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Drug sensitivity and apoptosis in tamoxifen resistant breast cancer.

Tamoxifen has long been used in the treatment of hormone
responsive breast cancer. However, tumours frequently develop resistance
within 2-5 years of treatment, characterised by the return of tumour growth.

The epidermal growth factor receptor (EGFR) is an important
contributing factor in allowing formerly tamoxifen sensitive tumours to grow
in the presence of tamoxifen. High levels of EGFR in many tumours
correlate with a poor prognosis and an increased resistance to cytotoxic
drugs. It was the initial aim of this study to ascertain whether the increased
EGFR signalling associated with tamoxifen resistance results in a
phenotype more resistant to cytotoxic drugs, and to study the underlying
mechanisms that may cause this.

Rather than observing the expected increase in resistance to
cytotoxic drugs upon the development of tamoxifen resistance, a greatly
increased sensitivity to the radiomimetic drug bleomycin was observed.
Inhibition of EGFR in either the tamoxifen sensitive or resistant cells had
very little effect on bleomycin sensitivity,

The rate of uptake of various drugs was measured, and found to be
identical between tamoxifen sensitive cells and their tamoxifen resistant
derivatives. Microarray analysis of mRNA levels of drug efflux proteins also
showed no significant decrease in drug efflux pump gene expression, with
two efflux pump genes (MRP3 and MRP4) showing increased expression.

Tamoxifen resistant cells displayed greatly increased sensitivity to
the apoptosis inducer camptothecin, and showed a significant increase in
the levels of activated caspases present. Inmunocytochemistry revealed a
significant downregulation of the anti-apoptotic protein bcl-2.. Sensitivity to
bleomycin was also measured and was found to inversely correlate to bcl-2
status.

Finally bcl-2 levels were modulated using oestrogens and
antioestrogens, and with an siRNA directed against the oestrogen receptor.
The effect on bleomycin sensitivity was examined. Reduction of bcl-2
expression by either method had no effect on bleomycin sensitivity
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Chapter 1
Introduction.



1.1 Breast Cancer.

Breast cancer is the unchecked and rapid growth of a population of
cells within the breast tissue. The tumour that results from this uncontrolled
division may be termed either benign or malignant. Benign tumours can
grow to a considerable size, but are unable to spread to neighbouring
tissues and thus can be easily removed without spread or reoccurrence.
Malignant tumours however are able to spread to neighbouring tissues and
thus represent a serious clinical problem, causing more widespread
damage and being more difficult to eradicate. In epithelial tissue a tumour is
usually considered malignant if it is able to penetrate the basal lamina.
Breast cancers frequently occur in the cells making up the ducts of the
breast (ductal carcinomas) and in the cells that line the lobes of the breast
(lobular carcinomas). In some rarer cancers cancerous cells can grow
inside lymph vessels (inflammatory breast cancer) or underneath the nipple
(Paget’s disease).

1.1.1 Incidence.

Breast cancer is the most frequently diagnosed cancer in women in
the United Kingdom, responsible for 30% of all cancers. Around 41,000
British women are diagnosed with breast cancer annually (Data from Office
of National Statistics). The disease also affects men, albiet to a much lesser
extent, with male breast cancer responsible for around 1% of all breast
cancers in the UK (Ying et al., 2005). There is a higher incidence of breast
cancer in the western world than in Africa and Asia, although women from
Africa and Asia who migrate to western countries experience an incidence
of breast cancer equal to that of native westerners after several generations
(Ziegler et al., 1993). This indicates that the higher incidence of breast
cancer in the west is most likely caused by lifestyle rather than genetic
factors.

1.1.2 Risk Factors.



Aside from being a woman, and leading a western lifestyle,
numerous other factors have been proven to contribute to the risk of breast

cancer development.

1.1.2.1 Age and menstruation.

As with many other cancer types, age is a very important factor
concerned with the risk of developing breast cancer, with incidence
increasing steadily with age from puberty until the menopause, where it
remains steady for several years before steadily increasing until around 80
years, where the rate of incidence begins to decrease. The ages at which
menstruation begins and ends (Thomas, 1984) are important risk factors for
breast cancer, with early menarche and/or late menopause resulting in
increased breast cancer risk, most likely due to increased exposure to
oestrogen during an increased number of cumulative menstrual cycles
(Chavez-MacGregor et al., 2005).

1.1.2.2 Reproductive history.

It has long been established that pregnancy at a young age protects
against breast cancer, with women who become pregnant before the age of
18 displaying 40% of the breast cancer risk of nulliparous women.
(MacMahon et al., 1970). A number of possible explanations have been
proposed for this effect, with the most widely held opinion being that the
differentiation of the breast tissue during pregnancy causes a decrease in
the number of epithelial cells liable to become cancerous (so called stem 1
cells). Examination of breast tissue from postmenopausal parous and non-
parous women has confirmed a decrease in stem 1 cells in the breasts of
parous women, with an increase in stem 2 cells, which are epithelial but
refractory to transformation (Russo et al., 2006; Russo et al., 2005). Studies
in rats have shown that mimicking pregnancy using appropriate doses of
oestradiol and progesterone has a protective effect against breast
carcinogenesis induced by methylnitrosourea (MNU) (Guzman et al., 1999).
The risk of developing breast cancer also decreases with each full term
pregnancy.



1.1.2.3 Family history.

Around 10% of breast cancers are attributed to a family history of the
disease. To date, two genes have been discovered which confer an
increased susceptibility to breast cancer, namely breast cancer
susceptibility gene 1 (BRCA1) (Hall et al.,, 1990) and breast cancer
susceptibility gene 2 (BRCA2).(Wooster et al., 1994), both of which code for
large proteins involved in the maintenance of genomic integrity through
interactions with a wide variety of proteins. BRCA1 is a nuclear protein,
activated by phosphorylation and capable of contributing to a wide range of
cellular processes, including cell cycling, proliferation, several specific DNA
repair pathways, centromere function, transcriptional regulation and
apoptosis (Rosen et al., 2003). The product of the BRCA2 gene is slightly
larger than BRCA1 and also maintains genomic integrity through
interactions with molecules concerned with cell cycling, DNA repair and
apoptosis such as RAD51 and p53 (Marmorstein et al., 1998). Consistent
with this, a particular pathway involved with the repair of DNA is known to
be impaired by a lack of BRCA2 (Xia et al., 2001). Like BRCA1, BRCA2 is
also thought to have a transcriptional activation function (Milner et al., 1997).
Mutations in these genes can result in a lifetime risk of breast cancer of up
to 80% to the carrier, depending on the site and nature of the mutation.
Mutations in BRCA genes can also cause a very large increase in the risk
of developing ovarian cancer (Pal et al., 2005) as well as a smaller
increased risk of a variety of cancers, most notably cancers of the stomach
and pancreas (Friedenson, 2005). Mutations in BRCA1 account for
approximately 40% of familial breast cancer cases (Miki et al., 1994) with
mutations in BRCAZ2 responsible for slightly smaller fraction (35-40%)
(Wooster et al.,, 1995). Of the 20-25% of remaining familial cases,
increased breast cancer risk can be inherited by mutations in a wide range
other genes such as PTEN, p53 and ATM (Dumitrescu & Cotarla, 2005).
The fact that a small percentage of cases of heritable breast cancer are not
currently explained by mutations in existing genes has led to speculation of



the existence of a BRCAS3 gene on chromosome 13g21 (Thompson et al.,
2002).

1.1.2.4 Diet and alcohol.

A number of lifestyle factors are known to affect lifetime breast
cancer risk. After the menopause, obese women have an increased risk of
developing breast cancer (Carmichael & Bates, 2004). Significant (20kg)
weight gain after the age of 18 is also an established risk factor for the
development of post menopausal breast cancer (Huang et al., 1997b). It is
thought that this increased risk is due to increased oestrogen production
within the peripheral adipocytes, and therefore increased exposure of
obese women to oestrogens (Stoll, 2000).

Numerous studies have also identified a moderate increase in breast
cancer risk associated with alcohol consumption (Smith-Warner et al.,
1998). This is thought to be due to alcohol causing increased levels of
circulating oestrogens (Singletary & Gapstur, 2001) and the oestrogenic
effect of ethanol directly stimulating tumour growth (Fan et al., 2000).

1.1.2.5 Male breast cancer risk factors.

Most risk factors for female breast cancer which can be sensibly
applied to men also constitute risk factors for the development of male
breast cancer. Factors such as family history, possession of mutated
BRCA2, and obesity all can contribute to an increased risk of male breast
cancer. Additional risk factors for men include treatment with antiandrogens
(for example for Hodgkin’s disease) and suffering from Klinefelter's
syndrome (Ying et al., 2005).

1.1.3 Oestrogens and breast cancer.

The observation in 1896 that oophorectomy was an effective
treatment for metastatic breast cancer in premenopausal women (Beatson,
1896) firmly established the direct relationship between the ovaries and
breast cancer progression. At the time the nature of the relationship was



unknown, and the existence of hormones was yet to be proved. Ten years
later it was discovered that the ovaries secrete two distinct substances
responsible for menstruation and implantation which were later identified as
oestrogen and progesterone (Marshall & Jolley, 1906). The discovery of the
oestrogen receptor (ER) (Jensen & Jacobson, 1960) initiated the era of
molecular studies that revealed that steroid hormones, including oestrogens
diffuse into cells and illicit their effect not directly, but via interactions with
specific receptors. The oestrogen receptor was shown to act as a
transcription factor (O'Malley et al., 1968), and subsequently, a minimal
oestrogen response element (ERE) —GTCANNNTGACC- was identified
(Klein-Hitpass et al., 1986). A second ER has since been identified
(Mosselman et al., 1996), which is usually termed ERB to distinguish it from
the older, conventional ER, which is now referred to as ERa.

The known risk factors for the development of breast cancer
affirm the strong relationship between oestrogen signalling and breast
cancer. During the development of a breast tumour, oestrogen signalling
can be increased in a number of ways. Increased expression of aromatase,
one of the enzymes involved in oestrogen biosynthesis, has been detected
in breast tissue surrounding breast tumours (Bulun et al.,, 1993). Breast
tumours also frequently overexpress oestrogen receptors compared with
normal breast epithelia thus increasing their responsiveness to normal

physiological levels of oestrogen.

Three naturally occurring oestrogens account for the vast
majority of oestrogen signalling in women, oestradiol, oestriol and oestrone.
Of these three endogenous oestrogens, oestradiol displays the strongest
affinity for both ERa and Erf, and oestrone the weakest (Kuiper et al.,
1997). Oestrogen biosynthesis is catalysed by aromatase cytochrome P450
(P450arom- the product of the CYP19 gene), which catalyses the formation
of the phenolic A-ring present in oestrogens from Cg androgenic substrates
such as testosterone and androstenedione (Simpson & Davis, 2001). In

premenopausal women, oestrogens act as classical endocrine hormones,



the majority of oestrogen biosynthesis occurs in the ovaries, and circulating
levels of oestrogens elicit their effect not only in epithelial breast tissue, but
also contribute to the regulation of a variety of other tissues, including
urinogenital tissues, the maintenance of bone density and the metabolism
of lipids (in particular cholesterol) and carbohydrates (Hamadeh et al., 2005;
Liu et al.,, 2004). The level of circulating oestrogens in premenopausal
woman changes throughout the menstrual cycle, and is regulated by the
action of the gonadotrophins Ilutenising hormone (LH) and follicle-
stimulating hormone (FSH). Oestrogen biosynthesis also occurs away from
the ovaries, with the CYP450 gene being expressed, and therefore
aromatase activity being detected in a number of tissues including adipose
tissue, and bone. Following the menopause, gonadal oestrogen
biosynthesis ceases, and extra-gonadal oestrogen biosynthesis is
responsible for the production of oestrogens (Simpson et al., 2000).

1.1.4 Oestrogen receptor structure and function.

1.1.4.1 ER Structure.

In common with other nuclear receptors, both ER isoforms
consist of five separate domains. (fig 1.1). The N-terminal A/B domain,
contains AF-1, a transcriptional activator function which is ligand
independent and may be activated by growth factor signalling cascades.
This domain is poorly conserved between ER isoforms. The C domain,
which contains the DNA binding domain (DBD) and contributes to
dimerisation, and the E domain which contains the ligand binding domain
(LBD) and also the second (ligand dependent) activation function (AF-2)
are better conserved between the ER isoforms. They show 96% amino acid
identity in the DBDs, and 53% identity in the LBDs respectively (Weihua et
al., 2003). This suggests that while the two receptors may vary in their
affinity for various ligands, they bind to and regulate similar regions of DNA.
The D and F regions display no conservation between ER isoforms at all.
Region D is considered a linker between the DBD and LBD and is known to
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17% 94% - 59% -
Identity between human ERa and ERB

Figure 1.1 Structure of human oestrogen receptor. The main structural
regions of both isoforms of the ER display varying amounts of identity
between the two isoforms ERa and ERB. The A/B region contains the
constitutively active AF-1 activation function, The C region contains the
DNA binding domain and the E region contains the ligand binding domain.



contain the site of Hsp90 binding, while region F can be considered a c-
terminal extension of the LBD (Ruff et al., 2000).

1.1.4.2 Ligand binding.

Oestrogen and other ER ligands are able to diffuse through the
cell membrane and nuclear envelope and can therefore activate ERs which
are primarily located in the nucleus. In common with other members of the
steroid receptor superfamily, in the absence of a suitable ligand, ER forms
an inactive oligomer in complex with a number of other proteins including
immunophilins and heat shock proteins (Pratt & Toft, 1997). The presence
of oestrogen causes dissociation of ER from the complex and the
dimerisation of ER (Kumar & Chambon, 1988), which enables receptor
phosphorylation and a protein conformational change to occur.
Heterodimers of ERa and Er can be formed as well as homodimers of
either ERa or ERB (Pace et al., 1997). Dimerisation results in the formation
of a hydrophobic cleft which is vital for the recruitment of co-activators
which allow contact with the general transcriptional machinery. Co-
activators promote transcription by facilitating the assembly of the pre-
initiation complex, and by re-arranging chromatin to allow access of RNA
polymerase to DNA. Members of the steroid receptor coactivator family
(SRC-1) are frequently recruited in this role, and a member of the SRC-1
family, AIBC1 has been shown to be upregulated in a significant proportion
of breast tumours (Anzick et al., 1997).

This ligand dependent activation of ER is promoted through the
AF-2 (activation function 2) domain and is complemented by a second
activation function (termed AF-1) which is not dependent on the presence
of a ligand and therefore following ER phosphorylation is constitutively
active (Moras & Gronemeyer, 1998). Both these factors are thought to be
required for the successful promotion of transcription by ER, although the
exact contribution made to the recruitment of cofactors by each factor can
vary according to a number of factors including cell type (Merot et al., 2004).



As well as directly binding to EREs, and promoting transcription,
ER can also mediate changes in gene expression through interaction with
other transcription factors. ER has been shown to increase the activity of
the AP-1 (Pfahl, 1993) and the Sp1 transcription factors (Duan et al., 1998)
and to inhibit the activity of NF-kB (Stein & Yang, 1995).

The effects of ER activation are not restricted to the direct
regulation of genes or transcription factors. ER has been shown to directly
activate several protein kinase cascades independent of transcriptional
regulation, including the Src-Shc-Ras-Raf-MEK-1-ERK pathway (Migliaccio
et al., 1996) and the PI3K/AKT pathway (Castoria et al., 2001). These non-
genomic effects mediated via ER appear to be ligand specific, with certain
ligands eliciting a mild effect on the transcriptional activity of ER, but a
strong effect on protein kinase activity and vice versa (Wessler et al., 2005).
The activation of the ERK and PISK/AKT pathways by ER has been shown
to be dependent on plasma membrane oestrogen receptors (Chen et al.,
1999; Levin, 1999), which are products of the same transcript as nuclear
ER, but localised to calveolae, small organelles on the cell surface which
facilitate the congregation of signalling molecules (Kim et al., 1999). The
genomic and non genomic effects of ER on intracellular signalling pathways

are summarised in fig 1.2.

1.1.5 Blocking ER signalling as a therapeutic strategy for the
treatment of breast cancer

As has been discussed, the growth of many breast cancers is
driven by an increase in oestrogen signalling. Increased oestrogen
signalling can be achieved in a number of ways, through increased
production of enzymes responsible for the production of oestrogen, through
increased sensitivity of cells to oestrogen by ER overexpression, and by
increased availability of the cofactors which help ER to modulate gene
expression. Therapies that target and attempt to block oestrogen signalling
are thus frequently used to slow down or prevent relapse in the 70% of

10
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cases of breast cancer which are oestrogen responsive, following initial

treatment with radiation or surgery.

1.1.5.1 Oestrogen deprivation.

There are now more sophisticated methods of depriving breast
cancers of oestrogens than the removal of the ovaries first described by
Beatson over a century ago. In pre menopausal women, analogues of
Luteinising hormone releasing hormone (LHRH inhibitors) which prevent
the release of LH and therefore reduce gonadal oestrogen synthesis are
used to reduce oestrogen levels and thus reduce the rate of tumour growth
(Sharma et al., 2005). In post-menopausal women, where the ovaries do
not contribute to circulating levels of oestrogen, oestrogen deprivation
strategies are targeted towards the inhibition of aromatase activity, as this
enzyme is responsible for oestrogen synthesis in local tumour sites and in
adipose tissue where the majority of post-menopausal oestrogen synthesis
occurs. There are two main classes of aromatase inhibitors. Non-steroidal
aromatase inhibitors, such as aminoglutethimide and anastrazole that
inhibit oestrogen production through inhibition of the P450 domain of the
aromatase enzyme, and steroid-derived aromatase inhibitors, such as
formestane and exemestane that inhibit aromatase through interactions
with the steroid binding site (Joensuu et al., 2005). Aromatase inhibitors are
occasionally used to treat pre-menopausal women who have undergone
oophorectomy, to further reduce levels of circulating oestrogen (Osborne &
Schiff, 2005).

1.1.5.2 Inhibition of ER.

An alternative to reducing the amount of oestrogen produced is
to inhibit the ability of ER to respond to the existing oestrogen signal. A
large number of small molecules exist which can bind to the ligand binding
site of ER and modulate the oestrogen signal. The numerous combinations
of ligand affinities, ER isoforms, and ER co-activators across tissue types
means that most small molecule ‘inhibitors’ of ER can exhibit both
oestrogenic and anti-oestrogenic characteristics depending on their location.
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For this reason most small molecule inhibitors of ER are termed selective
oestrogen receptor modulators (SERMs). SERMs are used in the treatment
of a variety of conditions outside of breast cancer, including the use of
clomiphene for the treatment of infertility (Macklon et al., 2006), and
raloxifene for the prevention of osteoporosis (Ohmichi et al., 2005).

1.1.6 Tamoxifen.

Tamoxifen, a non-steroidal triphenylethylene derivative is a
SERM and is primarily used as a preventative adjuvant endocrine therapy
for ER positive breast cancer following radiotherapy or surgery, and has
been in use for over 20 years. As with oestrogen, tamoxifen binds directly
to the LBD of ER in breast cancer cells and promotes conformational
changes. Unlike activation by oestrogen however, the conformational
change also impairs AF-2 activity, decreases co-activator binding and
increases co-repressor binding, therefore acting as an antioestrogen.
Significantly, tamoxifen often allows AF-1 responses and can thus stimulate
the transcription of some oestrogen responsive genes (Jackson et al., 1997)
which rely on AF1 activity (Tzukerman et al., 1994). The ability to act as
either antagonist or agonist dependent on species or tissue type can be
observed in the way tamoxifen treatment reduces the incidence of
contralateral breast cancer, and reduces the rate of incidence of breast
cancer in high-risk women (in both cases acting as an antagonist), but also
maintains bone density and increases the risk of endometrial cancer
(Assikis et al., 1996) (in both cases acting as an ER agonist). In spite of this
increased risk of endometrial cancer, the large incidence of breast cancer,
along with the well established reduction in tumour recurrence and mortality
of 47% and 26% respectively (Nicholson & Johnston, 2005) mean that
tamoxifen remains a widely used drug for the prevention and treatment of
breast cancer.

1.1.6.1 Tamoxifen resistance.

While the majority of breast tumours display an initial response
to treatment with tamoxifen, in nearly all cases, following several years of
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treatment, tumour progression occurs in the presence of tamoxifen,

resulting in relapse and poor patient prognosis.

In nearly all cases of tamoxifen resistance, changes in non-
hormonal growth factor signals have been observed to contribute to the
ability of formerly tamoxifen sensitive tumours to progress in the presence
of tamoxifen. The epidermal growth factor receptor (EGFR) has been
identified as a key mediator of tamoxifen resistant tumour growth. The
expression of EGFR mRNA in tamoxifen sensitive breast cancer cells has
been demonstrated to enable growth in the presence of tamoxifen (van
Agthoven et al., 1992), as has the expression of erbB2, a closely related
member of the EGFR family of tyrosine kinase receptors (Benz et al., 1993)
(the structure and function of EGFR and other EGFR family members are
discussed in detail in section 1.2). Examination of clinical tumours has also
revealed that increased levels of EGFR and other erbB family members are
associated with an increased likelihood of tamoxifen resistance, and a
decrease in survival rate (Nicholson et al., 1993). Inhibitors of EGFR
signalling, such as gefitinib, have been demonstrated to strongly inhibit the
growth of tamoxifen resistant cells in culture (Knowlden et al., 2003), but
following around six months of treatment, growth continues even in the
absence of a functioning EGFR signalling pathway (Jones et al., 2004).
Methods of EGFR inhibition and their therapeutic value in the treatment of a
variety of cancers is discussed in detail in section 1.2.3. It has been shown
that cells resistant to the growth inhibitory effects of both tamoxifen and
gefitinib utilise insulin-like growth factor-l1 receptor to activate intracellular
pathways required for growth and proliferation (Jones et al., 2004).

More recent research has revealed that EGFR signalling does
not simply replace ER signalling during the development of tamoxifen
resistance but remains an important contributor to cell signalling throughout.
It is known that levels of ER remain fairly constant throughout the
development of tamoxifen resistance (Brunner et al., 1993), and that cells

resistant to one antioestrogen often display sensitivity to other
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antioestrogens both in the clinical setting (Howell et al., 2002) and in cell
culture models (Coopman et al., 1994). This indicates that ER still
contributes to the regulation of proliferation in the presence of tamoxifen.
Consistent with this, it has been shown that as well as stimulating growth
and proliferation though the direct activation of downstream mediators,
stimulation of EGFR and other erbB family can result in activation of the
AF-1 activity of ER thorough phosphorylation at serine 118 (Britton et al.,
2006). Studies with inhibitors have shown that a functional MAPK pathway
is required for this transactivation to occur. (Bunone et al., 1996). This
activated ER can regulate the transcription of the several EGFR ligands,
including amphiregulin (the ligands of the EGFR family are discussed in
detail in 1.2.1) and thus an autocrine loop is established which serves to
generate proliferative signals (Knowlden et al., 2003).

Tamoxifen resistant cells have also been shown to exhibit a
number of other changes in intracellular signalling which may contribute to
tumour development and therefore result in a poor prognosis. Cell culture
models of tamoxifen resistant tumours have been shown to display
increased Src activity, leading to increased invasiveness and motility
(Hiscox et al., 2005) and increased Akt activity (Jordan et al., 2004).
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1.2. Epidermal Growth Factor Receptor (EGFR).

1.2.1 The Epidermal Growth Factor Receptor (EGFR).

The epidermal growth factor (EGF) was first isolated in 1962 (Cohen,
1962). Cohen isolated and characterised a small peptide which he termed
‘tooth-lid factor’ due to the observation that the heat stable peptide was able
to cause the premature eruption of incisors and opening of eyes when
injected into newborn mice. Whereas at first Cohen could only guess at a
likely molecular weight and empirical amino acid composition, further
studies elucidated more precise structural details such as the exact amino
acid composition (Taylor et al., 1972), the primary structure (Savage et al.,
1972) and the position of the three disulphide bridges (Savage et al., 1973).
The latter discovery allowed for the elucidation of the exact structure of the
peptide, which by then was known as epidermal growth factor, and is
shown in figure 1.3. EGF and other related ligands are characterised by
their three intramolecular loops, and are generated by regulated cleavage
from a larger transmembrane protein to yield the active growth factor.

