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Abstract

Breast cancers are often treated with antioestrogens, response rates
being highest in cancers expressing oestrogen receptors, responsive tumours
will however eventually become resistant. This thesis examines the role of
altered oestrogen receptors in the development of antioestrogen resistance.
Oestrogen receptors are nuclear hormone receptors that on binding
oestradiol bind to specific sequences on DNA and are able to modify the rate
of transcription of target genes. Antioestrogens competitively bind to the
oestrogen receptor displacing oestradiol but are unable to fully activate the
receptor. Oestrogen receptors with aberrant properties may lead to
antioestrogen resistance and could arise from mutation of the gene or
through alternate splicing of exons. Variant oestrogen receptor mRNA
arising from alternative splicing of coding exons has been reported in breast
cancers. One splice variant Jacking exon 5 encodes a truncated receptor,
which has constitutive activity in yeast. To explore the role of this variant in
antioestrogen resistant breast cancer, stable cell lines expressing the variant
on a conditional promoter have been isolated. These clones do not appear to
have altered proliferative response to oestrogen or antioestrogens and there
is no constitutive induction of ocstrogen responsive genes in the presence of
splice variant receptor, however modest activity of some reporter constructs
1s scen.

A short region of the hormone binding domain of the receptor has
been identified as being important in determining the response of the
receptor to ligand, specific mutations leading to loss of oestradiol activation
but leading to stimulation of transcription by antioestrogens in Hel.a cells.
The activity of such mutant receptors has been examined in breast cancer
cell lines. Modest agonist activity is seen in transient expression systems and
attempts to establish stable expression of mutant receptors are described. A
system for the identification of mutations in this region has been used to
screen for mutations in human breast cancers.

Mutations that alter the ligand binding properties of the receptor have
been reported. In order to identify mutations that are unable to bind
tamoxifen but are still activated by oestrogen, a yeast screening system was
used to screen randomly mutated oestrogen receptors. The properties of
mutations identified from this system are described.
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Chapter 1 Introduction

Introduction

The treatment and prevention of breast cancer is an increasingly
complex area of medicine. Hormonal manipulation in the form of
antioestrogens, such as the triphenylethylene compound tamoxifen, is used in
all stages of breast cancer treatment. Not all breast cancers respond to
tamoxifen and even those that do respond eventually become refractory to
this drug. Tamoxifen resistance is therefore a major issue in breast cancer
management. This chapter reviews our knowledge of the role of oestrogens
in the aetiology and progression of breast cancer, the mechanisms of
oestrogen action mediated through the oestrogen receptor and the
mechanism of antioestrogen action. The process by which breast cancers
become resistant to antioestrogens and refractory to hormonal influence will
be discussed with particular reference to the role of the oestrogen receptor
in this process. Subsequent chapters will describe experiments designed to
improve our understanding of the role of the oestrogen receptor in the
process of antioestrogen resistance. The final chapter will discuss the
relevance of these and other experiments to our understanding of oestrogen

receptor function and antioestrogen resistance.

Human Breast Cancer

Breast Cancer; a major clinical issue

Breast cancer is the most common cancer among women in the
western world. It is a devastating illness giving rise to both physical and
psychological morbidity and eventually causing the death of hundreds of
thousands of women annually throughout the world.  Estimated world-wide
incidence for the year 2000 is 859,300 (Parklin et al. 1984). In England and
Wales annual incidence for 1991 was 34,500 and there were 15,180 breast
cancer deaths in 1990 (CRC 1996). One in twelve UK women will develop
breast cancer.  While incidence has been steadily increasing since the 1950s
it is encouraging to note that in the last few years mortality from breast
cancer has been falling in many developed countries (UK deaths in 1995 was
14,080). This fall is largely attributed to the wide-scale adoption of adjuvant

therapies after primary surgery most notably the use of adjuvant tamoxifen
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Chapter 1 Introduction

and to a lesser extent adjuvant chemotherapy (Beral et al. 1995; Berrino ef al.
1995). There may also have been an impact as a result of the National

breast cancer screening programme.

Synopsis of breast cancer management

Breast cancer deaths are nearly all attributable to the development of
distant metastatic spread. However, most breast cancer patients present with
clinically early stage disease. Clinically localised disease is treated surgically
by removal of the primary tumour with a margin of uninvolved tissue. The
extent of this operation is determined by a wide variety of factors, most
importantly the size and site of disease. Modern surgical management is
aimed at providing the maximal chance of cure and minimal morbidity using
breast-conserving techniques, where possible. At definitive surgery, it is now
customary to remove tissue from the ipsilateral axilla as both a therapeutic
procedure and to obtain prognostic information to guide additional
treatment. This usually means that complete macroscopic clearance of early
breast cancer is achieved. Despite this only about half of clinically early
stage disease is cured by surgery. This is believed to be primarily due to the
development of clinically occult micrometastatic disease at an early stage in
the natural history of breast cancer. It is possible to demonstrate breast
cancer cells in the bone marrow of many patients undergoing primary breast
surgery (Dearnaley et al. 1981) although this is not an automatic marker for
the development of subsequent overt metastatic disease (Diel et al. 1996)

Following primary surgery a large number of independent prognostic
features can be analysed such as tumour size, histological grade, oestrogen
receptor or specific oncogene expression such as erb b2 (Dhingra et al. 1996)
However the most important single prognostic factor after primary breast
surgery is the presence or absence of axillary lymph node metastases, with
increasingly poor prognosis with increasing number of involved nodes.
These factors are used clinically in determining the likely benefit from
additional adjuvant therapies aimed at reducing chances of relapse.
Currently these adjuvant treatments consist of hormonal therapy, cytotoxic
chemotherapy and loco regional radiotherapy. While these modalities are of
undoubted benefit in reducing relapse rates and increasing survival (Bentley

et al. 1992), research is constantly refining their use. Despite many advances
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Chapter 1 Introduction

in the treatment of early breast cancer approximately half of these patients
eventually develop metastatic disease.

In patients where overt distant metastases exist at the time of diagnosis
or who subsequently develop metastases the disease is considered incurable
by conventional treatment. Therapeutic goals of standard treatments in
these circumstances are aimed primarily at disease control, with the palliation
of symptoms and enhancement of quality of life the primary focus of
therapeutic intervention. There are limited expectations in terms of
prolongation of life. In addition to the therapeutic modalities described
above a complex program of management involving many specialist health
care professionals is often needed to provide optimum individualised care

for patients with metastatic breast cancer.

Epidemiology and risk factors for breast cancer

Widespread geographical variation in breast cancer incidence points to
the importance of environmental factors with age standardised incidence
ranging from 12.1(per 100,000) in Japan to 79.9 in the USA (Los Angeles
white population) (Waterhouse 1976). Studies of Japanese migrants to the
USA have shown a tendency for breast cancer incidence to reach local levels
within two generations. There is a demographic variation in incidence with
higher incidence in more affluent sections of the community.

Dietary factors are likely to be important but are difficult to separate
from confounding variables. National breast cancer incidence correlates with
national total and saturated fat intake, with low fat intake subgroups within
affluent nations demonstrating a lower incidence of breast cancer (Armstrong
et al. 1975). In animal studies of dietary influences on breast cancer, high fat
intake in rats leads to an increase in DMBA induced mammary tumours
(Caroll et al. 1979). The influence of fat intake may be more important in
early years as fat intake in latter life has little influence on breast cancer risk
(Phillips 1980). Increased alcohol consumption is reported to increase breast
cancer risk and smoking is also likely to influence risk, with recent studies
showing a significant increase in risk to smokers compared to non smokers
unexposed to passive cigarette smoking. (Morabia et al. 1996). Radiation
exposure is also a recognised factor increasing breast cancer risk.

