of the in vivo footprints with 

those of transcription factor consensus binding sites suggests many possible candidates for 

intron 1 mediated MDRI regulation that can be followed up in future studies. This study is 

the first to provide in vivo evidence for specific and structural features and possible 

transcription factor mediated regulation in intron 1 of the MDRl gene. 
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CHAPTER ONE 

Introduction 

1.1 MULTIDRUG RESISTANCE AND CANCER 

Multidrug resistance (MDR) refers to the numerous cellular mechanisms that can be 

employed by tumour cells to evade the cytotoxic effects of anticancer drugs. The 

phenotype associated with MDR is characterised by a decrease in sensitivity, not only to 

the initial anticancer drug used in treatment, but also to a broad spectrum of different 

drugs with no apparent structural or functional relationship (Chaudhary and Roninson, 

1993; Zhou, 2008). As a result MDR poses a significant problem in the successful 

treatment of human malignancies using chemotherapeutic agents (reviewed in Duhem et 

ai., 1996; Gottesman et aI. , 2002). The complexity of MDR is further intensified by the 

intrinsic ability of some malignancies to resist the cytotoxic. effects of drug, whilst other 

malignancies initially respond to drug treatment only to acquire MDR during 

subsequent chemotherapy treatment (Ling, 1997; Longley and Johnston, 2005). The 

identification of MDR as the leading cause of chemotherapy failure has resulted in a 

relentless search to identify the mechanisnls responsible for MDR at the cellular level. 

Understanding the cellular basis of MDR mechanisms potentially provide an avenue for 

reducing the clinical impact of MDR, however, an understanding of how these 

mechanisms are regulated in vivo remains unclear. 

1.2 CELLULAR MECHANISMS OF MDR 

Many cellular MDR mechanisms have been identified with numerous hypotheses 

proposed in an attempt to account for the MDR phenomenon. Unfortunately due to the 

extensive range of unrelated drug compounds associated with MDR and the diversity of 

known cellular mechanisms, obtaining a suitable model encompassing all MDR 

observations is virtually impossible. It is highly probable that MDR is obtained and 

maintained by the coordination of two or more cellular mechanisms (Lehnert, 1996; 
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Hazlehurst et ai. , 1998; Jiang et aI. , 2009) with different drug resistance mechanisms 

operating at different stages of the cytotoxic action of a drug, preventing cell damage 

and ultimately cell death (reviewed in Stavrovskaya, 2000). Table 1.1 lists the known 

MDR mechanisms, the alterations giving rise to MDR and the stage of the cytotoxic 

drug that each mechanism interrupts. These mechanisms will be discussed in detail 

below. 

1.2.1 MDR mediated by transporter proteins 

Transporter proteins such as P-glycoprotein (P-gp), Multidrug Resistance Associated 

Protein (MRP) and Lung Resistance Protein (LRP) are responsible for mediating drug 

efflux from the cell thus decreasing intracellular drug concentration (Cole et ai., 1992). 

P-gp, an ATP-dependant drug efflux pump (Chaudhary and Roninson, 1991) was the 

first MDR transporter protein identified and is a major MDR mechanism conferring 

resistance to large hydrophobic drugs such as anthracylcines, vinca alkaloids, 

antinomycin D and epipodophyllotoxins (Ambudkar et el., 1999). MRP was initially 

discovered in the small cell lung cancer cell line, H69AR (Cole et ai. , 1992) but has also 

been reported to be expressed in other cell lines, including non-small cell lung, 

cervical, fibrosarcoma, leukaemia, breast and bladder, as well as in human tumours of 

leukaetnic and lung origin (reviewed in Loe et ai. , 1996). Seven MRP proteins have 

been identified, however, only the MRP 1 and MRP2 genes are associated with the MDR 

phenotype (Bodo et ai. , 2003). 

MRP confers resistance to almost the same drugs as P-gp. However, the pattern of 

cross resistance is slightly different between P-gp and MRP, with MRP expressing cells 

less resistance to paclitaxel and vinblastine than P-gp expressing cells (Deeley and Cole, 

1997). Like P-gp, MRP, also belongs to the ABC transporter family and contributes to 

MDR by functioning as an A TP-pump that effluxes cytotoxic substances from the cell. 

However, unlike P-gp, MRP requires cellular glutathione in order to function and is 

therefore a transporter of glutathione conjugates (Morrow et ai., 1998). 

LRP has also been found to playa role in MDR and was initially isolated in an MDR 

lung cell line (Scheper et ai.,1993). It has also been detected in other cell lines including 
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Table 1.1 Cellular mechanisms of drug resistance in tumour cells. 

Alterations resulting ~1ce.hanisms 
No. Steps in the cytosuilic action of drugs in drug rcsista nee of drug resistance (examples) 

1. drug uptake by the edt drncasc of drug aceumulation by activation of transporter proteins (P-, the edl glycoprotein. ~1RP, etc.) 

2. activation or preservation of activity of detoxiHeation of the drug or lnabili- aCll vation of the enzymes of the glu-
a drug in the edl ty of drug-activating systems tathione system, sequestration of the , drug in intracellular vesicles 

3. damage to drug target alterations of drug target, increased mutations of the genes coding for , repair of the damaged target topoisomerases. enhancement of DNA 
repaIr 

4. arrest of cell cycle and/or death of the abrogation of apoptosis or edl cycle mutations of p53 gene, activation of 
cdl arrest: alterations of the genes eon- BCL·2 gene 

t trolling apoptosis 

Table taken from Stavrovskaya, (2000). 
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breast, myeloma and acute myeloid leukaemia (Sonneveld, 1996; Sonneveld, 2000) and 

clinical patient samples including acute lymphoblastic leukaemia, non small cell lung 

carcinoma (Volm et al., 1997), ovarian carcinoma (Izquierdo et al., 1996) and breast 

cancer samples (Schneider et al., 2001). 

LRP is also expressed in normal cells of epithelium origin (Bradshaw and Arceci, 

1998). Whilst P-gp and MRP are found in the cell membrane, LRP is located within the 

cytoplasm. LRP is an integral part of the major vault (ribonucleoprotein cell particles) 

complex and is thought to be involved in the intracellular redistribution of drug from the 

nucleus to the cytoplasm (Schadendorf et al., 1995; Izquierdo et al., 1996). Little is 

known about LRP, however, studies suggest that LRP is associated with poor response 

to drug treatment in MDR ovarian cancers (Yu and Yi, 2003) and acute myeloid 

leukaemia (List et al., 1996). 

1.2.2 MDR mediated by detoxification of the drug 

The Glutathione system (GSH) is essential to drug detoxification and ultimately results 

in the rise of MDR in some malignancies. Glutathione provides cell protection against 

toxins such as radiation, oxygen radicals and xenobiotics (Campling et al. , 1993) with 

increased levels of glutathione present in cells resistant to alkylating agents (Tew et al., 

1994). The glutathione-S-transferase (GST) enzyme catalyses the interaction between 

glutathione and alkylating drugs, resulting in conjugation of the drug with glutathione. 

Drugs conjugated with glutathione lose their activity, are more water soluble and thus 

more easily expelled from the cell via GS-X pumps (eg. MRP). Thus activation ofGST 

increases the rate of drug detoxification and elimination from the cell and ultimately can 

result in MDR (reviewed in Stavrovskaya, 2000). Tew et al., (1994) also found that in 

cells with P-gp expression, alterations in the GSH system were also seen with an 

increase of the GST isoenzyme GST1t, suggesting that GSH may work in combination 

with other cellular MDR mechanisms and providing further evidence that more than one 

MDR mechanism can regulate drug resistance in a single cell line. 
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1.2.3 MDR mediated by drug target alteration and enhanced DNA repair 

Alteration in drug targets may prevent the binding of drug and ultimately drug induced 

toxic effects on tumours. DNA topoisomerases playa role in the control and alteration 

of the topological state of DNA. There are two types of topoisomerases in mammalian 

cells. Type I are A TP-independent and relax DNA by introduction of a single strand 

break whilst type II are ATP-dependent and introduce double strand breaks in DNA 

resulting in DNA relaxation (Vassetzky et al., 1995). Inhibitors of DNA topoisomerase 

II such as dactinomycin, doxorubicin and daunomycin, are often used in the treatment 

of malignancies (Pommier et al. , 1994). These inhibitors bind to topoisomerase II, 

stabilise the topoisomerase II/DNA complexes, thereby causing DNA damage and cell 

death (Pommier et al., 1994). Mutations in the topoisomerase II gene have been 

identified in small leukaemia cancers (Jain et al., 1996; Wessel et al., 1997) resulting in 

drug resistance due to decreased drug binding (Pommier et al., 1994; Mckenna and 

Padua, 1997). MDR related to topoisomerase alterations has been observed in cells 

selected for resistance to adriamycin, danorubicin, mitoxantrone, and epitoside (Gudkov 

et al. , 1993; Mckenna and Padua, 1997; Naito et al., 1999). 

Enhanced DNA repair is another Inechanism by which cells can circumvent the 

cytotoxic effects of xenobiotics. Cultured cells resistant to platinum have been shown to 

have an increase in the amounts of proteins (ERCC 1, ERCC2, and ERCC3IXPB) that 

recognize and repair DNA injury (Chu, 1994). The overexpression of the human DN A 

repair genes, ERCC 1 and ERCC2, has also been reported in ovarian clinical samples in 

response to platinum treatment (Dabholkar et al., 1992; Ali-osman et al., 1994). 

1.2.4 MDR mediated by mutation of apoptosis genes 

The p53 gene and genes controlled by p53 are activated in response to cell injury, 

including stress induced by exposure to xenobiotics, and this activation results in either 

cell cycle arrest or apoptosis (Thottassery et al., 1997). These damaged cells are either 

completely destroyed or the damaged DNA repaired and the cell returned to the cell 

population (Carr, 2000; Vogelstein et al., 2000). Some mutations in p53 , which are 

common in cancer cells, reduce the ability of p53 to cause cell cycle arrest or apoptosis 

(Greenblatt et al., 1994; Lane and Fischer, 2004). These p53 mutations thus both enable 
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cells to continue cycling and contribute to development of further mutations and 

possible emergence of other resistance mechanisms (Bunz et al., 1999; Hwang et al., 

2001 ; Longley et al. , 2002). 

Mutation in the bcl-2 oncogene also contributes to MDR. Bcl-2 protein is able to 

suppress apoptosis induced by p53 in response to genotoxic stress (Chiou et aI., 1994) 

by inhibiting caspase 3 activation (Miyashita and Reed, 1993). Thus the overexpression 

of bcl-2 can result in the resistance of tumours to drug (Chresta and Hickman, 1999). 

Each of the cellular mechanisms discussed contributes to the MDR phenomenon. It is 

undeniable that increased understanding of each mechanism could lead to improvements 

in chemotherapy regimes. However, as P-gp is the MDR mechanism under investigation 

in the current study, the remainder of the review will focus on P-gp. 

1.3 THE STRUCTURE AND FUNCTION OF P-GP 

P-gp is a 170kDa transmembrane glycoprotein with the capability to alter the 

permeation rate of cytotoxic drugs into cells (Juliano and Ling, 1976). Human P-gp is a 

1280 amino acid glycoprotein encoded for by the Multidrug Resistance 1 (MDR1) gene. 

MDRl is also known as the ABCBl gene, however for the purpose of this thesis, we 

shall refer to as MDR1. MDRl has been localised to chromosome 7 (q21.2), is 

approximately 200kb (Bodor et al., 2005), with a 40kb intron within the 5' region (Ueda 

et al., 1987a) and codes for a 4.5kb mRNA transcript (Sen et al., 1987). A related 

glycoprotein is encoded for by the human MDR2 gene, however, unlike MDR1, MDR2 

encodes a phosphatidy1choline transporter (Smit et al. , 1993; Reutz and Gros, 1994) 

that is not associated with MDR (Ueda et al., 1987; Zhou et al., 1999). 

P-gp is a member of the A TP binding cassette (ABC) super family of transporter 

proteins. Members of the ABC family are involved in a wide range of energy dependent 

transport events across intracellular membranes including the extrusion of a range of 

noxious compounds, uptake of nutrients, transport of ions and peptides and cell 

signalling. Although diverse transporter members exist, all ABC members contain 

transmembrane and A TP binding domains (Higgins et al., 1997). 
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Figure 1.1 Proposed models for the structure of P-gp. 

a) Predicted P-gp model using standard algorithms. 

Shows two half molecules of P-gp, each consisting of an integral membrane domain and 

a nucleotide binding domain (NBD), separated by highly charged linker region. 

Diagram taken from Higgins et aI. , (1997). 

b) Model of the proposed gates to the drug binding pocket. 

Drug is shown by the red oval with the arrows representing the drug movement through 

"gates" formed by TM' s 5/8 and TM' s 2111. Diagran1 taken from Loo and Clarke, 

(2005). 
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This similarity between P-gp and other ABC proteins supports the role of P-gp as an 

efflux pump (Simon et a/., 1994) with P-gp hydrolysing ATP to actively efflux a wide 

variety of drugs out of the cell against a concentration gradient (Gottesman and Pastan, 

1993; Reutz and Gros, 1994; Johnstone et al., 2000). 

Based on MDRl primary sequence data, standard algorithms have predicted that P-gp, a 

glycosylated plasma membrane protein, consists of two highly hydrophobic integral 

membrane domains and two hydrophilic nucleotide-binding domains which are located 

at the cytoplasmic face of the membrane (see figure 1 a). Thus P-gp can be viewed as 

two half transmembrane (TM) molecules, each half consisting of one integral domain, 

which consists of six TM segments, separated by hydrophilic loops, and one nucleotide

binding domain, which binds and hydrolyses A TP (Kuo et al., 2009) and are necessary 

for transport of P- gp substrates (Reutz and Gros, 1994; Ambudkar et al., 1999) and is 

therefore energy dependent (Kuo, 2009). The two half molecules are proposed to be 

separated by a highly charged linker region (reviewed in Higgins et al., 1997). 

Initial investigations into how P-gp translocates drug, saw the proposal of several 

models. The most widely accepted model suggests that cytotoxic drugs bind to specific 

domains in P-gp which subsequently undergo energy-dependent conformational 

changes, allowing the substrate to be released on the exterior side of the rnembrane (see 

Ford for review, 1996). Other rnodels propose that P-gp interacts directly with 

substrates in the plasma membrane (Gottesman and Pastan, 1993) or that P-gp may be 

involved in the transport of dnlgs from the inner to the outer leaflet of the plasma 

membrane, from where they diffuse out (see Ford for review, 1996). Jones and George, 

(1998) proposed that the substrate binding site is formed from intracellular loops which 

are attached by a-helix bundles to the TM domain which consists of 2 ~-barrels. A 

further study using cysteine-scanning and cross linking studies has shown that a "funnel 

shaped" drug-binding pocket is present at the interface between the TM domains (Loo 

et at., 2003) and that cytotoxic drugs diffuse into the drug-binding pocket from the lipid 

bilayer via "gates" which are formed by TM segments (see figure 1 b) (Loo and Clarke, 

2005). How exactly these "gates" function is yet to be determined. Despite these 

promising studies the exact mechanisms by which P-gp recognises and translocates such 

a broad spectrum of chemical compounds presently remains elusive. 
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1.4 P-GP EXPRESSION IN NORMAL TISSUE 

Using knockout experiments in mice, Schinkel et ai., (1997) demonstrated that mice 

homozygous for a disruption of the MDRl a gene (the human MDRl analogue) had an 

increased drug elimination time and reduced body clearance when treated with a single 

dose of vinblastine. Thus indicating the importance of P-gp in the defence of mammals 

against exogenous toxins and toxic metabolites. Human cell lines lacking functional P

gp have also been demonstrated to be more sensitive to cytotoxic drugs such as 

pacliltaxel, anthracyclines, and vinca alkaloids (reviewed in Germann, 1996). P-gp 

provides protection against toxins other than anticancer drugs such as cardiac drugs, 

HIV protease inhibitors, immunosuppressants, antibiotics, ~-adrenoceptor antagonists 

and antihistamines (reviewed in Fromm, 2002). 

P-gp is differentially expressed in normal tissues further supporting a normal 

physiological role for P-gp (Wu et ai., 2008). It has been detected on the biliary 

canalicular surface of hepatocytes, the apical surface of small biliary ductules in the 

liver, the apical surface of columnar epithelial cells in the intestine and colon, the brush 

border membranes of proximal tubule, on the apical surface of small ductules in the 

pancreas as well as on the surface cells in the medulla and cortex of the adrenals 

(Thiebaut et ai., 1987; Morrow et ai. , 1994; Zhou, 2008). Furthermore P-gp is also 

expressed in endothelial cells of capillaries of the CNS (Cordon-Cardo et ai. , 1990) as 

well as on the surface of the choroid plexus epithelium (Rao et at., 1999; Zhou, 2008), 

which forms the blood-brain and blood-cerebrospinal fluid barriers. The microvillus 

border of human placental cells also expresses P-gp (Macfarland et ai., 1994). MDRl 

mRNA has also been found in several leukocyte lineages including CD56+, CD8+, 

CD15+, CD19+ and CD14+ cells (Klimecki et ai., 1994), T lymphocytes and natural 

killer cells (Egashira et aI., 1999) with P-gp being shown to export xenobiotics from 

these cells (Tatsuta et ai., 1994; Stewart et ai. , 1996). The co-localisation of P-gp with 

the CYP3A4 drug metabolising enzyme in the small intestine and liver suggests that P

gp, like CYP3A4, plays a role in drug elimination (Watkins, 1997). 

Beyond drug translocation, P-gp may be involved in Inembrane channel activation and 

transport processes, with P-gp having been observed to play a role in cholesterol 
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trafficking (Luker et al., 1999), increasing chloride channel activation (Bond et al., 

1998), reducing cell volume and regulation of pH (Valverde et al., 1996; Weisburg et 

al., 1999) and altering the activity of swelling activated channels (Vanoye et al., 1999; 

Cao et al., 2003). Thus P-gp is involved in a variety of normal physiological processes 

with the tissue specificity of P-gp in different tissues reflecting its different 

physiological functions. However, it is the overexpression of P-gp beyond normal 

physiological levels in tumour cells, which is of great concern as it leads to the 

development and maintenance ofMDR. 

1.5 P-GP OVEREXPRESSION IN MALIGNANCIES 

The level of P-gp expreSSIon observed in normal tissues, although providing a 

protective function, does not give rise to drug resistance at the levels displayed by MDR 

tumour cells. Malignancies derived from tissues that express high levels of MDRI in 

the normal physiological condition, such as kidney tumours, hepatomas, adrenal 

tumours and colon tumours demonstrate intrinsic resistance upon presentation of disease 

(Fojo et al., 1987; Goldstein, 1996; reviewed in Stavrovskaya, 2000). Low to 

intermediate levels of MDRI can also be detected in untreated rnalignancies derived 

from tissues which normally express lower levels of P-gp, such as breast (Giaccone et 

al., 1995), neuroblastomas (Goldstein et al., 1990) and some haematological 

malignancies, such as acute myeloblastic leukaemia (Nooter and et al., 1995) and acute 

lymphoblastic leukaemias (Goasguen et al., 1993). However, many of these 

malignancies also show increased MDRI expression post chemotherapy treatment, 

corresponding to acquired resistance (reviewed in Duhem et al., 1996). P-gp expression 

is also seen post chemotherapy in tumours derived from tissues not normally expressing 

MDRI, indicating that MDRI expression has been activated as a result of chemotherapy 

or tumour progression (Cordon-Cardo et al., 1990; Gottesman and Pastan, 1993). 

The development of MDR cell lines from both MDRI expressing and non-expressing 

cells involves the stepwise treatment of cells with drug over an extended period of time. 

Treatment of in vitro cell lines with very high concentrations of drug can result in 

excessively high levels of resistance (Shen et al., 1986; Bradley et al., 1989). This has 

been due to an increase in MDRI gene copy number (Morrow et al., 1994). However, in 

Chapter 1 : Introduction 10 



vitro cell lines that have been selected using low, clinically relevant levels of drugs do 

not exhibit such high levels of resistance, nor is amplification of the MDRl gene 

detected (Shen et al., 1986; Bradley et al. , 1989; Lai et al. , 1989; Roninson 1992; 

Kohno et al., 1994; Schondorf et al. , 1999). Although gene amplification is not 

involved in increased MDRl expression in early stages of stepwise selection in vitro, it 

may be involved in increasing expression in late stages of drug selection of in vitro cell 

lines (Kohno et al., 1994; Yabuki et aI., 2007). However, gene amplification is rarely 

seen in the clinical setting (Kim et al., 1990; Schnodorf et al., 1999; Lonn et al., 2006). 

In contrast to the extended drug treatment required to produce MDR cell lines a rapid 

induction of MDRl in response to short term drug treatment has been demonstrated in 

some cell lines. For example Hu et al., (1995) found a significant increase in MDRl 

expression in CEMI A 7R cells after a 4 hour exposure to epirubucin, whilst Chaudhary 

and Roninson, (1993) found an increase in MDRl expression in a number of cell lines 

including KB-3-1, K562 and H9 within 16 hours of drug exposure. In this laboratory we 

have also shown that an increase in MDRl expression can be induced in response to 

short term exposure (4 hours) to drug in the leukaemic MDR Kepru cell line 

(Stephenson, PhD thesis, 2005). This increase in MDRl expression is not limited to in 

vitro cell lines since rapid up-regulation of the MDRl gene has also been documented in 

clinical samples including leukaemic blasts isolated from patients with acute myeloid 

leukaemia (Hu et al., 1999), human metatastic leukaemia sarcoma (Abolhoda et al. , 

1999) and breast and oesophageal clinical biopsies (Di Nicolantonio et al. , 2005). 

The development of MDR malignancies in non-P-gp expressing tissues must involve 

initial activation of the MDRl gene followed by stepwise increase in expression 

following chemotherapy, therefore leading to a more drug resistant malignancy. The 

events controlling the initial up-regulation of MDRl transcription in non P-gp 

expressing tissues may be due to a change in methylation status of the promoter or 

other regulatory sequences, as has been reported in some cell lines (Desiderato et al., 

1997; Kantharidis et al., 1997; Kusaba et al. , 1999: Chekhun et al., 2006) and in 

clinical samples (Nakayama et al., 1998; Tada et al., 2000, Shannon and Iacopetta, 

2001; Enokida et al., 2005). Gene rearrangements may also be a mechanism for 

activation of MDRl in non-P-gp expressing tissues. Mickley et al., (1997) reported that 

MDRl activation in the colon adenocarcinoma cell line, S48-3s, occurs as a result of 
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juxtaposition of the MDRl gene from chromosome 7 to an active promoter of a gene on 

chromosome 4. Gene rearrangements were also obseverved in two patients with 

relapsed acute lymphocytic leukaemia (Huff et ai., 2006). 

The overexpression of P-gp in cancer cells has been shown to reduce DNA damage and 

cell death, however, consistent with the other cellular functions that are beginning to be 

attributed to P-gp, this may not be due entirely to decreased drug accumulation. Studies 

have suggested that P-gp may playa direct anti-apoptotic role that extends beyond 

resistance to chemotherapeutics, since cells overexpressing P-gp are resistant to a wide 

range of apoptotic inducers including Fas ligand, UV irradiation and tumour necrosis 

factor (Hu et ai., 2000). Furthermore an increase in P-gp has been shown to reduce 

apoptosis in cadmium treated proximal tubule cells (Thevenod et ai., 2000), as well as 

inhibiting radiation-induced apoptosis in a He La derived cell line (Ruth and Roninson et 

ai., 2000). 

P-gp has also been shown to suppress programmed cell death pathways in intestinal 

epithelial cells by inhibiting the activation of caspases -8 and -3. Caspase activation 

occurs after the ligation of death receptors such as Fas and TNF receptor, resulting 

ultinlately in cell death (Ruefli et ai. , 2000). Such findings demonstrate the limitations 

of the current drug models and highlight the need to develop a model that 

accommodates the wider functions that have been associated with P-gp. 

The correlation between P-gp expression and poor prognosis has been investigated in an 

attempt to determine the clinical significance of MDR1. The overexpression of P-gp has 

been found to correlate with poor prognosis in several leukaemias including, lymphoma 

(Goldstein et ai., 1996), promyelocytic leukaemia (Michelini et aI., 2000) and acute 

non-lymphocytic leukaemia (Michieli et aI., 2000). In contrast to this, there appears to 

be no significant correlation between P-gp expression and prognosis in acute myeloid 

leukaemia (Van der Kolk et ai., 2000). 

P-gp as an indicator of treatment outcome is not limited to haemalogical malignancies. 

Correlation between P-gp expression and prognosis has been observed in lung cancer 

(Goldstein et ai., 1996), bladder cancer (Tada et ai., 2000), breast cancer (Goldstein et 

ai., 1996; Clarke et ai., 2005), renal cell carcinoma (Mignogna et ai., 2006), and 

Chapter 1: Introduction 12 



sarcomas (Goldstein et al., 1996). The prognostic value of P-gp in ovarian cancers 

remains controversial. Arts et al., (1999) reported that a correlation did not exist in 

patients treated with paclitaxel-containing chemotherapy, however, other studies have 

reported a predictive value for P-gp in the clinical outcome of advanced ovarian cancer 

(Materna et al., 2004; di Nicolantonio et al. , 2005). 

The value of P-gp as a prognostic indicator appears to be cancer type specific possibly, 

due to the fact that resistance mechanisms are many and cancers can progress during 

treatment (reviewed in Duhem et al., 1996). 

1.6 CURRENT ATTEMPTS TO CIRCUMVENT P-GP 

EXPRESSION 

The clinical significance of P-gp has ignited an intensive search for compounds to 

circumvent P-gp mediated MDR. Numerous chemosensitisers have been identified 

which are believed to antagonise MDR through direct inhibition of drug efflux mediated 

by P-gp, resulting in the restoration of cytotoxic drug accumulation in MDR cells. A 

model proposed by Ford, (1996) suggests that chemosensitisers may block cytotoxic 

drug efflux by binding either competitively or non-competitively to drug substrate sites 

or to other chemosensitiser sites. The binding of chemosensitisers to drug substrate sites 

causes allosteric changes of the binding site, resulting in inhibition of cytotoxic drug 

binding or transport. 

In order for MDR to be effectively reversed, an optimal steady state plasma 

concentration of the chemosensitiser must be achieved (McDevitt and Callaghan, 2007). 

Unfortunately, with many of the modulators the unpredictability of reabsorption, protein 

binding and pharmacokinetics has frequently led to unacceptable toxicity levels 

(Sonneveld et al., 1996; Wu et al., 2008). 

The P-gp reversal agent Megestrol, although used successfully to inhibit P-gp in vitro, 

was found to be toxic in clinical trials, with patients suffering peripheral neuropathies 

and major blood clots with no significant improvement in clinically relevant symptoms 

(Markman et al., 2000). Although trials using less toxic inhibitors such as PSC 833 have 

Chapter 1 : Introduction 13 



been carried out, the clinical effect in refractory chemotherapy has been limited 

(Sonneveld et al., 1996; Gruber et al., 2003) highlighting the need to find other means 

to circumvent P-gp MDR. 

Currently RNA interference is being explored in preventing P-gp mediated MDR. RNA 

interference is a conserved biological response to double-stranded RNA resulting in 

sequence specific gene silencing (Hannon, 2002). The introduction of small interfering 

RNA duplexes targeted at MDRl into drug resistance cell lines results in the inhibition 

of MDRl mRNA and P-gp expression and an increase of intracellular drug 

concentrations (Wu et al., 2003; Neith et al., 2003; Duan et al., 2004; Pichler et al., 

2005; Pan et al., 2008; Sun et al., 2009). In a different approach, Kowalski et al. , 

(2005), created an autocatalytic multi-target multiribozyme that targets and cleaves P-gp 

RNA however this approach has only been seen to work in cell lines. The use of 

DNi\zymes has also been investigated as an alternative approach to target and cleave 

mRNA in a gene specific manner (Santoro and Joyce. , 1997). Mitchell et al., (2004) 

have created DNAzymes that target the mRNA of the transcription factor, EGR-1 , that 

is implicated in MDRl transcription regulation, resulting in the inhibition of 

proliferation, migration, chemo invasion and solid tumour growth in breast cancer cells. 

Although the preliminary laboratory evidence is prolnising, the effectiveness of RNA 

interference in vivo is yet to be determined. 

The use of chemosensitisers and RNA interference may reverse MDR in vitro, however, 

the in vivo effectiveness of such approaches is currently limited (Wu et al. , 2008). At 

this point in time a better understanding of what causes up-regulation of P-gp 

expreSSIon and how to inhibit its expression, either at the transcription or post 

transcription level may lead to more effective in vivo treatments for many 

malignancies. However, consistent with the diversity of physiological functions and 

expression profiles of P-gp in different normal tissues, the multiplicity of mechanisms 

contributing to the regulation of the MDR1/P-gp in normal and cancer cells remains for 

the most part unclear. 
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1.7 REGULATION OF THE MDRl GENE 

1. 7.1 The transcription initiator site 

The MDRl gene has been reported to be under the influence of two different promoters, 

a distal (upstream) promoter (Ueda et al. , 1987b) and a proximal (downstream) 

promoter which is the major site where transcription begins in vivo (Madden et al., 

1993). Early studies investigating the upstream promoter failed to detect MDRl 

transcripts suggesting that activation of the distal promoter in drug resistant cells is due 

to gene rearrangement during the generation of drug resistance cell lines (Ueda et al. , 

1987b). However more recent studies have shown that the upstream promoter is 

activated in drug resistant breast carcinoma samples (Raguz et al., 2004) as well as in 

the drug resistant MCF-7/Adr and K562/Adr cells (Raguz et al., 2004; Gomez

Martinez, 2007) in the absence of gene rearrangement. Raguz et al., (2008) has also 

shown that the level of mRNA transcripts derived from the upstream promoter in drug 

resistant cell lines is relatively low (approximately 15% of total MDRl mRNA). 

Furthelmore, MDRl transcripts from the distal promoter have only been detected in a 

very small number of clinical samples and cell lines (Rothenberg et al., 1989; Raguz et 

al., 2008). Together this suggests that in vivo levels of MDRI transcripts derived from 

the upstream promoter are too low to translate into significant levels of P-gp to 

influence the response of the tumours to chemotherapeutic drugs (Raguz et al., 2008). 

The literature to date shows that the upstream promoter is activated only in highly drug 

resistant cell lines and patient samples in response to drug treatment. Furthermore, the 

downstream is more active than the upstream promoter even in cells containing an 

activated upstream promoter (Raguz et al., 2008). As a result, it is the downstream 

promoter and not the upstrearn promoter which is involved in the initial activation of 

the MDRl gene. As the downstream promoter is the most utilised promoter in most cells 

and tissues, is the major site of transcription (Madden et al. , 1993) and is by far the most 

investigated of the two MDRl promoters, it will be referred to solely as the promoter 

and will remain the focus of this review. Transcription is initiated from two sites in the 

promoter, at -136 and -140bp relative to the translation initiation codon in mRNA. 

However, the -136 transcription start site (TSS) is the major initiation site and will be 
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referred to as + 1 throughout this thesis (see figure 1.2). As discussed below regulation 

of the transcriptional activity of the MDRl gene is dependent on the binding of many 

trans-acting proteins to consensus cis-elements (see figure 1.2 for location of these 

elements). 

The MDRl gene lacks a TAT A box (Ueda et al., 1987b) and instead contains an 

initiator element (INR) (Van Groenigen et al., 1993) which is necessary for directing 

basal transcription at the major transcription start site in TAT A box less genes (Smale 

and Baltimore, 1989). The INR is located at -3 to +5bp of the promoter region and is 

essential for initiation of transcription, with its deletion inhibiting all transcription 

activity (Van Groenigen et al., 1993). Co-operating interactions between MDRl 

upstream elements and the INR are necessary for efficient, accurate transcriptional 

initiation (Madden et al., 1993). 

1.7.2 Serum starvation and the - 55GC box 

Expression studies have demonstrated modulation of the MDRl gene in response to 

serum starvation (Tanimura et al., 1992). The MDRl promoter contains two serum 

response elements (SSRE) which bind SRF (serum response factor) and are involved in 

mediating the cells response to serum. One SSRE is located at -256bp to -198bp and is 

negatively regulated by serum starvation (UChiUITli et al., 1993 b). The other is located 

between -69bp to -41 bp and contains a GC rich region termed the -55GC box which is 

involved in determining the point of assembly for RNA polymerase and accessory basal 

transcription machinery (Madden et al., 1993). Deletion or mutation of the -55GC box 

has been shown to significantly reduce reporter gene activity (Cornwell and Smith, 

1993a), highlighting the importance of this GC region in transcriptional regulation of 

the MDRl gene. 

DNase! footprinting and electrophoretic mobility shift analysis have indicated that this 

region binds the transcription factor Sp 1 (Cornwell and Smith, 1993a). Sp 1 is a 105kDa 

ubiquitous nuclear transcription factor that is known to bind mostly to TATA-Iess 

promoters (Lania et al., 1997). It is thought to playa facilitating role in transcription, 

however, it does not necessarily alter the rate of transcription (Sundseth et al., 1996; 

reviewed in Labialle et al., 2002). 
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a) 

TSP 
-69/-63 r -82/-73 

GCBox -55GC (SSRE) 
-150bp -121 /-1 15 -110/-103 -69/-41 -3/+5 +1/+121 

-99/-66 

b) 

Figure 1.2 5' regulatory region of the human MDRl gene showing the known regulatory elements. 

a) Location of elements between -150 and +120bp. 

b) Location of elements between -315 and -150bp. 

Diagrams not drawn to scale. All elements shown in the figure are discussed within the text. Numbers indicate position relative to the TSP (+ 1). 
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The binding of Spl to the -55GC box mediates regulation of the MDRl gene by normal 

cellular signalling events involving activation of the proto-oncogene c-Raf kinase 

signalling transduction pathways (Cornwell and Smith, 1993b). The -55GC box 

consists of two overlapping sequences allowing not only for the specific binding of Sp 1, 

but also for binding of the transcription factor EGR-l, an 80kDa zinc finger protein. In 

some cell lines EGR-l has been shown to bind with greater affinity than Spl , providing 

a possible avenue of modulation of MDRl regulation via inhibition of Sp 1 binding 

(McCoy et ai., 1995). Investigation into the competitive interactions between Sp 1 and 

EGR-l has shown that the interaction between these two transcription factors 

determines the level of expression of the pgp21MDRlb gene in rats (Thottassery et ai., 

1999) however, further investigation is required to determine if this is the case in the 

human MDRl gene. 

In a further study, the Wilm's tumour suppressor gene product, WTl, another member 

of the EGR family, was shown to inhibit activation of transcription of the MDRl gene 

by binding to the EGR-l motif (McCoy et ai. , 1999). These results indicate that 

transcription of the MDRl gene may be modulated by both WTl and EGR-l, which 

compete for the same binding site during normal hematopoiesis and in hematopoietic 

tumours. Competition between Sp 1 or EGR-l and WTl has also been reported in other 

gene promoters (Harrington et al. , 1993; Moshier et ai. , 1996) and has been investigated 

as a target for circumventing P-gp expression. Using peptide combinatorial libraries 

expressed in yeast, novel zinc fmgers have been found that selectively bind to this 

overlapping region. However, these novel proteins were found to be only moderately 

effective in blocking transcription by simple masking of the target site (Bartsevich and 

Juliano, 2000). Although a potential avenue for treatment, the effectiveness of this 

approach is yet to be determined in vivo. 

