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Abstract

Chemotherapeutic drugs, such as doxorubicin, are some of the most effective agents
for the treatment of breast cancer. Acquired resistance to these drugs often develops,
however, and may preclude effective treatment. Such resistance is multifactorial in
origin, but may include down-regulation of topoisomerase Ila (topo Ila) - an essential
enzyme involved in normal DNA metabolism and a target for some of the anticancer
drugs. A reduction in the levels of this enzyme is thought to reduce DNA damage

induced by the drug-topo Ila complex and so increases the chances of survival.

The mechanisms involved in this down-regulation and the development of resistance to
doxorubicin are the focus of this study. Stable breast cancer cell lines, containing
deletion constructs of the topo Ila promoter linked to the hGH reporter gene, were
exposed to doxorubicin and both the reporter and endogenous gene expression were
analysed in the surviving cells. It was shown that the reporter and endogenous topo
IIa. gene expression in the cell line containing the full length topo Ila promoter
construct was no longer correlated in the surviving cells negating the use of this
experimental system. Instead the endogenous expression of topo Ilae and putative

regulatory factors were investigated.

Data suggest that specific cell lines show a down-regulation in the levels of the topo
Il protein. These changes were not due to changes in cellular proliferation rates, cell
cycle profile or promoter sequence. Selected cell lines were analysed for changes in the
relative amounts of specific transcription factors with putative roles in topo Il gene
regulation and for the expression of proteins proposed to have a role in the
development of drug resistance. In specific cell lines, a reduction in topo Ila protein
levels correlated with alterations in the relative amounts of NF-YA and/or Sp1. It was
shown that the drug efflux pumps MDR1 and MRP1, as well as the heat shock factor
Hsp70 were not involved in the survival of cells that were exposed to the drug. /n vivo
footprinting was attempted to detect changes in the in vivo binding of proteins to the

topo Ila promoter after short term drug exposure.
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Chapter One Introduction

1.1 Introduction

Topoisomerases are ubiquitous enzymes involved in the manipulation of DNA
topology. An understanding of the mechanism of action as well as the regulation of
topoisomerases (topo) is crucial, not only to understand DN A metabolism within the
cell but also as these enzymes have been shown to be the primary target for many
commonly used anticancer drugs. The way in which drugs target the topoisomerases to
cause cell death and how cells may manipulate topoisomerase activity to develop drug
resistance are active areas of research. The subject for this thesis is the modulation of
gene expression of the type II topoisomerase, topoisomerase Ila (topo Ila), in cells
exposed to doxorubicin, a topo II-targeting drug. In this current study, breast cancer
cell lines were exposed to doxorubicin and the transcriptional regulation of topo Ila

and other possible resistance mechanisms were investigated in the surviving cells.

The following is an outline of the structure and function of mammalian
topoisomerases, with a focus on the type II topoisomerases as well as a summary of
the current understanding of the mechanisms governing regulation and expression of

the genes encoding the two topo II isoforms.
1.2 Type I and II topoisomerases

There are two broad categories of topoisomerases - type I and type Il enzymes. Both
types of topoisomerase act by forming transient breaks in the DNA, allowing rotation
through or around this break, and then resealing the break. Due to the inherent risk of
forming breaks in genomic DNA, the enzymes form covalent bonds with the cleaved

DNA to help to maintain genomic integrity (reviewed in Fortune & Osheroff, 2000).



Type 1 enzymes are monomeric and act by forming transient single-strand breaks,
passing the complementary strand through the break, then religating the nick.
Eukaryotic topoisomerase I can control the torsional stress on the helix, by either
relaxing or supercoiling the DNA (reviewed by Boege, 1996) and may act ahead of the
replication or transcriptional machinery to relieve the overwinding that occurs on
strand separation. While topoisomerase I (topo I) is a target for a variety of anticancer

drugs, this thesis focuses on a type II topoisomerase, human topoisomerase Ila.

Type II enzymes are dimeric and act by forming transient double-stranded breaks in the
DNA, passing a DNA double helix through this break and then resealing the break. In
mammals, the type II topoisomerases exist as two isoforms a and . Topo Ila (174
kDa) and topo II (182 kDa) share high amino acid sequence identity (~75%) and
have a similar gene structure (Withoff et al., 1996a; Jenkins et al., 1992; Austin &
Marsh, 1998; Bakshi et al, 2001) and as the genes are found upon different
chromosomes (17q21-22 and 3p21-24 respectively) it has been proposed that the two
genes arose from gene duplication of an ancestral gene (Sng et al., 1999; Lang et al.,
1998). Although these two isoforms also exhibit similar enzymatic activities, the
proteins have been shown to differ in specific biochemical properties and different roles

have been proposed for topo Ila and II within the cell.

Topo Il is an essential enzyme that has been implicated in the segregation of
chromosomes during mitosis and meiosis, in chromatin condensation, DNA replication
and transcription, recombination, repair and may also act as a chromosome scaffold
protein (Saitoh et al., 1995; Earnshaw et al., 1985; Ishida et al., 1994, Barthelmes et
al., 2000; Downes et al., 1991; Giocanti et al., 1993; Rattner et al., 1996). Topo Ila
has been proposed to resolve any unknotting and untwisting of DNA that can occur
during these events (reviewed in Watt & Hickson, 1994; Wang, 1996, Fortune &
Osheroff, 2000; Austin & Marsh, 1998; Bakshi et al, 2001). The exact role of

topoisomerase IIf3 has yet to be defined.

The expression of topo Ila (but not topo IIB) has been shown to be proliferation-

dependent with topo Iloe highly expressed in proliferating cells but decreased



expression observed when cells reached plateau growth (Tsutsui ef al., 1993; Hsiang et
al., 1988; Kimura et al., 1994; Austin & Marsh, 1998; Drake et al., 1989). Isaacs et al.
(1996) showed the confluence-induced reduction in topo Iloe protein was due to the

transcriptional down-regulation of the topo Ila gene.

The cellular concentrations of topo Ila protein have been shown to be cell cycle-
dependent, with the highest levels in G;M phase and lowest in Go/G;, while topo 1If3
appeared to be expressed at a relatively constant level during the cell cycle (Burden et
al., 1993; Woessner et al., 1991; Sugimoto et al., 1998; Heck et al., 1988; Kimura et
al., 1994; Kaufmann et al., 1991). The cell cycle regulation of topo Ila seems to have
both a transcriptional (Falck et al, 1999; Adachi et al, 2000) and a post-
transcriptional component through cell cycle-specific alterations to mRNA and protein

stability (Goswami et al., 1996; Goswami et al., 2000; Salema et al., 2001).

1.3 The structure and function of topo Il a

Each subunit of the topo Ilo. homodimer has three distinct domains. The N-terminal
domain of ~660 amino acids shows homology to the B subunit of £. coli DNA gyrase
and contains two ATP-binding sequences. The central domain (from amino acids 660
to ~1200) shows homology to the A subunit of E£. coli DNA gyrase and contains the

active site tyrosine (amino acid 804) which is crucial for topo Ila catalytic activity.

The C-terminal domain has a potential but yet undefined regulatory role and contains
the putative nuclear localization sequences (NLSs) and a majority of the sites that

become phosphorylated (figure 1.1) (reviewed in Fortune & Osheroff, 2000).

The exact mechanism for topo Iloe enzyme action has been proposed as follows. The
topo Ila homodimer binds to the DNA in a nucleotide-specific cofactor-independent
manner. As topo Ila has both general (regulating DNA topology) and specific roles
(1.e. at chromosome segregation and condensation) there is still debate about the exact

consensus sequence for DNA binding.



The Structure of Topo Ila Protein

Dinucleotide Dimerization
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Figure 1.1. (a) Diagram of the ATP-binding sites, the active site tyrosine, phosphorylation sites and putative NLS sites (1279-1290, 1416-1436, 1441-
1466 and 1488-1516). (b) and (c) The position of mutations identified in the topo lla coding region. (Adapted from Isaacs et al.,1998; Robert et al.,
1998; Withoff et al., 1996a; Larsen et al., 1998, Vassetzky et al., 1995; Austin and Marsh., 1998: Beck et al., 1999; Bjergbacek et al., 1999; Bakshi et
al., 2001). 4



In the presence of magnesium ions, a DNA cleavage/religation equilibrium is
established. The DNA cleavage occurs through a transesterification reabtion, while
religation occurs via the reverse reaction. The coordinate nicking of opposite strands is
performed and each subunit forms a covalent bond between the active site tyrosine and
the newly formed S' termini of the cleaved DNA strand. Upon ATP binding, the topo
Ila. undergoes a conformational change which allows the passage of a second helix
through the double-stranded break. The break is then resealed. A major conformational
change occurs upon ATP hydrolysis that allows the opening of the protein clamp to
release the DNA. The enzyme is then recycled to be ready for another catalytic cycle
(figure 1.2) (Fortune & Osheroft, 2000).

It has been shown that this catalytic reaction occurs by a 'two-gate' mechanism, where
the enzyme with DNA bound moves the second DNA helix through one set of "jaws"
in the N-terminal region of the enzyme in an ATP-dependent reaction. The second
DNA helix then moves through the double-stranded break and is then expelled through
a second set of "jaws" in the C-terminal region of the enzyme (Roca & Wang, 1994,

Roca et al., 1996, Berger et al., 1996, Roca & Wang, 1992).

1.4 The post translational regulation of topo Il a activity

Topo Ila has been shown to be phosphorylated, with most sites identified in the C-
terminal portion of the protein. The protein kinases CKII (Ser1376, Ser1524) , PKC
(Ser29), MAPKs (Ser1212, Serl1246) and p34°*? (Ser1212, Ser1246, Ser1353,
Ser1360, Ser1392) have been implicated in these phosphorylations (reviewed in Isaacs
et al., 1998; Bakshi et al., 2001) (figure 1.1). The phosphorylation of specific residues
has been shown to be cell cycle-dependent. The highest levels of phosphorylation
were seen at G,/M phase where there is an intermediate levels of topoisomerase Ilo
protein and the greatest enzyme activity (Burden ef al., 1993; Burden & Sullivan,
1994; Wells et al., 1995).
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Figure 1.2. Proposed model of the catalytic cycle of topo lla. Topo lla is composed of an N-
terminal ATPase domain (1), a central domain containing catalytic (2) and dimerization (3)
sites and a C-terminal domain (4). (a) the topo Il enzyme in an open conformation, (b) the
topoisomerase Il binds to a region of double-stranded DNA, (c/d/e) a double-stranded break
is introduced into the first DNA helix (red line) and upon ATP binding, the second helix
(black line) is moved through the double-stranded break. T he break is resealed, (e) upon ATP
hydrolysis, the second helix is released (f) a further ATP hydrolysis may be required to

recycle the enzyme to be ready for the next catalytic cycle (adapted from Magan, 2002;
Fortune and Osheroff, 2000; Bakshi et al., 2001).

The role of phosphorylation is still in dispute. Wells et al. (1995), DeVore et al.
(1992), Matsumoto et al. (1997) and Matsumoto et al. (1999) showed that
phosphorylation enhanced catalytic activity, while Escargueil et al. (2000) showed that
phosphorylation had no effect on catalytic activity and Rzepecki & Fisher (2000)

proposed that phosphorylation may regulate interaction with nucleic acids.




1.5 Transcription regulation of eukaryotic promoters

The regulation of gene expression is ultimately reflected in phenotypic changes, due to
the regulation of the rate of RNA synthesis and subsequently the cellular concentration
of individual proteins. While the pathway that leads to the synthesis of a gene product
is a multi-step process, there are many potential points of control in this pathway with
the regulation of transcription considered as the primary mechanism in both

prokaryotes and eukaryotes (reviewed by Latchman, 1995).

The efficiency of the initiation of transcription by the basal transcription complex is
greatly influenced by the binding and activity of specific transcription factors (tramns-
acting factors) to upstream DNA binding elements (cis-acting elements) in the
promoter of a gene. Distal cis-acting elements or “enhancers” that can be found in
either orientation many base pairs from the gene can also be targets for frans-acting
factors. The following is a summary of the putative transcription factors and cis-acting

elements implicated in the regulation of the topoisomerase Ila gene.

1.5.1 Human topoisomerase 1l promoter

Two kb of the human topoisomerase Ila promoter was isolated from a human
placental genomic DNA library by Hochhauser ez al. (1992). Two GC boxes, S
inverted CCAAT boxes (ICB1-ICBS), and 1 ATF element were among the putative
transcription factor binding sites identified. A classical TATA box was not detected. A
high frequency of CpG dinucleotides (~70% GC) within the initial promoter region
was noted (figure 1.3).

The human topo Il promoter has similarities to the promoters from hamster, rat and
mouse. All are TATA-less and although the three promoters have a high degree of
sequence identity to the human, they vary in both the presence of additional species-
specific elements and in the functional significance of shared elements for basal or

induced transcription (reviewed in Bakshi ez al., 2001).



The 1nitial ~600 bp of the human topo Il promoter

NE-Y Sl
Spl  Sp3 (1-5) (1p1)
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Figure 1.3. Diagram of the transcription factors proposed to interact with specific elements of the topo Ila promoter, labeled are GC2 (-563 to -554), Ets (-475 to
-480), ICBS (-385 to -381), ICB4 (-259 to -255), ATF (-226 to -219), ICB3 (-175 to -171), ICB2 (-108 to -104), ICB1 (-68 to -64), GCI (-51 to -45) and myb (-16
to-11). ((1) Wangetal., 1997a (2) Morgan and Beck., 2001 (3) Adachi et al., 2000 (4) Isaacs et al., 1996 (5) Hopfner et al., 2000 (6) Sandri et al., 1996 (7) Joshi
etal., 2000 (8) Wang et al., 1997b (9) Brandt et al., 1997 (10) Hopfner et al., 2000 (11) Magan, 2002 (12) Lim et al., 1998 (13) Chen et al., 1999).
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Since then, the basal transcription of the topo Ila. promoter has been investigated in a
variety of cell lines with a number of functional promoter elements identified
(Appendix 1). Potentially cell type-specific repressive regions have been identified in
the extreme 5' of the topo Il promoter (Hochhauser ez al., 1992; Loflin et al., 1996),
although their functional significance and cognate DNA binding proteins have yet to be

determined.

The importance of specific regions for the basal regulation of the topo Iloe promoter
have been shown to be cell type-specific. The region containing ICB1 was shown to
have a modest activating effect on basal transcription in a number of cell lines (Wang et
al., 1997b; Furukawa et al., 1998; Hochhauser et al., 1992). A further increase in
transcription was observed on the addition of ICB2 and upstream sequences in most
cell lines tested (Furukawa et al., 1998; Chen et al., 1999, Morgan & Beck, 2001;
Takano et al., 1999, Wang et al., 1997b).

Collectively these results indicated the importance of the ICB elements in basal
transcription although the level of influence of specific ICBs varied. The extent of the
effect of each element may be cell-type specific depending on the presence of specific

transcription factors and their co-regulators in these cells.

The functional importance of the ICBs and other elements were investigated by their
ability to bind specific proteins. It has been shown that the transcription factor NF-Y
can bind to ICBs 1-4 although the affinity for binding varies, with ICB3 having the
highest binding affinity, ICB1 and 4 an intermediate affinity and ICB2 the lowest. The
protein that binds to ICBS has yet to be identified (Herzog & Zwelling, 1997, Wang et
al., 1997a; Tolner et al., 2001, Joshi et al., 2000). NF-Y was implicated as an activator
when bound at ICB1 (Magan, 2002). Sp1 has been described as a potential activator of
the basal topo Ila promoter activity and both Spl and Sp3 have been shown to bind to
GC1 and GC2 (Magan, 2002).



1.5.2 Topo Il a regulation during the cell cycle, during differentiation and confluence

arrest

The roles of the putative promoter elements in transcriptional regulation of the topo
Iloe promoter have been investigated during confluence arrest, differentiation of

hemapoietic cells, during the cell cycle and under stress conditions.

Isaacs et al. (1996) showed that down-regulation of topo Ila promoter activity
occurred upon confluence arrest in specific cell lines. Reduced binding of NF-Y to
ICB2 in confluence-arrested cells was proposed to be the mechanism for this
transcriptional down-regulation. Hopfner et al. (2000) showed that ICBP90 could bind
to ICB2 and act as a transcriptional activator. This protein has been found to be highly
expressed in proliferating tissues and so may be involved in the proliferation-dependent
regulation of topo Ilct.. Yoon et al. (1999) showed that Sp1 mediated the up-regulation

of the rat topo Ila promoter in proliferating cells.

Concentrations of topo Ila have been shown to vary during the differentiation of
hemapoietic cells into monocytes. Brandt et al. (1997) showed that c-Myb, a
transcription factor involved in cellular proliferation, transactivated the topo Ila
promoter through the putative c-Myb element (-16 to -11). This activation was in a
hemopoietic-specific manner, and this element was crucial for basal transcription. Lim
et al. (1998) showed that the reduced binding of ATF to the putative ATF element
correlated with the repression of the topo Ila promoter during differentiation. These
results differ to that of Loflin et al. (1996) where a post-transcriptional mechanism was
found to cause the down-regulation of topo Ila levels during the differentiation of

K562 cells to megakaryotes.

Falck et al. (1999) showed that the transactivation of the human topo Ila promoter
during S-phase was due to the reduced binding of a repressive protein to ICB1. This
protein was not NF-Y. This differs to the situation of the murine topo Ila promoter

where binding of NF-Y to ICB1 was shown to be independent of the cell cycle and it
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was proposed that NF-Y may recruit HAT enzymes to the promoter during G,/M

which may result in histone acetylation and transactivation (Adachi et al., 2000).

1.5.3 Regulation of topo Ila during stress conditions

Topo Il promoter activity has been shown to be modified under stress conditions. An
increase in the activity of the topo Ila promoter was observed 6-24 hours after heat
shock (Furukawa et al., 1998). The reduced binding of an unknown inhibitory factor to
ICB1 was the proposed mechanism for this transactivation. pS3 has been shown to
have an ICB-dependent inhibitory effect on the topo Ila promoter (Joshi et al., 2000;
Wang et al., 1997b). Joshi et al. (2000) showed that pS3 caused a decrease in the
binding of NF-Y to ICB1 and ICB3. These studies differ from that of Sandri et al.
(1996) where the pS53-induced inhibition of the pS3 promoter was found to be
transcription-factor-binding-site-independent and an interaction of p53 with the basal

transcriptional machinery was proposed.

Following DNA damage, it has been seen that the down-regulation of CDK1 (cyclin-
dependent kinase 1), the kinase that promotes entry into mitosis occurs resulting in G,
arrest. This was a transcriptional down-regulation, with the cell cycle-dependent
repressive elements CDE (cell-cycle-dependent element) and CHR (cell-cycle genes
homology region) implicated. Under these conditions the down-regulation of topo Ila
was also seen and it was proposed that putative CDE and CHR elements which are
near and overlap GC1 (-37 to -41 and -47 to -51) could be involved (Badie et al,
2000).

1.6 The mechanism of topo II poisons
As topoisomerase II is a major target for many anticancer drugs, alterations in the
expression of the gene or to the protein itself may lead to resistance to the drug. A

description of the mechanism of drug action follows to provide a framework for

understanding the development of resistance.
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Chemotherapy is the "chemical warfare" in the battle against cancer, where toxic
chemicals are ingested to cause a systemic killing of cancer cells. Chemotherapeutic
drugs act on specific cellular targets, with topoisomerase II a common target.
Topoisomerase II-targeted drugs tend to fall into two classes, the topo II poisons and
the topo II inhibitors. The topo II poisons stabilize the normally transient topo II-DNA
cleavage complex to turn the topo II into a cellular toxin, while topo II inhibitors
inhibit steps of the topo II catalytic cycle. The descriptions of all the drugs mentioned
in this thesis, proposed mechanisms of action and resistance are described in Appendix
2. In this current research the resistance to the topo II poison doxorubicin was

investigated.

1.6.1 Doxorubicin

Doxorubicin is a member of the anthracycline class of drugs. Anthracyclines have
multiple mechanisms of action, with a major mechanism resulting from the ability of
the drug to intercalate between DNA base pairs. When this intercalation occurs near
the topo II/DNA complex, it has been proposed that the position of the 3' end of the
cleaved DNA strand shifts relative to the covalently-bound $' end. This would cause
misalignment to occur thus preventing religation (reviewed in Topcu, 2001). Another
possibility of drug action was described in the 'positional poisoning model' where the
drugs enhanced topoisomerase II-mediated DNA cleavage by altering the DNA
structure (Marx et al., 1997).

This drug-stabilized complex, where the topo II is covalently bound to the DNA but is
unable to religate the double strand cut, is called the cleavable complex (reviewed in
Topcu, 2001). It is thought that the collision of the cleavable complexes with the
replication fork or transcriptional machinery is required to convert this complex into
permanent double-stranded breaks (reviewed in Fortune & Osheroff, 2000; Vassetzky
et al, 1995, Zhang et al, 1990). Such double-stranded breaks are not equally
distributed throughout the genome and do not occur at all topo II binding sites

(Capranico et al., 1997).
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At low doses, anthracyclines can halt the cell cycle at G,M; at higher doses the cell
cycle is halted at early S-phase (reviewed in Richardson & Johnson, 1997). Exactly

how cells recognise drug-induced damage and cause this cell cycle arrest is not well
defined.

The incorrect repair of double-stranded breaks may cause sister chromatid exchange,
large insertions or deletions, chromosome aberrations or translocations and if the
damage is severe enough, cell death (Froelich-Ammon & Osheroff, 1995; Isaacs et al.,
1995; Bassi & Palitti, 2000; Marchetti ez al., 2001; Melixetian et al., 2000). Another
possible mechanism of DNA damage has been described by Zhou et al. (1997) where it
was proposed that the reciprocal exchange of topo Ila subunits between cleavage
complexes bound at two unrelated sequences caused chromosomal rearrangements,
deletions or sister chromatid exchange. The correlation between the amounts of topo
Iloe protein and drug-induced double-stranded breaks, and the correlation between
these breaks and cytotoxicity has been shown in numerous studies (Goldenberg et al.,
1986; Zwelling et al., 1991; Eder et al., 1993; Aoyama et al., 1998; Harris et al.,
2001), although this relationship has been shown to be equivocal in other systems

(Zhou et al., 1999a; Estey et al., 1987).

The other major cytotoxic mechanism involves the ability of doxorubicin to be
metabolized. Doxorubicin can be enzymatically reduced by one or two electrons to
produce intermediates that can react with oxygen to produce hydrogen peroxide or
hydroxyl radicals that can subsequently damage membranes and proteins. The
inhibition of topoisomerase I, DNA helicases, DNA and RNA polymerases, DNA
repair enzymes, metallothioneine synthesis, mitochondrial oxidative phosphorylation,
direct membrane effects and the alkylation and cross linking of DNA are thought to be

secondary mechanisms of action (reviewed by Hortobagyi, 1997).

1.7 The role of topo Ila in drug resistance

As in the presence of the drug, topo Ila is converted into a cellular toxin, the levels or

activity of topo Ila protein within the cell could determine how much drug-induced
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damage occurs and so may determine the cytotoxicity of the treatment. In agreement
with this theory, the levels of topo Ila have been shown to determine the sensitivity of
cells to specific drugs, with alterations of either the amounts or activity of

topoisomerase Ila forming the basis of atypical multidrug resistance.

1.7.1 Alterations in topo Il a catalytic activity in resistant cell lines

Changes to the activity of the topo Ila protein have been seen in resistant cells either
through mutations or post-translational modifications. Mutations to the topo Ila
coding region have been detected in drug-resistant cells. The topo Iloe mutations
identified in human topo Ila protein are detailed in figure 1.1. As the mutations cluster
around the consensus B ATP binding sequence, the dinucleotide-binding Baf unit and
around the active site tyrosine, it may be proposed that these mutations may inhibit
ATP binding or hydrolysis, inhibit catalysis or interfere with the formation of the drug-
induced cleavable complexes (reviewed in Vassetzky et al., 1995). While a number of
mutations have been seen in in vitro studies, the clinical significance of such mutations
is unknown as only a few mutations have been detected in clinical samples. For
example the Arg486Lys and Glu494Gly mutations have been detected in small cell

lung cancers treated with etoposide (Kubo et al., 1996).

Changes to the phosphorylation state of topo Ila have been seen in drug-resistant cell
lines. The hypophosphorylation of topo Ila observed in an etoposide-resistant
erythroleukemic cell line correlated to a reduction in the amount and stability of the
drug-induced cleavable complexes (Ritke et al., 1994; Aoyama et al., 1998). In various
etoposide-resistant (VP-16%) cell lines that had reduced levels of topo Ila protein, the
hyperphosphorylation of topo Ila was observed. This hyperphosphorylation correlated
with the restoration of wild type catalytic activity (Takano ef al., 1991; Matsumoto e?

“al., 1997, Matsumoto et al., 1999).
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1.7.2 Alterations to the amounts of topo Il a in resistant cell lines

Alterations to the levels of topo Iloe have been correlated to modulation of drug
sensitivity. Towatari et al. (1998) showed that the reduction of topoisomerase Ila
mRNA in U937 human monocytic leukemia cells reduced the drug sensitivity of the
cells to etoposide and daunorubicin, while McPherson et al. (1997) showed that the

up-regulation of topo Ila protein enhanced sensitivity to doxorubicin.

The decreased expression of topoisomerase Ila has been observed in a variety of cell
lines which have developed resistance to various chemotherapeutic drugs. As outlined
in Appendix 2, the down-regulation of topo Ila and to a lesser extent topo IIf has
been observed in a wide range of drug resistant cell lines. Cell types ranging from
breast, lung and leukemic cells resistant to doxorubicin, and other topo II poisons such
as etoposide and mitoxantrone, all showed decreased topo Ila protein indicating that
such a decrease may be a common mechanism of drug resistance to topo II-targeted
drugs. This was confirmed by studies which showed that the down-regulation of topo
Ila correlated with a reduction of drug-induced DNA damage in a range of cell lines
(Webb et al., 1991, Deffie et al., 1989, Qui, et al., 1996, Takano et al., 1991; de Jong

et al., 1990). There is also evidence that topo IIf} may also act as a drug target (Austin
& Marsh, 1998).

There is significant evidence that alterations to the expression of the topo Iloe gene
may be a major mechanism for the development of drug resistance at least in vitro, but
the in vivo significance is in dispute. Some correlation has been seen between the
response to chemotherapy and topo Il in specific clinical samples. For example
reduced amounts of topo Ila have been observed in specific bladder, ovarian and
nephroblastoma tumours after treatment and the amount of topo Ila correlated with
clinical response of specific breast, heptacellular and gastric cancers to doxorubicin.
Conversely, no correlation has been seen in the hematological, lung, ovarian and lung
tumours investigated (reviewed in Dingemans et al, 1998). Potential reasons why a
strong correlation was not observed between topo Ila and drug resistance could

include the heterogeneity of cells in tumours and the multifactorial resistance that can
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occur due to drugs other than topo II poisons (reviewed in Den Boer et al., 1998,

Kaufmann ef al., 1998).

The observed mechanisms for the down-regulation of topo Ilae could include the
transcriptional down-regulation of the topo Ila gene or changes to the number of topo
Il genes. While alterations to the topo Ila mRNA or protein stability are possible

mechanisms, these have yet to be described in resistant cell lines.

1.7.2.1 Alterations to topo IIa copy number in drug resistant cells

The physical amplification or deletion of the topo Il gene has been seen in a range of
breast tumours. The deletion or amplification of the topo Ila gene has been linked to
the amplification of ErbB2 (Her2), a growth factor receptor (Di Leo et al., 2002; Coon
et al., 2002; Jarvinen et al., 1999; Jarvinen et al., 2000; Lehmann et al., 2000). The
ErbB2 gene is located near to the topo Ilae gene (Hutchinson & Muller, 2000; Bange
et al., 2001, Jarvinen & Liu, 2000), and the amplification of the ErbB2 gene was seen
to be the primary genetic event which was followed by either the telomeric
amplification or interstitial deletion of the topo Ila gene (Jarvinen ef al., 1999). Such
changes have been proposed to modify drug sensitivity in specific cell lines. Withoff et
al. (1996b) showed that in a doxorubicin-resistant (dox") lung cancer cell line, a
reduction in the topo Ilat copy number at least partially accounted for the decrease in
topo Ila mRNA. Cells which had amplification of topo Ila had increased topo Ila
protein levels and doxorubicin sensitivity while the cells containing topo Ila deletions

had increased drug resistance (Jarvinen & Liu, 2000).

1.7.2.2 Regulation of the topo Il a promoter in drug-resistant cell lines

Only a limited amount of research has been reported on the regulation of the topo Ila
promoter in drug-resistant or drug-exposed cells. Sp3 has been implicated as a
potential repressor of the topo Iloe promoter in etoposide- or teniposide-resistant
human epidermoid cells (Kubo et al., 1995) or an activator in a merbarone-resistant

CEM cell line (Mo et al., 1997). In dox® HL-60 cells, increased Sp1 protein was seen,
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although the correlation with topo Ila expression was not investigated (Borellini ef al.,

1990).

A reduction in NF-Y binding to ICBs 1-4 has been implicated in down-regulation of
the topo Ila promoter in drug-resistant cells in several studies (Wang et al., 1997a;
Joshi et al., 2000). Conversely an ICRF-8-resistant CEM cell line with increased topo
IlIa expression exhibited a decrease in NF-Y binding to ICB3 (Morgan & Beck, 2001).

1.8 Transcription factors Sp1, Sp3 and NF-Y

1.8.1 Specificity factor 1 (Spl)

The GC and GT boxes are widely distributed promoter elements found in eukaryotic
promoters of both ubiquitous and tissue-specific genes (reviewed in Suske, 1999). The
Sp family of transcription factors are known to bind to these elements. Sp1 and Sp3
are members of this family and while both can bind to GC boxes with similar affimty,
the biological functions of these transcription factors are thought to differ (reviewed in

Suske, 1999; Philipsen & Suske, 1999; Lania et al., 1997).

Spl is a ubiquitously expressed transcription factor with a predominant transactivator
activity (reviewed in Parnaik, 1999; Suske, 1999). In TAT A-less promoters, Spl sites
can act to position the transcriptional machinery to the transcription start point and
regulate promoter activity (reviewed in Fry & Famham, 1999) by interacting with
components of the transcriptional machinery such as the TATA-box binding protein
(Emili ef al., 1994) and various TAFs (reviewed in Parnaik, 1999; Suske, 1999; Fry &
Famham, 1999; Lania et al., 1997).

Multiple mechanisms have been proposed to account for the Spl-induced
transactivation including synergistic transactivation through adjacent Spl sites;
interactions with other transcription factors including NF-Y (Magan, 2002; Roder et
al., 1997), Sp3 (Bigger et al., 1997, Tsai et al., 1999), c-Jun (Melnikova & Gardner,
2001), p5S3 (Borellini & Glazer, 1993; Koutsodontis et al., 2001), estrogen and
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progesterone receptors (Wang et al., 1999b;, Owen et al., 1998); alterations of
chromatin structure (Ding et al., 1999; Pamnaik, 1999) and self-association to bring
proximal and distal DNA segments together by DNA looping (Mastrangelo et al.,
1991; Suetal., 1991).

The post-translational modification of Spl. may also affect activity, with both
phosphorylation and O-linked glycosylation of the Spl protein observed. These
modifications have been proposed to result in a ~105 kDa protein seen above the
major 95 kDa protein in immunoblots. The phosphorylation of Spl can have either a
positive or negative effect on the DNA binding (Zheng et al., 2000; Rohiff et al., 1997,
Borellini et al., 1990; Leggett et al., 1995; Daniel et al., 1996; Wang et al., 1999c) and

glycosylation of Sp1 appeared to enhance transcriptional activation (Jackson & Tjian,
1988).

1.8.2 Specificity Protein 3 (Sp3)

Sp3 is a ubiquitously expressed protein which has extensive homology to Spl, but is
lacking an N-terminal serine/threonine-rich region. Sp3 is found as three isoforms, a
full length 115 kDa protein (due to the initiation of translation from a non-AUG
codon) and two smaller isoforms (78 and 80 kDa) which result from differential
internal initiation (Kennett et al, 1997, Ammanamanchi & Brattain, 2001a). The
shorter isoforms were lacking an N-terminal activation domain and while able to bind

to DNA, had little transactivational activity (Kennett et al., 1997).

Sp3 has been shown to contain both activator (glutamine-rich regions) and repressor
regions (near to the DNA binding domain). While Spl has a predominant activator
activity, Sp3 has been found to have both activator and repressor activities depending
upon the cellular and promoter context. Sp3 has been shown to be able to repress Sp1-
mediated transactivation. This repression may be due to competition for the binding
site, interactions through the repressor region, or to interactions with components of
the transcriptional machinery (reviewed in Lania et al., 1997). It is thought that the
relative abundance of Spl and Sp3 can modulate transcription. This ratio can vary

under different conditions i.e upon keratinocyte differentiation and hypoxia and in
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different cell types. For example, during hypoxia, the level of Sp3 protein decreased

while Spl protein levels remained unchanged (Discher et al., 1998).

It has also been proposed that the smaller isoforms may act as repressors either
through competition for the binding site (Kennett et al., 1997) or due to competition
for promoter-specific factors (Kennett et al, 2002). It was suggested that the
transcriptional induction by Sp3 may require a mechanism that would relieve this
competition possibly by favouring interactions between full length Sp3 and specific
TAFs. Like Spl, Sp3 has been shown to interact with and modulate the activities of
other proteins including ER and NF-Y (Galvagni et al, 2001, Stoner et al., 2000,
Yamada et al., 2000).