Despite proof that EGF had affinity to a cell membrane anchored
protein (Carpenter et al., 1975; Hollenberg & Cuatrecasas, 1975), the
specific receptor for this protein was not isolated until several years later,
when the now familiar 170kD receptor was purified from the membranes of
the A431 cell line by affinity chromatography (Cohen et al., 1982). It is now
known that the epidermal growth factor receptor, (EGFR) belongs in a
larger family of four receptor tyrosine kinase molecules. In addition to
EGFR (also known as HER1 and ErbB1, due to its similarity to the
previously discovered v-erbB avian oncogene product, which was later
characterised as a constitutively active mutant protein derived from EGFR),
three other receptor tyrosine kinases have been isolated and characterised.
HER2/ErbB2 (Cousséns et al., 1985) was identified as a receptor tyrosine
kinase with extensive homology to the EGF receptor; of particular interest
because it was also shown that this newly discovered protein was the
product of the neu oncogene. HER3/ErbB3 was identified as the third
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Figure 1.3 Primary structure of epidermal growth factor. As determined by
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member of the EGFR family, and was also shown to be overexpressed in a
number of mammary carcinomas (Kraus et al., 1989). The ErbB3 receptor
is characterised by its greatly impaired kinase activity compared to other
family members. However, the importance of heterodimerisation between
members of the EGFR family (discussed in detail later) means that despite
lacking significant kinase activity, its role as a heterodimerisation partner for
other receptors implicates ErbB3 as a key signalling molecule in certain
types of cancer. HER4/ErbB4, the most recently discovered member was
isolated and characterised in 1993 (Plowman et al., 1993).

The EGFR family members all share a similar structure, with an
extracellular ligand-binding domain, a single membrane spanning region
and a cytoplasmic tyrosine kinase domain. All members of the ErbB family
transmit growth factor signals across the cell membrane by a process of
dimerisation (Yarden & Schlessinger, 1987a) and subsequent
autophosphorylation (Yarden & Schlessinger, 1987b) wherein the kinase
activity contained within the cytoplasmic c-termini of the receptor molecules
phosphorylate tyrosine residues on the cytoplasmic domains of the
dimerisation partner. Although it was originally thought that ligand binding at
the cell surface facilitated dimerisation of the ErbB family members, and
that this dimerisation facilitated autophosphorylation of ErbB hetero-, and
homodimers, recent research has shown that inactive dimers can form on
the cell surface, which are subsequently activated by the presence of
ligands (Yu et al., 2002). This is the first suggestion that dimerisation and
autophosphorylation may be separable events. All four ErbB receptors are
capable of undergoing dimerisation, with all ten theoretical hetero-, and
homodimers being possible subject to the presence of the relevant
receptors and a suitable ligand. Although no ligand for ErbB2 has been
discovered, ErbB2 functions as a ligand independent co-receptor, and is
the preferred dimerisation partner for all other EGFR family members
(Olayioye et al., 2000). In cases where ErbB2 is overexpressed ligand
independent ErbB2 homodimers can also form (Canbay, 2003). Some
dimers are susceptible to stimulation by a wide variety of ligands, whereas
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some dimers can only elicit an intracellular signal when stimulated with a
specific ligand (Yarden, 2001). Full details of all possible dimers and their

ligands are given in table 1.1.

The wealth of potential ligand/dimer combinations and the subtle
differences between them allow for a diverse range of signals to be both
received and transmitted. This sophisticated multiform signalling system is
unavailable to lower animals such as C. elegans and Drosophilla, who only
possess a single EGFR-like receptor tyrosine kinase. Heterodimerisation
also allows ErbB family members who do not possess certain fully
functional domains to modulate signal transduction. For instance, ErbB2
has no known extracellular ligand (although recent reports have shown that
ErbB2 can be activated by an intracellular complex (Carraway et al., 2002))
and ErbB3 has no active intracellular tyrosine kinase domain. Despite this,
the ErbB2/ErbB3 heterodimer is an extremely active growth regulator in a
number of tumours (Holbro et al., 2003). The ErbB2 receptor, despite
having no known ligand, is able to form an exceptionally active heterodimer
with EGFR, where ErbB2 acts to decrease ligand dissociation and
decreases the rate at which the receptors are internalised (Karunagaran et

al., 1996), leading to a more potent and prolonged signal.

It is also possible to activate receptor tyrosine kinase proteins via a
number of ligand-independent mechanisms. Signals from a wide variety of
growth factors and other signalling events such as Ca** influx can also
activate EGFR. Growth factors frequently use the G-protein coupled
receptor to indirectly activate the MAP Kinase pathway via EGFR
phosphorylation, but other methods, such as the activation of Rho or the
phosphorylation of EGFR by Jak2 enable a wide variety of events to elicit
an EGFR-mediated response (Hackel et al., 1999). Ligand independent
activation of EGFR can also occur under conditions of oxidative stress, in a
mechanism mediated by H,O, (Meves et al., 2001).
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Table 1.1. Ligands causing dimerisation of EGFR family members.

Dimer /! EGF TGF- EG ER B-C HB- AR NR
Ligand o EGF

EGFR EGFR o . * . * * *
EGFR HER2 * * ¢ ¢ * *
EGFR HER3 o . . . . * * ¢
EGFR HER4 o . . . . . . .
HER2 HER2

HER2 HER3 ¢ *
HER2 HER4 . . .
HER3 HER3 .
HER3 HER4 .
HER4 HER4 S IS .

EGF — Epidermal growth factor receptor, TGF-a — Transforming growth factor alpha, EG —
Epigen, ER — Epiregulin, B-C — B-Cellulin, HB-EGF — Heparin-binding EGF, AR —
Amphiregulin, NR — Newuregulins 1-4.
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Dimerisation and autophosphorylation cause activation of a number
of docking sites for intracellular proteins. Phosphorylated EGFR is able to
facilitate the binding of molecules which contain SH2 (Src-homology 2) or
PTB (phosphotyrosine-binding) domains. There are also a number of other
domains which are able to interact directly with activated EGFR, such as
the zinc finger protein ZPR1 domain (Galcheva-Gargova et al., 1996).The
binding of these proteins either directly activate enzymatic signalling
molecules or activate adaptor molecules which allow the transmission of
extracellular signals to cytoplasmic signalling molecules and ultimately
molecules which modulate gene expression and thus influence cell

behaviour.

EGFR signals are primarily transmitted via the Ras-Raf-MAP kinase
pathway and the phosphatidylinositol 3-kinase (PI3K) pathway. These
signalling pathways, and the relevant adaptors and intermediates are
summarised in figure 1.4.

The MAP kinase pathway which contributes to the regulation of
proliferation, differentiation, apoptosis, angiogenesis and metastasis can be
activated by EGFR via the Ras/Raf/MEK/ERK cascade. Activation of Ras
and thus the initialisation of the cascade is reliant upon the exchange of
GDP with GTP, mediated by a guanine exchange factor (In this case, Son
of Sevenless (SOS)). SOS is recruited to the cell membrane by contact with
either of two adaptor proteins which can bind to EGFR only in its
phosphorylated state. Once Ras has undergone GDP/GTP exchange it is
able to activate Raf and allow the transport of the signal through the
cytosolic signalling components of the pathway (Raf, MEK, ERK)
(Schlessinger, 2000). The final cytoplasmic event is the phosphorylation of
the p90 ribosomal S6 kinase (p90"™*), which is able to cross the nuclear
envelope and activate a number of transcription factors including CREB,
C/EBPB and members of the Ets family (Roux et al., 2003). Once activated
these transcription factors can promote the transcription of genes involved
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with proliferation, differentiation, angiogenesis, metastasis and the inhibition
of apoptosis.The phosphatidylinositol-3 Kinase (PI3K) pathway is also
known to be activated by EGFR. PI3K can directly interact with SH2
domains on some erbB family members (most notably ErbB3 — (Soltoff et
al., 1994)), but activation of PI3K through EGFR requires an intermediate,
Gab1 (Rodrigues et al., 2000). Activation of PI3K allows for the
phosphorylation of PIP2 (phosphatidyl inositol-4, 5-bis-phosphate) in the
plasma membrane, forming PIP3 (phosphatidyl inositol-3,4,5-triphosphate).
PIP3 provides a docking site in the plasma membrane for protein kinase C
(PKC) and AKT (also known as protein kinase B) (Fresno Vara et al., 2004).
On the membrane AKT becomes phosphorylated and is free to move
between the cytoplasm and the nucleus, allowing it to phosphorylate a
number of proteins and transcription factors which can directly influence cell
behaviour (Meier & Hemmings, 1999). AKT is known to inhibit the activation
of caspase-9 and Bad (She et al., 2005) (a bcl-2 family member), both of
which are concerned with the promotion of apoptosis (Cardone et al., 1998;
Datta et al., 1997). AKT can also phosphorylate FKHRL1, a member of the
forkhead transcription factor family. Phosphorylated FKHRL1 s
sequestered in the cytoplasm and is thus unable to function as a
transcription factor in the nucleus, where it can promote the transcription of
death genes, such as Fas ligand (Brunet et al., 1999). AKT is also able to
further protect cells from apoptosis by inhibiting the release of cytochrome
C from mitochondria, a key initial stage in the induction of apoptosis via the
caspase pathway (Kennedy et al., 1999). EGFR has also been shown to
regulate levels of survivin, a member of the inhibitor of apoptosis protein
(IAP) family in a PI3K dependent manner (Wang & Greene, 2005), (Nagane
et al., 2001).

In common with most other hormone and growth factor receptors,
following ligand binding, EGFR is internalised by endocytosis (Haigler et al.,
1979). Nullifying the ligand and receptor allows for ‘old’ signals to be
distinguished from later signals, allowing the cell to respond to new influxes
of ligand. It is known that activated EGFR maintains its functionality as a
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signal transducer during endocytosis, where it is still able to activate
downstream signalling pathways. EGFR signalling from within endosomes
is slightly different to cell-surface signalling, with the activation of certain
pathways only possible at one location. For instance the PLC-y pathway is
only activated at the cell surface, due to a lack of suitable substrate within
the endosome (Haugh et al., 1999). Following endocytosis, EGFR-
containing endosomes are either re-cycled to the cell membrane or
targeted for destruction in lysosomes. This sorting process, which dictates
the amount of receptor that is destroyed and the amount that is recycled, is
a critical stage in directing the levels of EGFR that are displayed on the cell
surface, and therefore the extent to which a cell may respond to stimulation.
Endocytosis, sorting, recycling and destruction of EGFR is regulated by a
large number of proteins. Of particular importance to these processes are
the Cbl family of ubiquitin ligases, which contain TKB (tyrosine-kinase
binding) domains that can directly bind EGFR and attach ubiquitin
molecules to free lysine residues (Dikic, 2003). In addition to the degree of
ubiquitination, di-leucine motifs and conformational changes in the receptor
molecule also have a role in determining the fate of endocytosed EGFR
(Wiley & Burke, 2001). It should be noted that EGFR (erbB1) undergoes
ligand induced endocytosis, while other family members experience only a
baseline rate of endocytosis which is unaffected by ligand binding (Baulida
et al., 1996). This profound difference in ligand-mediated endocytosis within
the erbB family members contributes to the observation that EGFR/erbB2
heterodimers constitute a particularly potent signal. EGFR/erbB2
heterodimers are endocytosed at the same rate at EGFR homodimers, but
a far greater proportion of EGFR/erbB2 dimers are recycled to the cell
surface than EGFR homodimers (Worthylake et al., 1999).

1.2.2. Aberrant EGFR signalling.

Defective EGFR signalling has been implicated in a number of
cancers, with abnormal EGFR signalling being observed in a large number

24



Table 1.2. Occurrence of EGFR overexpression in tumours.

Carcinoma Cases in which EGFR is overexpressed

NSCLC* 40-80%

Head & Neck 80-100%

Colorectal 25-77%

Ovarian 35-70%
Breast 15-91%
Glioma 40-63%
Bladder 31-48%
Prostate 40%

* Non-small cell lung cancer
Adapted from (Delbaldo et al., 2003).
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of human malignancies (reviewed in (Salomon et al., 1995)). The extent of
EGFR overexpression in a variety of tumours is given in table 1.2. As well
as simply increasing growth rate, increased EGFR signalling in a tumour is
associated with malignant transformation, inhibition of apoptosis, promotion
of angiogenesis and metastasis (El-Rayes & LoRusso, 2004). Often this
abnormal signalling is caused by a greatly increased number of receptors,
along with increased production of EGFR ligands, leading to the
establishment of an autocrine loop causing EGFR to become constantly
activated. In some cancers, a constantly active EGFR mutant (EGFRuvll,
AEGFR, de2-7EGFR) is formed following the deletion of exons 2-7 from the
EGFR gene (corresponding to the loss of amino acids 6-274) (Wong et al,,
1992). The resulting protein lacks a ligand binding domain, but remains
active at all times, able to autophosphorylate other AEGFR molecules and
all other native ErbB family members and causing increased signalling
through the more aggressive dimers such as EGFR/Erb2 and EGFR/ErbB3.
AEGFR also appears to be more resistant to receptor endocytosis than
wild-type EGFR (Huang et al., 1997a), essentially facilitating unattenuated
EGFR signalling even in the absence of suitable ligands. AEGFR contains
the same intercellular domains at wild-type EGFR, so therapeutic agents
directed towards this part of EGFR are suitable for treating AEGFR driven
cancers (Han et al., 1996b). Therapies directed at the extracellular domain
of EGFR however, do not serve to reduce the activity of AEGFR (Nagane et
al., 2001). Increased EGFR signalling can also be achieved by a number of
other methods, including via increased production of ligands, or via
independent activation mediated through alternative receptors (Liu et al.,
2002).

The reliance of a large number of tumours on ErbB family signalling
molecules (particularly EGFR and ErbB2) for growth and drug resistance
means that the inhibition of EGFR signalling is a widely studied therapeutic
strategy. This is discussed in detail in section 1.2.3 below.
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1.2.3. EGFR-directed cancer therapy.

The frequent observation of increased EGFR activation in
carcinomas has highlighted EGFR signalling as a difference between
normal and tumour cells which may be exploited for therapeutic gain. The
aim of EGFR —directed cancer therapy is simply to prevent the EGFR signal
reaching any of the internal signalling molecules which mediate the cellular
end-points of EGFR activation. The signal can be blocked at a number of
points, with a wide variety of agents being available which inhibit the
translation of the EGFR mRNA, ligand binding, dimerisation,
autophosphorylation and the docking of cytoplasmic second messengers.
While blocking EGFR phosphorylation can have a marked effect on the
growth and development of an EGFR-expressing tumour, any systemic
treatment directed against EGFR will also interfere with EGFR signalling in
non-cancerous tissue, and therefore a number of side effects are observed
following EGFR inhibition, the most common of these being acneform skin
rashes (Sipples, 2006).

1.2.3.1 Monoclonal antibodies.

There are a number of monoclonal antibodies which have
successfully blocked EGFR activation, usually blocking the ligand binding
domain of the EGFR molecule and preventing successful dimerisation and
subsequent activation. These antibodies are used both as useful
experimental tools (Modjtahedi et al., 1998) to study EGFR signalling, or
more recently, as approved drugs for the treatment of EGFR
overexpressing cancers. Cetuximab (C225, Erbitux®) is a chimeric
monoclonal antibody which binds to the extracellular domain of EGFR with
greater affinity than EGF or TGF-a (Goldstein et al., 1995). The antibody is
murine in origin, with human Fc regions, which significantly reduces the
likelihood of an immune response against the antibody itself. Cetuximab is
usually given in combination with cytotoxic drugs such as 5-flourouracil.
Trastuzumab (Herceptin®) is also frequently used in treatment of certain
erbB2-overexpressing cancers. Trastuzumab is a humanised monoclonal
antibody targeting the ligand binding domain of erbB2 and preventing
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heterodimerisation (Klapper et al., 1997). Trastuzumab can also increase
the rate of receptor degradation (Klapper et al., 2000). Other monoclonal
antibodies active against EGFR include ABX-EGF, a fully humanised
antibody with an ICsy of approximately 3nM for EGFR and ICR-62 and
EMD-72000, derived from rat and mouse respectively.

1.2.3.2 EGF/TGF molecules attached to toxins (conjugates).

In 1991, it was reported that a conjugate of a cytotoxic drug
(peplomycin) and an EGFR receptor-recognising antibody (B4G7) was
considerably more effective as an inhibitor of A431 growth than either agent
alone (Osaku et al., 1991). This approach allows for the preferential
delivery of a cytotoxic agent to EGFR overexpressing cells. More recent
studies have utilised the well characterised C225 monoclonal antibody
chemically conjugated to paclitaxel, and have demonstrated increased
ability to inhibit growth in a number of cell lines compared to either agent
alone or a simple mixture of the two (Safavy et al., 2003). In addition to
chemical conjugates, DNA recombination has been used to create
immunotoxins which combine antibody fragments with peptide toxins. An
erbB2 targeting conjugate consisting of a fragment of erbB2 targeting
antibody with Pseudomonas endotoxin A (OLX-209) has been used to treat
non small-cell lung cancer (NSCLC) in clinical trials with some success
(King et al., 1996).

1.2.3.3 Small molecule inhibitors of tyrosine kinase activity.

There are a number of small molecule inhibitors which can inhibit the
tyrosine kinase activity of EGFR and thus prevent the ligand-induced signal
from eliciting an intracellular response. Effective, specific EGFR inhibitors
have been synthesised and used to treat patients with EGFR
overexpressing cancers, for example gefitinib (ZD1839, Iressa®), an orally-
active anilinoquinazoline derivative with a high specificity for EGFR (Ward
et al., 1994). Gefitinib competes with adenosine triphosphate for a binding
site on the EGFR molecule, thus making the inhibition competitive and

reversible. Gefitinib has been licensed in some countries such as Japan
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and the USA as a second or third line treatment against non-small cell lung
cancers (NSCLC) where promising reports of substantially released tumour
volume in 10% of patients have been accompanied by reports of adverse
side effects and deaths (FDA website — www.fda.gov). Other Inhibitors of
EGFR are available, including OSI-774 (erlotinib, Tarceva® ), which has
been shown in clinical trials to significantly increase the median survival of
patients with advanced NSCLC (Peck 2004) and AG1478, which is
frequently used to inhibit EGFR signalling in experimental situations (Partik
et al., 1999; Zhu et al., 2001), and is under consideration for trial as a
therapeutic agent (Ellis et al., 2006), whilst ZD1839, OSI-774 and AG1478
are receptor tyrosine kinase inhibitors with very specific affinity for EGFR
(Herbst, 2004), there are many small molecules which inhibit EGFR along
with a wide range of other tyrosine kinases. CL-1033 is a pan-erbB inhibitor
capable of inhibiting all members of the erbB family, and the naturally
derived RTK inhibitor genistein is capable of inhibiting EGFR along with all
other receptor tyrosine kinases. For a comprehensive review of small
molecule EGFR small molecule inhibitors see (Ranson, 2004). There is
current interest in increasing the potency of monoclonal antibodies and
small molecule tyrosine kinase inhibitors by co-administration, such that
both the extracellular ligand binding domain and the cytoplasmic tyrosine
kinase domain are targeted simultaneously. This is of particular interest
following the observation that cells can acquire resistance to monoclonal
antibodies such as cetuximab, but still retain the ability to respond to
ZD1839 or OSI-774 (Huang et al., 2004).

1.2.3.4 Antisense/siRNA.

In experimental models of cancer such as cultured cells or mouse
xenografts, antisense (Akhtar et al., 2002) and more latterly siRNA (Nagy et
al., 2003) have been successfully used to reduce EGFR expression,
producing a resultant decrease in cell growth. While these approaches
show promising results in experimental models, the instability of
oligonucleotides in biological milieu means that the delivery of nucleic-acid
based therapeutics in a form in which their activity is preserved presents a

29



serious problem which will need to be overcome before these approaches
are of therapeutic value. Despite this, SiRNA and antisense are still widely
used as experimental tools in cell culture systems. Experiments have also
been conducted assessing the feasibility of co-delivering EGFR antisense
with the cytotoxic drug 5-fluorouracil with a view to developing a
combination therapy and exploiting the apparent ability of EGFR blockade
to sensitise cells to the action of cytotoxic drugs (Hussain et al., 2002)
which is discussed in detail in section 1.2.4, below.

1.2.4 EGFR Blockade and drug sensitivity.

Following the widely reported observation that a large percentage of
tumours which overexpress EGFR also acquire resistance to a variety of
cytotoxic drugs (Wosikowski et al., 1997), a number of studies have been
conducted investigating the effect of modulating the EGFR signal on
response to certain chemotherapeutic agents and ionising radiation (IR).
Studies have reported increased effectiveness of a wide variety of cytotoxic
agents and ionising radiation when combined with EGFR inhibition therapy
in cell culture, xenograft and animal models and in clinical situations. These
studies are summarised in table 1.3. Combined regimens of EGFR
inhibitors and cytotoxic drugs are becoming increasing well established as
a treatment for colorectal cancers (Harari, 2004), and are the subject of a
number of current clinical trials for a variety of cancers. These clinical trials

are summarised in table 1.4.

1.2.5 EGFR is a mediator of drug resistance and radioresistance.

The studies described in table 1.4 demonstrate that EGFR inhibition
is often linked to increased sensitivity of cancer cells to cytotoxic drugs and
ionising radiation. Many studies have also demonstrated that increased
EGFR signalling can promote resistance to ionising radiation and cytotoxic
drugs. EGFR overexpression has been shown to correlate directly with
radiocurability in a murine model of tumorogenesis (Akimoto et al., 1999).
Studies have also confirmed that increased levels of activated EGF can
confer radioresistance to cells in culture (Liang et al., 2003).
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Table 1.3. Studies reporting increased sensitivity to cytotoxic drugs

following treatment with an EGFR inhibitor.

Ref Inhibitor System Effect on Drug Response
(Shintani et al., 2003) ZD1839 HSC2 cells +) IR
(Steaetal,2003)  ZD1839 U251 Cells (+) IR
(Sirotnak et al., 2000) ZD1839 Mouse  Xenograft (+) Cisplatin,
(A431, A459, SK- Carboplatinum, Paclitaxel,
LC-16, PC-3, TSU- Docetaxel, Doxorubicin,
PR1) Edatrexate,
(Huang & Harari, G225 Mouse  Xenograft (+) IR
2000) (Primary SCC cells)
(Koizumi et al., 2004) ZD1839 7 colorectal cancer (+) Irinotecal
cell lines
(Pegram et al., 1998) rhuMAb Human patients (+) Cisplatin
HER2 *
(Ciardiello et al, ZD1839 Mouse  Xenograft (+) Paclitaxel, Topotecan,
2000)} (GEO cells) Raltirexib
(Ciardiello et al, 2ZD1839 GEO, OVCAR-3, (+) Taxol, Topotecan,
2000) MCF-10ras and ZR- Doxorubicin, Oxaliplatin,
75-1 Tomudex, Etoposide,
Cisplatin, Carboplatin,
Taxotere
(Folprecht et al, (€225 Human patients (+) FOLFIRI (irinotecan/5-
2006) fluorouracil/folinic acid)
(Pietras et al., 1999) rhuMAb Mouse Xenografts (+) IR
HER2 * (MCF-7/HER2)
(Shin et al., 2001) C225 Human Patients (+) Cisplatin
(Mab)
(Baselga et al., 1993) C225/528 Mouse Xenografts (+) Doxorubicin
(Mabs) (A431/MDA-468)
(Dixit et al., 1997) Antisense Cell Culture and (+) Cisplatin
Mouse Xenografts
(MDA-468)
(Contessa et al, Inducible Human Mammary (+)IR
1999) Dominant Carcinoma Cells
Negative
(Pu et al., 2006)} PD168 DU145 cells in (+) Paclitaxel
393 culture
(Androgen-
independent
prostate
cancer)
(Zhou et al., 2004) GW572016 Primary Breast (+) IR
Cancer Cell Lines
(Kim et al., C225 Mouse (+) Irinotecan
2006) Xenografts
ARO cells
(anaplastic
thyroid
carcinoma)
(Taira et al., ZD1839 8x TE Human (+) IR
2006) oesophageal
cancer cell lines
in culture
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(Premkumar et ZD183 T98G cells in (+) 17-AAG
al., 2006) 9 culture (Glioma)
(Teraishi et al, ZD183 TE8 Cells in (+) TRAIL
2005) 9 culture (Human (TNF-related
oesophageal apoptosis inducing
squamous cell ligand)
carcinoma)
(Al-Hazzaa et al., ZD183 SCC-15 cells in (+) Cisplatin
2005) 9 culture (Human
squamous cell
carcinoma  of
the tongue)
(Nakata et al, C225 Mouse (+ IR
2004) Xenografts (+) Docetaxel
(A431 and
MDA468)

IR — lonising radiation

17-AAG - 17-Allylamino-17-demethoxygeldanamycin
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Table 1.4 Clinical trials examining the therapeutic potential of EGFR

inhibitors combined with cytotoxic drugs.

clinicaltrials.gov Cancer Type EGFR Secondary
Trial ID Inhibitor Therapy
NCT00294762 Advanced NSCLC with Erlotinib Carboplatin
EGFR overexpressed/
amplified/ mutated
NCT00140556 Advanced head and Eriotinib Radiotherapy
neck Cisplatin
NCT00080249 Head and neck Gefitinib Radiotherapy
Paclitaxel
NCT00185835 Squamous cell Gefitinib Radiotherapy
carcinoma of the head Cisplatin
and neck
NCT00232505 ER/PR-Negative, HER-2 Cetuximab Carboplatin
nonoverexpressing
metastatic breast cancer
NCT00260364 Advanced pancreatic Erlotinib Gemcitabine
cancer Capecitabine
Bevacizumab
NCT00251433 Previously untreated Trastuzumab Docetaxel
ErbB2  overexpressing Lapatinib

metastatic breast cancer
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Other research has demonstrated elevated levels of EGF can mediate
resistance to peplomycin, a radiomimetic drug that mimics the action of
ionising radiation (Osaku et al., 2001) and that human breast cancer cells
transfected with an EGFR expressing plasmid display an increased
resistance to doxorubicin, vinblastine, cisplatin and 5-fluorouracil (Dickstein
et al.,, 1995). Similar results have also been reported in germline tumours
(Park et al., 2005). It is thought that EGFR modulates sensitivity to ionising
radiation and cytotoxic agents through a variety of different pathways,

which are outlined below;

1.2.5.1 Modulation of proliferation and apoptosis.

The ability of EGFR signalling to modulate cell proliferation and
survival is well documented and has been discussed previously. This
presents a problem when attempting to Kill, or inhibit the growth of EGFR
overexpressing tumour cells. Cells with increased levels of EGFR signalling
are likely to experience an increased growth rate, and therefore attempts to
inhibit growth are likely to be less successful, and cells lost to apoptosis
following a drug treatment are more readily replaced. The modulation of cell
survival pathways by EGFR, mainly through AKT, means that EGFR
overexpressing cells are likely to display a more resilient, less apoptotic
phenotype when challenged with a cytotoxic agent (Nagane et al., 1998).