1. 7.3 Stress elements and the Y -box 

Studies with P-gp expressing cell lines have shown that expression can also be up

regulated in cells in response to heat shock treatment (Chin et ai., 1992b; Kim et ai., 

1997). Several heat shock elements (HSE) have been reported to be present in the 

MDRl promoter (see figure 1.2). The HSE located within the -178 to --152bp has been 

shown to bind the heat shock factor (HSF). HSF is present in a monomeric, non-DNA 
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binding fonn in unstressed cells and is activated by stress to a trimeric fonn, which 

binds to heat shock elements (HSE). Further studies demonstrated that activation by 

heat shock requires interaction ofHSF1 with heat shock elements in the -315 to -285bp 

region (Vilaboa et ai., 2000). 

The MDRl gene has also been shown to be up-regulated by stress agents including; 

retinoic acid, forskolin (Ferrandis and Benard, 1994), arsenite, cadmium and honnones 

(Arceci et aI., 1990; Zhao et ai., 1993). This up-regulation is independent of both the 

-315/-285bp and -178/-152bp HSEs as well as HSF1 (Vilaboa et ai., 2000) indicating 

the presence of other non-heat shock stress elements within the MDRl promoter. A 

stress element (SE) found at -99bp to -66bp with a HSF consensus sequence was 

initially thought to be a HSE and it was proposed that this element was required for the 

heat shock response. However, Miyazaki et ai., (1992) found this element to bind a 

complex unchanged by heat shock and thus there is no evidence of direct interaction 

vvith HSF proteins. A further stress element located between +1 to + 121 bp (Miyazaki et 

ai., 1992) responds to genotoxic stresses such as UV irradiation (Uchiumi et ai. , 1993a) 

and anticancer agents such as vincristine and colchicines (Kohno et ai., 1989) however, 

no heat shock elements have been identified in this region (Miyazaki et ai. , 1992). 

The stress element found at -99bp to -66bp (Miyazaki et ai. , 1992) contains the Y -box, a 

CCAA T element that is found in both the sense or in the inverse cOlnplement A TTGG 

and is a feature ofTATA-less promoters (reviewed in Mantovani, 1998). The MDRl Y

box is located between nucleotides -82 and -73bp relative to the TSS (Goldsmith et ai. , 

1993). The exact role of the V-box remains controversial. Earlier studies in KB cell 

lines suggested that the Y -box is not essential to basal MDRl transcription, rather it 

mediates transcription activation in response to treatment with cytotoxic drugs or UV 

irradiation by the binding of the transcription factor YB-1 (Uchiumi et ai. , 1993a). In 

contrast, a study carried out in the SW620 cell line indicated that the Y -Box is essential 

for basal MDRl transcription and that activation is dependent on binding of the 

transcription factor NF -Y (Sundseth et ai. , 1996). 

Further studies have shown that the V-box is essential for MDRl transcription 

(Sundseth et ai. , 1996; Hu et ai., 2000) however, the controversy as to the transcription 

factor that binds to the Y -box continues. It was thought perhaps that NF -Y binds in 
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response to basal transcription whilst YB-1 may bind in response to stress stimuli, 

however, Hu et al., (2000) showed that NF-Y and not YB-1 binds to the V-box in 

response to UV light. A correlation, however, between P-gp expression and YB-1 has 

been observed in breast cancer (Bargou et al. , 1997; Saji et al., 2003) and synovial 

cancer (Oda et al. , 2003). Chattopadhyay et al. , (2008) have demonstrated that Human 

AP-endonuclease (APE 1), a transcription factor detected in some drug resistant 

tumours, is able to stably interact with YB-1 , enhancing its ability to bind to the Y -box 

ultimately resulting in MDRI activation. It has also been shown that a decrease in APE1 

sensitises MDRI overexpressing tumours to cisplatin or doxorubicin (Chattopadhyay et 

al., 2008). It is possible that both NF -Y and YB-1 interact to regulate MDRI levels, 

however, this has not been investigated. It is also possible that YB-1 has a role other 

than as a DNA-binding protein with research suggesting that Y -B 1 plays a role in RNA 

binding and not DNA binding (Skabkin et al. , 2001; Vaiman et aI., 2006). 

From these studies it has been concluded that the Y -box is involved in basal 

transcription as well as the up-regulation of MDRI expression in response to stresses 

such as heavy metals, heat shock and UV irradiation (Ohga et al., 1998; Hu et al., 2000) 

and that NF -Y is the primary Y -box binding factor (Adachi et al., 2000). NF -Y is 

thought to mediate MDRI activation through its recruitment of the co-activator P/CAF 

which binds histone acetylases, thereby altering chrolnatin structure and allowing the 

binding of transcription factors (Jin and Scotto, 1998; Adachi et al., 2000). 

A further transcription factor, NF-IL6 is thought to be involved in increasing promoter 

activity via the V-Box, however, NF-IL6 does not directly bind to the V-Box itself (Jin 

and Scotto, 1998) instead it interacts with YB-1 and not NF-Y (Chen et al., 2000). 

Consistent with this is the work of Tsujimura et al., (2004) who demonstrated that NF

IL6 activates the YB-1 factor resulting in increased promoter activity. The role of NF

IL6 in MDRI gene activation was recently re-investigated by Chen et al., (2004), whom 

confirmed that MDRI activation via NF-1L6 involves direct interactions ofNF-Il6 with 

the V-box itself and with V-box associated proteins (Chen et al., 2004). 

More recently the role of forkhead box-containing protein 0 subfamily (FoxO) 

transcription factors in regulating MDRI has been investigated. Han et al., (2008) 

demonstrated that Fox01 plays a role in the transcriptional up-regulation of the MDRI 
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gene in MCF -7/ Adr cells with reporter gene studies showing that MDRl transcription is 

stimulated by FoxOl. Furthermore, using FoxOI siRNA, Han et al., (2008) found that 

both MDRl expression and doxorubicin resistance in MCF -7 / Adr cells can be reversed. 

Consistent with this was the studies performed by Hui et al., (2008) in K562 cells, 

however, in contrast to Han et al., (2008), Hui found that Fox03a and not FoxOI was 

responsible for induction of the MDRl gene in response to stress in these cell lines. The 

putative binding site for FoxO transcription factors in the promoter overlaps the Y -box. 

Both the Y -box and the closely located -55GC box are essential for MDRl transcription 

in response to genotoxic stress, with the mutation of either element resulting in 

abolished MDRl expression (Sundseth et al., 1996). Morrow et al., (1994) found an 

increase in MDRl expression as a result of NaB treatment was dependent on both the -

55GC and the Y-box (Morrow et al. , 1994). Both elements have been shown to be 

essential for MDRl activation in response to UV irradiation (Hu et al., 2000). The 

observation that both are required, along with the demonstration of physical interactions 

between Sp 1 and NF -Y in a context unrelated to MDR and in the absence of DNA 

(Roder et al., 1999) suggest that the Y -box and the -55GC box may act co-operatively 

in regulating MDR1. Studies in other promoters have shown that mutation of the Y -box 

leads to the disruption of binding to the adjacent GC-box, suggesting that NF-Y plays 

an essential functional and organisational role in T ATA-Iess promoters, possibly by 

providing a means by which upstream regulators and general transcriptional machinery 

can be connected (Mantovani et ai. , 1998). 

1.7.4 The -110 GC box and MEDI element 

Cornwell and Smith, (1993a), using reporter gene constructs demonstrated that deletion 

of a GC box (-103/-110), resulted in a 6 fold increase in reporter gene activity, 

suggesting that this site may act as a repressor binding site. Further studies carried out 

by Ogura et aI, (1992) demonstrated that a factor did bind to the -110 GC box motif and 

was involved in negative regulation of MDRl transcription, but the identity of this 

binding factor remains inconclusive. Sp 1 reportedly does not bind to the -110 GC box 

(Cornwell and Smith, 1993a). 

Chapter 1: Introduction 21 



An inverted MED-l element has been shown to overlap the -11 OGC box in the human 

MDR lymphoblastic leukaemia CEM cell line and studies indicated that deletion of the 

MED-l sequence resulted in a 60% decrease in promoter activity (Labialle et al., 2002). 

The inverted MED-l sequence was shown to bind LRP130 protein and the greater the 

binding interaction at this site, the greater the level of chemoresistance in CEM cells 

(Labialle et al. , 2004). 

1.7.5 The CAAT element 

A CAAT element found at -116 to -113bp (Ogura et al., 1992) has been shown to bind 

a novel hybrid complex consisting of NF-KB/p65/c-fos transcription factors. This 

complex exerts a negative regulatory effect by interacting with the CAA T element in 

sensitive MCF-7 breast cancer cells, but not in its drug resistant variety MCF-7/ADR 

(Ogretmen and Safa, 1999). Numerous apoptotic signals such as TNF-a, ionizing 

radiation and chemotherapeutic drugs have been shown to induce NF-KB, resulting in 

the inhibition of apoptosis and the induction of drug resistance (PaW, 1999). The data to 

date suggests a novel link between NF-KB and resistance to chemotherapy through the 

regulation of human MDRl gene expression, however, the actual mechanism by which 

NF-KB regulates P-gp remains elusive. 

An MDRl enhancing factor (MEFl) has also been demonstrated to bind strongly to the 

-118/-111bp sequence, which overlaps the CAAT box sequence. Bound MEFI is 

thought to complex with RNA helicase A (RHA) which unwinds duplex RNA and DNA 

resulting in increased MDRl expression (Zhong and Safa, 2004). This protein has been 

detected in the HL60/V CR resistant cell lines but not in M CF -71 AD R cell lines, 

suggesting that MEFI protein is tissue specific (Ogretmen and Safa, 2000). 

An AP-l binding site overlaps part of the CAA T element and is located between bases -

121 and -115bp. AP-l is thought to mediate signals important in the regulation of the 

MDRl by the formation of a c-fos/c-jun hybridimer regulatory complex, thus resulting 

in increased MDRl expression (Dascnher et al. , 1999). Chen et al., (2004) have also 

shown that the NF -IL6 transcription factor interacts with other proteins binding at the -

121/-115bp API site increasing overall promoter activity. 
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1.7.6 The p53 element 

The tumour suppressor p53 gene is often altered in cancer progression and the resulting 

altered protein has the potential to influence P-gp expression. Wild type p53 has been 

shown to inhibit MDRl transcription whilst mutant versions of p53 have a stimulatory 

effect on the MDRl promoter (Chin et al., 1992a; Nguyen et al., 1994) most likely due 

to the loss of their inhibitory effect (Chin et al., 1992a; reviewed in Johnson et al., 

2001). In contrast, wild type but not mutant p53 has been shown to stimulate 

transcription from an MDR promoter in a cell line negative for p53 (Goldsmith et al., 

1995), whilst Strauss and Haas (1995) found stimulation of MDRl transcription only in 

specific subtypes of p53 mutations. Further studies, however, have confirmed that wild 

type p53 is capable of repressing the activity of the MDRl promoter (Johnson et al. , 

2001), while mutant p53 appears to enhance the activity of the promoter (Ratki et al. , 

1997). Consistent with this, Li et al., (1997) reported that drug resistant CEM cells 

express a mutated fonn of p53 and express high levels of MDRl resistance. Treatment 

of these MDR CEM cells further induced the expression of mutant p53. Furthennore a 

significant positive correlation has been reported between p53 and MDRl expression in 

p53 mutated tumours in colorectal cancer metastases (de Kant et al. , 1996) indicating 

that p53 is involved in MDRl regulation. 

It is known that p53 mediated regulation of the MDRl gene involves the -39 to +53bp 

minilnal promoter region, even though no p53 consensus sequence has been identified 

within this region. Transcriptional activation of the MDRl promoter by mutant p53 also 

requires an ETS binding site (Sampath et al., 2001), which is located between 

nucleotides -69 and -63bp. The mutated p53 protein interacts with ETS-l, a proto

oncogenic factor, which binds the ETS sequence within the MDRl promoter causing an 

increase in promoter transcription. 

1. 7. 7 The steroid xenobiotic receptor (SXR) element 

Cytochrome p450 and its derivatives, including CYP3A4 are involved in the 

metabolism of numerous drugs in the liver, including paclitaxel (Cresteil et al. , 1994; 

Harris et al., 1994) and other chemotherapeutic drugs (Chang et al. , 1993; Marre et al., 

1996). Transcriptional regulation of CYP3A4 gene involves the orphan nuclear 
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receptor which is also known as SXR, PXR, PAR, PRR or N112 (Synold et al., 2001). 

Many of the drugs which have the ability to activate the orphan nuclear receptor are also 

substrates for P-gp (Schuetz et al., 2000; Greiner et al., 1999). For example the 

antibiotic rifampicin which binds to the orphan nuclear receptor, induces CYP3A4 and 

intestinal P-gp (Haslam et al., 2008). An SXR nuclear response element, located 

between -7852 to-7837bp upstream of the MDRl promoter has been identified as 

essential to MDRl induction by rifampicin in a human colon carcinoma cell line (Geick 

et al., 2001). Initially SXR was only detected in the liver and intestine, indicating a 

possible tissue specific MDRl element, however, it has also now been detected in the 

lung and kidney (Miki et al., 2005). Chen et al., (2007) have detected SXR in prostate 

tissues and have shown that SXR plays a role in prostate chemoresistance. 

1.8 POST-TRASCRIPTIONAL REGULATION 

Stabilisation of mRNA is a mechanism for increasing gene expression (reviewed in 

Knapinska et al. , 2005). Binding of protein to sequence elements found in the 3'

untranslated regions (3 'lJTR) determine the stability of mRNA by masking 

destabilising AU nucleotide rich regions. Masking of destabilising regions can inhibit 

mRNA degradation, thereby increasing mRNA levels independent of transcriptional up

regulation. The mRNA half life can be controlled through mechanisms such as 

deadenylation-dependent mRNA decay which results in the shortening of the poly A tail 

by a poly (A)-specific deadenylasing nuclease, followed by the removal of the 

methylguanoise cap and the degradation of the mRNA by 5' and 3' exonucleases 

(Jacobson and Peltz, 1996; Wilusz et al., 2001). However, binding of poly (A) binding 

protein can prevent mRNA degradation therefore allowing mRNA stabilisation and 

translation without the need to increase transcription levels (Wilusz et al., 2001). 

Experiments in normal and regenerating rat livers showed that the increased expression 

of P-gp in the regenerating rat livers was accompanied by an increase in MDRl mRNA 

levels (Marino et al., 1990). However, using nuclear run-on analysis Marino et ai., 

(1990) demonstrated that this increase was not due to changes in transcription levels, 

indicating that MDRl overexpression can be linked to an increase in mRNA stability 

through the binding of stabilising proteins (Marino et al., 1990). Human MDRl mRNA 
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has been shown to contain 3' sequences similar to the 3' UTR destabilising regions 

found in rodent MDRla, however, these sequences have since been found not to be 

efficient destabilising devices in humans (Prokipcak et al., 1999). A more recent study 

in the K562 human leukaemia cell line argued that post-transcriptional mechanisms may 

playa role in the up-regulation of the MDRl gene. Vague et al., (2003) reported that 

short term drug exposure results in an increase in levels of MDRl mRNA in treated 

cells. Using Actinomycin D to inhibit transcription, Vague et al., (2003) reported that 

the increase MDRl mRNA was due to mRNA stability and not transcription. However, 

in a similar study in this laboratory on K562 MDR cell lines no evidence was found of 

up-regulation of P-gp expression via post-transcriptional mechanisms (Stephenson, PhD 

thesis, 2005). Consistent with Vague et al., (2003) and in contrast to our own studies, 

Gomez-Martinez et al., (2007) found that the MDRl mRNA half life in the K5621 ADR 

cell line is longer than in the K562 cell line. However, unlike Vague et al., (2003), 

Gomez-Martinez et al., (2007) demonstrated that this apparent increase in mRNA was 

transcribed at the upstream promoter with an additional 285-bp 5 'UTR region leading to 

increased stability of mRNA and possibly a higher ratio of translated P-gp. 

A link has been demonstrated between increased mRNA stability and depletion of 

mitochondrial DNA. Lee et al., (2008) generated a mitochondrial depleted HCT-8 

colon cell line by EtBr exposure, demonstrated an increase in MDRl mRNA expression 

and P-gp in these cells. The increase in MDRl expression was due to mRNA stability 

and not an increase in transcription. It is thought that a decreased mitochondrial DNA 

leads to an increased resistance to apoptosis as a result of increased expression of anti

oxidant enzymes (Park et al., 2004; Biswas et al., 2005). This was consistent with the 

study carried out by Lee et al., (2008) who also demonstrated an increase in catalase in 

mitochondrial DNA depleted cells. Thus it is possible that a decrease in mitochondrial 

DNA is able to induce the MDR phenotype, however, it may be that this mechanism of 

up-regulation of MDRl is limited to cells with decreased mitochondrial DNA. 

In contrast to these limited reports of post-transcriptional regulation of MDR1, there 

have been numerous reports of transcriptional activation of MDR1. For example a study 

carried out by Morrow et al., (1994) demonstrated that an increase in mRNA in human 

SW620 colon cancer cells in response to treatment with sodium butyrate (NaB) was due 

to altered MDRl transcription and not increased mRNA stability. This was further 
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confirmed by Orgetmen and Safa et al. , (2000) who demonstrated, using RT-PCR and 

nuclear run on assays, that the expression of MDRl mRNA is regulated by increased 

transcriptional initiation in HL60NCR cells. Therefore it is more likely that the 

overexpression of the MDRl gene is regulated primarily at the transcriptional level and 

not the post transcriptional level. 

1.9 METHYLATION AND MDRI GENE REGULATION 

As discussed above there are many ways by which MDRl expression may be induced or 

repressed in response to environmental stimuli or developmental changes. However, in 

many cancers MDRl appears transcriptionally silenced and unresponsive to external 

stin1uli until the cancer progresses, perhaps as a result of drug treatment, to one that 

expresses MDR1. In such cancers DNA methylation and histone methylation have 

emerged as possible contributors to this gene silencing. 

1.9.1 DNA methylation 

DNA methylation within mammals occurs at the cytosine residues of CpG 

dinucleotides. CpGs may be dispersed throughout the genome or concentrated into CpG 

enriched regions known as CpG islands. These islands contain 1-20/0 of the genome, are 

approximately 200bp to several kb in length, have a higher frequency of CpG sites than 

the remaining genome and quite often contain gene promoters, or other genomic 

regulatory elements (reviewed in Costello and Plass, 2001). 

Methylation of cytosines in gene regulatory regions is associated with gene silencing 

(Laird and Jaenisch, 1994), either by direct or indirect inhibition of transcription. 

Transcription can be inhibited directly by site specific methylation, which interferes 

with binding of the transcription factor to sites rich in CpG dinucleotides (Boyes and 

Bird, 1992; Jones et al., 1998). Methylation can also indirectly inhibit induction by 

altering chromatin structure through the action of methyl-CpG binding proteins such as 

MeCPl and MeCP2 that bind specifically to methylated CpG dinucleotide pairs 

(Meehan et al. ,1989; Pawlak et al. , 1991) and can indirectly inhibit transcription factor 

binding by limiting access to regulatory elements (Jones and Wolffe, 1999). This is 
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achieved by the ability of the methyl CpG binding proteins to recruit histone 

deacetylases (HDACs). For example MeCP2 binds the Sin3-HDAC co-repressor 

complex whilst MeCP 1 recruits HDAC 1 and HDAC2, resulting in confonnational 

changes in the chromatin structure (reviewed in Costello and Plass, 2001). DNA that is 

hypennethylated is associated with closed chromatin and the inhibition of transcription, 

whilst hypomethylated DNA is associated with open chromatin that allows for the 

binding of transcription factors and therefore allows transcription to proceed (Nan et al., 

1998). 

Studies have shown that the MDRl promoter can be regulated by alterations in the 

methylation of CpG sites found within the CpG island of the promoter region (-52 to 

+ 150bp). A correlation between demethylation of the promoter and the expression of P

gp has been reported in several cell lines including T leukaemia (Kantharidis et al., 

1997), acute myelocytic leukaemia (Desiderato et al., 1997), breast adenocarcinoma 

(Chekhun et al., 2006) and colon cell lines (Lee et al., 2008). Furthennore treatment of 

the cervical, non-expressing KB-3-1 cell line with the DNA methyltransferase inhibitor, 

5'-aza-2'cytidine causes demethylation of the promoter and expression ofP-gp (Kusaba 

et al., 1999). These studies suggest that hypomethylation of the promoter is a necessary 

condition for the expression of the MDRl gene. Also consistent with this hypothesis is 

the detection of a statistically significant inverse correlation between methylation and 

MDRl expression in clinical P-gp expressing samples including AML (Nakayama et al. , 

1998), acute lymphocytic leukaemia (Kantharidis et al.) 1997), bladder tumours (Tada 

et al., 2000), colorectal malignancies (Shannon and Iacopetta, 2001) and prostrate 

cancers (Enokida et al. , 2005). Together these studies suggest that demethylation of the 

promoter is essential for MDRl overexpression and the establishment of P-gp mediated 

MDR. 

1.9.2 Chromatin structure and gene regulation 

Chromatin structure has been linked to the transcriptional silencing and/or activation of 

genes (Jones and Wolffe, 1999). The basic unit is the nucleosome, a DNA-protein 

complex consisting of a histone octan1er core containing two copies of each histone 

(H2A, H2B, H3 and H4) around which a 146bp of DNA is wrapped (for reviews see 
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Zhang and Reinberg, 2001; Lee et al., 2005). Each core histone is composed of two 

domains, a histone fold domain necessary for histone-histone interactions as well as the 

wrapping of DNA into nucleosomes and two terminal tails that allows for nucleosome

nucleosome interactions (Luger et al., 1997). These tails are also the site of post

translational modification including acetylation and methylation. Chromatin associated 

with expressed genes is maintained in a de-compacted, active state, whilst chromatin 

associated with non expressed genes is highly compacted and inactive (Baylin, 1997). 

Thus a complete understanding of gene regulation is dependent on knowing how 

different chromatin structures evolve and the effect of closed or open structures on 

transcription factor binding. 

Post-translational acetylation of a nucleosome reduces the ability of the histone octamer 

to wrap DNA around itself, resulting in a less tightly condensed nucleosome and 

allowing transcription factor binding. Deacetylation results in the opposite, with an 

increase in DNA wrapping around the histone core, resulting in tightly packed 

nucleosomes and an inactive closed chromatin state in which transcription factor 

binding cannot occur (Wong et al., 1998). Levels of histone acetylation are controlled 

by HATs and HDACs. HATs acetylated lysine on histone proteins, interfering with 

histone-DNA contacts, resulting in open DNA chromatin and increased transcription 

factor access (Wolffe, 1996; Yoshida et al., 2001). HDACs cause histone deacetylation 

and gene silencing. It is widely accepted that HDACs play a role in silencing of 

tumour suppressor genes (Yang et al. , 2002; Tzao et al., 2006) and have also been 

shown to play an important role in MDRl regulation (Xiao et al., 2005; Tabe et al. , 

2006; Lee et al., 2008). 

As discussed in section 1.9.1 the DNA methylation of CpG sites within a promoter can 

result in the recruitment of methyl-CpG-binding domain proteins such as MeCP2. 

Bound MeCp2 recruits a complex consisting of the Sin3A co-repressor and other 

histone deacetyltransferases (HDACs), which remove acetyl groups from histones 

resulting in chromatin condensation and reduced accessibility at the site of the bound 

MeCP2 (Nan et al., 1998). This mechanism has been sho\\TI1 to be involved in the 

silencing of the MDRl gene (EI-Osta et al., 2002; Castro-Galache et al., 2007). 
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Unexpectedly the use of TSA alone which inhibits HDAC activity does not completely 

reverse repression (Nan et al., 1998; Jones et al., 1998; EI-Osta et al., 2002) nor does 

the use of a demethylating agent 5' -aza-2' deoxyycytidine alone. However, a 

combination of TSA and 5' -aza-2'deoxyycytidine results in a significant reversal of 

promoter repression, thus suggesting that other mechanisms by which MeCp2 can 

repress exist (Fuks et al., 2002). It has been documented that MeCp2 not only recruits 

HDACs but also results in the methylation of lysine 9 of histone 3 and that this 

methylation also causes gene silencing by preventing the binding of regulatory proteins 

Fuks et al., 2002). In contrast to this, methylation of Lys-4 and Arg-17 of histone H3 

and Arg-3 of histone H4, result in activation of gene transcription (Litt et al., 2001; 

Morshead et al., 2003). Together these studies indicate that DNA methylation and 

histone methylation are co-ordinated epigenetic events in determining chromatin 

structure and ultimately gene regulation (Nakayama et al., 2004; Zhang and Dent, 2005; 

EI-Khoury et al. , 2007). Further studies in colorectal cancer have shown that histone 

methylation is essential for the maintenance of gene silencing associated with 

methylation of the DNA promoter (Kondo et al. , 2003). 

1.10 THE CURRENT STUDY 

Although research to date indicates that the MDRl gene is transcriptionally modulated 

by numerous different factors, the regulatory elements involved are still not yet 

completely identified or fully understood. In addition, our understanding of precise 

mechanisms underlying the development of cancer from one with no or low MDRl 

expression to one that overexpresses MDRl is far from clear. 

Previous studies carried out within this laboratory have shown that the MDRl gene in 

the non-P-gp expressing HL60 cells is hypermethylated at many, but not all, CpG sites 

in the promoter region CpG island as well as in a second CpG island located within 

intron 1 (see figure 1.3). In contrast to this, the P-gp expressing HlE8 cells derived from 

HL60 cells, were completely unmethylated in both CpG islands, suggesting that the 

activation of the MDRl gene is associated with the demethylation of the MDRl 

promoter in the HL60 cells (Desiderato et al., 1997). 
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The differentially methylated sites contained within the promoter are known to be 

essential to MDRl transcription, however, the significance of the downstream sites is 

not yet known. Since CpG islands are known to host functional elements, it was 

hypothesised that intron 1 contains a previously unidentified MDRl regulatory element. 

In addition, in vitro footprinting has identified several novel DNA: protein interactions 

at the sites of different methylation between HL60 and H/E8 cells within the 

downstream CpG island (see figure 1.3) (Desiderato, PhD thesis, 2000) suggesting a 

regulatory role for these regions. Preliminary reporter gene studies carried out on the 

+283 to +606bp region indicated a negative regulatory role for the downstream CpG 

island with a repressor element provisionally localised to the region containing the 

previously seen in vitro footprints (Byrne, Honours thesis, 2001). Thus we 

hypothesised the presence of at least one novel in vivo DNA:protein interaction in the 

+ 283 to +606bp region. 

Previous transfection studies of the + 1 to +550bp region carried out by other groups 

have also suggested the possibility of regulatory elements downstream of the 

transcription start site, however, none have been characterised further. Madden et al. , 

(1993) suggested that positive regulatory elements exist between bases + 1 bp and 

+286bp. Consistent with this Cornwell and Smith (1993a) confirmed that the region 

between + 1 and + 286bp can increase reporter gene activity and that elements may be 

present out to +34 7bp. Rohlff and Glazer (1994) demonstrated that an enhancer element 

exists between +55 and +289bp, however, Lau et al., (1998) reported that a negative 

regulatory element exists between +76 and + 192bp and that a positive regulatory 

element between + 192 and +543bp. The differences between these previous studies may 

possibly be due to the differences in cell lines used. 

The current study investigates the downstream region of the MDRl gene in an attempt 

to identify regulatory elements and to elucidate the functional role in MDRl regulation. 

The specific aims of the current study were as follows: 

(i) To further investigate putative negative regulatory elements in intron 1 of the MDRl 

gene in the MDR H/E8 cell line (Byrne, Honours thesis, 2001) using reporter gene 

studies. 
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Figure 1.3 Methylation of the CpG islands in the promoter and intron 1 of the MDRI gene in the HL60 and HlE8 cell lines. 

The results show the % of sequenced clones found to be methylated at each CpG site. The TSP is indicated in purple . The numbers underneath the graph indicate the CpG site 

relevant to the TSP. CG islands are shown in green (Adapted from Desiderato et ai. , 1997) 
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(ii) To investigate using reporter gene studies if further potential functional elements 

may also exist in the region between the promoter and the intron 1 CpG island. 

(iii) To establish the TDPCR in vivo footprinting technique in order to confirm the 

presence of the previously identified in vitro footprints in vivo. 

(iv) To determine if interactions observed in intron 1 are tissue specific by repeating 

aims (i) and (iii) in cell lines of different origin. 
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CHAPTER TWO 

Identification of regulatory elements 

within intron 1 of the MDRl gene 

2.1 INTRODUCTION 

From the discussion in chapter 1, it is clear that MDRl is expressed at varying levels, in 

many, but not all normal cells, indicating that MDRl expression at the cellular level is 

both complex and tissue specific. Numerous response elements have been identified 

within the MDRl promoter region, however the involvement of these elements in tissue 

specific MDRl regulation has not yet been clarified. 

Previous studies in this laboratory have shown that the silencing of MDRl in the acute 

promyelocytic HL60 cell line is associated with two distant regions of methylation, one 

within the promoter and one downstream of the promoter in intron 1 (Desiderato et ai, 

1997). Sites in both regions are completely unmethylated in the MDRl expressing HL60 

derived H/E8 sub line (Desiderato et ai, 1997). The intron 1 methylation sites are within 

a CpG island, although as shown in figure 2.1 not all sites in the island are methylated 

in the HL60 cell line. Previous studies in this laboratory have also demonstrated the 

existence of in vitro protein binding to sites in the differentially methylated region 

(Desiderato, PhD thesis, 2000) supporting a role for this region in regulation of MDR1. 

Preliminary reporter gene studies comparing the activity of a luc reporter vector 

controlled by a minimal core MDRl promoter with that produced by a vector 

containing the core MDRl promoter plus the downstream CpG island cloned into the 

enhancer site of the reporter vector, suggested that the differentially methylated intron I 

reglon contained at least one negative regulatory element (Byrne, Honours thesis, 

2001). 

In this study the possible role of the intron 1 region in MDRl regulation and whether or 

not it contributes to tissue specific expression of MDRl has been examined by further 
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reporter transfection studies in the MDR HlE8 subline, the drug sensitive human 

chronic myeloid leukaemia K562 cell line and its derived MDR Kepru subline, the 

Lo Vo colon carcinoma and a derived MDR L/ ADR subline and the cervical carcinoma 

cell line, KB-3-1 and its derived MDR KB-8-5 cell line. 

The HL60 cell line was initially established from peripheral blood leukocytes taken 

from a 36-year-old Caucasian female suffering acute promyelocytic leukaemia (Collins 

et al., 1977). The HlE8 MDR subline was derived from the highly drug sensitive 

promyelocytic leukaemia HL60 cell line, by an initial exposure of cells to 40ng/ml of 

epirubicin for 18 hours followed by several subsequent treatments for 18 hours using 

8ngiml of drug (Su et aI., 1994). The HlE8 cell line exhibits cross resistance to typical 

MDR drugs such as epirubicin, vinblastine and paclitaxel and also shows resistance to 

non MDR drugs such as cis-platinum, methotrexate and chlorambucil (Marks et al., 

1996). 

U sing flow cytometry and western blotting with the monoclonal antibody MRK 16, Su 

et al., (1994) and Marks et al., (1996) demonstrated that P-gp is expressed in the HlE8 

cell line and not in the HL60 cell line. This was confirmed using the more sensitive 

reverse transcriptase PCR (RT-PCR) technique, which demonstrated the presence of 

MDRI transcripts in the HlE8 cell line and not in the HL60 cell line (Desiderato et al. , 

1997). Resistance in the HlE8 cell line is reversed in the presence of the P-gp inhibitors, 

verapamil (Marks et al., 1996) and PSC-883 (Desiderato, PhD thesis, 2000) providing 

further evidence that the functional MDR mechanism in the drug resistant HlE8 cell line 

is P-gp. Activation of the MDRI gene in the HlE8 cell line was not due to MDRI gene 

amplification (Desiderato et al., 1997). 

The K562 cell line was initially established from a 53-year-old female with chronic 

myelogenous leukaemia in terminal blast crises (Lozzio and Lozzio, 1979). The Kepru 

MDR cell line was derived from the drug-sensitive K562 chronic myeloid leukaemia 

cell line by repeated exposure to clinically relevant levels of epirubicin (20ng/ml) for 

three days over a 2 month period (Hargrave et al., 1995). The K562 chronic myeloid 

leukaemic cell line is drug sensitive and expresses very low to undetectable levels of p

gp (Marks et al., 1996; Vague et al., 2003; Stephenson, PhD thesis, 2005). In contrast 

the drug resistant Kepru cell line derived from the K562 cell line using clinically 
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relevant levels of epirubicin (Hargrave et al., 1995) expresses high levels of P-gp which 

can be reversed in the presence of the P-gp inhibitor, verapamil (Stephenson, PhD 

thesis, 2005). Western blotting using the monoclonal antibody, C219 and flow 

cytometry using the monoclonal antibody, MRK16 has demonstrated the presence of P

gp in the Kepru cell lines with no P-gp being detected in the drug sensitive K562 cell 

line (Marks et al., 1993; Hargrave et al., 1995). 

Drug resistance in the Kepru MDR cell line has been found to decline over time in the 

absence of drug, but is easily restimulated by a single, short term re-exposure to the 

original selecting drug, epirubicin (Stephenson, PhD thesis, 2005). This increase in 

resistance has been shown to be accompanied by an increase in MDRl mRNA 

expression (Stephenson, PhD thesis, 2005). However drug resistance levels cannot be 

increased in the drug sensitive parental K562 cell line by a single exposure to 

epirubicin. Gene amplification was ruled out in the Kepru cell line (Stephenson, PhD 

thesis, 2005). 

The KB-3-1 cell line is a derivative of the human cervix carcinoma cell line, HeLa 

(Fojo et al., 1985). The KB-8-5 MDR subline was derived from the KB-3-1 cell line by 

an initial treatment of the cells with 5ng/ml colchicine for 14 days, followed by 

treatment with 10ng/ml colchicine for a further 14 days (Akiyama et aZ., 1985). P-gp 

has not been detected in the KB-3-1 cell line (Mickley et af., 1998; Galski et al., 1989; 

Dexter et al., 1998; Sumizawa et al., 1996; Longanzo et al., 2004) nor can the 

sensitivity of the KB-3-1 cell line to drug be increased in the presence of verapamil 

suggesting that the MDR levels observed in the KB-3-1 cell line cannot be attributed to 

P-gp. 

In contrast to this, P-gp has been detected in the drug resistant KB-8-5 cell line using 

slot blot analysis (Galski et al., 1989) and quantitative RT -PCR (Dexter et al., 1998). 

Consistent with this is the reversal of MDR in the KB-8-5 cell line in the presence of 

the P-gp specific inhibitor, verapamil (Anuchapreeda et al., 2002; Sumizawa et al. , 

1996; Okumura et al., 2000). Amplification of the MDRl gene is not responsible for the 

activation of the MDRl gene in the KB-8-5 cell line (Shen et al., 1986; Schoenlein et 

al. , 1992). 