1.8.3 Nuclear Factor Y (NF-Y)

The CCAAT box is one of the most widespread elements found in ~30% of eukaryotic
promoters investigated. While a number of CCAAT box binding proteins have been
identified (C/EBP, CTF (NF-1), YB-1, HSP-CBF, CDP), NF-Y differs from these in
the strict requirement for the pentanucleotide CCAAT sequence for DNA binding

(reviewed in Mantovani, 1999; Maity & de Crombrugghe, 1998; Matuoka & Chen,
1999).

NF-Y exists as a trimer containing NF-YA (CBF-B), NF-YB (CBF-A) and NF-YC
(CBF-C). NF-YA is a 347 amino acid protein consisting of a near N-terminal
glutamine-rich region, a nearby serine/threonine-rich domain, and a near C-terminal
DNA binding domain. NF-YB (207 a.a) and NF-YC (335 a.a) both contain a histone
fold-like motif, with NF-YC also containing a near C-terminal glutamine-rich domain.
The histone-fold motif (HFM) seen in NF-YB and NF-YC were shown to be similar to
that seen in histones H2B and H2A respectively. The glutamine-rich regions showed

similarity to that seenin Sp1 (reviewed in Mantovani, 1999; Maity & de Crombrugghe,
1998; Matuoka & Chen, 1999).

The NF-Y trimer is assembled in a stepwise manner. Initially a heterodimer is formed

between NF-YB and NF-YC due to interactions between the HFMs. This interaction
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provides the surface that allows NF-YA to bind. This complex is capable of binding to
the CCAAT box (Mantovani, 1999; Maity & de Crombrugghe, 1998).

NF-YA exists as either a long (NF-YAL, 347 amino acids) or short (NF-YAS, 318
amino acids) isoform due to the alternative splicing of the mRNA that removes the
exon B in the N-terminal glutamine-rich region. It was found that the short isoform can
bind to DNA with the same efficiency and have similar transactivational activity to the
long isoform (Bolognese et al., 1999; Morgan & Beck, 2001; Chang & Liu, 1994;
Ishimaru et al., 1997; Li et al., 1992), although there is evidence that the different NF-
Y A isoforms may have a differential effect on transcription on specific promoters (Gu
et al,, 1999; Ishimaru ef al., 1997). There is a strong tissue-specific bias as to which
isoform is predominant ; fibroblasts were found to have a majority of the longer
isoform while lymphocytes contained a majority of the short isoform (Li ez al., 1992).
The levels of NF-YAL and NF-YAS have been found to vary under specific
conditions, for example increased NF-YAL was observed after serum stimulation

(Chang & Liu, 1994).

NF-Y has been shown to be able to increase the affinity and/or stability of nearby
bound transcription factors and/or have a synergistic activation on transcription.
Examples include Sp1 (Magan, 2002; Roder et al., 1997; Liang et al., 2001; Bigger et
al., 1997, Inoue et al., 1999) and p53 (Agoff et al., 1993). Multiple mechanisms have
been proposed to explain the actions of NF-Y. NF-Y has been shown to be able to
cause distortions or perturbations to the chromatin structure around CCAAT boxes
(Liberati et al., 1998, Korner & Muller, 2000; Coustry et al., 2001; Ronchi et al.,
1995). It has been proposed that such alterations may alter the alignment of specific
factors and enhance or inhibit subsequent interactions. It has been shown that NF-Y
can interact directly with nucleosomes (Motta et al., 1999) and NF-Y has been shown
to associate with histone acetyltransferases (HATSs) (Li ef al., 1998; Currie, 1998; Jin
& Scotto, 1998).
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1.9 Role of topo 11f3 in drug resistance

While there is mounting evidence for the role of topo Ila in drug resistance, the role of
topo IIf is not as well defined. The knockout of the topo II} gene resulted in cells
which had increased resistance to mAMSA and mitoxantrone (Errington ef al., 1999).
The down-regulation of topo II3 has been seen in a range of cell lines, with a co-
reduction in topo Ila commonly seen (Herzog et al., 1998; Jaffrezou et al., 1994,
Lage et al., 2000; Houlbrook et al., 1996; Nielsen et al., 2000b; Harker ef al., 1995a;
Zhou et al., 1999b; Modrak et al., 1997). As with topo Ila, mutations in the topo IIf
gene have also been detected (Dereuddre et al., 1995; Dereuddre et al., 1997, Herzog
et al., 1998) and hyperphosphorylation of topo IIf has been seen in a dox® HL-60
cells. As this cell line also contained hypophosphorylated topo Ila, it was proposed
that the modification to topo IIf was a compensatory mechanism to maintain normal

topo II catalytic activity (Grabowski ef al., 1999).
1.10 The development of tumour cell resistance to chemotherapeutic drugs

There are a variety of mechanisms that cancer cells have developed to increase the
chances of survival when treated with anticancer drugs. These include decreasing the
amount of intracellular drug either by increasing the drug efflux, decreasing the drug
accumulation, or decreasing drug uptake or transport. Increasing the repair of any
DNA damage, altering the target of the drugs and other metabolic changes have also
been observed. A single tumour cell can therefore become resistant to a wide variety of
chemotherapeutic drugs. The roles of MDR1, MDR3, MRP1 and Hsp70 in drug

resistance are summarized below.

1.10. 1 Multidrug Resistance Protein 1 (MDR1)

MDRI1 (P-glycoprotein (P-gp)) is a 170 kDa membrane glycoprotein which, with
related protein MDR3, belongs to the ATP-binding cassette superfamily (ABC family)
(reviewed in Cole & Deeley, 1998; Volm, 1998; Ramachandran & Melnick, 1999;
Naito et al., 1999; Tan et al., 2000). MDR1 acts as an ATP-dependent drug efflux
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pump and is highly expressed in tissues such as the colon, small intestine, liver, kidney
and the pancreas (reviewed in Tan et al., 2000; Krishna & Mayer, 2000, Baldini,
1997). The proposed physiological roles of MDRI1 include enhancing the secretion or
limiting the absorption of xenobiotic compounds in the body, having a role in drug
transport across the blood-brain barrier or a role in other protective barriers like the

placenta (Tan et al., 2000).

There has been substantial research carried out addressing the role of MDR1 in drug
resistance. P-gp is an active transporter of drugs such as anthracyclines,
epipodophyllotoxins and taxanes (Arts et al., 2000; Naito et al., 1999, Tan et al.,
2000) and the over-expression of P-gp is though to have a major role in both the
development and maintenance of multidrug resistance (Slapak et al., 1990, Wurzer et
al., 2000; Chen et al., 2000, Wessel et al., 1999, Roninson et al., 1986, Mechetner et

al., 1998; Trock et al., 1997, Holzmayer et al., 1992; Bourhis et al., 1989, Marie et
al., 1991).

1.10.2 Multidrug Resistance Protein 3 (MDR3)

MDR3 has extensive homology to the C-terminal of MDR1 (~89%) (van der Bliek et
al., 1987), with 80-100% identity in transmembrane domains and the ATP-binding
region and the greatest divergence seen at the N-terminal (van der Bliek ez al., 1988).
The exact physiological role of MDR3 is unclear, but MDR3 was shown to be essential
for the secretion of phosphatidyl choline into bile (Crawford et al., 1997, Smit et al.,
1994; van Helvoort et al., 1996). The role of MDR3 in drug resistance is uncertain,
with evidence that the protein cannot enhance drug resistance (Smith et al., 2000;

Schinkel ez al., 1991).

1.10.3 Multidrug Resistance-associated Protein 1 (MRP1)

MRP1 is a 190 kDa membrane glycoprotein and like MDR1, is a member of the ABC
family. Even though MRP1 also acts as an ATP-dependent efflux pump, the protein
has only 15% amino acid similarity to MDR1 (reviewed in Naito et al., 1999, Tan et
al., 2000, Ramachandran & Melnick, 1999). MRP1 is expressed in a wide range of
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tissues including muscle, lung, breast, bladder and spleen and the physiological role for
MRP1 is thought to involve the ATP-dependent unidirectional transport of glutathione
conjugates like leukotriene C4 (reviewed in Krishna & Mayer, 2000).

MRP1 is thought to have a role in drug resistance through its ability to transport a
variety of substrates. It has been shown that MRP1 can transport glutathione drug
conjugates, neutral or mildly cationic drugs, small neutral peptides and can co-
transport glutathione and unmodified vincristine (Paul ef al., 1996; Evers et al., 1996;
Leier et al., 1994, Jedlitschky et al., 1996; Loe et al., 1998; de Jong et al., 2001). The
over-expression of MRP1 is thought to correlate with drug resistance to doxorubicin,
etoposide and daunorubicin (Zaman et al., 1994; Tan et al., 2000, Grant et al., 1994,
Cole et al., 1994; Hooijberg et al., 1999; Zaman et al., 1993; Wessel et al., 1997, Cole
et al., 1992; Slapak et al., 1994; Diah et al., 2001; Kruh et al., 1994).

1.10.4 Heat shock proteins

Heat shock proteins (hsp) are highly conserved molecules found in nearly every cellular
compartment. These molecules are either constitutively expressed or inducible under a
variety of physiological conditions such as heat shock, drug exposure or infection.
While a number of families have been identified, the Hsp70 family and the small heat

shock protein are of special interest in the development of drug resistance.

Hsp70 family members act as ATP-dependent molecular chaperones which are
proposed to have roles in the correct folding of newly synthesized proteins, protein
sorting and transport between cellular compartments, dissociating protein aggregation
and binding to partially denatured proteins to prevent unwanted interactions (reviewed

in Creagh et al., 2000; Sarto et al., 2000).

Heatshock proteins may be involved in the development or maintenance of drug
resistance. The short term exposure of murine cardiac or HeLa cells to doxorubicin has
been shown to induce Hsp70 expression or enhance nucleolar levels (Huber, 1992;

Abe et al., 1996), while heat shock proteins seem to have a role in drug resistance in
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breast cancer cell lines (Ciocca et al., 1992; Hansen et al., 1999; Oesterreich et al.,

1993; Vargas-Roig et al., 1998).

1.11 The current study

While the regulation of the topo Ilae promoter has been investigated under various
experimental conditions, the mechanisms involved during drug resistance are still
unclear with recent research indicating a drug- and cell type-specific component. In
this current study, the regulation of the topo Ila promoter in breast cancer cells after
doxorubicin exposure was investigated. Breast cancer cell lines that differed in the p53
and ER status were used for these experiments. A summary of the potential importance

of p53 and ER is presented below.

1.11.1 p53

pS3 has a critical role in the maintenance of genomic integrity in cells exposed to a
variety of stressors. In response to DNA damage or drugs such as doxorubicin, the
cellular levels of pS3 are increased (Tanikawa et al., 2001; Bunz et al., 1999, Zhang et
al., 1999; Cowell et al., 2000). p53 can regulate a variety of genes including those
involved in cell cycle arrest, apoptosis or genomic stability (reviewed in
Somasundaram & El-Deiry, 2000). pS3 is tightly regulated in cells under normal
conditions through an interaction with MDM?2 which targets the p53 for degradation.
Under stress conditions, this interaction is inhibited and an up-regulation of p53 is

observed. The up-regulation of p53 increased sensitivity to doxorubicin and etoposide

(Hochhauser et al., 1999; Seth et al., 1997).

Approximately 50% of cancers contain pS3 mutations, with mutant p53 found at
elevated levels due to the loss of MDM2-mediated degradation (Somasundaram & El-
Deiry, 2000). Breast tumours commonly contain p53 mutations (Aas ef al., 1996; van
Slooten et al., 1999; Hill & Sommer, 2002), with specific mutations (i.e. in direct

DNA contact residues) potentially involved in doxorubicin resistance (O'Connor ef al.,
1997, Aas et al., 1996).
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Another consideration was that the topo Ilo. promoter may be negatively regulated by
pS3 (Sandri et al., 1996, Wang et al., 1997b; Joshi et al., 2000). Mutant p53 can act
with a gain-of-function action where the mutant protein is able to transactivate or
repress specific genes or pathways (reviewed in Sigal & Rotter, 2000; He et al., 2002).
Due to these potential effects and as pS3 could have a role in drug resistance, two
breast cancer cell lines were used which had either wild type or mutant pS3 status. The

two cell lines chosen were MCF-7 and MDA-MB-231.

The MCF-7 cell line has functional wild type p53 while MDA-MB-231 cells over-
express a non-functional mutant p53 protein, with strong nuclear localization observed
(Elstner et al., 1995, Gnjatic et al., 1998; O'Connor et al., 1997, Xu & Loo, 2001).
This mutant p53 protein contained a missense mutation in the DNA binding domain at
codon 280, in exon 8 AGA—> AAA (Arg —> Lys) (Bartek et al., 1990). Arg280 is in
the H2 helix which binds into the major groove and so this p53 protein was classed as
a DNA contact mutation (Cho et al., 1994). While this protein is likely to be folded
(Bartek ef al., 1990), it is probably unable to transactivate due to the lack of DNA
binding, but as other DNA contact mutants retain the ability to transactivate under
appropriate conditions, it may be possible for the p53 R280K mutant to transactivate
as well (reviewed in Sigal & Rotter, 2000; O'Connor et al., 1997, van Slooten et al.,
1999).

1.11.2 Estrogen receptor

It was also noted that the MCF-7 and MDA-MB-231 cell lines differ in estrogen
receptor (ER) status, with MCF-7 cells shown to express ER while MDA-MB-231
cells do not (Thompson & Weigel, 1998). This difference may influence cellular
response to drugs. While the MCF-7 cells were not specifically grown in the presence
of estrogen, it has been observed that the media the cells are grown in may contain
contaminants including phenol red which have significant estrogenic activity (Berthosis

et al., 1986, Welshon et al., 1988; Bindall et al., 1988).

The two 17B-estradiol (E2) receptors (ERa and ERP) act as ligand-dependent

transcription factors, can bind to estrogen response elements (EREs) in the promoters
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of specific genes and through interactions with other factors modify transcription.
These factors, through interactions with other transcription factors, can also modulate
non-ERE-containing promoters. It has been shown that estrogen and ERs may
influence various signaling pathways including PKA, PKC and various MAPK
pathways (Segars & Driggers, 2002). It should also be noted that the presence of the
estrogen receptor within a cell may modify drug resistance or gene transcription.
Teixeira et al. (1995) and Zampieri et al. (2002) showed that estrogen enhanced
resistance to doxorubicin in MCF-7 cells. One mechanism of resistance was thought to
be due to the enhancement of the antiapoptotic factor Bcl-2 protein levels by the
estrogen. Another proposed mechanism for the estrogen-induced resistance was the
interaction of ERa with Sp1 and AP-1. This interaction was proposed to account for

the up-regulation of MDR ] promoter seen in these cells (Zampieri et al., 2002).

1.11.3 Experimental outline

The initial aims of this research were to use an experimental system to identify the
specific regions of the topo Ila promoter involved in the regulation seen upon drug
exposure of two breast cancer cell lines. To this end, a series of stable cell lines,
containing deletions of the topo Ila. promoter linked to a reporter gene, were exposed
to doxorubicin. It was proposed that the differential expression of the reporter genes
attached to these deletion constructs after drug exposure could be used to identify the
specific promoter regions involved. If successful, this system could be used in a range
of different cell types exposed to different topo II-targeted drugs to identify cell type-
or drug-specific mechanisms. This research is detailed in the following chapters.
Chapter Three outlines the verification of the use of the experimental system and
summarises the analysis of specific cell lines after drug exposure. Chapter Four details
the alterations to specific transcription factors in selected cell lines that had alterations
to the amounts of topo Iloe. Chapter Five investigates other potential resistance
mechanisms in the specific cell lines while Chapter Six briefly outlines the use of in
vivo footprinting as a potential method to observe changes to the in vivo binding of

proteins to the topo Ila promoter during drug exposure.
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Chapter Two Materials and Methods

2.1 Materials

pHGH1964, pHGH617, pHGH144, pHGH101 and pHGHS6 were a kind gift from Dr.
Richard Isaacs, Palmerston North Hospital.

The pGL3Basic luciferase reporter vector was from Promega Corporation, WI, USA.
The SV40:HGH vector was a gift from Richard Isaacs, Palmerston North Hospital.
pMAMNeo was from Clontech BD Biosciences, CA, USA. The majority of restriction
enzymes, T4 DNA ligase, ligase buffer and LB base medium were from Invitrogen Life
Technologies Inc., MD, USA. Proteinase K, calf alkaline phosphatase, the HiPure™
PCR Product Purification Kit and 7aq polymerase were from Roche Molecular
Biochemicals, Mannheim, Germany. Ampillicin, RNase, chicken egg white lysozyme,
Red Taq polymerase and synthetic oligonucleotides were from Sigma Chemical
Company, St. Louis, MO, USA. The QIAGEN Plasmid Preparation Kit and QIAGEN
PCR Purification Kit were from Qiagen Pty Ltd., Victoria, Australia. The Quantum®
Prep Plasmid Miniprep Kit was from BioRad Laboratories, CA, USA.

The MCF-7 and MDA-MB-231 cell lines were purchased from the American Type
Culture Collection. The CaCO-2, K562, HeLa and HepG?2 cell lines were generous
gifts.

DMEM and MEM media, sodium pyruvate, and DMSO were all tissue culture grade
from Sigma Chemical Company, St. Louis, MO, USA. Crystalline zinc bovine insulin
(4 mg/mL), glutamine (200 mM), penicillin (5000 U/mL), streptomycin (5000 pg/mL),
2.5% trypsin, bovine calf serum and G418 (neomycin sulphate) were from Invitrogen
Life Technologies Inc., MD, USA. Cryotubes were from Nunc Inc., Naperville, IL,
USA. The 0.2 uM SartoLab P media filters were from Sartorius AG, Germany. The
filters for sterilization of transfection buffers were Supor Acrodisc 32 0.2 uM filters

from Gelman Sciences, MI, USA. The 75 c¢m’ and 25 cm’ filter top 0.2 pM vented
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flasks and the 150 mm plates were from Nunc Inc., Naperville, IL, USA. The 60 mm
and 100 mm plates were from Falcon, NJ, USA. The 12-well plates with lids were
from Corning Costar Corporation, MA, USA. The doxorubicin (2 mg/mL) was a gift
from Richard Isaacs, Palmerston North Hospital. The 0.4 % trypan blue and propidium
iodide were from Sigma Chemical Company, St. Louis, MO, USA.

Lipofectamine™ was from Invitrogen Life Technologies Inc., MD, USA and Fugene™
6 was from Roche Molecular Biochemicals, Mannheim, Germany. The Luciferase
Assay Kit was from Promega Corporation, WI, USA. This kit contained the cell lysis
buffer (x5), luciferase assay buffer and the luciferase assay substrate. The pSV-§-
galactosidase control plasmid was from Promega Corporation, WI, USA. The cell
scraper (23 cm) was from Nunc Inc., Naperville, IL, USA. The polystyrene

luminometer cuvettes were from Crellin B.V ., Rotterdam, The Netherlands.

The human growth hormone ELISA kit was supplied by Roche Molecular

Biochemicals, Mannheim, Germany.

TRIZOL™ LS Reagent and DEPC were from Applichem, Darmstadt, Germany. The
LightCycler-FastStart DNA Master SYBR Green I Kit and glass capillaries were from
Roche Molecular Biochemicals, Mannheim, Germany. The MMLV reverse
transcriptase and reagents, Deoxyribonuclease I (bovine pancreas, amplification grade)

and random hexamers were from Invitrogen Life Technologies MD, USA.

Acrylamide (40% 29:1), Bradford reagent and the SDS-PAGE broad range molecular
weight standards were from Bio Rad Laboratories, CA, USA. The nylon membrane
(positively charged), the Chemiluminescence Blotting Substrate (POD) Kit and
Complete™ Mini protease inhibitors were from Roche Molecular Biochemicals,
Mannheim, Germany. The 3 MM paper was from Whatman, England. The PVDF
membrane was from BioRad Laboratories, CA, USA. The 0.45 pM nitrocellulose

blotting membrane was from Sartorius AG, Germany.
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The following primary antibodies were from Santa Cruz Biotechnology, CA, USA,
Sp3 (D-20)-G (rabbit polyclonal, antibodies directed against the C-terminal of human
Sp3), Sp1 (PEP2)-G (rabbit polyclonal, internal domain of rat/human Sp1), CBF-B (C-
18) (goat polyclonal, C-terminal human NF-YA), Topo Ila (K-19) (goat polyclonal,
C-terminal human topo Ila), Topo IIf (F-19) (goat polyclonal, C-terminal human topo
II3), MDR1 (P-gp)(C-19) (goat polyclonal, C-terminal human MDR1 = MDR3),
MRP1 (C-20) (goat polyclonal, C-terminal human MRP1) and Hsp70 (K-20) (goat
polyclonal C-terminal human Hsp70). The monoclonal a-tubulin antibody (anti-a-

tubulin clone DM 1A) was from Sigma Chemical Company, St. Louis, MO, USA.

The anti-rabbit, anti-mouse or anti-goat IgG (whole molecule) peroxidase conjugates
were from Sigma Chemical Company, St. Louis, MO, USA. The X-ray film was from

Fuji Photo Film Company, Japan. Developer and fixer were from Eastman Kodak, NY,
USA.

Spermine, spermidine, gel purified and biotinylated primers were from Sigma Chemical
Company, St. Louis, MO, USA. Sequenase™ version 2.0 DNA sequencing kit
(containing enzyme, buffer and nucleotides) was from USB, OH, USA. DNAse I
(bovine pancreas, grade II) and E. coli tRNA were from Roche Molecular
Biochemicals, Mannheim, Germany. Dynabeads® were from Dynal Biotech, ASA,
Norway. The Ready-To-Go DNA Labeling Beads (-dCTP) and ProbeQuant™ G-50
microcolumns were from Amersham Pharmacia Biotechnology Inc., Piscataway, New

York, USA. [**P]-a-CTP was from Amersham Biosciences, Uppsala, Sweden.
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2.2 Methods

2.2.1 Preparation of reporter constructs

2.2.1.1 Polymerase Chain Reaction

The polymerase chain reaction (PCR) was used to amplify specific DNA regions. PCR
reactions were set up with a final concentration of 1x reaction buffer (10 mM Tris-HCI
pH 8.3, 1.5 mM MgCl,, SO mM KCl), 3 mM dNTPs, S ng/uL of each primer, 0.06
U/uL Taq polymerase and 0.02 ng/uL of genomic DNA. Fifty cycles of the following
conditions were used; denaturing temperature of 95°C for 30 seconds, annealing
temperature of 60°C for 30 seconds and an elongation temperature of 72°C for 2
minutes. The -1964, -1861, -1463, -1163 and -894 to +90 topoisomerase Ilot promoter
constructs were prepared by this method with the ATG-BAM primer as the reverse
primer and the appropriate forward primer (Appendix 7). The forward primers had a

Xba 1 site added to the S' end, while ATG-BAM had a §' Bam HI site added.

2.2.1.2 Restriction endonuclease digests

To perform directional cloning, restriction digests were used to obtain vectors and
inserts that have compatible ends. To perform endonuclease digestion, the DNA was
digested with 10U of the required endonuclease in the appropriate 1x reaction buffer
and incubated at 37°C for 1 hour. By this method 50 uL of the PCR product or 1 ug
of the hGH reporter vector (SV40:pHGH (pGEMZf+ with the SV40 promoter linked
to the human growth hormone reporter gene)) were digested with 10 U of Xba I and

Bam HI1.

2.2.1.3 Purification of the digestion products

The PCR digestion products were purified using the HiPure™ PCR Product

Purification Kit according to manufacturers instructions. The HiPure™ Kit consists of
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spin columns containing pretreated glass fibres. Nucleic acids are selectively bound to
the glass fibres allowing the removal of contaminants from the DNA. The purified
DNA is then eluted in low salt conditions. To minimize self ligation, 5' phosphates
were removed from the cut ends of the vector using calf alkaline phosphatase and the
vector DNA was then purified by phenol/chloroform extraction followed by ethanol

precipitation (Sambrook & Russell, 2001). Both insert and vector were gel quantified.

2.2.1.4 Ligation of vector and insert and transformation

50 ng of insert and 48 ng vector (vector : insert ratio 1:3) were added to 2 pL 5x T4
Ligase Buffer (250 mM Tris-HCI pH 7.6, 50 mM MgCl,;, S mM ATP, S mM DTT,
25% w/v polyethylene glycol-800), 1 U T4 ligase and H,O (to a total of 10 pL) and
incubated at 25°C for 1 hour to allow ligation to occur. Ultra-competent XI.-1 blue
cells were produced by C. Flyger, Institute of Molecular BioSciences, Massey
University by the method described in Inoue et al. (1990). Transformation of XL-1

cells was carried out according to Pope & Kent (1996).

2.2.1.5 Subcloning of the topoisomerase Il constructs into pGL3Basic (pGL3B)

The above hGH reporter constructs were digested with Xba 1 and Bam HI
(pHGH1964, 1861, 1463, 894 and 56) or Xba I and Hind III (pHGH144 and 101), to
subclone the topo Ila promoter constructs into the luciferase reporter vector
pGL3Basic. The pGL3-Basic (pGL3B) vector does not contain an SV40 enhancer
element (Appendix 6) and so the "expression of luciferase activity.... depends on
insertion and proper orientation of a functional promoter upstream of Juc+". This
vector has been modified to enhance luciferase expression and improve the in vivo
vector stability. These modifications include the removal of the signal for peroxisome
targeting in the luciferase cDNA and the removal of transcription factor consensus
binding sequences that may cause spurious transcription (Promega pGL3B Luciferase

Reporter Vector Technical Manual, 1994).
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The inserts were gel purified using the HiPure™ PCR Product Purification Kit and
quantified as described previously. The pGL3B vector was prepared as described
previously (Nhe I and Hind 111 for the -101 and -144 fragment) or Nhe 1 and Bgl 11
(for the other constructs). The ligation of insert and vector was carried out as

described above.

2.2.1.6 Isolation of plasmid DNA

Isolation of plasmid DNA for screening purposes was prepared by the rapid-boil
procedure of Holmes & Quigley (1981). When high purity DNA was required (e.g
sequencing reactions) the Quantum® Prep Plasmid Miniprep Kit was used following
the manufacturers' instructions. This system uses alkaline lysis to remove the plasmid
DNA from the cell and then the selective binding of the plasmid DNA to the Quantum®

prep matrix to purify the DNA.

2.2.1.7 Large scale preparation of plasmid DNA

Five mL of LB broth containing ampicillin (100 pg/mL) was inoculated with a single
bacterial colony and grown overnight with shaking at 37°C. All of this culture was
used to inoculate a flask containing S00 mL of LB broth containing 100 pg/mL
ampicillin which was then incubated overnight at 37°C. The QIAGEN Plasmid Kit was
used to produce large scale plasmid DNA for transfections as described in the
QIAGEN Plasmid Handbook. This method is based on alkaline lysis of bacteria,
followed by neutralization to precipitate chromosomal DNA and protein. Plasmid
DNA was then purified by anion exchange chromatography using a modified DEAE-

silica gel.

2.2.1.8 Quantification of DNA

The plasmid DNA was quantified using the nucleic acid (200-350 nm) scan programme
on the Pharmacia Biotech Ultrospec 300 UV/Visible Spectrophotometer. The purity of

the DNA was assessed by the A260/A280 absorbance ratio. A ratio of 1.8 is expected
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for pure DNA, ratios greater than 1.8 were expected for RNA, while ratios less than

1.8 indicate protein contamination.

2.2.1.9 Sequencing of DNA

DNA sequencing was carried out by Lorraine Berry (MuSeq facility, Institute of
Molecular BioSciences, Massey University). Dideoxy cycle sequencing with Big Dye
terminators (version 2.0, PE Biosystems, Foster City, CA, USA) was performed and
analysed on a ABI 377-18/36 automated DNA sequencer according to manufacturer's

instructions.

2.2.2 The routine maintenance, passage and use of tissue culture cell lines

All tissue culture manipulations prior to harvesting were performed in a laminar flow
workstation under sterile conditions. All the cells were grown in a 5% 37°C CO,

incubator with a humidified atmosphere.

2.2.2.1 Preparation of tissue culture media

Cells were grown in T75 or T2S tissue culture vented flasks. Media was prepared
according to the manufacturers instructions. The pH was adjusted to 6.8 so that the
final pH would be approximately 7.1 as the pH rises 0.2-0.3 units upon filter
sterilization. MCF-7 cells were grown on MEM with 2 mg insulin added to 200 mL of
media. MDA-MB-231, HepG2 and HelLa cells were grown on MEM media with 10%
FCS while CaCO-2 cells required 20% FCS in MEM. K562 suspension cells required
10% FCS in DMEM media containing 20 mM HEPES. All media was supplemented

with penicillin and streptomycin as a 100x stock.
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2.2.2.2 Establishment of cell lines from frozen stocks or after initial receipt of the cell

lines

All cell lines used were grown from stocks stored in liquid nitrogen. The frozen cells
were quickly thawed, added to 5 mL media, centrifuged and the pellet resuspended in
media. The cell suspension was added to 6 mL of media in T2S flasks. Once the cells

had been passaged once, a new batch of cells were frozen as described below.

2.2.2.3 Freezing of cells for liquid nitrogen storage

Cells for liquid nitrogen storage were prepared by passaging minimally-passaged cells
at ~100% confluence and resuspending in bovine calf serum containing 10% DMSO.
These cells were then dispensed into cryotubes in 1 mL aliquots and slowly frozen at -

70°C before transferring to liquid nitrogen.

2.2.2.4 Passage of cells for cell maintenance and transfections

Adherent cells were grown to 80-100% confluence in T7S flasks before passage into
new flasks to maintain stocks, or onto plates for transfections, RNA extraction, nuclei
or cell extract preparation. Cells were passaged by washing with 1 mL of 0.25%
trypsin in PBSE (0.14 M NaCl, 2.7 mM KCl, 4.3 mM Na,HPO,2H,0, 0.5 mM
EDTA). The flasks were then left lying flat for ~10 minutes. Flasks were knocked to
help dislodge the cells and the cells were resuspended by aspiration with 10 mL media.
One mL of this suspension was added to T75 tissue culture flasks containing 12 mL
media for the maintenance of stocks. Two or four drops (with a plastic disposable
pipette) were added to each well of a 12-well tissue culture plate containing 800 pL
media for transfections. Cells were placed in a 37°C, 5% CO; incubator in a humidified
atmosphere. K562 suspension cells were grown until cell density was ~1 x 10°
cells/mL. The cells were counted using a haemacytometer as described in Davis (1994)

pp 127-130. The average of 3 cell counts was determined. ~10°® cells were placed into
6 mL of fresh media.
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2.2.2.5 Transient transfections

Fresh media was added to the cells two hours prior to transfection. Cells were
transfected using a calcium phosphate co-precipitation method as described in
Sambrook & Russell (2001). In this method, the DNA is in a chemical environment
which induces uptake by endocytosis into the cell by unknown mechanisms. A number
of factors such as reagent or media pH and DNA purity can affect the calcium
phosphate method, but importantly for transient transfections, the cells transfected by
this method tend to contain a representative sampling of the different plasmids in the
precipitate (Ausubel et al, 1991). This method is also cost-effective and so was used

in this study.

50 uL of Buffer A (0.5 M CaCl,, 0.1 M HEPES, pH 7.05-7.12) was added to 50 pL of
DNA and water. 100 pL of Buffer B (0.28 M NaCl, 0.05 M HEPES, 0.75 mM sodium
dihydrogen phosphate, 0.7S mM disodium hydrogen phosphate) was added to the
plasmid DNA and the mixture was immediately vortexed. After a 15 minute incubation
at room temperature, the DNA suspension was dispersed into the medium on the
prepared cells. 2 g of pSV-B-gal control vector and 4 g of reporter vector were
used unless otherwise stated. Each treatment was carried out in triplicate within each
transfection experiment. Cells were incubated in the presence of the DNA precipitate
for 6 hours and then washed twice with media without additions. The cells were then

incubated with fresh complete media for 18 hours in the 37°C, 5% CO, incubator.
2.2.2.6 Luciferase assay

The cells were harvested as described in the Luciferase Assay System Technical
Bulletin. Luciferase assays are sensitive and rapid and are based on the reaction where
the firefly luciferase protein in the presence of ATP and substrate can emit light (562
nm) Luciferin + ATP + O, Me2e oxyluciferin + AMP + PPi+ CO, + light (reviewed in
Bronstein et al., 1994, Gould & Subramani, 1988). The assays for the luciferase
reporter gene activity were carried out as described in the Luciferase Kit Technical

Bulletin.
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2.2.2.7 B-galactosidase assay

B-galactosidase assays were carried out as described in Herbomel ez al. (1984). 100 puL
B-galactosidase assay buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM
MgCl,) and 50 uL. ONPG (2 mg/ml ONPG in 60 mM Na,HPO,, 40 mM NaH,PO,)
were mixed with 20 pL of cell extract on a multi-well plate and incubated at 37°C until
an adequate colour (3-8 hours) was produced. 50 uL of 1 M sodium carbonate was
then added to stop the reaction. Absorbances were measured at 405 nm against a blank
containing 20 pL cell lysis buffer. The B-galactosidase values, expressed as total

absorbance units, were used to normalize the luciferase values.