1.2.5.2 Increased EGFR activation by IR/cytotoxics.

Following initial observations that ionising radiation causes activation
of EGFR (Warmuth et al.,, 1994; Zheng et al.,, 1993), it has since been
shown that the activation of EGFR, and the subsequent activation of
downstream MAPK pathway can be blocked using neutralising antibodies
to the known EGFR ligand TGFa (Dent et al., 1999). Thus it appears that in
EGFR rich cells, any of the desired detrimental effects on cell growth that
might be obtained from radiotherapy are accompanied by (and obscured by)
an increase in EGFR stimulated cell growth thus imparting radioresistance
onto the cell. Oxidative stress, which can be caused by both ionising
radiation and certain cytotoxics has been shown to activate cell proliferation
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and survival cascades through activation of EGFR, both via a ligand
independent pathway (Meves et al., 2001) and a ligand dependant pathway,
dependent on the ADAM mediated cleavage of heparin-binding EGF (HG-
EGF), a ligand of EGFR (Fischer et al., 2004).

Several cytotoxic agents have been shown to activate EGFR through
a variety of means. Cisplatin, doxorubicin and camptothecin have all been
shown to activate EGFR (Benhar et al., 2002), and are therefore also able
activate the signalling elements downstream of EGFR that can increase the
likelihood of cell survival through the modulation of proliferation and
apoptosis mediated through EGFR as previously discussed. Methods of
stress induced EGFR phosphorylation are summarised figure 1.5

1.2.6 EGFR and DNA repair.

In addition to the increased rate of proliferation, and cell survival,
largely mediated by the MAP Kinase and PISK/AKT pathways, there is
evidence to suggest that EGFR can interact with several proteins involved
with the repair of DNA damage caused by ionising radiation and cytotoxic

drugs.

The CREB transcription factor, known to be activated by EGFR via
the MAPK pathway has been shown to regulate the transcription of the
proliferating cell nuclear antigen (PCNA), involved in the repair of DNA
damage caused by ionising radiation (Amorino et al., 2003). The DNA
repair genes XRCC1 and ERCC1 have also shown to be upregulated by
ionising radiation in an EGFR and MAPK dependent manner (Yacoub et al.,
2003).

Relationships have also been established between EGFR and the
DNA dependent protein kinase (DNA-PK), a critical component of the Non-
homologous End-Joining (NHEJ) pathway of DNA repair. The exact role of
DNA-PK in the repair of DNA damage is discussed in detail in section
1.5.2.2, however, it should be noted that in mammalian cells, the NHEJ
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Figure 1.5 EGFR mediated cellular responses to stress from cytotoxic agents, ionising radiation and oxidative stress.
1) Nuclear co-translocation of EGFR and DNA-PK. 2) Stress activated EGFR activation, 3) lonising radiation/cytotoxic mediated
TGF-a cleavage and subseqguent activation of EGFR. Both pathways 2 and 3 result in increased activity of proliferative and anti-

apoptotic signals within the cell.

36



pathway is responsible for the repair of the majority of double-stranded
breaks (DSBs) in DNA (Rothkamm et al., 2001). DSBs are also the main
type of DNA damage caused by ionising radiation and several radiomimetic
drugs (described in section 1.3). Initial studies established a physical
interaction between EGFR and DNA-PK (Bandyopadhyay et al., 1998), and
it is now thought that in certain stressful situations, such as following
exposure to ionising radiation, oxidative stress or cytotoxic drugs, EGFR is
able to translocate to the nucleus (outlined in fig 1.5) and that monoclonal
antibodies can prevent this translocation (Dittmann et al., 2005a). This
translocation allows EGFR to facilitate the nuclear import of DNA-PK,
where it can repair damaged DNA (Dittmann et al., 2005b). Similar
observations have also been made using the small molecule inhibitor
ZD1839, which significantly slows the rate of DNA repair some cell culture
models (Friedmann et al., 2004).
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1.3 Chemotherapeutics.

Not all tumours are suitable for treatment with drugs which work by
disrupting hormone signalling. Cytotoxic chemotherapeutics are toxic to
cells, and typically work by damaging DNA or by disrupting cell division.
Cancerous cells are typically faster growing and therefore have more cells
undergoing cell division at any given time, meaning that cytotoxic agents
have a greater toxic affect on the tumour cells than other tissues. Other fast
growing cells are also adversely affected, such as those involved in hair
growth and the maintenance of the gastrointestinal lining, resulting in the
frequently observed side effects of hair loss and diarrhoea. There are a
wide variety of cytotoxic drugs available, all with distinct modes of action

and with distinct side effects.

1.3.1. Bleomycin.

Bleomycin is an antineoplastic mixture of cytotoxic glycopeptides
which are produced by Streptomyces verticillus (Umezawa et al., 1966).
Commercially available bleomycin preparations usually consist of
bleomycin A, bleomycin B, and a small quantity of other bleomycins. The
structure of bleomycins A, and B> are shown in figure 1.6. Bleomycin is
currently used to treat well differentiated squamous cell carcinomas of the
head and neck, Hodgkin’s disease and other malignant lymphomas,
testicular teratoma and on occasion metastatic malignant melanoma and
carcinomas of the lung, bladder, penis, cervix, vulva and thyroid (Mir et al.,
1996). Bleomycin is also used in combination with other cytotoxic drugs
and/or radiotherapy in the treatment of some squamous cell carcinomas.
Patients receiving bleomycin treatment are closely monitored for chest
abnormalites as pneumonia, and occasionally pulmonary fibrosis is
observed as a side effect (Ginsberg & Comis, 1982).

Bleomycin elicits a cytotoxic effect by binding iron, activating oxygen

and thus forming an activated complex capable of cleaving DNA. It is has
been observed that bleomycin shows a preference for damaging DNA at
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39



sites containing a particular moiety (5’-GpPy-3’), where it can cause DNA
damage, typically double-stranded breaks (Sam et al., 1998) and having a
far greater damaging effect on genes in active chromatin than inactive
genes (Kuo, 1981). In addition to the DNA damaging effect of bleomycin, it
is believed that bleomycin inhibits the synthesis of new DNA by blocking the
incorporation of thiamine into the newly synthesised strand. Bleomycin is
sometimes referred to as a ‘radiomimetic’ drug, because the DNA damage
it causes (i.e. predominantly double strand breaks) mimics that caused by

ionising raditation.

1.3.2 Cisplatin.

Cisplatin (cisdiamminedichloroplatinum (Il), cisDDP) is a cytotoxic
therapeutic drug which elicits a cytotoxic effect by damaging DNA and
preventing its replication. The structure of cisplatin is shown in figure 1.6.
The chlorine ligands on the platinum atom can be replaced by nitrogen from
the N7 atoms of purines. The spatial arrangement of the ligands on the
platinum atom means that cisplatin can cause a number of different types of

lesions.

Cisplatin can coordinate nitrogen atoms from adjacent purine bases,
causing 1,2 intrastrand adducts, which introduce kinks into the DNA. These
adducts are nearly always formed at GpG sites in DNA, but occasionally
will form between guanine and an adjacent adenine (Fichtinger-Schepman
et al., 1985). When nitrogen atoms from purine bases on opposite strands
of a DNA molecule are coordinated by cisplatin, interstrand adducts are
formed. Resistance to the cytotoxic effects of cisplatin is observed, and this
has been shown to be attributable, at least in part to an ability to repair
these adducts (Johnson et al., 1994). Repair of cisplatin adducts by cell
extracts has been reported on a number of occasions (Jones et al., 1994;
Sibghatullah et al.,‘ 1989). It is thought that intrastrand adducts can be
repaired via the base excision repair pathway (Jamieson & Lippard, 1999).
Interstrand adducts appear to be able to attract a number of other proteins,
most notably high motility group proteins (HMG-1) (Hughes et al., 1992)
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and the Ku component of DNA-PK (Turchi & Henkels, 1996) suggesting
that they might be repaired via the same mechanisms as double stranded
breaks, or that they may elicit their apoptotic affect through similar means to
double stranded breaks in DNA. Pathways responsible for the detection
and repair of double stranded breaks in DNA are discussed in detail in

section 1.5.

1.3.3 Doxorubicin.

Doxorubicin (Dox, Adria, Adrimycin®) is the 14-hydroxy derivative of
daunorubicin, produced by the fungus streptomyces peucetius (Arcamone
et al., 1969) and is classed as an anthracycline antibiotic. Its structure is
shown in figure 1.6 Doxorubicin can cause DNA damage in a number of
ways, including intercalation of the anthracycline moiety into DNA, or by
methods similar to bleomycin involving the chelation of metal ions and the
activation of oxygen (Gewirtz, 1999). In addition to this, doxorubicin is
known to be an inhibitor of topoisomerase |l, which further contributes to its
status as a major damager and disrupter of normal DNA function
(Wassermann et al., 1990). Topoisomerase |l makes temporary double
stranded breaks in DNA, which it later re-ligates, as part of its function as
an untangler of knots in the genetic material. Doxorubicin inhibits only the
repair function, turning topoisomerase Il into a DNA damaging protein, often
termed topoisomerase Il poison to distinguish it from native topoisomerase
[I. Doxorubicin is used in the treatment of a wide variety of tumours
(Arcamone et al., 1997).

1.3.4 Etoposide.

Etoposide (Eopsin®) is a cytotoxic drug used in the treatment of a
number of carcinomas including small cell lung cancer, testicular cancer
and monoblastic leukaemia. Like doxorubicin, etoposide is an inhibitor of
topoisomerase Il (Liu, 1989). Treatment with etoposide results in the
introduction of a large number of double strand reaks into DNA (Long et al.,
1985), caused by topoisomerase |l poison molecules which can break DNA,
but lack the ability to rejoin it. Etoposide can be considered a purer
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radiomimetic than doxorubicin, due to the fact that etoposide has no other
effect on DNA other than that mediated by topoisomerase |l poison. It has
been shown that causing a double stranded break in DNA requires two
molecules of etoposide, affecting two molecules of topoisomerase Il at sites
close enough together to cause a chromosomal break (Bromberg et al.,
2003). The structure of etoposide is shown in figure 1.6.

1.3.5 5-Fluorouracil.

5-Fluorouracil (5-FU, Adrucil, Efudix®) is cytotoxic drug which
interferes with DNA replication by inhibiting the enzyme thymidylate
synthetase (Cohen et al., 1958) and is used to treat colon, breast, ovarian
and prostate cancer. 5-fluorouracil is also occasionally applied topically to
the skin in the form of a cream. 5-fluorouracil is mistakenly incorporated into
DNA during DNA synthesis, causing a bulky adduct which is eventually
removed by the base excision repair enzyme uracil DNA glycosylase (UDG)
(Ingraham et al., 1980). There is evidence to suggest that free 5-fluorouracil
is able to inhibit UDG, thus causing an additional decrease in DNA repair
capacity (Wurzer et al.,, 1994). The structure of 5-fluorouracil is shown in
figure 1.6.

1.3.6 Cellular response to cytotoxic drugs.

Cells typically deal with damaged DNA, whether caused by
environmental factors or treatment with cytotoxic drugs in one of three ways.
Where low levels of damage are sustained, the damage may be repaired
through one of a number of specialised mechanisms that exist in
eukaryotes for the repair of DNA. Above this threshold, the cell may enter a
state of senescence, where the cell cycle stalls to allow repair of the DNA,
and to prevent damaged DNA being copied. Where the damage is too great
to be repaired satisfactorily, cells typically undergo apoptosis in order to
prevent the spread of the damaged genome. It is the aim of a cytotoxic
regimen to induce apoptosis or senescence in the tumour cells, and thus
reduce the size or growth rate of the tumour. The fate of a cell is typically
dealt with by a complex and overlapping network of signalling molecules
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which can recognise DNA damage, and regulate DNA repair, cell cycling
and apoptosis (Bernstein et al., 2002). The exact signalling molecules
responsible for the range of responses are discussed in detail later

Tumours can eventually become resistant to treatment with cytotoxic
drugs, and this resistance can be achieved by a variety of mechanisms.
The different mode of action of cytotoxics compared with hormonal drugs
such as tamoxifen means that the mechanisms of resistance are usually
distinct from the manner in which resistance to hormonal drugs is achieved.
Cells can acquire an increased ability to actively pump drugs out of the
cytoplasm across the cell membrane utilising a variety of drug resistance
proteins which are capable of transporting a variety of cytotoxic drugs out of
cells in an ATP dependent process. The first of these to be discovered was
P-glycoprotein (Pgp) (Juliano & Ling, 1976), which has since been shown to
be able to actively transport scores of drug compounds out of cells (Seelig,
1998). Since the discovery of Pgp, further drug resistance proteins have
been discovered and characterised, and these are discussed in detail in
section 1.4.

Changes in activity of DNA repair proteins can also impart cytotoxic
resistance to cells, and allow cells to grow unhindered in the presence of
DNA damaging agents. Increased DNA repair has been shown to be
important in the development of resistance to cisplatin (Parker et al., 1991),
and to ionising radiation (Abbott et al., 1999). The cellular machinery used
to sense and repair DNA damage is also discussed in section 1.5.

Resistance to drugs can also be achieved by changes in apoptotic
signalling. Changes in levels of apoptosis-related proteins in tumours can
result in cells which are reluctant to undergo apoptosis and can therefore
survive and proliferate in the presence of high concentrations of cytotoxic
agents (Eliopoulos et al., 1995). Apoptotic signalling is discussed in detail in
section 1.6.
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1.4 Drug Resistance Proteins.

Drug resistance proteins, which can actively pump cytotoxic agents
out of cells, are frequently found to be overexpressed in drug resistant
tumours and are at least partly responsible for facilitating cytotoxic
resistance in tumours. Drug resistance proteins are members of the ATP-
binding cassette (ABC) protein superfamily, and in common with other
members of this family, they derive the energy required to pump cytotoxics
(and other substrates) out of cells against strong concentration gradients
from the hydrolysis of ATP. ABC superfamily members typically comprise
one, two or three transmembrane domains, each consisting of five or six
membrane spanning regions (Schinkel & Jonker, 2003). The extracelluar
loops are typically N-glycosylated on at least one site. Studies with P-
glycoprotien (Pgp), a very well characterised member of the ABC
superfamily have revealed that this glycosylation is not necessary for drug
transport, but may have a role in routing and stability of the proteins
(Schinkel et al., 1993). The structure of Pgp, which displays two such
domains each consisting of six membrane spanning regions is shown in
figure 1.7. There are numerous subfamilies of the ABC superfamily, and
subfamilies ABCB, ABCC and ABCG all contain drug resistance proteins.

1.4.1 ABCB subfamily.

1.4.1.1 P-glycoprotein.

The multidrug resistance protein P-glycoprotein (Pgp, MDR1, ABCB1),
discovered over 30 years ago (Juliano & Ling, 1976) is a member of the
ABCB subfamily and an important mediator of drug resistance in a wide
variety of cells. Pgp displays a very broad substrate specificity, and as a
result cells which overexpress Pgp display resistance to many cytotoxic
agents and are said to be multidrug resistant (MDR). Cells from epithelial
tissue from organs such as the kidneys, liver, colon and brain express Pgp
intrinsically and as a result tumours which arise in these tissues are more
likely to exhibit MDR. Pgp expression in other tumour types is typically
heterogeneous, and as a result, over the course of a cytotoxic treatment
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there will be a selective advantage on high Pgp containing cells (Ambudkar
et al., 2005). It has now been shown that functional Pgp can be passed
between cells, allowing high Pgp expressing cells to impart drug resistance
to neighbouring cells (Levchenko et al., 2005).

1.4.2 ABCC Subfamily.

The ABCC subfamily includes a family of nine multidrug resistance
proteins (MRP1-9) in addition to several other transporters which are not
involved in the transport of cytotoxic drugs, such as the cystic fibrosis
transmembrane conductance regulator (CFTR), the protein which is
mutated in cystic fibrosis.

1.4.2.1 The MRP family.

The discovery of a multidrug-resistant cell line that did not overexpress Pgp
(McGrath & Center, 1987) led to the isolation and further characterisation of
MRP1 (Cole et al., 1992; Krishnamachary & Center, 1993), a membrane
bound 190kd glycoprotein with a low level of homology to Pgp (around
15%). It is now known that MRP1 is part of a family of related drug
transporters, nine of which have been characterised to date. Like Pgp,
MDR family members contain two intracellular ligand binding domains and
two membrane spanning domains but most MRP family members (MRPs
1,2,3,6,7) also contain a third membrane spanning domain. The individual
structure and function of all family members is reviewed in (Kruh & Belinsky,
2003; Schinkel & Jonker, 2003) The structure of MRP1 is represented in
figure 1.8.

All 9 MRP family members are able to pump a variety of cytotoxic
substrates across cell membranes. The MRP family members and
substrates pertinent to this study that they are able to confer resistance to
are summarised in table 1.5.

1.4.3 ABCG Subfamily
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Figure 1.7 Structure of p-glycoprotein (pgp). Pgp consists of two domains each made up of six membrane-spanning regions. Both
the N and C termini are located on the cytoplasmic side, as are the two nucleotide binding domains (NBDs). The first extracellular
loop is N-glycosylated).
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Figure 1.8 — Structure of MRP1. MRP1 contains two six-pass membrane spanning domains (MSD1 and MSD2) and two
intracellular nucleotide binding domains. In addition to this, MRP1 also contains an additional five-pass membrane spanning
domain (MSDO) joined to MSD1 via a cytoplasmic loop (L0). The additional five pass MSDO domain means that the N terminal
domain of MRP1 lies on the extracelluar side of MRP1. Not all MRP1 family members contain a MSDO domain, MRP4, MRP5,
MRP8 and MRP9 all lack an MSDO domain, although they do all have a LO intracellular link. Adapted from (Kruh & Belinsky, 2003)
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Many of the members of the ABCG subfamily of transporters are
concerned in normal physiological processes, in particular the transport of
steroids in the brain, gut and liver (Lorkowski & Cullen, 2002). Some
members of this family are known to be able to transport cytotoxics across
cell membranes and are therefore able to confer drug resistance upon cells.
Breast cancer resistance protein (BCRP) was first isolated from a multidrug
resistant MCF-7 cell line (Doyle et al., 1998). Despite its name, BCRP is
overexpressed in a wide variety of tumour types, and is present in a
number of healthy tissues, particularly in the gut, where it serves to reduce
the uptake of xenobiotics, for a review see (Allen & Schinkel, 2002). The
relevant substrates of ABCG subfamily members are summarised in table
1.5.
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Table 1.5 Drug efflux pumps, accession numbers and relevant substrates.

PROTEIN SYNONYMS Accession no U133-a No* Relevant Substrates
MDR1 ABCBI1, NM 000927 209994 s at Doxorubicin (Turton et al., 2001).
PGY1, P-gp, 209993_at Etoposide (Sohn et al., 2006).
GP170
MRP1 ABCC1 NM 004996 (sv1) 215559_at Doxorubicin (Grant et al., 1994).
NM 019862 (sv2) 202804 _at Etoposide (Cole et al., 1994).
NM 019898 (sv3) 202805_s_at
NM 019899 (sv4)
NM 019900 (sv5)
NM 019901 (sv6)
NM 019902 (sv7)
MRP2 ABCC2, NM 000392 206155_at Cisplatin (Hinoshita et al., 2000).
cMOAT, Doxorubicin (Tada et al., 2002).
cMRP Etoposide (Guo et al., 2002).
MRP3 ABCCS3, NM 003786 (MRP3) N/A Cisplatin (Haga et al., 2001).
MOAT-D, NM 020037 (MRP3a) Doxorubicin (Tada et al., 2002).
cMOAT-2 NM 020038 (MRP3b) Etoposide (Zelcer et al., 2001).
MRP4 ABCC4, NM 005845 203196_at None.
MOAT-B
MRP5 ABCCS, NM 005688 (tv1) 209380_s_at None.
MOAT-C, NM 001023587 (tv2)
- pABC11
MRP6 ABCCS, NM 001171 215559 _at Cisplatin (Belinsky et al., 2002).
MOAT-E, 214033_at Doxorubicin (Belinsky et al., 2002).
MLP1 208480 _s_at Etoposide (Belinsky et al., 2002).
MRP7 ABCC10 NM 033450 213485 s at None
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215873 x_at

MRP8

ABCC11

032583. (tv1)
033151 (tv2)

145186 (tv3)

N/A

5-Fluorouracil (Guo et al., 2003).

WHITEH1

ABCGHT,
ABC8

207630 (tv1)
016818.(tv2)

NM

NM_207174 (
004915 (tv4)
(t

207174 (tv3)

207627 (tv5)
207628 (tv6)

NM

207629 (tv7)

BCRP

204567_s_at
211113_s_at

None

ABCG2, MXR NM_004827

ABCP

209735_at

Doxorubicin (Robey et al., 2003)

* Refers to reference number for gene on Affymetrix U133A Genechip.
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1.5 Double Stranded breaks in DNA.

Double stranded breaks most frequently occur as a result of
exposure to ionising radiation or radiomimetic drugs such as bleomycin, but
can also occur occasionally as a result of mechanical stress or by the
collapse of replication machinery caused by a more minor DNA lesion. A
DSB requires breaks in both strands sufficiently close together to
overpower the Watson-Crick hydrogen bonding which holds the strands
together around the break. As a result, double stranded breaks are rarely
clean, and will often display overhangs containing several unpaired bases,
or fragments of sugars which have to be processed prior to repair. Left
unrepaired, DSBs can cause aneuploidy, as the broken fragments of
chromosomes are unable to segregate correctly. A single DSB is thought to
be enough to cause cell death (Huang et al., 1996), either through
inactivation of a vital gene of more likely, through the induction of apoptosis.
Sustaining and surviving a double stranded break can have severe
consequences, due to the fact that the two broken half-chromosomes have
no physical attachment. This situation can lead to chromosomal exchanges,
with the resulting daughter cells containing incorrect numbers of particular
genes, a possible step toward carcinogenesis.

Eukaryotic cells have two principal pathways for dealing with DSBs.
Non-homologous end joining (NHEJ), where two ends are simply
processed and ligated back together with an occasional loss of several
bases of genetic information and the more energy-intensive non-
homologous recombinational repair (HRR) pathway, which is capable of
replacing any genetic information which may have been lost upon the
acquisition of DNA damage. Both pathways are well conserved throughout
the eukaryotes from yeast to humans (Shinohara et al., 1993). However, it
should be noted that higher eukaryotes (including humans) repair the
majority (50-90%) of DSBs using NHEJ, whereas lower eukaryotes such as
yeast are more dependent on the HRR pathway (Jackson & Jeggo, 1995).
The reasons that higher eukaryotes are more dependent on NHEJ are not
fully understood, but the presence of large repetitive regions of DNA in
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higher eukaryotes, along with relatively large distance between regions of
homology (except during the G2 and M phases) might well result in the
formation of multiple chromosomal translocations during HRR, as DSBs in
repetitive regions are mis-matched to incorrect templates (Lieber et al.,
2003). The likelihood and severity of this has to be weighed up against the
chance of losing several bases of genetic information during NHEJ if
damage is sustained in an exon of an active gene. Again the low
percentage of DNA which codes for critical protein seems to bias higher
eukaryotic cells towards NHEJ, especially considering the implications of
progression through the cell cycle with an unrepaired DSB.

The mechanism by which one DSB repair pathway is selected above
another is not particularly well understood. It is known that more HRR
occurs in cells which have defects in NHEJ proteins, suggesting a passive
competitive relationship. A more recent school of thought is that there is a
large amount of cross talk between the DNA-PK holoenzyme and
components of the HRR pathway such as p53, ATM and RPA (Allen et al.,
2003).