Chapter 2: Identification of regulatory elements within intron 1 of the MDRI gene 36 



The Lo Vo cell line was derived from an adenocarcinoma of the colon taken from a 56-

year-old Caucasian male (Drewinko et al., 1976). The LI ADR cell line (variously called 

Lo Vo/DX or Lo Vol ADR by different investigators) was derived from the drug-sensitive 

Lo Vo cell line by treating exponentially growing cells with 100ng/ml adriamycin for 2-

3 weeks. Treatment was repeated 6 times (Grandi et al., 1986). The L/ADR cell line is 

cross resistant to adriamycin, VP-16, vincristine, actinomycin D, okadaic acid (Grandi 

et al. , 1986; Sieder et al., 1999) and have been reported to be between 8 (Sieder et al., 

1999) and 30 times more resistant to adriamycin than the parental Lo Vo cell line 

(Broggini et al., 1988). Rivoltini et a/., (1990) reported that the MDRl gene was 

amplified approximately 10-fold in L/ADR cells. Using flow cytometry, Peart et al., 

(2003) demonstrated that both LoVo and L/ADR cell lines express P-gp, although the 

P-gp expression is greater in the L/ADR cell line. MDRl mRNA has also been 

demonstrated in the Lo Vo cell line using reverse transcriptase PCR (Nakamura et a/. , 

2003) and Verapamil has been shown to reverse cytotoxicity in both the Lo Vo and 

LI ADR cell lines (Toffoli et al. , 1996; Pannocchia, 1996). Thus both Lo Vo and L.ADR 

cell lines express MDR1 , but to different levels, due at least in part to amplification of 

the MDRl gene in the LI ADR cell line. 

2.2 METHODS 

2.2.1 Cell Culture 

The HL60, HIE 8 , K562 and Kepru leukaemic cell lines were grown in RPMI-1640 

medium supplemented with 20mM Hepes, 10mM NaHC03 and 10% FCS (Gibco) at 

pH 7.34. For routine maintenance of cells, 2ml of culture was diluted into 8ml 

RPMII10%FCS, pH 7.34 every 3-4 days and incubated at 37°C, 5% CO2. The MDR 

level in the Kepru cell line declines with time in drug free culture, but can be rapidly re

stimulated by exposure to the original selecting drug epirubicin (Stephenson, PhD 

thesis, 2005), thus at approximately 2 monthly intervals exponentially growing Kepru 

cells (4 x 106 cells in a final volume of 1 Omls) were incubated with 15nM epirubicin 

for 3 days, then grown in drug free media. 
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The KB-3-1 and KB-8-5 cell lines were provided by Dr Susan Kane, Beckman 

Research Institute, USA. The LoVo and L/ADR cell lines were provided by Dr. Ricky 

Johnston, Peter MacCallum Cancer Institute, Australia. The colon and cervical cancer 

cell lines were grown as monolayer cultures in RPMI-1640 medium supplemented with 

20mM Hepes, 10mM NaHC03 and 5% FCS (Sigma-Aldrich) at pH 7.34. For routine 

maintenance, cells were split every 3-4 days by washing cells twice in IX PBS, pH 7.4, 

incubated with 0.05% Trypsin-EDTA (Life Technologies) to facilitate removal of cells 

from flask surfaces, washed in media and resuspended in an appropriate volume of 

media. 

2.2.2 Cytotoxicity Assays 

Cytotoxicity assays were performed to determine the level of cytotoxicity to pac1itaxel 

(Sigma-Aldrich). Although not the original selection drug in any of the MDR cell lines 

used in this study, pac1itaxel was chosen as it is the agent of choice for identifying 

MDR due to P-gp (Grant et al. , 1994). 

Exponentially growing cells (1 00~1) were seeded into wells of a 96 well microtitre plate 

(NUNC) at a final density of 5 x 104 for the leukaemic cell lines and 1.5 x 104 for the 

adherent KB and Lo Vo derived cell lines. Plates containing the adherent cell lines were 

incubated at 37°C, 5% CO2 for 2 hours prior to the addition of drug to allow cells to 

adhere to the plate surface. 1 00~1 of 2-fold serially diluted drug was added to 

appropriate wells, with each drug concentration carried out in triplicate for the 

leukaemic cells and in quadruplicate for the cervical and colon cell lines. Control wells 

were seeded at the same density, however 1 00~1 of fresh media was added in place of a 

drug dilution. Following addition of drug, the plates were incubated at 37°C, 5% CO2 

for four days for all cell lines, except the Lo Vo and LI ADR cell lines, which were 

incubated for 5 days. Cytotoxicity assays in the KB and Lo Vo series cell lines were 

performed in the presence and the absence of the P-gp inhibitor, verapamil at a final 

concentration of 1 O~M. 

Following the 4 or 5 days incubation, cell growth was assayed using an MTT cell 

viability assay (Marks et aI. , 1992). Briefly 50~1 of MTT stock (2.5mg/ml in PBS) was 
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added to each well and the plate incubated for 3 hours at 37°C, 5% CO2. The plates 

containing HL60 and K562 series cell lines were then centrifuged at 240g for 5 minutes 

and the growth media aspirated. The KB and Lo Vo derived adherent cell lines did not 

require this centrifugation step and the growth media was immediately removed 

following incubation of the cells with MTT. 100J.11 DMSO (Sigma-Aldrich) was then 

added to each well and the plate left at R T for at least 15 minutes to allow for colour 

development. Absorbances were read at 570nm using a multiwell plate reader (Biorad). 

Cell viability was detennined by expressing the absorbances as a percentage of 

absorbances obtained for the cell control (no drug). The average and standard deviation 

of cell viability was detennined and plotted against the logarithmic drug concentration 

using the Microsoft Excel program. The ICso (concentration of drug required to inhibit 

growth of the cell population by 50%) was detennined from these plots. Relative 

resistances were detennined by dividing the ICso of more resistant cell lines by the ICso 

of the corresponding more drug sensitive cell line. 

2.2.3 Preparation of Luc recombinants 

2.2.3.1 Amplification of desired regions 

The regions to be subc10ned were amplified from the previously constructed pMDR1.2p 

recombinant plasmid, which contains the promoter and intron 1 of the MDRl gene 

(Desiderato et al. , 1997). Appropriate forward and reverse primers specifically designed 

to contain restriction sites for subcloning, were synthesised for each region. Lyophilized 

primers were obtained from Life Technologies and reconstituted to a final concentration 

of 25J.1M in 1 X TE, pH 8.0. The primer sequences (5' to 3' ) are as follows: 

+65F 

+189R 

+193F 

+282R 

BamHI 
C~GATCC~CTAAAGTCGGAGTATC 

Sal! 
AGGAQTCGACkAAGCCTGACACTTG 

BamHI 
C~GGATCdTGAACTTGGTCTTCACG 

Sal! 
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+283F 

+322F 

+382R 

+415F 

+455R 

+606R 

Bg,l!I 
GT~GATCT~GACTCAGGAG 

BamHI 
C~GATCC~CTGGACCATGTTGCCCGG 

Sal! 
TAT~TCGAC~GCAGGTCCCCGCACCG 

Bam HI 
~GGATCC~CCGCGGCGACTGGAACCG 

Sal! 
CCdGTCGAC~GTGCGATTCTCCCTCCCG 

AvaI 
AGBTCGAG~GCAGTAAGAGGGAGC 

The number in the primer name corresponds to the most 5' base of the primer that 

becomes incorporated into the vector. Products were amplified in 25 J.lI reactions 

containing 1 J.lM primers, IX PCR Buffer (Fischer-Biotec, Australia), 200J.lM dNTP 

mix, and 1.1 units of Taq polymerase (Fischer-Biotec, Australia) and 5-20ng of 

template pMDR1.2p DNA. The cycling parameters were:- [95°C x 5 minutes, 55-63°C 

x 1 minute, 72°C x 1 minute] X 1 cycle, then [94°C x 1 minute, 55-63°C x 1 minute, 

72°C x 1 minute] X 25 cycles, with a final extension of 72°C for 5 minutes. PCR 

products were co-electrophoresed with pGEM DNA markers on 4% (w/v) agarose IX 

TAE gels. Bands were visualised by staining with O.5J.lg/ml EtBr, prior to excision from 

the gels and purification using the Bresa Clean kit (GeneWorks) according to the 

manufacturers ' instructions. 

2.2.3.2 Digestion and phosphatasing of the Luc Core Promoter vector 

A MDRl Core Promoter reporter construct (Luc-88/+ 77) encompassing bases -88bp to 

+77bp of the MDRl promoter, cloned into the promoter site of the pGL3-Basic vector 

(see figure 2.2a) had previously been prepared (Cassano, Honours, 2000). This vector 

and the relevant PCR products were double digested using BamHI, Bgl!I and Sal! or 

AvaI as appropriate. The required amount of DNA was digested in 30J.lI reactions. 
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Figure 2.2 The pGL3-Basic reporter vector. 

(a) The pGL3-Basic reporter vector showing the MCS upstream and downstream 

relative to the firefly (Photinus pyralis) luciferase gene. 

(b) The location of the sequencing prilner, RV4, in the pGL3-Basic plasmid. 
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containing the specified reaction buffer and 5units of enzyme per ~g of DNA. 

Reactions were incubated for 3 hours to overnight, depending on enzyme activity at 

37°C. Digestion of the vector was confirmed by electrophoresis on a 1.5% (w/v) 

agarose. Digested products were purified using the Bresa Clean kit according to the 

manufacturer's instructions. The purified digested PCR products were quantified on a 

4% agarose gel against pGEM markers (Promega). 

In order to prevent any religation of possible singly digested Luc-88/+ 77 Core Promoter 

vector, the 5'-phosphate group was removed from the digested vector by incubation 

with calf alkaline phosphatase (New England Biolabs) at concentration of 1 unitlpmole 

DNA in IX NE Buffer 3 (New England Biolabs). All reactions were overlaid with 

mineral oil to prevent evaporation and incubated for at least 1 hour at 37°C. The 

enzyme reaction was terminated by heat inactivation at 75°C for 15 minutes and the 

phosphatased product purified by Bresa cleaning and quantified on a 1.5% (w/v) 

agarose gel against pGEM markers prior to use in ligation reactions. 

2.2.3.3 Subcloning of intron 1 PCR products into the Luc Core promoter vector 

Ligation reactions consisted of 100ng of restricted, phosphatased Luc-88/+ 77 Core 

Promoter vector, a 2-fold molar excess of insert, 1 X ligation buffer (Promega), 

100~g/ml BSA and O.OIU/ng DNA T4 DNA ligase (PrOltlega) in a 20~1 reaction. A 

ligation reaction containing only phosphatased and digested vector was also carried out 

as a control to determine the completeness of digestion and dephosphorylation of the 

vector. These precautions were necessary as pGL3 based vectors have no selection 

system for the presence of recombinants, thus it is necessary to reduce as much as 

possible the production of transformants from religated vectors. Ligation reactions were 

incubated at 25°C for 1 hour, followed by overnight incubation at 4°C prior to 

transformation. 

E. coli (DH5a) cells were streaked from glycerol stocks onto an LB agar plate and 

incubated overnight at 37°C, 300rpm. A single colony was chosen and inoculated into 

75mls ofLB medium and grown overnight at 37°C, 300rpm. The following morning the 

culture was diluted 1140 - 11100 in LB medium and incubated as above until the OD6oo 
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was approximately O.IS. All subsequent steps were performed on ice and in a 4°C cold 

room to ensure that competent cells with high transformation efficiency were obtained. 

The culture was incubated on ice for 10 minutes prior to centrifugation for IS minutes 

at 3,000g, 4°C. The supernatant was removed and the pellet gently resuspended in I/Sth 

volume of ice-cold calcium buffer (60mM CaCh, IS% v/v glycerolll0mM PIPES, pH 

7.0) and recentrifuged as above. The supernatant was removed and the cells 

resuspended in 1/Sth volume of ice-cold calcium buffer and allowed to stand on ice for 

at least 30 minutes. The cells were repelleted at 3000g, 4°C for 7 minutes and 

resuspended in 1/2Sth volume of calcium buffer. The resuspended cells were aliquoted 

into 210Jll lots in pre-chilled microcentrifuge tubes and snap frozen on dry ice and 

stored at -80°C until required. 

Transformation into DH5a competent cells was carried out by incubating the required 

amount of DNA with 0.2ml of competent cells for at least 30 minutes on ice. Competent 

cell/DNA mixtures were removed from ice and heat shocked at 42°C for exactly 90 

seconds. Cell/DNA mixtures were returned to ice and incubated for a further 2 minutes 

to chill before the addition of 800JlI LB medium. Mixtures were placed in a rotary 

shaker at 300rpm, 37°C for 4S minutes to allow the bacteria to express the plasmid 

genes, then aliquots (100Jll and 200JlI) of the transformed cells were plated on LB agar 

plates containing ampicillin (1 00 Jlg/ml) and incubated over night at 37°C. An aliquot of 

competent cells was also transformed with pUC18 in transformation experiments to 

confirm transformation efficiency. 

2.2.3.4 peR Screening of putative recombinants 

Vector:insert transformation plates were only analysed for putative recombinants if they 

contained at least twice the number of transformants as was seen for the religated 

control plates. Using an autoclaved pipette tip a colony was selected from the ligation 

plate, spotted onto a numbered second LB agar plate and then dipped into a 

microcentrifuge containing SOJ-l1 of sterile water which was drawn up and expelled from 

the tip S times. This was repeated for all colonies selected, using separate tips and 

microcentrifuge tubes for each. The numbered plate was then incubated at 37°C for 4-6 

hours to allow re-growth of colonies and then stored at 4°C until required for further 

analysis of recombinants. Transformants were also selected from the digested, 
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phosphatased and religated vector only control plate to ensure PCR screening was not 

producing false positives. 

The trans form ant samples were boiled at 99°C for two minutes, then cooled on ice and 

centrifuged at 1100g for S minutes. Ten J.lI of the supernatant was then used in a PCR 

reaction with the appropriate primers to determine if the colony contained the correct 

insert or not. The correct fragments were also amplified using the original template 

(pMDRl.2p) as a positive control. PCR products were analysed by agarose gel 

electrophoresis and compared to the positive control to determine which transformants 

contained the correct fragment. 

2.2.3.5 Small-scale preparation of plasmid DNA and restriction digests 

Plasmid DNA was prepared from PCR screened recombinants by selecting a single 

transformant from the selective ampicillin (lOOJ.lg/ml) LB agar plates and culturing it in 

2ml LB, containing 100J.lg/ml ampicillin, overnight at 37°C with shaking (300rpm). 

I.Sml of the cultures were then transferred to microcentrifuge tubes and centrifuged at 

18,000g for 1 rninute at RT. The supernatants were removed and the pellets 

resuspended in 100J.lI of solution I [SmM sucrose, 10mM EDTA, 2SmM Tris (pl-I 8.0)] 

by vortexing. 200J.lI of solution II [O.2M NaOH, 1 % (w/v) SDS] was added and the 

sample mixed by inversion. The mixtures were incubated at RT for 3 minutes during 

which time the solutions turned clear and viscous due to cell lysis. IS0J.lI of solution III 

(3M sodium acetate, pH S.2) was added, mixed by inversion, and incubated on ice for 

30 minutes. After incubation, tubes were centrifuged for S minutes, 18,000g at RT and 

the supernatants transferred to clean microcentrifuge tubes, being careful to avoid the 

white DNAIproteinlSDS clots. The supernatants were then treated with RNAse 

(lOOJ.lg/ml) for 20 minutes at 37°C. 

One volume (approximately 400J.lI) ofphenol:chloroform:isoamylalcohol (2S:24:1) was 

added. After vortexing well the mixtures were centrifuged for 2 minutes, 18,000g at RT. 

The upper aqueous layer from each tube was transferred to clean microcentrifuge tubes 

and the DNA precipitated by adding Iml absolute ethanol and 100J.lI 3M sodium acetate 

(pHS.2). The mixtures were vortexed and centrifuged at 18,000g for 10 minutes at RT. 
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The supernatants were removed and the pellets washed in 500ml of 70% ethanol and re

centrifuged as above. The ethanol was removed and the pellets were allowed to air-dry 

for approximately 5 minutes to remove the final traces of ethanol before being 

resuspended in 201-11 of IX TE, pH 8.0. The concentration and purity of each plasmid 

preparation was determined by agarose gel electrophoresis. In order to test that the 

recombinants did contain the region of interest, the plasmid preparations were linearised 

by digestion with an enzyme that cuts within the insert region, and not within the 

remaining Luc Core Promoter plasmid sequence and analysed using agarose gel 

electrophoresis. Those found to contain the region of interest were confirmed by 

sequencing. 

2.2.3.6 Confirmation of recombinants using Dideoxy sequencing 

Recombinants were sequenced using a Li-Cor automated sequencer and the 

SequiTherm EXCEL II Long-Read sequencing kit (Li-Cor). The primer used to 

sequence pGL3-Basic based constructs tn our studies, RV4 (5' 

CT AGCAAAA TAGGCTGTCCC 3 ' ) was obtained from Li-Cor (see figure 2.2b for 

position in pGL3-Basic vector) and resuspended at a final concentration of 1 pmole/1-11 

in O.IX TE, pH 8.0. The sequencing reaction contained 400ng DNA, 2pmol IRD800-

labelled primer RV4, 7 .2~1 3.5X SequiTherm Excel II sequencing buffer, 5U 

SequiTherm Excel II DNA Polymerase, and deionised water to a final volume of 

17 . 2~1. Two ~l of the appropriate termination mixes (A, G, C or T) was placed into the 

corresponding tube labelled A, G, C or T and 4~1 of the template/primer/enzyme mix 

was then added to each tube followed by 1 O~l of mineral oil. The reactions were then 

placed into a thermocycler using the following cycling program: [95°C x 5 minutes] X 1 

cycle followed by [95°C x 30 seconds, 50°C x 15 seconds and 70°C x 1 minute] X 30 

cycles. Following cycling, 3~1 of stop/loading solution was added to each tube, mixed 

thoroughly and stored at -20°C until ready to load on to a sequencing gel. 

Prior to pouring the gel, the glass sequencing plates were cleaned 3 times with a1conox, 

3 times with water and polished 3 times with 95% ethanol and set up using the Li-Cor 

assembly apparatus. The sequencing gel solution consisted of 31.5g of urea, 7.5ml of 

40% PAGE plus gel concentrate solution, 9ml long run lOx Long Ranger TBE buffer 
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(I.3M tris base/0.5M boric acid/25mM EDT A) and deionised water to a final volume of 

75ml. The gel solution was filtered through Whatman filter paper and placed aside until 

ready to pour. Following addition of 350/J.I of 10% APS and 40/J.I TEMED to catalyse 

polymerisation, the gel solution was swirled and immediately poured. A well former 

was inserted and the gel was allowed to set for 1 hour. The well former was then 

removed, the well rinsed with 1 X TBE Long Ranger Buffer and a sharkstooth comb 

inserted into the gel. The outside of the plates, particularly the laser zone (bottom 1/3) 

was cleaned with a1conox, water and polished with 95% ethanol in order to remove any 

urea. The gel, buffer chambers and associated apparatus was assembled into the Li-Cor 

sequencing machine and pre heated to 45°C. Once the temperature of the gel reached 

40°C, IX Long Ranger buffer was added to the buffer chambers and the gel was pre-run 

at 2000V for 20 minutes. After the gel temperature reached 45°C, the machine was 

calibrated three times using the auto gain and focusing procedure. When ready to load, 

the samples were heated to 95°C for 3 minutes to denature the DNA then placed 

immediately on ice before loading (1.2/J.I) and electrophoresis at 2000V overnight. The 

obtained sequence was compared to the MDRl gene to confirm identity of the 

constructs. 

Following confilmation, large scale endotoxin free plasmid preparations of each 

construct were made using the endotoxin free maxi prep kit (Qiagen) according to the 

manufacturer' s instructions. Endotoxin free centrifuge tubes (Sarstadt) were used in the 

preparation of the plasmid DNA. The concentration and purity of the endotoxin fi"ee 

preparation was determined by OD26o and OD28o measurements and by gel 

electrophoresis prior to transfection experiments. 

2.2.4 Transient transfection of leukaemic cell lines 

Reporter constructs were transfected into the HlE8, K562 and Kepru cell lines, using 

the cationic lipids DMRIE-C or Lipofectamine2000 (LF2000) obtained from Life 

Technologies, as transfection reagents. A CMV -~-galactosidase control reporter vector 

(generously provided by Dr Merlin Crossley, University of Sydney) was used for 

transfection normalisation. CMV -~-galactosidase was chosen as its promoter does not 

contain any Sp 1 binding sites, and will therefore not compete for Sp 1 with the Luc 
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constructs used here. Control (empty vector) transfections were also carried out using 

the pGL3-Basic vector (Promega). Transfections conditions were optimised in a series 

of preliminary experiments to ensure that the amount of reporter DNA added was in the 

linear range of the assay. 

Transfections using DMRIE-C were carried out in 24 well plates (NUNC) in triplicate. 

Serum free RPMI (98f.ll) and DMRIE-C (2f.ll) was added to each well and mixed with 

lOOf.ll serum free RPMI media containing equimolar amounts of the test Luc constructs 

(approximately 0.2I-1g) and 0.51-1g of the CMV-~-galactosidase plasmid. The amount of 

DNA in each well was kept constant at a final amount of 0.91-1g by addition of pUC18 

DNA. The mixtures were incubated at room temperature for 45 minutes to allow the 

formation of the lipid:DNA complexes. Then 3.0 x 105 exponentially growing cells, 

suspended in 40f.ll of serum free RPMI, were added to each well and incubated for 4-5 

hours at 37°C, 5% CO2, after which 4001-11 of RPMII15% FCS was added to each well 

and plates incubated for a further 48 hours. 

Transfections using LF2000 were also performed in 24 well plates, with each well 

containing 4.0 x 105 exponentially growing cells in a total volume of 0.5mls RPMI-

1640/10% FCS. The required amount of LF2000 (3ul per well to be transfected) was 

added to a tube containing serum free media (501-11 per well) and incubated at RT for 5 

minutes. In a second tube, the required amount of DNA (approx. 0.51-1g of the test Luc 

construct and 0.5 f.lg of CMV -~-galactosidase plasmid DNA per well) was diluted in 

serum free media (501-11 per well). The pGL3-Basic vector was used to ensure that the 

total molar amount of DNA transfected in each cell line was identical. Cells were also 

transfected with no DNA to determine the background levels of reporter gene activity. 

All reactions were carried out in triplicate. The contents of both microcentrifuge tubes 

were then combined and incubated at R T for 20 minutes to allow the formation of 

LF2000:DNA complexes. 1001-11 of LF2000:DNA mix was then added to the cells in 

each well and the plate incubated at 37°C, 5% CO2 for 48 hours. 

Following 48 hours incubation, cells from each well, transfected using either DMRIE-C 

or LF2000 were transferred to separate microcentrifuge tubes and collected by 

centrifugation at 240g for 5 minutes, then washed twice in 150f.ll PBS and 
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recentrifuged. Cells were then lysed by addition of 150~1 of IX Reporter Lysis Buffer 

(Promega) and frozen at -80°C until ready to be assayed. When ready to assay, tubes 

were thawed and centrifuged at 9,000g for 5 minutes and the cleared supernatant 

transferred to fresh tubes. 

2.2.5 Transfection of adherent KB-3-1, KB-8-5, LoVo and L/ADR cell lines 

Transfection experiments in the adherent KB and Lo Vo cell lines were performed using 

LF2000. The LF2000 conditions were optimised as recommended by the manufacturer 

with the optimal conditions described below. The CMV -p-galactosidase plasmid was 

not used as an internal control for normalisation, as only extremely small amounts of p

galactosidase were subsequently detected in these cell lines, despite varying cell 

numbers, DNA amounts, amount of LF2000 and length of incubation. In order to 

compensate for this, all transfections were carried out in quintuplicate. 24 hours prior to 

transfection, cells which had been grown to approximately 70% confluency were plated 

out in 24-well-plates (NUNC) at a density of 2xl 05 cells in a total volume of 0.5mls 

RPMII5% FCS per well. The following day the required amount of DNA 

(approximately 0.5J..lg of the test Luc construct and approximately 0.5J..lg pGL3-Basic 

plasmid) was diluted into serum free RPMI (50J..lI per well). In a second microcentrifuge 

tube LF2000 (3J..lI per well) was diluted into serum free RPMI (50J..lI per well). The 

contents of both microcentrifuge tubes were combined and incubated at R T for 20 

minutes. Growth tnedia was then removed from the cells and 100J..lI of the 

DNA:LF2000 complex was added to each well and incubated for 5 hours at 37°C, 50/0 

CO2. The media was then removed and replaced with 500J..lI fresh serum-containing 

media and the plate incubated at 37C for a further 48 hours. Following incubation, 

media was removed from transfected wells and the cells rinsed twice in 150~1 PBS, 

then lysed by addition of 150~1 of IX Reporter Lysis Buffer (Promega) and the 24 well 

plate frozen at -80 until ready to be assayed. When ready to assay, the plate was thawed 

and the contents of each well transferred to separate microcentrifuge tubes. Tubes were 

then centrifuged, 9,000g for 5 minutes, to clear the supernatant to be assayed. 
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2.2.6 Reporter assays 

2.2.6.1 Galactosidase Activity 

50JlI of each cell lysate was combined with 50JlI of 2X Assay buffer (l20mM 

Na2HP04, 80mM NaH2P04, 2mM MgCb, 100mM B-Mecarptoethanol, 1.33mg/ml 

ONPG) in 96 well plates and incubated for between 30 minutes and 3 hours to allow the 

colour reaction to develop. Following the incubation period, ~-Galactosidase activity 

was measured using a microplate reader (Biorad 3550-UV) to determine the absorbance 

of each sample at 405nm. 

2.2.6.2 Luciferase Activity 

100 JlI of luciferase Assay Reagent (Promega) was added to 20JlI of cell lysate, and 

luminescence was read immediately using a Turner Designs TD20/20 luminometer. For 

each sample, the luminometer performed a 2 second measurement delay followed by a 

luminescence measurement after 10 seconds. Background luminescence was also 

determined by measuring the luciferase activity of celllysates containing no DNA. 

2.2.6.3 Normalisation and statistical analysis of transfection data 

In cells co-transfected with the CMV -p-galactosidase reporter vector luciferase activity 

was standardised by dividing the totalluciferase activity per well by the corresponding 

CMV -~-Galactosidase activity for that well to give reporter units. In the case of the 

adherent cell lines it proved impossible to measure ~-galactosidase activity and so the 

numbers of replicates were increased from 3 to 5 to compensate for well to well 

variations in DNA transfected. 

Data from different experiments was normalised by setting the average reporter units 

for the MDRl Core Promoter Luc vector (Luc88/+77bp) as 100% activity. Individual 

reporter units resulting from transfection of the test constructs were divided by the 

average MDRl Core Promoter activity and multiplied by 100 to give % activity relative 

to the MDRl Core Promoter vector. Normalising the data allowed results from a series 
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of transfection experiments to be compared. Means and standard deviations were 

determined from a series of individual normalised replicates from several experiments 

obtained and plotted using the Microsoft Excel program. The data was statistically 

analysed with the statistic package, MINIT AB using a general linear model (GLM) 

ANOVA test and the Tukeys post-test to determine where the significant differences (if 

any) lie between the constructs within and between each cell line transfected. 

2.2.7 Identification of transcription factor consensus binding sequences 

SIGSCAN version 4.05 (Prestridge, 1991) and TESS:transcriptional element search 

system (Schug, 2003) are computer programs that scan DNA sequences for mammalian 

transcriptional elements. SIGSCAN version 4.05 makes use of the TRANSF AC 

database whilst TESS makes use of TRANSFAC as well as JASPAR and IMD 

databases. These programs were used to scan MDRl downstream sequences for putative 

transcriptional elements. 

2.3 RESULTS 

2.3.1 Drug resistance characteristics of cell lines studied 

The HlE8 cell line, derived from the drug sensitive promyelocytic leukaemia HL60 cell 

line, displays classical P-gp resistance (Su et at. , 1994) which can be completely 

reversed in the presence of the P-gp inhibitors, verapamil (Marks et al., 1996) and 

PSC-883 (Desiderato, PhD thesis, 2000). MDR resistance levels of the HlE8 cell line 

relative to the HL60 cell line were confirmed here using the P-gp specific substrate 

paclitaxel. The experiment was carried out twice. In the experiment shown, (see figure 

2.3a) the ICso' s of the HL60 and HlE8 cell lines were approximately 6nM and 80nM 

respectively with the HlE8 cell line being approximately 13.3 fold more resistant than 

its parental counterpart. This level of resistance is sitnilar to the resistance levels 

reported by Su et ai., (1994) who found the H/E8 cell line to be approximately 11.5 

fold more resistant than the drug sensitive cell line. 
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The MDR Kepru cell line, derived from the drug sensitive K562 cell line, expresses 

MDR1, but resistance in the Kepru cell line is reversible, declining with culture in the 

absence of drug, but able to be rapidly restimulated by short term low level drug 

exposure (Stephenson, PhD thesis, 2005). Drug resistance levels in freshly drug treated 

Kepru cells (KepruT), untreated Kepru cells after two months in drug free culture and 

the parental K562 cells, were confirmed using the P-gp substrate, paclitaxel. These 

experiments were repeated three times. As shown in 2.3b, the untreated drug resistant 

Kepru cell line (IC50~35nM) was approximately 4.4 fold more resistant than the drug 

sensitive K562 cell line (IC50~8nM). Drug treated Kepru cells (KepruT ~ 125 nM) were 

found to be approximately 3.6 times more resistant than the untreated Kepru cell line 

and 15.6 fold more resistant than the K562 cell line. We also confirmed that the 

increased resistance levels seen in the KepruT cell line returned to the same levels seen 

in the Kepru four months after initial drug treatment (data not shown). This data is 

consistent with previous cytotoxicity assay results in these cell lines (Stephenson, PhD 

thesis, 2005). 

The resistance levels of the cervical cancer derived KB-3-1 and KB-8-5 cell lines to 

paclitaxel are shown in figure 2.4a. The KB-3-1 cell line was found to have an 1C50 of 

6nM, whilst the KB-8-5 cell line has an IC50 of approximately 40nM, indicating that the 

KB-8-5 cell line is approximately 6.7 fold more resistant than the drug sensitive KB-3-1 

cell line. Similar results were obtained in three experiments. Okumura et al. , (2000) 

reported the KB-8-5 cell line to be approximately 12.6 times more resistant than the 

KB-3-1 cell lines whilst Loganzo et al., (2003) reported that the KB-8-5 cell line was 19 

times more resistant than the KB-3-1 cell line. However unlike the current study, both 

Okumura et al., (2000) and Loganzo et al., (2003) maintained their KB-8-5 cell line in 

the presence of colchicine between experiments, which may explain the differences in 

resistance seen. 

The addition of the P-gp reversing agent verapamil, had a relatively small effect on the 

sensitivity of the KB-3-1 cell line to paclitaxel. This observation was confirmed in two 

other experiments, with none to minimal reversal of resistance to paclitaxel in the 

presence of verapamil. Although verapamil is considered to be specific for P-gp, it is 

also capable of partially reversing MRP MDR (Clynes et al., 1998). Thus it is possible 

that the small reversal of resistance seen with the KB-3-1 cell line in the presence of 
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verapamil is due to MRP and not P-gp. This is consistent with the lack of evidence in 

the literature for P-gp expression in this cell line (Sumizawa et al., 1997; Okumura et 

al., 2000; and Anuchapreeda et al., 2002). In contrast to this, the addition of verapamil 

to the KB-8-5 cell line dramatically reversed the drug resistance to pac1itaxel to levels 

lower than the base level in the KB-3-1 cell line, demonstrating that P-gp is responsible 

for the increased drug resistance in the KB-8-5 cell line. 

The resistance levels of the colon cancer derived Lo Vo and LI ADR cell lines to 

pac1itaxel are shown in figure 2.4b. The experiment shows that the ICso of the Lo Vo 

cell line is approximately 10nM, which is similar to the ICso observed for the K562 cell 

line. However cytotoxicity is substantially increased (ICso ~O. 7nM) in the presence of 

verapamil, indicating that P-gp is functional in the Lo Vo cell line. The LI ADR cell line 

is approximately 250-fold more resistant than Lo Vo cells to pac1itaxel, with an ICso of 

~2500nM (see Figure 2.4b). However, like the Lo Vo cells, the presence of verapamil 

significantly reversed the resistance of the LI ADR cells, indicating that P-gp is the 

mechanism of resistance in both of these cell lines. This experiment was repeated three 

times. There are no reports in the literature of the use of pac1itaxel to determine the 

levels of drug resistance in the LI ADR cells, though it has been reported that the LI ADR 

cell line when tested for resistance in the presence of adriamycin is tenfold more 

resistant than the Lo Vo cell line (Sieder et al. , 1999). 

Table 2.1. compares the ICso's obtained for each cell line. The drug sensitive cell lines 

for each type of cancer cell line produced similar ICso values between 6 and 10nM. The 

LI ADR cell line was the most drug resistant with an ICso of 2500nM. The H/E8 cell line 

produced an ICso level of 200nM whilst the drug stimulated KepruT cell line had an 

ICso level of 125nM. The KB-8-5 and Kepru cell lines were the most sensitive to 

pac1itaxel of the resistant MDR sublines, with ICso's of 25nM and 35nM respectively. 

Based on the data obtained in this study and in previous studies, P-gp is expressed in the 

LoVo, L/ADR, HIE 8 , Kepru, KepruT and KB-8-5 cell lines. However P-gp is not 

detected in the HL60 and K562 cell lines. In contrast to this, the primary MDR 

mechanism in the KB-3-1 cell line cannot be attributed to P-gp and instead is most 

likely the result of MRP. 
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Figure 2.3 Growth inhibition of the HL60 and K562 series cell lines by paclitaxel. 

a) HL60 (D ) and HlE8 cell lines (~) . 

b) K562 (D ), Kepru (~) and KepruT (.&) cell lines. 

Points are the mean of triplicate wells and bars are the standard deviation. 
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Figure 2.4 Growth inhibition of the KB and LoVo cell lines by paclitaxel in the 

presence and absence of verapamil. 

a) Cells were treated with paclitaxel (KB-3-1 D , KB-8-S~ ) or paclitaxel plus 

verapamil (KB-3-1 , KB-8-S . ). 

b) Cells were treated with paclitaxel (Lo Vo D , LI ADR ~ ) or paclitaxel plus 

verapamil (LoVo ,L/ADR . ). 

Points are the mean of quadruplicate wells and bars are the standard deviation. 
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Table 2.1 Comparison of the IC50 values of each cell line to the drug paclitaxeI. 