2.2.2.8 The production of stable breast cancer cell lines

The topoisomerase Ilat reporter vector does not contain a mammalian selectable
marker so co-transfection with a vector containing a selectable marker was required.
The vector used was pMAMNeo which contains the AHR (aminoglycoside
phosphotransferase) gene which confers resistance to neomycin (G418). G418 blocks
protein synthesis through interference of ribosomal activity. Both cell lines were
transfected with a specific topoisomerase Ila reporter vector and the pMAMNeo
vector using either the calcium phosphate or liposomal methods (Fugene™ or
Lipofectamine™). The reporter vector was added in 5x excess of pMAMNeo, so that
the cells would have a higher chance of taking up the reporter vector that did not have
a selectable marker. Upon selection by G418, the chances of random integration of
both the pMAMNeo and the topoisomerase Ila-hGH into the genome increase. Cells
which integrate only the pMAMNeo vector and the cells which integrate both vectors
will survive selection by G418 so additional screening for the expression of hGH
protein was required. After transfection, the media was replaced with fresh media
supplemented with 800 pg/mL G418. This media was changed every 3-4 days until

individual colonies were seen.
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2.2.2.9 Assay for human growth hormone (hGH)

To detect the presence of human growth hormone, the hGH ELISA Kit was used as
per manufacturers instructions. This is a colorimetric enzyme immunoassay which
allows the quantitative determination of human growth hormone. hGH is captured
through interactions with anti-hGH antibodies bound at a surface of a microtitre plate.
Anti-hGH-DIG antibodies then bind to the hGH followed by DIG antibodies
conjugated to peroxidase. The peroxidase then catalyses the cleavage of the substrate
to produce a coloured product. The multi-well plate reader was used to measure
absorbance at 405 nm with a reference wavelength of 495 nm. A standard curve was

produced and the unknown hGH values were obtained by linear regression.
2.2.2.10 Screening for the topoisomerase Il a stables

After 4-6 weeks under constant G418 selection, individual colonies derived from single
G418-resistant cells were transferred into separate wells of a 12 well plate. After a
week, the media was tested for the presence of hGH by hGH ELISA. Positive stable

cell lines were then frozen and/or maintained in media containing 400 pg/mL G418.
2.2.2.11 Exposure of the cells to doxorubicin

Cells were plated on 12-well plates and left overnight. Concentrations of doxorubicin
(Adriamycin®) were added to the media for a specified time. The media was then
removed and after 3 washes with media (no additions), fresh complete media was
added. After 3-6 weeks, single colonies were isolated, amplified and frozen down for

storage.
2.2.2.12 Determining the hGH':cell ratio
To determine the hGH:cell ratio, media on control and surviving cell lines was replaced

with new media. After 6 hours the medium was removed and hGH concentration

determined. To count the cell number, the cells were harvested with trypsin (1x in
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PBSE), and 50 pL of the cell suspension added to SO pL 0.4% trypan blue. The
number of cells which excluded the dye was used to determine the % of viable cells.
Cells were then counted using a haemacytometer as described in Davis (1994) pp 127-
130. The average of 3 cell counts was determined. The ratio of hGH concentration to
cell number for the control (cells not exposed to drug) was arbitrarily set at 100% and

the sample's ratio compared to this value.

2.2.2.13 Preparation of cells for FACS analysis

Cells were plated ~50% confluence and after 24 hours exposed to doxorubicin. After
specified times the cells were harvested in trypsin and centrifuged at 4,000 rpm for 30
seconds. The cells were resuspended in 200 pL. 70% ethanol in PBS and left at room
temperature for 30 minutes, to fix the cells. After this time the cells could either be
stored at 4°C for maximum of a week or stained for immediate FACS analysis.
Staining was accomplished by pelleting the cells by centrifugation at 4,000 rpm for 30
seconds, resuspending in 1 mL staining solution (100 pg/mL RNase, 40 pg/mL
propidium iodide in PBS) and incubating for 30 minutes at 37°C. FACS analysis using
the Becton Dickinson Flow Cytometer was then used to determine the cell cycle

profile of the cells.

2.2.2.14 Determination of population doubling time (PDT)

To determine the doubling time of a cell line, a specific number of cells (Ny) was
plated, left for a specified time (t,-t;) and the number of cells counted (N;). The
population doubling time was determined using the formula from Davis (1994) pg.
126.

- r=3.32 (log Nu-log Niy/ (t2-t1) PDT =1/t

where Ny is the number of cells plated, N; is the number of cells after time (t>-t;) has

elapsed.
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2.2.3 RT-PCR and real time RT-PCR analysis

2.2.3.1 The isolation of RNA

Cells used for the isolation of RNA were grown on 100 mm plates with 9 mL media.
RNA extraction was carried out on cells that were 40-60% confluent. All solutions,
pipettor tips and microfuge tubes used in RNA manipulations were treated with 0.05%
DEPC overnight and autoclaved prior to use. Trizol™ was used to extract the RNA as
per manufacturers' instructions. Trizol™ is a monophasic solution of phenol and
guanidine isothiocyanate. This solution maintains the integrity of the RNA while
disrupting the cells. Upon addition of chloroform, the sample separates into aqueous
and organic phases, with the RNA found in the aqueous phase. The RNA was then
isolated and precipitated with isopropanol. The RNA was quantified by A260/A280
absorbance on the Pharmacia Biotech Ultrospec 300 UV/Visible Spectrophotometer.

2.2.3.2 The production of cDNA products by reverse transcription

DNA was removed from the RNA samples prior to reverse transcription as follows; 6
ug of RNA was incubated with 6 U DNAse I (bovine pancreas, amplification grade) in
1x DNAse reaction buffer (20 mM Tris-HCI pH 8.4, 2 mM MgCL, 50 mM KCI) in a
total volume of 50 pL at room temperature for 15 minutes. EDTA to a final volume of
> 2 mM was then added. To inactivate the DNase I, the sample was heated to 65°C for

10 minutes and then chilled.

25 uL of the treated RNA was added to 15 pL of a cocktail mix so that the final
concentration was 1x MMLYV first strand buffer (50 mM Tris-HCI pH 8.5, 8 mM
MgCl,, 30 mM KCI, 1 mM dithioerythritol), I mM dNTPs, 0.01 M DTT, 0.625 ng/IL
random hexamers and either 2 U/ulL MMLYV reverse transcriptase or water. This
mixture was incubated for 1 hour at 37°C and subsequently for 5 minutes at 95°C to
inactivate the enzyme. PCR using the cDNA as a template was then carried out. 1 {LL

of this reaction mix was added to each PCR reaction.
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2.2.3.3 Primers and PCR conditions

The primers used for either RT-PCR or real time RT-PCR are detailed in Appendix 4.

This table includes primer sequence, primer position and diagnostic digest details.

The PCR conditions used for the RT-PCR were

96°C 3 min
96°C 30 sec
50-55°C 30 sec 40-50 cycles
72°C 1 min
72°C 3 min

2.2.3.4 Real time RT-PCR using the LightCycler™

The primers used in the real time RT-PCR reactions had either been designed
previously for RT-PCR or were designed using the Roche LightCycler Probe Design
Software Version 1.0. The primers were designed to produce products with Tm ~55-
60°C and GC content ~50% if possible; to avoid sequences which could have possible
negative effects on PCR such as direct repeats, homopolymeric runs or inverse repeats
and to span introns where possible to distinguish between products derived from

genomic DNA and cDNA (Appendix 4).

Real time RT-PCR reactions were carried out as described in the FastStart SYBR
Green I Kit instructions. 0.5 pM of each primer, 3-4 mM MgCl, in 1x master mix
(containing 7aqg DNA polymerase, dUTP, dATP, dGTP, dCTP, SYBR Green I dye, 1
mM MgCl,) was added to a final volume of a 15 puL. S puL of appropriately diluted first
strand cDNA was then added. The cycling conditions were 1 cycle of 95°C 10
minutes, then 25-40 cycles of 95°C for 0 seconds, S5°C for 5 seconds and 72°C 16
seconds. The PCR efficiency of each primer set was determined from the slope of a
standard curve of cycle number vs. log concentration (Efficiency = 10x™%), see

Appendix S (a) for an example.
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The PCR efficiencies under various different MgCl, concentrations were determined.
Primer sets with similar efficiencies (< 0.1 difference) could be quantified using the
same standard curve (see Appendix 4), for example a 18S rRNA (3 mM MgCl,,
Efficiency 2.04) standard curve could be used in the quantification of topo Ilat (4 mM
MgCl,, 1.98). 18S rRNA (3mM MgCl,, 2.04) could be used as an internal control for
topo Ila (4 mM MgCl,, 1.98), hGH (4 mM MgCl,, 1.95), MRPI (3 mM MgCl,, 2.04)
and a-globin (4 mM MgCl,, 1.97). As another control, the ratio of GAPDH/18S

rRNA should be constant in cell lines derived from the same parental cell line.

To quantify a sample, real time RT-PCR reactions of the unknown (i.e. topo Ilat) and
the appropriate internal control (i.e. 18S rRNA) were performed for the RNA samples.
A standard curve control reaction was also performed. This control had been used
previously to prepare the standard curve and had a pre-assigned value. The crossover
number of this control was used to calibrate the standard curve between different
experiments. By using the standard curve, the "concentrations" of the samples can be
worked out from the cross-over cycle number of the real time PCR reactions. The ratio
of the "concentrations" of the unknown vs. the RNA control were then determined for
each sample, with the control cell line ratio was arbitrarily set at 100%. See Appendix
5 (b) for an example. Diagnostic digests and the observed Tm were used to confirm the

identity of the PCR product.

2.2.4 The immunoblot procedure

2.2.4.1 The preparation of cell extracts

Several methods for the preparation of cell extracts were used. For cell extracts
prepared in a manner similar to that described in Ladias et al. (1992), cells were plated
on 150 mm plates until 50% confluent. The cells were then washed with PBS and
harvested in 1.5 mL of TEN buffer (40 mM Tris-HCI pH 7.4, 1 mM EDTA, 0.15 M
NaCl). After centrifugation at 12,000 rpm for 1 minute, the pellet was resuspended in
300 pL extraction buffer (40 mM Hepes pH 7.9, 0.4 M KCIl, 1 mM DTT, 10%

glycerol, 1x Complete™ Mini protease inhibitors). The cell suspension was freeze-
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thawed three times using liquid nitrogen to disrupt the cells. The cell extract was
centrifuged at 4°C at 14,000xg for 5 minutes and the supernatant was dispensed into

30 pL aliquots, snap-frozen in liquid nitrogen and stored at -70°C. This method was

suitable for cytosolic and nuclear proteins.

Other methods were used that differ from that described in Ladias et al. (1992) in that
detergents were used to lyse the cells and assist in the extraction of membrane-bound
proteins. The cells were plated and harvested as above and the pellets resuspended in
(a) 10 mM Tris pH 74, 150 mM NaCl, 0.5% triton X-100, 0.25% sodium azide and
1x Complete™ mini protease inhibitors (Epsztejn et al., 1999); (b) 50 mM Hepes pH
7.4, 1% triton X-100, 10% glycerol and 1x Complete™ mini protease inhibitors
(Montgomery et al., 2000); (c) SO mM Tris pH 8.0, 150 mM NaCl, S mM EDTA pH
8.0, 1% nonidet P-40 and 1x Complete™ mini protease inhibitors. The samples were
then incubated on ice for 30 minutes (Meschini et al., 2000); (d) 120 mM Tris pH 6.8,
200 mM DTT, 20% glycerol, 2.5% SDS and 1x Complete™ mini protease inhibitors.
The samples were then heated at 85°C for 30 minutes and cooled (Nakajima et al.,
1995) and (e) 50 mM Tris pH 8.0, 425 mM NaCl, 1% nonidet P-40, 0.1% SDS, 10
1M B-mercaptoethanol and 1x Complete™ mini protease inhibitors (Covacci et al.,
2000). After extraction, the samples were centrifuged at 13,000 rpm for 10 min at 4°C

and the supernatant aliquoted and stored at -70°C.

2.2.4.2 The immunoblotting methods used for the separation and transfer of proteins

onto membrane

2.2.4.2 Protein gel and transfer protocols for topo lla, Spl, Sp3, NF-YA, ca-tubulin,
topo 11 B, P-gp, MRP1 and Hsp70 proteins

Protein concentrations of the cell extracts were determined using the Bradford reagent.
Proteins in the cell extract (5-20 pg) were separated by polyacrylamide (8%) gel
electrophoresis in the presence of SDS (Laemmli, 1970) using the buffer system
described by Ornstein (1964) and Davis (1964). Proteins were transferred to nylon

membrane by electroblotting with transfer buffer (25 mM Tris, 192 mM Glycine pH
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8.3) for 90 minutes at 450 mA. Gels were then stained with Coomassie Blue (0.1% R-
250 40% methanol, 10% acetic acid) and destained with Destain I (50% methanol,
10% acetic acid) and Destain II (5% methanol, 7% acetic acid) to determine if efficient

transfer had occurred.

A range of different transfer conditions were attempted to detect the topo IIB, P-gp
and MRPI proteins including alternative transfer buffer (S0 mM CAPS pH 11.0), the
manipulation of the length or amperage of transfer, or alternate membranes PVDF and

nitrocellulose.

2.2.4.3. Immunodetection

The membrane was cut so the simultaneous probing of the same membrane with
multiple antibodies could be carried out. The membrane was blocked for 2-3 hr at
room temperature using 1% blocking reagent (Chemiluminescence Blotting Substrate
(POD) Kit) in TBST (130 mM Tris base, 25 mM NaCl, pH 7.6, 1% triton X-100).
The primary antibodies were diluted in 0.5% blocking solution (1:1,000 for topo Ila.,
Sp3 and Spl, 1:500 for NF-YA, Hsp70, topo IIB, P-gp and MRP1, 1:2,000 for a-
tubulin). Membranes were incubated overnight at 4°C with the primary antibodies, and
after washing with TBST and 0.5% blocking solution, were incubated with peroxidase-
conjugate IgG secondary antibodies (1:10,000 dilution for topo Ila (goat) and Spl
(rabbit), 1:5,000 a-tubulin (mouse), 1:4,000 for Sp3 (rabbit), 1:2,500 for NF-YA
(goat), Hsp70 (goat), P-gp (goat) and MRPI (goat)) for 30 minutes at room
temperature. The membranes were then washed for an hour with TBST. Bands were
detected using the chemiluminescent reagents as described in the manufacturers
instructions. Both X-ray film and the Fujifilm Intelligent Dark Box were used to detect
the. chemiluminescent signals. The program Image Gauge was used to quantify the

signals.
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2.2.5 Invivo footprinting

The method for in vivo footprinting was adapted from that described in Carey & Smale
(2000) pp 350-353 for the nuclei isolation and DNase I digestion and Gould (1998) pp
80-107 for the rest of the protocol.

2.2.5.1 Isolation of nuclei

To isolate nuclei, the cells (50% confluent, T2S5 flask) were harvested in media and
pelleted at 2,000 rpm for 10 minutes at 4°C. The pellet was washed in ice cold PBS
and the cells centrifuged at 2,000 rpm for 10 minutes at 4°C. The cells were
resuspended in NP-40 lysis buffer (10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM Mg
Cl,, 0.5% nonidet P-40, 0.15 mM spermine, 0.5 mM spermidine) and incubated on ice
for 5 minutes. To pellet the nuclei, the sample was centrifuged at 2,000 rpm for 10

minutes at 4°C.

2.2.5.2 DNase I digestion

The nuclei were then exposed to DNase I The nuclei pellet was initially washed with
Buffer A (100 mM NaCl, 50 mM Tris-HCl (pH 8.0), 3 mM MgCl,, 0.15 mM
spermine, 0.5 mM spermidine), centrifuged at 2,000 rpm for 10 minutes at 4°C and the
supernatant carefully removed. The nuclei were then resuspended in 100 pL of Buffer
A (containing 1 mM CaCl,). To 100 pL of nuclei, 3 ng of DNAse I (bovine pancreas,
grade II) was added and the samples incubated for 7 minutes at 37°C. To stop the
DNase I digestion, 2 uL of 0.5 M EDTA and 100 L of Buffer A was added. This was
followed by the addition of 3 UL of proteinase K (25 mg/mL) and 100 pL of 20%
SDS. The samples were then incubated overnight at 37°C. The DNA was treated with
2 uL RNase (10 mg/mL) at 37°C for 2 hours, purified using phenol/chloroform

extraction, ethanol precipitated and the pellet resuspended in TE.
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2.2.5.3 Alkaline gel electrophoresis

To confirm that the DNase I digests produced single strand DNA fragments between
300-600 bp long, alkaline gel electrophoresis was performed as described in Sambrook
& Russell (2001). PCR products sized from 180-450 bp were also electrophoresed on

the gel as size markers.

2.2.5.4 Primer extension

To perform primer extension, 0.5-2 ng DNA was added to 0.6 pmol of biotinylated
primer #1 (5 GTGACACTTCCATGGTGAC 3') and 1x Sequenase™ buffer (40 mM
Tris-HCl pH 7.5, 20 mM MgCl,, 50 mM NaCl) in H;0 to a total volume of 15 pL. The
sample was heated to 95°C for 3 min, and then to 45°C for 30 min. The sample was
then chilled on ice. 7.5 pL of Mg-dNTP stock (20 mM MgCl,, 20 mM DTT, 0.25 mM
each dNTP) was then added to each reaction followed by 5 U Sequenase™ version 2.0
and the samples were incubated at 48°C for 15 min. The samples were then placed on
ice, Tris-HCI pH 7.7 was added to a final concentration of 60 mM, and the samples
heated at 67°C for 15 min to inactivate the enzyme. The cooled samples were ready for

ligation.

2.2.5.5 The ligation reaction

A linker was then blunt end ligated to the primer extension products. To prepare the
linker stock (20 pmol/uL), 20 pmol/iL 25-mer (S'GCGGTGACCCGGGAGA
TCTGAATTC 3') and 20 pmol/uL 11-mer (5 GAATTCAGATC 3') were mixed in
250 mM Tris-HCI pH 7.7. The solution was heated for 95°C for 3 min, then over two
hours, the solution was allow to cool gradually from 70°C to 4°C. The ligation mix
was prepared (13.33 mM MgCl,, 30 mM DTT, 1.66 mM ATP, 83.3 ng/mL BSA, 100
pmol Linker stock, 3 U/reaction T4 DNA Ligase) and 45 pL of the ligation mix was

added to 30 L primer extension product, and incubated overnight at 18-20°C.
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2.2.5.6 Extension product capture

Magnetic streptavidin beads were used to purify the biotinylated ligation product. The
beads were washed with 2x BW buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 2 M
NaCl), resuspended in 2x BW buffer and an equal volume of ligation mix was added.
The samples were then incubated for 15 minutes at room temperature. The beads were
washed with 2x BW buffer. Freshly prepared 0.15 M NaOH (37 uL) was then added
to the beads and the mixture incubated at 37°C 10 min. The supernatant was
transferred into new tubes and firstly 3.75 uL 2 M Tris pH 7.7 then 37 uL 0.15 M HCI
was added to neutralize the solution. 9.4 pL ligation stop mix (2.7 M Na acetate pH
5.2, 1 mg/ml E coli. tRNA) was then added. To ethanol precipitate the ligation
product, 220 pL 100% EtOH was added to the samples which were placed on dry ice
for 20 minutes, and then centrifuged at 15,000xg at 4°C for 15 min. The pellet was
washed with 75% EtOH, dried and resuspended in 50 uLL H,O.

2.2.5.7 PCR amplification

To the S0 uL of DNA (from section 2.2.5.6), S0 uL of 2x T'ag polymerase mix (2x
Taq buffer (20 mM Tris-HCI1 pH 8.3, 100 mM KCl), 4 mM MgCl,, 0.4 mM each
dNTP, 0.2 pmol/uL primer #2 (5' CTTATGGTGACGGTCGTGAAGGGGC 3'), 0.2
pmol/pL linker primer, 0.06 U/uL Taq polymerase) was added.

The PCR conditions used were :

1 min 95°C
2 min 60°C 18-20 cycles
3 min 76°C

Once PCR was completed, 10 pL booster mix (1 U 7aq polymerase/10 puL of 1x 7aq

polymerase mix) was added and the samples incubated at 74°C for 10 min. 15.5 pL
Taq stop solution (2.4 M sodium acetate pH 5.2, 0.08 M EDTA pH 7.7, 0.32 mg/mL
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tRNA) was then added and phenol/chloroform extraction and ethanol precipitation

were performed as before. The pellet was stored at -20°C until gel electrophoresis was

performed.
2.2.5.8 The production of the DNA sequencing ladder

A DNA sequencing ladder was required to run alongside the PCR samples on the gel
to identify the exact sequence being protected from the DNase I digest. To do this, the
-617 to +90 topo Ila promoter region was amplified using the T7 and biotinylated Sp6
primers with the pGEM-T-617 topo Ila vector as a template. The PCR products were

then purified using streptavidin-coated magnetic beads as follows.

20 pL of beads were washed in 1x BW buffer. These beads were then resuspended in
2x BW buffer and an equal volume of PCR products added. After a 1S minute room
temperature incubation, the beads were washed with 1x BW buffer. The beads were
then incubated in 8 pLL 0.1 M NaOH for 10 minutes at room temperature followed by
S0 pL 0.1 M NaOH and then washed with 1x BW buffer and TE respectively. Finally
the beads were resuspended in 7 pL H,0 for the direct use in sequencing reactions. The
sequencing reactions were performed as described in the instructions for the
Sequenase™ version 2.0 DNA sequencing kit using primer #2 as the sequencing
primer. These sequencing products would be derived from the 3' region of the topo Il
promoter, the region being investigated by the in vivo footprinting primers. These

reactions were stored at -20°C until gel electrophoresis.
2.2.5.9 Gel electrophoresis

A 0.4 mm thick sequencing gel (8% acrylamide, 7 M urea in 0.1 M TBE) was prepared
and pre-run at 75 W for 1 hr until the gel temperature was ~50°C. The DNA pellet
(from 2.2.6.7) was resuspended in 2 pL water and 4 pL of formamide loading dye
(95% (v/v) formamide, 20 mM EDTA pH 8.0, 0.05% (w/v) xylene cyanol, 0.05%
(w/v) bromophenol blue) was added. Prior to loading on the gel, the sample was

heated to 95°C for 3 min and then chilled. 3 pL of the DNA sample was loaded onto
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the gel. The sequencing reactions were heated for 3 minutes at 74 °C and 3.5 pL were
loaded onto the gel which was then electrophoresed at 75 W until the bromophenol

blue had run off and xylene cyanol had reached the bottom of the gel.

2.2.5.10 Electroblotting

Approximately 40 cm of the gel above the xylene cyanol band was transferred onto
nylon membrane using the Owl Semi-dry Electroblotter System at 12 V, 1.6 amp
(max) for 45 minutes. The membrane was briefly dried and the DNA fixed onto the

membrane by placing the DNA side of the membrane on an UV transilluminator for 30

seconds.
2.2.5.11 Probe synthesis

To produce the PCR product to be used as a probe, PCR was performed as previously
described using the primers R2 and primer #3 with the pGEMT-617 vector as a
template. The resulting ~300 bp product was purified using the Qiagen MiniElute™ kit
as per manufacturer's instructions and gel quantified. This kit used the salt and pH-
dependent nucleic acid binding properties of silica-gel membrane to purify the PCR
product. 50 ng of the PCR product was then labeled as per the instructions. Briefly the
PCR product was boiled for 5 minutes to denature and quickly placed on ice to prevent
renaturation. This product together with 50 pCi *?a-dCTP was then added to Ready-
To-Go DNA Labeling Beads (-dCTP) and left for 15 min at 37°C. The labeling
reaction was then purified using a ProbeQuant™ G-50 microcolumn by centrifugation
at 3000 rpm for 2 min. The eluted probe was then counted using Cerenkov counting to

ensure incorporation was ~25%. The probe was stored at 4°C until use.

2.2.5.12 Hybridisation

The membrane was soaked in 0.1 M TBE and placed inside a hybridisation tube. The
membranes were pre-hybridized in hybridisation buffer (0.25 M sodium phosphate pH

7.2, 7% SDS, 1% BSA, 1 mM EDTA) for 15 min to 2 hr at 60°C The membrane was

48



then incubated with all the prepared probe in hybridisation solution overnight at 60°C.
The membrane was first washed with prewarmed buffer A (20 mM sodium phosphate
pH 7.2, 2.5% SDS, 1 mM EDTA, 0.25% BSA) for 5 minutes and then with buffer B
(20 mM sodium phosphate pH 7.2, 1% SDS, 1 mM EDTA), with the buffer changed 5
times over 30 minutes. The membrane was then dried at room temperature and

exposed to x-ray film for 1-7 days at -70°C with intensifier screens.
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Chapter Three Analysis of Drug-exposed

Breast Cancer Cells

3.1 Introduction

The aim of this research was to identify specific promoter region(s) that were involved
in the down-regulation of topo Ilo. gene expression in drug-resistant breast cancer cells
(Wosikowski et al., 1997, Matsumoto et al., 1997, Asano et al., 1996b; Zhou et al.,
1999c¢). Previous studies have implicated various promoter elements and transcription
factors as mediating such changes including ICB elements, NF-Y and Sp3 (Morgan &
Beck, 2001; Wang et al., 1997a; Takano et al., 1999; Kubo et al., 1995, Mo et al.,
1997). Although specific elements and cognate transcription factors have been
identified as having potential roles in topo Ila regulation in response to drug exposure,
it is likely that these mechanisms are cell type-specific. Consequently all promoter
elements and their cognate transcription factors should be investigated for a potential

role in the regulation of topo Il expression in drug-resistant breast cancer cells.

In the current research the MDA-MB-231 and MCF-7 breast cancer cell lines were
exposed to doxorubicin and the surviving cells isolated. The mechanism of survival
was then investigated in these cells, with alterations in the regulation of topo Ila gene
expression of particular interest. The method of doxorubicin exposure may be critical
to obtain cells which are most similar to the resistant cells seen in clinical drug
resistance. As outlined below either pulsed or continuous drug exposure have been
used to identify mechanisms of multidrug resistance. The reasons for using the pulsed

method in the current research are discussed as follows.
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3.2 Generation of doxorubicin 'resistant’ breast cancer cell lines

As a treatment regimen, chemotherapy destroys only a portion of dividing cells on
single exposure so multiple exposures of chemotherapeutic drugs are required to kill
all cancer cells. However, due to the toxicity of the treatment on critical proliferating
tissues like bone marrow and the gastrointestinal epithelium, subsequent chemotherapy
must be timed to allow recovery of these non-cancerous tissues. Most chemotherapy

drugs are therefore given at 3-4 week intervals (McKinnell et al., 1998).

Two main strategies are used for the in vitro production of resistant cancer cell lines.
The most popular strategy is the long-term exposure of cells to increasing doses of
chemotherapeutic drug. The resulting resistant cells can then survive when exposed to
constant "non-physiological" drug concentrations (examples include Cowan et al.,

1986).

Due to the non-clinical doses and exposure times used, cells produced by long-term
drug exposure may only give an indication of the possible resistance mechanisms
available to a cell and may not reflect the mechanisms that occur in vivo. Most cell
lines produced by this method are highly drug-resistant, to a degree two orders of
magnitude higher than that normally seen in vivo. Resistance of this type can be limited
to only a few types of drugs and is sometimes unstable in the absence of the drug -

neither of these effects is seen in clinical drug resistance (reviewed in Davey & Davey,
1998).

A second strategy is to mimic the standard chemotherapy regimen, where the cells in
vivo are exposed to short term pulses of the drug every 3-4 weeks. Cells treated in this
manner should be more clinically relevant (Davey & Davey, 1998). For example Yang
& Trujillo (1990):produced multidrug-resistant human colon cancer cells by long-term
continuous exposure or 1 hour pulses of doxorubicin every 3 weeks. These authors
found that the resistant cells grown under continuous drug exposure had altered
phenotypic properties including decreased growth rate and colony-forming ability
compared to the parental cells and the drug resistance was reversed in the absence of

the drug. The "pulsed" resistant cells, however, had a similar phenotype to the parental
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cell line and maintained the resistant phenotype in drug-free conditions. Similarly,
resistant squamous lung cancer cells produced by pulsed clinical doses of doxorubicin
showed stable resistance with broad cross-resistance to a range of drugs

(NicAmbhlaoibh et al., 1999).

In the study described below two breast cancer cell lines were exposed to pulsed doses
of doxorubicin to produce cells with a more "physiological" response to the drug.
Research investigating the pharmacokinetics and metabolism of doxorubicin in patients
undergoing chemotherapy revealed some variation in the drug plasma concentration
after drug administration and the rate of removal from the body. Depending upon the
drug dose given, the plasma drug concentrations ranged from 1 to > S uM initially
after bolus injection, with this dgpopping to < 1 uM within an hour. A summary of
results from the literature are shown in table 3.1. Doxorubicin was used at

concentrations within 1-5 pM in this study.

3.3 Experimental design

The initial aim was to use stable cell lines containing deletion constructs of the topo
Ila promoter to investigate the drug-induced effects on topo Ila gene regulation.
Stable lines were generated and then exposed to pulsed doses of the common
chemotherapeutic drug doxorubicin and the changes in topo Il expression monitored
in the surviving cells. It was anticipated that this approach would allow the
identification of specific promoter regions that were involved in the regulation of

promoter activity.
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Time after drug administration

Reference dose of just after 1 hr 6 hr 12 hr 24 hr 48 hr 60 hr 210 hr
doxorubicin injection

Wilkinson & | 60 mg/m’ 1.7 yM - - 0.3 uM 0.15 yM 0.12 yM - -

Mawer (1974) | 3 minutes 1.1 pg/mL 0.2 pg/mL 0.1 pg/mL 0.08 pug/mL

Piscitelli e al. | 45-72 mg/m’ 1.7 uM 0.15 uM 0.045 uM 0.03 uM - 0.015 uM - -

(1993) 1 hr 1.1 pg/mL | 0.1 pg/mL | 0.03 pg/mL | 0.02 pg/mL 0.01 pg/mL

Greene et al. | 75 mg/m’ >5 uM 0.1 pM - 0.09 uM 0.06 uM 0.04 uM - -

(1983) 15 min 3 pug/mL | 0.06 pg/mL 0.06 pg/mL | 0.04 pg/mL 0.03 pg/mL

Muller et al.| 35 mg/m’ 23 uM - - - - - 0.15 uM 0.0015 uM

(1993) 1-5 min 1.5 pg/mL 0.1 pg/mL | 0.001 pg/mL

Brenner et al. | 60 mg/m’ 3uM - 0.3 uM 0.08 uM 0.05 uM 0.02 uM 0.01 uM -

(1985) 5 min 2 pg/mL 0.2 ug/mL | 0.05 pg/mL | 0.03 ug/mL 0.01 pg/mL | 0.007 pg/mL

Creasey et al. | 50-60 mg/m* | 1.7 uM 0.9 yM 0.3 uM - 0.15 uyM - - -

(1976) 1.1 pg/mL | 0.6 pg/mL | 0.2 pg/mL 0.1 pg/mL

Robert et al.| 50 mg/m’ 3 uM 0.2 uM 0.07 uM ] 0.03 uM - - -

(1982) 3 min 2pg/mL [ 0.13 pg/mL | 0.05 pg/mL 0.02 pg/mL

Benjamin et | 60 mg/m’ 1 uM - 0.2 yM 0.15 uM 0.08 uM - - -

al. (1974) 1-5 min 0.7 ug/mL 0.1 pg/mL | 0.1 pg/mL 0.05 pg/mL

Table 3.1. Summary of the plasma doxorubicin concentration seen in patients after treatment with doxorubicin. The approximate concentration in pM and
ug/mL has been noted.
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Figure 3.1. The experimental design to identify specific regions involved in transcriptional
regulation of promoter X. (a) The different promoter deletion constructs linked to the reporter gene.
Different promoter elements were represented by differently coloured circles or squares. (b) The
alterations in the levels of endogenous gene X and the reporter gene in the cells that survived drug
exposure.

Figure 3.1 outlines the theory behind this experimental system using a hypothetical
promoter X. The stable cell lines containing different promoter deletion constructs
linked to a reporter gene were treated with the drug. The promoter deletions were
designed to include or exclude specific promoter elements which may have roles in the
regulation of the promoter (figure 3.1 (a)). The stable cell lines all respond to the drug
in the same way and down-regulate the transcription of the endogenous gene X, but
show varying regulation of the reporter gene linked to different promoter constructs
(figure 3.1 (b)). Cell lines that contain construct #1 and #2 both down-regulate the
reporter gene, so the promoter constructs contain the promoter region involved in the
down regulation. On the other hand Cell lines containing constructs #3 and #4 do not
down-regulate the reporter and thus are lacking the required promoter region. This
would indicate that the region present in construct #2 and absent in construct #3 is

involved in the down-regulation (labeled by a red star and line).

54



This experimental system was based on the assumptions that (1) the mechanism of
regulation of the topo Ila promoter in breast cancer cells would be similar to that seen
in other cell types; (2) the levels of the reporter protein will reflect the transcriptional
activity of both the recombinant construct and endogenous topo Ila promoter; (3) the
stable cell lines differ only in the topo Ilae promoter construct i.e. no other significant
changes have occurred during the integration of the reporter vector and subsequent

selection and (4) the stable cell lines respond to the drug in the same way.

These assumptions needed to be justified experimentally. To this end, stable cell lines
were exposed to doses of doxorubicin to produce individual surviving cell lines that
were then analysed for expression of both the reporter gene and the endogenous topo

Il gene.

This Chapter is divided into three distinct sections, the first investigating whether the
basal regulation of the topo Ila promoter in the breast cancer cell lines was similar to
that in other lines. The second section compares reporter gene expression with
endogenous topo Ilo gene expression in an attempt to validate the use of reporter
system. The final section analyses the expression of topo Ila. and the hGH reporter in a

range of stable cell lines that survived exposure to doxorubicin.