1.5.1 Homologous Recombinational Repair (HRR).

Homologous recombination repair involves the use of sequence
information from an homologous double stranded DNA molecule to repair
DNA damage and replace any genetic information which may have been
lost as a result of this damage. Considering its reliance on either a sister
chromatid or homologous chromosome to act as template, it is not
surprising that most HRR activity is detected in the D/G2 phase of the cell
cycle, when additional copies of the genome are present.

The first stage of HRR involves formation of a complex around the
broken DNA ends. The Histone H2AX is phosphorylated by ATM, and
BRCA1, along with the MRN complex are recruited to the damage site,
along with nucleases which digest in a 5-3’ direction from the break site,
creating large 3’ single-stranded DNA tails. These ‘tails’ are then coated
with many copies of RPA which in turn facilitates the binding of Rad51 and
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BRCA2, which in turn recruits the Rad52 and Rad54 proteins (reviewed in
(Valerie & Povirk, 2003)). These proteins facilitate the location and invasion
of an homologous region and a Holiday junction is established. The
homologous strand is then used as a template to synthesise the missing
bases. The HRR pathway is not nearly as well understood as the NHEJ
pathway, and the polymerase responsible for this synthesis is not known. It
is however thought that DNA-ligase | is responsible for the ligation of the

final nick.

1.5.2 Non-Homologous End Joining (NHEJ).

Non-Homologous end joining is a method of repairing DSBs without
the use of template. It can occasionally result in a loss of genetic
information, varying from a point mutation at the site of breakage to the
translocation of large amounts of genetic information. The NHEJ pathway
has the unigue ability to ligate otherwise unligateable DNA ends. There is
large degree of overlap between the NHEJ pathway and V(D)J
recombination, as both pathways are involved with the ligation of double
stranded breaks.

Arguably the most important complex in NHEJ, the DNA-dependent
protein kinase (DNA-PK) has been known for a long time to be critical in
NHEJ (Finnie et al., 1995), and is made of two subunits. A catalytic subunit
(DNA-PK¢s) A member of the phosphoinositol-3-kinase related protein
kinase (PIKK) family, harbouring the serine/threonine kinase activity, and
the Ku heterodimer, comprising an 86kDa subunit (Ku80) and a 73kDa
subunit (Ku70). This complex rapidly forms at the broken ends of DNA, with
the Ku heterodimer binding first, and then recruiting DNA-PKs to form the
DNA-PK holoenzyme.

1.5.2.1 The Ku Heterodimer.

The binding of Ku to a DSB is known to be vitally important to the
repair of DNA via the NHEJ pathway, with Ku activity directly correlating to
the activity of the DNA-PK holoenzyme (Zhao et al., 2000). Cells treated
with Ku86 antisense have been shown to be more sensitive to ionizing
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radiation, bleomycin and etoposide, all agents which cause DSBs
(Belenkov et al., 2002). Consistent with a role in both DNA repair and V(D)J
recombination, a lack of Ku is associated with hypersensitivity to DNA
damage and immunodeficiency, and it was from patients with immune
system defects that the Ku protein was first discovered as an autoantigen
(Koike, 2002). Ku has a very high affinity for DNA ends, and is able to
translocate along DNA in an ATP independent fashion. The two
components of Ku share a similar central domain which is concerned with
binding DNA, but have unique terminal domains. The carboxy-terminal of
Ku80 contains the region which interacts with DNA-PK. (Gell & Jackson,
1999).

1.5.2.2 DNA-PK_s.

The catalytic subunit of DNA-PK is also a critical mediator of
radiosensitivity, with studies in both animals (Okayasu et al., 2000) and
breast carcinoma cells (Kim et al., 2002) demonstrating that a lack of DNA-
PKcs results in sensitivity to DSBs. With this in mind, DNA-PK has been
identified as a possible target for chemotherapeutics which will sensitise
tumour cells to other DSB-causing drugs (Kashishian et al., 2003). DNA-
PKcs is believed to be an extremely ancient and well conserved component
of the cellular machinery, with DNA-PK, orthologues being found in
Anopheles gambiae (mosquito) and Apis mellifera ligustica (honey bee),
(Dore et al., 2004), indicating that NHEJ may have developed very early in
the development of eukaryotic cells.

DNA-PK is recruited to the site of DNA damage where it becomes
activated, and as well as physically protecting the ends from further
degradation is able to activate and recruit other factors (such as DNA
Ligase IV and XRCC4) to the damage site. The binding of DNA-PK
facilitates the translocation of DNA-PK.s and enables the phosphorylation of
XRCC4, but this interaction has been shown not to be critical for NHEJ (Lee
et al., 2004) or V(D)J (Yu et al., 2003). DNA-PK_,s also phosphorylates p53,
an event critical for the induction of DSB mediated apoptosis (Bernstein et
al., 2002). DNA-PK is also able to phosphorylate Ku, WRN (The Werners
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Syndrome Protein), the Atermis nuclease and is also capable of self-
phosphorylation, which results in the dissociation of DNA-PK from the DNA.

DSBs are very rarely clean breaks and often nucleotides are lost or
damaged around the break. site. Sugars around the site of damaged can
be damaged by free radicals and covalent hairpins can also form at the
ends of strands. While these residues to not interfere with the binding of Ku
and DNA-PK, any damaged sugar or phosphate residues need to be
removed before ligation can take place. The protein responsible for this
step is Artemis, a factor known to be critical for NHEJ which also has
exonuclease activity. Lack of Artemis results in a reduced ability to deal
with DSBs as well as a more pronounced inability to repair bleomycin-
induced DSBs which require end processing (Rooney et al., 2003). Other
possible contributors to DNA processing prior to ligation are Human
terminal deoxytransferase (TdT), The Werners syndrome protein (WRN),
polynucleotide kinase (PNK), Human tyosyl-DNA phosphodiesterase
(hTdp1) and the MRN complex (Lees-Miller & Meek, 2003).

Once the ends have been processed they are spatially arranged by
the DNA-PK complex. There is often no natural homology between the
broken ends, as bases very near to the site of damage will have been
destroyed or damaged and removed by Artemis. Thus regions of
microhomology are used to align the strands, with as little as one nucleotide
of homology being required for repair to proceed. DNA polymerase p (pol- p)
is then recruited to add in the relevant homologous nucleotides. Pol- p then
assists with the recruitment of the ligation machinery, namely XRRC4 and
DNA Ligase IV, both of which are essential for NHEJ (Adachi et al., 2001;
van Heemst et al.,, 2004). These proteins are known to form a complex
containing twice as many XRCC4 molecules as Ligase-IV molecules,
sometimes referred to as the LX complex, This LX complex exists as either
a trimer of 2 XRCC4 and one Ligase-IV or a Hexamer of 4 XRCC4 and 2
Ligase-IlV molecules and completes the ligation before the complex
dissociates. NHEJ is summarised in figure 1.9.

55



1.5.3 DNA repair and apoptotic signalling.

Both repair pathways contain proteins that are able to generate
apoptotic signals in addition to having a function in DNA repair. This allows
information on the extent of DNA damage to be collated by the cellular
machinery, and protects against genomic instability by promoting apoptosis
in cases where irreparable amounts of damage are sustained.

In HRR, BRCAT1 regulates the assembly and activity of the BRCA1-
associated genome surveillance complex (BASC), a large multi-protein
assembly which senses and repairs DNA damage (Wang et al., 2000c).
Studies with dominant negative BRCA1 have demonstrated that functional
BRCAT1 is critical for apoptosis in breast and ovarian cancer cell lines, and
that BRCA1 mediates apoptosis through a pathway involving H-Ras,
MEKK4, and Fas ligand, which results in the activation of caspase-9
(Harkin et al., 1999; Thangaraju et al., 2000). The protein mutated in ataxia
telangiectasia, ATM, also forms part of BASC, and following the induction of
DSBs by ionising radiation is able to stimulate apoptosis through the
phosphorylation of p53 (Canman et al., 1998). ATM can also influence
apoptosis through its ability to phosphorylate and stabilise the transcription
factor E2F1 in response to DNA damage (Lin et al., 2001) E2F1is able to
induce apoptosis by promoting the transcription of the p53 homolog p73,
and by stabilising p53 through the p14ARF-mediated neutralisation of
HDM2. In the NHEJ pathway, DNA-PK, which serves to detect DSBs and
align the ends ready for ligation by DNA ligase IV (Karran, 2000) also has
the capacity to activate apoptosis through the phosphorylation of p53
(Shieh et al., 1997), and the inactivation of HDM2, the endogenous inhibitor
of p53 (Mayo et al., 1997). Experiments with DNA-PK null mice have
demonstrated that DNA-PK is necessary for p53 activation and
accumulation following radiation damage, and that without DNA-PK,
irradiation does not produce the reduction in Bax levels normally effected

56



NN

nnnhnnnnnnnnanhhN ey ama TR
Ku Binding
j|'l’l'l'l'l'|'|1|TLI|71'17|h'mh'@ ) NN

Ku Translocation and recruitment of DNA-PKcs
P~

N
LN (% s Ty o) I
L 1+ il/

Processing of DNA ends by Artemis (A)

FIFLALM YU (% NA.pKZ@ @NA.chithH'm||T|||||ﬁ'1'|7|I|T|'
> 7

Spatial arrangement along regions of microhomology and gap filling by Pol-u

nnnannannannnn @ 7 GED = @ nnnnnnnnnnn

Recruitment of XL complex and Ligation

¥rcca W9 VA —Srec

NN E e D) = nnnnnnnnnnnnnnnne

Disassembly

nnnnnnnnnnmnnnnnnnnnnnnnnnnnnnnannunnnne

oozl
XRoC: | (Lig V) DNA-PKc

XRCC4

Figure 1.9 The non-homologous end joining pathway. Responsible for the
repair of the majority of DSBs in higher eukaryotes.
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by p53 (Wang et al., 2000b). It was initially thought that p53 was necessary
for apoptosis following the induction of double stranded breaks by radiation
(Lowe et al., 1993), but more recently, experiments in fibroblasts from p53
null mice have demonstrated apoptosis being caused by both ionising
radiation, and ‘clean’ DSBs generated through electroporation of the Pwvull
restriction enzyme (Lips & Kaina, 2001). This apoptotic pathway involved a
decrease in bcl-2 transcription, indicating that pathways exist that link DSBs

to apoptosis that do not involve p53.
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1.6 Apoptosis.

Apoptosis is the programmed death of cells. In many self-renewing
tissues, the constant turnover of cells is maintained via regulation of the
balance between proliferation and apoptosis. The programmed death of
cells is also vital during embryonic development, where many cells which
make up the foetus are destined to die before the end of gestation (Runic et
al., 1998). Apoptosis is of particular importance in the maintenance of
genomic integrity. As cells accumulate damage in their DNA, as result of
exposure to cytotoxic agents such a radiation or chemotherapeutic drugs,
cells with badly damaged DNA are able to activate apoptotic pathways and
remove themselves from the organism to avoid the propagation of
damaged genetic information which may lead to loss of genomic stability
and the establishment, or further development of cancer (Zhivotovsky &
Kroemer, 2004).

1.6.1 Apoptotic signals.

There are a wide variety of cellular signals which contribute to the
development of an apoptotic signalling cascade. It should be noted that
apoptosis can be regulated by a large number of signalling molecules and
that the levels of many proteins throughout the whole apoptotic pathway
can effect the decision of a cell to commit to apoptosis. A cell can be ‘told’
to undergo apoptosis by the receipt of a death signal via a receptor on the
cell surface, for example the Fas receptor. This mechanism is relatively well
understood (Nagata & Golstein, 1995) and is the mechanism by which
cytotoxic t-cells are able to initiate cell death in other cells through surface
to surface contact. Death signals can also be received in a similar manner
by other well understood death receptors such as the tumour necrosis
factor receptor-1 (TNFR-1) and the binding of the TNF-related apoptosis
inducing ligand (TRAIL) to its receptors DR4 and DR5 (Pan et al., 1997b).
Unlike other death factors, TRAIL appears to be constituently produced by
a large number of cell types. It is thought that most cells are protected from
the apoptotic action of TRAIL by the action of ‘decoy receptors’ which
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sequester TRAIL but lack the intracellular activity to initiate apoptosis (Pan
et al.,, 1997a).
1.6.2 The FAS ligand and CD95 receptor.

While the FasL / CD95 will be examined in detail, it should be noted
that all three of these pathways operate in a similar manner, namely
through the facilitation of receptor trimerisation by the presence of the
correct ligand which in turn assembles death domains on the cytoplasmic
side of the plasma membrane which initiate apoptosis through the cleavage
and activation of caspase 8.

The FasL ligand (FasL, CD95L, Apo-iL) is itself activated by
trimerisation, and the trimeric ligand, which can be displayed on the surface
of cytotoxic t-cells, or solublised by shedding through the action of
metalloprotienases (Tanaka et al., 1998) in turn promotes trimerisation of
the receptor. Trimerisation of CD95 causes the cytosolic death domains
(DDs) of CD95 to cluster, and recruit other proteins also in possession of a
DD, most importantly Fas-associated protein with death domain (FADD)
which is vital for the activation of caspase 8 (Juo et al., 1999). Caspase 8 is
able to interact and be cleaved by FADD due to the death effector domains
(DEDs) possessed by FADD. The complex comprising CD95, FADD and
caspase 8 is sometimes termed the death-inducing signalling complex
(DISC) and is summarised in figure 1.10. Apoptosis can be regulated at this
stage through the action of the FLICE-like inhibitory protein (FLIP or cFLIP),
a protein which shares a large degree of homology with caspase 8 and is
thus able to enter DISC, but which lacks any of the proteolytic activity
necessary to initiate apoptosis (Wang et al., 2000a).

1.6.3 Downstream of Caspase 8.

Caspase 8 is able to bring about apoptosis by two mechanisms. It
can either directly cleave and therefore activate downstream ‘effector
caspases (caspases 3 and 7) seemingly independent of other apoptotic
regulation (Salvesen & Dixit, 1997), or through the direct cleavage of Bid (Li
et al., 1998). Bid is a member of the bcl-2 family which is able to initiate a
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Figure 1.10 Activation of the apoptotic initiator caspase 8 following
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sometimes termed the death-inducing signalling complex (DISC).
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more readily regulated apoptotic pathway involving more bcl-2 family
members and the loss of cytochrome ¢ from mitochondria, also ultimately
resulting in the cleavage and therefore activation of the effector caspases.
Experimentation has confirmed the ability of caspase 8 to initiate two
separate apoptotic pathways, one in which apoptosis can be blocked by
bcl-2 overexpression, and where a loss in mitochondrial membrane
potential is observed and a second mitochondria independent pathway
(Scaffidi et al., 1998). It is thought that the amount of active caspase 8 is
critical in deciding which of these apoptotic pathways is used.

1.6.4 Mitochondria dependent apoptosis.

This pathway is used to relay the apoptotic signal in the majority of
cell types and apoptotic scenarios where there is insufficient activated
caspase 8 to bring about apoptosis by direct cleavage of the effector
caspases (Kuwana et al., 1998). This pathway effectively amplifies the
apoptotic signal, allowing apoptosis to arise from a relatively small signal
and can also be regulated at many stages and thus can serve as a point at
which pro- and anti-apoptotic signals can be collated, and apoptosis can be
prevented or promoted depending on the circumstances of the cell (Green
& Reed, 1998). In addition to enabling apoptosis as a response to extrinsic
signals, apoptosis can also occur as a result of signals contained within a
single cell, so called ‘intrinsic apoptosis’. bcl-2, and other members of the
bcl-2 family are responsible for the majority of the regulation which occurs
during mitochondria-dependent apoptosis (Kluck et al., 1997). It is a bcl-2
family member which receives the initial apoptotic signal from caspase 8,
and the interplay of other bcl-2 family members are responsible for the
maintenance of mitochondrial membrane integrity.

1.6.5 The Bcl-2 family.

Twenty years ago it was known that certain genes in C. elegans
were vital for programmed cell death to occur. Studies showed that
mutations in the ced-3 and ced-4 genes resulted in the survival of cells
which were normally fated to die during C. elegans development (Ellis &
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Horvitz, 1986) and it was later shown that there were also genes in C.
elegans (ced-9) which protected cells from cell death (Hengartner et al.,
1992).

The first mammalian gene with homology to these ced genes
displayed homology to ced-3 and was termed bcl-2, as the gene was first
observed as the site of a common translocation in B-cell lymphoma.
Introduction of the gene cDNA into lymphoid and myloid cell lines promoted
cell survival following the removal of interleukin-3 (IL-3) (Vaux et al., 1988).

Since the discovery of bcl-2, many other proteins have been
discovered which share homology with bcl-2, and contain at least one of the
four identified bcl-2 homology (BH) domains, numbered 1-4. These proteins
comprise the bcl-2 family. The family is broadly divided into three sub-
families. The pro-survival bcl-2 family containing bcl-2, bcl-X. and bcl-w,
The pro-apoptotic or bax subfamily containing bax, bak and bok, and a third
family which only contain a region homologous to the BH3 domain of bcl-2
and are unrelated to any other known protein (Kirkin et al., 2004). these
comprise the BH3 subfamily which contains the pro-apoptotic proteins bad,
bid, bik, blk hrk, BNIP3 and bimL (Shibue & Taniguchi, 2006). Certain viral
proteins such as the Epstein-Barr virus protein E1B-19K are also
homologous to bcl-2 (Han et al., 1996a).

The structure of bcl-2 consists of 6 a-helices with a hydrophobic
groove known to bind the BH3 domains of other family members and is
thus important in dimerisation (Petros et al., 2001). The structure of the
other bcl-2 family members show remarkable structural similarity to bcl-2,
despite marked differences in amino acid sequence and regardiess of
whether they serve to promote apoptosis or to prevent it (Petros et al.,
2004).

1.6.6 Cleavage of bid by caspase 8.

63



The first stage in mitochondria dependent apoptosis is the cleavage
of the bcl-2 family member Bid by caspase 8. Bid is a cytoplasmic 29kd
protein which is readily cleaved into a 15kd C-terminal and 14kd N-terminal
fragments. The C-terminal fragment is termed truncated Bid (tBid) and is a
potent apoptosis-inducing agent, and retains the ability to interact with other
bcl-2 family members via a bcl-2 homology 3 (BH3) domain and to form
pores in the mitochondrial membrane (Li et al.,, 1998). The structural
integrity of Bid is unharmed by this cleavage, and it is able to promote
apoptosis both by binding Bcl-X, (an antiapoptotic protein closely related to
bcl-2) via its BH3 domain and by independently promoting mitochondrial
damage (Chou et al., 1999). It has been shown that the proposed
cytochrome c releasing factor (CCRF) responsible for the apoptotic activity
contained in caspase-8 treated Hela cytosol is in fact tBid (Luo et al., 1998).
Granzyme B (GrB), an aspartyl serine protease released in the granules of
cytotoxic T-lymphocytes is also able to initiate apoptosis via cleavage of Bid
into tBid (Alimonti et al.,, 2001), although cleavage occurs at a slightly
different site to caspase 8 mediated cleavage.

1.6.7 Mitochondrial integrity and cytochrome c release.

The bcl-2 family serves to regulate the formation of the apoptosome,
a multimeric complex which can activate caspase 9 and thus begin the
cascade that leads to the activation of the effector caspases. The
apoptosome is a heptameric assembly of Apaf-1 and cytochrome c,
arranged in a circular pattern with sevenfold symmetry (Acehan et al,
2002). Cytochrome c, which is normally localised in the mitochondrial
matrix assists in the hydrolysis of dATP which is bound as a cofactor to
Apaf-1. This hydrolysis provides the energy for Apaf-1 and cytochrome c to
form an active apoptosome, and while cytochrome c is critical for
successful apoptosome formation, the presence of dATP is also critical for
Apaf-1 and cytochrome C to be able to form a complex capable of caspase
activation (Kim et al., 2005). This complex then goes on to recruit caspase
9, which it is able to activate by cleavage. Activated caspase 9 is then free
to activate the effector caspases (caspases 3 and 7), which are able to
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bring about chromatin condensation, DNA fragmentation and other

apoptotic processes.

1.6.8 The pro-apoptotic bcl-2 family members.

It is bax, and other related members of the pro-apoptotic bcl-2 family
that are responsi‘ble for the formation of pores in the mitochondrial
membrane which allow cytochrome C to escape into the cytosol and
promote the formation of the apoptosome. bax is ordinarily located in the
cytosol of healthy cells, but following an apoptotic stimulus it becomes
localised to membranes, in particular the mitochondrial membrane (Wolter
et al., 1997). bax also heterodimerises following an apoptotic stimulus
(Gross et al., 1998) and then goes on to form oligomers of molecular weight
between 96,000 and 260,000 kDa which form pores in the mitochondrial
membrane (Antonsson et al., 2001). This oligomerisation is promoted by
the presence of activated Bid (Eskes et al., 2000), providing an opportunity
for ligand-mediated apoptotic signals to bring about cytochrome C
translocation. The pore-forming ability of bax is greatly reduced by the
presence of anti-apoptotic bcl-2 family members such as bcl-2 (Antonsson
et al., 1997) or bcl-xL (Finucane et al., 1999). It was initially thought that
these pores physically assisted in the lysis of the apoptotic cell, but it has
been subsequently demonstrated that pores formed by bax and other pro-
apoptotic family members permeablise the mitochondrial membrane and
allow cytochrome C to be released from the mitochondrial matrix into the
cytosol (Jurgensmeier et al., 1998). Anti-apoptotic bcl-2 family members,
which are normally found around the mitochondria regardiess of the
presence of an apoptotic stimulus (Monaghan et al., 1992) disrupt this
translocation (Kluck et al., 1997).

In addition to indirectly facilitating apoptosome formation, bcl-2 is
also able to regulate apoptosis in apaf-1 deficient mice (Marsden et al,,
2002), indicating that bcl-2 contributes to apoptosis through an additional
pathway not related to apoptosome formation.
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1.6.9 BH3 subfamily.

Members of the BH3 subfamily, which share homology only with the
BH3 domain of bcl-2, and include bad, bid, bim and blk also contribute to
the regulation of apoptosis. All the BH3 proteins have a pro-apoptotic effect
(Huang & Strasser, 2000), and can illicit this effect either through
interactions with both pro-, and anti-apoptotic bcl-2 family members. The
BH3 protein Bid, which is activated by cleavage by caspase 8 (see above)
is known to be essential for cytochrome c release, where it induces a
conformational change in the pro-apoptotic protein BAK (similar to BAX),
which facilitates oligomerisation and allows the formation of channels in the
mitochondrial membrane (Wei et al., 2000). Other BH3 family members
interact with anti-apoptotic family members such as bcl-2, and prevent them
from eliciting their antiapoptotic effects (Cheng et al., 2001; Huang &
Strasser, 2000). The contribution of bcl-2 family members to the regulation
of apoptosis is shown in figure 1.11.

1.6.10 Regulation.

The activity of bcl-2 family members can be regulated by a number
of mechanisms, all of which serve to collate information on the status of the
cell through regulation of the balance between pro-, and anti-apoptotic bcl-2
family members. Signals can be integrated into the bcl-2 regulated
apoptotic pathway through the altering the proteins at the transcriptional
level, for example the levels of pro-apoptotic bim are increased with
cytokine withdrawal in lymphocytes through increased transcription
mediated through the forkhead transcription factor (Dijkers et al., 2000),
and the bcl-2 gene is known to contain two oestrogen response elements
and can be upregulated by 17B-oestradiol (Perillo et al., 2000) and
downregulated by treatment with antioestrogens (Diel et al., 1999). The
activity of bcl-2 family proteins can also be modulated through direct
interaction with signalling molecules. In addition to upregulating bcl-2
expression through the cAMP response element binding protein
(Pugazhenthi et al., 2000), the survival factor Akt can also directly
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Figure 1.11 The bcl-2 family and regulation of apoptosis. bcl-2 family members primarily regulate the permeability of the
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phosphorylate and inactivate bad (Datta et al., 1997), preventing it from
fulfilling its pro-apoptotic role. Consistent with its role as a tumour
suppressor and cell cycle regulator, p53 interacts with a wealth of bcl-2
family members, having the ability to regulate many at the transcriptional
level, for example bcl-2 and bax (Miyashita et al., 1994b) and Noxa (a pro-
apoptotic BH3 protein) (Oda et al., 2000). p53 can also directly activate bax
(Chipuk et al., 2004).

1.6.11 Effector Caspases.

Once activated by the formation of the apoptosome, caspase 9 is
able to cleave and activate the effector caspases, such as caspase 3 and
caspase 7, the activity of which carry out apoptosis through the cleavage of
proteins such as gelosin (Kothakota et al., 1997), PAK2 (Rudel & Bokoch,
1997), focal adhesion kinase (Wen et al., 1997) and rabaptin -5 (Cosulich et
al., 1997), bringing about the typical apoptotic phenomena of rounding up of
cells, membrane blebbing, formation of apoptotic bodies and the cessation
of membrane transport. Caspase-3 is also known to be responsible for DNA
fragmentation (Janicke et al., 1998), through the cleavage and inactivation
of ICAD, the inhibitor of caspase-activated DNase (CAD), which becomes
available to degrade the DNA at the linker regions between nucleosomes
(Sakahira et al., 1998).