The hormonal environment is undoubtedly an important consideration

in the aetiology of breast cancer, with a number of observations indicating
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Chapter 1 Introduction

alterations in hormonal environment influence breast cancer risk (see Table
1). Early menarche and late menopause are both associated with increased
risk of breast cancer, (Trichopoulos et al. 1972; Kampert et al. 1988)
suggesting that the total number of ovarian cycles has implications for breast
cancer risk. Pregnancy has a protective effect with highest incidence in
nuliparous women and lowest incidence with multiparity (Mustacchi et al.
1961). Age at first birth is also influential, an increasing breast cancer
incidence with increasing age at first birth has been established (MacMahon
1970). Artficaal hormonal interventions affect breast cancer risk, for
instance surgical oophorectomy under the age of forty years of age reduces
risk (Lillenfield 1956). The risk associated with hormone replacement
therapy has been extensively studied but earlier results have been
controversial. Recently larger studies and overviews have demonstrated an
increased breast cancer risk, but this is only apparent after prolonged
exposure.  After five years continued use, an increased breast cancer risk 1s
detectable. There is a tendency for risk to rise with increasing duration of
exposure. After 8 - 15 years hormone replacement therapy relative risk
increases to 1.3 (Steinberg et al. 1991; Sillero-Arenas et al. 1992)also
reviewed in (Ewertz 1996). Most of the studies of long term hormone
replacement have been on women taking unopposed oestrogens. Therefore
there remains uncertainty concerning any risk associated with combined
oestrogen and progestin replacement.

The influence of exogenous oestrogens in the form of oral
contraceptives in breast cancer has been more controversial with increased
risk reported in some but not all studies (Veronesi et al. 1995). Recently an
overview of 54 epidemiological studies has reported a small but definite
increase in breast cancer incidence in users of the combined oral
contraceptive, relative risk 1.24 (Collaborative group on hormonal factors in
breast cancer 1996). This risk is still detectable five years after stopping
treatment but is absent after ten years. This observation is consistent with
the view that oestrogen is not a genotoxic agent and the role of oestrogens in

breast cancer is in tumour promotion.
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Genetic factors

The genetic influence on breast cancer risk was first described more
than fifty years ago (Wassink 1935) where increased risk amongst first
degree relatives of breast cancer cases was described. This risk was
particularly strong for relatives of patients with bilateral breast cancer
(Bucalossi et al. 1954) or where the index case was pre menopausal at
diagnosis (Anderson 1972; Anderson 1976) Molecular genetic studies of
families with particularly high numbers of breast cancers has led to the
identification of mutations within tumour suppresser genes such as pb53,
BRCAI and BRCAZ2. Heterozygous inheritance of mutations in these genes
results in high to near certain life time risk of developing breast cancer.
(Szabo et al. 1995) However inherited mutations in these known genes
probably account for only 2-5-% of all breast cancers. (Peto et al. 1996) with
BRCA 1 alone accounting for 5-10% of breast cancer under the age of {orty.
Clearly there are other genetic factors producing less well defined patterns
of genetic inheritance. It is of interest to note that while mutations in
BRCAL1 in sporadic cancers are not seen, the expression of BRCA1 transcript
1s reduced in sporadic breast tumours compared to normal breast. tissue
(Thompson et al. 1995).

Table 1.1  Reproductive /| hormonal risk factors for breast cancer

Risk factor Comparator Risk category Relative risk
Age at menarche 16 yrs 13 yrs 1.3
Age at birth of first child Before age 20 »30yrs 1.9
nuliparous 1.9
Age al menopause 45-54 yrs »bb yrs 1.5
45 yrs 0.7
Oral contraceptive Never used current use 1.24
past use 1.0
Hormone replacement therapy Never used 10 yrs use 1.3

Modified from Harris ez al NEJM 1992 327 5 319-328
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Malignant transformation is believed to occur mainly in the terminal
ductal/lobular unit of breast tissue. Benign hyperplasia is common and
carries little risk of invasive cancer but atypical hyperplasia is associated with
a five fold risk of invasive disease. In situ carcinoma is a condition in which
morphologically neoplastic cells are seen within ducts (DCIS) or lobules
(LCIS) but there is no invasive component. [n situ carcinoma is associated
with high incidence of invasive carcinoma. Invasive breast cancer may
develop within in situ carcinoma and may take place at an early stage in the
situation where at the time of diagnosis small micro invasive disease is found
with little surrounding in situ disease. In some carcinomas it is not possible
to find evidence of any in situ disease. Breast cancers may arise in a
clonogenic fashion from a single ccll but because of genetic instability they
inevitably become heterogeneous and the behaviour of a tumour changes
with time as cell populations with different properties outgrow the previous
dominant cell population that characterised initial behaviour. It is
presumably the heterogeneous nature of breast cancer that forms the basis

for the development of cancer that is resistant to any single therapy.

Oestrogen action in normal and malignant breast tissue

From epidemiology and animal work oestrogenic stimulation is an
important aspect of breast cancer pathogenesis. Oestrogen is required for
normal breast formation at puberty. Oestrogen and progesterone
replacement in hypogonadal deficiency states such as Turners syndrome
where ovarian development does not occur, can restore breast development.
However gonadotrophins are also required since in hypogonadotrophic
conditions oestrogen replacement is not sufficient (Laron et al. 1989) .
Therefore a number of mammotrophic hormones functioning in concert are
required to control breast development and maintenance.

Oestrogens have been implicated in the pathogenesis of breast cancer
not only through epidemiological studies but also in animal models. DMBA
induced mammary carcinomas are more frequent in ovariectomised animals
supplemented with oestrogen (Lyons 1958; Lieberman et al. 1978).
Oestrogen stimulates the formation of terminal end buds in the developing

rat mammary gland. It is at the stage of maximal terminal end bud
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formation (at the beginning of first oestrus), that maximal DMBA induced
tumour formation occurs (Huggins et al. 1961; Russo et al. 1983). Thus
experimental evidence suggests that oestrogens act as tumour promoters
through their mitogenic action by producing increased target cells with
shorter growth cycles exposed to carcinogenic risk. Epithelial cells with early
changes remain under oestrogenic stimulation increasing the risk of
developing fully invasive disease. Study of human breast cancer cell lines
and clinical observation of breast cancer response to oestrogen deprivation
clearly demonstrate that many breast cancers show either oestrogen
dependence or oestrogen stimulated growth, reviewed in (Dabre et al. 1989;
Clarke et al. 1991). Oestrogen is also required for effective implantation in
xenograft tumour formation for several human breast cancer cell lines,
(Soule et al. 1980) Reviewed in (Welsch 1982), which may have implications

for implantation of distant metastases in humans.

Endocrine aspects in the management of breast cancer.

While there are numerous aetiological factors associated with the
development of breast cancer the strongest influence in the development of
sporadic cancer is hormonal. The sensitivity of established cancers to
hormonal manipulation has attracted substantial research efforts to
understand the mechanisms involved in hormone action in breast cancer and
to identify differences that characterise hormone sensitive and insensitive
breast cancer.