3.4 Basal regulation of the topo Il a promoter in the breast cancer cell lines

Prior to studying putative changes in the regulation of the human topoisomerase Ila
promoter in breast cancer cell lines surviving doxorubicin exposure, the promoter was
further studied to define those regions important for basal transcription. To do this,
transient transfection experiments using a range of deletion constructs of the topo Ila

promoter were carried out.
Promoter constructs corresponding to the topo Ila -1964, -617, -144, -101 and -56 to

+90 (tsp = +1) regions, linked to the hGH reporter gene (Appendix 6) were provided
by Richard Isaacs (Isaacs et al., 1996).
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Figure 3.2. The topo Il promoter constructs used in this research

The three shortest constructs had been designed to investigate the roles of GC1, ICB1
and ICB2 in the regulation of topo Ila transcription. The -617 construct contains the
minimal promoter region while the -1964 construct contains the maximum topo Ila
regulatory region studied to date (figure 3.2). Additional deletion constructs -1861,
-1463, -1163 and -894 were prepared to further define the 5' most region of the

topoisomerase Ila. promoter.

The reporter constructs were assayed for transcriptional activity using transient

transfection of cells in culture followed by analysis of reporter protein activity. A
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transient transfection method was used rather than a stable system as high but
temporary amounts of the reporter protein can be produced, with a large number of
samples able to be analyzed within a short time (Sambrook & Russell, 2001). The
firefly luciferase reporter gene system was chosen as it is a sensitive and quick assay
and does not require radioactivity or specific antibodies. Cells were co-transfected with
a bacterial B-galactosidase expression vector to normalize for variations in cell number,
extract preparation and transfection efficiency (Sambrook & Russell, 2001). The
pGL2Control vector, which has the luciferase gene controlled by the strong SV40

promoter, was used as a control to check the luciferase assay reagents.

All the pHGH reporter constructs were subcloned into the luciferase reporter vector
pGL3B and the calcium phosphate method was used to transfect cells with reporter

vectors.

3.4.1 Breast carcinoma cell lines

MCF-7 and MDA-MB-231 breast carcinoma cell lines were chosen for this current
study as both had been used in earlier studies investigating the development of drug
resistance (examples include Cowan et al., 1986; Schiemann et al., 1998; Wosikowski
et al., 1997, Matsumoto et al., 1997, Zhou et al., 1999¢c). These two cell lines were
selected as both were derived from epithelial breast carcinomas, but differ in
expression of estrogen receptor and pS3. It is not known whether expression of these
genes directly affects the development of drug resistance via the regulation of the topo
[l promoter. MCF-7 cells are estrogen receptor-positive with wildtype p53, while
MDA-MB-231 cells are estrogen receptor-negative with mutant p53 (Elstner et al.,
1995; Xu & Loo, 2001; Bartek et al., 1990).

3.4.2 The sequencing of the topo Il ¢ promoter
The §' sequence of the topo Ilo. promoter had not been formally published, so the first

step in this study was to completely sequence ~2 kb of the upstream region of the

gene. A range of primers was used to sequence both the pHGH1964 construct and the
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same region generated by PCR from human genomic DNA. All sequencing was carried
out by the Massey University DNA Sequence Analysis Service. Appendix 7 shows the

summary of the DNA sequencing analysis.

The sequence from -577 to +119 agreed with the sequence published by Sng et al.
(1999) (Accession no AJO11741), and with the -562 to +90 sequence from
Hochhauser et al. (1992). The sequence differs only slightly with the sequence from
Isaacs et al. (1996) (-617 to +90) where an additional G was observed within the GC2
element in the sequence from this study and in that of Sng ez al. (1999) (Appendix 7
(b)). The only major difference seen was an additional ~50 bp from the -411 to -363
region which was absent from the GenBank sequence (Accession no. X66794,
Appendix 7 (a)). The intronic sequence from +120 to +125 also differs from that
published by Sng et al. (1999) (Appendix 7 (c)).

Some consistent one base differences were detected between the constructs produced
from pHGH 1964 (Isaacs et al., 1996) and constructs made using New Zealand-derived
genomic DNA as a template. The differences are summarised in Appendix 7 (a). It is
not known whether these slight differences represent sequencing errors, a PCR-
induced change or are due to natural polymorphisms, but as the differences are single
bases changes and did not appear to be in regions thought to be significant for

transcription, the constructs were used in functional assays.

A scan for putative transcription factor binding sites in the topo Ila. promoter sequence
revealed an extremely large number and range of putative binding sites (Appendix 8).
This confirmed the necessity of using the deletion constructs in transient transfection
experiments to identify specific regions of the promoter involved in the up or down-

regulation of basal transcription.
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3.4.3 Transient transfection with the -1964, -1861, -1463, -1163, -894, -617,-144,
-101, -56 and pGL3B reporter constructs

Conditions for transient transfection were optimized to produce optimal luciferase and
-galactosidase levels. As described in Appendix 9, 3 pg of the pGL3B construct and
2 ug of the pSV-B-gal or pCH110 vector were found to produce optimal levels of

reporter activity.

MCE-7 cells were transiently transfected with pGL3B1964, pGL3B1861, pGI3B1463,
pGL3B1163, pGL3B894 pGL3B617, pGL3B144, pGL3B101 and pGL3BS56 vectors
and the relative topo Il construct promoter activity examined. This allowed the
assessment of the importance of specific promoter regions in the -1964 to +90 region
to basal topo Ila transcription. Each experiment was performed a minimum of three
times and in triplicate within each experiment, to measure the reproducibility of the

experiment.

The transient transfection results are summarized in Appendix 10. These results
indicate that GC1 and myb have a small but significant effect on basal transcription (p
< 0.01). The addition of the region including ICB1 (-57 to -101) caused a slight
increase in transcription although this was not significantly different to the pGL3B56
value (p > 0.05). The addition of the region containing ICB2 (-102 to -144) caused a
4.8-fold significant increase (p < 0.01) in promoter activity. The further addition of the
region containing ICB3, ATF, ICB4, ICBS and GC2 also caused a further increase in
promoter activity. The addition of the ~ 1.3 kb region ' to GC2 did not have a
significant effect on the maximal topo Il basal promoter activity, so there was no
evidence of a repressive or activating region in the -617 to -1964 region of the

topoisomerase Ilo. promoter in either of two breast cancer cell lines or in HeLa cells.
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3.4.4 Summary of basal regulation of topo lla

Although direct comparisons between the published results and the results from the
current experiments were not possible due to differences in cell type, transfection

method, reporter vector and promoter construct, the trends can be examined.

The result from the transient transfections using pGL3B1964, 1861, 1463, 1163, 894,
617 and 56 vectors show that there was no evidence for either an activation or
repressive region in the -617 to -1964 region of the topo Ila. promoter. This result is
contradictory to the results reported by Hochhauser ez al. (1992), where in HeLa cells,
the full length promoter (~2 kb) had ~ 3 the activity of the -557 to +90 region. Possible
reasons for these differences could be due to differences in the transfection methods,

the reporter vector, the reporter assay used, or even differences in the age or history of

the HeLa cells.

The results from the experiments with the shorter topo Ila promoter constructs
confirm that specific elements can have differing roles in the regulation of basal
transcription depending upon the cell type investigated. The transient transfection
results suggest that in breast cancer cells, ICB1 has little effect on basal transcription.
However in murine fibroblast, human erythroleukemia and human urinary cancer cells
(Wang et al, 1997b; Loflin et al., 1996, Furukawa et al., 1998), ICB1 was found to
cause a modest increase in promoter activity. This is the same trend as reported for
HeLa cells, where ICB1 caused a significant promoter activation (Hochhauser et al.,
1992).

The addition of ICB2 caused a significant increase in promoter activity in the breast
cancer cell line which was also observed in urinary, murine fibroblast, human leukemia
and human epithelial cells (Furukawa et al., 1998; Chen et al., 1999, Morgan and
Beck, 2001; Takano et al., 1999). The further increase in transcriptional activity that
was seen with the addition of the promoter region 5' to ICB2 was also reflected in
these cell lines (Chen et al., 1999, Wang et al., 1997b, Morgan and Beck, 2001;
Furukawa et al., 1998).
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ICB2 seemed important as a positive inducer of transcription in a majority of the cell
lines. GC1 appeared to have a limited effect on basal transcription in HeLa cells
(Hochhauser et al., 1992). ICB4 had a limited effect in epithelial, unnary and murine
fibroblast cells but caused activation in leukemic and murine embryo fibroblast cells
(Furukawa et al., 1998; Chen et al., 1999; Wang et al., 1997b; Morgan and Beck,
2001; Takano et al., 1999). A possibility for these differences could be due to the
presence of different activators and repressors in the different cell types or cell lines or

to the presence of co-regulatory factors.

These aspects of this study demonstrate that the mechanism for topo Ila promoter
regulation in breast cancer lines is likely to be similar to that in other cell lines. While
the subsequent research is focused on breast cancer cells and their response to
doxorubicin in terms of modulation of topo Ila expression, the results obtained should

have relevance for other cell types.

Analysis of these data indicated that the mechanisms governing the basal regulation of
the topo Ila. promoter are likely to be similar in all cells but the extent of the effect of
each element may be cell-type specific depending on the presence of cell-specific

transcription factors and co-regulators.

3.5 Verification of the reporter system

The verification of the reporter system was necessary to validate the use of this

reporter system prior to the exposure and analysis of drug-exposed cells.

3.5.1 The production of stable cell lines containing the topo Ila promoter deletion

constructs

Two topo Ila promoter deletion constructs were used for initial experiments in both
breast cancer cell lines. The constructs chosen were the -1964, which is the maximum
topo Ila regulatory region studied to date, and the -144 construct which lacks the

potentially crucial region upstream of ICB2. The -1964 and -144 human topoisomerase
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Ila promoter constructs inserted into the pHGH vector were supplied by Dr. Richard
Isaacs (Isaacs et al., 1996) (Appendix 6). Stable lines with either pHGH1964 and
pHGH144 were produced by co-transfection with pMAMNeo and maintenance on
G418 as described in section 2.2.2.8 to 2.2.2.10. The stable lines produced were
labeled MDA1964, MDA144, MCF-7-1964 and MCF-7-144 (the first 3 letters
represent the parental cell line, the numbers following represent the topo Ila-hGH

reporter construct stably integrated in the cells).

The reporter gene for these experiments needed to reflect the activity of the promoter,
be secreted by the cells, be readily detectable, and so allow the monitoring of gene
expression without destruction of the cells. Human growth hormone (hGH) met these

requirements (Selden ef al., 1986).

3.5.2 Investigation of the hGH reporter protein, endogenous topo Ila mRNA and

protein in stable cell lines

Endogenous topo Ila gene expression was compared to hGH reporter gene expression
to validate the use of this reporter system prior to exposure and analysis of the

doxorubicin-exposed stable cell lines.

An hGH ELISA (Enzyme-linked immunosorbent assay) was used to investigate the
levels of hGH protein produced by the stable cell lines. The level of hGH secreted was
normalized to the number of cells plated (this assumed that all cells were expressing
the reporter protein). Immunoblots were used to detect topo Ila protein while real
time RT-PCR (reverse transcription polymerase chain reaction) was used to detect
topo Il mRNA levels. To account for variations in these parameters, the levels of
topo Ilo mRNA and protein were compared to internal controls. These relative values
were then compared to the value of the control (unexposed) cells to identify any

changes in expression.

Internal controls should be ubiquitously expressed genes expressed in relatively high

levels and be unaffected by the experimental treatment being investigated. As no single
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control has been proven to be infallible (Bustin, 2000), multiple controls should be
used if possible. a-tubulin was an appropriate control for immunoblots as only drugs
such as taxol or paclitaxel that target the tubulin protein have been found to produce
resistant cells with either mutations or changes in the expression levels of various
tubulin isotypes (Minotti et al., 1991; Kavallaris et al., 1997; Haber et al., 1995,
Dumontet et al., 1996, Han et al., 2000, Giannakakou et al., 1997, Keates et al.,
1981). In addition a-tubulin mRNA has been shown to be unchanged after short-term
doxorubicin exposure (Kurabayashi ez al., 1993; Kurabayashi ez a/., 1995; Kunisada et

al., 2000) and in doxorubicin-resistant cells (Wang et al., 1999a).

A variety of methods can be used to analyse the levels of specific mRNAs in cells
including northern blotting, RNase protection assays and RT-PCR (reviewed in Bustin,
2000). Real time RT-PCR using the Lightcycler™ system was used as it was shown to
be highly sensitive and reproducible (section 3.5.2.2). GAPDH (glyceraldehyde 3-
phosphate) and 18S rRNA were used as controls of real time RT-PCR. There is no
evidence of changes to GAPDH levels in doxorubicin-resistant cells (Pourquier et al.,
1998; Daschner et al., 1999) or upon doxorubicin exposure (Kurabayashi ez al., 1993,
Boucek et al., 1999; Morceau et al., 1996; Jeannesson et al., 1997, Fomari et al.,
1996; Fomari et al., 1994). 18S rRNA has been shown to be a reliable internal control
under a variety of conditions (Selvey et al., 2001; Schmittgen & Zakrajsek, 2000;
Roberts-Thomson et al., 2000; Stirzenbaum & Kille, 2001) and the levels of 18S

rRNA were unchanged in rabbit heart tissue after two exposures to doxorubicin

(Boucek et al., 1999).

3.5.2.1 Analysis of the reporter gene expression before and after confluence

The expression of the -1964 topo Ila. promoter construct has been shown to reflect the
expression of endogenous topo Ilo in MCF-7 and NIH3T3 cells with decreased
expression seen in cells at full confluence (Isaacs et al., 1996). To confirm that this
also holds true for the MDA-MB-231 breast cancer cell line, whole cell protein

extracts and total cellular RNA were prepared from freely proliferating cells and fully
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confluent MDA1964 cells and assayed for topo Ila protein, mRNA and reporter

activity.

The level of hGH protein secreted by the cells increased as the cells were proliferating,
and plateaued after the cells had reached confluence (figure 3.3). This confirmed that
topo Ila gene expression was maximal in the proliferating MDA1964 cells, and a

down-regulation of topo Il promoter construct activity occurred at confluence.

Timecourse of the hGH protein secreted into the media initially by freely growing
and then by fully confluent MDA1964 cells

50
freely
400 roliferatin
hGH P 8 at confluence
30 L
(x 10*pg/mL
media) <01
10
0 : : : } 4—
40 50 60 70 80 90 100 110

Hours after plating

Figure 3.3. hGH protein secreted by the MDA1964 cells before and after 100% confluence. 48
hours after MDA-MB-231 cells were plated, the cells were freely proliferating; at 70 hours the
cells had grown to 100% confluence. Samples of the media the cells were grown in were taken at
48, 52, 54, 72, 76, 96 and 102 hours after the cells were plated. The concentration of the hGH
protein was determined using the hGH ELISA kit and expressed in pg/mL media.
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3.5.2.2 Endogenous topo lla gene expression in confluent and freely proliferating

cells

Whole cell protein extracts were prepared from the cells before and after 100%
confluence to monitor the endogenous topo Ila protein levels. MDA 1964 cells grown
to 100% confluence for 12-24 hours had reduced topo Ila protein levels (52 = 13%)

compared to cells that were freely proliferating (figure 3.4).

250kDa  —— :
150 kDa s we «— topo llo (170 kDa)
sokDa — (™ e a-tubulin (55 kDa)

confluent freely
proliferating

Relative topo Ila 52+13% 100%
protein

Figure 3.4. Immunoblot of whole cell extracts (Ladias et al., 1992) from freely proliferating
and cells that had been 100% confluent for 12-18 hours. 5 ug of whole cell extracts were
separated on an 8% SDS-PAGE gel. The proteins were transferred onto positively charged
nylon membrane for 90 minutes at 450 mA and incubated in 1% blocking solution in TBST
for 2 hours. The membrane was cut horizontally at the 75 kDa marker, with the top half of
the membrane was incubated in topo lla antibody (1:1,000), and the remaining membrane
incubated in a-tubulin antibody (1:2,000) overnight at 4°C. Both antibodies were diluted in
0.5% blocking solution in TBS. T he membranes were washed over 40 minutes with TBST and
incubated in secondary antibodies for 30 minutes (1:10,000 anti goat 1gG for topo llc,
1:5,000 anti mouse 1gG for a-tubulin diluted in 0.5% blocking solution). The membrane was
then washed over [ hour with TBST and the proteins detected using a Roche
chemiluminescent (POD) detection kit. The Fujifilm Darkbox 11 using the LAS Pro 1000
program was used to detect the signal. The program Image Gauge was used to quantify
protein bands. The value of the topo lla was calculated relative to the a-tubulin value for the
given sample. The proliferating value for the amount of topo Ila protein (relative to -
tubulin) was arbitrarily set at 100%. The mean (+ standard deviation) topo Ila protein levels
for proliferating and confluent MDA 1964 cells were as indicated beneath the figure. At least
3 experiments were performed.
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The amount of topo Il mRNA was examined in freely proliferating and fully
confluent cells. As GAPDH mRNA levels have been found to halve in confluent renal
carcinoma cells relative to freely proliferating cells (Vila ez al., 2000), an exogenous
internal control K562 RNA was included as described in Isaacs et al. (1996). K562
cells are known to over-express o-globin mRNA, therefore equal amounts of RNA
from freely proliferating and confluent cells were spiked with RNA from K562 cells.
The levels of a-globin cDNA were used to account for any differences in the reverse

transcription efficiency between the freely proliferating and confluent samples.

Figure 3.5 shows the results of a real time RT-PCR experiment. Table 3.2 summarises
the results from at least three experiments. The levels of topo Ila and hGH relative to
a-globin were compared in samples prepared from freely proliferating and confluent
cells. Compared to freely proliferating cells, a decrease in both topo Ila (23 = 5%) and
hGH (57 £ 12%) mRNA levels were observed in the sample from fully confluent cells.
It was noted that the a-globin level was increased in the confluent sample when

compared to the proliferating sample, indicating an enhanced reverse transcription

efficiency in fully confluent cells.

3.5.2.3 Summary of endogenous topo Ila and reporter gene expression

After the cells had been 100% confluent for at least 12-18 hours, a decrease in both
topo Ila mRNA (23%) and protein (52%) was seen. At the same time, the hGH
mRNA decreased (57%) while no new hGH protein was secreted by the cells after
100% confluence was reached. It was shown that the decrease in topo Ila mRNA was
significantly different to that seen with the hGH reporter (p < 0.01). These results may
suggest that an element was missing from the -1964 construct that was required for a
significant decrease in the topo Ila promoter activity. Another possibility is that
differences in the stability of hGH and topo Ila protein or mRNA may cause such a

result. These results indicate that the reporter construct may not accurately reflect topo

[Ia expression.
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@) Fluorescence vs. cycle number for topo Ila, hGH and a-globin real time RT-PCR
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Figure 3.5. (a) Example of the fluorescence vs. cycle number results of a real time RT-PCR
experiment using the reverse transcription reaction derived from either confluent or free
RNA spiked with K562 RNA as the template. (1) a-globin, confluent(con) (2) a-globin, freely
proliferating (fr)(3) hGH (fr) (4) hGH (con) (5) topo Il (fr) (6) topo lla (con). 5 ug RNA
plus 1 pug K562 RNA was treated with DNase I and then reverse transcribed as described in
section 2.2.3. 5 uL of the RT reaction (1:5 dilution) was added to the PCR reaction mix
containing 0.5 uM of each primer (Appendix 4), 1x SYBR Green 1 Faststart Master Mix and
3-4 mM MgCl,. To confirm that the product was specific for cDNA, samples minus reverse
transcriptase were included (not shown). To confirm the absence of primer dimers and
contamination, water only controls (7) were included. Melting curve analysis and diagnostic
digests were carried out to confirm the identity of the PCR products. (b) Table 3.2
summarizes the real time RT-PCR results from at least three experiments. The relative values
of either topo Illa/a-globin or hGH/a-globin freely proliferating results were arbitrarily set
at 100% and the fully confluent results compared to these values. The average (+ standard
deviation) values are shown. See Appendix 17 to see a typical data set with full analysis.
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The difference between the reduction of topo Il mRNA (23%) and that of hGH
mRNA (57%) at confluence may be due to differences in the mRNA stability. hGH has
been reported to have a very stable message, with a ty, of ~50 hr seen with rat GH
mRNA in somatrophic pituitary cells (Yaffe & Samuels, 1984), although this value
may be less in cells that do not normally express hGH mRNA. The ty for topo Ila
mRNA has been reported to vary depending upon the cell line, with the values ranging
from < 2 hr in K562 cells to ~12 hr in epiderrnoid cancer cell lines (Ritke & Yalowich,
1993; Mo et al., 1997, Withoff et al,, 1996b; Asano et al., 1996c; Kubo ef al., 1995).
There may also be a cell cycle influence on mRNA stability as Goswami et al. (1996)

found that in HeLa cells, the ty, of topo Ila at G, was ~30 min, while at S/G; the ty is
>4 hr.

The ty, for the topo II protein has also been found to vary between cell lines from ~3 hr
in primary chicken embryo fibroblast cells to ~25-27 hr in HeLa cells (Heck et al.,
1988; Kroll & Rowe, 1991; Kimura et al., 1996, Salema et al., 2001). The topo Ila
protein stability has been found to be cell cycle-dependent, with rapid degradation seen
from M to G, phases (Salema et al., 2001; Heck et al., 1988; Kimura et al., 1996). A
longer protein than mRNA stability may explain why the topo Ilo mRNA decreased to
23% while the topo Ila protein levels was decreased to only 52% of the freely

proliferating levels after the same time.

The stability of hGH protein over the time scale of the experiment was not surprising
as the protein is believed to be extremely stable (Selden ef al., 1986), and as it is

secreted would not be subject to intracellular degradation processes.

The results from these experiments suggested that the activity of the -1964 topo Ila
promoter construct integrated into the MDA-MB-231 genome did not accurately
reflect the endogenous topo Ila promoter activity and therefore this system may not be
suitable for the investigation of the regulation of the topo Ila promoter in drug

surviving cells. Nevertheless the regulation of topo Ila promoter reporter constructs in

drug surviving cells was investigated.
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3.5.3 Analysis of the breast cancer cells treated with doxorubicin

Cells were exposed to drug concentrations of 0.05, 0.5, 5 and 20 M of doxorubicin
for 1 hour and the effect on the cells observed after a week. The two lowest drug
concentrations either temporarily inhibited or killed only a limited number of cells
while the 20 UM dose killed all cells (results not shown). A dose of 5 uM doxorubicin
was used for the subsequent experiments as this dose was close to the maximal in vivo
drug concentration after bolus injection. This dose killed a majority of cells with

individual colonies growing from the small number of cells surviving the treatment.

The MDA1964, MD A144, MCF-7-1964 and MCF-7-144 cell lines were exposed to a
1 hour dose of 5 pM doxorubicin and then washed repeatedly to remove the drug.
New media was added and the cells returned to the incubator. The media was changed
regularly until distinct colonies had grown (normally around 3-4 weeks for MDA-MB-
231 cells and 6-7 weeks for MCF-7 cells). Once these colonies were of sufficient size,
they were individually transferred to new plates. When the cell lines had produced
sufficient numbers, the cells were passaged into two populations. One population was
frozen or maintained and the other exposed to a further dose of doxorubicin. The cell

lines produced are described in tables 3.4, 3.5 and 3.6.

FACS (fluorescence activated cell sorting) analysis was used to monitor the short term
effect of the drug on the cell cycle 24 hours after drug exposure. The 24 hour time
period was chosen as this interval has been shown to be sufficient to observe drug-
induced alterations to the cell cycle profile (Andres ef al., 1998). Analysis of the
MDA1964 cells 24 hours after drug exposure showed that the cells were arrested in S
and G,/M phase (figure 3.6). Compared to untreated cells, the amount of cells in S
phase had increased from 8% to 13%, the proportion of G,/M cells had increased from
46% to 68%, while the Go/G, cells had decreased from 46% to 19% (table 3.3). The

absence of <G¢/G; fluorescence indicated that apoptosis had not yet begun.

Similar G,/M arrests have been seen 24 hours after short term doxorubicin exposure of

lymphoid (Barlogie et al., 1976), murine erythroleukemic (Zucker ef al., 1991), and
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CEM cells (Krishan & Frei, 1976). This indicated that the breast cancer cell lines

initially responded to doxorubicin in a manner similar to other cell lines.

(2) Control
160 Go/G, phase
120 /
S phase
Cell no 80
10 /GzM phase
0
0 200 400 600 800 1000
Fluorescence
® 160 24 hours after doxorubicin
exposure
120
Cell no S and G,;M arrest
80
40
i e g et
0 200 400 600 800 1000
Fluorescence
(©
Cell cycle phase Go/Gy S G,/M
(-) drug 46% 8% 46%
(+) drug 19% 13% 68%

Figure 3.6. FACS analysis of MDA1964 cells exposed to doxorubicin. MDA1964 cells were exposed
to 5 M doxorubicin for 1 hour. After 24 hours, the unexposed or exposed cells were harvested,
fixed in 70% ethanol in PBS at room temperature for 30 minutes and then left overnight at 4°C. The
cells were then pelleted, resuspended in staining solution (100ug/ml RNase, 40 pg/ml propidium
iodide in PBS) and incubated at 37 C for 30 minutes. The cells were then analysed using a Becton
Dickinson FACS machine. (a) and (b) show the fluorescence profile of either the control cells or
cells exposed to doxorubicin. (c) Table 3.3 shows the % of cells in the Gy/G,, S and GyM phases in
the control and doxorubicin-exposed cells.
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3.5.3.1 Expression of hGH and topo Ila mRNA and protein in the breast cancer cell
lines

The region of the topo Ilot promoter which contains the maximal promoter activity
(-617 to + 90) was sequenced in both the reporter construct and endogenous gene to
ensure that no changes, insertions, deletions or mutations had occurred following drug
exposure. Automated sequencing was performed as described in section 2.2.1.9. No

changes to the nucleotide sequence were detected (results not shown).

hGH protein, endogenous topo Ila protein and the hGH mRNA were measured in
selected cell lines. Up to six of the individual cell lines derived from drug exposure of
the MDA1964, MDA144, MCF-7-1964 and MCF-7-144 parental cell lines were
selected at random for further analysis. The amount of hGH protein secreted from the
cells was determined by ELISA analysis and normalized against the number of cells.
This value was compared to the hGH/cell values of control cells with the control

arbitrarily set to 100%.

Table 3.4 and 3.5 shows the variation seen between lines derived from the same
parental line and exposed to the drug at the same time. The cell lines from MDA1964
all showed an increase of hGH/cell from 400-700%. The hGH mRNA was quantified
relative to 18S rRNA. The increase in hGH/cell was reflected by an increase in hGH
mRNA in the specific cell lines investigated. The cells from MDA144 showed either
little or no change (E1 and F1) or a decreased hGH/cell value (D1). In the cell line D2,
the hGH/cell value had increased from ~40% (seen in D1) to ~100%. Therefore the

change in hGH/cell was not maintained after a second drug exposure.

The cells from MCF-7-1964 showed small changes in hGH/cell compared to the
control values while MCF-7-144 cell lines H1 and H2 showed variations in hGH/cell
from 30 to 155%.
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(a) MDA1964 cell lines

Individual clones isolated Initial h\GH/cell Final hGH/cell hGH mRNA
after one drug dose
#1 (cell line B1) 663% 235% -
#2 475% - -
#3 (cell line Al) 713 £ 30% 474 £ 133% 606%
#4 413% - -
#5 573% - -
#6 (cell line Cl1) 663% - -
Individual clones isolated Initial hGH/cell Final hGH/cell hGH mRNA
after exposing Al to a
second drug dose
#3a (cell line A2) 376% 281 £ 142% 271%
#3b 224% - -
#3c 167% - -
#3d 235% - -
(b) MDA144 cell lines
Individual clones Initial Final Clones isolated Initial
isolated after one hGH/cell hGH/cell after a second hGH/cell
drug dose drug dose
#1 40% - - -
#2 (cell line E1) 80% - - -
#3 (cell line F1) 100% - - -
#4 (cell line D1) 37+ 5% 62+22% | #4a(celllineD2) | 123 £20%
#5 40% - - -
#6 40% - - -

Table 3.4. The initial and final (after freezing) hGH/cell values for individual (a) MDA1964
and (b) MDA144 cell lines. The control (no drug) hGH/cell result was arbitrarily set at
100% and the other hGH/cell values compared to this. The first generation cell lines were
clonal cell lines isolated after 1 dose of doxorubicin. The second generation cell lines were
isolated after exposing a first generation cell line (either Al or DI1) to a further dose of
doxorubicin. The hGH mRNA was calculated relative to 18S rRNA using real time RT-PCR,
with the control value arbitrarily set at 100%.
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(a) MCF-7-1964 cell lines

Individual clones Initial Final Clones isolated Initial
isolated after one hGH/cell hGH/cell after a second hGH/cell
drug dose drug dose
#1 93% - - -
#2 79% - - -
#4 (cell line G1) 113% 137% #4a (cell line G2) 97%
#5 96% - - -
(b) MCF-7-144 cell lines
Individual clones Initial Final Clones isolated Initial Final
isolated after one hGH/cell hGH/cell after a second hGH/cell hGH/cell
drug dose drug dose
#1 127% - - - -
#2 82% - - - -
#3 209% - - - -
#4 (cell line H1) 155% 76 £21% | #4a (cell line H2) 30% 103 +40%
#5 245% - - - - :
#6 191% - - - -

Table 3.5. The initial and final (after freezing) hGH/cell values for individual (a) MCF-7-
1964 and (b) MCF-7-144 cell lines. The control (no drug) hGH/cell result was arbitrarily set
at 100% and the other hGH/cell values compared to this. The first generation cell lines were
clonal cell lines isolated after 1 dose of doxorubicin. The second generation cell lines were
isolated after exposing a first generation cell line (either GI or H1) to a further dose of

doxorubicin.

The initial changes were not maintained when specific clones were frozen, thawed and

cultured (table 3.4 and 3.5). These results suggested that treatment with doxorubicin

could cause alterations to topo Ila reporter construct activity in specific cell lines, but

these changes are not stable on freezing or storage.
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Four cell lines from the MDA 1964 and MDA144 and two from the MCF-7-1964 and

MCF-7-144 surviving clones were selected for further analysis. These cell lines are

detailed in table 3.6 and have been used in the subsequent research.

Parental cell line Cell line name Description
MDA1964 Al Survived one dose of doxorubicin
A2 Cell line derived from exposing Al to a
second dose of doxorubicin
Bl Survived one dose of doxorubicin
Cl Survived one dose of doxorubicin
MDA144 D1 Survived one dose of doxorubicin
D2 Cell line derived from exposing D1 to a
second dose of doxorubicin
El Survived one dose of doxorubicin
F1 Survived one dose of doxorubicin
MCF-7-1964 Gl Survived one dose of doxorubicin
G2 Cell line derived from exposing G1 to a
second dose of doxorubicin
MCF-7-144 H1 Survived one dose of doxorubicin
H2 Cell line derived from exposing Hl to a
second dose of doxorubicin

Table 3.6. Description of the cell lines used in the current study. The parental stable cell line,
cell line designation and method of drug exposure are detailed. All cell lines were exposed to
either a single or double dose of doxorubicin (SuM forl hour), the cells were then washed
and replaced in the incubator. Once individual colonies were observed, random clones were
isolated and then amplified to obtain sufficient cells for analysis.
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The levels of topo Ila protein (relative to a-tubulin levels) were evaluated in each of
these cell lines. Topo Ila mRNA levels (relative to 18S rRNA) were also investigated
in specific cell lines. Because of the dramatic increase in hGH expression from the
-1964 promoter reporter construct seen in the MDA1964 resistant cell lines (table 3.4),
it was expected that the levels of topo Ila expression would also be elevated in these
cell lines. This was not the case. The cell lines either showed no change in topo Ila
protein levels (B1 and C1) or reduced levels (Al and A2) compared to the control line.
In the cell lines Al and A2, the decrease in topo Ila protein levels did not correlate

with a decrease in topo Ilac. mRNA levels (figure 3.7 (a)).

A disparity between the hGH and topo Ila results was also seen with the MCF-7-1964
cell lines. Endogenous topo Ila protein was increased in the G1 cell line (256 + 90%)

(figure 3.7 (c)) but the hGH/cell ratio had a value of ~100% compared to the control
(table 3.5).

Overall the results of this experiment suggested that the reporter protein levels did not

accurately reflect the levels of the topo Ila protein expressed from the endogenous

gene in the surviving cell lines.

The cell lines expressing the truncated -144 topo Ila promoter construct may not be
expected to reflect endogenous topo Ila levels if this promoter construct was missing
promoter elements responsible for the changes in transcriptional regulation. The cells
produced from MDA144 had hGH/cell values of 40-100% compared to the control
(table 3.4). While decreased relative amounts of topo Ila protein were seen in all 4 cell
lines tested (figure 3.7 (b)), there was no correlation of the hGH/cell values with
endogenous topo Ila levels, with cell line E1 and F1 having the lowest topo Ila levels
and the hGH/cell values close to control levels. When the amounts of topo Ila mRNA
was investigated in a specific cell line, a decrease in topo Il mRNA was seen which

correlated with the decrease in topo Ila protein (figure 3.7 (b)).
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Figure 3.7. Example of an immunoblot of whole cell extracts (Ladias et al., 1992) from the (a) MDA1964, (b)) MDAI144, (c) MCF-7-1964 and (d) MCF-7-
144 cell lines. 5-10 ug of cell extracts were separated on an 8% SDS-PAGE gel. The proteins were transferred onto positively charged nylon membrane for
90 minutes at 450 mA and incubated in 1% blocking solution in TBST for 2 hours. The membrane was cut horizontally at the 75 kDa marker, with the top
half of the membrane incubated in topo Ila antibody (1:1,000), and the remaining membrane incubated in a-tubulin antibody (1:2,000) overnight at 4 .
The antibodies were diluted in 0.5% blocking solution. The membranes were washed over 40 minutes with TBST and incubated in secondary antibodies
diluted in 0.5% blocking solution for 30 minutes (1:10,000 anti goat IgG for topo lla, 1:5,000 anti mouse IgG for a-tubulin). The membrane was then
washed over 1 hour with TBST and the proteins detected using a Roche chemiluminescent (POD) detection kit. The Fujifilm Darkbox II using the LAS Pro
1000 program were used to detect the signal. The program Image Gauge was used to quantify the protein bands. At least 3 experiments were performed. The
value of topo Ila was calculated relative to the a-tubulin value for the given sample. The value of the amount of topo Ila protein (relative to a-tubulin) for
the control (no drug) cell line was arbitrarily set at 100%. The Student T-test (2 tailed) was performed to determine the statistical significance of these
results compared to the control values and labeled underneath e p>0.05 (not significant), * p < 0.05, ** p < 0.01 *** p < 0.001. The average (+ standard
deviation) topo Ila protein levels (relative to a-tubulin) and the topo Ila mRNA levels (relative to 18S rRNA) are indicated below the figures. N.D. = not
determined. -
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A lack of correlation between topo Ila protein levels and hGH/cell was also seen with
the MCF-7-144 cell lines. The hGH/cell ratio of Hl was ~100-150% while in H2 cells
hGH/cell ratios of ~30-40% were seen (table 3.5) whereas the relative amounts of topo

Ila protein were increased in H1 and at control levels in H2 (figure 3.7 (d)).