As well as carrying out the cleavage of structural and functional
molecules that bring about apoptosis, caspases are now known to be able
to further sustain the apoptotic signal through the cleavage and inactivation
of survival factors. For instance, EGFR is known to be cleaved and
inactivated by caspase-3 (Bae et al., 2001), and caspase-3 is able to further
increase the potency of the apoptotic signal by cleaving bcl-2 into a smaller,
proapoptotic molecule (Cheng et al.,, 1997), creating a positive feedback
loop which continues to generate a self propagating apoptotic signal.
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1.7 Experimental aims of this study

It is the aim of this study to examine what effect the development of
tamoxifen resistance has on the sensitivity of breast cancer cells to
cytotoxic agents. A close correlation between EGFR expression and
cytotoxic resistance has been demonstrated in a number of experimental
and clinical systems and it will be of interest to discover whether the
increased expression of EGFR that is known to accompany the
development of tamoxifen resistance also results in a phenotype more
resistant to treatment with cytotoxic drugs.

The extent to which cytotoxic sensitivity is altered will be examined,
as will changes in the expression of proteins that may serve to regulate the
response of tamoxifen resistant cells to cytotoxic insult, including proteins
concerned with the detection and repair of DNA damage, proteints
responisible for the efflux of drug molecules, and the proteins which

regulate apoptosis.
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Chapter 2
Materials and methods.
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2.1 Cell Culture.
2.1.1 Cell lines used in this study.
Wild-type MCF-7 — MCF-7.

MCF-7 cells are an epithelial human metastatic mammary carcinoma
cell line, originally isolated from a pleural effusion of a woman with
metastatic breast cancer in 1973. These cells were quickly identified as
expressing the oestrogen receptor (Brooks et al., 1973) and were latterly
identified as being responsive to the growth stimulatory and inhibitory action
of oestrogens and antioestrogens respectively (Lippman et al., 1976). MCF-
7 cells used in this study were obtained from the Tenovus Centre for
Cancer Research (Welsh School of Pharmacy, Cardiff, UK).

Tamoxifen resistant MCF-7 MCF-7(TamR).

A tamoxifen resistant cell line was derived by the continuous culture
of MCF-7 cells in media deprived of phenol red, which has an weak
oestrogenic effect (Welshons et al., 1988). Steroid hormones were also
removed by charcoal stripping of serum, and media was supplemented with
107M 4-hydroxytamoxifen (Sigma, UK). Initially tamoxifen inhibits the
growth rate; however following six months in culture the rate of growth
increases indicating the development of tamoxifen resistance (Knowlden et
al., 2003). Following establishment of tamoxifen resistance cells, are
routinely cultured for a further four months before experimental use. In this
study MCF-7(TamR) cells were obtained from the Tenovus Centre for
Cancer Research (Welsh School of Pharmacy, Cardiff, UK).

Tamoxifen & gefitinib resistant MCF-7.- MCF-7(DR).

The selective EGFR inhibitor gefitinib (Iressa™, ZD1839) initially
causes a drastic reduction in growth rate of MCF-7(TamR) cells. When
MCF-7(TamR) cells are cultured in media containing 10 M gefitinib for four
months, the growth rate improves, and a cell line able to proliferate in the
presence of tamoxifen and gefitinib is derived. MCF-7(DR) cells were
obtained from the Tenovus Centre for Cancer Research (Welsh School of
Pharmacy, Cardiff, UK).
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Growth factor deprived MCF-7 cells - -MCF-7 (gfd).

MCF-7 cells were grown in phenol red free RPMI medium in which
all oestrogens and exogenous growth factors had been removed by
charcoal stripping, and subsequent heat inactivation (652C, 40mins) of the
foetal calf serum (5%) prior to adding to the medium (van der Burg et al.,
1988). Growth factor deprivation initially causes a 80% decrease in growth
rate (Staka et al., 2005), but following four months in culture the rate of
growth increases until it is equivalent to that of the parental MCF-7 line.
MCF-7(gfd) cells were obtained from the Tenovus Centre for Cancer
Research (Welsh School of Pharmacy, Cardiff, UK).

T47D.

T47D are an epithelial human mammary carcinoma cell line,
originally isolated from pleural effusion of a woman with breast cancer.
T47D cells used in this study were obtained from the Tenovus Centre for
Cancer Research (Welsh School of Pharmacy, Cardiff, UK).

Tamoxifen resistant T47D — T47D(TamR).

In manner identical to that used to generate the tamoxifen-resistant
MCF-7 cell line, MCF-7(TamR), T47D cells were cultured for six months in
the presence of 4-hydroxytamoxifen (10”7 M) in order to generate a cell line
able to proliferate in the presence of tamoxifen. T47D(TamR) cells used in
this study were obtained from the Tenovus Centre for Cancer Research
(Welsh School of Pharmacy, Cardiff, UK).

2.1.2 General Cell Culture Methods.

Cell Culture Media.

Cell lines were routinely cultured in the following media. All reagents were
purchased from Invitogen, UK unless otherwise stated.

MCF-7 and T47D Cells.
Full RMPI medium supplemented with;
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5% (v/v) foetal calf serum.

10pg/mli penicillin streptomycin.

2.5ug/ml Fungizone.
.Hereafter referred to as RPMI+5%.

To minimise the unwanted oestrogenic effects of phenol red and foetal calf
serum, cells were transferred to alternative media prior to experimentation,
containing
RMPI medium (w/o phenol red and L-glutamine) supplemented with;
5% (v/v) charcoal stripped foetal calf serum.
4mM L-glutamine.
10pg/ml penicillin Streptomycin.
2.5ug/ml Fungizone.
Hereafter referred to as W+5%.

MCF-7(TamR) and T47D(TamR) Cells.
W+5% media supplemented with 10’M 4-hydroxytamoxifen (Sigma, UK).
Hereafter referred to as W+5%+Tam.

MCF-7(DR) cells..
W+5%+Tam media supplemented with 10°M gefitinib (AstraZenica, UK).
Hereafter referred to as W+5%+Tam+Gefitinib.

MCF-7(gfd) cells.
RMPI medium (w/o phenol red and L-glutamine) supplemented with;
5% (v/v) heat-inactivated charcoal stripped foetal calf serum.
4mM L-glutamine.
10ug/ml penicillin Streptomycin.
2.5ug/ml Fungizone.
Hereafter referred to as W+5%HIS.

Foetal calf serum was stripped by adjusting its pH to 4.2 with 5M HCI
(Fisher, UK) and leaving to equilibrate at 4°C for 30mins. 5mls of activated
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charcoal solution was added (2g activated charcoal (Sigma, UK), 0.01g
Dextran T-70 (Fisher, UK), 18ml water) per 100ml foetal calf serum. The
resultant mixture was left overnight at 4°C with stirring. The charcoal was
removed by centrifugation at 12,000g for 40 mins in high-speed refrigerated
centrifuge, then filtered 3 times through Whatmans No.4 filter paper
(Whatman, UK). The pH was then readjusted to 7.2 with NaOH (Fisher, UK).
Finally the serum was filtered through a 0.2um filter (Millipore, UK) under
sterile conditions to remove microorganisims.

Where necessary serum was heat inactivated by heating to 65°C for 40

minutes.

Passaging.

Upon reaching around 90% confluency, cells were passaged by
trypsinisation in Trypsin/EDTA for 5 minutes at 37°C. Cells were
resuspended in an appropriate medium and washed by centrifugation at
1000rpm in a Heraeus Multifuge 3s.r fitted with 6441 rotor and resuspended
in the same medium. Cells were counted as described below then seeded
out in an appropriate vessel (Nunclon, UK) at an approximate density of
40,000 cells/cm?.

Freezing and reviving cells.

As required, cells were centrifuged as above and resuspended at a
concentration of 1million cells/ml in a freezing medium, consisting of their
usual medium additionally supplemented with 10% DMSO (Sigma, UK).
This cell suspension was frozen in 1ml aliquots overnight at -80°C before
being stored at -130°C until required.

When required, cells were revived by thawing to room temperature
and washing twice by centrifugation and resuspension in normal culture
medium. Finally cells were resuspended in 5mis of culture medium, then
left to grow to 90% confluency in a 25cm? flask (Nunclon, UK).

Counting.
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Following culture in 24-well format tissue culture plates (Nunclon,
UK), cells were counted by either dual-chamber Neubauer haemocytometer
(Fisher Scientific, UK) or by a Coulter Multisizer Il counter (Beckman
Coulter, UK). For counting by haemocytometer, cells were trypsinised as
previously described in 200pl Trypsin/EDTA for 5 minutes. Cells were then
removed to 1.5ml centrifuge tubes (Elkay, UK), the action of trypsin was
reduced with the addition of 100ul culture media and the resulting 300l
was stored briefly at 4°C until counting. Immediately prior to counting, 10ul
0.03% Trypan blue (Sigma, UK) was added, and the resulting mixture was
mixed several times with a needle and syringe before being pipetted into
the chambers of the haemocytometer. The average of four measurements
was taken for each well. For counting by Multisizer Il, each well was
trypsinised with 1ml of Trypsin/EDTA for 10 minutes. The 1ml cell
suspension was then added to a cup (Sarstedt AG and Co, Germany)
containing 6ml of Isoton (Beckman Coulter, UK) using a syringe and needle.
The empty well was then washed three times with 1ml of Isoton again using
a syringe and needle. The product of each wash was added to the cup
giving a total volume of 10ml. Two separate 500ul portions of this
suspension was counted per well, and the average of these two

measurements was taken.

Light Microscopy / Photography.
Cells were observed microscopically using a Nikon Eclipse TE200
light microscope, and when required, photographic images were taken

using an attached Nikon F70 camera.
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2.2 Drug treatments.

The following drugs were used throughout this study. All drug
treatments were made up using sterile reagents in a class Il laminar flow
cabinet. Where several concentrations of the same drug were required,
serial dilutions of the drug were made prior to addition to cell culture media.
Where solvents other than water were used, control cells were cultured in
the presence of the appropriate solvent. Where toxic solvents, such as
DMSO and ethanol were used, the total concentration of solvent in the

media never exceeded 0.1%.

Cells were plated in 24-well plates (Nunclon, UK) at a concentration
of 40,000 cells/well and left overnight. Drugs were then administered at
concentrations described below dissolved in fresh W+5% media, with 4-
hydroxytamoxifen being included at a concentration of 107M for tamoxifen
resistant cell lines. For 7 day cytotoxic treatments media was refreshed on
the fourth day, and where EGFR inhibitors were used alongside cytotoxics
the EGFR inhibitor was present in the media for the full 7 day cytotoxic
treatment. Where 24 cytotoxic treatments were used, the initial 24 hour
cytotoxic treatment (including EGFR inhibitors where used) was followed by
a four day recovery period in normal media (also including EGFR inhibitors

where used).

4-hydroxytamoxifen.

4-hydroxytamoxifen was obtained from Sigma, UK and was dissolved in
ethanol (Fisher Scientific, UK). A 102M stock solution was stored at -20°C
until required, whereupon a working solution of 10°M was made up and
stored at -20°C for short periods of time during use. 4-hydroxytamoxifen
was included in the routine growth media for all tamoxifen resistant cell
lines at a concentration of 107M.

AG1478.
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AG1478 (4-(3-Chloroanillino)-6,7-dimethoxyquinazoline) was obtained from
Tocris Bioscience (USA) and was dissolved in DMSO to a concentration of
1mM. AG1478 was stored at -20°C until required.

Bleomycin.

Bleomycin (Bleo-kyowa™) was obtained from Velindre hospital (Cardiff,
UK) and was supplied in vials of freeze dried powder containing 10mg of
bleomycin sulphate with an activity of 15,0001U. Bleomycin was dissolved in
sterile water to a concentration of 10mg/ml and stored at -20°C until

required.

Cisplatin.

Cisplatin (cis-Diammineplatinum(ll) dichloride) was obtained from Sigma,
UK and stored as a powder. As required, cisplatin was dissolved in cell
culture grade DMSO (also from Sigma, UK), diluted to the required
concentration and stored at -20°C for short periods of time.

Camptothecin.
Camptothecin was obtained from Sigma, UK, dissolved in DMSO (10mg/ml)
and stored at -20°C until required.

Doxorubicin.
Doxorubicin was obtained from Sigma, UK and was stored in aqueous
solution (10mg/ml) at -20°C until required.

Etoposide.
Etoposide (Etoside™) was obtained from Velindre hospital (Cardiff, UK) as
a liquid and was stored at -4 °C until required.

Faslodex.

Faslodex was obtained from AstraZeneca (Macclesfield, UK) and was
stored dissolved in ethanol to 10°M at -20°C until required.
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5-Fluorouracil.
5-fluorouracil was obtained from Sigma, UK. It was stored in agueous
solution at -20°C until required.

Gefitinib.
Gefitinib (Iressa™) was obtained from AstraZeneca (Macclesfield, UK) and
was diluted in DMSO to 102M until required.

Oestradiol.

Oestradiol (17-B-oestradiol) was obtained from Sigma, UK, and was diluted
in ethanol to 10°M and stored at -20°C until required.
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2.3 Immunocytochemistry.

The expression levels of several proteins were assayed using
immunocytochemistry. MCF-7 and MCF-7(TamR) cells growing in log
phase were examined for expression and activation of EGFR, c-erbB2, AKT
and ERK1/2., and immunocytochemistry was also used to examine levels
of bcl-2 expression in MCF-7, MCF-7(TamR), MCF-7(DR) and MCF-7(gfd)
cells, either during normal log phase growth, or following treatment with
oestradiol, faslodex or tamoxifen. Cells were cultured on 6cm? dishes
(Nunclon, UK) containing autoclaved coverslips (Fisher Scientific, UK) and
the appropriate medium and drug treatment. Following treatment, cells on

the coverslips were fixed by one of the following methods.

Acetone fixation.
Coverslips were fixed by immersion in chilled (-10°C) acetone
(Fisher Scientific, UK) for 10 minutes. Coverslips were then removed and

left to dry in air for 20 minutes before being stored until required at -80°C.

ER-ICA fixation.

Coverslips were initially immersed in 3.7% formaldehyde solution at
room temperature for 15 minutes before being immersed in PBS at room
temperature for a further five minutes. This was followed by a five minute
immersion in cold (-10°C) methanol (Fisher Scientific, UK) and a five minute
immersion in cold (-10°C) acetone before being immersed in PBS at room
temperature for a further five minutes. Coverslips were stored at -20°C in
sucrose storage medium until required (see below).

Methanol/Vanadate/Acetone fixation.

Following the removal of media from coverslip dishes, 1ml of 2mM
sodium orthovanadate (Sigma, UK) in methanol (Fisher Scientific, UK)
chilled to -10°C was added to coverslips for 5 minutes. Coverslips were
then rinsed in 1ml cold methanol (-10°C). Coverslips were placed in a rack
situated in a bath of cold methanol (-10°C) before being transferred to a
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bath of cold acetone (-10°C) for five minutes. Coverslips were then air dried
for 20 minutes and stored at -80°C until required.

Formal saline fixation.
3.7% Formal saline solution was prepared as follows;

4.5g Sodium Chloride (Fisher Scientific, UK)

50ml 37% Formaldehyde solution (Fisher Scientific, UK )

450ml Tap water.
Coverslips were immersed in 3.7% formal saline solution for 10 minutes,
then 100% ethanol (Fisher Scientific, UK) for five minutes, followed by PBS
for five minutes. Coverslips were stored at -20°C in sucrose storage

medium until required (see below).

Phenol formal saline fixation.
3.7% Formal saline solution was prepared as above, with the
addition of phenol (Fisher Scientific, UK) to 2.5%. Fixation was then carried

out exactly as for formal saline fixation.

Sucrose storage medium.
Sucrose storage medium was prepared as follows; all chemicals
were purchased from Sigma. UK.
42 .89 sucrose
0.33g magnesium chloride
250ml PBS
250ml glycerol
Stored at -20°C prior to use.

Blocking, developing and mounting.

After fixation, coverslips were washed in PBS, followed by 0.02%
PBS/TWEEN prior to blocking. Coverslips were then incubated first with
primary antibody, then with a secondary antibody, with one wash in PBS
and two washes in 0.02% PBS/TWEEN after each incubation. The specific
blocking method used in the detection of each protein of interest is given in

80



table 2.1 along with details of fixation method and the primary and
secondary antibody incubation conditions. After the relevant antibody
incubations, all coverslips were incubated with 70ul DAB chromogen
(DAKO, USA). Following this treatment coverslips were washed twice with
distilled water before being counterstained with 0.5% methyl green (Fisher
Scientific, UK) for thirty seconds. After further washing in distilled water
coverslips were dried and mounted on slides using DPX mounting medium
(Fisher Scientific, UK).

Imaging.

Images were captured on an Olympus BH2 microscope fitted with an
attached Olympus DP12 digital camera system.
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Table 2.1. Fixation, blocking and antibody incubation conditions for detection of proteins by immunocytochemistry

Protein of Fixation
interest

Blocking Conditions

Primary antibody incubation

Secondary antibody incubation

Total Phenol formal 0.02% PBS/TWEEN Neomarker EGFR (Cat no. Ab-10 111.6) 1/50 in DAKO mouse EnVision (Cat no.
EGFR saline. for 10 mins. PBS overnight. k4007) for 2 hours.
p-EGFR Phenol formal 0.02% PBS/TWEEN Biosource pEGFR (tyr1068) (Cat no. 44-788g) DAKO rabbit EnVision (Cat no.
saline. for 10 mins 1/40 in1% BSA'/PBS overnight. k4011) for 2 hours.
Total c- ERICA. 5%  Goat'+ 5% DAKO c-erbB2 (Cat no. A0485) 1/100 in 5% Sigma goat anti-rabbit peroxidase
erbB2 human® serum in PBS  goat / 5% human serum / PBS for 2 hours. conjugate (Cat no. A4914) 1/50 in
for 10 mins. 5% goat / 5% human serum / PBS
for 1 hour.
p-c-erbB2  Methanol 0.02% PBS/TWEEN Upstate p-erbB2 (tyr1248) (Cat no. 66-229) 1/20 Sigma goat anti-rabbit peroxidase
vanadate for 10 mins. in PBS overnight. conjugate (Cat no. A4914) 1/50 in
acetone. 0.1% BSA
pAKT ERICA 0.02% PBS/TWEEN Cell signalling technologies pAKT (ser473) (Cat DAKO rabbit EnVision (Cat no.
for 10 mins no. 9277) 1/70 in PBS overnight. k4011) for 2 hours.
PERK1/2 Formal saline 0.02% PBS/TWEEN Cell signalling technologies ERK1/2 DAKO rabbit EnVision (Cat no.
for 10 minutes (thr202/thr204) (Cat no. 9101) 1/20 in PBS for 1  k4011) for 1 hour.
hour.
bcl-2 Acetone 5% Goat+ 5% human DAKO bcl-2 (Cat no. M0887) pre-incubated with  DAKO mouse EnVision (Cat no.

serum in PBS for 10
mins.

two volumes of human serum for 90 minutes.
1/30 antibody concentration in 0.1% BSA/PBS
overnight.

k4007) for 2 hours.

Mwos:m serum albumin obtained from Sigma, UK
Goat serum obtained from DAKO, USA

*Human serum obtained from Golden West Biologicals, USA
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2.4 Protein analysis by western blotting.

Expression and activation levels of several proteins were assayed by
western blot analysis, carried out according to the following method (all
reagents from Sigma, UK unless otherwise indicated).

Cells were lysed on ice with a lysis solution (50mM TRIS base
(Fisher Scientific, UK), 5mM EGTA, 150mM NaCl (Fisher Scientific, UK),
1% Triton) containg a cocktail of protease inhibitors (2mM NavO4, 50mM
NaF, 1TmM PMSF, 20uM phenylarsnine, 10mM sodium molybdate, 10ug/mi
leupeptin, 8ug/ml aprotinin), the latter two reagents both being added on
day of use. The lysates were then centrifuged at 15,3009 for 15mins at 4°C.
The protein content of the supernatants was subsequently quantified with a
protein estimation kit (Biorad, Hemel Hempstead, UK) according to the
manufacturer’s instructions. A series of BSA solutions of known
concentrations were also quantified in order to construct a calibration curve.
The supernatants were then aliquoted and stored at -20°C. Samples were
subjected to SDS-PAGE in Protean 3 electrophoresis equipment (Biorad,
Hemel Hempstead, UK) at a constant voltage of 150V for at least 90
minutes through a two layered polyacrylamide gel, containing a 5%
stacking section (1.67ml 30% acrylamide, 5.83ml water, 2.5ml 0.5M TRIS
(pH 6.6), 0.1ml 10% SDS, 50ul 10% ammonium persulphate, 10ul TEMED)
and a 7.5% resolving section (2.5ml 30% acrylamide, 4.8ml water, 2.5ml
1.5M TRIS 9 (pH 8.8), 0.1ml 10% SDS, 100ul ammonium persulphate, 20pl
TEMED). For each sample, 60mg of protein was loaded per lane, along
with the appropriate volume of 2x sample buffer (4% SDS, 20% glycerol,
120mM TRIS, 0.01% bromophenol blue in water). Blotting was carried out
in a blotting tank (Biorad, Hemel Hempstead, UK) according to the
manufacturers’ instructions. Briefly, polyacrylamide gels were placed on top
of a piece of Protrans™ nitrocellulose membrane and were held in a
cassette along with filter papers and sponges. All gels, membranes, filter
papers and sponges were soaked in transfer buffer (0.25M TRIS base,
1.92M glycine, 20% methanol in water) prior to assembly of the cassette.
Care was taken to ensure that following the construction of the cassette,
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the membrane lay on the cathode side of the gel. The cassetite was
immersed in transfer buffer and run for 2hrs at a constant voltage of 100V.
All blotting apparatus was kept at 4°C during the blotting process.

The resulting membranes were blocked overnight in a solution (1ml
blocking substrate/19mls water) of POD Blocking Substrate (Roche, UK),
then probed for 90mins-4hrs with an appropriate primary antibody, diluted
in POD Blocking Substrate and 0.05% sodium azide. Details of primary
antibody incubations are given in table 2.2. Membranes were then washed
three times in TBS/tween (10mM TRIS base, 150mM NaCl, 0.05% Tween)
before being incubated with a secondary antibody. Details of secondary
incubations are given in table (2.2). Membranes were then washed three
times in TBS/tween before being visualised on Kodak MXB Film using a
Horseradish Peroxidase Chemiluminescence kit (Supersignal ® West Dura
Extended Duration Substrate #34075. Pierce, UK). Even loading was
confirmed by reprobing the membranes for B-actin.
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Table 2.2 Primary and secondary incubation conditions for protein detection by western blotting.

Protein Primary Incubation Secondary Incubations

Total EGFR Overnight at 4°C in a 1:1000 solution of rabbit-derived EGFR Room temperature incubation for 2hrs with 1:10,000
specific antibody, Cell Signalling Technologies, UK (Cat no solution of HRP-conjugated anti-rabbit secondary
2232) antibody (Amersham, UK)

p-EGFR Overnight at 4°C in a 1:1000 solution of rabbit-derived p- Room temperature incubation for 2hrs with 1:10,000

EGFR (tyr1068) specific antibody, Cell

Technologies, UK (Cat no. 2234).

Signalling

solution of HRP-conjugated
antibody (Amersham, UK).

anti-rabbit secondary

Total c-erbB2

Overnight at 4°C in a 1:1000 solution of rabbit-derived c-
erbB2 specific antibody, Santa Cruz Biotechnology, USA (Cat
no. sc-284).

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK).

for 2hrs with 1:10,000
anti-rabbit secondary

p-c-erbB2

Overnight at 4°C in a 1:1000 solution of rabbit-derived p-c-
erbB2 (tyr1248) specific antibody (Upstate Biotechnology, UK
(Cat no. 06-229)

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK)

for 2hrs with 1:10,000
anti-rabbit secondary

Total AKT

Overnight at 4°C in a 1:1000 solution of rabbit-derived AKT
specific antibody. (Cell Signalling Technologies, UK — Cat No
#9272).

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK)

for 2hrs with 1:10,000
anti-rabbit secondary

p-AKT

Overnight at 4°C in a 1:1000 solution of mouse-derived p-AKT
(ser473) specific antibody (Cell Signalling Technologies, UK —
Cat No #9272).

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK)

for 2hrs with 1:10,000
anti-mouse secondary

p-ERK1/2

Overnight at 4°C in a 1:1000 solution of rabbit-derived  p-
ERK1/.2 (thr202/thr204) specific antibody. Cell Signalling
Technologies, UK (Cat no. 9101).

Room temperature incubation

for 2hrs with 1:10,000

solution of HRP-conjugated anti-rabbit secondary a

antibody (Amersham, UK)

Total ERK1/2

Overnight at 4°C in a 1:1000 solution of rabbit-derived ERK1/2
specific antibody, Cell Signalling Technologies, UK. (Cat no.
#9212).