The importance of endocrine influence in the practical treatment was
first described over 100 years ago when Beatson showed responses in
advanced breast cancer after surgical oophorectomy (Beatson 1896). This
landmark description laid the foundation for a variety of hormonal
manipulations such as adrenalectomy and hypophysetomy. In the early
1970s the triphenylethylene compound tamoxifen was introduced for the
treatment of advanced breast cancer (Cole et al. 1971). This compound
initially developed as a contraceptive was found to have potent
antioestrogenic effects and was used with success in the treatment of
advanced breast cancer. At the same time oestrogen receptor (ER) binding
assays were applied to breast tumour samples. A correlation was made
between ER content of primary breast cancer and prognosis (McGuire 1975)

and that ER negativity was a predictor of early relapse (Knight et al. 1977).

22



Chapter 1 Introduction

This then raised the possibility of predicting response to hormone therapy
using ER assays (Horwitz et al. 1975). It has become firmly established that
the presence of ER predicts for response, not only to tamoxifen but also for
all other active hormonal therapies, see (Veronesi et al. 1995) for review.
The prediction of response to tamoxifen according to ER content is relatively
crude with only 50% of ER positive breast cancers responding to treatment.
The absence of ER expression is however a more accurate predictor of
treatment failure with only 10% of ER negative tumours responding to
endocrine therapy. This prediction of response can be refined by the
measurement of progesterone receptors (PR). The presence of both ER and
PR increases the likelihood of response to tamoxifen to 70% . PR is induced
by oestrogens and it is likely therefore that tumours expressing PR have a
functional hormonal response pathway and are therefore more likely to be
sensitive to antioestrogens. While the response rate for ER positive PR
negative tumours is lower, it is far from insignificant at around 30%. Finally
the phenotype ER negative PR positive 1s encountered and here the response
rate is around 50%

The definition of hormone receptor negativity is dependent on the
technique used and has for most older studies been defined as less than 10
fmol/mg of tumour tissue. This is largely a pragmatic cut off based on assay
sensitivity and may explain why antioestrogen responses are seen in a
proportion of ER 'negative’ tumours. With current hormone receptor assays
based on sensitive immunohistochemical studies it may be possible to be more
accurate and certainly weak hormone receptor staining is prognostically
favourable compared to no staining (Elledge et al. 1997).*

The ER negative PR positive phenotype is somewhat anomalous since
ER is required to stimulate the expression of PR. Analysis of this phenotype
resulted in the identification of variant ER mRNA generated by alternate

splicing. This will be discussed in detail later in this chapter.

*Reference is not listed in alphabetical order see page 195, also see Clark 1997 page 195
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Table 1.2 Response to Endocrine therapy
Steroid receptor Objective Response Rate
content %

ER- /PR- 9

ER-/PR+ 53
ER+/PR- 32
ER+/PR+ 71

From McGuire ef al Seminars in Oncology (1983)

Adjuvant endocrine therapy

The success of endocrine therapy for inoperable or advanced disease
prompted the investigation of the use of hormonal therapy as adjuvant
therapy after primary surgery. Adjuvant therapy has the theoretical
advantage of influencing the behaviour of micrometastatic disease where the
disease burden is low and presents an opportunity of inhibiting breast cancer
progression before the emergence of resistant clones. Adjuvant treatment
thercfore introduces the possibility of cure for some patients who would
otherwise die from metastatic disease. Application of adjuvant therapy
exposes all patients to the side effects and toxicity of treatment but does not
provide bencfit to all patients since some patients have been cured by
surgical treatment and others relapse despite adjuvant therapy. The benefit
of adjuvant therapy can only be described as a population effect rather than
a benefit to an individual patient. Many trials of adjuvant ovarian ablation
and adjuvant tamoxifen have demonstrated a significant benefit to adjuvant
hormone therapy but the magnitude of these benefits was demonstrated with
extraordinary statistical accuracy by the Early Breast Cancer Trialist's
Collaborative Group's overview (Bentley et al. 1992). In pre menopausal
patients there is a clear benefit to ovarian ablation with a 30% reduction in
annual odds of recurrence. Adjuvant treatment with tamoxifen is beneficial
in terms of reduced relapse free and overall survival rates for both pre and
postmenopausal age groups, with an overall reduction in annual odds of

recurrence of 25%. While the reduction in annual odds is similar in node
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negative and node positive patients, in terms of absolute benefit there is a
larger effect on axillary node positive patients since prognosis is substantially
worse, a similar percentage reduction in annual odds translates into many
fewer events. The pattern of improvement after adjuvant therapy in terms

of survival is similar in all groups to the relapse free survival data for that

group.

Hormonal Prevention of breast cancer

Analysis of data from adjuvant studies of tamoxifen shows a 40%
reduction in the incidence of contralateral breast cancers in the treated
population (Bentley et al. 1992). Many patients at substantially increased risk
of developing breast cancer such as those with strong family histories may
benefit from preventative drug therapy (Cuzick ef al. 1986). However, this
further raises the threshold of concern about exposure to toxicity of drug
intervention. Large scale clinical trials are evaluating the role of tamoxifen

in this situation (Jordan 1997).

The mitogenic response to oestrogen.

Oestrogen treatment results in a variety of cellular responses in
different tissues. These responses are the result of regulation of transcription
from specific genes. A prerequisite for an oestrogenic response is thought to
be the presence of the oestrogen receptor. This section will discuss the

process by which oestrogens influence mitogenesis.

Hormone response elements and oestrogen responsive genes

The ER is known to bind to specific DNA sequences termed oestrogen
response elements (EREs) located in the vicinity of oestrogen responsive
genes. These were first proposed by comparison of upstream regions of
identified oestrogen responsive genes (Walker ef al. 1984) allowing a
"consensus " ERE to be described consisting of an inverted repeat of six
nucleotides separated by a three base pair central region,
AGGTCANNNTGACCT . Functional analysis of oestrogen responsive
genes has confirmed that this sequence is sufficient for high affinity DNA
binding,.see (Gronemeyer 1991; Martinez et al. 1991) for reviews. Many
oestrogen response elements are not perfect palindromes and when placed in

front of hormone insensitive reporter genes are weakly active, however when
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arranged closely together they co-operate to become strongly induced by
oestrogen. For instance the Xenopus vitelogenin promoter, which contains
two imperfect EREs is strongly activated by oestrogen (Klein-Hitpass et al.
1986). Thus individual EREs can form a larger entity, the hormone
response unit (HRU) (Martinez and Wahli 1991). HRUs can comprise several
different steroid response elements leading to sensitivity to a number of
different steroid hormones (Martinez and Wahli 1991). Oestrogen
responsive genes can also be influenced by other transcription factors
controlled through other signalling pathways. For instance the c-fos promoter
contains an ERE and API site (Weisz et al. 1990). The ER has also been
shown to affect transcription by interaction with AP1 sites (Philips ef al. 1993;
Webb et al. 1995) discussed in more detail later. This results in complex
regulation of genes under the influence of a number of different stimuli

with the potential for synergism and competition.

Cell cycle control by oestrogens in breast cancer

Ocstrogen treatment of breast cancer cells results in increased growth
and morphological changes (Dabre and Daly 1989). The G1 phase of the
cell cycle 1s shortened and non cycling cells are recruited into G1(Brunner e¢
al. 1989)). Cell cycle control genes such as myc and fos are implicated as
targets for oestradiol stimulated mitogenesis (Wilding et al. 1988; Watts et al.
1994) followed by induction of cyclin DI. Cyclin DI is an important
vegulator of early G1 progression and in breast cancer cells artificially
overexpressing D1 on an inducible promoter the growth inhibitory effects of
antioestrogens can be overcome (Musgrove ef al. 1993; Musgrove et al. 1994;
Watts et al. 1994) reviewed in (Sutherland et al. 1995).