3.6 Discussion

The objective of this aspect of the research was to use a series of deletion constructs
linked to the hGH reporter gene to identify regions involved in the regulation of the
topo Ilo promoter in drug-surviving cells. Previously it was stated that for the
experimental strategy outlined to work, four assumptions were made. The first
assumption was that the mechanism of topo Il regulation was similar to that seen in
other cell types. The results from the transient transfections showed that this was likely
to be the case. The second assumption was that the reporter protein would reflect the
activity of the endogenous and full length introduced topo Ila promoter. While
alterations in the levels of the hGH reporter protein were seen in surviving cells
containing the full length topo Ilo promoter construct, these changes did not
correspond to changes in endogenous topo Ila protein levels. The lack of correlation
between the hGH reporter protein and endogenous topo Ila protein levels showed that
this was not a valid reporter system to monitor endogenous topo Ila protein levels
after exposure to doxorubicin in these surviving cell lines. This system may still be
valid to use to investigate the regulation of the topo Ila promoter under other

physiological conditions, but cannot be used to assess promoter activity after exposure

to this chemotherapy drug.

The reason for this disparity is not clear. It is possible that changes occurred in the
cells upon drug exposure and that these changes 'uncoupled' the hGH reporter
expression from the endogenous topo Ilae expression. The site of integration of the
promoter constructs may be subject to position effects that respond to drugi.e. near or
in a promoter or enhancer that up-regulates specific genes in response to stress, near a
DNA region that is susceptible to drug-induced genomic amplification or even a region

where changes in methylation status can occur. For example Tada et al. (2000) and
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Kusaba et al. (1999) showed that demethylation and altered chromatin structure of the
MDR1 promoter occurred during drug treatment. Topo II poisons have been proposed
to inhibit methylation by altering the conformation of the DNA so that it becomes a

poor substrate for DNA cytosine 5'-methyltransferase (Nyce, 1997).

It was also noted that in the MDA1964 cell lines, the topo Ila mRNA levels did not
correlate with protein levels in the cell lines analysed, while in the MDA144 cell line
investigated, the topo Ila protein did seem to show a correlation. An alternate
mechanism may be occurring in these MDA 144 cell lines. For example a transcriptional
regulation may be occurring where reduced topo Ila protein levels are due to reduced
promoter activity. Alternatively, a decrease in mRNA stability may have occurred
which caused the decreases in topo Ila protein. Doxorubicin exposure has been

previously shown to alter mRNA stability (Morceau et al., 1996, Aries et al., 1996;

Jeannesson et al., 1997)

In specific MDA1964 cell lines a post-transcriptional or translational regulation may
have caused the decrease in topo Ila protein seen. For example, in the MDA1964 cell
lines A1 and A2, the topo Ila mRNA levels were unchanged, while a decrease in topo
Il protein was seen. Changes to the cellular localization or structure of the topo Ila
mRNA could result in a decrease in translation of the topo Ila protein, or a decrease in
the stability of the topo Ila protein could also cause the decrease in relative amount of

topo Ila protein seen.

A number of topo Ila proteins with altered cellular localization have been detected in a
range of cell lines and resistant cells. These proteins range in size from 145-170 kDa
and most lack the C-terminal region or the nuclear localization sequence and so are
predominantly cytoplasmic (Mo & Beck, 1997; Yu et al., 1997, Wessel et al., 1997,
Mirski et al., 2000; Harker et al., 1995b). The possibility exists that this kind of
resistance mechanism could be occurring in the surviving cell lines. If the topo Ila
protein size has not dramatically altered, this kind of mechanism would not be

observed in the immunoblot experiments using whole cell extracts. This kind of
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mechanism may be detected by using nuclear extracts in immunoblots or by

immunocytostaining to visualize the location of the topo Ila protein within the cell.

The third and fourth assumptions were that the different stable cell lines would be
unchanged by the integration of the construct and that all stable cell lines would
respond to the drug in the same way. This response needed to be consistent in all cells
to be able to compare the stable lines and so identify specific regions of the topo Ila
promoter involved in its regulation upon drug exposure. The results suggest that this
may not be the case. The resistant cell lines derived from the same parental stable cell
line showed variation in the extent of the changes in topo Ila protein levels (from no
change to a significant decrease) indicating that the cells were responding to the drug

in different ways, resulting in cells with differing phenotypes.

Variation in cellular response to drugs has been observed previously. Chen et al.
(1994), Heenan et al. (1997) and Richardson & Siemann (1997).showed that there was
variation in the resistant cells produced under identical treatment conditions. Variation
was observed in the number of clones produced per plate, the pattern of resistance
within these clones or in the maintenance of this resistance under drug-free conditions.
These results give support to the hypothesis that the resistance to doxorubicin is due to
a spontaneous event rather than due to a pre-existing variant and that each clone is a

descendant from a cell which had a single advantageous mutational event.

Another interesting observation was that the hGH/cell values changed after the cell
lines were frozen and stored. A possible reason for this could be that even though
every attempt was made to produce cell lines derived from single cells, multiple
populations of cells were present in each cell line and a different population of cells
survived the freezing process in a more viable state and so could become dominant.
Another possibility is that the cells were genetically unstable and so upon freezing or
multiple cell divisions allows cells with the most stable genetic composition to
predominate. This could result in changes to the reporter construct copy number or the
DNA environment and so may explain the changes in hGH levels seen over time. A

possible mechanism for this could be due to the hypomethylation of chromatin that can
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occur during drug treatment. Hypomethylation can lead to chromosomal instability,

aneuploidy, mutations, the reactivation of transposons and gene up-regulation

(reviewed in Esteller & Herman, 2002).

Levels of the hGH reporter protein did not correlate with endogenous topo Ila and
variable responses to doxorubicin were observed. Therefore the experimental strategy
of identifying specific regions of the topo Ila promoter involved in the transcriptional
regulation in cells that survive drug exposure could not be used. However, the levels of
topo Ila protein in the surviving cells differed from that in the control cells. Therefore
individual stable cell lines were investigated with the aim of identifying mechanisms
that may have caused the changes in the endogenous topo Ila levels. This work is
described in Chapter Four. Other mechanisms that may contribute to the drug survival

of the cell lines specifically MDR1, MRP1 and Hsp70 were also investigated and the

results described in Chapter Five.
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Chapter Four Analysis of Transcription
Factors in Drug-exposed Breast Cancer

Cells

4.1 Introduction

A number of transcription factors have been implicated in the regulation of the topo
[Ia promoter including NF-Y, Spl and Sp3 (Morgan & Beck, 2001, Wang et al.,
1997a; Joshi et al, 2000, Magan, 2002, Kubo et al, 1995, Mo et al, 1997).
Therefore, surviving breast cancer cell lines were analysed for the relative amounts of

these proteins using semi-quantitative immunoblotting,

NF-YA was investigated as DNA binding of the trimer has been correlated with NF-
YA levels (Chang & Liu, 1994, Bolognese et al., 1999, Marziali et al., 1999). The
levels of protein were investigated rather than mRNA as NF-YA protein has been
found to vary under specific conditions indicating post-transcriptional regulation
(Bolognese et al., 1999; Marziali et al., 1999). NF-YA exists as long (NF-YAL, 44-45
kDa) and short isoforms (NF-YAS, 41-42 kDa) in mammalian cells (Bolognese et al.,
1999; Morgan & Beck, 2001; Chang & Liu, 1994; Ishimaru et al., 1997). A goat
polyclonal antibody directed against the C-terminal of human NF-YA was used that
would detect both NF-YAL and NF-YAS isoforms. Both isoforms were investigated
as there is evidence that the NF-Y trimer containing different NF-YA isoforms may
have a differential effect on transcription on specific promoters (Gu et al., 1999; Chang
& Liu, 1994).

Total Sp1 protein was detected using a rabbit polyclonal antibody directed towards an
internal domain of human Sp1. In the immunoblots, Sp1 can be detected as a ~95 kDa
band with a slightly higher molecular weight indistinct band (~105 kDa). The 105 kDa
band is thought to be post-translationally modified, either by phosphorylation or
glycosylation (Jackson et al., 1990, Jackson et al., 1988).
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Sp3 exists as three isoforms within the cell, a ~115, 70 and 68 kDa bands
(Ammanamanchi & Brattain, 2001a). These isoforms result from differential internal
translation initiation, with the shorter isoforms being able to bind DNA, but having
little transactivational activity and are thought to act as inhibitors to both Spl and Sp3-
mediated transactivation (Kennett et al., 1997). Therefore the total Sp3 and the
proportion of isoforms were investigated. A rabbit polyclonal antibody directed against
a C-terminal epitope of human Sp3 was used which could detect all of the Sp3

isoforms.

Semiquantitative immunoblotting was used to initially investigate the relative amounts
and proportion of the NF-YA isoforms in the parental cell lines to identify any
significant variations between the two parental breast cell lines and the parental stable
cell lines. The relative amounts of Spl protein and the relative amounts and
proportions of the Sp3 and NF-Y A isoforms were then investigated in each of the two
parental and surviving cell lines. Cell lines that had been frozen, thawed and maintained
without further drug exposure were also used to investigate changes in transcription
factors that may have occurred subsequent to freezing and storage. To correct for

variations in loading, the amount of each protein was calculated relative to a-tubulin.

4.2 Analysis of long and short NF-YA isoforms, Spl and Sp3 in various cancer cell

lines

Whole cell extracts were prepared and analysed by immunoblotting as described in
section 2.2.4. The immunoreactive proteins were visualised and the bands quantified

relative to a-tubulin.
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Figure 4.1. (a) Example of an immunoblot of NF-YA isoforms using whole cell extracts (Ladias et
al., 1992) from MDA-MB-231, MCF-7, HepG2, HeLa, CaCO-2 and K562 cell lines. 10 ug of cell
extracts were separated on an 8% SDS-PAGE gel. The proteins were transferred onto positively
charged nylon membrane for 90 minutes at 450 mA and incubated in 1% blocking solution in
TBST for 2 hours. The membrane was cut horizontally just below the 50 kDa marker. The bottom
half of the membrane was incubated in NF-YA antibody (1:500 in 0.5% blocking solution in TBS),
and the remaining membrane incubated in a-tubulin antibody (1:2,000 in 0.5% blocking solution)
overnight at 4C. The membranes were washed over 40 minutes and incubated in secondary
antibodies for 30 minutes (1:2,500 anti goat IgG for NF-YA 1:5,000 anti mouse 1gG for a-tubulin
in 0.5% blocking solution). The membrane was then washed over 1 hour with TBST and the
proteins detected using the Roche Chemiluminescence Blotting Substrate (POD) Kit. To detect the
signals the Fujifilm Darkbox II using the LAS1000 Pro program was used. The program Image
Gauge was used to quantify the protein bands. The average (+ standard deviation) value of the
total NF-YA (long and short) levels was calculated relative to the a-tubulin value for a given
sample and shown as a % below the figure. (b) Graph of the average (+ standard deviation)
relative amounts of NF-YAL isoform to total NF-YA in the cell lines. The experiments were
performed at least two times.
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As seen in figure 4.1 (a; b) the proportion of NF-YAL varied greatly between the
untreated cell lines. The MDA-MB-231 and MCF-7 breast cancer cells had a
substantially higher proportion of the long isoform than the other cell lines tested,
while HepG2 (hepatocarcinoma), HeLa (cervical), CaCO-2 (colon carcinoma) and
K562 (leukemia) cells contained a majority of the shorter isoform. It was noted that
the long isoforms of NF-YA found in MCF-7 cells had a lower mobility than the same
isoform in the other cell lines. This could be due to a post-translational modification

although such modifications have yet to be identified.

When the total amounts of NF-Y A protein were examined relative to a-tubulin, it was
seen that the MDA-MB-231 cells produced ~3 the amount of total NF-YA when

compared to the other cell lines (figure 4.1 (a)).

The relative amount of Spl, Sp3 and Sp3 isoforms within parental cell lines were
determined. MCF-7 cells had 2-fold more Spl (relative to a-tubulin) than the MDA-
MB-231 cells (results not shown). An indistinct slightly higher molecular weight
protein was seen above the main Spl band in Spl immunoblots of MDA-MB-231 cell
extracts and most likely represents phosphorylated or glycosylated Spl. Contrary to |
what was seen in the MDA-MB-231 cell line, this higher molecular weight band was
the predominant isoform observed in Spl immunoblots of MCF-7 cell extracts

(compare figure 4.3 b, fand 4.5 b, f).

The 115 kDa isoform of Sp3 generally accounted for ~50% of the total Sp3 protein in
both MDA-MB-231 and MCF-7 cell extracts with the two smaller isoforms
representing approximately equal amounts of the remaining total Sp3 protein
(Appendix 12). MCF-7 cell extracts contained over twice the Sp3 levels (relative to a-
tubulin) compared to the MDA-MB-231 cell extracts (results not shown), but as MCF-
7 cells also had increased relative amounts of Spl, the overall ratio of Spl:Sp3 was

similar between the cell lines.
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4.3 Analysis of transcription factors in parental stable cell lines

The relative amounts of the topo Ilat, Sp1, Sp3 and total NF-YA were similar in the
MDA-MB-231, MDA1964 and MDAI144 cell lines (results not shown). The
MDA1964 cell line had a slightly increased, but statistically significant, proportion of
long NF-YA isoform to total NF-YA when compared to MDA-MB-231 and MDA 144
cell lines (figure 4.2 (b)).

The MCF-7-144 and MCF-7-1964 cell lines showed some differences to the parental
MCEF-7 cell line. MCF-7-1964 had a ~1/4 the relative amount of topo Ila protein
(figure 4.2 (a)) when compared to the MCF-7 and MCF-7-144 cell lines while the
MCEF-7-144 cell line had a reduced proportion of NF-YAL isoform when compared to
MCF-7 and MCF-7-1964 (figure 42 (c)). It is not known how these differences may

alter drug response, but confirmed that alterations can occur during the production of

stable cell lines.
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Figure 4.2. Summary of the immunoblot experiments to determine the relative amounts of (a) topo
Ila. The value of the MCF-7 cell line was arbitrarily set at 100%. The relative proportion of NF-
YAL to total NF-YA in the (b) MDA-MB-231 and (c) MCF-7 cell lines. The immunoblots were
carried out as described in figure 4.1. The average (+ standard deviation) values are shown. At
least three experiments were performed. The Student T test (2 tailed) was used to determine the
statistical significance of these results compared to the parental cell line values using Excel. o p >
0.05 (deemed non significant), *p < 0.05, **p < 0.01, *** p < 0.001.
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4.4 Analysis of transcription factors in the drug-exposed cell lines

Whole cell protein extracts were prepared and analysed as described in section 4.2.

4.4.1 The MDA1964 and MDA144 cell lines

The relative amounts of transcription factors analysed in the MDA1964 and MDA 144
lines varied (figure 4.3, 4.4). In cell line Al (MDA1964), a decrease in the relative
amount of topo Ila protein was seen without any changes in the relative amounts of
Spl, Sp3 or NF-YA. In cell line A2 (the cells from Al that survived a second dose of
doxorubicin), a further significant decrease (p < 0.01) in topo Ila protein was observed
with a statistically significant increase in the relative amount of NF-YA. Cell lines Bl
(MDA1964) and C1 (MDA1964) did not show changes in the relative amounts of topo
Ilo protein, but a statistically significant decrease in the total amount of Sp3 protein
was seen (figure 4.3, 4.4). The proportions of NF-YA, Spl and Sp3 isoforms were

unchanged in each of the cell lines tested (results not shown).

All of the MDA144 cell lines had decreased relative amounts of topo Iloc when
compared to the control. All decreases were statistically significant at the 99.9% level.
Cell line D1 exhibited no significant changes in Sp3 or NF-YA and a slight decrease.in
Spl, while cell line D2 (the cells from D1 that survived a second dose of doxorubicin),
which had a statistically significant increase in the amount of total NF-YA protein
showed no further reduction (p > 0.05) in the relative amounts of topo Ila protein.
Cell line F1 exhibited both a statistically significant decrease in Spl protein and
increase in NF-YA protein, while in cell line E1 only a statistically significant decrease
in Spl was observed (figure 4.3, 4.4). The proportions of NF-YA, Spl and Sp3

isoforms were unchanged in each of the cell lines tested (Appendix 11).
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Figure 4.3. Example of an immunoblot of (a).(e) topo lla. (b),(f) Spl, (c).(g) Sp3 and (d),(h)
NF-YA of whole cell extracts (Ladias et al., 1992) from the MDA1964 and MDA144 cell .
lines. 5 ug of cell extracts were separated on an 8% SDS-PAGE gel. The proteins were

'I«‘.“

transferred onto positively charged nylon membrane for 90 minutes at 450 mA and incubated . . .

in 1% blocking solution in TBST for 2 hours. The membrane was cut horizontally just below.
the 50 kDa marker, at the ~60 kDa position and at the ~150 kDa marker. The >150 kDa

section was incubated in topo Illa antibody (1:1,000), the >60-150 kDa section was .-

incubated in either Spl antibody (1:1,000) or Sp3 antibody (1:1,000), the 50-60 kDa section
was incubated in a-tubulin antibody (1:2,000) and the <50 kDa section was incubated in
NF-YA antibody (1:500). The antibodies were diluted in 0.5% blocking solution in TBS
overnight at 4C. The membranes were washed over 40 minutes with TBST and incubated in
secondary antibodies for 30 minutes (1:5,000 anti goat 1gG for topo Ila, 1:5,000 anti rabbit
IgG for Sp3, 1:10,000 anti rabbit I1gG for Spl, 1:5,000 anti mouse IgG for a-tubulin and

1:2,500 anti goat 1gG for NF-YA in 0.5% blocking solution). The membrane was then washed - -

over 1 hour with TBST and the proteins detected using the Roche Chemiluminescence
Blotting Substrate (POD) Kit. The Fujifilm Darkbox II using the LAS1000 Pro program was
used to detect the signal. The program Image Gauge was used to quantify the protein band
signal. The value of the topo Ila, Spl, Sp3 or NF-YA was calculated relative to the a-tubulin
value for the given sample. The relative value for the control sample was arbitrarily set at
100%, with the other values compared to this. At least three experiments were performed.
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Figure 4.4. Summary of the immunoblot results from the (a) MDA1964 cell lines and (b)
MDA 144 cell lines. The amount of topo Ila (blue bars), Spl (red), Sp3 (yellow) and NF-YA
(green) protein was calculated relative to a-tubulin, with the average (+ standard deviation)
values shown. The value for the control was arbitrarily set at 100%. Immunoblots were
performed as described in figure 4.3. At least three experiments were carried out. The
Student T test (2 tailed) was performed on the data to determine the statistical significance of
these results when compared to the control values using Excel. ® p > 0.05 (deemed non
significant), * p < 0.05, ** p < 0.01, *** p < 0.001. Additional results are detailed in
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4.4.2 The MCF-7-1964 and MCF-7-144 cell lines

In contrast to the MDA1964 and 144 cell lines no decreases in topo Ila protein were
observed in the MCF-7-1964 and 144 cell lines after drug exposure. Cell line H1 had
elevated relative amounts of topo Ila protein (p < 0.05) but no significant changes in
the amounts of Spl or Sp3. A slight reduction in NF-YA was observed (p < 0.05)
which was probably due to the reduction in the long isoform (figure 4.5, 4.6). The cell
line G1 had elevated relative amounts of topo Ila protein and NF-YA protein
compared to the control (p < 0.001). However cell lines G2 (MCF-7-1964) and H2
(MCF-7-144) showed no significant changes in either topo Ila or any of the
transcription factors analysed (figure 4.5, 4.6). The proportions of the 105 kDa band to
the total Spl and Sp3 isoforms were unchanged in the cell lines tested (Appendix 12).
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Figure 4.5. Example of an immunoblot of (a),(e) topo Ille, (b),(f) Spl,(c),(g) Sp3 and (d),(h)
NF-YA of whole cell extracts (Ladias et al., 1992) from the MCF-71964 and MCF-7144 cell
lines. 10 ug of cell extracts were separated on an 8% SDS-PAGE gel. The proteins were
transferred onto positively charged nylon membrane for 90 minutes at 450 mA and incubated
in 1% blocking solution in TBST for 2 hours. The membrane was cut horizontally just below -
the 50 kDa marker, at the ~60 kDa position and at the ~150 kDa marker. The >150 kDa
section was incubated in topo Ila antibody (1:1,000), the >60-150 kDa section was ~
incubated in either Spl antibody (1:1,000) or Sp3 antibody (1:1,000), the 50-60 kDa section
was incubated in a-tubulin antibody (1:2,000) and the <50 kDa section was incubated in
NF-YA antibody (1:500). The antibodies were diluted in 0.5% blocking solution in TBS
overnight at 4 <C. The membranes were washed over 40 minutes with TBST and incubated in
secondary antibodies for 30 minutes (1:5,000 anti goat IgG for topo Ila, 1:5,000 anti rabbit
IgG for Sp3, 1:10,000 anti rabbit IgG for Spl, 1:5,000 anti mouse IgG for a-tubulin and
1:2,500 anti goat IgG for NF-YA in 0.5% blocking solution). The membrane was then washed
over 1 hour and the proteins detected using the Roche Chemiluminescence Blotting Substrate
(POD) Kit. To detect the signal, the Fujifilm Darkbox II using the LAS1000 Pro program was
used. The program Image Gauge was used to quantify the protein band signal. The value of
the topo lla, Spl, Sp3 or NF-YA was calculated relative to the a-tubulin value for the given
sample. The relative value for the control sample was arbitrarily set at 100%, with the other
values compared to this.
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(a) The relative amounts of topo lla., Spl, total Sp3 and total NF-YA
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Figure 4.6. Summary of the immunoblot results of (a) MCF-7-1964 and (b) MCF-7-144 cell lines. The
amount of topo Ila (blue bars), Spl (red). Sp3 (vellow) and NF-YA (green) protein was calculated relative
to a-tubulin for both cell lines. The value for the control was arbitrarily set at 100%, with the average (%
standard deviation) values shown (c) Graph of the proportion of NF-YAL to total NF-YA in MCF-7-144
cell lines. Immunoblots were performed as described in figure 4.3 and at least three experiments were
performed,. The Student T test (2 tailed) was performed on the data to determine the statistical
significance of these results when compared to the control values using Excel. # p > 0.05 (deemed non
significant), * p < 0.05, ¥**p < 0.01, *** p < 0.001. Additional results are detailed in Appendix 12.
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4.4.3 Effect of freezing and thawing on surviving cell lines

Whole cell extracts were prepared and analysed as described in section 4.2 from
MDA1964 and 144 cell lines that had been frozen, thawed and maintained without

further exposure to doxorubicin.

The relative amounts of topo Ila and NF-YA protein had returned to near control
levels in cell extracts prepared from cell lines A1 and A2 after freezing and thawing.
Inconsistencies were also observed for Sp3. Cell extracts prepared from cell line C1
(which initially demonstrated decreased amounts of Sp3) exhibited control levels of

Sp3 while those from cell line B1 had increased amounts of Sp3 (Appendix 13).

A summary of the immunoblotting results for cell lines D2, E1 and F1, all of which
initially showed decreased amounts of topo Ila. is presented in figure 4.7. The relative
amounts of topo Ila returned to control values for all cell lines. The elevated amounts
of NF-YA previously observed in cell lines D2 and F1 also returned to control values,
and elevated levels of Sp3 were now observed in cell lines E1 and F1. The relative
amounts of Spl in E1 and F1 remained decreased after freezing, but to a lesser extent
(63 £ 9%, 57 £ 15% respectively). The proportions of the 105 kDa band to total Sp1

were unchanged as were the proportion of NF-YA and Sp3 isoforms (data not shown).
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(a) Summary of the immunoblotting results from cell line D2
before and after freezing
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Figure 4.7. Summary of the immunoblot results of topo Illa, Spl, NF-YA and Spl proteins
before (blue bars) and afier (red) the (a) D2, (b) El and (c) FI cell lines had been frozen. At
least three experiments were performed. The amounts of topo Ila, Spl, Sp3 and NF-YA
protein were calculated relative to a-tubulin. The value for the control was arbitrarily set at
100%, with the average (+ standard deviation) values shown. Immunoblots were carried out
as described in figure 4.3. The Student T test (2 tailed) was performed to determine the
statistical significance of the" after freezing" results compared to the "before freezing"
results using Microsoft Excel. Full results are detailed in Appendix 13.
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4.5 Discussion

The exposure of MDA-MB-231 or MCF-7 cells to 1-2 doses of doxorubicin, resulted
in the isolation of individual surviving cell lines. Specific cell lines were amplified and

relative amounts of topo Ila, NF-YA, Sp1 and Sp3 protein were investigated.

Of the MDA-MB-231 cell lines that survived doxorubicin exposure, 6/8 cell lines
showed decreased relative amounts of topo Il protein. Of these, 3/8 also had
increased amounts of NF-YA protein, with 1/3 of these lines also having decreased
amounts of Spl protein. The cell line which showed the greatest decrease in the
amounts of topo Ila protein had both increased NF-YA and decreased Spl protein.
Two cell lines (A1, D1) which had decreased topo 11a had no highly significant change
in amounts of Sp1, Sp3 or NF-Y A, while two cell lines (B1, C1) which had no changes

in topo Ila had decreased amounts of Sp3.

Cell line D2 was derived by exposing cell line D1 to a second dose of doxorubicin. Cell
line D1 had decreased topo Il protein with a slight decrease in Spl levels. Cell line
D2 had significantly similar amounts of topo Ila protein to D1 (p > 0.05). The Spl

levels had returned to wild type amounts and an increase in NF-YA was now observed.

Cell line E1 had decreased topo Ila protein with a statistical significant decrease in
Spl levels while cell line F1 which had the greatest reduction in topo Ila protein
showed both an increase in NF-Y A protein and a decrease in Sp1 protein: All of these
cell-lines had a reduction in the amounts of topo Ila protein, which seems to indicates:
that the decrease in topo Ila. protein may provide an adaptive advantage for survival
during drug exposure and as such is maintained in cell lines after a second drug

exposure.

However in cell lines Al and A2 a decrease in topo Ilo. protein was seen without
alterations to the amounts of topo Ila steady-state mRNA (section 3.5.3.1). This result
could indicate that post-transcriptional controls were involved. In addition an increase

in the relative amounts of NF-YA was seen in cell line A2.

With the MCF-7 cell lines, increased topo Ila protein was seen in 2 of the cell lines
(G1/H1). In one of these (G1), the relative amount of total NF-YA was increased

while in the other cell line (H1), a decrease in the proportion of the NF-YAL isoform
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was seen. These changes were not maintained upon a second drug exposure, where
both the amounts of topo Ila and NF-YA protein had returned to control levels (G2,
H2).

The up-regulation of topo Ila expression has been described in cells resistant to
alkylating agents (Pu & Bezwoda, 1999; Pu & Bezwoda, 2000) and platinum
derivatives (Minagawa et al., 1997) but only rarely for doxorubicin (Yu et al., 2000)
and topo II catalytic inhibitors (Morgan & Beck, 2001). Thielmann & Popanda (1998)
showed that two hours after the exposure of fibroblasts to doxorubicin, over-
expression of topo Iloe protein was seen, but began to decline after six hours. In
addition Asano ef al. (1996a) showed that during induced expression of topo Il the
increase in topo Ila levels was only transient and after 24 hours had reduced to normal
levels. It was proposed that a negative feedback loop occurred with the presence of

high exogenous topo Ila decreasing endogenous topo Ila promoter activity.

This result may indicate that the increase in topo Ila protein levels did not provide an
adaptive advantage during drug exposure and as such was not maintained after a
second drug exposure. The chronic over-expression of topo Ila. may be detrimental to
cellular viability. McPherson & Goldenberg (1998) showed that cells with excessive
amounts of topo Ila showed features of apoptosis and that the production of stable
cell lines over-expressing topo Ilae was difficult (McPherson ef al., 1997). Of the 32
cell lines produced only 2 cell lines had intact topo Ila cDNA, the other cell lines
showing rearrangements in the cDNA. A reason for the increased levels of topo Ila
protein could be that duplication of the topo Ila. gene may have occurred in these cell

lines. This duplication event may be unfavorable for survival and as such was lost after

a further drug exposure.

In the MDA1964 and MDA144 cell lines that were maintained in the absence of the
drug or without further drug exposure, the alterations in topo Ila and specific
transcription factors were not maintained. The amounts of topo Ila and NF-YA had
returned to control levels in all the cell lines. In the cell lines that had previously had

reduced Sp1 protein, the relative amounts of Sp1 levels had approximately doubled. In
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4/8 cell lines, the amount of total Sp3 protein had doubled from initial levels. These
results suggest that drug exposure produces transient changes in gene expression with
the overall phenotype determined by the product of these changes. This result may
indicate that decreased topo Ila protein may not be advantageous in the absence of the

selective pressure and so is not maintained in these cell lines.

It has been shown that changes to expression seen after drug exposure may not be
maintained over time or without further drug exposure. Withoff e al. (1996b) showed
that in a doxorubicin-resistant small cell lung carcinoma cell line which had decreased
topo Ilao mRNA and protein after selection, the relative amounts of both had doubled
when the cells were incubated for six months without further drug exposure. Similar
trends were seen by Budworth et al. (1997) and Chen et al. (1990) where the
expression of MDR1 and BCRP in doxorubicin-resistant MCF-7 cell lines were not

maintained in the absence of the drug.

4.5.1 NF-Y and modulation of topo Il a gene expression

The proportions of NF-YAL and NF-YAS were investigated in the parental breast
cancer and other cell lines as there is evidence that the different NF-YA isoforms may
have a differential effect on transcription on specific promoters (Gu et al., 1999; Chang
& Liu, 1994).

The breast cancer cell lines contain a majority of the long isoform, compared to the
other cell lines investigated which contained a majority of the short isoform. While
MCF-7 and the other cell lines contain similar relative amounts of total NF-YA
protein, MDA-MB-231 had substantially less total NF-YA protein. The effect of these
differences on the regulation of the topo Ila gene in the two breast cancer cell lines is

not known but could account for cell-specific differences in topo Ila regulation.
NF-Y has been implicated in the down-regulation of the topo Il promoter in drug-
resistant cells, where reduced NF-Y binding to ICBs 1-4 has been correlated to down-

regulation of topo Ila promoter activity (Wang et al,, 1997a; Joshi et al., 2000). But
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the results from this current research in MDA144 cell lines implicate NF-Y as a
repressor, with increased NF-YA seen with decreased topo Ila protein. This disparity
agrees with results from Magan (2002) and Morgan & Beck (2001) where NF-Y was
implicated as acting as an activator or repressor of topo Ila transcription depending on

promoter context.

NF-YA seems to act as a potential activator in the MCF-7 cell lines. Increased NF-YA
protein was seen in cells with increased topo Ila protein (G1), but these changes were
not maintained when exposed to a second drug dose (G2). The total amount of NF-
YA protein had slightly decreased in cell line H1, and a significant decrease in the
amounts of NF-YAL, or increase in the amounts of NF-YAS was seen. The
significance of this result is not known. As the two isoforms of NF-YA arise through
alternate splicing, this result may indicate that that the splicing mechanism that
produces the mRNA for the short isoform has been stimulated in these cells. Another
possibility is that the mRNA or protein for the NF-Y AS isoform has increased stability
(or conversely a decrease in stability of the NF-YAL) in these cell lines. There is no

direct evidence for either of these possibilities.

There is evidence that the NF-Y trimer containing the different NF-YA isoforms may
have a differential effect on regulating transcription on specific promoters (Gu et al.,
1999). The increase in the relative amounts of total NF-YA and the increase in the
proportion of NF-YAS were seen in two different cell lines. These events could both
result in increased amounts of NF-YAS-containing trimer and if this complex has a
transactivating role, increased transcription of the topo Ilo gene may occur. After
exposing both the cell lines to another drug dose, the increased levels of topo Ila
protein, total NF-YA and the enhanced proportion of NF-YAS were no longer

observed.

To complicate matters, cell line A2 also had ari increase in the relative amounts ‘of NF-
YA’ Ifit is assumed that NF-YA can modulate topo Ila transcription, it is not known
why topo IIa mRNA levels were unaffected in these cells. One possibility is that the

chromatin structure of the promoter is such that increased amounts of NF-YA have no
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effect on transcription i.e. the transcription factor cannot bind or bend the DNA. In
these cell lines, a disparity between the endogenous and exogenous topo Ilow gene
expression has already been shown so it may be possible that such a change in
chromatin structure has occurred at least to specific regions of the genome. Changes to
local chromatin structure and methylation status have also been seen after drug

treatment (Tada et al., 2000; Kusaba et al., 1999).