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK).

for 2hrs with 1:10,000
anti-rabbit secondary

B-actin

Room temperature incubation for 90 minutes with a 1:10,000
solution of mouse-derived B-actin specific antibody (Cell
Signalling Technologies, UK — Cat No #4967)

Room temperature incubation
solution of HRP-conjugated
antibody (Amersham, UK)

for 2hrs with 1:10,000
anti-mouse secondary
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2.5 Measurement of doxorubicin uptake.
Doxorubcin uptake was measured by flow cytometry, exploiting the

In order to quantify cellular uptake of doxorubicin, cells were seeded in 24
well plates at 40,000 cells / cm? and left for 24 hours at 37°C in the relevant
growth media. The media was then aspirated and replaced with media
containing doxorubicin at various concentrations and left on the cells for
either 4hrs or 24hrs. Following this treatment, cells were washed three
times with PBS before being typsinised for 5 minutes in 200ul trypsin/EDTA
(Gibco, UK). Following trypsinisation cells were pelleted by centrifugation
(5mins, 1000rpm in a Heraeus Multifuge 3sr fitted with 6441 rotor) in round
bottomed polycarbonate tubes (BD Biosciences, UK) and resuspended in
ice cold PBS before the amount of doxorubicin present in cells was
measured using the FL-2 channel of a FACScalibur (BD Biosciences, UK)
flow cytometer. Data obtained was analysed using WinMDI 2.8 (Freeware

from http://facs.scripps.edu/software.html).
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2.6 Measurement of fluid phase endocytosis by FITC-
dextran uptake.
In this study, the rate of fluid phase endocytosis was measured as a

marker of the rate of membrane turnover, as the rate of membrane turnover

has been postulated as a key factor in the rate of bleomycin uptake by cells.

The rate of fluid-phase endocytosis was measured by monitoring the
uptake of 10k FITC-dextran both by flow cytometry and by microscopic
evaluation. |

Flow cytometry.

Cells were seeded at a density of 40,000 cells/cm? in a 24 well plate
(Nunclon, UK) and left overnight before being treated with medium
containing 5mg/ml FITC-dextran (Sigma, UK) for 4hrs. Cells were then
washed in-situ three times with PBS (37°C) before being trypsinised for 5
mins in 200pl trypsin/EDTA (Gibco, UK). Following trypsinisation cells were
transferred to centrifuge tubes (Elkay, UK), pelleted by centrifugation and
resuspended in PBS as described in section 2.5. The amount of FITC-
dextran present in cells was measured using the FL-1 channel of a
FACScalibur (BD Biosciences, UK) flow cytometer. Data obtained was
analysed using WinMDI 2.8 (Freeware from
http://facs.scripps.edu/software.html).
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2.7 Neutral comet assay.

Double strand breaks in DNA caused by bleomycin were examined
using the neutral comet assay. The assay was performed in accordance
with the standard method (Rojas et al., 1999; Singh et al., 1988), with a
number of small modifications. All reagents were from Sigma, UK unless
otherwise stated. In brief, a suspension of cells in low melting point agarose
(LMPA) (5 x 10* cells/ml LMPA) at 37°C was pipetted into a dual-window
CometSlide™ (Trevigen, Gaithersburg, USA), such that each window
contained approx. 4000 cells suspended in 75ul LMPA. The slide was then
chilled to 4°C to allow the agarose to set. Cell membranes were then
dissolved by submerging in a lysis solution (2.5M NaCl, 100mM Na2EDTA,
10mM Tris, 10% (v/v) DMSO, 1% Triton X-100 — pH10) overnight. Slides
were then neutralised in a TBE solution (0.089M Tris, 0.089M borate,
0.002M EDTA in water) for 30mins, before being subjected to
electrophoresis for 20 minutes in the same buffer at 2v/cm in a refrigerated
room. This allowed fragments of DNA which had sustained double stranded
breaks to move free of the nucleus and migrate towards the anode, forming
a ‘tail and giving the impression of a comet.

All solutions were kept at 4°C until immediately prior to use in order
to minimise the risk of LMPA melting and lifting from the slide. Following
electrophoresis, the slides were neutralised with a commercially available
neutralising buffer (lkzus, Genoa, Italy), before being fixed in ethanol and
air dried. Slides were stained with FLUO-Plus DNA stain (lkzus, Genoa)
and visualised on a DRAM2 epifluorescent microscope (Leica. Cambridge,
UK) equipped with a Retiga 1300 digital camera (Qlmagin, Canada). The
extent to which broken fragments had been moved by electrophoresis was
analysed using CASP software (Konca et al 2003) to calculate Olive tail
moments (OTM) of 50 cells from each window of each slide.
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2.8 Gene expression analysis by microarray

RNA was isolated from triplicate cultures of MCF-7 and MCF-
7(TamR) cells during log phase growth in their normal growth media. Cells
were lysed in situ with TriReagent (Sigma, UK), scraped into 1.5ml
microcentrifuge tubes and stored at -80°C. Total RNA was isolated as per
reagent protocol with subsequent DNase1 treatment and RNA clean-up
using RNeasy Mini Columns (Qiagen, UK). RNA was quantified by UV-
spectrophotometry at 260nm, and initial determination of the purity of the
nucleic acid by determination of the 260/280nm ratio which was >1.7.
Integrity of RNA was established by visualisation of horizontal gel
electrophoresed material using ethidium bromide (Sigma, UK). Integrity and
concentration of samples were then further checked using an Agilent
Bioanalyser system prior to their reverse transcription, amplification, biotin-
tag labelling and hybridisation to the Affymetrix HG-U133A Genechip
(Central Biotechnology services, Cardiff University). Following automated
washing of chips hybridised material was fluorescently labelled and
scanned by confocal laser. Specific normalised signal levels were
determined (using mismatch control signal levels for-non-specificity) using
the Affymetrix MASS5 analysis software and data exported as excel format
datasheets. Data was uploaded into the Affymetrix analyis specific
programs of GeneSifter.net, a web-based analysis package. Here triplicate
data sets for each experimental arm were median-normalised and data was
log transformed. Control gene expression and MVA plots to assess
comparability between data sets were performed prior to any project
analyses. Expression levels for experimental genes were then analysed to
examine relative gene expression profiles with appropriate cutoffs for fold

changes in expression.
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2.9 CaspACE™ apoptosis detection Assay.

Apoptosis was detected using the commercially available
CaspACE™ reagent (Promega, UK), a conjugate of the fluorophore FITC
and the irreversible caspase inhibitor VAD-FMK. This reagent binds
irreversibly to the activated forms of caspases 1 and 3 and allows for
fluorometric calculation of the extent of apoptosis by FACS. CaspACE™ is
provided as a 5mM solution in DMSO and was used as follows.

Following treatment with a suspected inducer of apoptosis, media
was removed into round bottomed polycarbonate tubes (BD Biosciences,
UK) while the cell monolayer was trypsinised with a mixture of trypsin/EDTA
(Gibco, UK) and PBS in equal volumes for 3 minutes. The resulting cell
suspension was returned to the appropriate tube and the resulting cells
were pelleted from the suspension by centrifugation as described in section
2.5. The supernatant was removed and the cell pellet was resuspended in
150u! of a 10uM solution of CaspACE™ in PBS and left to incubate in the
dark for 20 minutes. Following incubation, cells were pelleted as described
above and resuspended in 2ml PBS. This solution was then spun down and
resuspended in a smaller volume (500ul) of PBS. The amount of
CaspACE™ present in cells was measured using the FL-1 channel of a
FACScalibur (BD Biosciences, UK) flow cytometer. Data obtained was
analysed using WinMDI 2.8 (Freeware from
http:/facs.scripps.edu/software.html).
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2.9 Transfection with bcl-2 siRNA.

Levels of bcl-2 protein in MCF-7 cells were reduced by transfection
with commercially available ON-TARGETplus SMARTpool siRNA mixture
specifically directed against bcl-2 mRNA (Dharmacon, UK — Cat #L-
003307-00). siRNA was made up to 5nM using the siRNA buffer provided
and DNAse/RNAase free water (Ambion, UK). siRNA was mixed with
Dharmafect™ transfection reagent (Dharmacon, UK) in a 2:1 ratio (v/v) and
left at room temperature for 20 mins. This mixture was then added to the
appropriate cell culture media at a concentration of 7.5ul per ml. The media
was applied to cells 24 hours post seeding at a density of 40,000 cells/cm?.
Control transfections were carried out for all experiments using an siRNA
targeting a non endogenous gene. Control transfections were carried out
exactly as described for bcl-2, with the use of anti-luciferase duplex
1(Dharmacon, UK) siRNA in place of anti-bcl-2 siRNA.
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2.10 Statistical analysis of data

Statistical significance of data was calculated using the SPSS
programme for Windows (SPSS inc, Chicago, US). ANOVA was performed
on each set of data, and a Levine statistic calculated to establish whether
variances were equal in sets of data that were to be analysed. Where the
Levine statistic was equal to or more than 0.05 and therefore variances
were assumed to be equal Dunnett’s t-test was used to establish whether
each treatment had an effect relative to the untreated control group. Where
the Levine statistic was larger than 0.05, unequal variances were assumed
and Tamahane's post hoc test was used to establish whether each

treatments had a significant effect compared with the untreated control

group.

Where two data sets were directly compared (for example the effect
of a fixed dose of drug on the growth of two different cell lines), a paired t-
test was performed to establish whether the particular treatment regimen
affected the two cell lines to a significantly different extent.
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Chapter 3
Results.
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It was the initial aim of this study to confirm that during the
development of tamoxifen resistance, levels of expression and activation of
several key signalling molecules such as EGFR and AKT are increased.
Given that increased levels of these proteins, in particularly EGFR are
generally associated with tumours that have increased resistance to
cytotoxic drugs (see section 1.2.2), the sensitivity of breast cancer cells to
several cytotoxic agents was measured before and after the development

of tamoxifen resistance.

3.1 Characterisation of cell lines.

Firstly, the tamoxifen resistant cells developed by long term culture
in 10’M tamoxifen were examined to ensure that they were able to
proliferate in the presence of tamoxifen, and that they displayed behaviour

consistent with previous cell culture models of tamoxifen resistance.

A number of changes were observed in MCF-7 cells following the
development of tamoxifen resistance. The morphology of the cells was
significantly altered, with the tamoxifen resistant MCF-7(TamR) cells
growing in a more scattered fashion compared to the wild-type MCF-7 cells
which generally grew in more clearly defined colonies. MCF-7(TamR) cells
also had a more angular appearance, and displayed the longer processes
previously observed in tamoxifen resistant cells in culture (fig 3.1.1 A)
(Knowlden et al., 2003). While tamoxifen initially inhibited the growth of
MCF-7 cells in culture, once tamoxifen resistance had developed the rate of
growth of the tamoxifen resistant cells increased (fig 3.1.1 B) and this was
reflected in the marked decrease from 64hrs to 41hrs in the mean doubling
time of MCF-7 and MCF-7(TamR) cells respectively. In addition to their
routine growth in 10’M tamoxifen MCF-7(TamR) cells also demonstrated
the ability to proliferate in a range of concentrations of tamoxifen which
were shown to inhibit the growth of wild-type MCF-7 cells (fig 3.1.2), with
only a 20% reduction in growth of MCF-7(TamR) cells being observed in a
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3.1.1 Appearance and growth rate of MCF-7 and MCF-7(TamR).

MCF-7 MCF-7(TamR)

56+ y=0.0047x +4.839 5.6 1 y =0.0079x + 4.7004
5.5 55
5.4 4

54 _
g 5 % 53 4
8 B s2-
852 g
g 5.1
g g

51 =

51 4.9 A A
4.9 y ——— 4.8 = 2 S
0 100 200 0 50 100 150
Time (hours) Time (hours}
td = 64hrs td = 41hrs

Figure 3.1.1 Appearance and growth rate of wild-type MCF-7 cells and
their tamoxifen resistant derivative, MCF-7(TamR). (A). Light microscope
images of the MCF-7 and MCF-7(TamR) taken at 10x magnification. (B).
Log plots of growth of MCF-7 and MCF-7(TamR) cells over time with

calculation of doubling time (td).
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3.1.2 Effect of tamoxifen on growth of MCF-7 and MCF-7(TamR) cells.
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Figure 3.1.2 Effect on growth of MCF-7 (Illl) and MCF-7(TamR) (&1

a 7 day treatment with tamoxifen, added to culture medium and refreshed

) cells of

on day 4. n=3. p values calculated from a paired t-test comparing growth
inhibition between cell lines at a given concentration of tamoxifen, *
indicates p<0.05, ** indicates p<0.01, ** indicates p<0.001. Error bars

indicate standard deviation.
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7-day treatment with 10"°M tamoxifen, compared to a 75% reduction
in growth of MCF-7 cells.

Once it had been confirmed that the MCF-7(TamR) cells were
resistant to tamoxifen, and were displaying behaviour typical of tamoxifen
resistant cells, the expression and activation of several signalling molecules
was examined. Immunocytochemistry and western blotting confirmed that,
consistent with previously observed models of tamoxifen resistance (Hiscox
et al, 2006; Knowlden et al., 2003) the tamoxifen resistant cells
demonstrated increased expression of the receptor tyrosine kinases EGFR
and c-erbB2 as measured by immunocytochemical staining (fig 3.1.3 A).
This observation was further validated by the analysis of protein expression
by western blot, which clearly showed the increased levels of EGFR and c-
erbB2 present in the tamoxifen resistant cells (fig 3.1.3 B). In addition to
increased expression of EGFR and c-erbB2, increased activation of these
proteins was also observed, with clearly increased levels of phosphorylation
of both molecules detected by immunocytochemistry (fig 3.1.4 A) and
western blotting (fig 3.1.4 B).

In addition to increased expression and activation of receptor
tyrosine kinases, signalling molecules downstream of EGFR and c-erbB2
were also seen to display increased activation following the development of
tamoxifen resistance. Immunocytochemical analysis of ERK1/2 activation
revealed a clear increase in ERK1/2 phosphorylation, with MCF-7(TamR)
cells exhibiting both an increase in staining density, and an increase in the
number of densely staining cells (fig 3.1.5 A). Examination of AKT
activation also displayed a similar pattern, with a clear increase in staining
density following the development of tamoxifen resistance (fig 3.1.5 A).
Western blot analysis confirmed the increase in activation of both ERK1/2
and AKT compared to their total expression levels. The total expression of
ERK1/2 seems to increase with the development of tamoxifen resistance,
while levels of total AKT seem to remain comparable (fig 3.1.5 B).
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3.1.3 EGFR and c-erbB2 expression in MCF-7 and MCF-7(TamR) cells.
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Figure 3.1.3 Changes in expression of EGFR and c-erbB2 following
development of tamoxifen resistance in MCF-7 cells as measured by
(A) immunocytochemistry (original magnification x10) and (B) western
blot.
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3.1.4 EGFR and c-erbB2 activation in MCF-7 and MCF-7(TamR) cells.
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Figure 3.1.4 Changes in levels of activated EGFR and c-erbB2 following
development of tamoxifen resistance in MCF-7 cells as measured by (A)

immunocytochemistry (original magnification x10) and (B) western blot.
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3.1.5 Activation of ERK1/2 and AKT in MCF-7 and MCF-7(TamR) cells.
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Figure 3.1.5 Changes in levels of expression and activation of ERK1/2 and
AKT following development of tamoxifen resistance in MCF-7 cells as
measured by (A) immunocytochemistry (original magnification x10) and (B)

western blot.
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As well as displaying increased activation of receptor tyrosine
kinases and several associated downstream signalling molecules, MCF-
7(TamR) cells became much more sensitive to the growth inhibitory effects
of EGFR inhibitors, highlighting their reliance on EGFR signalling for the
transmission of proliferative signals. The small molecule inhibitor AG1478,
delivered at a concentration of 1uM over 7 days, inhibited the growth of
MCF-7(TamR) cells by around 50%, while having no detectable effect on
the growth of MCF-7 cells (fig 3.1.6 A). Another small molecule inhibitor of
EGFR, gefitinib, caused a 50% reduction in growth of MCF-7(TamR) cells
over 7 days at 0.5uM, while MCF-7 cells treated in an identical manner
displayed only a 10% reduction in growth (fig 3.1.6 B). Much higher
concentrations of gefitinib (around 10uM) were able to significantly reduce
growth of both cell lines, however at all concentrations of gefitinib, the
growth inhibitory effect was significantly higher in MCF-7(TamR) cells than
MCF-7. This is consistent with observations made in several other studies
using various inhibitors of EGFR and EGFR family members, including
gefitinib (Gee et al., 2001), and Herceptin (Knowlden et al., 2003).
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3.1.6 Effect of the EGFR inhibitors AG1478 and gefitinib on growth of MCF-
7 and MCF-7(TamR) cells.
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Figure 3.1.6 Effect on growth of MCF-7 (ll) and MCF-7(TamR) ()
cells of 7 day treatment of the EGFR inhibitors (A) AG1478 and (B)
gefitinib added to the cell culture medium and refreshed on day 4.
cells. n=3. p values calculated from a paired t-test comparing growth
inhibition between cell lines for a given concentration of EGFR
inhibitor, * indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001. Error bars indicate standard deviation.
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3.2 Sensitivity of tamoxifen resistant breast cancer cells to

cytotoxic agents.

Once the expected changes in the activity of signalling molecules in
tamoxifen resistant cells had been confirmed, the effect of these changes
on cytotoxic sensitivity was examined. The sensitivity of wild-type, low
EGFR expressing MCF-7 cells and tamoxifen resistant, high EGFR
expressing MCF-7(TamR) cells to a panel of cytotoxic agents was
compared. When treated with bleomycin there was a marked difference in
sensitivity observed between MCF-7 and MCF-7(TamR) cells. Bleomycin
reduced the growth of both cell lines, but had a much larger effect on the
growth of MCF-7(TamR) cells. Over a 7 day treatment, 0.05ug/ml
bleomycin reduced the growth rate of MCF-7(TamR) by around 50%, while
having no significant effect on the growth of MCF-7 cells. Higher
concentrations of bleomycin over 7 days reduced the growth rate of both
cell lines, but had a much larger effect on MCF-7(TamR) compared to
MCF-7 (fig 3.2.1 A). Although a shorter (24 hour) treatment period with
bleomycin reduced the growth of both cell lines, a significantly larger
inhibitory effect was once again observed on MCF-7(TamR) in comparison
to MCF-7cells at all concentrations of bleomycin used (fig 3.2.1 B).

Treatment with cisplatin also caused a reduction in growth rate of
both cell lines, but unlike bleomycin, had a comparable effect across a wide
concentration range. Growth was reduced to a similar extent in both cell
lines over the course of a 7 day (fig 3.2.2 A) or 24 hour (fig 3.2.2 B)
treatment period, with MCF-7(TamR) displaying a slightly increased
sensitivity at the highest concentrations of cisplatin in both cases.

Doxorubicin reduced the growth rate of both MCF-7 and MCF-
7(TamR) over a 7 day treatment, with a slightly increased effect on MCF-
7(TamR) at the highest concentrations (fig 3.2.3 A). Higher concentrations
of doxorubicin over 24 hours reduced the growth of both cell lines, but
resulted in a much larger difference in response between MCF-7 and MCF-
7(TamR) (fig 3.2.3 B).
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Aside from bleomycin, the second largest difference in response
between MCF-7 and MCF-7(TamR) cells was seen following a 7 day
treatment with etoposide with the drug having a significantly larger effect on
MCF-7(TamR) cells over a range of concentrations (fig 3.2.4 A). MCF-
7(TamR) also displayed an increased sensitivity to etoposide following a 24
treatment (fig 3.2.4 B).

MCF-7 and MCF-7(TamR) cells displayed broadly similar sensitivity
to 5-fluorouracil over 7 day (fig 3.2.5 A) and 24 hour (fig 3.2.5 B) treatments.
The highest concentrations of 5-fluorouracil did however have a greater
growth reduction effect on MCF-7(TamR) cells in both treatment regimens.
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3.2.1 Effect of tamoxifen resistance on bleomycin sensitivity.
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Figure 3.2.1 (A) Growth of MCF-7 (ll) and MCF-7(TamR) (M) cells
cultured in media containing bleomycin for 7 days. (B) Growih of MCF-7
() and MCF-7(TamR) (M) cells cultured in media containing
for 24 hours before returning to bleomycin-free media for a further 4
days. n=6. p values calculated from paired t-test comparing growth
inhibition between MCF-7 and MCF-7(TamR) cells caused by a given
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3.2.2. Effect of tamoxifen resistance on cisplatin sensitivity.
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Figure 3.2.2 (A) Growth of MCF-7 (ll) and MCF-7(TamR) (M) cells
cultured in media containing cisplatin for 7 days. (B) Growth of MCF-7
() and MCF-7(TamR) (M) cells cultured in media containing cisplatin
for 24 hours before returning to cisplatin-free media for a further 4 days.
n=6. p values calculated from paired t-test comparing growth inhibition
between MCF-7 and MCF-7(TamR) cells caused by a given
concentration of cisplatin, * indicates p<0.05, ** indicates p<0.01, ***

indicates p<0.001. Error bars indicate standard deviation.
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3.2.3 Effect of tamoxifen resistance on doxorubicin sensitivity.
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Figure 3.2.3 (A) Growth of F-7 () and MCF-7(TamR) (M) cells
cuitured in media containing doxcrubicin for 7 days. (B) Growth of MCF-7
() and MCF-7(TamR) (M) cells cultured in media containing

further 4 days. n=8. p values calculated from paired t-test comparing
growth inhibition between MCF-7 and MCF-7(TamR) cells caused by a
given concentration of doxorubicin, * indicates p<0.05, ** indicates
p<0.01, *** indicates p<0.001. Error bars indicate standard deviation
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3.3. Effect of EGFR signalling on drug sensitivity in breast
cancer cells.

The increased EGFR signalling observed in tamoxifen resistant
MCF-7 cells appeared to offer no protection at all from the cytotoxic effects
of the five drugs studied in 3.2, and in many cases (most strikingly following
treatment with bleomycin) the higher-EGFR expressing, tamoxifen resistant
MCF-7(TamR) cells displayed increased sensitisation to drug treatments. In
order to examine whether cytotoxic sensitivity of MCF-7 cells and their
tamoxifen-resistant derivatives is mediated by EGFR signalling, cytotoxic
agents were co-delivered with EGFR inhibitors. Inhibition of EGFR
signalling with AG1478 had no effect on the sensitivity of either MCF-7 or
MCF-7(TamR) cells to the cytotoxic effects of bleomycin (fig 3.3.1 A) or
doxorubicin (fig 3.3.1 B) when administered as a 24 hour treatment of
EGFR inhibitor and cytotoxic agent, followed by a four-day incubation in the
EGFR inhibitor alone. In all cases the response to the cytotoxic was the
same regardless of whether AG1478 (at either 1uM or 0.1uM) was present
or not. Addition of AG1478 (at either 1uM or 0.1uM) to the culture media for
the duration of a 7 day treatment with bleomycin also had no effect on the
sensitivity of either MCF-7(fig 3.3.2 A) or MCF-7(TamR) (fig 3.3.2 B) cells to
the cytotoxicity of bleomycin.
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Figure 3.3.1 Effect of AG1478 treatment on sensitivity of MCF-7 an

medium minus the cytotoxic. p values calculated from paired t-test

comparing growth inhibition between cells untreated with AG1478 and
cells treated with AG1478, both of which were treated with a given
concentration of doxorubicin or bleomycin. * indicaies p<0.05 c¢.f. Oum
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3.3.2 Effect of EGFR inhibition with AG1 e
MCF-7(TamR) cells to a 7 day treatment with bleomycin.
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3.4 Bleomycin sensitivity in alternative cell culture models

of tamoxifen resistance.

In order to establish that the marked increase in sensitivity of
tamoxifen resistant breast cancers cells to bleomycin was not unique to the
MCF-7 model of tamoxifen resistance, the effect of the development of
tamoxifen resistance on bleomycin sensitivity in an alternative cell culture
model, based on the t47d epithelial breast cancer cell line was assayed.
t47d cells can develop tamoxifen resistance in culture in the same way as
MCF-7 cells and similarly resistant to the growth inhibitory effects of
tamoxifen in the culture media (fig 3.4.1 A), and as in MCF-7 cells, this is
accompanied by an increase in EGFR activation, although unlike MCF-7
cells, the level of EGFR expression remains unaffected by tamoxifen
resistance (fig 3.4.1 B). Like MCF-7(TamR) cells, the tamoxifen-resistant
celis derived from t47d cells displayed a massively increased sensitivity to
bleomycin (fig 3.4.2), suggesting that the phenomenon of bleomycin
sensitivity in tamoxifen-resistant cells is not a peculiarity of the MCF-7 cell
culture model, and may represent a general trend in tamoxifen resistant
cells.
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3.4.1. Characterisation of the breast cancer cell line t47d and its tamoxifen
resistant derivative, t47d(TamR)
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Figure 3.4.1 (A) Effect of a 14-day tamoxifen treatment (0.1uM
tamoxifen added to normal growth media) on t47d cells, and
t47d(TamR), a tamoxifen-resistant cell line derived from t47D. (B)
Levels of EGFR expression and activation in t47d cells before and
after the development of tamoxifen resistance.
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3.4.2 Bleomycin sensitivity of t47d and t47d(TamR)
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Figure 3.4.2 Sensitivity of wild-type t47d cells (Ill) and tamoxifen
resistant t47d cells (t47d(TamR)) (M) to a seven day treatment with
bleomycin. Bleomycin was added directly to the cell culture medium
and refreshed on day 4. n=9. p values calculated from paired t-test
comparing growth inhibition between t47d and t47d(TamR) cells caused
by a given concentration of bleomycin * indicates p<0.05, ** indicates

p<0.01, ** indicates p<0.001. Error bars indicate standard deviation.
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3.5 Drug uptake and efflux in tamoxifen resistant breast

cancer cells.