The relationship of oestrogen and cytokines in growth control of breast

cancer

Proliferation in breast cancers remains to a greater or lesser extent
under regulation by a complex set of endocrine paracrine or autocrine
influences that control the growth and development of normal mammary
gland. Many growth factors or cytokines play a role in regulating the growth
of breast cancers. The mitogenic response to oestrogens in cell culture using
serum free medium may require additional factors such as insulin
(Sutherland et al. 1992) but this 1s not universal (DeFriend et al. 1994). Some
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cytokines implicated in growth regulation of breast cancers form part of the
oestrogenic pathway of growth regulation. TGFa is a polypeptide cytokine

that is secreted by breast cancer cells in response to oestrogenic stimulation

(Bates et al. 1988).

TGFa promotes mitogenesis through the activation of the plasma
membrane bound EGF receptor tyrosine kinase. It can cause growth
stimulation of breast cancers through autocrine paracrine and endocrine
effects (Clarke et al. 1991), but it is not the sole mediator of oestrogen
stimulated growth. While oestrogen induced mitogenesis is less marked
when exogenous TGFa is present, there is a detectable mitogenic effect of
adding oestrogen to TGFa stimulated breast cancer cell lines (Vonderhaar
1988) and they remain partially sensitive to antioestrogens (Koga et al. 1987).
Further more, growth stimulation of tumours by TGFa is blocked by
neutralising antibodies to TGFoa but this does not abolish oestradiol growth
stimulation (Clarke et al. 1989). Overexpression of TGFa does not confer
oestrogen independence (Clarke et al. 1989) and TGFa can not replace
oestrogen as a requirement for xenograft implantation (Clarke et al. 1989)
but does enhance implantation rates when used simultaneously with
oestradiol (Dickson et al. 1986).

Oestrogen stimulated proliferation is therefore a complex process
involving multiple pathways. Another important cytokine pertinent to the
oestrogenic pathway is TGFB. This is generally a growth inhibitory cytokine
in breast cancers.  Synthesis and secrction is reduced during oestrogen
stimulation and is increased during antioestrogen treatment (Knabbe et al.
1987). TGF can be secreted by stromal fibroblasts and this may occur in
response to antioestrogens in an ER independent fashion. (Butta et al. 1992).
This is an example of where the cellular environment can influence tumour
behaviour. Many other cytokines have been implicated in the regulation of
proliferation in breast cancers including EGF, IGF I, IGF II, FGFs and
PDGF reviewed in (Lippman et al. 1989; Dickson et al. 1991; Murphy 1994
1203: Clarke, 1991 +

The role of growth factor receptors is also of undoubted importance
in the regulation of breast cancer proliferation. Of particular interest is the
regulation of EGF-R and related receptors. EGF-R and IGF-R expression
can be induced by oestrogen, interestingly overexpression of EGF-R may

form the basis for the development of oestrogen independence in some
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breast cancers and there is in general an inverse relationship between ER and
EGF-R expression in breast cancers. It is now becoming increasingly
apparent that there is extensive cross-coupling between different signalling
pathways such that oestrogens and antioestrogens can affect the response
through several signalling pathways and that other signalling pathways affect
the oestrogenic pathway. Thus receptor cross-coupling adds a further
dimension to cellular responses to an environment of multiple growth
signalling systems. (This aspect of the oestrogen response will be covered
later.) To complicate the overall situation further there are as described
above with regard to TGFB complex interactions between tumour and
supporting stromal elements. It is therefore always necessary to interpret
experimental i vitro or tumour Xenograft systems with caution before
extrapolating to predict events in patients. There are considerable
differences between different breast tumours in their cytokine production,
cvtokine receptor content and response to individual hormones and cytokines
This gives rise to heterogeneous behaviour of breast cancers to growth

regulating factors (Kern et al. 1990).

Oestrogen receptor structure and function

The human ER is a 595 amino acid protein. It can be divided into six
regions A-F based upon homology with other steroid hormone receptors
(Krust et al. 1986) (Fig 1.1). Study of proteolytic fragments or artificially
expressed mutant forms of the receptor including deletions and mutants
created by site directed mutagenesis, has led to the description of functional
domains (Fig 1.1) and the identification of small regions of the protein
critical to specific functions of the molecule. The crystal structure of the
DNA binding domain of the ER has been determined. Crystal structures for
the ligand binding domains for RAR RXR and most recently the ER have
also been described. The ER from several other species have been cloned
including the mouse oestrogen receptor (MOR) (White et al. 1987). This
shows 89% homology with the human receptor. There is absolute
conservation of the entire DNA binding domain across species and many
areas of absolute conservation in sequences associated with specific functions
(White et al. 1987; Fawell et al. 1990; Green et al. 1991; Danielian et al. 1992).
This section will review the identification, analysis the structure and

mechanism of action of the ER.
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The simplistic model for ER function is that in the absence of ligand the
receptor 1s bound as an inactive complex within the nucleus and upon
binding ligand it is released from chaperone proteins and forms
homodimers. These dimers bind to DNA at specific oestrogen response
elements within the promoter regions of target genes. Through a direct or
indirect interaction between ER and the basic transcriptional machinery, the
rate of gene transcription is altered. While there is good evidence that this
model is essentially correct, this is a complex process and it is now becoming
apparent that this is only one of several ways in which the ER can influence
gene transcription. Other signalling pathways can influence ER activity
either by modulating response to oestradiol or through ligand independent
mechanisms. Therefore a detailed examination of our knowledge of structure
and function is of value in understanding the role of ER and the responses

to antioestrogens.
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Identification of oestrogen receptors and the nuclear receptor super family

The "discovery of the oestrogen receptor” is said to have been made
when oestrogen responsive tissue was first noted to retain radio labelled
oestradiol against a concentration gradient (Jensen 1962). Early work
identified the binding of steroid in the "cytoplasmic fraction" in the absence
of ligand and in the "nuclear" fraction after addition of oestradiol.
Sedimentation studies revealed the cytoplasmic fraction had a sedimentation
coefficient of 9.5S and the nuclear fraction 5S (Toft et al. 1966; Gorski et al.
1968; Jensen et al. 1968). Thus a two step hypothesis was proposed in which
oestradiol binding led to nuclear translocation coupled to a structural
transition to an active form that could interact with DNA (Jensen et al.
1968). This sedimentation change can be induced by high salt or heat
treatment and correlates with the loss of associated proteins. The most
important of these are the heat shock proteins particularly hsp90 but many
other proteins are bound in a complex including hsp70, hsp59, p54, p50 and
p23, reviewed in (Pratt 1993; Smith et al. 1993). The binding of hsp90 1s
thought to maintain the receptor as an inactive complex. On binding to
ligand the receptor dissociates from these chaperone proteins and becomes
free to interact with target genes. Ligand binding is associated with a
presumed conformational change of the receptor demonstrated by an altered
pattern of proteolysis in the presence of ligand (Kumar et al. 1988) and
altered mobility on band shift assay (Lees et al. 1989).

The oestrogen receptor gene was cloned from a cDNA library from
MCF-7 human breast cancer cells and the primary amino acid sequence has
been derived from this (Green et al. 1986). Subsequent to the cloning of the
oestrogen receptor a large and expanding number of related receptors
including all the recognised steroid hormone receptors have been cloned and
collectively termed the nuclear receptor super-family. Members of this
family of nuclear receptors share structural homology and many aspects of
the mechanism of action of these proteins are shared. This family of
proteins function as transcription factors modulating the rate of transcription
of target genes in response to ligand activation. The family consists not only
of steroid hormone receptors but also thyroid, vitamin D, farnesoid, retinoic
acid and retinoid X receptors. There are also a number of so called orphan

receptors. which currently make up the majority of the family. These are
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proteins for which there is as yet no identified ligand, alternatively they may
function as unliganded transcription factors, reviewed in (Evans 1988; Green
et al. 1988; Beato 1989; Ham et al. 1989; Parker 1993).