IC50 (nM) 
Parental Drug Selected Verapamil 
Cell Line Cell Line reversal 

HL60 6 - -
HIE 8 - 80 + 
KS62 8 - -
Kepru - 32.S + 
KepruT - lIS + 

--
KB-3-1 6 - -
KB-8-S - 40 + 
LoVo 10 - + 
L/ADR - 2500 + 

Data based on cytotoxicity assays shown in figures 2.3 and 2.4. 
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2.3.2 Reporter studies of the +283 to +455bp region of MDRl 

The region from +283 to +455bp of the MDRl gene is within the intron 1 CpG island 

and contains both the differentially methylated sites in the HL60 series cells (see figure 

2.1) and the previously observed in vitro footprints (see figure 2.5). In order to examine 

the possible functional role of this region in promoter regulation, reporter gene studies 

were employed. The +283 to +455bp region and subsections of this region to be tested, 

were amplified and subcloned into a previously constructed Luc reporter vector 

containing the MDRl -88/+77bp minimal promoter subcloned into the promoter site of 

PGL3-Basic vector (Cassano, Honours thesis, 2000). The -88/+77bp minimal region 

was chosen since previous studies have indicated that MDRl promoter activity is not 

increased with the inclusion of regions beyond -88bp, (Cornwell and Smith, 1993a; 

Goldsmith et aI., 1993) and that maximum promoter activity is achieved by terminating 

the promoter at +76bp (Lau et aI., 1998). The entire +283 to +455bp region was 

subcloned into the enhancer site of the MDRl Core Promoter vector to give 

Luc283/455. This segment of the MDRl gene was further subdivided into a further 

three constructs in an attempt to isolate the previously observed in vitro footprints . 

Luc283/382 was constructed to contain in vitro footprints A, Band C whilst 

Luc322/455 hosts in vitro footprints B, C and D, and Luc322/382 ,vas constructed to 

isolate footprints Band C from surrounding in vitro footprints (see figure 2.5). 

2.3.2.1 WE8 cell line 

Equimolar amounts of the MDRl Core Promoter (Luc-88/+77bp), Luc283/455 , 

Luc283/382, Luc322/455 and Luc322/382 constructs were transfected into the H/E8 

cell line using DMRIE-C and previously determined optimised amounts of Luc 

plasmids and CMV -p- galactosidase plasmids as described in 2.2.5. Each reaction was 

performed in triplicate and the experiment repeated four times with similar results 

obtained. Transfection into HL60 cells proved impossible despite many optimisation 

attempts including varying transfection reagents, the amount of transfection reagent, 

length of incubation, number of cells, amount of DNA and transfection methods. With 

no success varying any of these parameters, it was decided that transfection studies in 

the HL60 cell line would be discontinued. 
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GAAGTCCTCTGGCAAGTCCATGGGGACCAAGTGGGGT TAGATCTAGACTCAGG 303 

A 
cgcc T 

B C 
TGGAccatgttgcccGGAGCGCGCACAGCCCGC 363 

* ** *** D **** GCGGTGCGGGG~CCTGCTCTctgagcccgcg gcggtgggtGGGAGGAAGCATCGTCCGC 423 

GGCGACTGGAACCGGGAGGGAGAATCGCACTGGCGGCGGGCAAAGTCCAGAACGCGCTGC 483 

- Luc283/455 - Luc283/382 - Luc322/455 - Luc322/382 

Figure 2.5 Sequences from the +283 to +455bp region cloned into Luc constructs. 

The key below the sequence indicates the colour used to show the region contained in 

each construct. Previously observed in vitro footprints are in lower casing and regions 

referred to as footprints A, B, C and D in this study are highlighted yellow 

and a ua respectively. The stars above bases indicate positions of in vitro sites of 

hypersensitivity. 
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The nonnalised reporter gene activity of various Luc plasmids, relative to the activity 

of the MDRI Core Promoter Luc vector (Luc-88/+77bp) alone, obtained from four 

separate transfection experiments in the HlE8 cell line is shown in figure 2.6a. The 

numbers shown below each construct in figure 2.6a indicate the nonnalised reporter 

gene activity of that construct relative to the activity of the Core Promoter construct, 

with the standard deviations shown in brackets. Figure 2.6b shows the statistical 

analysis data for these experiments with a p value of less than 0.05 indicating 

significance. Transfection of the Luc283/455 vector, which contains the region that is 

methylated in HL60 cells and which contains the in vitro footprints (see figure 2.5) 

resulted in a significant reduction in Luc reporter gene activity to 48% of that obtained 

with the MDRI Core Promoter vector alone, indicating the presence of a repressor 

element in the region. 

When the Luc283/455 region was subdivided into Luc283/382 (contains in vitro 

footprints A, B and C) and Luc322/455 (contains footprint B, C and D) both constructs 

also significantly reduced Luc activity relative to the Core Promoter. Transfection of the 

Luc322/382 vector, which contains in vitro footprints Band C only, reduced activity to 

550/0 of the Core Promoter suggesting that a repressor is located in this region. 

However the reporter activity of the Luc322/382 vector was significantly higher than 

either of the Luc283/382 or Luc322/455 regions, indicating that the flanking regions 

+283 to +322bp and +382 to +455bp each contained additional repressor activity. In 

addition, since the activity of the complete Luc283/455 vector was significantly higher 

than that of either Luc283/382 or Luc322/455, we hypothesise that each of these regions 

also contained an enhancer. Thus, as shown schematically in figure 2.8a, these results 

could be accounted for by the presence within the region of 5 regulatory elements, - 3 

repressors and 2 enhancers. 

Figure 2.8d shows a schematic of the +283 to +455bp region including the previously 

identified in vitro footprints . The hypothesised repressor and enhancers have been 

placed above an in vitro footprint where one exists, however the relative designation of 

these as enhancer or repressor is arbitrary, except for the putative repressor between 

+322 and +383bp. The design of the previous in vitro footprinting experiments were 

such that it was not possible to detect footprints beyond approx +420bp, thus we cannot 

suggest where the third element in the region +322 to + 455bp may be located. 
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Figure 2.6 Normalised reporter gene activity of the Luc Core Promoter, 

Luc283/455, Luc283/382, Luc322/455 and Luc322/382 constructs in the HlE8 cell 

line. a) Data shows the mean and standard deviations of normalised reporter gene 

activity relative to the Luc Core Promoter from four separate experiments in HlE8 cells. 

b) Table shows statistical comparison of the activity of each vector in a) with a p-value 

of less than 0.05 indicating significance and are shown in red. 

Chapter 2 : Identification of regulatory elements within intron 1 of the MDRI gene 59 



Identification of transcription factor consensus binding sequences in the +420 to 

+455bp region using SIGSCAN and TESS analysis, reveals a potential NF-l binding 

site between +430 and +433bp and a potential binding site at +435 and +444bp (see 

figure 2.8) hence we have placed the final repressor element within the +283 to +455bp 

region over this NF -1 and Sp 1 site, however whether or not this interaction occurs 

either at NF-l or Spl or both in vivo is unknown. No other transcription factor 

consensus binding sequences were found within the +420 to +455bp region. 

2.3.2.2 K562 cell lines 

The K562 and Kepru cell lines were also transfected with equimolar amounts of the 

Luc-88/+77bp MDRI Core Promoter, Luc283/455, Luc283/382, Luc322/455 and 

Luc322/382 vectors. Figure 2.7a and 2.7b shows the normalised activity of each Luc 

construct relative to the Luc-88/+77bp Core Promoter, obtained from three separate 

experiments for each cell line. The activity of each reporter construct relative to the 

activity of the Luc Core Promoter is also shown along with the standard deviations in 

brackets. Figure 2.7c shows the statistical analysis of the data. For the K562 cell line, 

transfection of the Luc283/455 construct reduced reporter activity to 74% compared to 

the Core Promoter alone. Transfection of Luc283/382 and Luc322/455 produced a 

further reduction of activity compared to the Luc Core Promoter resulting in reduced 

activity to 31 % and 23%, respectively. Transfection of Luc322/382 also resulted in a 

reduction of activity to 39% relative to the Core Promoter. The reduction of all test 

vectors relative to the activity of the Luc Core Promoter was found to be significant. 

Similarly the reduction of activity of the subdivided regions, Luc283/382, Luc322/455 

and Luc322/382 relative to the Luc283/455 vector was also found to be significant 

again indicating the presence of both enhancers and repressors within the +283 to 

+455bp region as was suggested for HlE8 cell line.The downstream constructs also 

significantly repressed Core Promoter activity in the Kepru cell line (see figure 2.7b). 

The Luc283/455 vector reduced reporter activity to 61 % relative to the Core Promoter. 

As was the case in HlE8 and K562 cell lines, subdivision of the +283 to +455bp region 

into Luc283/382 and Luc322/455 reduced activity further to 27% and 34% of the Core 

Promoter respectively, indicating that individually they are even more repressive than 

the complete region. 
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Cell line Construct Luc283/455 Luc283/382 Luc322/455 Luc322/382 
K562 Core Promoter 0.0122 0.0000 0.0000 0.0000 
K562 Luc283/455 - 0.0001 0.0000 0.0038 
K562 Luc283/382 - - 0.9933 0.9987 
K562 Luc322/455 - - - 0.5420 
Kepru Core Promoter 0.0000 0.0000 0.0000 0.0000 
Kepru Luc283/455 - 0.0016 0.0125 0.7613 
Kepru Luc283/382 - - 1.0000 0.4199 
Kepru Luc322/455 - - - 0.8725 

Figure 2.7 Normalised reporter gene activity of the Luc Core Promoter, 

Luc283/455, Luc283/382, Luc322/455 and Luc322/382 constructs in K562 and 

Kepru cell lines. a), b) Data shows the normalised reporter gene activity relative to the 

Luc Core Promoter from three separate experiments in (a) K562 cells and (b) Kepru 

cells. Numbers in bold indicate the reporter activity relative to the Core Promoter with 

the standard deviation in brackets underneath. c) Table shows statistical comparison of 

the activity of each vector in a) and b) with a p-value of less than 0.05 indicating 

significance and are shown in red . 
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This reduction of activity seen for Luc283/382 and Luc 322/455 relative to that found 

for Luc283/455 was significant. Transfection of the Luc322/382 vector also produced a 

reduction in activity to 46% relative to the Core Promoter, again indicating the presence 

of a repressor in this region. 

The model described earlier for H/E8 cells (shown in figure 2.8) is equally possible for 

K562 and Kepru cells, although the differences in repressive effect of the complete 

+ 283 to +455bp region between the three cell lines suggests that the relative activity of 

the different binding factors may differ in the cells (figure 2.8). For example the total 

reduction in activity caused by the complete +283 to +455bp region is lowest in K562 

cells and highest in H/E8 cells (figure 2.8). This difference in activity of Luc283/455 in 

K562 and H/E8 cells was found to be statistically significant (see Table 2.2). 

Repression by the +322 to + 383bp binding factor appeared to be strongest in K562 cells 

and weakest in H/E8 cells, although statistical significance for this difference was not 

reached in these experiments. In summary the data for each of the leukaemic cell lines 

tested suggested the existence of multiple interactions both positive and negative in 

effect within the region previously identified as being differentially methylated in HL60 

and H/E8 cells and containing in vitro DNA:binding interactions. 

2.3.3 Reporter studies of the +283 to +606bp MDRl region 

2.3.3.1 HlE8 cell line 

Although the differential methylation and in vitro footprints observed previously were 

all contained within the +283 to +455bp region (see figures 2.1 and 2.5), the region 

beyond these is also within the intron 1 CpO island and has numerous consensus 

sequences for transcription factor binding (see figure 2.11). This region was not 

examined previously by in vitro footprinting, since the most 3' bp position that could be 

visualised in those experiments was approx +420bp. In order to examine whether this 

regIon may also contain any regulatory elements, the +415 to +606bp downstream 

regIon (see figure 2.9) was subcloned into the enhancer site of the MDRI Luc Core 

Promoter vector and transfected into the H/E8 cell line, along with a previously 

constructed Luc283/606 vector (Cassano, Honours thesis, 2000) and the Luc283/455 

vector. 
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Figure 2.S Possible locations of regulatory elements in the +2S3 to +455bp region 

in HIES, Kepru and KepruT cell lines. a) HlE8; b) Kepru and c) KepruT cell lines. 

Potential repressor elements are shown by red ovals and potential enhancers with green 

ovals. The numbers on the right side show % inhibition relative to the Core Promoter. 

d) Schematic of the +283 to +455bp region showing the location of in vitro footprints 

A, B, C and D. The stars indicate the in vitro hypersensitivity sites with the numbers 

indicating the position of the in vitro footprints. A putative NF-1 binding site found at 

+430 to +433bp is shown in a purple box whilst a putative Spl site found at +435 to 

+444bp is shown in a blue box. 
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Table 2.2 Statistical comparison of the Luc283/455, Luc283/382, Luc322/455 and 
Luc322/382 reporter construct activity between the HIE 8 , K562 and Kepru cell 
lines. 

Luc283/455 
Cell line K562 Kepru 
HIE 8 0.0355 0.6245 
K562 - 0.9962 

Luc283/382 
Cell line K562 Kepru 
HIE 8 1.0000 1.0000 
K562 - 1.0000 

Luc322/455 
Cell line K562 Kepru 
HIE 8 0.9983 1.0000 
K562 - 0.9729 

Luc322/382 
Cell line K562 Kepru 
H/E8 0.4871 0.9942 
K562 - 0.9986 --_._-----_._----

Table shows statistical comparison of the activity of each vector in each cell line with a 

p-value of less than 0.05 indicating significance. P values deemed to be significant are 

shown in red . 
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Transfections were carried out using LF2000 and previously determined optimal 

amounts of reporter plasmids (approximately 0.5J.lg each of the Luc vectors and the 

CMV -~-galactosidase plasmid) as described in 2.2.4. Transfection of the MDRl Luc 

Core Promoter, Luc283/606, Luc283/455 and Luc415/606 vectors was carried out four 

times and figure 2.10a shows the normalised reporter gene activity of each construct 

relative to the activity of the Luc Core Promoter. Figure 2.10b shows the statistical 

analysis of the data. 

As expected, the Luc283/606 construct produced a significant reduction in activity 

relative to the Core Promoter, consistent with the presence of the +283 to +455bp 

sequence within it. The activity produced by the smaller Luc282/455 construct was not 

significantly different from that produced by the complete Luc283/606 region (figure 

2.1 Ob). Surprisingly however, the Luc415/606 construct also produced a significant 

reduction of activity relative to the Core Promoter. The reduction in activity caused by 

Luc415/606 was not significantly different from that produced by Luc283/455 or Luc 

283/606. Thus this result suggests that both of the regions +283 to +455bp and +415 to 

+606bp have a net repressive effect, each similar to that of the total region. 

Since the ea.rlier results had suggested tha.t mUltiple elements occur within the +283 to 

+455bp region in HlE8 cells, the picture may be quite complex, with the +415 to 

+606bp region also containing multiple interactions. However an alternative possibility 

is that the +415 to +606bp region contains only one repressor that is present also in 

Luc283/455, i.e. located between +415 and +455bp and that the total effect of 

Luc283/606 is produced entirely by the interactions within Luc283/455, with those in 

the region prior to +415bp approximately cancelling each other out. If correct this 

would further define the location of the third element in Luc322/455 (figure 2.8) and 

identify it as a repressor, as we have provisionally done. However SIGSCAN and TESS 

analysis indicates a large number of consensus transcription factor binding sites in the 

sequence beginning +455bp, so, as appears to be the case for the +283 to +455bp 

region, the picture may be complex with multiple contributing binding factors. To 

determine if this is the case, constructs comprising subregions of the +455 to +606bp 

region could be tested, however this was not pursued further in these experiments. 
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GAAGTCCTCTGGCAAGTCCATGGGGACCAAGTGGGGTTAGATCTAGACTCAG 303 

C 
TGGAccatgttgcccGGAGCGCGCACAGCCCGC 363 

* ** *** D **** 
GCGGTGCGGGG~CCTGCTCTctgagcccgcgggcggtgggtGGGAGGAAGCATCGTCCGC 423 

GGCGACTGGAACCGGGAGGGAGAATCGCACTGGCGGCGGGCAAAGTCCAGAACGCGCTGC 483 

CAGACCCCCAACTCTGCCTTCGTGGAGATGCTGGAGACCCCGCGCACAGGAAAGCCCCTG 543 

CAGTGCCCATCGCGGCCAGAGCAGCTGGGGCATCAACGGCGGGCGCTCCCTCTTACTGCT 603 

CTCT 607 
- Luc 283/606 - Luc 283/455 Luc 415/606 

Figure 2.9 Sequences from the +283 to +606bp region cloned into Luc 

constructs. The Luc283/606, Luc 283/455 and Luc 415/606 sequences are underlined 

in blue, pink and yellow respectively. Previously observed in vitro footprints are in 

lower casing and regions refened to as footprints A, B C and D in this study are 

highlighted een, i ,yellow and qua respectively. The stars above bases indicate 

positions of in vitro sites of hypersensitivity. 
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Figure 2.10 Normalised reporter gene activity of the Luc Core Promoter, 

Luc283/606, Luc283/455 and Luc415/606 constructs in the HlE8 cell line. 

a) Data shows the mean and standard deviation of normalised reporter gene activity 

relative to the Luc Core Promoter across four separate transfection experiments. The 

numbers in bold below each construct indicate the reporter activity relative to the Core 

Promoter with the standard deviation in brackets underneath. b) Table shows statistical 

comparison of the activity of each vector in a) with a p-value of less than 0.05 

indicating significance. P values deemed to be significant are shown in red. 
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Figure 2.11 Possible locations of regulatory elements in the +283 to +606bp region in the HlE8 cell line. 
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a) Location of regulatory elements in the HlE8 cells. Potential repressor elements are shown by red ovals and potential enhancers with 

green ovals. The numbers on the right side show % inhibition relative to the Core Promoter. b) Schematic of the +283 to +606bp region 

showing the location of in vitro footprints A, B, C and D. The stars indicate the in vitro hypersensitivity sites. Putative consensus binding 

sites in the +415 to +606bp region detennined using SIGSCAN and TESS analysis are shown in purple (NF-1), blue (Sp1) and green 

(PEA-3) boxes. The numbers below indicate the position of the in vitro footprints and the putative consensus binding sites. 
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2.3.3.2 Cell lines of non-leukaemic origin 

In order to examine tissue specificity of any regulatory elements within the intron 1 

CpG island, the transfection studies were expanded to include the cervical cancer 

derived KB cell lines and the colon cancer, Lo Vo cell lines. Equimolar amounts of the 

Luc Core Promoter, Luc283/606, Luc283/455 and Luc415/606 reporter vectors were 

transfected into the KB-3-1 , KB-8-5 , Lo Vo and LI ADR cell lines using LF2000 and 

pre-determined levels of Luc constructs as outlined in methods. The results of these 

experiments are shown in figures 2.12 and 2.13 for the KB and Lo V 0 cell lines, 

respectively. 

In contrast to the leukaemic HlE8 cell line, the downstream Luc283/455, Luc415/606 

and Luc283/606 reporter vectors all produced a significant increase in activity relative 

to the Luc Core Promoter in the KB cell lines, suggesting that an enhancer is present in 

all three constructs. Looking at the results for the KB-3-1 cell line (figure 2.12a) we see 

that the Luc283/606 vector produced an increase in activity of approximately 72% 

relative to the activity of the Core Promoter vector (Luc-88/+77bp). This increase 

relative to the Luc Core Promoter was statistically significant (figure 2.11c). Similarly 

the Luc283/455 and Luc415/606 constructs produced significant increases in activity 

relative to the Luc core promoter. The three downstream constructs were however not 

statistically different in activity from each other. 

The KB-8-5 cell line, which expresses higher levels of MDR1, shows an even greater 

increase in activity in all three downstream constructs relative to the Luc Core Promoter 

vector (figure 2.12b). An approximately 2-fold increase in activity is evident for the 

Luc283/606 and Luc415/606 constructs and an approximately 3-fold increase for the 

Luc283/455 construct. However, as for KB-3-1 cells, no statistically significant 

difference between any of the three of the downstream constructs was found, suggesting 

that the element responsible for the enhanced activity seen with Luc283/606 in the KB-

3-1 and KB-8-5 cells may be present in both Luc283/455 and Luc415/606 and thus 

within the +415 to +455bp region which is common to all three constructs. However 

further subdivision of the regions may reveal that multiple interacting elements exist, as 

appeared to be the case for H/E8 cells. 
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Figure 2.12 Normalised reporter gene activity of the Luc Core Promoter, 

Luc283/606, Luc283/455 and Luc415/606 constructs in the KB cell lines. a) and b) 

Data shows the mean and standard deviation of normalised reporter gene activity 

relative to Luc Core Promoter across three transfection experiments in a) KB-3-1 and 

b) KB-8-5 cells. Numbers in bold indicate reporter activity relative to the Core 

Promoter with the standard deviation in brackets. c) Table shows statistical comparison 

of the activity of each vector in a) and b) with a p-value of less than 0.05 indicating 

significance and are shown in red . 
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The transfection of Luc283/606, Luc283/455 and Luc415/606 into the Lo Vo cell lines, 

also appeared to produce higher levels of reporter activity relative to the Luc Core 

Promoter (see figure 2.13a). However the increases seen in reporter levels were not 

found to reach significance in these experiments (figure 2.13c). Consistent with this, is 

the lack of significant difference between the Luc283/606, Luc283/455 and Luc415/606 

vectors, suggesting that the +283 to +606bp region is not involved in MDRl regulation 

in the Lo Vo cell line. This condition was also reflected in the LI ADR cell line (see 

figure 2.13b). The activity of the constructs in the LI ADR cell line appear to be 

increased relative to the Core Promoter however statistical analysis of the data reveals 

that there is no significant difference in activity between the Luc Core Promoter and 

Luc283/606, Luc283/455 and Luc415/606, nor is there any significant difference 

between Luc283/606, Luc283/455 and Luc415/606 constructs. Thus the results to date 

suggest that this region is not involved in MDRl regulation in Lo Vo or LI ADR cells, 

although further repetitions may support an enhancer activity, as for the KB series. 

Figure 2.14 summarises the possible interactions within the complete +282 to +606bp 

region for HlE8 and KB cell lines. The transfection data suggests this region has a net 

repressive effect on H/E8 cells, but with multiple contributing factors , including a 

repressor between +415 and +455bp. In contrast the KB-3-1 and KB-8-5 cells (and 

possibly the Lo Vo and LI ADR cells) are activated by this region, possibly via a single 

enhancer located between bases +415 and +455bp, although we cannot rule out the 

possibility that further regulatory elements are present in the +284 to +455bp and +415 

to +606bp region. To investigate the possibility of further elements constructs 

containing smaller MDRl gene sequences would need to be tested in these cell lines. 

Table 2.3 shows statistical comparisons for the Luc283/606, Luc283/455 and 

Luc415/606 vectors between all cell lines. The leukaemic HlE8 cell line was 

significantly different from the KB-8-5 , KB-3-1, Lo Vo and LI ADR cell line for each of 

the reporter constructs tested. No significant difference was detected between the KB-

3-1, KB-8-5 and Lo Vo cell lines for any of the constructs tested. The only significant 

difference between the KB-3-1 and L/ADR cell line was found in the activity of the 

Luc415/606 vector. The KB-8-5 cell line was significantly different from the LI ADR 

cell line for the Luc283/455 and Luc415/606 vector. However the activity of the 

Luc283/606 vector was not significantly different between the KB-8-5 and L/ADR cell 

lines. No significant difference was found between the Lo Vo and LI ADR cell lines. 
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Figure 2.13 Normalised reporter gene activity of the Luc Core Promoter, 

Luc283/606, Luc283/455 and Luc415/606 in the LoVo cell lines. a) and b) Data 

shows the normalised reporter gene activity relative to the Luc Core Prompter obtained 

in three separate transfection experiments in a) Lo Vo cells, b) LI ADR cells. Numbers in 

bold below each construct indicate the reporter activity relative to the Core Promoter 

with the standard deviation in brackets. c) Table shows than 0.05 indicating 

significance and are shown in tOed . 
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Figure 2.14 Possible locations of regulatory elements in the +283 to +606bp 

region in HlE8, KB-3-1 and KB-8-5 cell lines. a), b) and c) Location of regulatory 

elements in the a) H1E8 ; b) KB-3-1 and c) KB-8-5 cell lines. Potential repressor 

elements are shown by red ovals and potential enhancers with green ovals. The numbers 

on the right side show % activity relative to the Core Promoter. d) Schematic of the 

+283/+606bp region showing the location of in vitro footprints A, B, C and D. The stars 

indicate the in vitro hypersensitivity sites with the numbers indicating the position of 

the in vitro footprints. A putative NF-1 consensus site present at +430 to +433bp is 

shown with a purple box whilst a putative Sp1 site at +435 to +444bp is shown in blue. 
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Table 2.3 Statistical comparison of the Luc283/606, Luc283/455 and Luc415/606 

reporter construct activity between the HlE8, KB and Lo Vo cell lines. 

Luc283/606 
Cell line KB-3- 1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.0001 
KB-3 -1 - 0.9998 0.9999 0.8825 
KB-8-5 - - 0.7874 0.1 263 
LoVo - - - 1.0000 
Luc283/455 
Cell line KB-3-1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.000 1 
KB-3-1 - 0.3] 67 1.0000 1.0000 
KB-8-5 - - 0.0611 0.0210 
LoVo - - - 1.0000 
Luc415/606 
Cell line KB-3-1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.0001 
KB-3-1 - 0.9996 1.0000 0.0001 
KB-8-5 - - 0.8978 0000] 
LoVo - - - 0.2996 ------------

Table shows statistical comparison of the activity of each vector in each cell line with a 

p-value of less than 0.05 indicating significance. P values deemed to be significant are 

shown in red. 
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2.3.4 Reporter studies of the +65 to +282bp region 

To extend our study of the intron 1 region we also produced constructs comprising 

various subregions between +65 and + 282bp cloned into the enhancer site downstream 

of the luciferase gene in the previously constructed Luc Core Promoter construct. The 

subregions examined were the entire +65 to + 282bp region, the +65 to+ 189bp region 

and the + 193 to +282bp region (see figure 2.15). The constructs were transfected into 

the HIE 8 , KB and Lo Vo series cell lines and the resulting reporter gene activity 

measured and compared. 

2.3.4.1 HlE8 cell line 

Equimolar amounts of the Luc Core Promoter, Luc65/282, Luc65/189 and Luc193/282 

were transfected into the H/E8 cell line using LF2000 and the conditions outlined in 

methods. The experiment was repeated three times and figure 2.16a shows the 

normalised reporter gene activity across the three experiments relative to the activity of 

the Luc Core Promoter. The statistical analysis of the data in figure 2.16a is shown in 

figure 2.16b. Each of the constructs Luc65/282, Luc65/189 and Luc 193/282 

significantly decreased activity relative to that obtained with the Core Promoter alone, 

indicating the presence of at least one repressor element in each construct, since the two 

regions Luc65/189 and Luc 193/282 have no sequences in common. 

The finding that the activity of Luc 193/282 is even lower than that of either Luc65/282 

or Luc 65/189 and that this difference is significant, suggests the existence also of an 

enhancer within the region +65 to + 282bp. The activity of Luc65/189 was a little higher 

than that of Luc65/282, but the difference was not found to be significant. The simplest 

hypothesis that could account for the results is that an enhancer bridges across the 

region +189 to + 193bp and is disrupted when the region is subdivided into the two 

constructs, thereby leaving only the repressor influence in each construct. The figure 

2.19 shows a schematic outlining this possible explanation of the results obtained, i.e. a 

repressor is located in each of the regions +65 to + 189bp and + 193 to 282bp with an 

enhancer overlapping these two regions. 
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TTCCACTAAAGTCGGAGTATCTTCTTCCAAAATTTCACGTCTTGGTGGCCGTTCCAAGGA 123 

GCGCGAGGTAGGGGCACGCAAAGCTGGGAGCTACTATGGGACAGTTCCCAAGTGTCAGGC 183 

TTTCAGAT'T'rCCTGAACTTGGTCTTCACGGGAGAAGGGCTTCTTGAGGCGTGGATAGTGT 243 

GAAGTCCTCTGGCAAGTCCATGGGGACCAAGTGGGGTTAGATCTAGACTCAGGagctcct 303 

+65/+285 ____ +65/+189 +193/+285 

Figure 2.15 Sequences from the +65 to +282bp region cloned into Luc constructs. 

The sequences contained in Luc65/283, Luc651189 and Luc193/285 are underlined on 

pale blue, dark blue and yellow respectively. 
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Figure 2.16 Normalised Reporter gene activity of the Luc Core Promoter, 

Luc65/282, Luc65/189 and Luc193/282 constructs in the HlE8 cell line. a) Data 

shows the mean and standard deviation of normalised reporter gene activity relative to 

Luc Core Promoter across three transfection experiments. Numbers in bold below each 

construct indicate the reporter activity relative to the Core Promoter with the standard 

deviation in brackets. b) Table shows statistical comparison of the activity of each 

vector in a) with a p-value of less than 0.05 indicating significance and are shown in 

red . 
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2.3.4.2 KB cell lines 

Equimolar amounts of the Luc Core Promoter, Luc65/282, Luc65/189 and Luc 193/282 

were transfected into the KB-3-1 and KB-8-5 cell lines as outlined in methods. Unlike 

the H/E8 cell line, transfection of the Luc65/282, Luc65/189 and Luc193/282 constructs 

into KB-3-1 cells resulted in significantly increased reporter activity for all constructs 

relative to the Luc Core Promoter (see figure 2.17a and 2.17c), suggesting that enhancer 

elements are present in each of the +65 to + 189bp and + 193 to + 282bp regions. A 

significant difference was noted between the activity of the Luc65/282 vector and 

Luc65/189 and between Luc65/282 and Luc 193/282. There was no significant 

difference between Luc65/189 and Luc 193/282. However if both distinct regions 

enhance activity to the same degree, one would expect that the two regions together 

would enhance significantly more than either one alone. The fact that this is not seen 

suggests the possibility of a repressor spanning across the region + 189 to + 193bp that is 

disrupted in both of the two constructs. Figure 2.19 shows a diagram with approximate 

location of regulatory elements, which may account for the results obtained here. 

The transfection results for the KB-8-5 cell line (see figure 2.17b and 2.17c) also show 

significantly (see figure 2.17b) increased activity for each of the two constructs 

Luc65/282 and Luc65/189 relative to the activity of the Luc Core Promoter. However 

no significant difference was seen between the Luc Core Promoter and the Luc 193/282 

vector thus suggesting that the enhancer element present in Luc65/282 is present in 

Luc65/189 and not in Luc193/282. The average activity produced by Luc65/189 was 

higher than that produced by Luc65/282, but the difference was not shown to be 

significant, thus we cannot hypothesise as yet that a repressor binds across the + 189 to 

+ 193bp region as was suggested for KB-3-1, nor the existence of a second enhancer in 

the region +193 to +282bp. 

2.3.4.3 Lo Vo cell lines 

Equimolar amounts of Luc Core Promoter, Luc65/282, Luc65/189 and Luc193/282 

constructs were transfected into the Lo Vo and LI ADR cell lines using the parameters 

outlined in methods. The results of the reporter activity of each construct relative to the 
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Figure 2.17 Normalised reporter gene activity of the Luc Core Promoter, 

Luc65/282, Luc65/189 and Luc193/282 constructs in the KB cell lines. a) and b) 

show normalised reporter gene activity from three transfection experiments in a) KB-3-

1 and b) KB-8-5 cells with the means and standard deviations shown below. c) Table 

shows statistical comparison of the activity of each vector in a) and b) with a p-value of 

less than 0.05 indicating significance and are shown in red. 
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activity of the Core Promoter across three separate experiments are shown in figure 

2.18. In the LoVo cell line (see figure 2.18a and c) the reporter activity of the 

Luc65/282 was significantly increased relative to the activity of the Luc Core Promoter 

with an approximately 3-fold increase in activity seen. The Luc651189 and Luc193/282 

vectors not only produced significantly increased levels of activity relative to the Luc 

Core Promoter, but also produced similar levels of activity to that seen with the 

Luc65/282 vector. Thus as discussed for KB-3-1 cell lines, it is possible that the +65 to 

+ 282bp region contains two enhancers and one repressor located over the + 189 to 

+ 193bp region which is disrupted by the subcloning of the +65 to + 189bp and + 193 to 

+ 282bp regions. Thus the +65 to + 189bp and + 193 to + 282bp regions both contain an 

enhancer of similar efficacy, but the sum of these in the complete +65 to +282bp region 

is reduced by the action of a repressor bound across these two regions. 

The LI ADR cell line (see figure 2.18b and 2.18c) also produced significantly higher 

levels of reporter activity with the Luc65/282, Luc651189 and Luc 193/282 reporter 

vectors relative to the activity of the Luc Core Promoter. Thus the situation in the Lo Vo 

cell lines in regards to the involvement of the +65 to + 282bp region in promoter 

regulation is also similarly reflected in the LI ADR cell line, with no significant 

difference between any of the constructs in either of the cell lines detected. Again 

similar levels of enhancement were obtained with the two separate constructs 

Luc65/189 and Luc193/282, but the fact that each of these separately is as high as the 

combined construct suggests the presence of a repressor bound to a site containing 

+189 to +193bp. 

Figure 2.19 summarises the possible interactions within the region +65 to + 282bp in 

each of the cell lines examined. At the right side of the diagram the % activity of each 

construct is sho\\'l1. This figure also shows the position of putative consensus 

transcription factor binding sites as determined using SIGSCAN and TESS analysis. 

The regulatory elements detected in the +65 to + 282bp region have been placed 

arbitrarily over specific potential binding sites, but it is not claimed that they are the 

exact position of these elements in vivo. Furthermore, it is possible that the results 

obtained derive from a combination of binding factors within these regions that we 

cannot distinguish in the current constructs. 
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Figure 2.18 Normalised reporter gene activity of the Luc Core Promoter, 

Luc65/282, Luc65/189 and Luc193/282 constructs in the LoVo and L/ADR cell 

lines. a), b) Data shows the normalised reporter gene activity relative to Luc Core 

Promoter across three transfection experiments in a) Lo Vo and b) LI ADR cell lines with 

the mean and standard deviation shown below. c) Table shows statistical comparison of 

the activity of each vector in a) and b) with a p-value of less than 0.05 indicating 

significance and are shown in red. 
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Figure 2.19 Possible locations of regulatory elements in the +65 to +282bp region 

in HIES, KB and LoVo cell lines. a), b), c), d) and e) Location of regulatory elements 

in the a) HIES, b) KB-3-1, c) KB-8-5, d) LoVo and e) L/ADR cell lines. Potential 

repressor elements are shown by red ovals and potential enhancers with green ovals. 

Numbers on the right side show % activity relative to the Core Promoter. t) Schematic 

of putative consensus binding sites in the +65 to +282bp region as determined using 

SIGSCAN and TESS analysis. The name and position (bp) of each potential 

transcription factor is shown. 

Chapter 2: Identification of regulatory elements within intron 1 of the MDRJ gene 82 



a) HlE8 

Luc65/282 

Luc651189 

Luc193/282 

b) KB-3-1 

Luc65/282 

Luc651189 

Luc193/282 

c) KB-8-5 

Luc65/282 

Luc651189 

Luc193/282 

d) LoVo 

Luc65/282 

Luc651189 

Luc193/282 

e) L/ADR 

Luc65/282 

Luc65/189 

Luc193/282 

1) 

6 

6: 

6: 

6: 

65 

6 

65 

6: 

65 

AP-3 
65-70 

NF-I 
116-121 

NF-I 
147-152 

189 

19 

189 

19 

189 

19 

189 

19 

189 

19 

Chapter 2: Identification of regulatory elements within intron 1 of the MDRI gene 

0/0 Control 

282 58 

65 

282 36 

282 216 

318 

~282 246 

282 364 

429 

282 163 

282 292 

273 

.282 275 

"'282 231 

249 

.282 285 

CIEBP-a 

83 



Table 2.4 shows the statistical analysis comparing the data between different cell lines. 