The method by which MCF-7 cells become resistant to tamoxifen is
not primarily reliant on tamoxifen efflux, but rather on the utilisation of
alternative methods of growth factor signalling (see section 1.1.6.1).
Despite this, changes in membrane composition or in the expression of
proteins that regulate the uptake and efflux of drugs may accompany the
development of tamoxifen resistance and could be responsible for the
observed increase in sensitivity of tamoxifen resistant cells to particular
drugs.

3.5.1 Direct measurement of drug uptake.

The uptake of doxorubicin was measured directly, as it was shown to
effect MCF-7 and MCF-7(TamR) cells differently (particularly following short
treatments with high concentrations, see fig 3.2.3 B) and also displays
natural fluorescence making it readily detectable by flow cytometry. The
amount of doxorubicin able to enter MCF-7 and MCF-7(TamR) cells during
a four hour treatment was measured by flow cytometry, with a clear shift in
the mean fluorescence intensity observable in the raw data following
doxorubicin treatment (fig 3.5.1 A). Analysis of the data showed
comparable uptake of doxorubicin in MCF-7 and MCF-7(TamR) at all
concentrations studied (fig 3.5.1 B), including treatment lengths that were
shown to have different effects on cell number between cell lines in
previous experiments (fig 3.2.3). There was also no significant difference
between the amount of doxorubicin taken up by MCF-7 and MCF-7(TamR)
cells over a 24 hour period (fig 3.5.2 A, B).

3.5.2 Indirect measurements of drug uptake/efflux capacity.

The uptake of bleomycin is much harder to measure compared with
naturally fluorescent molecules such as doxorubicin or molecules that are
readily available in a radiolabelled form such as 5-fluorouracil. While it was
not possible to directly measure bleomycin uptake, estimations of the rate
of uptake can be made by measuring both the extent of DNA damage
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3.5.1 Uptake of doxorubicin in tamoxifen resistant and sensitive MCF-7

cells over 4 hours.
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Figure 3.5.1 Uptake of doxorubicin by MCF-7 (ll) and MCF-7(TamR)
(M) after four hours in culture with the drug as measured by flow

cytometry. Examples of distributions of FL-2 fluorescence for two
concentrations of doxorubicin are shown in (A), median fluorescence for
a wider range of concentrations shown in (B). n=6, error bars indicate

standard deviation.
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3.5.2 Uptake of doxorubicin in tamoxifen resistant and sensitive MCF-7

cells over 24 hours.

A

MCF-7

OuM Doxorubicin 0.4pM Doxorubicin

m
E i
o
i Jnnn,r\;
w
(=)

Everts
0 64
128

10° 10" 10° 10° 10* 100 10°
FL-2
MCF-7(TamR)

10°

0.4pM Doxorubicin

& OuM Doxorubicin ©
E £
o
aJ/\ 1 ‘ 2 L 45
- oA A | i R L S0 10" o
FL-2 FL-2

B

10°

30 -
25 -
20 -
15 4
10 4
5 4
0 o ——— | - i—j
0 0.02 0.04 0.2 0.4
-5 4 [Doxorubicinl (uM)

Figure 3.5.2 Uptake of doxorubicin by MCF-7 (ll) and MCF-7(TamR)

(MW) after 24 hours in culture with the drug as measured by flow

cytometry. Examples of distributions of FL-2 fluorescence for two

concentrations of doxorubicin are shown in (A), median fluorescence for

a wider range of concentrations shown in (B). n=6, error bars indicate

standard deviation.
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caused to both cell lines, and the rate of fluid phase endocytosis (explained
fully in section 4.2).

Both cell lines readily took up the fluorescent marker of fluid phase
endocytosis (10k dextran-FITC conjugate), and analysis of the median
amount per cell taken up by each cell line showed no difference between
MCF-7 and MCF-7(TamR) as measured by flow cytometry (fig 3.5.3). This
data also revealed a slight difference in background FL-1 fluorescnce
between the two cell lines, with untreated MCF-7(TamR) cells showing a
very small decrease in autofluorescnce compared to MCF-7 cells (fig 3.5.3
A). In light of this, The background fluorescence from each cell line was
subtracted from the values obtained from 10k dextran-FITC conjugate
treated cells before calculating the extent of 10k dextran-FITC uptake (fig
3.5.3 B).

The neutral comet assay showed that bleomycin causes a
measurable amout of DNA damage in the form of double stranded breaks
to both cells lines. With the characteristic comet shaped cell debris being
visible in treated cells following a seven day bleomycin treatment (fig 3.4.5
A). Comparison of the extent of damage sustained by MCF-7 and MCF-
7(TamR) cells following a 7 day treatment with bleomycin at either
0.05ug/ml or 2ug/ml, resulted in no significant difference between the
amount of DSBs detected in both both cell lines (fig 3.5.4 B).

3.5.3 Microarray analysis of drug efflux protein mRNA expression

Microarray analysis revealed that the mRNA expression of several
proteins involved with drug efflux was altered with the development of
tamoxifen resistance (fig 3.5.5). Levels of BCRP mRNA were
downregulated following the development of tamoxifen resistance, with the
level of expression in MCF-7(TamR) low enough to be declared absent.
MDR1 mRNA was declared absent from both cell lines using two different
probe sets. MRP1 mRNA was present in both cell lines, in equivalent
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3.5.3 Measurement of rate of fluid phase endocytosis in MCF-7 and
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3.5.4 Measurement of DNA damage caused
cells by bleomycin
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3.5.5 Microarray analysis of drug efflux pump mRNA expression in MCF-7

and MCF-7(TamR).
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Figure 3.5.5. Analysis of mMRNA expression levels of ten proteins
concerned with drug efflux in MCF-7 and MCF-7(TamR) cells (for a
summary of drug efflux genes, proteins and products.and substrates
see section 1.4). * indicates a level of expression low enough to be
declared absent by genesifter software. + indicates a significant
difference (p<0.05)
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amounts as measured by two separate probes. MRP2 mRNA was declared
absent in both cell lines. MRP3 expression was shown to be increased in
MCF-7(TamR). cells by two separate probes (209641_s at and
208161_s_at), a third probe (214979 _at) did not generate a strong enough
signal to measure accurately and was therefore declared absent by the
analysis software. MRP4 mRNA was shown to be upregulated in MCF-
7(TamR) cells, while MRPS5 mRNA was shown to be downregulated. It was
not possible to ascertain changes in the expression of MRP6 and MRP7, as
the signal generated in both cases was very low with all probes. WHITE1
mRNA was detected in both cell lines, but no change in expression was
observed between MCF-7 and MCF-7(TamR). The similar rate of
doxorubicin uptake (described in 3.5.1, above) between MCF-7 and MCF-
7(TamR) cells, combined with the similar rates of fluid-phase endocytosis
and bleomycin-induced double stranded breaks in DNA (section 3.5.2) and
the absence of any marked decrease in drug efflux pump mRNA
expression suggest that changes in drug uptake or efflux are unlikely to be
responsible for the changes in drug sensitivity that have been observed in
MCF-7 and MCF-7(TamR) cells.
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3.6 Apoptosis in tamoxifen resistant breast cancer.

3.6.1 Treatment of MCF-7 and MCF-7(TamR) with inducers of
apoptosis.

There is a wealth of experimental evidence to suggest a link
between the activity of the oestrogen receptor and the apoptotic threshold
of breast cancer cells. Increased activation with oestrogens typically
protects cells from cytotoxic treatments, with antioestrogens causing an
increased propensity to apoptosis (discussed in detail in section 4.3). With
this in mind, the readiness of both cell lines to undergo apoptosis was
measured following treatment with camptothecin, a well studied inducer of
apoptosis.

When challenged with camptothecin for 7 days, MCF-7(TamR) cells
displayed a greatly increased sensitivity to the toxic effects of the drug in
concentrations 21uM. At these concentrations the cell number of both cell
lines was greatly reduced when compared to an untreated control, but while
MCF-7 cells displayed a 70% reduction in growth, the number of MCF-
7(TamR) cells surviving the treatment was so low as to be immeasurable
(fig 3.6.1). While high concentrations of camptothecin appeared to have a
greater effect on MCF-7(TamR) cells than MCF-7 cells, concentrations of
camptothecin below 1uM had a similar effect on both cell lines, save for a
single concentration (0.1puM), where the greatest reduction in growth was
seen in MCF-7 cells.

3.6.2 bcl-2 levels and bleomycin sensitivity in MCF-7 derived cells.

The observed change in apoptosis between MCF-7 and MCF-
7(TamR) cells following camptothecin treatment was consistent with the
established link between oestrogen signalling and apoptosis. bcl-2 protein
is well established as a mediator of apoptosis (see section 1.5.5), and its
expression has been shown to be linked to oestrogen receptor signalling
(discussed fully in section 4.3). To establish whether an antioestrogen
mediated attenuation of bcl-2 expression was responsible for the acute
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3.6.1 Camptothecin toxicity in MCF-7 and MCF-7(TamR) cells.
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Figure 3.6.1 Growth of MCF-7 (Ill) and MCF-7(TamR) (M) cells
cultured in media containing camptothecin for 7 days. n=6. p values
calculated from paired t-test comparing growth inhibition between t47d
and t47d(TamR) cells caused by a given concentration of camptothecin
* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. Error bars

indicate standard deviation.
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sensitivity of MCF-7(TamR) cells to bleomycin, levels of bcl-2 protein
present in MCF-7 and MCF-7(TamR) cells was assayed, along with the
levels of bcl-2 protein in two other cell lines which had also been derived
from MCF-7.

Immunocytochemistry revealed a dramatic reduction in bcl-2 protein
present in MCF-7(TamR) cells compared to MCF-7 cells. MCF-7 cells
displayed clear dense staining in a high proportion of cells, whereas bcl-2
was undetectable in MCF-7(TamR) cells prepared in exactly the same
manner. MCF-7(DR) cells, which are resistant to the growth inhibitory
effects of both tamoxifen and gefitinib, also displayed very low levels of bcl-
2 protein expression, similar to that observed in MCF-7(TamR). Another
MCF-7 derived cell line, MCF-7(gfd), which is able to proliferate in the
absence of external growth factor stimulation and as such can grow in
media supplemented with serum in which the growth factors have been
denatured by heat inactivation (see section 2.1.1), displayed high levels of
bcl-2 protein expression, with a similar staining pattern to that seen in MCF-
7 cells (fig 3.6.2).

When the sensitivity to bleomycin of these two new cell lines was
tested, MCF-7(gfd) displayed the greatest resistance to a bleomycin
treatment, with a 2pug/ml treatment only causing a 20% reduction in growth
(compared to a 50% reduction observed in MCF-7 cells, and a 80%
reduction seen in MCF-7(TamR) cells) (fig 3.6.3 A). The tamoxifen/gefitinib
resistant MCF-7(DR) cell line displayed a much high sensitivity to the toxic
effects of bleomycin, (almost identical to that previously seen in MCF-
7(TamR)) with a 2ug/ml treatment causing a 80% reduction in growth, and
a 0.05pg/ml treatment being required to reduce growth by 50%.(fig 3.6.3 B).

Once this circumstantial evidence linking the extent of bcl-2
signalling with bleomycin sensitivity had been established, the apoptotic
effects of bleomycin on both MCF-7 and MCF-7(TamR) cells was studied

using a fluorescently labelled marker of caspase activation (see section
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3.6.2 Expression of bcl-2 in MCF-7 derived cell lines.

MCF-7 MCF-7(TamR)
MCF-7(DR) MCF-7(GFD)

Figure 3.6.2. bcl-2 protein expression in wild-type (MCF-7), tamoxifen
resistant (MCF-7(TamR)), tamoxifen and gefitinib resistant (MCF-7(DR))
and growth factor depletion resistant (MCF-7(gfd)) MCF-7 cells.
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3.6.3 Sensitivity of MCF-7 derived cell lines to bleomyecin.
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Figure 3.6.3 (A) Sensitivity of the growth factor deprived MCF-7 derived cell
line MCF-7(gtd) to bleomycin c.f. wild type MCF-7 cells. (B). Sensitivity of the
tamoxifen/gefitinib resistant cell line MCF-7(DR) to bleomycin c.f. tamoxifen
resistant MCF-7 cells (MCF-7(TamR)). n=9, error bars indicate standard
deviation.
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1.6.11). Immediately following a 24-hour treatment with bleomycin, there
was no observable increase in the extent of caspase activation as
measured by flow cytometry. In both MCF-7 and MCF-7(TamR) the extent
of caspase activation following treatment with either 1 or 10pg/ml bleomycin
was comparable to that observed in bleomycin untreated cells treated with
the fluorescent label (fig 3.6.4 A & B). While bleomycin did not increase
caspase activation after a 24 hour treatment, at all times MCF-7(TamR)
displayed a higher background level of caspase activation, with a greater
proportion of cells exhibiting a fluorescence intensity above 10? (fig 3.6.4 A),
resulting in a median intensity uniformly higher than that observed in MCF-7
cells (fig 3.6.4 B).

After a two day continuous treatment with an intermediate
concentration of bleomycin (2ug/ml), known to have a differential effect on
the growth of MCF-7 and MCF-7(TamR) cells, an equivalent increase in
caspase activation was observed in both cell lines. Interestingly, untreated
MCF-7(TamR) cells displayed a significantly higher degree of caspase
activation than MCF-7 cells, suggesting that MCF-7(TamR) cells may
posses more active apoptotic machinery than MCF-7 cells, even when
unchallenged by a cytotoxic insult. Following 5 days in culture with or
without 2pug/ml bleomycin, bleomycin treatment seemed to have little effect
on the caspase activation of MCF-7 cells, while caspase activation was
increased in MCF-7(TamR) following bleomycin treatment (fig 3.6.6 A & B).
As in previous measurements at 24 hours and two days, the extent of
background caspase activation was significantly higher in MCF-7(TamR)
compared to MCF-7.
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3.6.4 Caspase activation in MCF-7 and MCF-7{TamR) following bleomyci
treatment.
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3.6.5 Caspase activation in MCF-7 and MCF-7(TamR) cells following a 2

day treatment with 2ug/ml bleomycin.
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Figure 3.6.5 (A) Extent of caspase activation following a 2 day
treatment with bleomycin in MCF-7 and MCF-7(TamR) cells as
measured by caspACE™ staining and flow cytometry. (B) Median
data for MCF-7(l) and MCF-7(TamR) () cells. n=3, error bars

indicate standard deviation.
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3.6.6 Caspase activation in MCF-7 and MCF-7(TamR) cells following a 5
day treatment with 2ug/ml bleomycin.
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Figure 3.6.6 (A) Extent of caspase activation following a 5 day treatment
with bleomycin in MCF-7 and MCF-7(TamR) cells as measured by

caspACE™ staining and flow cytometry. (B) Median data for MCF-7(Ill)

and MCF-7(TamR) (M) cells. n=3, error bars indicate standard deviation.
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3.7 Modulation of bcl-2 expression

bcl-2 expression in MCF-7 cells was increased upon a 7 day
treatment with oestradiol as measured by immunocytochemistry, with an
increase in the number of cells stained as well as the density of staining. A
7 day treatment with the antioestrogens tamoxifen or faslodex reduced the
levels of bcl-2 protein present in MCF-7 cells (fig 3.7.1). Treatment of MCF-
7(TamR) cells with oestradiol or faslodex had little effect on bcl-2 protein
expression compared with tamoxifen, which is routinely present in the
culture media. Removal of tamoxifen from the cell culture media further
reduced bcl-2 protein expression in MCF-7(TamR) cells (fig 3.7.2).

Culture of MCF-7 cells for 7 days with an antioestrogen present
(either tamoxifen or faslodex) had little effect on bleomycin sensitivity, with
tamoxifen or faslodex treated MCF-7 cells displaying similar sensitivity to
MCF-7 treated with bleomycin alone. A 2ug/ml treatment of bleomycin was
sufficient to reduce the growth rate of untreated, tamoxifen treated and
faslodex treated MCF-7 cells by 50% (fig 3.7.3 A). Treatment with
oestradiol appeared to sensitise MCF-7 cells to bleomycin, with a 50%
reduction in growth being observed with a 0.5ug/ml treatment bleomycin.
(fig 3.7.3.A). Tamoxifen, faslodex and oestrogen all had no effect on the
sensitivity of MCF-7(TamR) cells to bleomycin, with the same sensitivity
being observed in the presence or absence of tamoxifen, faslodex or
oestradiol (fig 3.7.3).

Treatment of both MCF-7 and MCF-7(TamR) cells with
Dharmafect™ transfection reagent caused a reduction in cell number that
was comparable between cell lines. A full transfection treatment involving
both transfection reagent and an siRNA (directed against either luciferase
or bcl-2) also caused a similar reduction in cell number in both cell lines.
siRNA directed against the non-endogenous luciferase gene had the same
effect on cell number as siRNA directed against bcl-2 in both cell lines.
These effects were observed in both single a 4 day transfection (fig 3.7.4 A)
and a double 7 day transfection (fig 3.7.4 B). Despite having a marked
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effect on cell number, transfection with a siRNA directed against bcl-2
caused a reduction in bcl-2 protein expression in MCF-7 cells as measured
by immunocytochemistry, that was not observed in MCF-7 cells treated with
an siRNA directed against luciferase (fig 3.7.5). This reduction in bcl-2
protein expression did not produce an accompanying increase in bleomycin
sensitivity in MCF-7 cells, with cells treated with either 0.5ug/ml or 2ug/ml
bleomycin displaying the same level of sensitivity regardless of whether
they were transfected with an siRNA directed against luciferase or bcl-2.
The same similarity in sensitivity was observed over both a 4 day (fig 3.7.6
A) and 7 day (fig 3.7.6 B) treatment.
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3.7.1 Modulation of bcl-2 expression in MCF-7 cells by short term treatment
with oestradiol and antioestrogens.
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Figure 3.7.1. Measurement of bcl-2 protein expression by
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3.7.2 Modulation of bcl-2 expression in MCF-7(TamR) cells by short term
treatment with oestradiol and antioestrogens.

Untreated 1nM Oestradiol

Figure 3.7.2. Measurement of bcl-2 protein expression by
immunocytochemistry in MCF-7(TamR) cells treated for 7 days with the
oestrogen, oestradiol, or the antiestrogens tamoxifen and faslodex.
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3.7.3 Sensitivity of MCF-7 and MCF-7(TamR) cells treated with oestradiol
and antioestrogens to bleomycin.
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Figure 3.7.3 (A) Effect on growth of MCF-7 cells of a 7-day treatment with
an oestrogen/antioestrogen and bleomycin. (B) Effect on growth of MCF-

7(TamR) cells of a 7-day treatment with an oestrogen/antioestrogen and
bleomycin.
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3.7.4. Toxicity of transfection regimens to MCF-7 and MCF-7(TamR) cells.
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Figure 3.7.4 (A) Effect on growth of MCF-7 (ll) and MCF-7(TamR)
(M) cells of a single transfection regimen, comprising 4 days in
culture with media containing Dharmafect™ and siRNA. (B) Effect on
growth of MCF-7 (lll) and MCF-7(TamR) (M) cells of a double
transfection regimen, comprising 7 days in culture with media

containing Dharmafect™ and siRNA, with media being changed on
day 4.
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3.7.5 Measurement of bcl-2 knockdown with siRNA in MCF-7 cells by

immunocytochemistry.

Untreated

Luciferase siRNA transfected

bcl-2 siRNA transfected

Figure 3.7.5 Observation of siRNA mediated bcl-2 protein
knockdown in MCF-7 cells. Cells were treated with a mixture of
four siRNAs directed against either bcl-2, or the non-endogenous

luciferase mRNA and examined my immunocytochemistry.
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3.7.6 Sensitivity of siRNA treated MCF-7 cells to bleomycin.
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Figure 3.7.6 Sensitivity of MCF-7 cells treated with siRNA against
luciferase () or bcl-2 (B) to (A) A four day treatment with bleomycin. (B)

A seven day treatment with bleomycin.
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Chapter 4
Discussion and conclusions.
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4.1 Changes in protein expression and drug sensitivity
following the development of tamoxifen resistance.

Initial observation of the MCF-7/MCF-7(TamR) cell culture model
(described in 2.1.1) revealed that tamoxifen resistance had developed (fig
3.1.2) and that the characteristics of interest previously reported by others
(El-Zarruk & van den Berg, 1999) (Knowlden et al., 2003) (Gee et al., 2001)
(Jones et al.,, 2004) were present. These included an increased rate of
growth (fig 3.1.1.), increased EGFR expression and activation (fig 3.1.3),
dependence on EGFR activity for growth (fig 3.1.6), and increased
activation of downstream signalling molecules linked to proliferation and
survival (fig 3.1.5). This demonstrated that MCF-7 / MCF-7(TamR) cells
were a suitable model of tamoxifen resistance in which the role of EGFR in

protection from cytotoxic agents could be studied.

The ability of the increased EGFR signalling to protect MCF-7(TamR)
cells from the effects of a panel of cytotoxic drugs was carefully examined,
and it was observed that increased levels of EGFR signalling offered cells
no significant protection from any of the five drugs studied, and in the case
of certain drugs (most clearly with bleomycin, but also to a lesser extent
with other drugs, including etoposide), high-EGFR expressing tamoxifen
resistant cells were significantly sensitised to killing with these agents. This
observation is completely at odds with all previous studies, which link
increased EGFR expression with drug or radioresistant phenotypes. There
are many studies which have previously equated an increase in EGFR
signalling during tumour development with a resistance to treatment with
ionising radiation, for example EGFR signalling was found to be a strong
determinant of tumour radioresponse in a panel of murine carcinomas
(Akimoto et al., 1999) and in human glioblastomas (Barker et al., 2001),
with strong EGFR expression correlating to poor response to radiotherapy
in all cases. Artificially increasing EGFR levels by transfecting murine
ovarian carcinoma cells with a human EGFR construct has also been
shown to increase radioresistance (Liang et al., 2003). With this is mind it is

of particular interest that tamoxifen resistant breast cancer cells displayed a
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greatly increased sensitivity to bleomycin, and a smaller but pronounced
increase in sensitivity to etoposide, as both of these drugs bring about a
similar kind of DNA damage to cells as ionising radiation, namely the
introduction of double stranded breaks into DNA.

Consistent with its well established role in the modulation of cell
survival and apoptosis, increased AKT activity has also been linked with
cytotoxic resistance. An inducible form of AKT has been shown to protect
human myeloid cells from the cytotoxic effects of etoposide and AraC (1-B-
arabinofuranosylcytosine) (Grandage et al., 2005). A study concerned with
assessing the therapeutic potential of the latent membrane protein (LMP1)
of the Epstein-Barr virus (Mei et al., 2007) reported that following treatment
of Epstein-Barr positive nasopharyngeal carcinoma C666-1 cells with an
siRNA directed against LMP1, there was a decrease in AKT activation
accompanied by an increase in sensitivity to bleomycin and cisplatin. This
sensitivity to could be reversed by transfection with a constitutively active
AKT construct, suggesting that in some cells, bleomycin sensitivity may be
modulated by AKT activity. This does not appear to be the case in MCF-
7(TamR) cells, which display a greatly increased sensitivity to bleomycin,
along with increased levels of AKT activation.

This peculiar sensitivity of tamoxifen resistant MCF-7 cells in spite of
their apparent increase in proliferative and pro-survival signalling was
entirely the opposite of what was expected, and raises a number of
questions concerning the changes that occur in breast cancer cells
following the development of tamoxifen resistance. It was established that
the extent of EGFR signalling appeared to have little effect on the sensitivity
of either MCF-7 or MCF-7(TamR) cells to bleomycin or doxorubicin, as the
addition of the EGFR inhibitor, AG1478 to cytotoxic treatments had no
effect on the toxicity of these drugs to either cell line over a number of
different treatment regimes (fig 3.3.1 & 3.3.2). Sensitisation to cytotoxics
with EGFR inhibitors has been demonstrated in MCF-7 cells with certain
cytotoxic/EGFR inhibitor combinations, such as cisplatin/gefitinib
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(Friedmann et al., 2004), but it would appear that AG1478 does not cause
significant sensitisation to doxorubicin or bleomycin following a 24 hour
treatment, suggesting the observed extreme sensitivity to bleomycin is not
likely to be caused by any changes in EGFR signalling that occur during the
development of tamoxifen resistance. In addition to this, an alternative
model of tamoxifen resistance using t47d cells as the parental cell line
displays an identical response to bleomycin as in the MCF-7 based model,
with the tamoxifen resistant derivative of t47d, (t47d(TamR)) displaying a

greatly increased sensitivity

A probable explanation for the inability of increased EGFR levels in
tamoxifen resistant breast cancer to protect against the cytotoxic effects of
bleomycin is that that in addition to an increase in EGFR signalling, many
other changes in cellular signalling pathways occur during the development
of tamoxifen resistance, and that at least one of these changes is
responsible for the marked increase in sensitivity to bleomycin. There are a
number of possible candidate pathways that may become altered following
the development of tamoxifen resistance and have an effect of bleomycin
sensitivity, including changes in the ability of tamoxifen-resistant cells to
take-up or expel drug molecules, differences in the ability of the cells to
deal with the damage to DNA caused by cytotoxic drugs, or changes in the
apoptotic machinery which may render cells particularly sensitive to attack
with certain cytotoxics. All of these possibilities were subsequently
examined and are discussed below.
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4.2 Drug uptake and efflux and bleomycin sensitivity.