If the topo Ila. promoter is in a "non-responsive" chromatin structure then a post-
transcriptional mechanism may be an alternative method to reduce the amounts of topo
IIa protein within a cell. To cause such a reduction in the amounts of topo Ila protein,
either a decrease of the topo Ila mRNA stability (which should be reflected by a
decrease in steady-state mMRNA) or a decrease in topo Ila protein stability could occur.
The degradation of specific proteins may be a common mechanism to develop or
maintain drug resistance. Spataro et al. (1997) showed that the transient over-
expression of a proteosome subunit could confer resistance to doxorubicin while

proteasome inhibitors have been found to overcome specific drug resistance (reviewed

in Murray & Norbury, 2000).

The mechanism(s) by which the NF-YA can be up-regulated is not yet known. Both
post-transcriptional and post-translational mechanisms have been suggested
(Bolognese et al.,, 1999; Marziali et al., 1999, Eggen et al., 2001). Whether drug-
induced changes in NF-YA protein result from transcriptional or post-transcriptional

mechanisms remain to be investigated.

4.5.2 Alterations in the amount of Sp1 protein

Sp1 has been described as a potential activator of the basal topo Ilot promoter activity
in transient transfection experiments through binding to GC1 and GC2 (Magan, 2002).
The results from the current research also implicate Sp1 as a activator with decreased
amounts of Spl protein correlated with decreased relative amounts of topo Ila

protein.
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The mechanism of this down-regulation has yet to be investigated, but both
transcriptional and post-translational mechanisms have been implicated in the
regulation of Spl. These include transcriptional down-regulation by MyoD in muscle
cells (Vifials e al, 1997) and the up-regulation, as well as increased Spl
phosphorylation and DNA binding after the exposure of cells to phorbol esters (Noé et
al., 2001) and epidermal growth factor (Chupreta ef al., 2000). The phosphorylation
of Spl can have either a positive (Zheng et al., 2000; Rohlff et al., 1997) or negative
(Borellini et al., 1990, Leggett et al., 1995, Daniel et al., 1996, Wang et al., 1999c¢)
effect on DNA binding depending on promoter context. Phosphorylation has also been
shown to modify Sp1 protein turnover (Mortensen et al., 1997). Glycosylation of Spl
does not affect DNA binding but may enhance transcriptional activation (Jackson &
Tjian, 1988). Post-transcriptional modifications were not investigated in the current
study so the relevance of such mechanisms in the drug-induced changes in Spl

expression cannot be evaluated.

4.5.3 Sp3 and topo Il a regulation

Sp3 has been implicated as a potential repressor of topo Ila transcription in etoposide-
and teniposide-resistant human epidermoid cell lines (Kubo et al., 1995) or as an
activator in a merbarone-resistant CEM line (Mo ef al., 1997). Results from Magan
(2002) showed that Sp3 can bind to GC1 and GC2, but further transient experiments
have proven difficult due to the Sp3 expression vector affecting the expression of a
transfection control (personal communication). However, the trends in these

experiments suggest that Sp3 may act as a repressor of topo Ila transcription.

In the initial surviving MDA144 cell lines, no changes in either the total amount of Sp3
or the proportions of the three isoforms was seen. However, a decrease in the relative
amounts of Sp3 protein were seen in two MDA1964 cells lines, neither of which
showed any changes to the relative amounts of topo Il protein. Sp3 levels had also
increased in cell lines that had been subjected to freezing and thawing. This
corresponded to a concomitant increase in topo Ila protein. Little is known about the

regulation of expression of Sp3, although 5-aza-cytidine (Ammanamanchi & Brattain,

100



2001b) and hypoxia (Discher et al., 1998) have been shown to decrease Sp3 protein
levels. The relevance of the changes observed in Sp3 levels in the current study in

terms of the development of drug resistance were not investigated.

There was no clear trend of the down-regulation of topo Ila in surviving cell lines
although changes in transcription factors implicated in topo Il gene expression were
observed. Collectively, these data suggest that down-regulation of topo Ila may be
associated with drug resistance in some instances but other mechanisms are also likely
to be responsible. These changes were not maintained in the cell lines grown without
further exposure to doxorubicin. This suggests that the changes in gene expression that
occur upon drug exposure to doxorubicin are transient. The expression profiles of
many additional genes will need to be studied before any real conclusions can be drawn
about the mechanisms governing drug resistance. A proposed model for the regulation

of the topo Ila promoter will be discussed in Chapter Seven.

Changes in the proliferation rate or cell cycle profile may result from drug exposure
and may alter expression of proteins like topo Ila.. The over-expression of proteins
such as MDR1, MRP1 or Hsp70 or the altered expression of topo II} may all
contribute to the survival of breast cancer cell lines during drug exposure and so were

investigated in Chapter Five.

101



Chapter Five Other Potential Resistance
Mechanisms

5.1 Introduction

Drug resistance has been related to several different mechanisms including proliferation
rate, chromosome duplication and the over-expression of drug efflux pumps or heat
shock protein Hsp70. Therefore selected surviving cell lines were analysed for
doubling time as a measure of proliferation rate, and were also subjected to FACS
analysis to check for polyploidy and changes in cell cycle progression. MDRI1 and
MRP1 mRNA and Hsp70 protein content were also analysed. An attempt to quantify
topo IIB mRNA was unsuccessful as were attempts to quantify MDR1, MRP1 and

topo IIB protein using a variety of different immunoblotting conditions.

5.2 The analysis of the doubling time in the surviving cell lines

Cell counts of both MDA 1964 and MD A144 selected cell lines were carried out over a
period of time as described by Davis (1994). It was not possible to do similar
experiments with the MCF-7 cell lines, as the strong aggregation of the cells made cell
counts inaccurate. Slight increases in doubling time compared to the control cells were

observed (table 5.1) but there was no clear correlation with the levels of topo Ilot

(Appendix 14).

As cells with unaltered amounts of relative topo Ila protein still had increased
doubling times, this may indicate that another mechanism rather than amounts of topo

Ila protein was causing the increase in doubling time seen.
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(a)

Cell line Relative topo Il | Doubling time Doubling time p value
protein (hr) relative to
control
MDA1964 control 100% 324+ 1.6 100% -
Al 66 + 5% 443+ 90 137% %
A2 42+ 9% 364+ 87 112% n.s
Bl 110 + 23% 373+ 1.0 115% *
Cl 97 + 24% 369+ 4.7 114% n.s
(b)
Cell line Relative topo Ila. | Doublingtime | Doubling time p value
protein (hr) relative to
control
MDA144 control 100% 355+ 14.0 100% -
D1 52+ 20% 314+ 7.1 88% n.s
D2 41+ 10% 41.0+ 235 115% n.s
F1 14+ 5% 392+ 84 110% n.s

+ Table 5.1. The doubling time and the relative amounts of the topo Ila protein of the (a) ..
MDA1964 and (b) MDA144 cell lines. The value of topo Ila protein relative to a-tubulin was
compared to the control which was arbitrarily set at 100%. The average (+ standard.
deviation) values are shown. The doubling time for MDA-MB-231 is 30.3 + 1.6 hr. Thg _
doubling time experiments were performed as described in section 2.2.3.10. The doubling. -
time of either the MDA1964 or MDA144 control was arbitrarily set at 100%. The Student T- ..
test (2 tailed) was performed to determine the statistical significance of these results
compared to the control results. n.s p >0.05, * p <0.05.

5.3 The analysis of cell cycle profile of selected surviving cell lines

Topoisomerase Ila. expression can vary through the cell cycle, with the highest
expression during S/G»/M and lowest during G¢/G;. Therefore the cell cycle profile of

the surviving cells was investigated to ensure that the changes to the relative amounts
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of topo Ila protein levels seen were not simply a consequence of increased proportions
of cells in Go/G; or due to cells with altered numbers of chromosomes. Fluorescence
activated cell sorting (FACS) analysis was used to determine the proportion of cells in

the different phases of the cell cycle as previously described in section 2.2.2.13.

While most of the MDA1964, MDA144 and MCF-7-144 cell lines had similar cell
cycle profiles to the control cell lines (results not shown), some differences were seen
in specific MDA1964 cell lines. Compared to control cells the Al cell line exhibited a
decrease in the proportion of Gy/G; cells and increased >G,M cells. However in the A2
cell line (isolated after exposing Al cells to a second drug dose), the proportion of
cells in each cell cycle phase had returned to near control levels (figure 5.1). These

results did not correlate with changes in the relative amount of topo Ila in these cell

lines.

5.4 The expression of genes implicated in drug resistance in breast cancer cells

RT-PCR or real time RT-PCR were initially used to detect the expression of MDR1
and MRP1 in the surviving cell lines. Inmunoblotting was used in an attempt to detect
P-glycoprotein and MRP1 protein. The relative amounts of the inducible Hsp70
protein were also determined in the surviving cell lines, while the detection of topo II

mRNA and protein was also attempted by the above methods.

104



@)

Cell no.

(b)

Cell no.

(©)

Cell no.

Figure 5.1. FACS analysis of (a) MDA1964 control, () Al and (c) A2 cell lines. The cells were
harvested, fixed in 70% ethanol in PBS at room temperature for 30 minutes and then left overnight
at 4C. The cells were then pelleted, resuspended in staining solution (100ug/ml RNase, 40 pg/ml
propidium iodide in PBS) and incubated at 37 C for 30 minutes. The cells were then analysed using
a Becton Dickinson FACS machine. The proportion of cells in G,/Gq S, G.M and >G.M were
quantified using the program Image Gauge, calculated relative to the total cells counted and
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5.4.1 Alterations in the expression of MDRI in surviving cell lines

As MDRI1 and MDR3 genes share high identity, primers were designed to bind to
divergent sequences to distinguish between the two mRNAs. As MDA-MB-231 and
MCEF-7 cell lines do not normally express MDR1 mRNA (Appendix 15), RT-PCR was
used to detect the presence of MDR1 mRNA in the surviving cell lines. RNA from
CaCO-2 or HepG2 cells which are known to express MDR1 mRNA (Gutmann et al_,
1999; Chan et al, 2000; Jongsma et al., 2000) was used as a positive control
(Appendix 15). The detection of GAPDH cDNA was used to confirm that the reverse
transcription reaction was successful. Diagnostic digests were used to confirm the

identity of all of the products.

The expression of MDR1 mRNA could not be detected in either the MD A1964 (figure
5.2), MDA144, MCF-7-1964 or MCF-7-144 cell lines investigated (results not

shown).

Immunoblotting was attempted to confirm the lack of MDRI1 expression in the
surviving cell lines. While a range of cell extraction and immunoblotting techniques
were performed (section 2.2.4) it was not possible to detect P-glycoprotein in whole
cell extracts from either the CaCO-2 or HepG2 cell lines. Therefore immunoblot

experiments to detect P-glycoprotein could not be performed with the surviving cell

lines.
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Figure 5.2. RT-PCR to detect MDRI mRNA in selected MDA1964 cell lines. RNA was extracted
from the cell lines and reverse transcription reactions were performed to produce cDNA. PCR was
carried out as described in section 2.2.3 using either the MDRI or GAPDH primers (Appendix 4).
CaCO-2 or HepG2 cDNA was used as a positive control for MDRI primers. GAPDH was used as a
control for the RNA loading and the reverse transcriptase reaction. To confirm the products seen
were amplified from cDNA and not genomic DNA, RT reactions without reverse transcriptase (no
RT) were performed. No template reactions were performed to check for contamination. 5-10 pl
of the PCR products were separated on a 1% agarose gel in Ix TAE (80 V for 30 min) and stained
with ethidium bromide. (1) and (7) MDRI positive control, (2) no RT control, (3) MDA 1964 control,
(4) Al cell line, (5) A2 cell line, (6) no template, (8), (9) and (10) GAPDH control for the reverse
transcription reaction for the control, Al and A2 cell lines respectively.

5.4.2 Alterations in the expression of MRP1 in the surviving cell lines

The expression of MRP1 was investigated in selected cell lines. As MRP1 mRNA is
ubiquitously expressed in MDA-MB-231 and MCF-7 cells (Appendix 16), a more
quantitative method was required to detect differences in MRP1 expression. The
LightCycler™ real time RT-PCR system was used to detect differences in MRP1
mRNA expression as described in section 2.2.3. The amounts of MRP1 mRNA

relative to 18S rRNA were analysed in selected surviving cell lines.

As illustrated in figure 5.3, there was no significant change in MRP1 mRNA levels in
the cell lines investigated. As with MDR1, immunoblotting was attempted to confirm
the wild-type expression of MRP1 protein in the surviving cell lines, and like the P-gp
experiments it was not possible to detect MRP1 protein in any of the cell lines which
were known to express MRP1 mRNA including CaCO-2, HepG2 and HeLa cells
(Appendix 16). Therefore immunoblot experiments to quantify MRP1 protein could

not be performed with the surviving cell lines.
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Figure 5.3. Example of the fluorescence vs. cycle number results of a real time RT-PCR
investigating MRP1 mRNA relative to 18S rRNA in (a) MDAI1964 control and cell line A2 and
(b) MDAI44 control and cell line D2. 6 ug of the RNA was treated with DNase I and then
reverse transcribed as described in section 2.2.3. 5 ul of the RT reaction (1:5 dilution) was
added to the PCR reaction mix containing 0.5 yM of each primer (Appendix 4), Ix SYBR Green
1 Faststart Master Mix and 3-4 mM MgCl,. To confirm that the product was specific for cDNA,
RT minus samples were included (not shown). To confirm the absence of primer dimers and
contamination, a water only control was included. Melting curve analysis and diagnostic digests
were carried out to confirm the identity of the PCR products. The amount of MRP1 mRNA was
calculated relative to 18S rRNA, with the control value set at 100%.
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5.4.3 Alterations to the relative amounts of the Hsp70 protein in the surviving cell

lines

The relative amounts of the inducible Hsp70 protein were investigated in the parental
and surviving cell lines by immunoblotting. While the parental and stable cell lines
MDA-MB-231, MDA 1964 and MDA 144 had similar levels of Hsp70 protein (data not
shown), the MCF-7-144 cell line had significantly decreased amounts of Hsp70 when
compared to MCF-7 and MCF-7-1964 (figure 5.4). It is not known if this may affect

survival upon drug exposure.

It was noted that Hsp70 was detectable in both MDA 1964, MDA 144 and MCF-7-
1964 and MCF-7-144 control cells. This was not due to the cells being grown in
neomycin-containing media as the Hsp70 protein was also detected at similar levels in

the parental cell lines (results not shown).

Relative Hsp70 levels in the MCF-7, MCF-7-1964 and MCF-7-144
parental cell lines

120 -~ S —
122 bl ° p>0.05
% relative & p<0.05
to MCF-7 0 **  p<0.0l
= 100% 40 T *kk
= p <0.001
o S ; -
MCF-7 MCF-7-1964 MCF-7-144
cell line

Figure 5.4. Summary of immunoblot results investigating the amount of Hsp70 protein
relative to the a-tubulin in the MCF-7, MCF-7-1964 and MCF-7-144 cell lines. The
immunoblots were performed as described in figure 4.3. The amount of Hsp70 protein was
calculated relative to a-tubulin. The value for MCF-7 was arbitrarily set at 100 %, with the
average (+ standard deviation) values shown. The Student T test (2 tailed) was performed to
determine the statistical significance of these results compared to the MCF-7 values using
Excel. @ p > 0.05 (deemed non significant), * p < 0.05, **p < 0.01, ***p < 0.001.
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The level of Hsp70 did not vary significantly in the MDA1964 and MCF-7-1964
surviving cell lines (Appendix 11, 12). A decrease in the relative amounts of Hsp70
protein was seen in the E1 and F1 cell lines (figure 5.5 a, b), while an increase in the
relative amounts of Hsp70 protein was seen in cell line H1 (202 + 41%). This increase

was lost after a further drug exposure (cell line H2) (figure 5.5 ¢, d).

5.5 Discussion

No meaningful relationship between amounts of topo Ila protein, the doubling time or
cell cycle profile was seen in the surviving cell lines. As multiple mechanisms of
resistance are commonly found in drug-exposed cells, the expression of MDRI,
MRPI1, Hsp70 were investigated. Expression of MDR1 mRNA was not detected,
neither was the over-expression of MRP1 mRNA in the selected cell lines investigated.
Attempts made to confirm these results at the protein level through immunoblotting
were unsuccessful. While an increase in the relative amounts of the Hsp70 protein was
seen in one MCF-7-144 cell line (H1), this up-regulation was not maintained when this
cell line was exposed to a second drug dose (H2). Conversely, a decrease in the

relative amounts of Hsp70 was seen in several other surviving cell lines (E1 and F1).

The MCF-7-144 parental cell line had significantly lower amounts of Hsp70 protein
than MCF-7 and MCF-7-1964. How these alterations may affect the drug response is
not known, but this result indicated that in the production of stable cell lines and
selection by neomycin, changes can occur to the cells and it cannot be assumed that the

stable cell lines are phenotypically the same as the parental lines.
5.5.1 Alterations of doubling time in selected surviving cell lines
The results indicated that the topo Ila protein may not have a significant effect on the

proliferation rate in specific cell lines and that other mechanisms are involved in the

changes to the proliferation rate seen.
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Figure 5.5. Example of an immunoblot to investigate the amount of Hsp70 protein relative to
the a-tubulin in the (@) MDAI44 and (c) MCF-7-144 cell lines. The immunoblots were
performed as described in figure 4.3. Summary of the immunoblot results of at least three
experiments for the (b) MDA 144 and (d) MCF-7-144 cell lines. The amount of Hsp70 protein
was calculated relative to a-tubulin. The value for the control was arbitrarily set at 100%
with the average (+ standard deviation) values shown. The Student T test (2 tailed) was
performed to determine the statistical significance of these results compared to the control
values using Excel. ® p > 0.05 (deemed non significant), * p < 0.05, ** p < 0.01, ***p <

0.001.
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In agreement with this, significant changes to the doubling time were seen with
doxorubicin-resistant lung, breast and human stomach adenocarcinoma cell lines and
teniposide-resistant (VM-26%) human leukemic cells without any changes to the topo
Iloe protein (Son et al., 1998, de Jong et al., 1990, Danks et al., 1988; Lee et al.,
1997). Therefore changes in the amount of topo Ila protein do not necessarily result in
changes to the doubling time, or vice versa. This differs from the results from Brown et
al. (1995) where an increase in doubling time from ~25 to ~75 hours was seen in

lymphoblastic leukemia cells which had 3 fold less topo Ila protein.
5.5.2 Alterations to the cell cycle profile of selected surviving cell lines

No changes in the cell cycle profiles were observed for the selected MDA 144, MCF-7-
1964 and MCF-7-144 cell lines investigated. While specific MDA1964 cell lines did
show changes to the proportions of the number of cells in each cell cycle phase, these
changes did not correlate with the relative amount of topo Ila protein seen in these
cells. An increased population of cells with fluorescence (and therefore amount of
DNA) greater than GoM cells was seen in the Al cell line. This may indicate a
population of polyploid cells as seen by Melixetian et al. (2000). It has also been
shown that the exposure of cells to doxorubicin can cause changes to the chromosome
number of specific cells (Aly et al., 1999). Another possibility is that the increased
fluorescence is due to a population of cells with a slightly different phenotype. If this
phenotype allowed the cells to clump tightly together, then the cells may not be
physically separated during the cell sorting and so doublets with increased fluorescence
would be seen. The proportion of the >G,M population had reduced in the A2 cell line.
This may indicate that this population was sensitive to the drug and so was eliminated
after a further drug exposure. Therefore the changes to the relative amount of topo Ila
protein did not correlate to changes in the proportion of cells in various cell cycle
stages or to significant changes in the chromosome number of the surviving cells

investigated.

112



5.5.3 The expression of MDRI and MRP1 in the surviving cell lines

MDRI1 mRNA expression was not detected in the surviving cell lines investigated. To
confirm these results, immunoblotting was attempted to detect P-glycoprotein.
Attempts to optimize the cell extraction and immunoblotting method by using cell
extracts from a cell line known to express P-gp were fruitless. Although RT-PCR
showed that MDR1 mRNA was detected in CaCO-2 cells, P-gp could not be detected.
This could be due to inappropriate extraction or immunoblot conditions, or due to the
CaCO-2 cells no longer being able to express P-gp. It also may be possible that the
culturing conditions, age etc. of the cell line may have affected the ability to express P-
gp. It was shown that while Gutmann ef al. (1999) and Hamilton et al. (2001) could
detect P-gp in the CaCO-2 cells, Jacob et al. (2001) and Beaumont et al. (1998) could

not.

As MRP1 mRNA was ubiquitously expressed in all the cell lines investigated, real time
RT-PCR was used to determine relative MRP1 mRNA levels. No changes in the
relative amounts of MRP1 mRNA were seen in the surviving cell lines investigated. As
with MDR 1, immunoblotting was attempted to confirm these results and as with the P-
gp experiments, MRP1 protein was not detectable in any of the cell lines investigated
including CaCO-2 from which MRP1 protein has previously been detected (Gutmann
etal., 1999).

In summary, MDR1 and MRP1 did not seem to be involved in the survival of the
breast cancer cell lines to doses of doxorubicin. This agreed with research which had
shown that MDR1 may not have a role in the development of resistance in breast

tumours (Faneyte et al., 2001; Yang et al., 1999; Amal et al., 2000).

5.5.4 Hsp70 expression in the surviving cell lines
There was no correlation between Hsp70 levels, topo Ila levels and drug survival. The

relative amounts of Hsp70 were found to be increased in cell line H1, but this up-

regulation was not maintained after a second drug exposure. This may indicate that the
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increase in relative amounts of Hsp70 protein did not provide the cells with a selective
advantage during drug exposure and so was not maintained. Two cell lines (E1, F1)
showed a decrease in the relative amounts of Hsp70 protein. Decreased amounts of
Hsp70 protein have been seen upon chronic exposure and during prolonged or daily
repeated exposure to electromagnetic fields. This decrease resulted in reduced
cytoprotection, but the exact mechanism of this down-regulation is not known (Di

Carlo et al ., 2002).

5.5.5 Expression of topo IIf3 in the surviving cell lines

Unfortunately it was not possible to investigate the role of topo IIf in the surviving
cells. The topo IIf protein could not be detected using immunoblotting and the

quantification of the topo II3 mRNA was not possible using the real time RT-PCR

system.

A reason that topo IIf protein was not detectable may be due to the amount of topo
IIB protein being too low to be detectable by immunoblots. It has been shown
previously that the amount of topo Il and topo IIf protein can vary significantly in
different cell lines, with topo IIf protein tending to be found in much lower amounts
than topo Ila protein. For example, in HeLa and T47D cells, the topo IIf amounts

were between 7-12% of the topo Ila. amounts (Jenkins et al., 1992).

Another possibility is that the topo IIf protein may be difficult to transfer, although
altering immunoblotting conditions had no effect. Other research has shown that topo
IIa and topo IIB proteins can be transferred and detected under the same conditions.
so this is unlikely (Herzog et al., 1998; Hashimoto et al., 1995; Harker et al., 1995a,
Gao et al., 1999, Feldhoff et al., 1994, Errington et al., 1999; Dereuddre et al., 1997,
Canitrot et al, 1998). Another possibility is that the topo IIB protein may be very
susceptible to protease degradation and so may be degraded before immunodetection
was possible. It has been shown that topo IIf protein was much more sensitive to

proteolysis when compared to the topo Il protein (Prosperi et al., 1996; Boege,
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1996). Therefore the extraction conditions may need to be optimised to minimize any

potential proteolysis.

The topo IIf ¢cDNA was difficult to amplify under both RT-PCR and real time RT-
PCR experimental conditions. The reason for the poor efficiency could be due to low
abundance of the mRNA or due to the presence of secondary structure in the topo II
mRNA that make it difficult to produce either the cDNA or PCR product. The exact

reason for these difficulties could be investigated.

Cell proliferation, cell cycle progression, MDR1, MRP1 or Hsp70 did not seem to
have any significant role in survival of cells to doxorubicin. While decreases in topo Ila

gene expression may be implicated in specific cell lines, no common mechanism of

resistance was apparent.
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Chapter Six Development of an in vivo
footprinting system

6.1 Introduction

The functional significance of changes in specific transcription factors in surviving cells
remains to be determined. NF-Y, Sp1 and Sp3 binding sites have been identified on the
topo Ila promoter and each has been implicated in the regulation of the topo Ila
transcription. Therefore an in vivo analysis of the promoter in surviving cells was
appropriate. /n vivo footprinting should identify important regions of the promoter
occupied by specific factors. The results of such a study should not only confirm the
functional significance of NF-Y, Sp1 and Sp3 in topo Ila transcription but should also

identify other binding sites to provide candidates for further study.

An in vivo footprinting assay was developed to allow the analysis of the topo Ila
promoter in vivo in terms of any change in DNA-protein interactions that may occur

on drug exposure or on the development of drug resistance.

6.2 Overview of in vivo footprinting

In vivo footprinting using ligation-mediated PCR (LMP) provides a "high resolution;
nucleotide-level analysis of chromatin" (Gould, 1998). By this method, DNase I
introduces breaks into DNA. The binding of proteins to the DNA protects the bound
region from digestion, and the absence of these digestion products is an indication of
where these proteins are bound. LMP using gene-specific primers provides a highly
sensitive and specific method to detect breaks in a specific DNA region (Carey &
Smale, 2000; Gould, 1998). In vivo footprinting provides a "snapshot" of the regions
of the native promoter structure that interacts with proteins within the nucleus under

specific experimental conditions.

116



The method for in vivo footprinting was adapted from that described in Carey & Smale
(2000) for the nuclei isolation and DNase I digestion and Gould (1998) for the rest of

the protocol.

Nuclei were isolated from cells and incubated with DNase I, an enzyme which causes
essentially random double-stranded DNA breaks. As illustrated in figure 6.1, DNase I
should digest all DNA that is not protected. A range of different sized DNA fragments
should be produced. If each nucleotide was cleaved only once, a range of fragments
would be seen (black fragments). As any bound protein will protect against digestion, a
protected region should be apparent corresponding to the regions where proteins are
bound (red fragments). By running a sequencing ladder corresponding to the entire
unprotected region under study, the exact position of the protein binding can be

detected.

6.3 Ligation-mediated PCR

Using ligation-mediated in vivo footprinting only gene-specific products were
amplified and detected. The overall experimental protocol is outlined in figure 6.2. A
biotinylated gene-specific primer (#1) was extended with Sequenase™ 2.0 at 48°C to
produce blunt-ended products. A double-stranded linker was then ligated to the pnmer

extension product.

These products were then purified using streptavidin-coated magnetic beads. To
amplify the ligation products, the longest linker primer, a gene-specific primer #2 and
Taq polymerase was used. This primer #2 overlapped primer #1 by a few nucleotides.
The PCR products were then separated on a 8% acrylamide gel, transferred to nylon
membrane by semi-dry electroblotting and the membrane hybridised with a gene-
specific probe. This probe was produced by PCR using a primer (#3) that overlapped

primer #2 and an appropriate upstream primer.
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Figure 6.1. (a) Examples of possible DNase I digestion products, black fragments are possible
products, red fragments are products that would not be produced due to the bound protein
protecting the DNA from digestion. (b) Diagram of the DNase 1 footprint.
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Figure 6.2. Diagram of the experimental protocol for the primer extension, ligation and PCR
amplification.

6.4 Method development : in vivo foolprinting
A number of parameters needed to be optimized for the in vivo footprinting to be

successful. These included the extraction of the nuclei, the conditions for the DNase 1

digestion and the design of the gene-specific primers.
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6.4.1 DNase I digestion

Two alternate methods were available to DNase I digest the native chromatin. The
first, outlined in Gould (1998), involved the weakening of the cell membrane by
detergents to allow the entry of the DNase I into the cell and subsequently into the
nucleus. This method failed to yield substantial amounts of digested DNA possibly due
to the DNA being bound up with the cell debris.

The second method (Carey & Smale, 2000), which involved the isolation of the nuclei
followed by DNase I digestion proved to be a more reliable method. Due to the
limitations of the in vivo footprinting method, digestion conditions were required to
yield a majority of digestion products between ~300 to 600 bp in size. These were
determined by trial and error. Incubation of nuclei with 3 g of DNase I for 7 minutes
produced products between ~200 to <1000 bp. Figure 6.3 shows an example of an

alkaline gel showing the single-strand DNA fragments resulting from a range of DNase

I incubation times.
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Figure 6.3. DNase [ digestion products separated on a 1% agarose alkaline gel. Nuclei were
digested with 3 ug DNAse I for 1,2 5 or 7 minutes. As described in section 2.2.5.3, the digests
were stopped by the addition of EDTA, SDS and proteinase K. The samples were incubated
overnight and the DNA extracted using phenol/chloroform and ethanol precipitation protocols.
EDTA was added to the DNA to a final concentration of 10 mM and 6x alkaline loading dye
(300 mM NaOH, 6 mM EDTA, 18% Ficoll (type 400), 0.15% bromocresol green, 0.25% xylene
cyanol) was then added to the sample. The samples electrophoresed on a 1% agarose alkaline
gel in Ix alkaline running buffer (50 mM NaOH, 1 mM EDTA) at 20V overnight. The gel was
then neutralized in 1 M Tris-HCI pH 7.6, 1.5 M NaCl, and stained with ethidium bromide. 180
bp and 450 bp PCR products were included as size markers. (1) 180 bp marker, (2) 450 bp
marker, (3) and (8) no DNA, (4) 1 minute,(5) 2 minutes, (6) 5 minutes (7) 7 minute DNAse 1
incubation.

6.4.2 The design of topo Il promoter primers

As the footprinting method has been proposed to give good experimental data up to
~300 bp from the primers used, the initial 3' region of the topo Ilot promoter was
investigated. The primers chosen are detailed in figure 6.4. The following parameters
were used to design the primers as described in Gould (1998); primer #1 had a Tm
between 48-56°C to allow the primer extension to occur at 48°C; primer #2
overlapped primer #1 and had a Tm between 53-60°C to facilitate the PCR reaction
with the linker primer (Tm 57°C) and primer #3 overlapped primer #2 by a few

nucleotides. The primers were nested to enhance the specificity of the reactions.
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The endogenous topo Ila gene

Exon 1
Topo 1la promoter +90
—
5' TGCCTGTTTAGTCGCTTTCAGGGTTCTTGAGCCCCTTCACGACCGTCACCATGIGAAGTGTCACCATTGCAGGTACGGCAAGGG 3
+—
“ *
. - #1 GC53%
. #2 GC 56% Hmi*6EC
#3  GC 56% Tm 55°C

Tm 54°C

Figure 6.4. Diagram of the primers used in the in vivo footprinting experiment * biotinylated.
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6.5 In vivo footprinting of the topo Il a promoter shortly after doxorubicin exposure.

Potential alterations to protein binding at the 3' topo Ila promoter region were
investigated shortly after the exposure of MDA-MB-231 cells to doxorubicin. MDA-
MB-231 cells were exposed to 0 or S uM doxorubicin for 1 hour. The cells were then
washed and incubated in fresh media. After 6 hours, the nuclei were isolated from the
cells and digested by DNase I as described in sections 2.2.5.1 to 2.2.5.3. Primer
extension, ligation and PCR reactions were carried out as described in sections 2.2.5.4
to 2.2.5.7. The resulting PCR products were electrophoresed, transferred onto nylon
membrane by semidry electroblotting and hybridised with a topo Ila. promoter-specific

probe. After washing, the membrane was exposed to X-ray film for 2-7 days.

The results from the initial experiment are shown in figure 6.5. This shows that a
ladder of products was seen for the control and drug-exposed nuclei. Technical
difficulties precluded the determination of the exact sequence that corresponded to this
ladder, however a number of differences were observed between the control and drug-
exposed nuclei. Compared to the control ladder, potential areas of DNase I protection
may be seen in the drug-exposed sample at (a) and (c). This may indicate preferential
protein binding at these sites during drug exposure. DNase I hypersensitive sites are
frequently seen near protected regions and may reflect conformational changes to the
DNA upon protein binding (Carey & Smale, 2000). Potential hypersensitive sites were

seen at (b) and (d), both near possible protected regions.
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Figure 6.5. MDA-MB-231 cells were exposed to 5 uM doxorubicin for 1 hour, the cells were
then washed and incubated in new media for a further 6 hours. Nuclei were then isolated
Jfrom the cells and digested with 3 ug DNase I for 7 minutes at 37 C. To stop the digestion,
the nuclei were incubated overnight with EDTA, SDS and proteinase K. The DNA was then
treated with RNase at 37 <C for 2 hours, purified using phenol/chloroform extraction, ethanol
precipitated and the pellet resuspended in TE. Primer extension was performed using primer
1 (figure 6.4) and Sequenase™ version 2.0 with the samples heated at 67C for 15 min to
inactivate the enzyme. The primer extension products were then ligated to the linker and the
ligation products were purified using magnetic beads. These products were then used in a
PCR reaction using primer #2 and the linker primer. These products were then

electrophoresed on an 8% acrylamide 7 M urea gel. This gel was then semidry electroblotted

onto nylon membrane, and the membrane hybridised overnight using a topo Ila promoter-
specific probe. The membrane was washed with prewarmed buffer A (20 mM sodium
phosphate pH 7.2, 2.5% SDS, 1 mM EDTA, 0.25% BSA) for 5 minutes and then with buffer B
(20 mM sodium phosphate pH 7.2, 1% SDS, 1 mM EDTA), with the buffer changed 5 times
over 30 minutes. The membrane was then dried at room temperature and exposed to X-ray
film for 7 days at -70 <C with intensifier screens.
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The results from this initial experiment showed that it was possible to use this method
to observe alterations to protein binding at the topo Ila promoter after drug exposure.
While these results are preliminary, they suggest that alterations to proteins binding to
the topo Ila promoter can occur shortly after drug exposure. It will be important to
identify both specific proteins and cognate DNA binding sites as well as determine the
effect such protein-DNA interactions have on topo Ila transcription. A detailed study
of this type should provide important insights into the molecular events that occur
upon drug exposure and may ultimately lead to the down-regulation of the topo Ila

promoter that results in the drug-resistant phenotype.