The H/E8 cell line, unlike the remaining cell lines showed decreased levels of activity 

for Luc65/282, Luc65/189 and Luc 193/282 relative to the Luc Core Promoter. The 

remaining cells showed increased levels of reporter activity. The difference in activity 

of each construct in the HlE8 cell line was found to be significantly different from the 

corresponding construct in the remaining cell lines. Comparing the % of control 

activities (figure 2.19) for the KB and Lo Vo series cell lines, the Luc65/189 enhancer 

appears stronger in KB-3-1 and KB-8-5 than in the Lo Vo and LI ADR cells, but no 

significant difference was seen between KB-8-5 and L/ADR cells (table 2.4). The 

Luc 193/282 enhancer appeared weaker in the KB-3-1 and KB-8-5 cells, but a 

significant difference was seen between KB-8-5 and LoVo and KB-8-5 and L/ADR 

cells. 

2.4 CHAPTER SUMMARY 

The reported drug sensitivity characteristics of the cell lines used in the study were 

confirmed and transient transfection studies used to examine if intron 1 had any 

potential regulatory function. The core MDRl promoter (Luc 1) reporter construct was 

expressed in both A1DRl expressing (HlE8, Kepru, KB-8-5, LoVo, and L/ADR) and in 

non-expressing (K562, KB-3-1) cell lines, indicating that adequate amounts of promoter 

specific transcription factors are available and thus the absence of expression in the 

K562 and KB-3-1 cells must be due to some other factors that are not reproduced in the 

transiently transfected reporter episome. An inability to demonstrate functional 

differences between drug sensitive and drug resistant cells transiently transfected with 

MDRl promoter constructs has been reported previously (Ince and Scotto, 1996). 

Transient transfection studies, although closer than in vitro DNA:protein binding 

studies, still do not reflect the true in vivo situation since there are major differences in 

the organisation of transiently transfected DNA and its responsiveness to transcriptional 

regulators compared to that of the endogenous gene (Archer et al 1994, Hebbar and 

Archer, 2008). 

It is noteworthy however, that the intron 1 region did influence activity of the MDRl 

promoter construct upon transfection and moreover gave opposite effects in the 

Chapter 2: Identification of regulatory elements within intron 1 of the MDRJ gene 84 



Table 2.4 Statistical comparison of the Luc65/282, Luc65/189 and Luc193/282 

and reporter construct activities between the HIE 8 , KB-3-1, KB-8-5, LoVo and 

L/ADR cells lines. 

Luc 65/282 
Cell line KB-3-1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.0001 
KB-3-1 0.0003 0.000 I 0.1212 
KB-8-5 1.0000 0.6422 
LoVo 0.8235 

Luc65/189 
Cell line KB-3-1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.0001 
KB-3-1 0.9763 1.0000 0.5997 
KB-8-5 0.4871 0.0306 
LoVo 0.9981 

Luc193/282 
Cell line KB-3-1 KB-8-5 LoVo L/ADR 
HIE 8 0.0001 0.0001 0.0001 0.0001 
KB-3-1 0.6568 1.0000 0.9998 
KB-8-5 0.] 740 0.1014 
LoVo 1.0000 

Table shows statistical comparison of the activity of each vector in each cell line with a 

p-value of less than 0.05 indicating significance and are shown in red . 
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leukaemic cell lines compared to the solid tumour cell lines, indicating that although 

possibly not reflective of the endogenous gene state, intron 1 elements can influence 

transcription differently in different cell environments. The results obtained suggested 

that multiple functional elements may exist in the +283 to +606bp region which have 

the potential to significantly reduce the activity of the MDRl promoter in the leukaemic 

cells tested (H/E8, K562, Kepru). In contrast to this, transfection studies revealed that 

this same region is able to increase the activity of the MDRl promoter construct in the 

cervical carcinoma cell line, KB-3-1 and its MDR counterpart, KB-8-5. An increase in 

activity of this region was also seen in the colon carcinoma cell line and its drug 

resistant derivative LI ADR, however this increase was not found to be significant in the 

current experiments. This data suggests that this region is capable of influencing the 

MDRl promoter either positively or negatively, dependent on the cell type. We have 

also shown that the +65 to + 282bp region may contain regulatory elements with the 

ability to reduce net promoter activity in the MDR HlE8 cell line and increase promoter 

activity in the KB-3-1 , KB-8-5 , LoVo and L/ADR cell lines. However since transient 

transfections may only give an indication of potential effects, which may never occur in 

vivo, due to endogenous factors influencing chromatin structure, we decided to seek 

further evidence for a functional role for intron 1 by in vivo footprinting . 
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CHAPTER THREE 

In vivo footprinting of MDRI intron 1 

3.1 INTRODUCTION 

We have previously identified in vitro DNA footprints between +297 and +404bp on the 

sense strand relative to the MDRl promoter (Desiderato, PhD thesis, 2000). However, 

the inability to re-create the endogenous chromatin structure outside the cell is a major 

limitation in investigating DNA:protein binding using in vitro methods. Thus the 

evidence provided by in vitro footprinting cannot be considered as conclusive evidence 

of DNA:protein interactions in vivo. The use of transient transfections comes a step 

closer in that they can signal the existence in vivo of transcription factors able to act 

upon the transfected intracellular DNA. However, transfected constructs again do not 

simulate the endogenous gene in its native chromatin conformation. Thus sites 

accessible in transfected DNA may not be accessible in the endogenous gene. 

To eXalnine if these DNA:protein interactions previously detected in vitro, take place in 

vivo, we investigated the technique of PCR mediated in vivo footprinting. This 

technique has been used previously to investigate in vivo chromatin structure 

(Hershkovitz and Riggs, 1997; Komura and Riggs, 1998; Kontarakai et al., 2000; Tagoh 

et al., 2002), transcription factor binding (Brunvand et al., 1993; Komura et al., 1997; 

Biegalke, 1998; Komura and Riggs, 1998; Tagoh et al. , 2002; Ten1ple and Murray, 

2005) and methylation status of CpG sites (Brunvand et al., 1993; Homstra et al., 1994; 

Litt et al. , 1996) in a variety of different genes and tissue origins. 

PCR mediated in vivo footprinting involves treating intact cells with a limiting amount 

of a DNA damaging agent such as UV, bleomycin, DNaseI or DMS. The frequency of 

induced damage is influenced by the chromatin structure and the presence of bound 

proteins. For example bases covered by a bound protein n1ay be protected from nicking 

by DNaseI relative to their state in the absence of bound protein. A1tematively DNA, 

which by virtue of its sequence or chromatin conformation is rendered lTIOre exposed to 
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DNaseI, may be hypersensitive to damage. DNA isolated from untreated cells is also 

treated in vitro with the same damaging agent and the sites of chromatin induced 

protection, or hypersensitivity, determined by comparing patterns of damage in the in 

vivo and in vitro damaged DNA samples using either ligation mediated PCR (LMPCR) 

or terminal dexoynucelotidyl transferase PCR (TDPCR). 

In the conventional LMPCR method (outlined in figure 3.1) in vivo and in vitro treated 

genomic DNA samples are cleaved at the sites of induced damage using either a specific 

enzyme or chemical reagent. The resulting single-strand breaks are converted to blunt 

ended termini by extension from a gene-specific primer 1 (P 1) to the site of cleavage in 

the template DNA. The blunt end products are then ligated to a double-stranded linker 

and amplified by PCR using a primer specific to the linker and a second nested gene 

specific primer (P2). PCR products are labelled by extension using a third gene specific 

labelled primer and separated using polyacrylamide gel electrophoresis. Comparison of 

LMPCR bands with co-electrophoresed DNA molecular weight markers allows 

determination of the sites of induced damage. Although LMPCR has been used 

successfully to investigate the presence of protein interaction in vivo it has several 

limitations. Firstly, LMPCR can only detect breaks in the DNA strand, thus DNA has to 

be treated with a cleaving agent to introduce breaks at the sites of damaged bases. 

Secondly the 5 ' end of the template has to be phosphorylatable as it must undergo blunt 

end ligation with the double stranded linker lTIolecule. Extension must also continue to 

the end of the template, otherwise the strand will not undergo blunt end ligation 

(Komura and Riggs, 1998) and will ultilTIately result in missing bands (not due to 

induced damage) on the resulting gel profile. 

In the alternative TDPCR method, first described by Komura and Riggs, (1998) in vivo 

and in vitro treated genomic DNA samples are subjected to repeated primer extension 

with a gene specific primer 1 (P 1). Extension telminates opposite sites of template 

dan1age, producing a family of specific single-stranded products, each terminating 

opposite a specific lesion (see figure 3.1). In a subsequent paper Chen et al., (2001) 

describes use of a biotinylated extension primer enabling easier purification and 

increased retention of smaller extension products using streptavidin beads. 
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Figure 3.1 Schematic outline of the principles involved in the LMPCR and the 

TDPCR footprinting procedures. Diagram taken from Komura and Riggs, (1998). 
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A ribonucleotide tail of approximately 3 Guanines is added to the 3' ends of extension 

products using terminal deoxynucleotidyl transferase (T dT) and the products ligated to a 

double stranded linker which has a complimentary 3' overhang. 

The products are amplified with a second nested gene specific primer 2 (P2) and a 

primer (LP25) complimentary to the linker. PCR products are then labelled with a 

labelled third gene specific primer and the fragments separated using polyacrylamide 

gel electrophoresis. In our experiments the products were labelled with an IRD-800 dye 

labelled primer and separated on a LI-COR sequencing gel apparatus (Chen et al., 

2001). Sites of induced damage are identified by co-electrophoresis with DNA 

molecular weight markers. This method, unlike LMPCR, does not require use of a 

cleavage agent to create nicks. In addition, the template in TDPCR does not participate 

in ligation to a linker, and so can act as a template for extension many times, leading to 

greater sensitivity than in LMPCR. For these reasons we elected to use TDPCR. 

Although a range of damaging agents are available, we chose UV light which is simpler 

and less disturbing to the cells than other damaging agents and allows the detection of a 

greater number of potential transcription binding sites with greater sensitivity (Pfeifer 

and Tomaletti, 1997). Exposure of DNA to UV light produces UV dirners mainly at 

sites of adjacent dipyrimidines. Two major types of products are formed at 

dipyrimidines as a result of UV exposure; cyclobutane pyrimidine dimers (CPDs) 

(Gordon & Haseltine, 1982) and pyrimidine (6-4) pyrimidone photodimers (6-4PDs) 

(Miller, 1985). Cyclobutane dimers account for approxitnately 80% of UV damage 

produced and are most common between 5'TpT sites, followed by 5'CpTand 5'TpC, 

then 5'CpC (Tornaletti and Pfeifer, 1995). The remaining 20% of UV damage results 

mainly from the formation of pyrimidine 6-4 photoproducts which occur most 

frequently between 5'TpC and 5'CpC sites (Tornaletti and Pfeifer, 1995). Purine 

dimers and pyrimidine mono-adducts are formed at low frequency (Drobetsky and Sage, 

1993) and rare UV dimers can also be formed at TpA and ApA dimers (Wang and 

Becker (1988). 

After DNA is excited by UV irradiation only adjacent bases capable of rotating 

extensively can react to form interbase covalent bonds and this ability is influenced by 

the local chromatin environment, including the presence of sequence specific DNA: 
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protein binding. Thus UV treatment of cells can be used to interrogate DNA:protein 

binding interactions in vivo. UV treatment can result in either increased or decreased 

photoreactivity depending on whether base rotational ability in vivo is increased or 

decreased compared to naked DNA. DNA:protein interactions can either favour 

photoproduct formation by causing local DNA unwinding (Becker and Wang, 1989) or 

bending (Becker et al., 1988), or inhibit it by constraining base mobility. A drawback 

of UV footprinting is that there must be dipyrimidine sequences available within the 

DNA region of interest in order for DNA:protein interactions to be detected. 

Since DNA is packaged into nucIeosomes, it is important to understand the possible 

background effect of these interactions when using UV footprinting to probe for 

sequence specific regulatory interactions. Initial studies suggested that chromatin 

structure had little effect on the formation of UV photoproducts in vivo (Leadon and 

Hanawalt, 1984; Cohn and Lieberman, 1984; Bohr et al. , 1985). However, a more 

detailed study demonstrated that UV photoproduct formation was not uniform in 

nucIeosomes, but displayed a periodicity of approx 10 bases (Gale et al. , 1987). The 

sites of maximum photoproduct formation mapped to positions where the phosphate 

backbone was farthest from the core histone proteins, indicating that histone:DNA 

interactions may restrain the conformational changes in the DNA helix required for 

photoproduct formation. In the latter experin1ents DNA from isolated mononuclesomes 

was end labelled and fragment size determined after treatn1ent to produce strands which 

terminated at a photoproduct. 

A subsequent study of a positioned nuc1eosome reconstituted on a 5srRNA gene 

atten1pted to quantify the strength of the nucleosomal modulation of photoproduct 

formation (Wang and Becker, 1988). These authors demonstrated clusters of signals 

varying in strength from between appro x 0.5 and 2 of nucleosomal to naked DNA 

photoproduct formation along the phased nucIeosomal and HI bound linker DNA. In 

contrast, no significant differences in the distribution of photoproducts in exons 1 and 2 

of the H-ras, K-ras and N-ras genes were seen between UV treated DNA and UV 

irradiated cells, indicating that local chromatin structure did not influence photoproduct 

formation in these gene regions (Tormanen and Pfeifer, 1992). Similarly, differences in 

photoproduct formation were only seen in the promoter region of the Pgk gene, with 

transcribed regions showing no chro111atin induced changes in photoproducts (Pfeifer et 
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aI., 1992). However, these transcribed regIons are probably not associated with 

positioned nucleosomes and as such intrinsic differences in photo product formation due 

to chromatin structure are not expected to be observable since the closeness of bases to 

the histone core proteins will vary with varying nucleosome location, evening out any 

differences. 

Of the relatively few studies that have quantified the changes in UV reactivity due to 

sequence specific DNA:protein interactions at gene regulatory regions, the effects of 

these on photoproduct formation appear to have been considerably stronger than for 

positioned nucleosomes. For example transcription factor binding has been reported to 

suppress photoproduct formation at specific sites by from 8.5 to 16-fold (Wang and 

Becker, 1988; Dai et aI. , 2000) or to enhance it from 3 to 30 fold (Pfeifer et aI., 1992; 

Tomaletti and Pfeifer, 1995; Dai et aI., 2000). Thus it is expected that UV footprints 

due to nucleosomal structure are only likely to be visible for positioned nucleosomes 

and even then relatively weak (approximately, a maximum of 2 fold changes) compared 

to footprints resulting from sequence specific DNA: protein binding interactions. 

In contrast to footprinting agents such as DNaseI, where bound protein sterically 

excludes the modifying agent from the DNA, producing a sequence of contiguous 

protected bases, UV targets the rotational flexibility of individual dipyrimidine bases 

affected by protein binding. Thus, UV photoprints may not always be located within a 

DNaseI protected region but instead be in proxilnal flanking sequences. UV footprints 

may also be caused by DNA structural changes separate from a binding sequence. For 

example two adjacent transcription factors could cause distortion (e.g. bending) in the 

sequence between them that could be detected by UV footprinting and which would not 

identify the binding location of either protein. 

The success of TDPCR is dependent on the efficiency of the primers selected to bind to 

the region of interest and extend or amplify efficiently. The use of specific computer 

software to design primers does not necessarily ensure that the primers will work well 

experimentally, thus it is necessary to verify the primers chosen and optin1ise TDPCR 

parameters prior to in vivo footprinting the cell lines of interest. Although the 

transfection studies suggested possible functional elements both upstremTI of, and within 

the region containing the intron ] differentially methylated sites in HL60 and HlE8 
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cells, we chose to concentrate in vivo footprinting on the latter region, where in vitro 

footprints had also been demonstrated. Both the sense and antisense strands were 

examined since it is likely that the effects of bound protein will not be identical on both 

strands. Furthermore since dipyrimidine sites will be located at different positions on 

the sense and antisense strands, analysis of both strands gives more possible sites of 

damage that may be informative. 

3.2 METHODS 

3.2.1 UV treatment of intact cell lines 

For suspension cell lines, 1 x 107 exponentially growing cells were pelleted at OAg for 5 

minutes, washed twice in 10mls pre-warmed PBS and re-centrifuged as above. The cells 

were resuspended in 8mls PBS and 4mls spread onto a 9cm sterile Petri dish for UV 

treatn1ent. The remaining 4mls was pelleted down and genomic DNA extracted as 

outlined in 3.2.2. Petri dishes were placed inside a prewarmed UV crosslinker 

(Stratagene), the lid removed and cells exposed to the required dosage of UV (usually 

1000J/M2) as described in Chen et al. , (2001). Following UV treatment, the cel1s were 

immediately spun down and genomic DNA was extracted as described in 3.2.2. 

For adherent cell lines, cells were cultured in duplicate 9cm sterile Petri dishes (NUNC) 

until approximately 60-70% confluent. The growth medium was aspirated from the 

duplicate Petri dishes and the cells washed twice in pre-warmed PBS. Four mls of PBS 

was added to one of the Petri dishes and the cells treated by UV as outlined above, then 

genomic DNA isolated as described in 3.2.2. DNA was also extracted from the 

duplicate untreated Petri dish as outlined in 3.2.2. 

3.2.2 Extraction of genomic DNA 

The Inethod for extraction of genomic DNA was based on that described by Besaratinia 

et al., (2004). Briefly, pelleted cells were resuspended in 4ml lysis buffer (0.5M Tris

HCI pH 8, 20mM EDT A pH8, 10mM NaCI, 1 % SDS and 0.5mg/ml Proteinase K) and 

incubated for 3 hours at 37°C, followed by incubation overnight at room temperature. 

For adherent cell lines, 4ml lysis buffer was added directly to the Petri dishes and 
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incubated for 3 hours at 37°C. The contents of each Petri dish was then transferred to a 

15ml tube and incubated overnight at room temperature. 

The following day, 2ml saturated NaCI (approximately 6M) was added to the cell 

lysate, vortexed for 15 seconds and incubated at 56°C for 10 minutes. Tubes were then 

centrifuged at 5000g for 30 minutes at room temperature. The DNA-containing 

supernatant was gently poured into a new 15-ml polypropylene tube. Two volumes of 

cold absolute ethanol was added to the supernatant and gently inverted. Genomic DNA 

was collected by spooling onto a Pasteur pipette, washed in 75% ethanol, air dried for at 

least 1 hour at room temperature then resuspended in an appropriate volume of water 

and allowed to dissolve for 48 hours at 4°C prior to quantification. The purity and 

concentration of the extracted DNA was checked using agarose gel electrophoresis and 

spectrophotometry at 260 and 280nm. DNA samples were diluted to a final 

concentration of 0.1 ~g/~l in O.lX TE pH 8.0 prior to TDPCR. 

3.2.3 Preparation of in vitro UV treated DNA 

Genomic DNA was extracted from untreated cells as outlined in 3.2.2 and 

approximately 20 x 5~1 droplets (0.1 ~g/J.!l) were deposited on a piece of parafilm as 

described in Chen et al., (2001) and treated with 100JIM2 UV energy. The treated 

droplets were recombined in a microcentrifuge tube ready for TDPCR reactions. 

3.2.4 Preparation of the linker molecule and the universal linker primer 

The linker molecule was prepared by annealing the upper primer (LP27) and the lower 

primer (LP24 *C), which contains an amino blocking group on the carbon 3 of the 3'

nucleotide. The sequences of these primers (shown below) are identical to those used in 

Komura and Riggs, (1998) and Chen et al., (2001). 

Upper prilner (LP27): 5' GCGGTGACCCGGGAGA TCTGAA TTCCC-3'. 

Lower primer (LP24*C):5' AA TTCAGA TCTCCCGGGTCACCGC-C3An1ino - 3'. 

These primers were obtained from Sigma-Genoysis or Gene Works and resuspended in 

sterile water to a final concentration of200~M. 
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In order to prepare the linker molecule, the lower linker primer, LP24*C was 5' 

phosphorylated in a reaction containing 1 X T4 DNA Polynucleotide Kinase Buffer 

(Fermentas), ImM ATP (Sigma), 100U T4 DNA Polynucleotide Kinase (Fermentas) 

and 20JlM LP24*C in a final volume of200J.l1. The reaction was incubated at 37°C for 2 

hours followed by a further 20 minutes at 65°C, then placed on ice. Upper primer was 

then added to a final concentration of 20J.lM and the mixture heated to 95°C in a heating 

block for 5 minutes, after which the block was turned off and the mixture allowed to 

gradually cool to room temperature followed by incubation overnight at 4°C. The linker 

molecule (final concentration 20J.lM) was stored in aliquots at -20°C. 

The universal linker primer (LP25) which is homologous to the top strand of the linker 

molecule, is identical to that used in Komura and Riggs, (1998) and Chen et al. , (2001) 

and has the following sequence; 

Universal Linker Primer (LP25): 5' GCGGTGACCCGGGAGA TCTGAA TTC 3'. 

The LP25 primer was obtained from Sigma-Genoysis or Integrated DNA Technologies 

and resuspended in O.1X TE pH 8.0 to a final concentration of20J.lM. 

3.2.5 Design and sequence of the MDRI Gene Specific primers 

TDPCR primers were designed using the Olig04.1 software which takes into account 

the desired location of primers within the sequence of interest, primer length, salt 

concentration, TIn, and potential secondary structures. The gene specific primers were 

designed to have Tm's that are in ascending order where possible. 

The first gene specific primer (P 1) contained a 5' -biotinylated modification and the 

third primer (P3) is labelled with an IRD-800 infrared dye. All PI and P2' s used in 

these footprinting experiments were obtained from Integrated DNA Teclmologies and 

resuspended in O.1X TE, pH 8.0 to a final concentration of 20J.lM. Gene specific IRD-

800 labelled P3s were obtained from LI-COR and resuspended to a final concentration 

of 1 J.lM in O.1X TE, pH 8.0. The sequence of the primers used for TDPCR (see figure 

3.2 for position in gene) and the Tn1 for each priiner as determined by Olig04.0 using a 
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NaCI concentration of 50mM is shown below. The primers used to probe the sense 

strand for UV damage are homologous to the antisense strand and those used to probe 

the antisense strand are homologous to the sense strand. 

Primers used for identification of UV dimers on the antisense strand 

Primer!:- (Bmd 163s):- 5' 15Bio/GACAGTTCCCAAGTGTCAGGCTTTCAG Tm=62.2 

Primer 2:- (MdI99s): - 5' ACTTGGTCTTCACGGGAGAAGGGCTTC 3' Tm=65.4 

Primer 3:- (Lmd21 8s): - 5' AGGGCTTCTTGAGGCGTGGATAGTGTG 3' Tm=65.2 

Pr imers used for identification of UV dimers on the sense strand 

Primer 1 (Bmd727a):- 5' lBio/TCCATTGCGGTCCCCTTCAAGATC 3' Tm=63.9 

Primer 2 (Md698a):- 5' CGACCTGAAGAGAAACCGCAGCTCATTAG 3' Tm=64.2 

Primer 3 (Lm487a):- TCTGGCAGCGCGTTCTGGACTTTG 3' Tm=66.1 

3.2.6 Linear extension of in vivo, in vitro and untreated genomic DNA samples 

Linear extension reactions were performed as outlined in Chen et al. , (2001). Briefly 

linear extension reactions were carried out in hydrophobic no-stick PCR tubes 

(Scientific Specialties Incorporated) in 30f.l1 reactions containing of 1 f.lg of genomic 

DNA (in vitro, in vivo or untreated), IX Vent buffer (New England Biolabs), 41nM 

:t\1gS0 4 (New England Biolabs), 0.25mM dNTPs (Promega), 0.07JlM biotintylated 

gene-specifi c Primer ] and 2U Vent Exo- (New England Biolabs). Reactions were 

gentI y mixed, then spun down prior to extension using a thermocycler. The general 

parameters used for linear extension were as follows : - [95°C x 3 minutes] X 1 cycle, 

[95°C x 45 seconds, approxin1ate Tm of PI x 2 minutes, 72°C x 3 minutes] X 9 cycles 

and [72°C x 1 0 minutes] X 1 cycle. 

3.2.7 Binding of linear extended DNA molecules to Streptavidin magnetic beads 

As outlined in Chen et al. , (2001), a volul11e of Streptavidin magnetic beads (Roche) 

equal to 20f.l1 x nunlber of samples was collected using a magnetic particle chamber 

(MPC). The supernatant was discarded and the beads washed twice with 2 volumes of 

wash buffer (WB:2M NaCIIlOmM Tris-HCI pH7.5/lmM EDTA) and resuspended in 

WB (30f.l1 x number of sanlples). 30~ .. d of washed, resuspended beads were added to 
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each linear extended DNA reaction and incubated by rotating at RT for 15-60 min. 

Tubes were gently pulse spun and placed into the MPC. The supernatant was discarded 

and the beads washed once with 50JlI WB, then resuspended in 50 JlI of freshly 

prepared 0.16 M NaOH and incubated at 37°C for 5-10 min. The supernatant was 

discarded and the beads washed once with another 50 JlI of 0.16 M NaOH, followed by 

2 washes with 100JlI 1 X TE, pH 7.5 , after which the beads were resuspended in 10JlI of 

O.lX TE, pH 7.5. 

3.2.8 RiboG tailing and ligation of linear extended molecules 

Three riboG's were added to the 3' end of the linear extended molecules as described by 

Chen et al. , (200]) by incubating the 10JlI bead samples in a total volume of 20JlI 

containing IX TdT buffer (Promega), 2mM rGTP and ] 0.5 U TdT enzyme (Promega). 

TdT tailing reactions were incubated at 37°C for 15 minutes after which the supernatant 

was discarded and the beads washed twice with 100JlI IX TE, pH 7.5 and then 

resuspended in 15JlI O.lX TE pH 7.5. 

The adaptor molecule was ligated to the riboG tailed, linear extended DNA molecules 

by incubating the 15JlI bead samples in a 30JlI reaction containing SOmM Tris-HCl pH 

7.5 , ImM MgCh, ImM DTT, ImM ATP, 0.05mg/ml BSA, 2JlM linker molecule and 

4.5U T4 DNA ligase (Promega). Reactions were incubated oven1ight at 17°C. The 

following day the supernatant was removed and the beads washed twice in 100JlI IX TE 

pH 8.0 and resuspended in 20JlI 0.1 X TE pH 8.0. 

3.2.9 peR and labelling of ligated, riboG tailed, linear extended molecules 

IOJlI of the bead samples containing ligated product was amplified in 50JlI PCR 

reactions containing either AmpliTaq buffer (lOmM Tris-HCI pH 8.3 , 50mM KCI ) or a 

Taq buffer prepared in our laboratory (RTag buffer) originally described by Chen et al., 

(2001) and comprising 40mM NaCI, 10mM Tris-HCl pH 8.9 and 0.0] % gelatin w/v pH 

8.9, or the Tag DNA polymerase buffer (FB-Tag buffer) obtained from Fisher-Biotec 

Australia (67mM Tris-HCl pH 8.8, 16.6mM (NH4)2S04, 0.450/0 Triton X-I 00 and 0.2% 

gelatin w/v, pH 8.8). All buffers were used at a final concentration of IX. 
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PCR reactions also contained 2mM MgCh, 0.25mM dNTP's, O.2f..!M gene-specific 

Primer 2, 0.2f..!M LP25 and 5U of either AmpliTaq enzyme (Applied Biosystems) or 

Taq DNA polymerase (Fisher-Biotec Australia). Reactions were cycled in a 

thermocycler using the following general parameters: [95°C x 3minutes, approximate 

Tm of P2 x 2 minutes, 72°C x 3 minutes] X 1, [95°C x 45seconds, approximate Tm of 

P2 x 2 minutes, 72°C x 3 minutes] X 18-21 cycles, [95°C x 1 minute, approximate Tm 

of P2 x 2 nlinutes, 72°C x 1 0 minutes] X 1 cycle. 

Following PCR, beads were collected USIng the MPC and 9 f..!l of the supernatant 

transferred to a new tube and labelled by addition of 1 f..!l of the IRD-800 labelled gene 

specific Primer 3 (1 f..!M) followed by a further round of cycling steps using the 

following general parameters: - [95°C x 3 minutes] X 1 cycle, [95°C x 45 seconds, 

approximate Tm of P3 x 2 minutes, 72°C x 3 minutes] X 7-9 cycles and [72°C x 10 

minutes] X 1 cycle. Following cycling, 3J.ll of LI-COR stop solution was added to each 

reaction and reactions stored at -20°C in the dark until ready to load on a sequencing 

gel. The remaining unlabelled PCR product plus beads (11111) were preserved at 4°C in 

case repeat labelling was required. 

3.2.10 Electrophoresis and analysis on a LI-COR sequencer 

LI-COR sequencing plates (41cm long, soda lime glass) were soaked overnight in 0.1M 

NaOH and then washed 3 times with a1conox, 3 times with water and polished 3 times 

with 950/0 ethanol and assenlbled using 0.25 mm spacers. A 5% sequencing gel solution 

consisting of 12mls sequagel concentrate containing a 19: 1 ratio of acrylamide-bis mix 

(National Diagnostics), 42mls sequagel diluent (5.2M Urea in deionised water) 

(National Diagnostics) and 6mls lOX TBE buffer was prepared (final volume of 60mls) 

and, following addition of 280J.lI of 10% APS and 24J.lI TEMED, immediately poured. 

A castle comb was inserted and the gel was allowed to set for 1 hour. The comb was 

removed and the wells rinsed with 1 X TBE Buffer. The outside of the plates, 

particularly the laser zone (bottoln 1/3) was cleaned with a1conox and water and 

polished with 95% ethanol in order to remove any urea. The gel, buffer chambers and 

associated apparatus was assembled into the LI-COR sequencing machine (LI-COR 

4000L nl0del) and 1 X TBE buffer added to both the upper and lower chmnbers. 
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Parameters recommended by LI-COR for a 41cm length gel (l500V, 31.5W and 35ma, 

50°C, scan speed 3) were set into the machine and the gel pre run for 30 minutes prior to 

loading to allow running temperature to be reached. Once the gel reached the required 

temperature, the machine was calibrated three times using the auto gain and focusing 

procedure. When ready to load, the samples were heated to 95°C for 3 minutes to 

denature the DNA then placed immediately on ice. The samples were then loaded 

(2.5~1) along with 1 ~l LI-COR 50-700bp markers and electrophoresed overnight. The 

resulting band profiles were obtained by the LI-COR data collection software 

(version2.31) and visualised using LI-COR image analysis (version 4). The Gene 

Quantity One (Biorad) software was used in the analysis of resulting gel images. 

The site of a UV lesion within the MDRl gene (Xbp) can be determined by comparison 

of the location of the sample bands with those of the co-electrophoresed IRD labelled 

DNA m.olecular weight markers (M) as shown below. 

For UV lesions on the antisense strand 

X (bp of lesion) = M(bp) -27 + 5' base pair location ofP3 

For UV lesions on the sense strand 

X (bp of lesion) = 5' base pair location of P3 +27 - M(bp) 

3.2.11 Image analysis 

Analysis of footprinting gels was carried out using the Biorad Quantity One I-D image 

analysis software package. The extent of the gel data to be analysed is determined by 

visual inspection of the gel. Typically bands at the bottom of gels which become too 

close and/or intense to distinguish were not considered. Similarly, regions at the top of 

gels where bands become very light were not considered. The boundaries of analysis 

used are shown on each gel. Footprinting gel images captured by the LI-COR machines 

were stored as TIFF files and exported into Quantity One for analysis. Individual lanes 

to be analysed were defined using the lane franle cOlnmand. The lane fraIne was edited 

as required to ensure all lanes were included and that the frame fell in the centre of each 

lane. The frame was also adjusted to allow for samples that had not migrated straight in 

Chapter 3: In vivo footprinting of III/DR] intron 99 



the gel. Lanes not required to be analysed were removed. Lane width was also adjusted 

to ensure the entire width of the bands would be included in quantification. 

After definition of the lanes, lane based background subtraction of the gel image was 

performed prior to band quantification. Lane based background uses a hypothetical 

"rolling disk" that rolls beneath a lane profile removing different background intensity 

levels along the length of the lane. Bands were detected and the sensitivity adjusted to 

ensure all bands in each lane were marked. Bands not automatically detected were 

individually added. The boundaries of each band was defined by boxes. The boundary 

of the boxes were adjusted as necessary to ensure that the entire band was included in 

the analysis. To compare the intensities of each band in each sample lane, 

corresponding bands were matched across all sample lanes. 

In order to allow for variation in sample loading, normalization was performed. This 

was carried out by selecting a band that appeared to be relatively unchanged in all 

samples and setting the quantity of that band to 100 in each lane. The band selected for 

normalisation was verified by selecting and setting other bands that appeared relatively 

unchanged to 100 in the gel to ensure that the final band chosen for normalisation was 

equal in intensity in all lanes. All other bands were quantified relative to the verified 

nonnalisation band in each lane. A matched band report was obtained containing the 

normalized intensity of each band in each lane using Quantity One. The marker lane 

was identified and each n1arker band detected, and its size (bp) defined, and the size of 

each sample band determined by comparison to the n1arker sizes. Numerical data from 

the matched band report was exported into the Microsoft Excel package for further 

analysis. 

3.2.12 Statistical analysis 

Each experiment contained replicates of the in vitro (T) and in vivo (V) UV treated 

san1ples. The mean normalized intensity of each corresponding band in each replicate 

lane was detennined for the in vitro and in vivo samples. Two-tailed, equal variance 

Student T-Tests were perfonned to determine if the datasets for the in vitro samples 

showed a significant difference fron1 the datasets for the in vivo samples. A p-value 

:S0.05 was deen1ed significant. Bands that showed a significant difference between in 
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vivo and in vitro datasets were subjected to further analysis by dividing the mean in vivo 

quantity by the mean in vitro quantity for each band. Bands for which the mean in 

vivo/in vitro band intensities were 2::1.0, were considered as hypersensitive in vivo and 

bands for which the mean in vivolin vitro band intensities were ~1.0 were considered to 

be protected in vivo. 

Note that in some experiments relatively strong bands are seen in non UV treated 

control DNA, that presumably reflect regions of inherent sensitivity to strand breakage 

in the isolated DNA. These bands are sometimes found at equivalent positions in the in 

vitro and in vivo treated lanes, and are sometimes more intense in the in vivo treated 

samples than in the in vitro treated DNA. This would imply that UV treatment of 

nicked DNA reduces the likelihood of primer extension being interrupted at these sites. 

Since we cannot be sure of what is happening we have concluded that these sites are the 

result of DNA background damage and have excluded them from consideration. 

3.3 RESULTS 

3.3.1 Establishment of TDPCR mediated in vivo footprinting 

3.3.1.1 Visualisation of UV lesions on antisense strand 

Initial establishment and optimisation experiments were carried out using the H/E8 cell 

line. In vivo and in vitro UV treated DNA san1ples were prepared and isolated as 

described in 3.2.1-3 and are referred to as V and T samples respectively. Untreated 

DNA, referred to as C was used as a control in the TDPCR procedure to indicate 

background DNA damage (if any) that was not the direct result of UV treatment and 

which existed either prior to extraction or to analysis. 

Linear extension of sense strand primers to sites of damage on the antisense strand was 

carried out from primer Bmd163s using 9 cycles and an annealing temperature of 65°C. 