A second oestrogen receptor : ERf

Recently a second oestrogen receptor has been cloned from rat and
human DNA (Kuiper et al. 1996; Mosselman et al. 1996). The human gene
has 96% homology with the DBD of the original ER (ERa) and 58%
homology with the HBD, but a truncated N-terminus. The pattern of
expression is relatively restricted but it has been detected in breast tumours
and breast cancer cell lines (Dotzlaw et al. 1997). This receptor is functional
as an oestradiol dependent transcriptional activator on oestrogen responsive
promoters. It forms heterodimers with ERa (Cowley et al. 1997) but its

biological significance has not been established.

Hormone binding

The hormone binding region of the ER was found to be present
within region E of the receptor (residues 302-552). This is the most
functionally complex region as it also contains regions responsible for
receptor dimerisation and ligand dependent activation.

Ligand binding activity was identified within domain E by
demonstration of a C terminal proteolytic fragment that bound ligand
(Katzenellenbogen et al. 1987). Using either ketononesterol aziridine or
tamoxifen aziridine (Harlow et al. 1989) cysteine 530 was labelled thus
identifying more accurately the region of importance for ligand binding.
However this individual residue is not critical as substitution of cysteine 530
does not affect ligand binding (Fawell et al. 1990). This implies that cysteine
530 is close to but does not form part of the ligand binding pocket. Ligand
binding is lost after C terminal deletion to residue 539 in the MOR
(equivalent to 535 for hER) (Fawell et al. 1990). Critical point mutations
within this region can lead to interesting effects on ligand binding. Mutation
at MOR 518 (hER 514) abolishes all ligand binding. Substitution of glycine
at position MOR 525 (hER 521) with arginine also abolishes oestradiol
binding but it does not prevent activation of transcription by
hvdroxytamoxifen implying that hydroxytamoxifen still binds this mutant

(Danielian et al. 1993). This demonstrates that while the ligand binding
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pockets for oestrogen and antioestrogens are in a similar region, small
changes to the receptor can alter the ability of the receptor to discriminate
between different ligands. A further point of interest is that the original
description of the hER cloned sequence contains a presumed cloning error,
resulting in a codon for valine at position 400 rather than the true wild type
glycine. The valine substituted mutant receptor produces a temperature
sensitive alteration in ligand binding affinity. The true wild type receptor
(HEGO) binds oestradiol with high affinity at both high and low temperature
but the valine mutant (HEO) binds with wild type affinity only at low
temperature (49C) with reduced affinity and stability at 25°9C (Tora et al.
1989). It has also been found that the partial agonist effect of tamoxifen
through HEO is greater than HEGO when these receptors are expressed in
an ER negative breast cancer cell line (Jiang ef al. 1992). In this situation
rather than simply a reflection of altered binding specificity accounting for
differences seen there appears to be a qualitative change in the nature of the

responsc.

DNA Binding and dimerisation

The DNA binding domain corresponds to the 66 amino acid
region C of the receptor and is the most highly conserved part of the
receptor superfamily containing two "zinc finger" motifs which comprise four
cysteine residues that are able to complex with a zinc atom. (Freedman et al.
1988) The zinc finger motif is characteristic of several DNA binding
proteins. The C region was confirmed as responsible for DNA binding and
ERE specificity by showing that swapping the C domains of ER with that of
the GR allowed the hybrid receptor to bind to a GRE (Green et al. 1987)

The palindromic nature of the response element suggested that ER
would bind as a dimer. This was confirmed by gel shift analysis of full
length and an N terminal truncated ER demonstrating an intermediate band
when mixed representing a heterodimer of the two different sized proteins
(Kumar and Chambon 1988). Further analysis showed that full length ER
could not bind a half site ERE. The major dimerisation interface was found
to be located within the hormone binding domain since a truncated receptor
lacking the HBD could not heterodimerise with full length receptor.
However a weak secondary dimerisation interface exists within the DNA

binding domain since homodimers of HBD truncated mutants are able to
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bind to an ERE (Kumar and Chambon 1988). Further detailed analysis has
shown a two amino acid region between the third and fourth cysteines of the
N terminal zinc finger and a third amino acid residue between the zinc
fingers as critical in determining ERE recognition, permitting transcriptional
activity and forms the ‘P box’, reviewed in (Green and Chambon 1991). A
third region, the D box, is important in determining the specificity for the
spacing between half sites of the response element.

Crystallographic and NMR analysis has shown that the DBD is monomeric in
solution and that on binding DNA a homodimer is formed that co-
operatively binds to DNA interacting with the major grove of the double
helix. The DBD dimerisation interface is only formed on binding to DNA,
the dimerisation interface strengthens the interaction with DNA by contacts
with the phosphate backbone of the DNA (Hard et al. 1990; Schwabe et al.
1990; Schwabe et al. 1993) also see (Zilliacus et al. 1995).

The major dimerisation interface within the HBD appears to overlap
with the ligand binding region (Fawell et al. 1990). DNA binding in the
absence of the HBD can be detected but with10 fold lower affinity than with
the full-length protein. The full length protein is capable of binding DNA
in vitro in the absence of ligand although in some circumstances DNA
binding is ligand dependent (Metzger et al. 1988). Transcriptional
interference assays have suggested that ligand is required for DNA binding
m vivo (Pham et al. 1991) unless excess receptor is used in which case DNA
binding occurs in the absence of ligand. However, other experiments suggest

DNA binding can occur in the absence of ligand (Zhuang et al. 1995).

Subcellular localisation

Early studies in which ER was isolated from cytosolic fractions have
been misleading. Under steady state conditions the ER s predominantly
located in the nucleus (Greene et al. 1984; King et al. 1984). It does however
move between compartments being taken up by the nucleus in an energy
dependent manner which requires the presence of nuclear localisation signals
located in both the D region and the HBD (Ylikomi et al. 1992; Dauvois et al.
1993). The ER can exit the nucleus in a passive process. The ER is
therefore subject to a nucloecytoplasmic shuttling process. The equilibrium
of this process is such that the great majority of ER is located within the

nucleus, reviewed in (Defranco et al. 1995).
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T'ranscriptional activation

The ER contains two separable activation regions, termed, AF1 located
in the N terminal A/B region ,and AF2, located within the HBD. The
functional importance of these two regions is variable depending on the
context in which they are tested being both cell type and promoter
dependent, reviewed in (Green and Chambon 1991).

AF1 functions in ‘ligand independent’ fashion in that deletion mutants
lacking the HBD show constitutive activity, however the activity relative to
the full length receptor varies depending on both the cell type and target
gene.  In many cell types for instance Hela cells or Cos cells activity is 5%
or less of the full length ER. In chicken embryo fibroblasts AF1 contributes
up to 70% of full-length receptor activity (Kumar et al. 1987; Lees el al.
1989; Lees et al. 1989; Danielian et al. 1992). The promoter system used to
test for AF1 activity is also important in determining the relative contribution
of AF1 activity. Thus removal of the N terminal domain of the receptor
results in little reduction in oestradiol stimulated transcription in HeLa cells
from a promoter containing the vitelogenin ERE upstream of the tyrosine
kinase promoter. When the promoter for the pS2 gene is used the N-
terminal truncation shows only 20% activity of the full length receptor
(Kumar et al. 1987). The constitutive nature of a truncated receptor lacking
the HBD indicates that despite the lower affinity for DNA binding, in
transient transfection experiments at least, this receptor is able to bind DNA.
There 1s now accumulating evidence that the N terminal region may also be
a target for activation by other signalling pathways particularly EGF and this
may be mediated by phosphorylation of the N terminal region at serine 118.
The effect of various growth factors on ER function will be discussed later.