With only slight modifications to the footprinting experimental procedure, nucleosomal
positioning (with Mnase I), nucleosome remodelling (with restriction endonucleases) -
and DNA methylation analysis (Carey & Smale, 2000) could also be performed during
or after drug exposure, while the use of in vivo protein-DNA cross-linking
immunoprecipitation experiments could be used to confirm the identity of proteins

bound to this promoter region (Carey & Smale, 2000).
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Chapter Seven Summary and Discussion

7.1 Experimental summary

The overall aim of the research described in this thesis was to investigate the regulation
of the human topoisomerase Iloc gene in breast cancer cell lines exposed to
doxorubicin, specifically to identify regions of the topo Ila promoter involved in the
down-regulation that has been observed in cells after drug exposure. Drug-exposed
stable breast cancer cell lines containing various deletion constructs of the topo Ila
promoter were analysed for the differential expression of a reporter gene. Immunoblot
analysis was used to observe alterations in the amounts of topo Ila protein in the
surviving cells, as well as alterations to the amounts of transcription factors NF-Y, Sp1
and Sp3. The maintenance of these alterations was investigated as were the roles of

other resistance mechanisms.

The main findings are summarised as follows :

(1) The basal regulation of the topo Ila promoter in MCF-7 and MDA-MB-231 breast
cancer cell lines was similar to that reported in other cell lines. Converse to previous
reports the addition of the ~ 1.3 kb region $' to GC2 had little effect on the maximal
topo Ila basal promoter activity indicating the absence of repressive or activator
elements in this region. No significant differences were observed in basal transcription
driven by the deletion constructs in the ER positive, p5S3 wild type (MCF-7) and the
ER negative, mutant p53 (MDA-MB-231) cell lines. It was therefore concluded that
the MCF-7 and MDA-MB-231 cell lines would be appropriate for use in studying the

regulation of topo Ila after exposure to doxorubicin.

(2) The hGH reporter mRNA and protein did not appear to accurately. reflect the
expression of the endogenous topo Ila mRNA and. protein in the stable cell line
containing the -1964 topo Ila. hGH reporter construct. These results indicated that the

stable cell lines containing different regions of the topo Ila promoter could not be used
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to identify the regions involved: in the down-regulation of the gene in drug-exposed

cells.

(3) A down-regulation of topo Ila expression at the protein level was observed
concomitantly with the up-regulation of the NF-YA subunit of the NF-Y trimer in
some cell lines derived from the MDA144 stable line. The amounts of Spl protein
remained unchanged or were reduced. In the selected cell line investigated, the
decrease in topo Ila protein was mirrored by a decrease in topo Il mRNA indicating

a likely transcriptional regulation mechanism.

(4) The decrease in topo Ila protein observed in cell lines derived from the MDA 1964
stable line was not mirrored by a decrease in topo Ila mRNA indicating that a post-
transcriptional mechanism may be involved. A decrease in total Sp3 protein was

observed in two other cell lines without any change in the amount of topo Ila protein.

(5) The changes observed in the amounts of topo Ila, Sp1, Sp3 and NF-YA proteins in
the MDA1964 and MDA 144 stable lines appeared to be transient and not maintained

after freezing and thawing or without further drug exposure.

(6) An up-regulation of topo Il expression at the protein level was observed in the
MCEF-7 cell lines following a single drug exposure, with either an increase in total NF-
YA protein, or a decrease in both total NF-YA and the proportion of the NF-YA long
isoform. Upon a further drug exposure, neither the up-regulation of topo Ila nor

changes to NF-YA protein were maintained.

(7) No correlation between topo Ila levels and either cell cycle profile or doubling
time was observed in the surviving cell lines and there was no evidence of nucleotide
changes in the initial ~700 bp of the topo Il promoter. There was no evidence for an
involvement of MDR1 or MRP1 in the survival of the cell lines investigated. Increased
amounts of Hsp70 protein were observed in one cell line, but as this was not
maintained after a further drug exposure, it was not thought to have a significant role

in cell survival.
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This study implicates NF-Y and Spl as being potential modulators of topo Ila
expression in cell lines that survived doxorubicin exposure. This current research in
MDAI144 cell lines implicate NF-Y as a repressor and Spl as an activator, with
increased NF-YA and decreased Spl protein observed with decreased topo Ila
protein. This result appeared contradictory to the results seen with one MCF-7 cell
line, where NF-Y may act as an activator and the studies in doxorubicin-resistant
hemapoietic cells where reduced NF-Y was correlated to topo Ila down-regulation
(Wang et al., 1997a). But these results may reflect cell type-specific expression or
regulation of factors involved in the modulation of the topo Ila promoter rather than a
different mechanism of promoter regulation. Other than in this study, alterations to Sp3

levels have yet to be detected in doxorubicin-resistant cell lines.

7.2 Model for the regulation of the topo Il @ promoter

From what is already known about the regulation of the topo Ila promoter and
speculation about the roles of specific transcription factors in drug resistance, a model
can be proposed to describe a mechanism of regulation of the topo Ila promoter in

drug-exposed cells.

For simplicity only GC1, ICB1 and ICB2 were initially considered in this model.
Although not definitively proven it is possible that NF-Y, Spl and Sp3 have roles in
modulating topo Iloe promoter activity. Since NF-Y can perturb, distort or bend DNA
or remodel the chromatin in other promoters, including the murine topo Ilo. promoter
(Ronchi et al., 1995; Coustry et al., 2001; Liberati et al., 1998; Korner & Muller,
2000; Liet al., 1998), it is possible that this transcription factor has a similar role at the
human topo Ila promoter. Spl is normally considered to be an activator while Sp3 can
act as a repressor or an activator depending on promoter context (Parnaik, 1999;
Suske, 1999; Lania et al., 1997). Interactions between Spl, Sp3 and NF-Y have also
been demonstrated on other promoters (Magan, 2002; Roder et al., 1997; Bigger et
al,, 1997; Tsai et al., 1999; Liang et al., 2001; Inoue et al., 1999).
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Investigation into the basal regulation of the human topo Ila promoter has shown that
NF-Y may act as an activator at ICB1 and a repressor at ICB2; Spl acts as an
activator, and Spl and Sp3 can bind to GC1 and GC2; NF-Y bound at ICB1 is likely
to interact with Sp1 bound at GC1 (Magan, 2002) and ICB3 and ICB4 can also bind
NF-Y but the functional significance of these interactions is unknown. It has been
shown that NF-Y is likely to act as a repressor at ICB3 (Morgan & Beck, 2001) and
Sp3 has been implicated as a potential repressor or activator of the topo Ila promoter

in various resistant cell lines (Kubo et al., 1995; Mo et al., 1997).

Transcriptional regulation can be a complex process, with a number of factors
contributing to the overall outcome. Such complex regulation is likely to be the case
for the topo Ila promoter. While it may be possible that the alterations to NF-Y, Spl
and Sp3 in the surviving cell lines may be unrelated to the alterations in topo Ila
regulation seen, this seems unlikely given the current understanding of topo Ila
promoter regulation. In the model described below for topo Ila regulation, NF-Y acts
to modulate the activity of Sp1 and Sp3, with these transcription factors determining

whether activation or repression results.

In this model, during basal transcription, NF-Y is bound at ICB1 and Spl at GC1 in a
tight complex. This interaction between NF-Y and Spl may enhance DNA binding
and/or transactivation possibly through the direct interaction between these factors and
the transcriptional machinery or due to NF-Y-induced perturbations of the chromatin

structure. As Spl1 is tightly bound at GC1, Sp3 cannot bind (figure 7.1 (a)).

Upon an increase in NF-Y levels, NF-Y can now bind to the lower affinity binding site
ICB2. A possible consequence of this binding may be the disruption of the NF-Y/Spl
complex downstream of ICB2. The binding of the complex to DNA or the ability to
transactivate may be affected and consequently have an inhibitory effect on
transcription (figure 7.1 (b)). It has been proposed that NF-Y also acts as a repressor
at ICB3 (Morgan & Beck, 2001), and therefore the binding of NF-Y to any sites

upstream of ICB1 may have an additional inhibitory effect.
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If Sp1 bound at GC1 is required for the high affinity binding of NF-Y to ICB1, then a
subsequent reduction in the cellular levels of Spl may inhibit the assembly and DNA
binding of the NF-Y/Spl complex and so further inhibit promoter activity. An
enhancement of NF-Y binding to ICB2 may occur. A consequence of the reduced
amount or disruption to DNA binding of the NF-Y/Spl complex, may be that the
putative repressor Sp3 is now be able to compete with Spl for binding to GCI (figure
7.1 (¢)). In this model a reduction to the amounts in Sp3 alone would have little effect

on promoter activity.

Another possibility is that DNA looping occurs facilitated by Spl proteins
(Mastrangelo ef al., 1991) bound to the two GC elements, although such an interaction
has yet to be described for the topo Ila promoter. The modulation of the amounts or
activity of Spl could cause alterations in the looping and subsequent protein-protein

interactions and as such may have an effect upon transcription.

This model may explain the observations in the frozen cell lines that no longer showed
decreased amounts of topo Ilo protein after being thawed. In those cell lines that had
previously shown increased NF-YA and decreased Sp1 protein, the relative amount of
NF-YA returned to control levels, while the Spl levels had doubled to be
approximately half the control levels. In these cell lines, the levels of Sp3 were also

increased.

Reduction in the amounts of NF-Y may result in decreased binding of NF-Y to ICB2.
This would prevent the disruption of the complex bound at ICB1/GC1 and return topo
Iloe promoter activity to basal levels. If this oc.curred, then the additional increase in the
amounts of Sp1 protein may result in higher levels of Sp1/NF-Y complex and so would
cause the activation of the topo Ila. promoter above basal levels. The maintenance of
the ratios of activators to repressors could be a mechanism to maintain the required

topo Ila levels and prevent over-expression of topo Ilct.
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Figure 7.1. Diagram of the proposed interactions occurring at the topo lla promoter (a) NF-Y is
bound to ICBI and Spl is bound at GC1 under basal conditions (b) Upon the increase in amounts of
NF-Y, NF-Y now binds to ICB2 causing a disruption of the Spl/NF-Y complex downstream. This
disruption may reduce DNA binding and so allow Sp3 to compete for binding to GCI (c) The
reduction in the amounts of Spl would further reduce the Spl/NF-Y complex binding to GC1/ICBI,
further inhibiting promoter activity. Sp3 may now to bind to GC1 without competition.
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The cell type- or drug-specific modifications to NF-Y, Spl or Sp3 DNA binding or
transcriptional activity, either through direct modulation of the factors themselves or
the modulation of regulatory factors, may ultimately determine whether activation or
repression of the topo Ila promoter activity occurs. This may be the basis of the cell
type difference seen. For example if NF-Y was modified in MCF-7 cells to bind to
ICB1 but not ICB2, then an enhancement of NF-Y levels could cause promoter
activation rather than repression. While such modifications or regulatory factors are as
yet unknown, the following summary outlines the potential candidates or regulatory
pathways that may have roles in the cell type- or drug-specific regulation of the topo

Il promoter during or after drug exposure.

7.3 Potential role of other transcription factors in the modulation of the topo Ila

promoter during or after drug exposure

A number of putative transcription factor binding sites have been identified in the topo
Ila promoter sequence. These factors have previously been shown to be involved in
doxorubicin resistance or have been modified upon drug exposure and so may have
potential roles in the modulation of the topo Ila promoter during or after drug
exposure. The analysis of the topo Il promoter sequence, using the GCG Tfsites
database (University of Wisconsin Genetics Computer Group) and the TRANSFAC
Version 4.0 database (Wingender et al., 2000), has identified binding sites for such
transcription factors in the topo Ila promoter including YB-1, Egr-1, NF-xB, AP-1
and ATF (figure 7.2).

A range of transcription factors has been proposed to be involved in the response to
specific anticancer drugs although only limited research has been performed connecting
these proteins and drug-induced signaling pathways. The production of reactive
oxygen species by doxorubicin metabolism is thought to be a major inducer of the
levels or activity of transcription factors like Egr-1 and NF-kB, while the ATF/AP-1
family may have roles in the regulation of genes upon doxorubicin exposure. Table 7.1
shows examples of transcription factors that have been shown to be modulated upon

exposure to doxorubicin. Each of these has the potential to interact with the topo Ila
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promoter and modulate expression (Bargou et al., 1997, Shibao et al., 1999, Arai et
al., 2000; Maestre et al., 2001; Bottero et al., 2001; Daschner et al., 1999; Hai &

Hartman, 2001) and are therefore candidates for future research.

7.4 Potential cell type-specific modulators of topo Ila expression between the MDA-
MB-231 and MCF-7 cell lines

The MDA-MB-231 and MCF-7 cell lines differ in ER and p53 status. The presence of
wild type p53 enhanced doxorubicin sensitivity (Hochhauser et al., 1999, Seth et al.,
1997), while estrogen responsiveness enhanced doxorubicin resistance (Teixeira et al.,
1995; Zampieri et al., 2002). Both of these mechanisms may modulate resistance or
topo Iloe promoter activity and may explain why a majority of the MDA-MB-231-
derived cell lines had decreased amounts of topo Ila while the MCF-7-derived cell

lines did not.

There is evidence that mutant forms of p53 can have roles in the regulation of gene
expression even if the protein can no longer bind to DNA. While a p5S3 mutant protein
may not be able to bind to DNA but may still be able to interact with other factors e.g.
Spl (Torgeman et al., 2001) and Ets (Sampath efal., 2001). In the topo Ila. promoter,
putative Ets-like binding sites have been identified at -34 (near to GC1) and -467
(between the putative CREB/AP-1/ATF site and GC2) (figure 7.2). The possibility
exists that the mutant pS3 may have a role in modulating topo Ila transcription by
either interacting with Sp1 and/or NF-Y or by directly binding to the Ets protein bound
at -34 (if this site is shown to be functional) and then interacting with the nearby
Sp1/NF-Y complex. ER has been shown to interact with Sp1 and NF-Y (Saville et al,,
2000; Farsetti et al., 2001) and so ER may bind to either or both factors and modulate

transcription.
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Putative transcription factor sites identified in the topo Ilo. promoter

. — 5
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GC2 ICBS ICB4 ATF ICB3 ICB2 ICBI GClI

Element Site

myb 9 . Putative AP-1, 2 or 4 sites . Putative Egr-1 site
myc/max -23

GC -43, -553 @ Putative PEA3 (Ets) sites @ rutative YB-1 site
ICB -63, -103, -170, -254, -384

PEA3 -34, -467, -1706 @ rutative CREB site @ rutative HSF site
AP-1 -70, -162, 219, -449, -865, -1538

AP-2 -323, -640, -870, -2008 O Putative CCAAT site @ Putative NF-kB site
AP-4 -138

NF-«B -952, -2001 Putative ATF site @ Putativeps3site
CCAAT -637

CREB 219, -449

ATF -219, -449

GRE -422

Figure 7.2. Diagram of the putative transcription factor binding sites identified by the GCG Tfsites database (University of Wisconsin Genetics Computer
Group) and the TRANSFAC Version 4.0 database (Wingender et al.. 2000) in the initial 1000 bp of the human topo Il a promoter.
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Transcription Role Binding sequence | Upon drug exposure or Pathway or Reference
factor (¢'=3) in resistant cells mediator
NF-Y Ubiquitous transcription factor ICB box 4 NF-Y binding in dox® ? Wang et al. (1997a)
multiple myeloma cells
Spl Ubiquitous transcription factor GC-rich sequence | T Spl in dox® HL-60 ? Borellini et al. (1990)
from Sp family cells
Sp3 Ubiquitous transcription factor GC-rich sequence | { Sp3 in mer® CEM ? Mo et al. (1997)
from Sp family cells
1 Sp3 in VP-16® and ? Kubo et al. (1995)
VM-24* KB cells
YB-1 Induced after environmental stress | Y box Nuclear localization in ? Bargou et al. (1997)
and cell proliferation ICB dox® MCF-7 cells
CTGATTGG
Egr-1 Induced by stimuli that promotes GCGGGGGCG (+) dox p44/p42 MAPK | Gashler & Sukhatme (1995)
oxidative stress e.g. tissue injury/ GAGGGGGCG 1 Egr-1 levels Hy0, Nose & Ohba (1996)
mitogens Saadane et al. (2001)
Arai et al. (2000)
Huang et al. (1997)
NF-xB Induced as a stress response GGGAATTCT (+dox / +2-AAF) double-stranded | Maestre et al. (2001)
Degradation of IxB DNA breaks/ Bottero et al. (2001)
repressor, nuclear membrane Lin et al. (1998)
localization of NF-xB interaction Kuo et al. (2002)
PI3K
ATF Induced as a stress response ATF element (+) dox JNK/SAPK Hai & Hartman (2001)
T ATF3
AP-1 Mediator of stress response TGAGTCA dox® MCF-7 cells ? Daschner e al. (1999)
pathways, found as a c-fos/c-jun T cfos
heterodimer 1 c-jun

Table 7.1. Examples of transcription factors modulated either after doxorubicin exposure or in doxorubicin-resistant cell lines
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In summary, in the cell lines isolated, alterations to Sp1 and/or NF-Y A were observed,
with differences between the MDA-MB-231 and MCF-7 cell lines. As well as NF-Y
and Spl or Sp3, the topo Ila promoter contains a number of putative sites for
transcription factors known to be modulated after drug exposure and so may be
potential candidates for investigation. This current study provides preliminary data
indicating potential roles of specific transcription factors in topo Ilo expression. A
number of experiments need to be performed to confirm and extend the results of this

research.

7.5 Signaling pathways activated by doxorubicin

It has been shown that a number of signaling pathways have been activated by
doxorubicin, or found to be up-regulated in specific resistant cell lines and which may
modulate transcription factors previously mentioned. These include the JNK/SAPK,
ERK (p44/42), p38 (Osborn & Chambers, 1996; Herr et al., 1997, Herr et al., 1999,
Arai et al., 2000) and PKA pathways (Scala et al., 1995; Glazer & Rohlff, 1994)
(figure 7.3).

Increased PKC activity or differential expression of PKC isoforms have been seen in
doxorubicin-resistant MCF-7, HL-60 and fibrosarcoma cells (O'Brian et al., 1989,
McClean & Hill, 1992; Davies et al., 1996). The PKC-mediated signal transduction
pathway was implicated in the nuclear translocation of YB-1, a potential modulator

(Koike et al., 1997).

HER2 (neu/Erb-B2) is a 185 kDa transmembrane glycoprotein which has proposed
roles in events like cellular differentiation. HER-2 is part of a closely related growth
factor receptor family which includes EGFR, HER3 and HER4. The ligand-mediated
homo- or heterodimerization of family members results in the phosphorylation of
specific receptor tyrosine residues which can act as docking sites for various signaling
molecules including Ras (Kaptain et al., 2001; Clynes et al., 1998; Hutchinson &
Muller, 2000; Bange ef al., 2001).
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Examples of signaling pathways activated after doxorubicin exposure or in drug-
resistant cell lines

Ras
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Figure 7.3. Simplified diagram of the MAPK, PKA and PKC-mediated signaling pathways that have
proposed roles in drug exposure or drug resistance (adapted from Tamura et al., 2002 ; Kyriakis et
al., 2001; English et al., 2002; Dorn et al., 2002).
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This family of receptors has been implicated in topo Ila regulation and drug sensitivity.
Increased EGFR was seen in doxorubicin-resistant MCF-7 cells and after doxorubicin
exposure (Rohlff & Glazer, 1995). While Harris et al. (1998), Harris et al. (2001) and
Lupu et al. (1996) showed that the activation or up-regulation of HER2 enhanced
topo Il promoter activity and doxorubicin sensitivity. In agreement with these results,
the MEK/ERK and SEK/SAPK pathways have been proposed to mediate the Ras-
induced stimulation of the human topo Ilot promoter through the putative Ets-like site

at -467 (Chen et al., 1999).

A potential connection between these signaling pathways and the transcription factors
identified through this current study can be seen. It has been shown that Spl can be
phosphorylated by a wide variety of signaling pathways (Zheng et al., 2000, Rohlff et
al., 1997, Noé et al., 2001; Pal et al., 1998; Liu et al, 2001, Ma et al., 2001,
Ammstrong et al., 1997, Chupreta et al., 2000).

Phosphorylation has a number of effects on Spl including increased protein turnover
(Mortensen et al., 1997) and increased or decreased DNA binding (Zheng et al., 2000,
Rohlff et al., 1997, No€ et al., 2001, Chupreta et al., 2000, Compe et al., 2001).

Other more general effects of doxorubicin exposure include alterations to DNA
methylation status and chromatin structure (Tada et al., 2000; Kusaba et al., 1999),
down-regulation of components of RNA polymerase II (Fanciulli ez al., 1996; Fanciulli

etal., 1998; Bruno et al., 1998) and gene-specific damage (Clary et al., 1998).

7.6 Future directions

The experiments described in this thesis show that the use of stable cell lines containing
topo Ila reporter constructs to identify the regions of the promoter involved in
regulation after drug exposure was not a valid approach. Instead, investigating

endogenous topo Ila regulation should provide meaningful data.
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This work and that of others has implicated the transcription factors NF-Y, Spl and
Sp3 in topo Ila. gene expression. A number of experiments could be performed to
define the roles of these factors in topo Ila gene regulation during and after drug
exposure. The in vivo interaction between these proteins and the topo Ilot promoter
could be investigated. A comparison between the in vivo footprints of the topo Ila
promoter between the control and drug-exposed cells would confirm the relative
importance of specific ICB and GC elements in transcriptional regulation. This method
could be used to provide evidence of the proposed model ; if correct the increased
binding of proteins to ICB2 and decreased binding to ICB1 and GC1 should be
detectable. Differences in the cell type-specific binding of factors to specific promoter
elements may be observed, as would changes to binding at other promoter elements.
This may identify new candidates for topo Ila. gene regulation and provide more
definitive information concerning the signaling pathways involved. Chromatin
immunoprecipitation assays could also be used to identify the DNA targets of Sp1, Sp3
and NF-Y. Any protein/DNA binding interactions could be confirmed in vitro using
EMSA or reporter gene assays. It may also be important to assess mMRNA and protein

turnover.

Alterations to topo Ila catalytic activity may be determined by measuring topo II-
mediated unknotting of P4 bacteriophage DNA or the decatenation of kinetoplast
DNA from Trypanosoma or Crithidia fasciculata (Boege, 1996). Topo II-mediated
cleavage complexes can be detected through the covalent attachment of the topo II
protein to the DNA. The selective binding of topo II-DNA complex to nitrocellulose,
or the inability of such complexes to enter a SDS-PAGE gel are the basis of the filter
elution and immunoblot depletion assays respectively (Boege, 1996). To detect gene-
specific DNA damage, stop-assay PCR can be used. In this method, the inability of
promoter-spanning primers to amplify PCR products is used as a measure of DNA

damage (Clary et al., 1998).
One significant difficulty of this research was the transient nature of the alterations to
both topo Ila and putative transcription factors. The study of drug-exposed cells over

shorter time courses may be a more tenable approach. Changes in gene expression
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occurring immediately after drug exposure prior to the development of resistance may
provide more useful insights into the mechanism involved in drug resistance. This
approach may also yield new candidates for study. As the surviving cell lines did not
show consistent changes in topo Il expression, it is extremely likely that alternative
mechanisms are involved in the drug resistant phenotype. It will be important to use
both genomic and proteomic approaches to ensure both transcriptional and post-
transcriptional mechanisms are investigated. Once candidate genes are identified a

series of functional assays can be devised to confirm a role in drug resistance.

7.7 Conclusion

The research described in this thesis provides the starting point to investigate the
regulation of a gene that may have a crucial effect on the action of many anticancer
drugs. An understanding of the regulation of topo Il gene expression during drug
exposure may provide novel targets for pharmaceutical intervention that prevent
down-regulation of the gene, or cause the up-regulation of the gene; both of these
events should enhance chemosensitivity of cancer cells and drug cytotoxicity. The
development of such specific drugs would be highly beneficial in the treatment of

cancer and as such is an exciting and worthwhile area of research.
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Appendix 1. Literature review of the basal transcription of the topo Il promoter in different cell lines

Promoter This study | Hochhauser NIH3T3 Wang et al. Loflin ef al. Furukawa et al. Morgan and Takano ef al.
elements MCF-7 breast | et al. (1992) | Chenet al. (1997b) (1996) K562 (1998) Beck (2001) (1999)
contained cancer cell | HeLa (human | (1999) BALB/c p53 -/- (human T24 (human CEM (human KB (human
line cervical) (murine (murine embryo erythro- transitional leukemia) epithelial)
fibroblast) fibroblast) leukemia) urinary cancer)
5' GC2 106% (-1964) | 35% (-2400) - - 75% (-2400) - - -
72% (-1200) 34% (-1200)
GC2 » 100% (-617) - - = = - - R
(-562)
ICBS > - 100% (-557) | 100% (-557) 100% (-557) 100% (-557) - 100% (-557) -
(-385)
ICB4 > - 97% (-295) 133% (-382) 85% (-382) 282% (-295) 100% (-295) 63% (-382) 100% (-295)
(-259)
ATF > - - 123% (-252) 55% (-252) - - 18% (-252) -
(-226)
ICB3 > - - 150% (-182) 31% (-182) - 91% (-197) 36% (-182) 100% (-197)
(-175)
ICB2 > 17% (-144) - 50% (-162) 6.3% (-162) - 40% (-154) 21% (-162) 85% (-154)
(-108) 3.4% (-142)
48% (-122) 2.5% (-122)
ICB1 » 3.6% (-101) 58% (-90) - 2% (-90) 11.7% (-90) 9% (-94) 2% (-90) 25% (-74)
(-68)
GCl1 1.5% (-56) - - E = = - -
(51
myc/max — - 4.8% (-32) 8.3%(-32) 0.4% (-32) 16% (-32) - - -
(-29)
Myb — - - - - - 1.6% (-20) - 10% (-20)
(-16)
- 4.9% (-2) - - 1.5% (-2) - - -

Appendix 1. Summary of the results from published transient transfection experiments. In most cases the value of the -617 or -557 construct was
arbitrarily valued at 100% with the rest of the values compared to this. The 5' end of the construct is stated in the () relative to the tsp. The first column
states the promoter elements contained within the construct i.e. ICB1-» contains ICB1, GCI, myc/max and the Myb element, with the exact position of
the element in promoter.
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Appendix 2. Table of the mechanisms of drug action and resistance mechanisms

Drug Class Drug Mechanisms Major In vitro resistance
mechanism
Doxorubicin (dox) Anthracyclines Topo 1I poison Topo II
(Adriamycin) DNA intercalation MDRI1
Production of free radicals | MRP1
Others anthracyclines Induction of apoptosis GST/GSH
include Membrane modulation
Idarubicin (ida) Inhibition of DNA
Daunorubicin (dau) polymerase, RNA
polymerase, DNA helicase
Mitoxantrone (mito) Anthracenedione Topo II intercalative poison | Topo II, MDR1, MRP1
Induce apoptosis GSH
9-OH-ellipticine Ellipticines Topo 11 intercalative poison | Topo II
mAMSA (amsacrine) | Aminoacridines Topo II intercalative poison | Topo II
Etoposide (VP-16) Epipodophyllotoxins Topo II poison - non-| Topo II, MDRI, MRP1
Teniposide (VM-26) intercalator GST
Induce apoptosis
ICRF8/159/187 Bisdioxopiperazines Topo II catalytic inhibitor | Topo II
Merbarone (mer) Barbiturate derivative Topo 11 catalytic inhibitor Topo 11
Paclitaxel (pac) Taxanes promotes microtubule (MT) | MDRI1
(Taxol) assembly/ inhibits MT | altered o/f tubulin
disassembly structure, change in tubulin
Induce apoptosis levels or polymerization
Melphalan (mel) Alkylating agent DNA crosslinks GSH, DNA repair
metallothionein
Cisplatin (cis) Platinum derivative DNA inter/intracalator GSH
Production of free radicals | metallothioein
DNA repair enzymes
Thymidylate synthase

(adapted from (Naito et al., 1999 ; Kerr, 1996 ; van der Zee et al., 1995 ; Volm, 1998 ; Arts
etal., 2000 ; Andoh & Ishida, 1998).

al. (1998).
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Appendix 3. Examples of drug resistant cell lines which have shown changes in the amounts of topo Ila or topo II3

Topo Il poisons (intercalators) - Anthracyclines Topo II poisons (non intercalators) - Epipodophyllotoxins

cell type drug topo Ila topo IIf reference CHL VP-16 4 (P) < (P) Hashimoto et al. (1995)
MES-SA sarcoma dox { (R/P) © (R/P) | Beketic-Oreskovic et al. (1995) CEM D L@ L (P Latfi et al. (2001)
MCF-7 0 { (R) n/a Wosikowski et al. (1997) KB epidermoid " Y(R) n/a Kubo et al. (1995)
small cell lung E { (R/P) n/a Withoff et al. (1994) MES-SA sarcoma " {(R) I (R) Jaffrezou etal. (1994)
cancer melanoma g { (R/P) 4 (R/P) Lage et al. (2000)
stomac}h " {1 (P) © (P) Son et al. (1998) MDA-MB-231 g Y(R) n/a Matsumoto et al. (1997) ; Asano
adenocarcinoma et al. (1996b) ; Zhou et al.
renal " T (R) n/a Yu et al. (2000) (1999b)
multiple myeloma i 1 (R) n/a Wang et al. (1997a) EAT cells @ ¥ (P) Vv (P) Nielsen et al. (2000a)
murine " {1 (R/P) { (R/P) Modrak et al. (1997) Human glioma " { (R/P) n/a Matsumoto et al. (1999)
erythroleukemic . K562 D J(R) o [R) Melixetian et al. (2000)
K562 ida AP (P) + (P) Zhou et al. (1999b) U-937 0 7 (R/P) © (R/P) Saleem et al. (1997)
" " +(P) n/a Locke et al. (1999) monoblastic
leukemia

Topo II poisons - other intercalactors

TopoII catalytic inhibitors
HL-60 m-AMSA n/a d (R/P) Herzog et al. (1998)
myeloma RPMI mito ) () Hazelhurst et al. (1999) | CEM mer 3 (P) T (P) Kusumoto et al. (1996)
8226 u z +(R) n/a Mo et al. (1997)
K362 i +(P) v (P) Zhou et al. (1999b) CEM leukemic | ICRF-187 T ®R/P) n/a Morgan et al. (2000)
HL-60 g J(R) {(R) Harker et al. (1995) small cell lung " ) o (P) Wessel et al. (1999)
Gastric " 4 (P) n/a Kellner et al. (1997) cancer
EAT cells g {(P) (P Nielsen et al. (2000b) CHL cells topo II o (RP) 4 (RP) Le Mee et al,, 2000)
Chinese hamster 9-OH- W(R/P) J (R/P) Khelifa et al. (1999) inhibitor
lung (CHL) ellipticine
Chinese hamster " n/a 1(P) Dereuddre e al. (1995)
ovary (CHO) Dereuddre et al. (1997) Other drugs
cervical cis TP n/a Minagawa et al. (1997)
Alkylating agents ovarian " T® n/a Minagawa et al. (1997)
" emcitabine n/a Ber; et al. (2000
HL-60 mel T @) n/a Pu & Bezwoda (1999) . 2R = =
lymphocytic cells " 1 (P) () Pu & Bezwoda (2000)

Appendix 3. Examples of the changes to topo Ila or topo II3 mRNA (R ) or protein (P) in a range of drug-resistant cell lines. «» no change, T increase ¥
decrease dox = doxorubicin, ida = idarubicin, mito = mitoxantrone, mel = melphalan, VP-16 = etoposide, mer = merbarone, cis = cisplatin.
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Appendix 4. Summary of the primers used in RT-PCR and real time RT-PCR

mRNA Primer Position PCR Accession | Diagnostic digest PCR Tm Reference
product no (approx. size of Efficiency | (%GC)
size. products) (MgCly)
topo Il sense 5' GTAGCAATAATCTAAACCTCT 3' nt 2367-2377 | 430 bp J04088 Dde 1 1.98 85.5°C | Lohri et al.
* anti 5' GGTTGTAGAATTAAGAATAGC 3' nt 2775-2797 330 + 100 bp (4 mM) (42%) | (1997)
hGH sense 5' TTTGGCCTGCTCTGCCTG 3' nt 37-54 409 bp E00141 Pvu Il 1.95 90.0°C =
anti 5' GTTTGGATGCCTTCCTCTAGGTC 3' nt 423-446 110 +290 bp 4 mM) (54%)
1.81
(3 mM)
GAPDH s 5 CGGGAAGCTTGTGATCAATGG 3' nt 252-272 357 bp M33197 Neo 1 1.80 90.0°C | Beckeral.
a 5' GGCAGTGATGGCATGGACTG 3' nt 590-609 120 + 230 bp (3 mM) (54%) | (1995)
18S rRNA | for 5' CGAAGACGATCAGATACCG 3' nt 1047-1066 | 456 bp X03205 Dde 1 2.04 90.0°C =
rev 5' GGCATCACAGACCTGTT 3' nt 1487-1503 290 +110 +50bp | (3 mM) (55%)
1.87
(4 mM)
o-globin sense ' GACCTGCACGCGCACAAGCTTC 3' nt 294-317 105 bp V00493 Dde 1 1.97 91.0°C -
anti 5' CGCAGGGGTGAACTCGGCGG 3' nt 382-399 50 + 55 bp (4 mM) (65%)
topo IIf for 5' AGCGTAGGCTACATGG 3' nt 2069-2084 | 495 bp X68060 Dde 1 1.46 85.0°C
rev. 5 CAGGCTCTACACGTTG 3' nt 2548-2563 100 + 400 bp (3 mM) (40%)
MRPI sense 5' ATCAAGACCGCTGTCATTGG 3' nt 1379-1398 | 181 bp LO5628 Dde 1 2.04 89.0°C | Kim et al.
anti 5 GAGCAAGGATGACTTGCAGG 3' nt 1538-1559 110 + 70 bp (3 mM) (53%) | (1996)
MDRI1 sense 5' CTGGTGTTTGGAGAAATGACAG 3' nt 632-653 400 bp G187468 Pvu 1l - - Futscher et
anti 5' CCCAGTGAAAAATGTTGCCATTGAC 3' | nt 1009-1033 210 + 190 bp al. (1993)
MDR3 sense 5' GCTGTTTTCCACCACAATTG 3' nt 1473-1494 | 647 bp M23234 Hinc 11 - - -
anti_5' CTGTGACCACCGTGTAAAC 3' nt 2101-2120 260 + 390 bp
GAPDH sense 5' GTCATGGGTGTGAACCATGAG 3' nt 455-475 469 bp M33197 Xbal - - -
anti_ 5 GACAACTTCAGTCTCCTCTGGT 3' nt 903-924 350 + 120 bp