Following extension, the biotin labelled single stranded extension products were 

purified as described in section 3.2.7, riboG treated and ligated to the adaptor (3.2.8). 

The extension products were mnplified in AtnpliTaq buffer (see section 3.2.9) using the 
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nested MDRI specific primer Md199s and the reverse primer LP25 with twenty cycles 

ofPCR and an annealing temperature of 64°C. 

Extension labelling was performed using the third nested MDRI primer Lmd218s and 9 

cycles of extension using an annealing temperature of 65°C. Figure 3.2a shows the 

result of this experiment. The intense black band seen in all lanes at the bottom of the 

gel (indicated by an arrow) is unincorporated primer. Bands are seen along the length of 

the gel, however, the bands are predominantly darker in the lower half of the gel. The C 

control lane reveals faint bands within the lower part of the gel, however, the profile of 

these bands differ from the profile seen in the V and T sample. An example of a band 

present in the same position in both the control lane and sample lanes is shown with an 

arrow and indicates background damage to the DNA (see 3.2.12) and not damage as a 

result of UV treatment. 

The paucity of bands at the top of the gel (see figure 3.2a) was a concern as this region 

contains the previously identified in vitro footprint D and contains multiple 

dipyrinlidines that can act as UV targets and thus are expected to produce bands. Chen 

et al. , (2001) reported that AnlpliTaq buffer was less efficient in TDPCR than an 

alternative buffer (RTaq buffer) which has a slightly lower pH than the AnlpliTaq 

buffer (see 3.2.9 for buffer cOlnpositions). Accordingly we repeated TDPCR using 

RTaq buffer in place of the AnlpliTaq buffer with all other reagents and conditions 

unchanged. The results (figure 3.2b) confirmed the superiority of the RTaq buffer in 

TDPCR experiments and this buffer was used in all subsequent experiments in which 

AmpliTaq enzyme was used. However, use of the RTaq buffer did not result in 

significant production of additional bands in the +336 to +446bp region. 

Since the 336-446bp region is extremely GC rich, it was thought that the GC content 

Inay be a limiting factor in efficient extension and amplification. In an attempt to 

increase amplification of the GC rich region TDPCR was carried out in the presence of 

Betaine, which is reported to improve aInplification of GC rich DNA (Rees et al. , 1993; 

Henke et al. , 1997). TDPCR was carried out as previously using the AmpliTaq enzyme 

and the RTaq buffer plus or minus the addition of 1.5M Betaine during the 

anlplification. However, as shown in figure 3.3a, Betaine significantly inhibited PCR 

Chapter 3: In vivo footprinting of MDRl intron 102 



395--
391 

336--0<::;. 

241 

M C V T 

b) 
446 

Background 
damage 

395 
391 

336 

241 
.-Unincorporated 

pnmer 
M C 

" T 
Figure 3.2 Comparison of AmpliTaq and RTaq buffers in the PCR step of 

TDPCR for the antisense strand. a) TDPCR carried out using AmpliTaq buffer in the 

PCR step. b) TDPCR carried out using RTaq buffer in the PCR step. C: untreated HlE8 

DNA, V: in vivo treated HlE8 DNA, T: in vitro treated HlE8 DNA and M: Marker. 

Products produced using 9 cycles of linear extension with an annealing temperature of 

65°C, 20 cycles of PCR using an annealing temperature of 64°C and 9 labelling steps 

using an annealing temperature of 65°C. 
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amplification. Experiments were also carried out using 1.5M Betaine in the PCR step in 

combination with the AmpliTaq buffer instead of the RTaq buffer, but no products were 

obtained (results not shown). Reduction of the Betaine concentration to 0.5M and l.OM 

in the presence of the RTaq buffer also resulted in inhibition (results not shown). 

As Betaine reduces GC hydrogen bonding within a DNA sequence (Rees ef al., 1993) it 

was possible that the annealing temperature used in PCR and labelling were now too 

stringent to amplify efficiently, thus we investigated the effect of decreasing the 

annealing temperature in the PCR and labelling steps. TDPCR was carried out using 20 

cycles of PCR and 9 cycles of labelling at annealing temperatures of either 60°C or 

55°C in both steps and a final Betaine concentration of 1.5M. However, as shown in 

figure 3.3c, Betaine is just as inhibitory to PCR amplification at lower annealing 

temperatures. 

Our results indicating the ineffectiveness of Betaine in amplifying GC rich regions in 

our TDPCR experin1ents are consistent with a report by Chakrabarti and Schutt, (2001) 

who suggest that although Betaine is effective at increasing PCR yield, it is relatively 

ineffective in the amplification of extremely GC rich templates compared to the 

effectiveness of additives such as DMSO and sulfones. The lower annealing 

temperatures tested produced profiles of similar intensity in the absence of Betaine 

(figure 3.3b) however, the bands were weaker than those previously obtained using an 

annealing temperature of 64°C in the PCR cycle and 65°C in the labelling step (see 

figures 3.2b and 3.3a) thus we decided to continue using the more stringent annealing 

temperatures of 64°C in the PCR step and 65°C in the labelling step. 

In a final attempt to increase the visualisation of bands in the +336 to +446bp region we 

tested the GC rich Taq enzyme (Roche) which is designed to amplify GC rich regions. 

Amplification was carried out according to manufacturer instructions with the provided 

buffer and several different concentrations of 'GC resolution solution' up to 1.5M 

(maximum recol11ffiended). Annealing temperatures of 64°C (20 cycles) and 65°C (9 

cycles) were used in the PCR and labelling steps respectively. Control reactions were 

also prepared using RTaq buffer and An1pliTaq enzyn1e. 
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Figure 3.3 Effect of Betaine in the PCR step of TDPCR for the antisense strand. 

a) PCR reactions contained RTaq buffer in the presence or absence of 1.5M Betaine 
using 9 cycles of linear extension with an annealing temperature 65°C, 20 cycles of 
PCR, annealing temperature 64°C and 9 labelling cycles, annealing temperature 65°C. 
b) TDPCR carried out in the absence of Betaine c) TDPCR carried out with 1.5M 
Betaine in the PCR step. C: untreated HlE8 DNA, V: in vivo treated HlE8 DNA and M: 
Marker. The numbers in blue beneath the gel picture, indicate the annealing 
temperature used in the PCR and labelling steps. Reactions were carried out in duplicate 
using in vivo treated HlE8 DNA as template and 20 cycles of PCR and 9 labelling 
cycles. 
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As shown in figure 3Aa the control samples amplified using AmpliTaq enzyme and 

RTaq buffer produced bands, indicating the TDPCR process had been successful. 

However, the GC rich Taq enzyme with or without any ' GC resolution solution' was 

completely ineffective for TDPCR, with no bands produced at all, thus we ceased 

investigation of this approach. 

In an attempt to optimise individual visualisation of the intense bands at the bottom of 

the gel we tested the effect of reducing the number of labelling steps. TDPCR was 

carried out using 20 cycles of PCR at an annealing temperature of 64°C and either 8 or 

9 cycles of labelling at 65°C using AmpliTaq plus RTaq buffer. The results, shown in 

figure 3Ab, illustrate that a decrease in labelling cycle number by one slightly reduces 

the intensity of the darker bands in the lower half of the gel and makes the visualization 

clearer. Thus we proceeded with UV footprinting of the antisense strand using the RTaq 

buffer with the AmpliTaq enzyme in the PCR step using the following standard 

parameters; 9 linear extension steps at an annealing temperature of 65°C, 20 cycles of 

PCR at an annealing temperature of 64°C and 8 labelling cycles of 65°C. Although 

there renlained some regions in which relatively few bands were visible, these 

experiments produced very strong bands in other regions of the DNA. Thus we assume 

that the poorly banded regions result frOlTI intrinsic resistance of this DNA to UV 

treatnlent, despite the existence of dipyrimidines in the region. 

3.3.1.2 Visualisation of UV lesion sites on sense strand 

Sites of damage on the sense strand were determined by linear extension from the 

MDRl gene specific primer Bmd727a using an annealing temperature of 64°C. 

Following extension, riboG tailing and ligation, the extension products were amplified 

in RTaq buffer using the nested, gene specific primer Md698a and reverse LP25 primer. 

Twenty cycles of PCR was carried out using RTaq buffer and AmpliTaq and an 

mmealing temperature of 65°C, followed by labelling with the nested gene specific 

primer LlTId487s using 9 cycles and an atmealing temperature of 65°C. As shown in 

figure 3.5 bands were produced along the length of the gel, but the bands were weakest 

between 314 and 464bp, which is the same approximate region that produced weak 
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Figure 3.4 Use of 'GC rich Taq' enzyme in peR and variation of labelling cycles 

in TDPCR of the antisense strand. a) Use of 'GC rich Taq' enzyme in the PCR step in 

TDPCR of the antisense strand. PCR reactions carried out using the GC rich system 

(Roche) using 20 PCR cycles at 64°C and 9 labelling cycles at 65°C. Numbers indicate 

the final molarity of 'GC resolution solution' used in each reaction. In vivo treated HlE8 

DNA was used as template. Reactions were also carried out using RTaq buffer and 

AmpliTaq to ensure the TDPCR procedure was working efficiently. b) Reactions were 

carried out using 20 cycles of PCR at 64°C and 8 or 9 labelling steps at 65°C. C: 

Untreated HlE8 DNA, V: in vivo treated HlE8 DNA, T: in vitro treated HlE8 DNA and 

M: Marker. 
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bands on the antisense strand (see section 3.3.1). A decrease in annealing temperatures 

to 60°C during the PCR and labelling resulted in no bands being produced (see figure 

3.5b) thus we retained 65°C in the PCR and labelling steps (the dark bands that stretch 

across the width of the gel shown in figure 3.5 are artefacts due to inefficient cleaning 

of the glass plates prior to electrophoresis of the samples). 

It was hypothesised that the UV dosage used (l000J/M2) to induce damage at sites of 

dipyrimidines was inefficient in damaging this seemingly well protected area. To test 

this possibility we exposed untreated extracted H/E8 DNA to varying levels of UV 

(l000, 1500, 1750 and 2000J/M2) before carrying out the TDPCR procedure using 20 

cycles of PCR and 9 cycles of labelling and an annealing temperature of 65°C. 

However, increasing the UV dosage did not produce an increase in the intensity of 

smaller bands (results not shown) thus UV dosage was kept at 1000J/M2. As for the 

antisense strand, replacement of the RTaq buffer with AmpliTaq buffer produced even 

fainter bands (results not sho\\lJl). 

In a further attempt to increase the intensity of the weaker bands we investigated the 

effect of increasing the PCR cycle number on product yield. TDPCR was carried out 

using 20 or 22 PCR cycles and 9 labelling steps with an annealing temperature of 65°C. 

The results sho\\lJl in figure 3.5c and d, denl0nstrate that increasing PCR cycles results 

in an increase in product yield and overall intensity of the bands including the weaker 

bands at the bottom of the gel. To ensure that 22 PCR cycles falls within the linear 

range of PCR we also tested the effect of 23 and 24 cycles. We found that a difference 

in intensity could be detected between 22 and 23 cycles and between 23 and 24 cycles. 

However, beyond 24 cycles the PCR reaction is saturated with the difference in band 

intensity no longer visually detectable (results not sho\\lJl). Thus we chose to continue 

using 22 cycles of PCR. We also tested if an increase in labelled prinler results in an 

increase of labelled products. However, doubling the IRD-800 labelled Lmd487a primer 

concentration from 0.1 ~M to 0.2~M did not increase the number of labelled products 

(data not sho\\lJl). 

In view of the inability to further increase the intensity of bands in the nlore protected 

region on the sense strand we proceeded with UV footprinting of this strand using the 
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Figure 3.5 Variation of the annealing temperature in PCR and labelling steps as 
well as labelling cycling numbers in TDPCR of the sense strand. a) Annealing 

temperature of 65°C used in PCR and labelling steps. b) Annealing temperature of 60°C 
used in PCR and labelling steps. 20 cycles of PCR and 9 labelling cycles were used. c) 

20 PCR cycles and d) 22 PCR cycles carried out at 65°C. Products were labelled using 

an annealing temperature of 65°C and 9 labelling cycles. V: in vivo treated HlE8 DNA. 
C: untreated HlE8 DNA, T: in vitro treated H/E8 DNA in TDPCR reactions of the sense 
strand and M: Marker. Purple circle indicates artifacts created from inefficient cleaning 
of glass plates prior to gel pouring. 
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RTaq buffer with the AmpliTaq enzyme in the PCR step and using the following 

parameters; 9 linear extension steps using an annealing temperature of 64°C, 22 cycles 

of PCR with an annealing temperature of 65°C and 9 labelling cycles of 65°C using a 

final primer concentration of 0.1 ~M in the labelling step. 

3.3.1.3 Variation of the Taq enzyme used for peR 

Due to the cost of the AmpliTaq enzyme, we decided in later experiments to try the less 

expensive Fisher-BiotecTaq polymerase (FB-Taq) in the PCR step. The FB-Taq 

polymerase was separately trialled in the PCR step of TDPCR with both the RTaq 

buffer and the buffer (FB-Taq buffer) provided with the FB-Taq DNA polymerase. The 

composition of both buffers is shown in 3.2.9 with the FB-Taq buffer having a slightly 

higher pH and a greater concentration of gelatin and salts. The PCR reactions contained 

1 O~l of ligated, in vitro treated DNA from KB-3-1 cells, and either 5U AmpliTaq 

enzyme and RTaq butTer; 5U FB-Taq polymerase and RTaq buffer; or 5U FB-Taq 

polymerase and FB-Taq buffer. PCR and labelling was carried out as outlined in 3.3.1.1 

for the antisense strand. Comparison of figure 3.6a-c shows that the strongest bands 

were obtained with the FB-Taq/FB buffer (see figure 3.6c). Similar improved results 

were obtained for the sense strand hence this combination was used for subsequent 

sense experiments. However, the AmpliTaq enzyme plus RTaq buffer was used in the 

majority of the antisense experiments. 

The aIm of section 3.3.1 was to establish and begin optinlisation of the TDPCR 

technique using our primer combinations. We found that for the antisense strand, 9 

linear extension cycles with an annealing temperature of 65°C, 20 cycles of PCR using 

an annealing temperature of 64°C aIld 8 cycles of labelling using an annealing 

temperature of 65°C produced the best result for the HlE8 cells. F or the sense strand 

the best results were obtained with 9 linear extension steps using an annealing 

temperature of 64°C, 22 cycles of PCR using an amlealing temperature of 65°C and 9 

cycles of labelling using an annealing tenlperature of 65°C. In addition we found that 

the PCR buffer previously described by Chen et al., (2001) gave better results for our 

TOPCR reactions using the AnlpliTaq enzyme than the AmpliTaq buffer recommended 

for this enzyme and that the use of Betaine or GC rich enzyme systelTIS were not 
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Figure 3.6 Comparison of the AmpliTaq enzyme and the FB-Taq polymerase in 

TDPCR of the antisense strand. a) TDPCR performed using the AmpliTaq enzyme 

with the RTaq buffer. b) TDPCR performed using the FB-Taq polymerase with the 

RTaq buffer. c) TDPCR performed using the FB-Taq polymerase and the FB-Taq DNA. 

C: naked DNA template; T: in vitro DNA template and M: Marker. The DNA template 

used was in vitro treated DNA from KB-3-1 cells. TDPCR was performed using 20 

cycles of PCR and 8 cycles of labelling using an annealing temperature of 64°C and 

65°C respectively. 
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appropriate for TDPCR in vivo footprinting. We also found a cheaper enzyme (Fisher

Biotec Australia) could be substituted for the more expensive AmpliTaq enzyme in the 

PCR step however, the FB-Taq polymerase worked best in the presence of the buffer 

supplied with the enzyme and not the RTaq buffer. 

3.3.2 In vivo DNA footprinting in the HL60 and HlE8 cell lines 

In vivo footprinting of the sense strand of the MDRl intron 1 region in the HL60 and 

H/E8 cell lines was performed using 22 cycles of PCR followed by 9 labelling steps and 

an annealing temperature of 65°C (see 3.3.1.2). Figure 3.7 shows gel results for the 

sense strand of HL60 and HlE8 cell lines. Image analysis of gel data was carried out 

using the Biorad Quantity One software as outlined in 3.2.11 and 3.2.12 and the results 

are displayed graphically in figure 3.9. Image and statistical analysis of the three in 

vitro (T) and three in vivo (V) HL60 lanes failed to detect any significant differences 

between corresponding bands in the in vitro and in vivo lanes (figure 3.9a), thus 

providing no indications of DNA:protein interactions on the sense strand of HL60 cells 

in the + 1 to +464bp region. The prior DNaseI in vitro footprints were detected on the 

sense strand and nuclear extracts from both HL60 and H/E8 contained binding proteins 

(Desiderato, PhD thesis, 2000). However, DNaseI and UV footprintng act through quite 

different mechanisms, thus the fact that photoreactivity changes were not seen on the 

sense strand in HL60 cells does not necessarily preclude sequence specific DNA:protein 

binding in the region. 

In contrast, in vivo footprinting of the sense strand in HlE8 cells (shown in figure 3. 7b) 

revealed multiple sites of protection and hypersensitivity between +52 and +434bp .. 

Image and statistical analysis of lanes T1 , T2, and V3 , V4 (lanes V1-V2 were excluded 

as they showed abnormal running) revealed significant differences in relative band 

amounts, with protection indicated at +86, +183, +186, +191, +207, +222, +227, +250, 

+262, +270, +292, +315, +319, +340 and +416bp, and hypersensitivity at +52, +55, 

+216, +266, +391 and +440bp (shown in Figure 3.9b). The sites of reduced 

photoreactivity on the sense strand in the H/E8 cells at +315 and + 319bp are within the 

previously identified in vitro footprint A. However, the latter in vitro DNaseI footprint 

experiments were capable only of examining the region from approx + 290bp and in 

vitro footprints were seen to the top of the visualized gel region, indicating the 
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Figure 3.7 UV footprinting of the sense strand in the HL60 and HlE8 cell lines. 

a) HL60 cells and b) HIES cells. C: naked DNA template; T: in vitro DNA template; 

V: in vivo DNA template and M: Marker. The stars indicate the boundaries of the bands 

considered. 
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likelihood of their extending upstream of +290bp, thus those at +262, +270 and +292bp 

may also be associated with the in vitro footprint A complex. 

The site of reduced photoreactivity on the sense strand at +341 bp is within the 

previously identified in vitro footprint C, whilst the sense strand hypersensitive +391 bp 

site and protected +416bp site falls within or close to in vitro footprint D. The 

observation of multiple sites of UV photoproduct suppression or enhancement within 

the +52 to + 282bp region on the sense strand in H/E8 cells gives support to the 

transfection studies of this region which indicated the existence of several different 

regulatory elements. 

TDPCR was carried out on the antisense strand of the HL60 and H/E8 cell lines as 

outlined in 3.3.1.1 using 20 cycles of PCR and 8 labelling steps. Figure 3.8a shows gel 

results obtained for the HL60 cell line. Analysis of the +241 to +446bp region in lanes 

TI-T4 and V1-V4 revealed significant protection at +266, +272, +273 , +282, +283, 

+284, +294, +295, +296, +304, +306, +307, +316, +317 and +443bp (Figure 3.9a). 

Thus in contrast to the sense strand, the antisense strand in the HL60 cell line did show 

differences in UV sensitivity between naked DNA and chromatin in this region. The in 

vivo sites +304, +306, +307, +316 and +317bp seen on the antisense strand fall within 

the previously identified in vitro footprint A and as discussed above the in vitro 

foorptrints nlay have extended more upstream of approxinlately + 290bp. Thus the in 

vivo sites observed upstreaIn of in vitro footprint A (+266, +272, +273, +282, +283 , 

+284, +294, +295 and +296bp) may reflect the additional binding factors hinted at in 

the in vitro experiments. 

However, although the sites observed in the HL60 cell line may reflect sequence 

specific binding, an alternative hypothesis, is that the zone of inhibition of photoproduct 

formation seen in the region fronl +266 to + 317bp in vivo reflects a positioned 

nucleOS0111e. The relatively low degree of protection or enhancement of photoptroduct 

formation is consistent with the reported strength of effects due to positioned 

nucleosomes (Wang and Becker, 1988) and the UV footprints seen between +266 and 

+ 317bp are located with an approximately 10bp periodicity, reflective of a positioned 

nucleosonle. Since 146bp of DNA is wound around a nuc1eosonle we might expect a 

1110re extended pattern of footprinted bases, however, the last visible footprint observed 
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was close to the limit of what could be identified (+ 245bp) on the antisense strand based 

on the position of the labelling primer. In addition UV footprinting relies on the 

presence of dipyrimidines at the appropriate position. 

Figure 3.8b shows the gel results for the antisense strand in the HlE8 cell line. Analysis 

of the 241 to 446bp region of lanes T 1, T3-T 4 and V 1-V3 revealed sites of protection 

on the antisense strand at +272, +273, +282, +283, +284, +294, +296, +297, +298, 

+304 and +306bp (figure 3.9b), similar to those observed in HL60 cells. However, the 

antisense strand suppression of photoreactivity in the vicinity of +266 to + 320bp in the 

MDRl expressing H/E8 cells was weaker and with fewer sites compared to HL60 cells, 

possibly reflecting loosening of the nucleosomal structure or less stringent nucleosome 

positioning consequent upon activation of MDRl expression in the drug resistant H/E8 

cells. Additional hyporeactive sites were also observed on the antisense strand of H/E8 

cells at +246, +409 and +41 Obp. 

Thus in summary the HL60 cells exhibited no UV footprints on the sense strand but a 

zone of protected sites on the antisense strand consistent with a positioned nucleosome 

between +266 and + 317bp. In contrast, multiple protected sites were found throughout 

the sense strand in HlE8 cells from +80 to +420bp, with particular concentration of 

protected sites between +180 and + 340bp. A smaller number of hypersensitive sites 

were also noted on the H/E8 sense strand. Two of the in vivo protected sites on the 

H/E8 sense strand were located within the previously observed in vitro footprint A and 

one in in vitro footprint C, whilst a hypersensitive site was found within in vitro 

footprint D. Multiple sites of protection in the HlE8 sense strand were also found 

between +86 and +270bp in the region upstream of +283bp that was not examined in 

the previous in vitro studies, but which transfection studies indicated regulatory 

elements may exist. 

3.3.3 In vivo DNA footprinting in the K562, Kepru and KepruT cell lines 

In vivo footprinting of the MDRl intron 1 sense strand in K562 derived cells was 

performed as described in 3.3.1.2. Figure 3.10a shows the gel picture obtained for the 

non MDRl expressing drug sensitive K562 cell line. Image and statistical analysis 

(shown in figure 3.l2a) was carried out on anes TI-T3 and VI-V3 with two sites of 
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Figure 3.S UV footprinting of the antisense strand in the HL60 and HIES cell 

lines. a) HL60 cells and b) HlE8 cells. T: in vitro treated DNA template; V: in vivo 

treated DNA template and M: Marker. The stars indicate the boundaries of the bands 

considered. 
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Figure 3.9 Sense and antisense in vivo footprints in the HL60 and HlE8 cell lines. 

a) HL60 cells, b) HlE8 cells. Data shows all positions of UV datnage found to be 

significant. Footprints on the sense and antisense strand are shown in blue and red 

respectively. V IT ratios greater than 1 are sites of hypersensitivity whilst ratios below 

1 are sites of protection. The purple line on each graph indicates the region that could be 

probed on the antisense strand. c) Position of previously identified in vitro footprints. 

Stars indicate in vitro hypersensitive sites. 
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protection identified at +262 and + 315bp and five sites of hypersensitivity found at 

+158, +195, +200, +275 and +285bp. Thus compared to HL60 cells the K562 cells 

show slightly increased evidence of DNA:protein interactions on the sense strand, 

although still much fewer than for the MDRl expressing H/E8 cells. One weakly 

protected site was located within the in vitro demonstrated footprint A, but no protected 

or hypersensitive sites were found within any of the other footprints. 

The gel results for the sense strand in the MDRl expressing drug resistant Kepru cell 

line are shown in figure 3.10b. Image analysis of lanes T1-T3, V1-V2 and V4 detected 

in vivo protection at +55, +96, +98, +112, +183, +186, +191, +224, +227, +262, +285, 

+299, +315 and +319bp and hypersensitivity at +158 and +434bp (figure 3.12b). In 

contrast to K562 cells, the sense strand of the Kepru cells exhibited multiple protected 

sites throughout the region +50 to + 320bp, with clusters in various regions (figure 

3.12b). Three of the protected sites were within in vitro footprint A. The pattern of 

protected sites on the sense strand of Kepru cells showed distinct similarities with the 

pattern observed for H/E8 cell line, perhaps reflective of the fact that both are MDRl 

expressing and both are leukaemic cell lines. 

In vivo footprinting results for the sense strand of KepruT cells (Kepru cells that have 

been reversibly activated by short term drug treatment) are shown in figure 3.1 Oc. 

Image analysis (lanes T2-T3 and V2-V3) revealed that drug induction of MDRl was 

accompanied by a considerable increase in sites of hypersensitivity (+25, +32, +35, +64, 

+87, +118, +125, +140, +154, +256, +271, +281, +315, +344bp) compared to both 

untreated Kepru and to K562 cells (figure 3.12c). A decrease in sites of protection (+61 , 

+83, +106, +156, +187, +200, +205, +303 and +368bp) compared to Kepru cells was 

also seen, although there were still considerably more protected sites than was observed 

in K562 cells. Thus the drug induced activation of expression of MDRl in KepruT cells 

was accompanied by a dramatic increase in UV sensitivity of the sense strand. 

In vivo footprinting of the antisense strand of the MDRl intron 1 region in the K562, 

Kepru and drug induced KepruT cells was performed as described in 3.3.1.2, with 

gel pictures shown in figure 3.11a, 3.11b and 3.11c respectively. In1age analysis and 

subsequent statistical analysis (figure 3.12a) of all lanes revealed protection of the 

antisense strand in the K562 cell line at +257, +264, +265, +266, +272, +273, +282, 
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Figure 3.10 UV footprinting of the sense strand in the K562, Kepru and KepruT 

cell lines. a) K562 cells, b) Kepru cells and c) KepruT cells.T: in vitro treated DNA 

template; V: in vivo treated DNA template and M: Marker. The stars indicate the 

boundaries of the bands considered. 
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+283, +284, +295, +296, +297, + 298, +304, +305, +306, +307, +347, + 408, + 409 and 

+410bp. 

The zone of protection observed in the +257 to + 307bp region of the antisense strand in 

the K562 cells (figure 3.12a) was similar to that seen in the HL60 cells (figure 3.9a). 

Image analysis of all lanes in figure 3.11 b, which displays the Kepru cell line, revealed 

only three sites of protection on the antisense strand at +276, +277 and +304bp (figure 

3.12b) and analysis of all lanes in the gel for drug induced KepruT cells (figure 3.12c) 

indicated DNA protection at only two sites (+264 and +306bp) within the +257 to 

+ 307bp zone of protection seen in K562 cells (figure 3 .12c). However, activation of 

MDRl activity in the KepruT cells resulted in mUltiple new protected sites on the 

antisense strand at +326, +327, +332, +333, +386, +387, +388, +398, +403 , +432, +433 

and +434bp. No sites of hypersensitivity were found on the antisense strand in any of 

the K562 series of cells tested. 

The zone of decreased antisense strand UV reactivity from +266 to +317bp in HL60 

cells and +257 to + 307bp in K562 cells is clearly correlated with inhibition of MDRl 

expression since it decreases as MDRl expression increases in HlE8, Kepru and KepruT 

cells. The extent of antisense strand protection in this zone was less in K562 cells than 

in HL60 cells, consistent with some reports that K562 cells express very low levels of 

MDRl transcription (Yague et al., 2003) and the fact that the MDRl promoter in our 

K562 cell line is not methylated (Stephenson, PhD thesis, 2005). Vestiges of this 

reduced reactivity can also be seen in the MDRl expressing HlE8 cells and to a lesser 

extent in the MDRl expressing and inducible Kepru cells, but have almost completely 

disappeared in the drug induced KepruT cells (figure 3 .12c). These changes in visibility 

of the UV sites on the antisense strand n1ay parallel a change fron1 a positioned 

nucleoson1e to a randomly positioned and mobile nucleosome with consequent fading of 

the signal. 
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Figure 3.11 UV footprinting of the antisense strand in the K562, Kepru and 

KepruT cell lines. a) K562 cells, b) Kepru cells and c) KepruT cells. T: in vitro treated 

DNA template; V: in vivo treated DNA template M: Marker. The stars indicate the 

boundaries of the bands considered. 
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Figure 3.12 Sense and antisense in vivo footprints in K562, Kepru and KepruT 

cell lines. a) K562 cells, b) Kepru cells, c) KepruT cells. Data shows all positions of 

UV damage found to be significant. Footprints on the sense and antisense strand are 

shown in blue and red respectively. V/T ratios above 1 are sites of hypersensitivity 

whilst ratios below 1 are sites of protection. The purple line on each graph indicates the 

region that could be probed on the antisense strand. d) Position of the previously 

identified in vitro footprints. Stars indicate sites of in vitro hypersensitivity. 
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3.3.4 In vivo DNA footprinting in the KB-3-1 and KB-8-5 cell lines 

In vivo footprinting of the sense strand in the KB-3-1 and KB-8-5 cells was carried out 

as described in 3.3.1.2. Figures 3.13a and 3.13b show resulting gel pictures for the KB-

3-1 and KB-8-5 cells respectively. Image and statistical analysis of lanes T1-T3 and V1-

V3 on the sense strand of the non-MDRI expressing KB-3-1 cells revealed protection at 

+76,+205,+222,+225,+252,+262,+271,+280, +288,+299,+315,+319,+340, +380, 

+419 and +435bp, whilst hypersensitivity was seen at +343bp (figure 3.15a). Three of 

the sense strand protected sites in the KB-3-1 cells fall within in vitro footprint A, one 

falls within in vitro footprint C, and a third within in vitro footprint D, whilst a sense 

strand hypersensitive site also falls within in vitro footprint C. 

Analysis of the sense strand in the KB-8-5 cells (see figure 3.13b) using T1-T3 and V1-

V3 revealed multiple sites of hypersensitivity at +24, +86, +118, +147, +148, +169, 

+178, +225 , +262, +271 , +280, +281 , +299, +359, +361 , +389, +391 and +420bp, 

whilst protection was seen at +20, +83 , +91, +96, +113 , +186, +191 , +196, +222, +313 , 

+315, +344 and +376bp. Thus similar to drug induced KepruT cells activation of 

expression in KB-8-5 cells was accompanied by development of multiple hypersensitive 

sites on the sense strand. However, activation was also accompanied by loss of the 

protected sites in the +222 to + 319bp region that were observed in the KB-3-1 cells. 

In vivo footprinting of the antisense strand of the KB-3-1 and KB-8-5 cells was carried 

out as described in 3.3.1.1 , with gel data shown in Figures 3.14a and 3.14b respectively. 

Analysis of lanes TI-T3 and VI-V3 in figure 3.14a, which shows the KB-3-1 results, 

revealed 2 sites of hypersensitivity at +255 and +258bp and protection at +283 , +284, 

+296, +297, +305 , +307, +358, +367, +438, +444, +446 and +447bp on the antisense 

strand (figure 3.15a). Image analysis of lanes T2, T3 , V3 and V4 in figure 3.16b, which 

shows the results for the KB-8-5 cells, revealed sites of protection at +265, +276 and 

+ 306bp. No sites of hypersensitivity were detected on the antisense strand in the KB-8-

5 cells. 

Figure 3.15 sununarises the results of the in vivo footprinting graphically. The KB-3-1 

cells are not thought to express MDRI and consistent with the fact that the KB-3-1 cells 

Chapter 3: In vivo footprinting of MDRJ intl"on J 124 



a) 

14-19 _ 

54 

114 

150 
164 -

214 -

259 -

310 
~14 -

369 -

414 -

464 -

M CI Tl T2 T3 VI V2 V3 

b) 

* 

-
-

= 

M Cl TI T2 T3 VI V2 V3 

Figure 3.13 UV footprinting of the sense strand in the KB-3-1 and KB-8-5 cell 

lines. a) KB-3-1 cells and b) KB-8-5 cells. C: Samples obtained using untreated DNA 

as template, T: samples obtained using in vitro treated DNA as template; V: samples 

obtained using in vivo treated DNA as template and M: Marker. The stars indicate the 

boundaries of the bands considered. 
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Figure 3.14 UV footprinting of the antisense strand in the KB-3-1 and KB-8-5 

cells. a) KB-3-1 cells and b) KB-8-5 cells. T: in vitro treated DNA template; V: in vivo 

treated DNA template and M: Marker. The stars indicate the boundaries of the bands 

considered. 
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Figure 3.15 Sense and antisense in vivo footprints for the KB-3-1 and KB-8-5 cell 

lines. a) KB-3-1 cells, b) KB-8-5 cells. Data shows all positions of UV damage found 

to be significant. Footprints on the sense and antisense strand are shown in blue and red 

respectively. V IT ratios above 1 are sites of hypersensitivity whilst ratios below 1 are 

sites of protection. The purple line on each graph indicates the region that could be 

probed on the antisense strand. c) Position of the previously identified in vitro 

footprints . Stars indicate sites of in vitro hypersensitivity. 
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were largely insensitive to verapamil reversal in our experiments. As for the non

MDRl expressing HL60 and K562 cells some protected sites were found on the KB-3-1 

antisense strand in the region + 260 to + 320bp and may have a similar proposed 

nucleosomal origin, though considerably fewer in number and strength than in the latter 

cell lines. However, many more protected sites were found in approximately the 

sameregion (+252, +262, +271, +280, +288, +299, +315 and +319bp) on the KB-3-1 

sense strand. It is possible thus that a positioned nucleosome also exists in this region, 

but has a different rotational phasing than in the leukaemic cell lines, resulting In 

exposure of dipyrimidines on the sense strand as well as the antisense strand. 

The more drug resistant MDRl expressing cell line KB-8-5 shows a quite different 

pattern of multiple hypersensitive sites on the sense strand reminiscent of the drug 

induced KepruT cells. The cluster of protected sites observed in KB-3-1 between +250 

and + 320bp have mostly gone from KB-8-5 cells, although new protected sites appear 

outside this region .. The antisense strand of the KB-8-5 cells has very few footprinted 

sites other than some weak remnant sites of protection between +260 and +320bp. 

3.3.5 In vivo DNA footprinting in the Lo Vo and LI ADR cell lines 

UV footprinting results for the sense strand in the Lo V 0 and LI AD R cells (performed as 

described in 3.3 .1.2) are shown in figures 3 .16a and 3 .16b respectively. Image analysis 

of lanes TI -T4 and V1-V4 of the LoVo sense gel revealed sites of hypersensitivity at 

+55 , + 158 and +390bp, whilst a site of protection was found at +315bp (figure 3.18a). 

In contrast, analysis of lanes TI-T3 and V1-V3 of the L/ADR sense gel image (figure 

3 .16b) showed evidence of numerous footprints. Hypersensitivity was observed at +20, 

+43 , +46, +55 , +83,+86, +96, +]13 , +191 , +196, +225 , +227, +271 , +287, +299, +303 , 

+ 315, +319 and +344bp whilst protection was observed at + 13 7, + 147, + 154, + 168, 

+ 178, +261, +281 , +370 and +391 bp (shown graphically in figure 3.18b). 