One explanation for the increase in drug sensitivity in MCF-7(TamR)
cells is that in becoming tamoxifen resistant, either through changes in the
cell membrane, or through proteins concerned with the uptake or efflux of
drug molecules the rate at which molecules of bleomycin or other drugs are
able to enter the cell is altered. While the method by which MCF-7 cells
become resistant to tamoxifen is not generally reliant on tamoxifen efflux,
but rather on the utilisation of alternative methods of growth factor signalling
(see section 1.1.6.1) reduced intra-tumoural levels of tamoxifen have been
observed in some cases of acquired tamoxifen resistance (Ring & Dowsett,
2004) suggesting that drug efflux may contribute to tamoxifen resistance in
some cases. There is also evidence to suggest tamoxifen can modulate
drug sensitivity by altering the activity of drug efflux pumps, for instance by
causing formerly doxorubicin-resistant cell lines to become re-sensitised to
treatment with doxorubicin (Ramu et al., 1984). This re-sensitising is
thought to act through inhibition of the action of P-glycoprotein, either by
direct interaction by tamoxifen (Callaghan & Higgins, 1995) or through more
convoluted pathways involving interference with glycosphingolipid
metabolism and glycosylation (Lavie et al., 1997). Tamoxifen treatment has
also been shown to increase the amount of the cytotoxic daunorubicin
taken up by a human lymphoma cell line (Berman et al., 1991).

In light of this, the uptake of doxorubicin, a naturally fluorescent
cytotoxic, over both four and 24 hours was examined in both MCF-7 and
MCF-7(TamR) cells by flow cytometry (figs 3.5.1 & 3.5.2) and was found in
both cases to be very similar, with very little variation in uptake between cell
lines at all time points and concentrations, in spite of the marked difference
in toxicity of these treatments to MCF-7 and MCF-7(TamR) cells (fig 3.2.3
B). This would suggest that in the MCF-7 cell culture model of tamoxifen
resistance long term tamoxifen treatment does not affect the rate of uptake
of doxorubicin, making changes in uptake or efflux of drugs unlikely to be
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responsible for the marked change in sensitivity observed in MCF-7(TamR)

cells.

Microarray data was examined to study the effect of tamoxifen
resistance on expression of several drug efflux pumps (fig 3.5.5), revealing
several efflux pumps (MRP3 & MRP4) are upregulated at the mRNA level
in MCF-7(TamR) whereas only MRP5 appeared to be downregulated. It
should be noted that of the three efflux pumps for which a change in
transcription levels is observed, only MRP3 is known to pump out any of the
cytotoxics used in this study, being able to exclude doxorubicin, etoposide
and cisplatin.

Due to it producing by far the largest difference in sensitivity between
MCF-7 and MCF-7(TamR) it was of greatest interest to study the uptake of
bleomycin and to ascertain whether comparable amounts of bleomycin
were entering MCF-7 and MCF-7(TamR) cells. Bleomycin is a very large
molecule, and is not a substrate of any known drug efflux pump. There are
other methods by which bleomycin resistance can occur, usually attributed
to an increase in expression of proteins that are either able to metabolise
bleomycin into an inactive metabolite (Pei et al., 1995) or are involved with
the repair of the DNA damaged caused by bleomycin such as Apei
(Robertson et al., 2001), rather than increased efflux of the drug. This
suggests further that the mechanisms involved in bleomycin sensitivity in
tamoxifen resistant cells are unlikely to be connected with changes in the
rate of drug uptake or efflux, but may lie in the ability of the cells to deal
with bleomycin, or with the damage to DNA caused by bleomycin once it
has entered the cell. In spite of this, it remained important to measure the
uptake of bleomycin to ensure that the increased sensitivity to bleomycin
was not a result of changes in uptake.

A number of methods have been used to measure bleomycin uptake

in the past, but the majority of these were used several decades ago, and
as such are reliant on reagents or apparatus that are either no longer
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available, or prohibitively expensive. Bleomycin radiolabelled with *H (Roy
& Horwitz, 1984), '3C (Roy et al., 1981) and even '''In (Grove et al., 1974)
has been used in the past, but are no longer commercially available.
Another possibility was to exploit the ability of the bleomycin molecule to
chelate cobalt to manufacture a bleomycin molecule labelled with *’Co, as
described in more recent papers involving radiolabelled bleomycin
(Poddevin et al., 1990). This method required too many specialised
reagents and too much safety apparatus to be feasible within the remit of
this study. A fluorescently labelled bleomycin derivative has also been
reported (Aouida et al., 2004), but this is not currently commercially
available, and consists of a purified form of one of the bleomycins
(bleomycin-A5) conjugated to FITC. There is also at least one anti-
bleomycin monoclonal antibody available, which could be used to detect
bleomycin uptake by fluorescence microscopy.

The mechanism of uptake of bleomycin is poorly understood. It is
known that the toxicity of bleomyecin is greatly increased by the introduction
of holes in the cell membrane by electroporation (Poddevin et al., 1991),
demonstrating that the cell membrane presents a major barrier to
bleomycin uptake. It has been proposed that bleomycin is taken up by cells
in a receptor-mediated mechanism, and there is evidence to support the
existence of a membrane-bound ‘bleomycin receptor’ in eukaryotic cells
(Pron et al.,, 1993), and that bleomycin is able to enter the cell through
receptor mediated endocytosis, with the amount of bleomycin entering a
cell being directly correlated to the rate of membrane turnover and therefore
fluid phase endocytosis (Pron et al., 1999). While changes in the amount of
bleomycin-binding proteins on the cell membrane may account for the
change in sensitivity to bleomycin observed during the development of
tamoxifen resistance, the bleomycin-specific nature of this change would
not account for the increases in sensitivity to doxorubicin, 5-fluorouracil and
etoposide also seen in MCF-7(TamR). The proposed bleomycin-receptor
protein is poorly characterised at present, and is generally only detected by
exploiting its affinity to *’Co labelled bleomycin, so examination of the ability
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of MCF-7 and MCF-7(TamR) membranes to bind bleomycin was impossible
for reasons previously discussed. It was however, possible to measure the
rate of fluid-phase endocytosis in MCF-7 and MCF-7(TamR) and as such
determine whether an increase in the rate of fluid phase endocytosis and
therefore membrane turnover and bleomycin receptor and bleomycin
uptake may contribute to bleomycin sensitivity in MCF-7(TamR) cells. The
rate of fluid phase endocytosis as measured by flow cytometry was found to
be equivalent in tamoxifen-sensitive MCF-7 cells and tamoxifen-resistant
MCF-7(TamR) (fig 3.5.3).

While there was no robust method by which bleomycin uptake could
be measured directly, it was possible to measure the effect which
bleomycin has on the DNA of treated cells, namely the introduction of
double stranded breaks. It was established, using the neutral comet assay,
which provides a measurement of the number of double stranded breaks in
DNA present in each cell measured, that over a seven day treatment with
bleomycin either at 0.05ug/ml (roughly equivalent to the concentration of
bleomycin required to reduce growth of MCF-7(TamR) cells by 50%) or
2ug/ml (roughly equivalent to the concentration of bleomycin required to
reduce growth of MCF-7 cells by 50%), the mean amount of damage
sustained by the nuclei of MCF-7 and MCF-7(TamR) cells is comparable at
both concentrations (fig 3.5.4), suggesting that both cell lines receive the
same amount of damage following bleomycin treatment.

This data does not prove conclusively that a change in bleomycin
uptake is not responsible for the increased sensitivity of MCF-7(TamR) cells
to bleomycin, but seems to strongly suggest that this may be the case. A
change in the expression of the proposed bleomycin receptor remains a
possible explanation for increased bleomycin sensitivity, but the evidence
that both cell lines receive the same amount of damage from bleomycin
treatment would not seem to back this up. Further characterisation of the
bleomycin receptor may allow for closer examination of bleomycin uptake in
MCF-7(TamR) cells at a later date. Should a monoclonal antibody directed

151



against bleomycin receptor become available, the extent of bleomycin
receptor expression on MCF and MCF-7(TamR) cell membranes could
easily be compared by immunocytochemistry or fluorescence microscopy.
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4.3 Apoptosis and bleomycin sensitivty

The data discussed in 4.2 above suggests that a change in drug
uptake or efflux is unlikely to be responsible for the change in drug
sensitivity observed in MCF-7(TamR). Particular attention was paid to
examination of the uptake of bleomycin, as MCF-7(TamR) cells appear to
be particularly sensitive to this cytotoxic. MCF-7(TamR) cells also displayed
a marked sensitivity to etoposide which also elicits its cytotoxic effect
through the introduction of double stranded breaks in DNA albeit through an
entirely different mechanism to bleomycin (see section 1.3). The fact that
the largest increase in sensitivity between MCF-7 and MCF-7(TamR) is
seen with drugs that cause double stranded breaks in DNA suggests that
during the development of tamoxifen resistance, changes occur in the
cellular machinery that is responsible for the detection and repair of double
stranded breaks or for the execution of apoptosis where DNA is too
severely damaged to be repaired. This argument is further supported by the
observation that MCF-7(TamR) cells also displayed an increased sensitivity
to camptothecin (fig 3.6.1), a topoisomerase | inhibitor and well-known
inducer of apoptosis, which is known to cause double stranded breaks in
DNA (Ryan et al., 1991).

Figure 3.5.4 shows that bleomycin treatments that cause equivalent
levels of damage to the DNA of both MCF-7 and MCF-7(TamR) can elicit
drastically different effects on cell number between the two cell lines.
Concentrations of bleomycin (and therefore, presumably levels of DSBs in
DNA) that are readily tolerated by MCF-7 cells can prove fatally toxic to
MCF-7(TamR) cells. This could be attributed to decreased ability of MCF-
7(TamR) cells to tolerate DSBs, or by an increased ability of MCF-7 cells to
repair DSBs. The comet assays used to measure damage sustained by the
cells were not sensitive enough to detect repair of the damage over time,
but this may be possible using more sensitive techniques such as pulsed-
field gel electrophoresis which is able to accurately resolve very large
fragments of DNA and therefore quantify breaks in chromosomes. This
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technique has been used extensively to accurately study the repair of DSBs
(Kuhne et al., 2004; Rothkamm & Lobrich, 2003), but relies on specialised
equipment which it was not possible to obtain during the study. Modulation
of DNA repair by EGFR signalling has been previously reported (Friedmann
et al., 2004), but this study found that EGFR inhibition had a detrimental
effect on repair of DNA damage caused by etoposide and cisplatin. This
would suggest that increased EGFR signalling may exert a small protective
effect on MCF-7(TamR), but that other factors which change during the
development of tamoxifen resistance may overshadow this protection with a

sensitising effect.

Good candidates for the modulation of this sensitisation are proteins
concerned with the regulation of apoptotic signals (in particular the bcl-2
family of apoptotic proteins, described in section 1.5.5). Oestrogens have
been shown to upregulate bcl-2 expression in MCF-7 cells, leading to a
protection to the cytotoxic effects of adriamycin (Teixeira et al., 1995),
whereas treatment with tamoxifen has been shown to downregulate bcl-2
expression in MCF-7 cells (Zhang et al., 1999). Other antioestrogens, such
as faslodex, have also been shown to affect bcl-2 expression in a manner
similar to that observed with tamoxifen (Lim et al., 2001). There are also
several studies that suggest the downregulation of bcl-2 expression is also
observed following long term treatments with antioestrogens. A cell line
derived from MCF-7 cells which displays resistance to the steroidal
antioestrogen RU 58,668 also displayed a marked decrease in bcl-2
expression (Fog et al., 2005), and another study found that two separate
MCF-7-derived cell lines resistant to antioestrogen treatment both showed
an increased sensitivity to the vitamin D derived cytotoxic EB1089,
attributed to a marked decrease in bcl-2 (Larsen et al., 2001).

Transcription of the bcl-2 gene is controlled by two promoters. The
P4 region is located 1.6kb upstream of the start codon, and is where the
majority of transcription is initiated (Young & Korsmeyer, 1993). A second,
minor promoter (P») is located 1.3kb downstream of P; (Miyashita et al.,
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1994a). Neither of these promoters contain an ERE, but two EREs are
present within the coding region of the bcl-2 gene, which have been shown
to be responsible for the oestrogen regulation of bcl-2 transcription (Perillo
et al., 2000).

In order to establish whether a tamoxifen-mediated change in bcl-2
expression was responsible for bleomycin sensitivity, the changes in bcl-2
expression were first measured in both MCF-7 and MCF-7(TamR) cell lines
by immunocytochemistry. bcl-2 expression in MCF-7(TamR) appeared
greatly reduced compared to MCF-7, suggesting that in common with the
other cell culture models of antioestrogen resistance mentioned above,
long-term antioestrogen treatment was causing a significant reduction in
bcl-2 expression (fig 3.6.2). This reduction in bcl-2 expression provide an
explaination for the observed increase in sensitivity to certain cytotoxic
agents. The levels of expression of bcl-2 in MCF-7(DR), a cell line derived
from MCF-7(TamR) which displays resistance to both tamoxifen and
gefitinib (Jones et al., 2004), and was cultured in the presence of both of
these compounds, and was found to be greatly reduced compared to MCF-
7 cells. The very low levels of bcl-2 present were comparable to that
observed in MCF-7(TamR) cells (fig 3.6.2), suggesting that bcl-2
downregulation occurs during the development of tamoxifen resistance, and
bcl-2 remains downregulated as a second resistance to gefitinib develops.
MCF-7(DR) also displayed sensitivity to bleomycin (fig 3.6.3 B). bcl-2
protein expression was aiso examined in a fourth MCF-7 derived cell line,
MCF-7(gfd), which is resistant to long term oestrogen deprivation (Staka et
al., 2005). In this cell line, bcl-2 expression levels were unchanged from the
parental cell line (fig 3.6.2), and this correlated to a resistance to the
cytotoxic effects of bleomycin (fig 3.6.3 A). This data suggests an inverse
correlation between bcl-2 expression and bleomycin sensitivity.

In order to confirm that bleomycin was inducing apoptosis in the cells,

the extent of caspase activation was measured using a commercially
available fluorescent label for activated caspase. An increase in caspase
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activation was seen in both cell lines for several days following a bleomycin
treatment (figs 3.6.5 & 3.6.6) suggesting that bleomycin is causing
apoptosis, and therefore changes in bcl-2 expression are likely to have an
effect on the apoptotic response to these cells. Consistent with this, MCF-
7(TamR) cells were observed to have higher levels of caspase activation
than MCF-7 cells, even when not challenged with a cytotoxic (figs 3.6.4 ,
3.6.5 & 3.6.6), giving weight to the argument that MCF-7(TamR) cells
downregulate bcl-2 as a consequence of long term antioestrogen treatment,
and that the lower levels of bcl-2 are responsible for a particular sensitivity

to certain cytotoxic agents.

The majority of caspases (caspase 9, caspase 3, caspase 7) elicit
their apoptotic effect after the mitochondrial stage of apoptosis (see figure
1.9). The role of bcl-2 as regulator of cytochrome ¢ release would suggest
that a decrease in bcl-2 should result in an increase in permeability of the
mitochondrial membrane to cytochrome ¢, promote apoptosome formation,
and cause an increase in caspase cleavage and therefore apoptosis. The
data collected in this study fits this model, but there are several other
experiments that could be carried out in order to better understand the role
of bcl-2 signalling in bleomycin sensitivity. Further dissection of the
apoptotic pathway could be achieved by measuring a number of variables,
including the permeability of the mitochondrial membrane to cytochrome c,
the amount of functional apoptosome present in each cell line and
measurement of the level of activation of each individual caspase. This
would enable the exact point in the apoptotic cascade that results in
increased apoptosis in MCF-7(TamR) to be ascertained, and may uncover
changes in other apoptotic signals that may occur as tamoxifen resistance
develops. As regulation of mitochondrial permeability to cytochrome c¢ is
regulated by all members of the bcl-2 family and not just bcl-2, it would also
be of interest to see how expression levels of a variety of bcl-2 family
members, including pro-apoptotic, anti-apoptotic and BH3 proteins, change
during the development of tamoxifen resistance.
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4.4 Modulation of the bcl-2 signal and bleomycin sensitivty

4.4.1 Modulation of bcl-2 expression using oestrogens and antioestrogens
As previously discussed, many studies have reported changes in
bcl-2 expression following treatment with oestrogens and antioestrogens
(see section 1.5.10). In order to further understand the role of bcl-2 in the
modulation of bleomycin sensitivity, bcl-2 levels were modulated in MCF-7
and MCF-7(TamR) cells using oestradiol, tamoxifen and faslodex. It was
possible to increase bcl-2 protein expression in MCF-7 cells using short
term treatments of estradiol, and short term treatments with tamoxifen and
faslodex were also able to substantially reduce bcl-2 signalling in the same
cells (fig 3.7.1). This effect was much less clear in MCF-7(TamR) cells,
which only express a very low level of bcl-2 to begin with. It appeared that
estradiol and faslodex were unable to modulate bcl-2 expression, with
similar levels of bcl-2 being observed in cells cultured in these drugs as
those cultured in tamoxifen. Withdrawal of tamoxifen however, appeared to
reduce bcl-2 expression further (fig 3.7.2). The fact that bcl-2 levels in MCF-
7 cells exhibited the expected response to oestrogens and antioestrogens,
while MCF-7(TamR) cells did not could be attributed to a number of factors.
Levels of bcl-2 expression are much lower in MCF-7(TamR) cells, making
the detection of slight changes in expression much more difficult to detect.

Modulation of the bcl-2 signal by treatment with antioestrogens did
not have the expected effect on bleomycin sensitivity. In MCF-7 cells
neither of the antioestrogens further sensitised cells to the toxic effects of
bleomycin, despite displaying reduced bcl-2 signalling, and estradiol
appeared to sensitise rather than protect cells from very high
concentrations of bleomycin (fig 3.7.3 A).. The sensitivity of MCF-7(TamR)
cells to bleomycin was entirely unaffected by estradiol, tamoxifen or
faslodex (fig 3.7.3 B). This lack of correlation between bcl-2 expression and
bleomycin sensitivity could be attributed to one of many other effects
estradiol has on MCF-7 cells. The massive increase in growth rate
(Katzenellenbogen et al., 1987) observed in MCF-7 cells treated with
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oestradiol which could easily mask the expected change in bleomycin
sensitivity, and the many other changes in intracellular signalling which
occur upon treatment with oestrogens and antioestrogen will undoubtedly
have affected the expression and activation of many other molecules in
addition to bcl-2.

4.4.2 Modulation of bcl-2 expression using siRNA

In order to directly modulate bcl-2 signalling, without affecting other
pathways concerned with proliferation or survival, an siRNA was used to
knock down bcl-2 expression in MCF-7 cells. Initial experiments proved that
the transfection procedure was traumatic to cells, with a severe reduction in
growth rate being observed in both MCF-7 and MCF-7(TamR) cells
following transfection with siRNA directed against bcl-2 or siRNA directed
against the non-endogenous luciferase gene (fig 3.7.4). While the cells
were undoubtedly affected by the transfection, both cell lines were affected
to the same extent, suggesting that whatever is responsible for the
difference in bleomycin sensitivity observed between MCF-7 and MCF-
7(TamR) cells does not cause a difference in sensitivity to the transfection
procedure. The toxicity of the luciferase siRNA transfection also shows that
it is the transfection procedure, and not the lack of bcl-2 that is causing the

reduction in cell number.

The transfection regime produced a knockdown of bcl-2 expression
in MCF-7 cells that was not observed in MCF-7 cells treated with siRNA
targeting luciferase. This demonstrates that the stress caused by the
transfection procedure is not causing a reduction in bcl-2 levels as a

response to the toxicity of the transfection.

When transfected and treated with bleomycin, bcl-2 siRNA treated
MCF-7 cells displayed no more sensitivity than luciferase siRNA treated
cells, despite having lower levels of bcl-2 (fig 3.7.6). While this seems to
suggest that a reduction in bcl-2 is unlikely to be the cause of bleomycin
sensitivity in MCF-7(TamR) cells, a number of points need to be considered
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before the theory is dismissed. Firstly, the traumatic effect of the
transfection on the cells may possibly affect the response of the cells to
bleomycin. The observation that a luciferase-siRNA transfected MCF-7
cells displayed an entirely different sensitivity to bleomycin that that
observed in normal MCF-7 cells suggest that the trauma of siRNA
transfection causes a change in the cellular response to cytotoxics, and as
such may obscure any changes in bleomycin sensitivity that bcl-2
knockdown may facilitate. A far less traumatic approach would be the
development of a stably transfected cell lined derived from MCF-7(TamR)
which inducibly expresses bcl-2. This would provide an extremely useful
tool for further understanding the role of bcl-2 in bleomycin sensitivity.
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4.5 Conclusions and further work.

The data obtained in the study suggests that the use of cytotoxics, in
particular bleomycin may be a viable strategy for the treatment of tamoxifen
resistant breast cancer. Current strategies proposed for the treatment of
tamoxifen resistant breast cancer are generally either geared towards the
blockade of alternative growth factor signalling pathways such as EGFR
family members or insulin-like growth factor (Jones et al., 2004), or by
attempting to create an ‘oestrogen free’ environment where no oestrogens
or SERMs are present, or able to stimulate tumour growth. This can be
achieved through the use of aromatase inhibitors to limit production of
oestrogens, or through use of fulvestrant to destroy the oestrogen receptor
reviewed in (Patel et al., 2007). The observed increased sensitivity of
tamoxifen resistant breast cancer cells in culture represents a potential new
cytotoxic approach to the treatment of tamoxifen resistant breast cancer
which may accompany or replace those methods described above. In order
to further develop bleomycin treatment as a plausible treatment for
tamoxifen resistant breast cancer, further work will need to be undertaken
to both properly understand the signalling changes which underpin the
phenomenon, and to establish whether the same bleomycin sensitivity is
observed in a clinical environment, and with a dose of bleomycin that is
physiologically appropriate.

These data suggest that a change in the apoptotic signalling in
tamoxifen resistant cells underpins the observed phenomenon of bleomycin
sensitivity. Changes in the level of EGFR signalling, or in the rate of drug
uptake do not seem to be responsible for the sensitivity of tamoxifen
resistant cells to bleomycin. This could be demonstrated with further study
into the extent of DSB formation by bleomycin using a more sensitive
technique such as pulsed-field gel electrophoresis. Such a technique would
also allow repair kinetics to be studied. It would be of great interest to learn
if tamoxifen resistant cells are any less proficient at repairing their DSBs
than their original tamoxifen sensitive cell lines.

160



The change in bleomycin sensitivity looks likely to be caused by a
change in signalling molecules or apoptotic machinery lying downstream of
the damage event. bcl-2 looks to be a good candidate, being
downregulated in tamoxifen resistant cells and having a key role in the
prevention of apoptosis, but attempts to alter levels of bcl-2 and examine
the effect on bleomycin cytotoxicity did not show any clear correlation.
Many bcl-2 family members have been shown to be under oestrogen
regulation in certain cell types. A study in neurones has shown that the
proapoptotic bcl-2 family member bim is downregulated by oestrogen
signalling, while the anti-apoptotic bcl-2 family member bcl-w is upregulated
(Yao et al., 2007). Studies with antioestrogens have also demonstrated
downregulation of anti-, and upregulation of pro-apoptotic bcl-2 family
members (Mcl-1 and BimS respectively) following tamoxifen treatment in
myelomas (Gauduchon et al., 2005). It is quite possible that the
downregulation of bcl-2 expression caused by siRNA or antioestrogen
treatment is of little consequence to bleomycin sensitivity, and that it is
changes in the expression of other bcl-2 family members that cause
changes in the apoptotic machinery of tamoxifen resistant cells. A full scale
study of the changes in expression of bcl-2 family members at both mRNA
and protein level may reveal which bcl-2 family members are altered, and
then further studies with inhibitors or siRNAs would allow candidate
proteins to be firmly implicated. This may also allow a protein marker for
tumours that are likely to be adversely affected by bleomycin to be
identified.
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