AF2 is in most circumstances ligand dependent. Deletion of the C-
terminal portion of the MOR identified sequences between 538 and 552 that
was required for hormone dependent activation but did not affect the ability
of the receptor to bind ligand (Lees et al. 1989). Further analysis of this
region identified an amino acid sequence in which the residues were
consistent with the formation of an amphipathic a helix. This sequence 1is
highly conserved amongst the nuclear receptors. Mutation of pairs of
hydrophobic residues within this region virtually abolished ligand induced

transcription in mouse 313 cells (Danielian et al. 1992), without affecting
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ligand binding or DNA binding. This confirmed that the structure of this
region is critical to the activity of AF2 and has been confirmed by others
using similar mutations (Ince et al. 1993; Tzukerman et al. 1994). Recently it
has been shown that mutation of Tyrosine 537 which is also highly
conserved, or the equivalent MOR 541 results in strong constitutive activity
(Weis et al. 1996; White et al. 1997). Other mutations within the N terminal
portion of the HBD have been shown to affect transcriptional activity without
affecting ligand binding affinity (Pakdel et al. 1992).

In some situations the integrity of both AFl and AF2 are required for
full activity thus in 3T3 or HepG2 cells there is negligible or weak activity
attributable to AF1 alone but deletion of AF1 markedly reduces ligand
dependent activation. Some mutations that abolish AF2 activity in the
absence of AFI have partial activity restored if AF1 is present (Danielian et
al. 1992; Tzukerman et al. 1994). AF1 and AF2 therefore show
cooperativity. A third activation region was identified in the N-terminal
region of the HBD using a yeast screen. A deletion mutant containing
residues 179- 339 showed strong constitutive activity in yeast. The activation
region was mapped between residues 302 and 339. (Pierrat et al. 1994) This
was Inactive in mammalian cells and therefore it's significance is unclear,

however this is the region bound by a transcription cofactor TAF[130 and

corresponds to a known activation region for the GR.

Crystal structure of the HBD

The crystal structure has been determined for the HBD of unliganded
RXRa, the liganded RARa, and TRa (Bourguet et al. 1995; Renaud et al.
1995; Wagner et al. 1995). Most recently the HBD structure for the ER
bound to both oestradiol and raloxifene has also been reported (Brzozwski et
al. 1997) These studies demonstrate a similar overall structure for the ligand
binding domain of nuclear receptors . The HBD is composed of 12 a helical
regions termed H1-12. However,in some receptors such as ER, H5 and H6
form a continuous helix. These helices are arranged in three antiparallel
layers, H5/6, H9 and H10 are sandwiched between two other layers
composed of H1-4 and H7, H8 and H11. This scaffold forms a wedge
shaped structure with a ligand binding pocket at the narrow end of the
wedge. Surrounding the ligand binding region there are 2 antiparallel 3

strands S1 and S2. The ligand binding region comprises a hydrophobic core
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formed by H3, H6, H11, S1 and S2. When bound oestradiol lies enclosed
within this compartment. The A ring hydroxyl group of oestradiol forms
hydrogen bonds with Glu353 and Arg 394 and the 17 hydroxyl group of
the D ring forms hydrogen bonds with His 524. There are a number of non
polar contacts with other residues that allow specific recognition of
oestradiol. H12 which contains the conserved amphipathic a helix lies across
the external surface of the HBD and makes contacts with H3, H5/6 and H11,
and forms a 'lid" over the ligand binding pocket but does not contact ligand
directly. Structural analysis in the presence of raloxifene shows that this
antioestrogen is held in the same ligand binding region and forms analogous
hydrogen bonds with Glu 353, Arg 394 and His 524 but this leaves a side
chain free which protrudes from the ligand binding cavity. A crucial
consequence of this is that the alignment of H12 is disrupted and is unable
to form contacts with H5/6 and HI11. The positioning of HI12 in the
raloxifene bound ER is however different to the H12 position reported for
unliganded RXRa, where 12 points away from the body of the LBD
structure and may be held in this position by H7. In the raloxifene bound
ER, H12 lies along a groove formed between H3, H4, and H5/6. It appears
therefore, that upon binding ligand, there is a structural alteration causing
H12 to swing across the ligand binding pocket locking the ligand in position.
The realignement of H12 results in contacts with other regions of the HBD
and formation of new surface available for interaction with cofactors
important in mediating AF2 activity. Antioestrogens appear to prevent
correct alignment of H12 and may as a result interfere with the ability of the

ER to interact with cofactors.

Transcriptional regulation via coactivators of the oestrogen receptor

Eucaryotic gene transcription by RNA polymerase II is a highly
complex process involving the assembly of an initiation complex comprising
multiple components, in association with RNA polymerase. A key
component of the complex is TBP (TATA binding protein which forms part
of a larger assembly, TFIID), this binds to a TATA box element upstream
of the transcription start site. The complex can then respond to stimulation
by regulatory transcription factors reviewed in (Sheldon et al. 1995). In
addition TBP is associated with another set of intermediary molecules which

are thought to bridge the interaction of transcription factors and the pre
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initiation complex called TAFs, reviewed in (Hernandez 1993; Zawel et al.
1993). ER can bind to TBP but it is unlikely that this association is sufficient
to mediate transcriptional activation, as it is not abolished by inactivation
mutants of AF2. Overexpression of ER leads to squelching of activation
suggesting that intermediary proteins are involved in mediating the
transcriptional effects of ER (Brou ef al. 1993). A number of proteins have
been isolated that interact with ER in a ligand dependent manner and are
candidates for the mediation of ER induced transcriptional regulation.
Probably the most significant of these are the pl160 family of proteins which
include SRC-1/p160, TIF2/GRIP-1, p/CIP/AIBI and the p300/CBP family.
These have been demonstrated to enhance ligand induced activation of
several nuclear hormones including ER (Onate et al. 1995; Kamei et al.
1996; Voegel et al. 1996; Torchia et al. 1997). SRCI binding is abolished by
mutations in H3 and H4 of the HBD known to be important in AF2 activity
(Onate et al. 1995). Of interest is a recent finding that an SRC-1 like protein
AlIBI, 1s amplified and mRNA is overexpressed in some ER positive breast
and ovarian cancers (Anzik et al. 1997). A number of other proteins have
been isolated that interact with nuclear receptors in a ligand dependent
manner. These include RIP 140, TIF-1, TRIP-1/SUG-1 (Cavailles et al. 1994;
vom Baur et al. 1996) The effect of these proteins is less clear since the
ability to enhance nuclear receptor mediated transcription is less marked
(Cavailles et al. 1995). An increasing number of interacting proteins are
being identified that interact with different subsets of nuclear hormones
some of which appear to act not as coactivators, but as repressors of receptor
induced activation. The field of nuclear receptor interacting proteins is still
very new and further refinements in our understanding of the true
physiological role of these factors can be expected, reviewed in (Horwitz et al.
1996; Heery et al. 1997). Clearly however the existence of a number of
different proteins that have ligand dependent affinity for the ER and can
affect the performance of the receptors provides a potential explanation for

the heterogeneous responses to oestrogens and other ER ligands.
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Mechanism of action of Antioestrogens

Antioestrogens are compounds that compete with oestrogens for
binding to the ER but fail to elicit the normal agonist effects of oestradiol in
effector cells or organs. A large number of such compounds have been
developed, many of which are structurally related. Few of these compounds
are in routine clinical use but a number of antioestrogens are undergoing
clinical evaluation in a variety of clinical applications (Fig 1.2).
Antioestrogens can be conveniently divided into the triphenylethelene
derivatives or nonsteroidal antioestrogens of which tamoxifen is the principal
compound in routine clinical usage. These are often referred to as type I
antioestrogens. The other distinct category of antioestrogens, the type II,
steroidal or 'pure antioestrogens' are structurally distinct and display
different properties. Depending on the system chosen to demonstrate
oestrogen antagonism by antioestrogens it is often possible to demonstrate a
degree of agonist activity. The triphenylethelene antioestrogens are
considered as partial agonists with the degree of agonist activity dependent
on the physiological response used to assess activity. Different

triphenylethyline antioestrogens show different patterns of partial agonism.