The antisense strand was also footprinted (3.3 .1 .1) with the results of the Lo Vo and 

L/ADR cells shown in figures 3.17a and 3.17b respectively. Analysis of lanes T1 , T3-

T4 and V2-V4 of the LoVo cell line showed evidence of protection at +284, +295, 

+307, +347and+411bp and a hypersensitive site at +373bp (shown in figure 3.18a) . 
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Figure 3.16 UV footprinting of the sense strand in the LoVo and L/ADR cell 

lines. a) LoVo cells and b) L/ADR cell lines. T: in vitro treated DNA template; V: in 

vivo treated DNA template and M: Marker. The stars indicate the boundaries of the 

bands considered. 
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Figure 3.17 UV footprinting of the antisense strand in the LoVo and L/ADR cell 

lines. a) Lo Vo cells and b) LI ADR cell lines. T: in vitro treated DNA template; V: in 

vivo treated DNA template and M: Marker. The stars indicate the boundaries of the 

bands considered. 
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Figure 3.18 Sense and antisense in vivo footprints in the LoVo and L/ADR cell 

lines. a) Lo Vo cells, b) LI AD R cells. Data shows all positions of UV damage found to 

be significant. Footprints on the sense and antisense strand are shown in blue and red 

respectively. V/T ratios above 1 are sites of hypersensitivity whilst ratios below 1 are 

sites of protection. The purple line on each graph indicates the region that could be 

probed on the antisense strand. c) Position of the previously identified in vitro 

footprints. Stars indicate sites of in vitro hypersensitivity. 
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Analysis of lanes T2-T3, V2 and V4 of the L/ADR sense gel revealed sites of 

hypersensitivity at +273, +318, + 412 and +413bp, but no protected sites (figure 3.18b). 

As shown in the graphical representations of the footprinting data the sense strand of the 

Lo Vo cells had very few UV footprinted sites with only three hypersensitive and one 

protected site (the latter within in vitro footprint A). For the antisense strand in the 

Lo Vo cells only three protected sites were found in the +80 to +31 Obp region consistent 

with its status as MDRl expressing. These vestigial antisense strand protected sites are 

completely absent in LI ADR cells, consistent with the very high MDRl expression rate 

of the LI ADR cells. 

A notable feature of the LI ADR cells was the dramatic increase in in vivo footprinted 

sites, both hypersensitive and protected on the sense strand. The nlajority of the sense 

strand protected sites were clustered in a region from + 13 7 to + 1 78bp, although there 

was one within in vitro footprint D. The hypersensitive sites were spread throughout 

the region though there were indications of clustering in some areas. For example there 

was a cluster of hypersensitive sites between +271 and +319bp - the sanle region that in 

the non/low MDRl expressing cells protection was seen on either the antisense (HL60, 

K562) or sense (KB-3-1) strand. 

3.4 CHAPTER SUMMARY 

The initial purpose of this chapter was to establish the in vivo TDPCR technique using 

UV light as the damaging agent. This was achieved and the established technique was 

then used to interrogate both strands of intron 1 in the HL60, K562, KB and Lo Vo 

series of cell lines. Analysis of the footprinting gels produced several interesting results. 

Firstly, an interesting phenomena was observed on the antisense strand between 

approximately +260 and + 320bp. This region showed a significant number of protected 

sites in the non- MDRl expressing leukaemic cell lines which declined in strength and 

number as MDRl activity increased. We hypothesise that this n1ay indicate a positioned 

nuclesome in the non MDRl expressing cell lines which becon1es randolllly positioned 

as MDRl expression increases and the footprints consequently lost. A similarly 

positioned nuc1eosome n1ay exist in KB-3-1 cells but with different rotational setting. 
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However, different interpretations are certainly possible and further investigations 

would be needed to prove or disprove this suggestion. 

Secondly, a significant increase in the number of hypersensitive sites was seen, notably 

on the sense strand in the highly drug resistant LI ADR, KepruT and KB-8-5 cell lines. 

During transcription the DNA is unwound by RNA polymerase II and a hybrid duplex 

is formed between the newly synthesised RNA and the antisense strand, leaving the 

sense strand single stranded for a period (Mirkovitch and Darnell, 1992; reviewed in 

Nikolov and Burley, 1997; Smale and Kadonaga, 2003). It is possible that the sense 

strand hypersensitive sites observed in the highly active MDRI expressing cells may 

result from significant exposure of the sense strand to UV damage during highly active 

transcription. The clustering of sense strand hypersensitive sites seen may reflect 

pausing sites of RNA polymerase II along the DNA. Whilst hypothetical, again this can 

be examined by further investigations. 

Between the two extremes discussed above many other protected and hypersensitive 

sites were observed in the cell lines of intermediate sensitivity, which may reflect 

regulatory factor binding and enable the identification of such interactions. 
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CHAPTER FOUR 

General discussion 

4.1 P-GP EXPRESSION IN CELLS OF LEUKAEMIC AND NON

LEUKAEMIC ORIGIN 

Multidrug resistance IS a major limitation in the successful treatment of human 

malignancies using chemotherapy. A better understanding of the underlying molecular 

mechanisms involved in MDR is essential if the clinical impact of MDR is to be reduced. 

This study focused on exploring the regulatory role of intron 1 in MDRl expression. The 

MDRl intron 1 region spans fronl +31 bp to +595bp and contains a downstream CpG 

island between +304 and + 705bp. 

Multidrug resistant cell lines derived from different types of cancer, rangmg from 

leukaemias to solid tumours were used in this study. The leukaemia cell lines studied 

were the acute promyelocytic drug sensitive HL60 cell line and its MDR derived subline, 

H/E8 and the drug sensitive K562 cell line and its derived MDR subline Kepru. 

The HL60 cell line was initially established from peripheral blood leukocytes taken from 

an acute promyelocytic leukaemia patient (Collins et al. , 1977). The H/E8 MDR subline 

was derived from the highly drug sensitive promyelocytic leukaemia HL60 cell line, by 

repeated exposure of cells to epirubicin (Su et aI. , 1994). The H/E8 line exhibits cross 

resistance to typical MDR drugs such as epirubicin, vinblastine and paclitaxel and is also 

resistant to non MDR drugs such as cis-platinum, methotrexate and chlorambucil (Marks 

e/ al., 1996). P-gp has been shown to be expressed in the H/E8 line and not in the HL60 

using flow cytometry (Su et al., 1994; Marks et al. , 1996), western blotting (Su et al., 

1994; Marks et al. , 1996) and RT-PCR (Desiderato et al., 1997). Furthernlore resistance 

in the H/E8 cell line is reversed in the presence of P-gp inhibitors, verapanlil (Marks et 

al. , 1996) and PSC-883 (Desiderato, PhD thesis, 2000) providing additional evidence 

that the functional MDR nlechanisnl in the drug resistant H/E8 cell line is P-gp. The 

current study confirmed the resistance levels of the HL60 and H/E8 cells to pac1itaxel 
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(see table 4.1) with the H/E8line being approximately 13.3 fold more resistant than its 

parental counterpart, which is similar to the resistance levels reported by Su et al., 

(1994). 

The K562 cell line was initially established from a patient suffering with chronic 

myelogenous leukaemia in terminal blast crises (Lozzio and Lozzio, 1979). The Kepru 

MDR cell line was derived from the drug-sensitive K562 chronic myeloid leukaemia cell 

line by repeated exposure to clinically relevant levels of epirubicin (Hargrave et al., 

1995). The K562 cell line is drug sensitive and expresses very low to undetectable levels 

of P-gp (Marks et al., 1996; Yague et al., 2003; Stephenson, PhD thesis, 2005). In 

contrast, the drug resistant Kepru cell line expresses high levels of P-gp, easily reversed 

in the presence of the P-gp inhibitor, verapamil (Stephenson, PhD thesis, 2005). Drug 

resistance in the Kepru MDR cell line declines over time in culture in the absence of 

drug, but is easily restimulated by a single, short term re-exposure to the original 

selecting drug, epirubicin (Stephenson, PhD thesis, 2005). This increase in resistance is 

accOinpanied by an increase in MDRl mRNA expression (Stephenson, PhD thesis, 2005). 

However, drug resistance levels cannot be increased in the drug sensitive parental K562 

cell line by a single exposure to epirubicin. Western blotting and flow cytometry has 

demonstrated the presence of P-gp in the Kepru cell line with no P-gp being detected in 

the drug sensitive K562 cell line (Marks et al. , 1993; Hargrave et al., 1995). The CUlTent 

study confirmed resistance levels of the K562, Kepru and KepruT cells (Kepru cells 

restimulated by epirubicin exposure) to paclitaxel (see table 4.1). The data obtained was 

consistent with previous results obtained for these cell lines (Stephenson, PhD thesis, 

2005). We also confirmed that the increased resistance levels seen in the KepruT cell line 

returned to the same levels seen in the Kepru cells four months after initial drug 

treatment. 

The KB-3-] cel1 line is a subline of the HeLa human cervix carcinoma cell line, (Fojo et 

al. , 1985) and the KB-8-5 MDR subline was derived frOin the KB-3-1 cell line by 

treatment of the cells with colchicine (Akiyama et al., 1985). P-gp has not been detected 

in the KB-3-1 cell line (Mickley et al. , 1989; Galski et al. , 1989; Sumizawa et al. , 

1997; Dexter ef al., 1998; Loganzo et al., 2004) nor can the sensitivity of KB-3-1 cells 

to drug be increased in the presence of verapa111il (Su111izawa et a/. , 1997; Okumura et 

al. , 2000). In contrast P-gp has been detected in the drug resistant KB-8-5 cells (Galski 
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et al., 1989; Sumizawa et al., 1997; Dexter et al., 1998; Okumura et al., 2000; 

Loganazo et al., 2004) and MDR in these cells is reversed in the presence of the P-gp 

specific inhibitor, verapamil (Sumizawa et al., 1997; Okumura et al., 2000; 

Anuchapreeda et al. , 2002). In the current study, we found the KB-8-5 cell line to be 

approximately 6.7 fold more resistant than the drug sensitive KB-3-1 cell line (see table 

4.1). This was less than the 12.6 fold and 19 fold greater resistance to paclitaxel reported 

by Okumura et al., (2000) and Loganzo et al., (2003) respectively. However, the 

differences in resistance levels may be due to both Okumura et al., (2000) and Loganzo 

et al., (2004) maintaining their KB-8-5 cell line in the presence of drug (colchicine) 

between experiments. We also found that resistance to paclitaxel in the KB-8-5 cells was 

dramatically reversed by verapamil to levels lower than the base level in the KB-3-1 

cells, demonstrating that P-gp is responsible for the increased drug resistance in the KB-

8-5 cell line. Verapamil slightly increased the sensitivity of the KB-3-1 cells to paclitaxel 

in our experiments, but this n1ay be due to reversal of MRP mediated MDR, since 

although verapamil is considered to be specific for P-gp, it is also capable of partially 

reversing MRP MDR (Clynes et al., 1998). Consistent with this is the lack of evidence in 

the literature for P-gp expression in this cell line (Sumizawa et al., 1997; Okun1ura et 

al. , 2000; and Anuchapreeda et al. , 2002). 

The Lo Vo cell line was derived from an adenocarcinoma of the colon (Drewinko et al. , 

1979) and the LI ADR drug resistant cell line derived from the drug-sensitive Lo Vo cell 

line by exposure to adriamycin (Grandi et al. , 1986). The L/ADR cells are cross 

resistant to adriamycin, VP-16, vincristine, actinolnycin D, okadaic acid (Grandi et al. , 

1986; Sieder et al., 1999). Both Lo Vo and LI ADR have been shown to express P-gp 

using flow cytometry (Michielli et al" 1993; Peart et al., 2003) real time quantitative 

PCR (Nakamura et al., 2003) and Northern hybridization (Michieli et al" 1993), 

although the LI ADR cells express much higher amounts than the Lo Vo cells. The low 

expression of MDRl in Lo Vo cells is consistent with our finding that verapatnil increased 

cytotoxicity in both the Lo Vo and the LI ADR cells, although the LI ADR cell line was 

approximately 250-fold more resistant than LoVo cells to paclitaxel, with an IC50 of 

~2500nM (see table 4.1). Previous studies using doxorubicin have reported increased 

resistances of appro x 30-fold (Michieli et al. , 1993) and 100-fold (Meschini et aI, 2000) 

in LI ADR compared to Lo Vo cells but there are no reports in the literature of the use of 

paclitaxel to determine the levels of drug resistance in the LI ADR cell s. Based on the data 
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obtained here and in previous studies, P-gp is expressed in the Lo Vo, LI ADR, H/E8, 

Kepru, KepruT and KB-8-5 cell lines, but not in the HL60, K562 and KB-3-1 cell lines. 

4.2 ROLE OF INTRON 1 IN MDRl REGULATION 

Activation of the MDRl gene as a result of gene amplification has been ruled out in the 

H/E8 cells (Desiderato et al. , 1997), Kepru cells (Stephenson, PhD thesis, 2005), KB-8-5 

cells (Shen et al., 1986; Schoenlein et al., 1992) and Lo Vo cells (Toffoli et al., 1996). 

However, the MDRl gene in the L/ADR cell line has been shown to be amplified at least 

10-fold (Rivoltini et al., 1990). 

The absence of MDRl expression in the HL60 and KB-3-1 cells is most likely due to 

epigenetic silencing by methylation. Previous studies in this laboratory have shown that 

silencing of MDRl in the HL60 cell line is associated with two distant regions of 

methylation, one within the promoter and one downstream of the promoter in intron 1 

(Desiderato ef aI, 1997). Sites in both regions are completely unmethylated in the MDRl 

expressing HL60 derived H/E8 subline (Desiderato et aI, 1997). The intron 1 

methylation sites are within a CpG island, although not all sites in the island are 

methylated in the HL60 cell line. Similarly, Kusaba et al. , (1999) reported 

hypermethylation of 5' sites in the MDRl promoterlintron 1 region in KB-3-] cells and 

demonstrated that activation of MDRl expression in two MDR cell lines derived from 

KB-3-1 cells was associated with demethylation of these sites (Kusaba et al. , 1999). 

Unlike the HL60 cell lines, methylation does not playa regulatory role in our K562 cell 

line, with the MDRl pron10ter totally unmethylated in both the promoter and downstream 

region in the K562 and Kepru cells (Stephenson, PhD thesis, 2005). Previous studies in 

this laboratory have also den10nstrated the existence of in vitro protein binding to sites in 

the differentially methylated region in the HlE8 cells (Desiderato, PhD thesis, 2000), 

supporting a role for this region in regulation of MDR1. 

Preliminary reporter gene studies con1panng the activity of a Iuc reporter vector 

controlled by a n1inin1al core MDRl promoter, with that produced by a vector containing 

the core MDR 1 promoter plus the dowl1stremTI CpG island cloned into the enhancer site 
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Table 4.1 Summary of growth inhibition by paclitaxel for each cell line. 

Data based on cytotoxicity assays perfonned in chapter 2. 

Cell Line IC50 (nM) MDRI expression 

HL60 6 -

H/E8 80 + 

K562 8 -

Kepru 32.5 + 

KepruT 115 + 

KB-3-1 6 -
KB-8-5 40 + 

LoVo 10 + 

L/ADR 2500 + 

Table 4.2 Summary of reporter transfection studies. 

The % activity of each construct relative to the MDRI core promoter construct alone is 

shown for each cell line. Values found not to be significant are indicated with (ns). 

0/0 Activity relative to Core promoter construct 

H/E8 K562 Kepru KB-3-1 KB-8-5 LoVo L/ADR 

Luc283/382 69 69 73 - - - -

Luc322/382 45 61 54 - - - -

Luc322/455 71 77 66 - - - -

Luc283/455 52 26 39 167 311 130 (ns) 145 (ns) 

Luc415/606 50 - - 191 227 163 (ns) 106 (ns) 

Luc283/606 61 - - 172 216 140 (ns) 138 (ns) 

Luc65/189 65 - - 318 429 273 249 

Luc193/282 36 - - 246 163 (ns) 275 285 

Luc65/282 58 - - 216 364 292 231 
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of the reporter vector, suggested that the intron 1 region contained at least one negative 

regulatory element (Cassano, Honours thesis, 2000; Byrne, Honours thesis, 2001). This 

possibility was further examined in the current study by preparing and testing reporter 

constructs based on these in vitro DNA footprints and by employing in vivo UV 

footprinting to search for evidence of the presence ofDNA:protein interactions in vivo. 

4.3 REPORTER GENE TRANSFECTION STUDIES OF THE 

INTRON 1 REGION 

The +283 to +455bp region is within the intron 1 CpG island and contains both the 

differentially methylated sites in the HL60 series cells and the previously observed in 

vitro footprints. The + 283/+455bp region and subsections of this region were subcloned 

into the enhancer site of a previously constructed Luc reporter vector containing the 

MDRl -88/+ 77bp mininlal promoter (Cassano, Honours thesis, 2000) and transiently 

transfected into cells. The -88/+ 77bp minimal promoter region was chosen as previous 

studies have indicated that MDRl promoter activity is not increased with the inclusion of 

regions beyond -88bp, (Cornwell and Smith, 1993a; Goldsmith et at., 1993) and that 

lnaxinlum promoter activity is achieved by terminating the promoter at + 76bp (Lau et 

at., 1998). 

Table 4.2 summarises the results of the reporter gene activity of the Luc283/455 relative 

to the A1DRl Core Pronloter alone across all cell lines tested. The core MDRl promoter 

reporter construct was expressed in the non expressing K562 and KB-3-1 cells as well as 

the MDRl expressing H/E8, Kepru, KB-8-5, Lo Vo and LI ADR cell lines, indicating that 

adequate anlounts of promoter specific transcription factors are available and thus the 

absence of expression in the K562 and KB-3-1 cells must be due to some other factors 

such as chromatin inaccessibility, or the action of a strong repressor. Inclusion of the 

+283 to +455bp region in the reporter vector enhancer site resulted in a decrease in 

reporter activity in the H/E8, K562 and Kepru cells, but an increase in the cells of non

leukaemic origin. Thus it appears that factors capable of binding to the +283 to +455bp 

region exist in all cells, but their effect varies in cells of different origin. 
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The +283 to +455bp segment of the MDRl gene was subdivided into three further 

constructs, Luc283/382 which contains in vitro footprints A, Band C, Luc322/455 which 

hosts in vitro footprints B, C and D and Luc322/382 containing footprints B and C. These 

constructs were tested in the HlE8, K562 and Kepru cell lines in order to try and isolate 

the negative element responsible for the decrease in the reporter gene activity of the 

Luc283/455 plasmid. Surprisingly all constructs decreased promoter activity in each of 

the three cell lines (see table 4.2). However, with the exception of the Luc322/382 vector 

in the H/E8 cells, whose activity was lower than the activity of the entire Luc283/455 

region, all 3 constructs produced higher levels of activity compared to the Luc322/382 

region, but activity was still repressed compared to the MDRl Core promoter vector. 

These results suggest the possibility of multiple regulatory elements both inhibitory and 

activating in this region (as shown schematically in figure 4.2). 

Although the differential methylation and in vitro footprints observed previously were all 

contained within the +283 to +455bp region, the region beyond these is also within the 

intron 1 CpO island and has numerous consensus sequences for transcription factor 

binding. This region was not examined previously by in vitro footprinting, since the n10st 

3' bp position that could be visualised in those experiments was approx +420bp. In order 

to examine whether this region may also contain any regulatory elements, the +415 to 

+606bp downstream region was subcloned into the enhancer site of the MDRI Luc Core 

Promoter vector and transfected into the HlE8, KB-3-1, KB-8-5, Lo Vo and LI ADR cell 

lines, along with the previously constructed Luc283/606 vector. The Luc283/606 region 

in the H/E8 cell line reduced reporter activity by approximately 500/0. This reduction was 

expected given that the Luc283/455 construct also reduced reporter activity. However, 

more surprisingly was the finding that the 415/606bp region also reduced activity. The 

results suggested that either the presence of a repressor element between +415 and 

+455bp or separate repressors in both the +283 to +415bp and +455 to +606bp regions. 

In contrast, the Luc283/606 construct produced significant increases in promoter activity 

relative to the MDR 1 core prOlTIoter in the KB-3-1 and KB-8-5 cells (see table 4.2). 

Although KB-3-1 cells do not appear to express MDRl, the results suggest that adequate 

amounts of specific transcription factors are available and that silencing of MDRl in 

these cells is due to son1e other factor such as chromatin inaccessibility, or the action of a 
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strong repressor. Both the Luc415/606 and Luc283/455 constructs increased expression 

in KB-3-1 and KB-8-5 suggesting either the presence of an activator between +415 and 

+455bp or separate activators in each of the +283 to +415bp and +455 to +606bp regions. 

Smaller increases in activity were also seen in the LoVo and L/ADR cells, though these 

increases were not found to be significant in the current experiments. 

There have only been two other reports of reporter gene experiments being performed on 

the intron 1 region of the MDRI gene. Rohlff and Glazer, (1994) prepared MDRIICat 

constructs using the pCAT -Basic vector and transfected these into the doxirubicin 

resistant breast cancer cell line, M CF I AD R. The results suggested that an enhancer exists 

between +55 and +289 and that a region between +289 and +533 repressed the activity of 

the +55 to +289 enhancer region in this cell line. These findings are consistent with our 

results, suggesting that one or more negative regulatory elements exists between +283 

and +606bp in the H/E8, K562 and Kepru cells. In another study Lau et aI., (1998) 

examined the involvement of the downstream region in activation of the MDRI gene by 

Human T cell leukaemia virus (HTL V -1) by electroporation of MDRI-CA T constructs 

into COS cells. The results suggested that a negative regulatory elen1ent existed between 

+76 and + 192, whilst a positive regulatory factor lay between + 192 and +543, the latter 

results being consistent \vith our findings of a positive regulatory element between +283 

and +606bp in the KB-3-1 and KB-8-5 cell lines. The data of these previous two studies 

and our own suggest that the 283/606 region has the potential to upregulate or 

downregulate promoter activity dependent on cell origin. 

To extend our study of the potential functional activity of the intron 1 region we also 

cloned various subregions between +65 and + 282bp into the enhancer site of the 

luciferase gene in our Luc Core Promoter vector. The subregions exan1ined were the 

entire +65/+ 282bp region, the +65/+ 189bp region and the + 193/+ 282bp region, with the 

constructs transfected into the H/E8, KB and Lo Vo series cell lines. As was found with 

the +283/606bp region in H/E8 cells, the +65/282bp region also contained potential 

negative regulatory elements (see table 4.2). Both of the Luc651189 and Luc193/282 

constructs also resulted in repression, suggesting that repressive elen1ents were present in 

both regions, however, repression was greater in the Luc 193/282 construct than in the 

con1plete Luc65/282 construct suggesting the presence also of an enhancer elen1ent 
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possibly straddling the + 189 to + 193bp region. The results obtained for the H/E8 cell line 

is consistent with those reported by Lau et al., (1998) who suggested that a negative 

regulatory element exists between +76 and + 192bp in COS cells. 

In contrast to the results for the H/E8 cells the Lo Yo, LI ADR and KB-3-1 cell lines 

showed an increase in reporter gene activity of all three constructs relative to the MDRI 

core promoter, suggesting the presence of potential enhancers in both the +65 to + 189bp 

and + 193 to +282bp regions (see table 4.2). In the KB-3-1, Lo Vo and LI ADR cells, each 

of the Luc651l89 and Luc 193/282 regions produced similar or higher levels of activity 

than the complete +65 to +282bp region, suggesting that a potential repressor also exists 

in the region straddling + 189 to + 193bp. However, in contrast to this the KB-8-5 cells 

only showed a significant increase in reporter activity of the Luc65/282 and Luc651l89 

constructs relative to the activity of the Luc Core Promoter (see table 4.2). Although an 

increase in reporter gene activity was observed in the Luc 193/282 construct relative to 

the activity of the Luc Core Promoter, this increase was not found to be significant, 

suggesting that only the +65 to + 189bp region contains an enhancer in the KB-8-5 cell 

lines. The average activity of Luc65/189 was higher than the average activity of 

Luc65/282. however, this difference was not found to be significant, thus at this stage we 

cannot hypothesise that a repressor exists in the + 189 to + 193 bp region in the KB-8-5 cell 

line. The results we obtained for the Lo Vo and KB cells are consistent with the results 

obtained by Rohlff and Glazer (1994) who suggested an enhancer element exists between 

+55 and +289bp. 

Both Lau et al., (1998) and Rohlff and Glazer, (1998) subc10ned the downstream region 

between the transcription start site and the luciferase eDNA and since the intron region 

has lTIultiple A TG sites, it is possible that this placen1ent lTIay affect the reporter activity. 

To our knowledge, our group is the first to subc10ne potential MDRI downstream 

regulatory elelnents into a site downstream of the reporter gene. 

4.4 IN VIVO FOOTPRINTING 

Transient transfection experiments can only indicate what effect the transcription factors 

present within the cell type nlay have on the transfected gene construct and not 
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necessarily on the endogenous gene located within its appropriate chromatin context. 

Consequently we turned to UV in vivo footprinting in an attempt to gain some evidence 

for an involvement of the intron 1 region in MDRl regulation in vivo. The region from 

+250bp to +450bp was examined on both strands, but the region upstream of +250bp 

could only be examined on the sense strand in our experiments, thus there may be 

additional antisense strand sites upstream of + 250bp that we have not detected. 

4.4.1 Transcription factor consensus binding sites in Intron 1 

In vivo footprints can result from both chromatin structural features and from specific 

transcription factor binding. The locations of transcription factor consensus binding 

sequences identified within the region of study using the SIGSCAN and TESS databases, 

as well as of observed UV footprints are shown in figures 4.1 to 4.4. Correlation of 

consensus binding sequences with the in vivo footprints may suggest the identity of 

potential proteins binding to this region for future investigation. Table 4.3 shows a 

summary of the in vivo sites of UV danlage that fall within ±5bp of either side of a 

consensus binding site on either strand. Consensus sequences and footprints on the sense 

strand are shown in blue and on the antisense strand in red. Note that footprints on the 

antisense strand upstream of approx +240bp could not be identified in our experiments so 

additional footprints may be possible in this region. 

Examination of Table 4.3 reveals distinct shifts in patterns of alignnlent of footprints with 

transcription factor consensus binding sites between expressing and non expressing cells 

and between different cell types. These will be discussed in more detail in subsequent 

sections following a brief description of the properties of the transcription factors 

highlighted in table 4.1. However, it is important to note that the array of transcription 

factor binding sites noted here may not be exhaustive, since use of other transcription 

factor databases could reveal further potential sites. Fwihernl0re, just because a site of 

protectionJhypersensitivity falls within or close to a consensus site does not mean that the 

putative protein is bound in vivo. Finally we note that the consensus sequences are 

minimal sequences with variants of the consensus and flanking sequences playing a 

significant role in whether a factor binds or which mell1ber of a family of factors binds. 
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AP-4 GATA-1 NF-1 C/EBPa AP-1 AP-2 AP-3 Spl PEA-3 
38-47 83-87 80-85 18-21 18-23 60-72 288-294 249-256 63-70 134-143 16-21 
41-45 235-240 62-67 88-96 288-294 264-269 (AP-2a) 229-238 51-55 
306-314 401-407 89-92 89-94 233-240 300-307 307-316 87-92 
389-396 413-418 109-112 250-258 359-365 351-355 353-362 191-196 

1 16-121 116- I J 9 273-285 388-398 366-375 408-411 
147-152 394-400 394-403 
234-237 402-407 405-411 
251-256 254-259 260-263 435-444 437-443 
302-314 325-328 331-334 
430-433 

HL60 304,306,307 266, 272 273 283-284 266 304, 306-307 
316 317 304, 306-307 282-284 294-296 272 273 316 317 

316 317 295 296, 443 
304, 306-307 

K562 304-307 408-410 257 262 264-266 257 262 283 284 285 257 262 262-266 272 304-307 315 195 200 
315 304-307 272-273 275 295-298 273 347 408-410 

315 282-284 285 295-298 304-307 408-410 

H/E8 315 319 86 86 55 283-284 246 250 3 15 3 19 52 55 
391 409 410 246 250 86 292 294, 296- 262 266 296-298 270 304 306 86 

416 262 266 246. 250 298 272-273 391 186 191 
304 306 270 272-273 304 306 409 410 4 16 409 410 416 
3 I 5 3 19 282-284 391 440 

Kepru 304 96 98 55 285 262 224 227 55 
315 319 112 96 98 299 299 304 304 96 

262 262 315 3 19 186 191 
304 276 277 434 
434 285 

KepruT 35 83 25 61 64 256 61 64 140 25 
303 87 61 64 83 271 303 83 87 
315 403 87 256 303 315 187 
386 387 388 106 ' 118 125 271 368 368 200 
398 154 156 281 386-388 398 403 

256 398 403 
303 432 433 434 
315 
326 327 332 333 
432 433 434 

KB-3-1 305 307 419 252 255 258 262 76 283 284 288 252 255 258 262 271 225 305 307 
315 319 297 299 252 255 258 299 297 297 299 305 307 358 358 367 380 

305 307 271 280 367 435 438 
3 I 5 3 19 283 284 288 444 446 447 
435 438 

KB-8-5 306 83 86 91 20 24 83 86 299 262 265 147 148 24 20 
313 315 86 91 96 271 225 83 86 
389 391 96 262 271 276 299 306 306 313 315 91 96 

113 118 280 281 359 361 359 361 186191 196 
147 148 389 391 376 
262 265 391 

299 306 
313 315 

LoVo 307 411 307 55 284 295 307 55 
315 315 284 295 307 315 411 
390 390 347 

373 
390 
411 

L/ADR 43 46 83 86 20 83 86 299 261 137 20 
303 412 86 96 271 273 147 46 
3 15 318 3 19 96 261 299 303 225 227 55 
391 113 271 273 370 303 83 86 

147 154 281 287 39 1 315 318 3 19 96 
26 1 370 191 196 
299 303 391 412413 
3 15 318 3 19 412 413 

Table 4.1 Putative transcription factors potentially binding in intron 1 between +1 and+450bp of MDRJ in all experimental cells. 

Data shows putative transcription factors as determined by the SIGSCAN and TRANSF AC databases. Numbers in blue indicate sites of UV damage on 

the sense strand whilst sites UV damage found on the antisense strand shown in red. Only damage within the consensus sequence site or within 5bp 

either side of the consensus sequence site was included. Putative consensus sites in blue indicate putative sites identified on the sense strand of MDRJ. 

The remaining putative sites (red) were found on the antisense strand of MDRJ. 
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The AP-l (activator protein 1) family is a group of proteins that can activate a variety of 

genes in different cell types and tissues. The AP-l transcription factor consists of 

heterodimers between jun and fos proteins (Chinenov and Kerppola, 2001) and binds to 

DNA at specific AP-l binding sites. There is a link between the AP-l transcription factor 

and drug resistance. Schiff et aI, (2000) demonstrated that treatment of MCF -7 cells 

results in cellular oxidative stress leading to activation of AP-l and increased resistance 

to drug. Bonovich et al., (2002) found that use of an adenovirus which inhibits AP-l 

expression reversed drug resistance in KB and A2780 cells. However, specific members 

of the AP-l family can also repress gene expression (Pfahl et al., 1993; Herandez ef al. , 

2008). In general, transcriptional repression by AP-l proteins tends to involve specific 

members of the AP-l family (JunB, Jun D, Fra-l , and Fra-2) that are distinct from c-Fos 

and c-Jun and which may bind to deviated AP-l binding sequences specific to repressive 

AP-l heterodimers (Angel and Karin, 1991; Aronheim et al., 1997; Angel et al. , 2001). 

Another family member, AP-2, first identified in HeLa nuclear extracts, has been shown 

to behave as an activator of transcription in some cases (Imagawa et al., 1987; Duan and 

Clemnlons, 1995) or as a repressor in others (Gaubautz el al. , 1995; Getman et al., 

1995; Duan and Clemmons, 1995; Ren and Liao, 2001). Similarly AP-4 is known to 

either activate expression (Tsujimoto et al., 2005) or repress expression (Kim et al. , 

2006). In contrast, AP-3 has only been sho\\'11 to activate expression (Mercurio and 

Karin, 1989; Adler and Kraft, 1995) with no reports of bound AP-3 resulting in 

repression of gene expression. 

The PEA-3 transcription factor belongs to the Ets family which is composed of 3 

members (De Launoit et al. , 2006). PEA-3 has been reported to co-operate with AP-l in 

activating transcription of many genes including type 1 collagenase (Higashino et al., 

1995) and manlmoglobin (Hesselbrock et aI., 2005). PEA-3 members in most cases 

are described as transcriptional activators (De Launoit et al., 2006) and are over 

expressed in breast tunlours (Trimble et al., 1993; Benz et al., 1997). Liu et al., (2004) 

demonstrated that PEA-3 can interact with the p300 transcriptional co-activator which 

possesses HAT activity. However, Xing et al., (2000) showed that PEA-3 was capable of 

binding to the HER-2INeu gene resulting in decreased expression and inhibition of 

tumourogenesis in cells overexpressing this gene. 
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The NF -1 (nuclear factor 1) originally isolated from HeLa cells, is a member of a family 

of DNA binding proteins that function as transcription and replication factors (Kruse and 

Sippel, 1994) and have the ability to confer cell-specific expression of genes. Furlong et 

al., (1996) demonstrated that NF-l activated the p53 promoter in liver and prostrate 

samples, but not in testis and spleen samples. Jackson et al., (1993) also demonstrated 

liver-specific activation by NF-l of the serum albumin gene promoter. NF-l family 

members can also repress expression. For example, NF-l inhibits human PITIIGHFI 

expression (Rajas et al., 1998), NF -1 IX an isoform of NF -1 , represses alpha(1 B) 

adrenergic receptor gene middle (P2) promoter activity (Gao and Kunos, 1998) and NF

IlL, also an NF -1 isoform, binds at a negative regulatory element in the peripherin gene 

(Adams et al., 1995). 

The Sp-family of transcription factors contains 4 members. Spl and Sp4 are known 

activators of transcription whilst Sp3 can function as a repressor or an activator, 

depending on the gene and cell type (Suske, 1999). The transcriptional properties of Sp2 

remain unknown (BouWll1an and Philipsen, 2002). Zhu et al., (2003) demonstrated that 

methylation within an Spl consensus site will not prevent Spl fron1 binding to that site, 

but that methylation of multiple surrounding CpG sites will result in a significant 

decrease in Spl binding. This may be the case in the HL60 and KB-3-1 cells, both of 

which are hypermethylated in the pron10ter region of MDR1 . In the unmethylated drug 

resistant cell lines, H/E8 and KB-8-5, Spl lTIay be binding at higher levels which could 

account for the increase in expression levels. 

The C/EBP-u (CCAA T/enhancer binding protein) family of transcription factors is 

involved in regulating cellular proliferation, tem1inal differentiation and apoptosis (Zhang 

et al., 1998; Lekstron1-Himes et al., 1998; Gery et al., 2005) in myeloid, granuloid, 

hepatocytes and adipocyte cells (reviewed in Tenen et al., 1997; Kockar et al., 2001) 

and in epithelia of breast, colon and prostate (Antonson and Xanthopoulos, 1995). 