Appendix 4. Table of the primers used in the RT-PCR and real time RT-PCR reactions in this current study. The MRPI primers were used in both reactions,
the topo Ila, 18S rRNA, a-globin, GAPDH (s/a) and topo 113 were used for real time RT-PCR reactions, while MDRI, MDR3 and GAPDH (sense/anti) were
used for RT-PCR reactions. * these primers were designed to avoid the alternate splice sites between exon 8 - 11 (Petruti-Mot et al., 2000).
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Appendix 5. An example of a PCR "standard curve" used to determine the PCR
efficiency of the PCR reaction in a real time RT-PCR experiment

(a)
Example of a standard curve - alpha globin 3 mM MgCl,
27 - L
\\
.
‘\\..
Cycle n N Slope -3.550
N
number \.__\\ Efficiency = 10x™13:5%0
* =191
25- ™~
S,
e
24- \'“\\\
\\.
.
2 1 U U 1 U U 1 U 1 1 1 1 i 1 1 ‘ 1 ¥ 1 1
30 20 28 -27 26 .25 24 23 22 24 20 190 18 -17 18 45 -14 13 12 14 10
Log concentration
(b)
cell line 18S rRNA | 18SrRNA | topo Il (T) topo Ila ratio (T/18s)
cross-over | "concentration" | cycle no "concentration”
cycle no
standard curve - - 29.73 0.05* -
control
MDA144 27.93 0.175 25.88 0.723 4.14 (100%)
control
D2 2791 0.177 26.54 0.456 2.58 (62%)

Appendix 5. (a) The graph of log concentration vs. cycle number for the alpha globin primer set
(b) Example of data from a real time RT-PCR experiment. The standard curve control was
arbitrarily valued at 0.05* (the dilution factor of the sample and the "value” from the standard

curve).
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Appendix 6. Diagram of the vectors used in this study

fl on

@) i T— Nhe I
X

opo lla promoter fragment

T
pGL3-Basic
orl

Bgl 11
luciferase gene

lacZ o Topo 1o promoter fragment

(b) y
f1 on
/ Bam HI
pHGH
AmpR
hGH gene
(c) pBR322 ori MMTV-LTR promoter
Amph
SV40 promoter
pMAMNeo

(8.4 kb)
NeoR
é\r’40

Appendix 6. Diagrams of (a) pGL3Basic. (b) pHGH and (c) pMAMNeo
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(a)

-2021
-1971
-1921
-1871
-1821
-1771
-1721
-1671

-1621

-1571
-1521
-1471
-1421
-1371
-1321
-1271
-1221
-1171
-1121
-1071
-1021
-971

-921

-871

-821

=771

-721

Appendix 7. The sequence of the human topo Tla promoter
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CTGCAGCCCG GGGGATCCAC TAGTTCTAGA GACACACTGT GGTTATGTAA
CAATGGTTGA  CCTCTGGTTT  CTTTTAGAAG  AAGAAAAAAA  AAATTACACC
-1861
CACAATTGTC  ACACCAGCCT  AAGGAAAATT  CCTGCTACCT  AATACTGTCA
—>
GCCCACTGTT  TACCTTACAC  TTCTCTCATG  TAACCCTCAC  ACTACTCTGA
GATCATAGTT  AATTATTCTT TTTAGGAGAG GAAACGGAAG  CACCGAGAGG
G
CTTCCTCCAT  CGAAATGACA  CGAATGGCAA  ATTGCTGAGT  TGGGACTGAJ
-1651 seq
ACCCAGGTAG AGGAAGGAAG  CAATGAATGG  AAAGAGGTGG  CTCAGCTGGA
ATTAGTAGGC  ACTCAAATTG  TGCAGTTTTT  TTTTTCTGGC  TTCTTGTAAG
GGTAATAACT TTGTTTAATC  CACTCAAACA  TTTATATGTA  AGAGTAATTT
B 1463
TAAAACTTCA GTCTTCGCCG GGCACAGTGA CTCACACCTG TATCCCAGCA
CTTTGAGAGG CTGAGGCGGG  CAGATCACTT  GAGGTCAGAA  GTTTGAAACC
AT
BAcBreGTcA ACATGGCAAA  ACCCTGTCTC — TACTAAAAAA  ATACAAAAAT
TAGCCAGGCG  TGGTGGCAGG  CGCCTGTAAT  TCTAGCTACA  CGGGAGGCTG
AGGCAGGAGA  ATCGCTTGAA  CCCGCGAGGT  GAAGGTTGCA  GTGAGCCTAG
ATCGCGCCAT  TGCACTCCAG  CCTGGGCGAC  AGAGTGAGAT  TCCATCTCAA
-1163
AAAAAAAAAA  AAGCAACAAA  AAAACAAGCA  AACAAAAAAG  CTTCAGTCTT
.
GGCATTTCCT __ TGTCAAATTG __ GAACAGCTGT  TCTGGACTGC  AGGGTTCACG
-1163 rev seq
GAGGTGAGCA  AAACTAGCCA  GTCGGAGGGT  ATCTGGCCAG  CTGGCTGCGG
AAAAGGTTTC  AGCCCCGGAC  GGCTGAGCCC  ACCCTCAGCT  CAAGAGGCTA
‘ -1163 in rev seq
CCACCACAAG  TTATCCCTTT  CGATTTACCA  GTTGCAGTCC  AGCGCTGCTC
TACTGGGGAC  CTGAATGCTG  CCCTCCATTT  TGCAAAGCCT  TTCTACATCC
C
TTCCACTATA  TGGAACCCCC  AAACCACAAC  TGIGGCACTT  TTATTTTAAT
-894
TATTTTTATT  ATTTATTTAT  TTATGTATTT ATCTCTTGAG  GTGGCCTCGC
TCTGTCACTC AgGC%GGAGT GCAGTGGAGC  AATCACGGTT  CAAGGCGCCT
) -894 rev seq
CGATCTCCGA  TCCCCGGGGC  TCAAGCGATC  CTCCCTCCTC  AGCCTCCGGA
GCTGGAGTTA  CAGGTGTGCG  ATGCCTCGCC  TGGCTATTTT  TTTTCCTTTT
TGGGTAGAGA  CGGGGTCTCG  CTATGTTGCC  CAGGCTGGTC  TCCAACTCCT



-671

-621

-571

-521

-471

-421

-371

-321

-271

=221

-171

-121

-71

-21

+31

+81

+131

+181

+231

+281

AGGCTCCAGC  GATCCTCCCG  CCTCGGCCTC ~ CCAATGTGCT — GCGAATACAG
» T617 seq
» -617T seq
ACTCCAGCCA  CCGCACACAG ~ CCTACTTTTA  TTTCTTTGAA  AAATGAATTC
GC2
GAGGGTAAAG TGAGGCAGAT  GCCAGAATCT  GTTCGCTTCA
ACCAAGCAGC  CAGGCTGCCT  GTCCAGAAAG  CCGGCACTCA  GTTTCCTCAG
GAAAACGAAG ~ CTAAGGCTCC ~ CATTCCCCTC  GCTAACAACG  TCAGAACAGA
ICBS -425 rev seq

GGACAGTTTT TadaTTGdCA

CTTTGCTTTT  CTCCTGCACA  CTTTTGCCTC  AGGCCACCCC
TTCCCGCTTC  CAAAGCCCAT  CTCTTCCAAG  CTTTCCGCAC  GAGAAAACAA

ICB4 ATF
GTGAGCCCTT ~ CTCATTGECC — AGATTCCCTG — TCAATCTCTC cecrafreacd
R seq L ICB3
[cc@reTGeTG  CCTTTTGAAG  CCTCTCTAGT — CCCGCCTCCC raaccrdarg
BdTTTATTCA  AACAAACCCC  GGCCAACTCA — GCCGTTCATA — GGTGGATATA
ICB2
AAAGGCAAGC ~ TACGATTGET TCTTCTGGAC ~ GGAGACGGTG  AGAGCGAGTC
ICBI1 GC1 Myc/max
AGGEATTGEC ~ TGGTCTGCTT @T AAAGGAAGGT  TdAAGTGGHAG
Myb | 1
CTCTCCTBAC _ CGJCGCGCGT — CTGTGGAGAA  GCGGCTTGGT — CGGGGGTGGT
CTCGTGGGGT CCTGCCTGTT  TAGTCGCTTT  CAGGGTTCTT  GAGCCCCTTC
+90 EXON 1
ACGACCGTCA  CCATGGAAGT  GTCACCATTG  CAGGTACGGC  TCGCGGGGGG
ATG-BAM
GACTGGCGGT  GGAGCCTCCG ~ CGCGGCCCGG — GCATCTCTCT — GGCCGCCCGT
GACGGGTGAA  GCTCTGGGGC  TGCGGTCAGG  CCGGCGACCG  GCTTGGGAGC
CCATATTCTC  CATTCCGGTT  CCGGGGTGAT  CGTGGAGAGG  CGGAAGCCCC
topollacodrev

TTCTGGTGCT  AGTAGTGAAG  TATGACCCGG  CTTCCAGGGT  GTCGT
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(b

This study Isaacs et al. (1996)
GC2 GC2
TAAAGGGGGCGGGGT TAAAGGGGCGGGGT
(c)
This study Sng et al. (1999)

(+117) GGCTCGCGGGGGGGACT (+117) GGCAAGGGGGACT

Appendix 7. (a) Summary of the human topo lla promoter as sequenced from genomic DNA in
this study. The primers for both sequencing (seq) and cloning are labeled. The cloning primers
had a Xba I site added to the 5' end while the ATG-BAM had a 5' Bam HI site added. The
position of the differences between the sequence derived in this study and that of Hochhauser,
University of Oxford, unpublished, are highlighted in green. The different nucleotides are shown
in bold. The sequence missing from the GenBank sequence X66794 is highlighted in blue.

Differences between the sequence from this study and (b) Isaacs et al. (1996) (c) Sng et al.
(1999).
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Appendix 8. Putative transcription factors binding sites in the human topo Ila
promoter

Summary of some of the results of the identification of putative transcription factor binding sites found in
the human topo llo promoter using the GCG Tfsites database (University of Wisconsin Genetics

Computer Group) and the TRANSFAC Version 4.0 database (Wingender et al., 2000). (+) in the sense
strand, (-) in the antisense strand.

Factor

AP1

ATF

BARBIE

BRN2

CAAT

CDPCR3HD

C/EBP B

Position

-1422(+)

-1966(+), -1919(-), -1880(-),
-1758(+) -1546(+), -
1545(+/-),-1493(-), -1470(-),
-1215(-), -873(-), -868(+/-),
-437(-), -247(+/-), -228(+),
-169(+),-79(-), +80(-)

-2017(+/-), -1302(-), -879(-),
-812(+), -647(-), -330(-)

-1984(+), -951(-)

-1742(-), -1681(+/-),
-1528(+),-1200(+/-),
-1135(+/-), -1104(-),
-1088(+), -1032(-),
775(-), 638(-), -145(+)

-439(-), -229(+), +78(-)
-1695(+), -604(-), -569(+)

-1820(+), -1751(+), -918(-),
-402(+)

-1751(-), -1698(-), -1607(+),
-1159(+), -525(+), -390(-),
-260(-), -176(-), ~109(-),
-69(-)

-2010(-), -1326(+), -824(+),
-393(+)

-1982(+), -1905(+),
-1865(-), -1773(-) -1717(+),
-1633(+),-1129(+), -997(+),
-985(-), -974(-), -850(+),
-483(-), -478(+), -341(-),
-293(-), -45(+)
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Factor

CETS1P54

CHOP

C-MYB

CP2

CREBP1CJUN

CREBP1

CREB

CREL

DELTAEFI

E2F

E2

E47

E4BP4

ER

Position

-1896(-), -1677(+),
-1382(+), -1108(+), -781(-),
-768(+), 475(+), -389(-),
-324(-), -98(+), +34(-)
-1317(-)

-1347(+), -1051(+), -949(-),
-426(+), -391(+), -19(-)

-1325(-), +13(-)

-1492(-), 436(-)

-1979(-)

-1492(-), 438(-), -436(-),
-230(+), -228(+), -226(+),
+79(-), +81(-)

-1899(-), -1786(-), -1222(+),
-960(-), -386(+)

-1899(+), -1864(+),
-1720(-), -1690(-), -1540(+),
-1493(-), -1474(+), -1348(-),
-1173(-), -1017(+), -886(-),
-763(-), -183(+), -135(-)
-1125(-)

-846(+)

-1542(-), -1203(+/-),
-1202(+), -766(+), -765(+),
-550(+)

-1981(+/-), -1848(+)

-1975(+), -1469(-)



Factor

Ets-1

FREAC2

FREAC4

FREAC7

GATAI

GATA2

GATA3

GATA

GC

GFl1

GKLF

GRE

HFH1

HFH3

Position
-1772(-)
-1869(-), -1614(-), -375(+)
-1869(-)

-923(-), 916(-), -912(-),
-908(-), -900(-), -375(+)

-1536(-), -1147(-), -1065(-),
-1063(-), -897(-), -895(-),
-132(+), -131(+)

-1824(+), -1063(-), -895(-)

-1824(+/-), -1063(-), -895(-),
-412(+), 403(+)

-1533(-), -1148(-), -1066(-),
-898(-), -128(+)

-563(+), -195(-)

-1370(+), -1296(-), -1062(-),
-849(+), -544(+), 421 (-),
-401(-), -262(-), -247(+),
-187(-), -120(-), -80(-)

-1961(-), -1057(-), -743(-),
-572(+), -567(+), -566(+),
469(+), -362(-), -325(-),
-324(-), -306(-), -265(-),
-246(-)

-429(+/-)
-1868(+), -915(+), -372(-)

-1938(-), -1937(-), -1811(+),
-1649(+), -1613(+),
-1600(-), -1437(-), -1273(-),
-1272(-), -1271(-), -1270(-),
-1269(-), -1262(-), -1254(-),
-1246(-), -1242(-), -924(+),
915(+), -911(+),-596(+),
-372(-)

-1939(-), -1938(-), -1868(+),
-1649(+), -1648(+),
-1601(-), -1438(-), -1432(-),
-1274(-),-1273(-), -1272(-),
-1271(-),-1270(-), 1269(-),
-1259(-), -1255(-), -1247(-),
-1243(-)
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Factor

HFH3

HFH8

HNF1

HNF3B

K1

IRF1

[RF2

LMO2COM

LYF1

MYCMAX

MYOD

Position

-924(+),-922(+), -915(+),
-911(+), -907(+), -899(+),
-740(+), -596(+), -373(-),
-167(-)

-1868(+), -1613(+),
-1255(-),-915(+), -913(+),
-907(+), -899(+), -373(-),
+42(+)

-1980(+/-), -1847(-)
-1815(+)

-1939(-), -1938(-), -1879(+),
-1813(4), -1651(+),
-1601(-), -1438(-), -1432(-),
-1274(-), -1273(-), -1272(-),
-1271(-),-1270(-), -1269(-),
-1255(-), -1247(-), -1243(-),
-926(+), -917(+), -913(+),
-909(+), -901(+), -742(+),
-598(+), -373(-), -282(-),
-167(-),+40(+)

453(-), -325(-), -252(-)

-2014(+), -1734(+),
-1533(-), -1384(+), -1062(-),
-1020(+), -815(-), -794(-),
660(-), 647(-), 477(+),
-458(-), 452(-), 406(+),
-324(-), -251(-), -196(-),
-189(-), -74(+)

-1056(-), -732(-)
-1056(-)

-1682(+/-), -1540(-),
-1534(-), -1499(-),
-1201(+/-), -1145(-),
-1137(+/-), -1063(-),
-1046(+), -948 (-), -895(-),
-764(+), -549(+), -129(+),
-33(+)

-1801(+), -645(-), -187(-)
-1499(+), -1070(+)

-1681(+/-), -1540(-),
-1539(+), -1201(+/-),
-1200(+/-), -1137(+),
-1136(+/-), -1045(-),
-947(+), -764(+), -763(-)



Factor

MYOD

MZF1

NF1

NFAT

NRF2

NFxB50

NFxB65

NFxB

NFY

NKX25

NMYC

NRF2

OCTI

PADS

PEA1

PEA3

Position
-548(-)

-2014(+), -1020(+), -811(-),
-443(-)

-1750(+), -1638(+),
-1411(+), -1225(+),
-1147(-), -1141(+), 626(-),
-552(-), -389(+), -340(-),
-259(+), -161(-), -68(+)

-1944(+), -1903(+),
-1796(+),-1699(+), -1220(-),
-1127(+), -733(-), -589(+),
483(-),-476(+), -293(-)

-1685(-), -1376(+), -324 (-)
2011(+)
-1222(+)
2011(+), -1475(-), -960(-)

-1211(-), -1208(-), -1157(+),
646(+), -644(+), -394(-),
-391(-), -264(-), ~261(-),
-180(-), -178(+), -177(-),
-113(-), -110(-), -73(-),
-70(-)

-1854(-), -1814(+), -1812(-),
-1523(-),-1496(-), -936(-),
927(+), -925(-), -346(-),
275(+),-31(+)

-1386(-), -287(-), +26(+)
-1789(+)

-1751(-), -1595(+), -1589(-),
-1292(+), 932(+), 601(+),
-133(9)

-1501(-), -952(-), +23(+)
-1544(-)

-1900(+), -1807(-),
-1793(+), -1771(+),
-1711(+), -1707(+),
-1217(+), -1039(+),
-730(+), -480(+), -473(+),
-39 (+)
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Factor

RFX1

RORAL

RREBI

S8

SOXS

SP1

SREBP1

SRY

STAT

T3R

Position

-1985(+), -1339(-),
-1212(+), 699(-)

-1965(-), -1496(+)

-955(+)

-1937(+), -1818(+),
-1816(-), -1679(+), -1623(-),
-1581(-), -1431(+), -1399(-),
-931(+), -929(-), -922(+)

-1975(+), -1923(+),
-1919(-), -1657(-)

-1097(-), -563(+), -194(-),
-153(+)

-1876(+), -1499(+)
-1976(+), -1920(-), -1658(-),
-1615(-), ~1433(+), 1260(+),
-1252(+), -1244(+), -441(+),
-279(+),-164(+)

-1631(+)

-1495(+)

TAL1ALPHA4E7 -1203(+/-)

TAL1BETA47

-1203(+)

TALIBETAITF2 -1203(+/-)

TAXCREB

TCF11

THIE47

TST1

-1182(+)

-1973(-), -1914(+),
-1875(+), -1847(+),
-1820(+), -1765(-),
-1553(-), -1465(+),
-1210(+), -868(+), -587(-),
-432(+), -242(+), -235(-),
-74(+)

-1966(+), -1644(+),
-1198(+), -1147(+), -544(-),
-257(-)

-1676(+), -1401(-), -931(-),
-600(-), -580(+)



Factor

USF

XFD1

XFD2

ZID

Position

-1538(+), -1498(+),
-1497(+), -1385(+),
-1384(-), -762(-), -285(-),
-226(-), -275(-), -222(-),
-31(-), +27(-),+30(+)

-1980(+/-), -1847(-),
-1589(-)

-1792(+), -1651(-), -1044(-),
-947(+), -402(-),

-385(-), -142(-), -141(-),
-17(+)

-1869(-), 916(-), -912(-),
-908(-), ~900(-)

-1869(-), -923(-), -916(-)
-912(-), -908(-), -373(+)

+62(-)
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Appendix 9. The optimization results for the transient transfection experiments

(a) MCF-7
Incubation 6 hr 18 hr
time
pGL3B617 pCH110 Luciferase B-gal Luciferase B-gal
(relative light (Asos) (relative light (Asos)
units) units)
1 pg 1pg ~6 ~0.2 ~2.5 ~0.20
2 ug 1 g ~6 ~0.2 ~2.0 ~0.15
3 pg 1 pg ~10 ~0.2 ~3.0 ~0.15
3pug 2 pug ~11 ~0.3 ~2.0 ~0.20
(b) MDA-MB-231
Incubation 6 hr 18 hr
time
pGL3B617 pCH110 Luciferase B-gal Luciferase B-gal
(relative light (Agos) (relative light (Asos)
units) units)
1 pg 1 pg ~0.3 ~0.1 ~0.03 ~0.1
2 pg 1 pg ~0.5 ~0.1 ~0.08 ~0.1
3 ug 1 pg ~2 ~0.1 ~0.10 ~0.1
3 ug 2 ug ~1 ~0.15 ~0.15 ~0.1

Appendix 9. The results from (a) MCF-7 and (b) MDA-MB-231 cells transiently transfected
with pGL3B617. In each experiment either 1, 2 or 3 ug of pGL3B617 was co-transfected with
1 or2 ugpCHII0. Afier 6 or 18 hours the cells were washed and incubated for a further 18

hours. The cells were then harvested and the luciferase and [-galactosidase levels
determined.
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Appendix 10. Summary of the results of transient transfection experiments investigating the activity of different topo
lloe promoter constructs in the breast cancer cell lines

The transient transfection of topo Il promoter The transicnt transfection of 10po Lia: promoter
: constructs into MDA-MB-231 cclls
constructs into MCF-7 cclls - .
e 180 . °
120 % relativeto 160
% relativeto 100 pGL3B617 140
pGL3B617T 4 100% 120
100% A 100
80
40 60
20 _— P4 40
0 .__:.:.,____... 4:-'_" B —— SR = . 20 L *an
[ 3 =Ck
-5 - - -1¢
RO = I?I ¢ R g 1964 pGL3B -56 -617 -894 -1163 -1463 -1861 -1964
construc construct
The transient transfection of 1 . ot The transient transfection of topo Il promoter
LAtk S D VR OPOR L PO 1OIC constructs into HeLa cells
constructs into MCF-7 cells 200 .
= v - 180 >
180 l hd 160 e
b s % relative to - ~
T | i botpe |
=100% 100 ar 100 .
80
80
60
60
40 40
20 20 +1 ot
" _‘:"_L__"’ e = — . J O L — L — PR 75 + H
pGL3B -56 -617 -894 -1163 -1463 -1861 -1964 pGL3B -56  -617  -894 -1163 -1463 -1861 -1964
construct construct

Appendix 10. Summary of the transient transfection experiments of topo Ila promoter constructs using MDA-MB-231, MCF-7 and HeLa cell lines. In each
experiment 3 ug of each luciferase reporter construct was co-transfected with 2 ug [-galactosidase reporter vector into each cell line. After 24 hours the

cells were harvested and the luciferase and [galactosidase levels determined. The luciferase levels were normalized to the [-galactosidase levels and the..

PGL3B617 result was arbitrarily set at 100% and the rest of the results compared to this. The average (+ standard deviation) data are shown. Each.
experiment was performed.at least three times and. in triplicates within each experinient. The Student T test (2 tailed) was performed to determine the

statistical significance of these results compared to that of the pGL3B617 construct *** p <0.005, e p > 0.05.
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Appendix 1. Additional immunoblot results for the MDA1964 and MDA 144 cell lines

PLoEeinl G G bR Ly Relative amounts of Hsp70 in MDA9164 and MDA 144 cell

cell lines :
lines
160 . . 200
. 140 . .
% relative 45q % relative I
tocontrol  4og . 2 . . T to control
100%  gg 100% T é L
60 .
40 : pet **
= L nno
control Al A2 BI1 Cl control DI D2 El F1 control Al A2 B1 Cl control D1 D2 El F1
MDA1964 cell lines MDAI144 cell lines MDA1964 cell lines MDA144 cell lines
Proportion of the three Sp3 isoforms in the MD A1964 and
MDA 144 cell lines
- Proportion of the three Sp3 isoforms in the parental cell lines
;‘g ; 15K 80 -
% relative £70 Ka |
oy o 068 K %relative 60 ! O15kDa
Sp3 30 :g T : tototal 40 | 070 kDA
20/ = Sp3 - 63 10n
10/ 20 g
0- s ' 0 | : ! " |

control Al A2 Bl Ct control D1 D2 El F1 MDA 964 MDA44 MCF-7-1964 MCF-7-144

MDA1964 cell lines MDA144 cell lines )
cell line

Appendix | 1. Summary of the immunoblot results using whole cell extracts from MDA 1964 and MDA 144 cell lines. The immunoblots were carried out
as described in figure 4.3. At least three experiments were performed. The p values were calculated by the Student T-test (two-tailed) using Microsoft
Ixcel. -p>0.05. *p < 0.05, * p < 0.0]. **p < 0.001.
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Appendix 12. Additional immunoblot results for the MCF-7-1964 and MCF-7-144 cell lines

Proportion of NF-YAL in MCF-7-1964 and MCF-7-144 cell line Relative amounts of Hsp70 protein in MCF-7-1964 and
MCF-7-144 cell lines
160 ’—
% relative ::2 0
tl(:)g;:"o' 100 % relalivle 20 [ s .
80 to contro 1 °
- 100% g I - B Jj
(]
b P 2 o control Gl G2 control  Hl H2
control Gl G2 control Hl H2
MCF-7-1964 cell lines MCF-7-144 cell lines
MCF-7-1964 cell lines MCEF-7-144 cell lines
Relative proportion of the three Sp3 isoforms in the
MCF-7-1964 and MCF-7-144 cell lines
70 -
£3115 kDa
% relative {70 kDa
to total 68 kDa

Sp3

: o i
control Gl G2 control

MCF-7-1964 cell lincs MCF-7-144 cell lines

Appendix 12. Summary of the immunoblot results using whole cell extracts from MCF-7-1964 and MCF-7-144 cell lines. The immunoblots were carried out
as described in figure 4.3. At least three experiments were performed. The p values were calculated by the Student T-test (two-tailed) using Microsoft Excel.
P> 0.05 % p < 0.05 **p < 0.01. ***p < 0.001.
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Appendix 13. Comparison of the "before" and "after" freezing immunoblot results for the MDA 1964 and MDAI1 44 cell

The relative amounts of topo lla protein before and after
freezing

140 +
% relative 1 |
to control 4og |
=100% g,

o858

control Al A2 BI Cl1  control DI D2

MDA1964 cell lines MDA144 cell lines

The relative amounts of NF-Y A protein before and after
freezing

00
. m kK
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to control 200 I
=100% g . . | - 0 before
» ** | lnaer
o . ot |
a) m
control Al A2 Bl Cl  control DI D2 El Fl1

MDA1964 cell lines MDAI44 cell lines
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0
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to control
100% 0

The relative amounts of Sp| protein before and after
freezing

e
Oafter |
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o
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The relative amounts of Sp3 protein before and after
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¥

[ @before |
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Appendix 13. Summary of the immunoblot results using whole cell extracts from MDA1964 and MDA144 cell lines before and afier freezing. The
immunoblots were carried out as described in figure 4.3. At least three experiments were performed. The p values were calculated by the Student T-test
(two-tailed) using Microsofi Ixxcel -p > 0.05. *p < 0.05. ** p < 0.01, ***p < 0.001.
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Appendix 14. Correlation between the doubling time and the relative
amounts of topo Ila protein for the MDA1964 and MDA144 cell lines.

@) Doubling time vs. topo lla protein levels in the MDA 1964 cell lines
50
°
40 | R e B
Doubling 30 &
time (hr) 20 |
10
0 - - - - -
0 20 40 60 80 100 120
topo Ila protein relative to control = 100%
(b) Doubling time vs. topo Ila protein levels in the MDA 144 cell lines
50
40 PS L 4
Doubling 30 | . ¢
time (hr) 20l
10 +
0 t t f i t
0 20 40 60 80 100 120
topo lla protein relative to control = 100%
(c)
Cell line Correlation
MDA1964 -0.353
MDA144 -0.436

Appendix 14. Scatter graph of doubling time vs. topo Ila protein levels for the (a) MDAI964
and (b) MDA144 cell lines. The control cell line is indicated by a blue dot. (c) The results of
correlation analysis for MDA1964 and MDA 144 cell lines using Microsoft Excel. A correlation
of -1.00 indicates a significant result.
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Appendix 15. The expression of MDR1 and MDR3 mRNA in various cancer cell
lines

@ o)

650
500
400
300

MDRL1 (401 bp)

ladder RT N RT N G RT N G

CaCO-2 MDA-MB-231 MCEF-7

(b)
650 —

500 —
400 —;

300 —,

<« GAPDH (460 bp)
“—— MDRI (401 bp)

laddler RT N RT N G RT N G RT N G

CaCO-2 HepG2 Hel.a K562

(© 500
650

500
400
300

<+— MDR3 (650 bp)
<+— GAPDH (460 bp)

laddler RT N RT N G RT N G RT N G

HepG2 CaCO-2 Hel.a K562

Appendix 15. RT-PCR to detect (a) (b) MDRI and (c) MDR3 mRNA in MDA-MB-231, MCF-7,
CaCO-2, HepG2, HeLa or K562 cell lines. CaCO-2 cDNA was used as a positive control for
MDRI, while HepG2 cDNA was used as a positive control for MDR3. GAPDH (G) was used
as a control for the RNA loading and the reverse transcriptase reaction (RT). To confirm that
the products seen were amplified from cDNA and not genomic DNA, RT reactions where the
reverse transcriptase was omitted (N) were performed. A no template control was performed
to check for contamination. The RT-PCR was performed as described in section 2.2.3. 5-10 pd
of the PCR products were separated on a 1% agarose gel in Ix TAE (80 V for 30 min) and
stained with ethidium bromide.
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Appendix 16. The expression of MRP1 mRNA in various cancer cell lines

( a) (bp)

500
400
300
200
100

<— MRPI (181 bp)
ladder RT N RT N RT N RT N

CaCO-2 HepG?2 HeLa K562

(b)
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CaCO-2 MDA-MB-231 MCEF-7

Appendix 16. RT-PCR to detect MRP1 mRNA in (a) CaCO-2, HepG2, HeLa and K562 and (b)
MDA-MB-231, MCF-7 and CaCO-2 cell lines. CaCO-2 cDNA was used as a positive control
for MRP1. To confirm that the products seen were amplified from cDNA and not genomic DNA,
RT reactions where the reverse transcriptase was omitted (N) were performed. No template
reactions were performed to check for contamination. The RT-PCR was performed as described

in section 2.2.3. 5-10 pd of the PCR products were separated on a 1% agarose gel in Ix TAE (80
V for 30 min) and stained with ethidium bromide.
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Appendix 17. Example of a real time RT-PCR experiment to
determine the levels of topo Il and hGH mRNA in confluent and
freely proliferating cells

Standard curve of log concentration versus cycle number

304
20 -
Cycle 1 \\\"‘\\\
number 10 —
0 | \\x\‘—ﬂ—ﬁ
o Th—
-10 i 1 1 ] [} | i | i { [ | ' 1 ! | i i ! i
-3 -2 -1 0 1 2 3 4 5 6 7

Log concentration

Example of the results from a real time RT-PCR experiment to determine the levels of topo lla and
hGH mRNA in confluent and freely proliferating cells. RNA was extracted from MDA-MB-231
cells that were either freely proliferating or grown to confluence. 5 pug RNA plus 1ug K562 RNA
was treated with DNAse I and then reverse transcribed as described in section 2.2.3. 5 ul. of the
RT reaction (1:5 dilution) was added to the PCR reaction mix containing 0.5 uM of each primer
(Appendix 4), 1x SYBR Green [ Faststart Master Mix and 3-4 mM MgCl.. The “concentration”
of the standard was arbitrarily set at 5x107 (the dilution factor used for this sample). To account
for variations between experiments, the cross over cycle number of the standard was used to
correctly position the standard curve (above). The “concentration” of the other PCR products was
determined from the standard curve of cycle number versus log concentration of the
standard (hGH c¢DNA). The ‘“concentration” of the topo Ila mRNA and hGH mRNA was
calculated relative to a-globin mRNA. The mRNA “concentrations” of the freely proliferating
samples were arbitrarily set at 100% and the mRNA ‘“concentrations” of the confluent cells
compared to this (below).

Cross over | “concentration” | “concentration” | % relative to
cycle relativeto a- | the free value
globin

Standard 27.57 5.000E-03 - -
topo lla freely proliferating 26.84 8.087E-03 5.72 100%
hGH freely proliferating 27.65 4.726 E-03 33.50 100%
a-globin freely proliferating 24.94 2.828 E-03 1.00 -
topo lla confluent 28.26 3.165 E-03 1.20 21%
hGH confluent 27.46 5.370 E-03 20.38 61%
a-globin confluent 23.99 5.270 E-03 1.00 -
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