Tamoxifen and related anuoestrogens

Tamoxifen or ICI 46,474 a triphenylethylene derivative was originally
developed as a potentially less toxic derivative of the first antioestrogen MER
25 (ethamoxytriphetol). This clinically unusable compound was a weak but
active antioestrogen with antifertility properties. Tamoxifen was also not
clinically useful as originally intended as a post coital contraceptive but the
antioestrogenic properties led to development as hormonal therapy for breast

cancer.
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Fig 1.2 Chemical structures of triphenylethylene and steroidal antioestrogens
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Tamoxifen metabolism is complex, for reviews see (Furr et al. 1984;
Jordan 1984). It is extensively protein bound and has a long biological half
life. It is converted in the liver to a variety of related compounds one of
which is 4-hydroxytamoxifen. This metabolite has approximately ten fold
higher affinity for ER which is comparable to that of oestradiol (Jordan et al.
1977). The half life of 4-hyroxytamoxifen is however comparatively short, it
is therefore unclear if the metabolite or the parent compound is the most
important contributor in vivo. Tamoxifen can be isomerised from trans to cis
form, the cis form shows a greater degree of agonist activity. Other
metabolites such as metabolite E also display more potent agonist properties.
Tamoxifen and metabolites are excreted in bile after conjugation.

The partial agonist activity of tamoxifen results in clinically important
effects notably the lowering of plasma lipid and cholesterol levels in
postmenopausal women and the preservation of bone mineral density (Love
et al. 1988; Fentiman et al. 1989; Turken et al. 1989; Love et al. 1992; Love et
al. 1991). These oestrogenic effects may have clinical benefits such as of
reducton in cardiovascular disease (McDonald et al. 1991; Constantino et al.
1997), and reduced osteoporotic complications. Tamoxifen has significant
agonist activity in the uterus, in both rats and humans. Uterine weight in
the rat is a commonly used assay of oestrogenic activity. In ovariectomised
rats oestrogen replacement causes uterine weight gain. This can be reduced
in a dose dependent fashion by co-administration of tamoxifen but tamoxifen
can not block all uterine weight gain. Tamoxifen alone causes an increase in
uterine weight in the ovariectomised rat uterus demonstrating the properties
of a parual agonist.

The rat uterine weight assay can be used to compare the relative
partial agonist activity of different compounds. Derivatives of tamoxifen
such as raloxifene and idoxifene show reduced partial agonist activity and
are being evaluated as drugs for the treatment of breast cancer and also as
agents for treatment or prevention of osteoporosis.

Tamoxifen competes for ER binding and promotes DNA binding but
does not induce the same conformational change as oestradiol. The protease
digestion pattern seen in the presence of oestrogen or antioestrogen is
different (Allan et al. 1992; Tzukerman et al. 1994). There is a difference in
mobility of the DNA-ER complex seen in band shift assays in the presence of
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oestradiol or hydroxytamoxifen. (Kumar and Chambon 1988; Lees et al.
1989; Sabbah et al. 1991; Emmas et al. 1992). The structural basis of this
conformational difference has been discussed above with respect to the
crystal structure of the HBD. Transient transfection experiments using
different reporter constructs and different cell types demonstrate that
tamoxifen can stimulate gene transcription but that the relative strength of
transcription is highly variable. The degree of agonism seen with
hydroxytamoxifen approximates to the contribution of AFI to the overall
activity (Berry et al. 1990). The importance of AF1l as a mediator of
tamoxifen agonist activity is further demonstrated by the use of truncated ER
mutants lacking AF1. In this situation hydroxytamoxifen has no agonist
activity but oestradiol retains all or some agonist activity depending on the
cell type and reporter construct used (Berry et al. 1990), giving rise to the
concept that hydroxytamoxifen agonism is mediated solely through AF1. In
situations where AF1 makes a significant contribution to the ER mediated
transcription there will therefore be an agonist effect from tamoxifen but not
in situations where AF1 contributes little. The complexity of the response
element may play a role in the degree of partial agonism seen with
hydroxytamoxifen since where oestrogen response elements are multimerised
the degree of agonist effect seen with hydroxytamoxifen increases (Tonetu
et al. 1995). There are also differences in the binding affinity for response
elements between agonist and antagonist occupied receptor depending on the
flanking sequences and spacing between response elements (Anolik et al.
1993).

Antioestrogens and growth factor secretion

One puzzling aspect of tamoxifen therapy is the observation that some
apparently ER negative tumours respond to tamoxifen therapy and adjuvant
tamoxifen is of benefit in ER negative subgroups, particularly
postmenopausal women (Bentley et al. 1992). This may be in part due to
false negative assays or may be because ER negativity is a relative term with
an arbitrary definition based initially on the limits of assay techniques. An
alternative explanation may be that tamoxifen can act through ER
independent mechanismé, as previously mentioned, tamoxifen has been
shown to stimulate the secretion of TGFp not only from breast cancer cells

but from stromal fibroblasts (Butta et al. 1992). TGF secretion is stimulated
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by tamoxifen in both ER positive and ER negative breast tumours. A
further possibility is that ER negative tumours may contain sufficient ER to
mediate an antioestrogen response. Tumours expressing only ERB would be
antigenically ERa negative although they would be ER positive by ligand
binding methods and therefore clearly can not be a sole explanation since

ligand binding assays have been widely used in the past.