Radomska et al., (1998) showed that C/EBP-u is critical for normal myeloid 

differentiation and regulates expression of myeloid genes. In a further study Halmos et 

al., (2002) demonstrated that C/EBP-u expression is down-regulated in lung cancer cells 

lines, whilst induction of C/EBP-u in these cells led to reduction of cell growth and 

ultimately apoptosis, suggesting a link between tun10ur suppression and C/EBP-u. 
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Although C/EBP-a is generally associated with gene activation, it has been reported to 

act as a repressor in some circumstances (Kovacs et al., 2003). 

The GATA family consists of six transcription factors , GATA-1 to GATA-6 divided into 

two subfamilies. GAT AI , GAT A2, and GAT A3 belong to the hematopoietic subfamily, 

which are expressed mainly in the hematopoietic system (Weiss and Orkin, 1995) and 

regulate differentiation-specific gene expression in T-Iymphocytes, erythroid cells, and 

megakaryocytes (Molkentin, 2000). GAT A4, GAT A5 , and GAT A6, are expressed in 

several non-hematopoietic tissues, including intestine, lung, and heart where they play 

critical roles in regulating tissue-specific gene expression (Molkentin, 2000). GA TA-1 

can act either as a transcriptional activator (Furuhata et al., 2009) or repressor (Tripic et 

al., 2008). 

4.4.2 UV footprinting of Leukaemic cell lines 

In vivo footprinting of the drug-sensitive HL60 cell line showed a cluster of protected 

sites at appro x 10bp intervals restricted to a zone between +260 and + 320bp on the 

antisense strand (Figure 4.1 a). This region partially overlaps the previously identified in 

vitro footprint A but the latter in vitro DNA: protein interactions were detected on the 

sense strand, on which no footprints were found in HL60 cells in the current in vivo 

experiments. The previous in vitro study used DNaseI and not UV as the damage agent 

and so it is possible that different agents Inight target conlpletely opposite strands. 

However, an alternative hypothesis suggested by the repetitive nature of the UV 

protected site cluster, is that the protection seen here is the result of a positioned 

nucleosome rather than transcription factor binding. Consistent with this suggestion is the 

fact that protection was also observed in the saIne region of the antisense strand in the 

non-MDRI expressing K562 cell line (see figure 4.1 b) but that the protected sites 

decreased in nunlber and strength as MDRI activity increased in drug resistant H/E8, 

Kepru and KepruT cells. The K562 cells (figure 4.1 b) had slightly less antisense strand 

protected sites in this region and a few sense strand footprints not seen in HL60 cells, 

perhaps because they are less silenced than HL60 cells. For example they are not 

methylated in our cell line and sonle investigators have repolied very low levels of MDRl 

expression in their K562 cell lines (Yague et al., 2003). 
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Figure 4.1 Alignment of UV footprints with transcrition factor consesus binding sites in the leukemic cell lines. 

Data shows the positions of all in vivo UV footprints found to be significant in a) HL60; b) K562; c) H1E8; d) Kepru and e) KepruT cells. 

Footprints observed on the sense and antisense strands are shown in blue and red respectively. Hypersensitive sites are indicated by marks 

above the line and protected sites by marks below the sequence line. The positions of potential transcription factor binding sites as determined 

using TRANSFAC and TESS databases are shown in f) where Spl binding sites at 134-143, 229-238, 307-316, 351-355, 353-362, 366-375, 

394-400, 394-403,402-407, 405-411 , 435-444 and 437-443bp are shown by blue boxes ( . ), NF-l sites (18-21 , 62-67, 89-92, 89-94,109-

112, 116-121 , 116-119, 147-152, 234-237,251-256, 254-259 ,260-263, 302-314, 325-328, 331-334 and 430-433bp are shown by lavender 

boxes ( r), GATA-l sites (83-87 80-85, 235-240,401-407 and 413-418bp) in purple boxes (. ), CIEBP-a sites (60-72, 88-96, 233-240, 250-

258 and 273-285bp) in yellow boxes ( ), PEA-3 sites (16-21 , 51-55, 87-92, 191-196 and 408-411bp) in green boxes (II), an AP-l site at 288-

294bp is shown by a peach box ( ), AP-2 sites (249-256, 264-269, 300-307, 359-365 and 388-398bp) are shown in aqua boxes (. ), an AP-3 

site at 63-70bp is shown by a pink box (. and AP-4 sites (38-47, 41-45, 306-314 and 389-396bp) shown in light green ([1). Consensus sites 

on the sense strand shown above the line and the consensus sites on the antisense strand shown below. A schematic illustration of the position 

of the previously identified in vitro footprints is shown in g). The stars indicate sites of in vitro hypersensitivity. 
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However, if the repetitive footprints between +260 and 320bp on the antisense strand of 

HL60 cells are not due to a positioned nucleosome, the alternative possibility is that they 

result from transcription factor binding by any/all of NF -1 AP-2, C/EBP-u, AP-1, AP-4 

and Sp 1, since the protected sites are within or close to consensus sequences for these 

transcription factors. The additional footprints observed in K562 cells are found 

within/close to binding sequences for sites corresponding to PEA-3, GATA-1, NF-1, 

C/EBP-u, AP-2 and Sp 1 sequences. 

In the MDRI expressing H/E8 cells the numbers of protected sites between +260 and 

+ 320bp on the antisense strand are reduced, but many more footprints become apparent 

throughout the intron 1 region. These align with additional binding sequences for AP-4, 

GATA-1, NF-l, C/EBP-u, AP-2, PEA-3 and Spl (figure 4.1 and table 4.3). Interestingly, 

there are several protected sites on the sense strand that are conserved in H/E8 and Kepru 

cells. These include three sites at + 183, +186 and + 191 bp, which are located near a 

consensus site for PEA-3 at + 191 to + 196bp. Two sites at +222 and +227bp in the H/E8 

cells and at +224 and +227bp in the Kepru cells fa1l just outside an overlapping 

consensus site for Spl , C/EBP-u and GAT A-I site on the sense strand and an NF-I 

consensus site on the antisense strand. The site at + 262bp, conserved in both cell lines, is 

within a putative overlapping consensus site for NF-l and AP-2. The final conserved sites 

at +315 and + 3I9bp fall within overlapping NF -1 and Sp 1 sites on the antisense strand 

and straddle an AP-4 site on the sense strand. 

Figure 4.2. shows the possible functional effects of factors able to bind to this region in 

H/E8 cells as suggested by transient transfection experiments. The three conserved sense 

strand footprints close to a PEA-3 site at + 183, +] 86 and + 191 bp are within the region 

that we hypothesised contained an element capable of activating expression. As 

discussed previously PEA-3 is usually considered to be an activator of transcription 

(reviewed in De Launoit et al. , 2006). The two conserved sense strand footprints at 

+222 and +227bp are in the region which we surmised contained a potential repressor 

elelnent and are close to overlapping Spl , C/EBP-u and GATA-l sites on the sense 

strand and an NF-l site on the antisense strand. Members of the Sp 1, GAT A-I , C/EBP-u 

and NF -1 family have all been reported to act as transcriptional repressors in some 

CirCU111stal1Ces (Adan1s et al. , 1995; Rajaset et al., 1998; Gao and KUDOS, 1998; Tripic et 

al. , 2008; Suske, 1999; Kovacs et al. , 2003) 
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Figure 4.2 Schematic of UV footprints and transient transfection results in the HlE8 cell line. 

a) In vivo UV footprints on the sense and antisense strand in HlE8 cells are shown in blue and red respectively with hypersensitive sites 

shown above the line and protected sites below the line. Regions showing activation (A) or repression (R) of MDRl core promoter activity in 

transient reporter transfection experiments are shown above the footprint diagram. b) Consensus binding sequences and c) known in vitro 

footprints are shown below the footprint data as described in legend to figure 4.1. 
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The conserved site at + 262bp was also within the region that may contain an element 

capable of repression and was within overlapping NF -1 and AP-2 sites which are capable 

of repression of transcription (Adams et al., 1995; Gaubautz et al. , 1995; Getman et al., 

1995; Duan and Clemmons, 1995; Gao and Kunos, 1998; Ren and Liao, 2001). 

The final two conserved sites at +315 and + 319bp were within a region that we 

hypothesise may contain an activator element and were associated with an Sp 1 and NF-1 

and AP-4 site, all of which are capable of activating expression and are within the in vitro 

DNaseI footprint A. Thus MDRl expression in HlE8 and Kepru cells may be activated by 

an Sp 1, NF -lor AP-4 element in footprint A, and a PEA-3 or unknown element 

between approximately + 183bp and the + 191 to + 196bp PEA-3 consensus site. 

Expression may also be regulated by repressor elements possibly mediated by an Sp 1, 

NF-l, GAT A-I or C/EBP-a family member at +222 to +227bp and an NF-l or AP-2 

family member binding at + 262bp. The notable difference between expressing and non 

expressing leukaemia cells was the reduction of protection between +260 and + 320bp on 

the antisense strand and the increase in protection on the sense strand upstream of 

approximately + 320bp. In addition the sense strand protected sites common to both H/E8 

and Kepru cells may be of particular significance. 

Footprint conservation disappears in the drug induced KepruT cell line, which is 

characterised by the appearance of n1ultiple hypersensitive sites. As shown in figure 4.1d 

and figure 4.1 e a large increase in sense strand hypersensitive footprints \vas observed in 

the drug induced KepruT cells (IC50 115n1\l1) con1pared to the non-induced Kepru cells 

(IC50 32.5nM). A possible explanation for this increase in hypersensitive sites is that it 

reflects increased transcriptional activity by RNA polymerase II in the more highly 

multidrug resistant cell lines. Footprinting studies with the single strand selective agent 

KMn04 have shown that DNA is melted around transcriptional initiation sites. Typically 

KMn04 has been used to detect the pausing of RNA polymerase II close to the start site, 

characterized by a bubble of melted DNA up to approximately 25-30 bases downstream 

of the start site (Krumm et aI., 1995; Jiang et aI., 1996). Investigators usually do not 

examine regions beyond this point, however, Mirkovitch and Darnell (1992) found an 

increase in KMn04 sensitivity over approxil11ately 300 nucleotides downstream of the 

transcription initiation site of an inducible actively transcribed gene compared to the 

conesponding untranscribed gene. The extent of sensitivity was found to be proportional 
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to the transcription level and was attributed to a high density of elongating RNA 

polymerase II complexes in the downstream region in the cell population. In a less 

actively transcribed gene the number of engaged polymerases at any specific location in a 

cell may be insufficient to detect the resulting hypersensitive sites caused by melting of 

the DNA at that point. Like KMn04, UV induced damage has also been reported to be 

greatly enhanced in single stranded DNA (Becker and Wang, 1989) thus the 

hypersensitive sites seen in the intron 1 region in highly resistant cells may similarly be 

due to a high density of transcript elongating RNA polymerase II complexes. 

Alternatively the hypersensitive footprints that align within or close to transcription 

factor binding sequences may result from binding by the relevant transcription factor. 

4.4.3 Solid tumour cell lines 

Figure 4.3 shows the locations of footprints relative to binding sequences from the KB-3-

1 and KB-8-5 cell lines. A pattern of regularly repeated protected sites in the +260 to 320 

bp region, similar to that seen in the non-MDRl expressing HL60 cells, was observed in 

the non-MDRl expressing KB-3-1 cells, although in this case the protected sites were 

observed on both the sense and antisense strands (figure 4.3a). Again these footprints 

could indicate the positioning of a nucleosome in the +260 to +320bp region, but one that 

is rotationally shifted compared to its position in the HL60 and K562 cells, resulting in 

dipyrimidine sites on both the sense and antisense strand being protected due to their 

positioning close to the nucleosomal histones. As for the leukaemia cell lines, this pattern 

was reduced considerably in the MDRl expressing KB-8-5 cells. However, if the latter is 

not the case then it is possible that the KB-3-1 footprints are the result of transcription 

factor binding by NF-l, AP-2, C/EBP-u, AP-l , AP-4 and Spl , since the protected sites 

are within or close to consensus sequences for these transcription factors. 

The regular periodicity of protected sites seen in the drug sensitive cells in the +260 to 

+ 320bp region, is lost in the KB-8-5 cells, however, many more footprints becoll1e 

apparent throughout this region, with a large increase in the number of hypersensitive 

sites. which as discussed above (4.4.2) may result fron1 single strand DNA formation 

caused by transcript elongation by RNA polymerase II. Figure 4.3b shows the possible 

functional effects of factors able to bind to this region in KB-8-5 cells as suggested by 
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Figure 4.3 Alignment of UV footprints with transcrition factor consesus binding sites in KB-3-1 and KB-8-5 cell lines. 

Data shows the positions of all in vivo UV footprints found to be significant in a) KB-3-1 ; b) KB-8-5 cells and e) HlE8 cells. Footprints 

observed on the sense and antisense strands are shown in blue and red respectively. Hypersensitive sites are indicated by marks above the line 

and protected sites by marks below the sequence line. The brackets above the sequence line indicate the transient transfection results with R 

indicating a repressor and A an activator within the indicated region. The positions of potential transcription factor binding sites as determined 

using TRANSFAC and TESS databases are shown in c) where Spl binding sites at 134-143, 229-238, 307-316, 351-355, 353-362, 366-375, 

394-400, 394-403, 402-407, 405-411 , 435-444 and 437-443bp are shown by blue boxes (. ), NF-l sites (18-21 , 62-67, 89-92, 89-94, 109-

112, 116-121 , 116-119, 147-152, 234-237,251-256, 254-259 ,260-263, 302-314, 325-328, 331-334 and 430-433bp are shown by lavender 

boxes (r- ), GATA-l sites (83-87 80-85, 235-240,401-407 and 413-418bp) in purple boxes (. ), CIEBP-u sites (60-72, 88-96, 233-240, 250-

258 and 273-285bp) in yellow boxes ( ), PEA-3 sites (16-21 , 51-55, 87-92, 191-196 and 408-411bp) in green boxes ~), an AP-l site at 288-

294bp is shown by a peach box ( ), AP-2 sites (249-256, 264-269, 300-307, 359-365 and 388-398bp) are shown in aqua boxes (. ), an AP-3 

site at 63-70bp is shown by a pink box (. ) and AP-4 sites (38-47, 41-45, 306-314 and 389-396bp) shown in light green (n ). A schematic 

illustration of the position of the previously identified in vitro footprints is shown in d). The stars indicate sites of in vitro hypersensitivity. 
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transient transfection experiments. If one disregards the sites hypothesized to be 

associated with the positioned nucleosome in KB-3-I cells we see the appearance in KB-

8-5 cells of new protected sites on the antisense strand between and 20 and 260bp and 

new hypersensitivity sites at +20 and +455bp. The extra hypersensitivity sites seen in the 

KB-8-5 cells align with consensus sequences for NF-I, SpI, AP-2, GAT A-I and AP-4, 

whilst the extra protected sites align with consensus sequences for PEA -3, GAT A -1, NF-

1 and C/EBP-a. As discussed, these consensus sites can activate gene expression thus the 

binding of PEA-3, GAT A-I , NF-I and C/EBP-a and SpI in the +65 to +I89bp region 

and AP-I, AP-4, AP-2, NF-I, SpI , PEA-3 and GATA-I in the +283 to +455bp region 

could be responsible for the activation observed by these regions in the transient 

transfection experiments. 

Figure 4.3e shows a schematic of the results obtained in the H/E8 cells as a comparison. 

Both the H/E8 and KB-8-5 cells show footprints on the sense strand in the + 189 to 

+ I93bp region, however, the positioning of the 3 sites in these cell lines is somewhat 

different and n1ay reflect the switch from this region behaving as an activator in the H/E8 

cells to being inactive in the KB-8-5 cells. In contrast, the +65 to + 1 89bp region was 

surmised to behave as a repressor element in the HlE8 cells but the same region behaved 

as an activator in the KB-8-5 cells. Comparison of the in vivo footprints in the +65 to 

+ 1 89bp region between these two cell lines shows a significant increase in the number of 

sites, both protected and hypersensitive footprints in the KB-8-5 cells compared to the 

HlE8 cells. This increase may be associated with the transition of this region behaving as 

a repressor in the H/E8 cells to an activator in the KB-8-5 cells. Similarly distinct 

differences are seen in the +283 to +455bp region which Inay act as a repressor in the 

HlE8 cells and activators in the KB-8-5 cells. Differences are also seen in the + 193 to 

+ 282bp region which, based on the transient transfections n1ay act as repressor in the 

H/E8 cells and may be inactive in the KB-8-5 cells. 

As sho\\1n in figure 4.4, the region between +260 and + 320bp shows fewer protected sites 

in the Lo Vo cells than was seen in the drug sensitive HL60, K562 and KB-3-I cells. 

However, the Lo Vo cells have been shown to express MDRI and thus loss of the 

hypothesised positioned nucleosome may be associated with MDRl activation. Unlike 

the relnaining MDR cell lines relatively few footprints were observed in any region in the 

Lo Vo cells (see figure 4.4a) and so it may be that this region is not an inlportant 
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regulatory region in these cells. The remaining sites outside the +260 to + 320bp region in 

the LoVo cells align with consensus sites for SpI , AP-2, AP-4, PEA-3 and NF-l. 

The LI ADR cells also showed increased numbers of protected and hypersensitive sites 

between +20 and +455bp. As discussed previously the marked increase in hypersensitive 

sites in the LI ADR cells (figure 4.4db) compared to the Lo Vo cells (figure 4.4a) may 

result from the action of active RNA polymerase II transcription. Note that although the 

LI ADR cells are extremely resistant, this is due in considerable part to the copy number 

amplification of the MDRl gene in these cells and so each individual MDRl gene may 

not be as activated as suggested from the relative resistance of LI ADR and Lo Vo cell 

lines. However, it is abundantly clear that as you progress to more highly drug-resistant 

cells the numbers and strength of hypersensitive sites increase. ,suggesting that a 

chromatin structural change is accompanying the change from lower to higher MDRl 

expression. 

In the +65 to + 189bp region the increased sites of hypersensitivity and protection in the 

L/ADR cells align with Spl, NF-l , PEA-3, GATAI and C/EBP-u consensus sites, whilst 

sites aligning with consensus sites in the + 193 to + 282bp region include Sp I , C/EBP-u, 

AP-2, GATA-l , NF-l and AP-l. As already discussed, these transcription factors are able 

to activate gene expression thus the binding of these transcription factors n1ay be 

responsible for the enhancer activity of these regions suggested frOITI the transient 

experin1ents and shown schematically in figure 4.4d. The binding of PEA-3 at + 189 to 

+ 193 bp could be responsible for the repression by this region in the transient transfection 

experiments. 

Interesting1y, sites in the Lo Vo cells downstrean1 of the + 320bp region appear to be a 

mirror image of sites in the same region in the L/ADR cells. For example in the LoVo 

cells, protection is seen at +347bp, hypersensitivity at +373 and +390bp and protection 

again at +411 bp. In contrast to this, in the LI ADR cells (figure 4.4d) hypersensitivity is 

seen at 344bp, protection at both +370 and +39Ibp and hypersensitivity at +412bp. It 

n1ay be that the change from hypersensitive to protected sites and vice-versa in the Lo Vo 

and LI ADR cells resu1t frOlTI different cOlTIbinations of transcription factors binding and 

ultimately different 1evels of expression. 
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Figure 4.4 Alignment of UV footprints with transcrition factor consesus binding sites in Lo Vo and LI ADR cell lines. 

Data shows the positions of all in vivo UV footprints found to be significant in a) LoVo; d) L/ADR cells and e) KB-8-5 cells. Footprints 

observed on the sense and antisense strands are shown in blue and red respectively. Hypersensitive sites are indicated by marks above the line 

and protected sites by marks below the sequence line. The brackets above the sequence line indicate the transient transfection results with R 

indicating a repressor and A an activator within the indicated region. The positions of potential transcription factor binding sites as determined 

using TRANSFAC and TESS databases are shown in b) where Spl binding sites at 134-143, 229-238, 307-316, 351-355, 353-362, 366-375, 

394-400, 394-403, 402-407, 405-411 , 435-444 and 437-443bp are shown by blue boxes (. ), NF-I sites (18-21, 62-67, 89-92, 89-94, 109-

112, 116-121, 116-119, 147-152, 234-237,251-256, 254-259 ,260-263, 302-314, 325-328, 331-334 and 430-433bp are shown by lavender 

boxes C-'), GATA-l sites (83-87 80-85, 235-240,401-407 and 413-418bp) in purple boxes (. ), CIEBP-(l sites (60-72, 88-96, 233-240, 250-

258 and 273-285bp) in yellow boxes ( ), PEA-3 sites (16-21, 51-55, 87-92, 191-196 and 408-411 bp) in green boxes (II), an AP-l site at 288-

294bp is shown by a peach box (' ), AP-2 sites (249-256, 264-269, 300-307, 359-365 and 388-398bp) are shown in aqua boxes (. ), an AP-3 

site at 63-70bp is shown by a pink box ( . ) and AP-4 sites (38-47, 41-45,306-314 and 389-396bp) shown in light green (. ). A schematic 

illustration of the position of the previously identified in vitro footprints is shown in c). The stars indicate sites of in vitro hypersensitivity. 
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Figure 4.4d and figure 4.4e show the functional effects of factors able to bind this region 

as suggested by the transient transfection performed by us in the L/ADR and KB-8-5 

cells. The KB-8-5 cells are shown as a comparison to the LI ADR cells. The + 189 to 

+ 193bp region was hypothesised to contain a repressor element in the LI ADR cells but 

not necessarily in the KB-8-5 cell lines. The footprint pattern in this region was different 

in these cell lines with two hypersensitive sites observed in the LI ADR cells, whilst the 

same two sites were protected in the KB-8-5 cells. An additional protected site was also 

observed in this region in the LI ADR cells. These differences may account for the 

different levels of repressed activity mediated by the binding of protein in this region. A 

hypersensitivity site at +225bp, just outside an overlapping Spl , GATA-l , C/EBP-a 

consensus sites was conserved in both KB-8-5 and LI ADR cells. It is possible that 

whatever binds at this site results in the activation seen with the + 193 to + 282bp region in 

the transient transfection studies seen with the LI ADR cells. An additional conserved 

hypersensitivity site at +86bp is within an overlapping GAT A-I and PEA-3 site and just 

outside an NF -1 site and could account for the increased expression observed with the 

+65 to +] 89bp region in the transfection studies. 

Interestingly there are numerous sites that are protected in the KB-8-5 cells, whilst the 

same sites are hypersensitive in the LI ADR cells, for example at +20, +83 , +96, +113 , 

+ 191 , + 196, +315, and +344bp. On the other hand sites at + 147, + 179 and +391 bp are 

hypersensitive in the KB-8-5 cells but are protected in the LI ADR cells. The majority of 

these conserved sites are within consensus sites for Spl , GATA-l , C/EBP-a., NF-l , PEA3 

and AP-4. It is possible that all or any of these are binding to the +20 to +450bp region 

resulting in activation. Whilst activation may occur in both cell lines the reason may be 

different i.e. the protected sites between +83 and + 113 bp in the KB-8-5 cells n1ay be 

involved in activation via transcription factor binding and the protected sites between 

+ 13 7 and + 178bp may be responsible for activation in the LI ADR cells. Thus the same 

elelTIents and associated transcription factors lTIay not be responsible in both cell lines. 

These results den10nstrate the n1yriad of consensus sites that may bind transcription 

factors in the cell lines tested. As already discussed the transcription factors that may be 

binding to the +20 to +450bp region are capable of both repression and activation. Thus it 

is possible that the same transcription factor may be binding in n10re than one cell line, 

but ll1ay be able to induce opposite effects, further complicating the role of the intron 1 
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region in promoter regulation. Furthermore, a different set of transcription factors may 

bind in the same cell line under different conditions. This is a likely scenario given the 

fact that there are multiple regions containing overlapping consensus sites for various 

transcription factors. 

4.5 SUMMARY 

Numerous studies have shown that transcriptional activation of MDRl is controlled at the 

chromatin level. The level of MDRl promoter methylation has been reported to playa 

role in MDRl regulation with several groups suggesting that the level of promoter 

methylation can be inversely correlated to the levels of MDRl expression (Kantharidis et 

al., 1997; Nakayama et al., 1998; Desiderato et al., 1999; Kusaba ef al., 1999). The 

MDRl prOlTIoter has been shown to be hypermethylated in the HL60 and KB-3-1 cells 

and demethylation of the promoter is most likely important in enabling MDRl expression 

in these cells. However, methylation does not appear to playa role in MDRl regulation in 

our other test cells given the lack of methylation of the promoter and downstream region 

in those cell lines, indicating that there must be other molecular mechanisms involved in 

up-regulation of the MDRl gene. 

Numerous studies have shown that there is a link between histone acetylation patterns 

and gene activation where increased acetylation of histones results in loosened 

nuc1eosomes and increased access (Chen et al. , 1999; Christensen et al. , 2001 ; Fang and 

Lu, 2002; Berger, 2002; Chen et al., 2004; Zhang and Dent, 2005). This link has also 

been demonstrated in the MDRl gene (EI-Osta et al. , 2002; Labialle et al, 2002; Scotto, 

2003; Xiao et al., 2005; Baker et al. , 2005;Yatouji et al. , 2007). Of particular 

significance to our study, was the study performed by Baker et al., (2005) who 

demonstrated an increase in H3 acetylation in specific regions in the MDRl locus in 

response to drug treatment (danurobicin) in the drug-inducible CEMBc12 and SW620 cell 

lines. This increase in H3 acetylation preceded an increase in MDRl expression, 

indicating that H3 acetylation is important in MDRl regulation. Baker et al. , (2005) also 

showed that methylation of histone H3 lysine residue 4 (MeH3K4) is specifically 

associated with histone hyperacetylation and MDRl gene activation. MeH3K4 levels 

were found to have increased following drug treatment, suggesting a complex interplay 
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between H3 acetylation and MeH3K4 histone modification occurring at specific regions 

within the MDRl locus in response to drug induced up-regulation. 

Of importance to our findings is that Baker et al., (2005) found that the highest fold 

change in H3 acetylation following drug treatment was in the + 180bp to + 250bp intron 1 

region, leading the authors to speculate that intron 1 may play a role in MDRl up

regulation. An increase in H3 acetylation between approximately + 1 and +80bp, which 

encompasses part of the downstream region investigated in the current study was also 

observed, however, the fold increase in acetylation following drug treatment was not as 

significant as the change in acetylation in the + 180 to + 250bp region (Baker et al., 

2005). Note that the study by Baker and colleagues (2005) did not examine the region 

+260 to +320bp and it would be very interesting to do a histone ChIP on the +260 to 

+ 320bp region where we found evidence of a positioned nuc1eosome. 

The results of Baker et al. , (2005) support our hypothesis that intron 1 plays a role in the 

up-regulation of MDR1. For exan1ple in vivo footprinting studies suggested the presence 

of a conserved region of protection on the antisense strand in the drug sensitive cells, 

which is lost in drug resistant cell lines. As already discussed, this may be due to a 

positioned nuc1eosome, the hyperacetyJation of which, as suggested from the study of 

Baker et al. , (2005), may increase transcriptio11 factor access or 1110bilise the nuc1eosOlne. 

The increase in in vivo footprints in the more drug resistant cell lines which may signal 

bound transcription factors also provide further evidence that intron 1 is involved in 

MDRl regulation. 

To date we are the first to specifically investigate the role of Intron 1 in the regulation of 

the MDRl gene. As already discussed based on their investigation of H3 acetylation in 

response to drug treatment, Baker et al., (2005) suggested that intron 1 may playa role 

in MDRl regulation though this was not further investigated in their studies. Rohlff and 

Glazer, (1994), as discussed earlier, using transfection studies, suggested regulatory 

elements exist between +55 and +289bp and +289 and +533 whilst Lau et al., (1998) 

suggested regulatory elements exist between +76 and + 192bp and between +192 and 

+543bp. However, Rohlff and Glazer, (1994) and Lau et al. , (1998) never further 

investigated or isolated regulatory elements in intron 1. 
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The current study is the first to report regulatory elements in specific regions within 

intron I of the MDRl gene, however, it has long been known that intron-containing and 

intronless versions of the same gene can result in dramatically different expression 

profiles (reviewed in Le Hir et al., 2003). McKenzie and Brennan, (1996) for example 

showed that the transcriptional efficiency of the Drosophila alcohol dehydrogenase is 

reduced when the introns are removed. Consistent with this, Seshasayee et al., (2000) 

demonstrated that deletion of a subdomain of intron I inhibited transcription of the 

GA T A-I gene more than 10 fold in GAT A-I expressing cell lines. Reddy and Reddy, 

(1989) investigated the molecular mechanisms that regulate c-myb levels in haemopoetic 

cells and found a correlation between sequence-specific binding to intron 1 sequences 

and c-myb expression in cells of haemopoeitic origin. 

Although most studies report positive regulatory elements within intron I sequence, 

negative regulatory elements have also been reported to exist in intronic regions. For 

example in the Burton's tyrosine kinase (BtK) which is involved in regulation of B-ce11 

development (Rohrer and Conley,1998), a positive regulatory element was seen to exist 

in the Band Pre-B cells, however, a negative regulatory element was shown to exist in 

the pre-B cells. This study carried out on BtK indicated the complexity of transcription 

Inediated via intron I elements, but also demonstrated that transcription potentially 

involves different transcription factors depending on the differential stage of the B cell 

(Rohrer and Conley, 1998). Voigtlander el al. , (1999) also showed that negative 

regulatory elements within Intron I of the Renin gene result in the down-regulation of the 

gene in non renin-expressing cell lines whilst this element appeared to have no effect on 

cells expressing renin. This highlights that intron I elements behave differently 

depending on the gene and cell type. 

Regulatory elements in the first intron have also been shown to interact with promoter 

consensus sequences in SOIne genes to determine the overall level of gene expression. 

For example Storbeck ef al. , (1998) demonstrated in the Inyotonic dystrophy protein 

kinase gene (MDPK) that four elements found within intron I mediate interactions with 

upstream pron10ter elements resulting in an increase in transcription of this gene. It is 

therefore possible that the regulatory elements present in Intron 1 of the MDRl gene 

exert their influence through interacting with promoter elen1ents. 
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Although the above discussed intron 1 studies do not involve the MDRl gene, they 

clearly demonstrate that intron 1 sequences can playa role in gene expression, thus 

giving more credence to our argument that intron 1 plays an important role in MDRl 

regulation. The results from this study and previous MDRl studies illustrate that MDRl 

regulation is complex and highly controlled at multiple levels including DNA 

methylation, histone modifications, nucleosomal remodeling and transcription factor 

binding and that elements in intron 1 may playa significant role in modulation of MDRl 

activation. 

4.6 FUTURE STUDIES 

The work carried out in the current study leads to several avenues that could be explored 

in future studies. For example, is there a positioned nucleosome located in intron 1 ? Are 

the hypersensitive sites observed in the drug resistant MDRl cells the result of RNA 

polymerase pausing? Do any of the proposed transcription factors bind in vivo and what 

is the significance of these in MDRl regulation? 

To investigate the hypothesis that a positioned nucleosome exists in the +280 to +320bp 

DNasel in vivo footprinting could by employed. The use of DNase! as a damaging agent 

in footprinting experiments reveals the position of bound transcription factors as well as 

revealing infonnation regarding chromatin structure of the gene such as positioned 

nucleosomes. DNase! demonstrates the presence of nucleosomes (Pfeifer and Riggs, 

1991) by producing a cluster of hyper-reactive sites with a periodicity of 10bp between 

sites (Pfei fer, 1992; Hornstra and Yang, 1994). 

It is possible that the sense strand hypersensitive sites observed in the highly active 

MDRl expressing cells may result from significant exposure of the sense strand to UV 

damage during highly active transcription. The clustering of sense strand hypersensitive 

sites seen may reflect sites of RNA polymerase II complexes pausing along the DNA. 

To investigate this hypothesis in vivo footprinting studies could be repeated using 

KMn04 as the damaging agent. Single stranded DNA selectively reacts with KMn04 and 

treatment of intact cells with this reagent can be used to identify Inelted or partly melted 

DNA structures such as those associated with paused RNA po]yn1erases (Sassa-Dwight 

and Gralla, 1989; Giardina el al. , 1992; 8ro\vn el aI. , 1996; Krulnm et al., 1995; Kahl 
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and Paule, 2000; Collins et ai., 2001; Mirkovitch and Darnell., 1992. Jiang et a/. , 1996; 

Nuclear-run on assays could also be used to demonstrate if polymerase pausing 

contributes to the regulation of the MDRl gene (Krumm et ai., 1992; Strobl and Eick, 

1992; Rasmussen et ai., 1993; Eick et ai.,. 1994; Eick et ai., 1994; Peterson et ai., 2002). 

Further directions from here would also include confirmation of the identity of the 

proteins which may be binding to this region in the various cell lines. To do this EMSA's 

and EMSA supershift analysis could be employed. ChIP studies could also be used to 

confirm specific factor binding in vivo. The study carried out by Baker et ai., (2005) 

which utilised ChIP studies to investigate H3 hyperacetylation and MeH3K4 methylation 

could also be repeated in our cells to determine tissue specificity (if any) of these 

chromatin modifications. The study could also be expanded to determine if 

environmental stimuli other than chemotherapeutic drugs also induces epigenetic changes 

and ultimately MDRl up-regulation. 

Once an understanding of the epigenetic changes that occur and the essential 

transcription factors that bind to intron 1 are elucidated studies could be performed in 

clinical samples to detennine if there is a correlation between chromatin state, expreSSIon 

of the protein, level of drug resistance and ultimately the clinical outcollle. 

4.7 CONCLUSIONS 

The HL60 series of cells provide an excellent model for the examination of mechanism 

that Inay be involved in the regulation of the human MDRl gene. Using transfection 

studies we showed a functional role for the +283 to +606bp region in the H/E8 cells with 

an overall decrease in reporter activity seen compared to the MDRl minimal promoter 

alone. Secondly we demonstrated the presence of DNA:protein interactions in vivo within 

this region providing further evidence that regulatory elements exist within the 

downstream CpG island. The study was expanded to include cells of similar origin (the 

K562 series) and cells of various origin (Lo Yo and KB series). The K562 series also 

showed evidence of repressed activity as a result of the +283 to +606bp region whilst this 

same region was shown to result in increased reporter activity in the La Yo and KB cell 

series. The +65 to +282bp region was also investigated for functional activity using 

reporter gene studies in the HL60~ La Yo and KB series of cells. Again this regIOn 
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indicated the presence of regulatory elements although the regIon showed overall 

repression in the H/E8 cells and increased activity in the Lo Vo and KB cells. 

In vivo footprinting was perfonned on the antisense and sense strands in the HL60, K562, 

KB and Lo Vo series of cell lines. The results demonstrated a region of conserved 

protection between +260 and +320bp that is lost as MDRI expression increases, thus 

demonstrating the effect of chromatin structure on MDRl expression. An increase in drug 

resistance was also seen to correlate with an increased number of hypersensitive sites and 

protected sites at regions outside the +260 to +320bp region. 

The in vivo footprinting studies also provided evidence that the in vitro footprints 

previously detected in our laboratory are likely to be of significance in vivo. Analysis of 

the + 1 to +606bp region for putative consensus sites perfonned using SIGSCAN and 

TESS databases and correlation of the in vivo footprints suggested possible transcription 

factor consensus sites for future studies. 
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