Steroidal pure antioestrogens

The steroidal antioestrogens form a separate class of oestrogen
antagonist in being almost devoid of any agonist properties. There are
important differences in the mechanism of action of these antagonists in
comparison to the triphenylethylene antioestrogens, however the data
concerning the mechanism of action is in some respects contradictory. This
class of antioestrogens are structurally identical to oestradiol with the
cxeption of a side chain at the 7a position (Fig 1.3). The length of this side
chain is important in determining the antagonist properties of the molecule
(Bowler et al. 1989). Affinity for the ER is similar to that of oestradiol and
can competitively inhibit oestradiol binding. ICI 164,384 was demonstrated to
have no agonist effect on the uterus (Wakeling et al. 1987; Wakeling et al.
1988) or transcription (Berry et al. 1990; Fawell et al. 1990) and to be a
powerful antagonist of oestradiol induced MCF-7 cell proliferation
(Thompson et al. 1989; Wakeling et al. 1989)
An unusual effect on receptor content and localisation is seen with pure
antioestrogens, with a dramatic down regulation of steady state receptor
content in Cos-1 cells (Dauvois et al. 1992) mouse uterus (Gibson et al. 1991)
and primary human breast tumours (DekFriend et al. 1994) after exposure to
pure antioestrogen compounds. This is associated with a marked increase in
receptor turnover and decreased half life for the receptor. This down
regulation is accompanied by a subcellular shift of receptor from the nucleus
to cytoplasm and is associated with interference of normal nuclear uptake of
receptor (Dauvois et al. 1992; Dauvois et al. 1993). The effect of pure
antioestrogens on DNA seems to depend on the experimental system used
DNA binding is inhibited in vitro in oestrogen receptors overexpressed in
insect cells and Cos-1 cells but not from breast cancer cells (Lees et al. 1989;
Fawell et al. 1990; Arbuckle et al. 1992). This inhibition of DNA binding can
be rescued by co-incubation with the ER antibody MP16. MP16 has the
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ability to rescue DNA binding ability in dimerisation deficient mutant ER.
The restoration of DNA binding of pure antioestrogen occupied ER by
MP16 suggests that the pure antioestrogens inhibit dimerisation (Fawell et al.
1990). Other studies have reported no effect of ICI 164,384 on the ability of
ER from a variety of sources to bind ERE in vitro (Sabbah et al. 1991;
Metzger et al. 1995). However a reduction in receptor stability at 37° C in
the presence of ICI 164,384 compared with other ligands has been observed
(Metzger et al. 1995). It seems therefore that the conditions used to study the
ctfects of DNA binding are critical. In vivo evidence using a transcriptional
interference assay suggests that these compounds can promote DNA binding.
However there is no agonist effect indicating that the pure antioestrogens fail
to generate a transcriptionally competent form of the receptor (Pham et al.
1991). A possible explanation is that preformed dimers are not disrupted by
pure antioestrogens but dimer formation is inhibited. A proposed mechanism
of action for the pure antioestrogens is that dimerisation of monomers is
inhibited as a consequence of steric interference of the 7a side chain but that
the disruption of preformed dimers is less efficient (Arbuckle et al. 1992).
The reduced receptor content is a result of inhibition of nuclear uptake,
perhaps as a result of impaired dimerisation and subsequent degradation
(Dauvois et al. 1993). In addition binding of pure antioestrogen to any
remaining DNA bound ER still leaves the complex in a conformational state
that is incapableof activating both AF1 and AF2. This combination of effects
results in highly effective antagonism. The relative importance of these
mecchanisms to the overall effect is not known.

The clinical utility of pure antioestrogens is being evaluated. Because
of difficulties with solubility the only compound tested to date is I1CI 182,780
administered by intramuscular depot injection. A small study in women with
tamoxifen resistant metastatic breast cancer has demonstrated clinical activity
(Howell et al. 1995). Of interest is the apparent long duration of response in

a number of the patients that have responded to treatment (Howell et al.
1996)

44



Chapter 1 Introduction

Effect of mutant oestrogen receptor on antagonist activity

A number of mutant oestrogen receptors have been artificially
constructed or isolated from breast cancer cell lines that display altered
sensitivity to antioestrogens, stimulating interest in the possibility that ER
mutants may result in antioestrogen resistant breast cancer.

A point mutant MOR has been constructed with a mutation in the region
known to be important in ligand binding (G-525R.). This receptor is unable
to bind oestradiol but retains the ability to bind hydroxytamoxifen and
displays normal agonist activity on exposure to hydroxytamoxifen when
expressed in CEF cells (Danielian et al. 1993). A further point mutation in
the hER was identified from a tamoxifen resistant clone derived from MCF-7
breast cancer cells (Wolf et al. 1994). This mutation (A-351T) has been
expressed in ER negative breast cancer cells in transient and stable
expression systems and shows an agonist response to a fixed ring
hydroxytamoxifen analogue in transfection experiments (Catherino et al.
1995)In stable systems it causes paradoxical growth inhibition. This is similar
to the effect of oestradiol when wild type receptor is expressed in these cells.
Oecstradiol causes a paradoxical growth inhibition but stimulates transiently
cxpressed reporters. (Catherino et al. 1995). The interpretation of the
mutant receptor experiments is that the antioestrogen has an agonist effect.
Further study of antioestrogen effects on MOR mutants has produced
unexpected observations. Double mutants of highly conserved H12
hydrophobic residues (L-543A/L-544A and M-547A/1.-548A), have been
found to function as strong agonists under the influence of both
triphenylethylene and pure antioestrogens (Mahfoudi et al. 1995). These
mutants with defective AF2 activity under oestradiol stimulation were
originally used to demonstrate the importance of the C terminal amphipathic
o helix. They require the presence of AF1 for this antioestrogen stimulated
agonist activity. It is not clear why tamoxifen is able to stimulate strong AFI
dependent activity through these mutants, while being unable to stimulate
through the wild type receptor. Interestingly the down regulation of wild
type ER with ICI 164,384 is not seen with these mutations. Similar
antagonist to agonist switching has now been shown in hER mutations in the

analogous region to the MOR mutations. Here the effect has been shown to
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be cell type dependent suggesting a role for cofactors in determining the

activity of antioestrogens (Montano et al. 1996).

Cross coupling of ER signalling with other signalling pathways

In addition to the classical steroid hormone receptor signalling
pathway described for the ER, there is increasing evidence that other
signalling systems can influence ER responses either by modifying ligand
induced responses or inducing ligand independent responses mediated
through the ER. The ER has also been shown to affect other signalling
pathways. The physiological significance of these observations is not clear
but some of these effects may be important aspects of antioestrogen

responsces.

Signalling that affects ER responses

One of the first observations that ER was able to respond to alternative
signals was that the neurotransmitter dopamine was able to induce activation
of ER expressed in HeLa cells in the absence of oestrogenic ligand (Power et
al. 1991). This activation was inhibited by ICI 164,384 but not by
hydroxytamoxifen (Smith ef al. 1993). Stimulation of DNA synthesis induced
by the growth factor EGF in rat uterus was blocked by co-administration of
ICI 164,384 (Ignar-Trowbridge et al. 1992). The stimulation of an ERE
reporter gene in uterine cells by EGF, was similarly blocked by 1CI 164,384.
This EGF effect appears to be mediated through the N terminus of the ER
since it is not seen with N terminal deleted ER (Ignar-Trowbridge et al.
1993). cAMP and activators of protein kinase C have also been reported as
independent activators of ER mediated transcription (Aronica et al. 1993;
Cho et al. 1993; Aronica et al. 1994). IGF-1 has been implicated in the
modification of response to oestradiol resulting in enhancement of the
response to oestradiol but not behaving as an independent activator (Aronica
and Katzenellenbogen 1993). In addition to the ligand independent effects
the response to antioestrogens is modified. In the presence of IGF or
activators of PKA, such as 8 bromocyclic AMP, there is a greater partial
agonist response to hydroxytamoxifen (Ince et al. 1994). Transcriptionally
inactive mutant ER can be 'rescued' by raising intracellular cAMP restoring
response of the mutant receptor to oestradiol (Ince ef al. 1994). Many of

these effects may be associated with ER phosphorylation. An important
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phosphorylation site is serine 118 of hER, this is phosphorylated during
oestradiol treatment (Ali et al. 1993), also after stimulation with phorbol
esters (Joel et al. 1995) and after activation of MAP kinase (Kato et al. 1995).
EGF induced activation of MAP kinase has been shown to directly
phosphorylate serine 118. Substitution of serine 118 by alanine abolishes the
ligand independent activation of ER by EGF (Bunone et al. 1996). EGF or E2
are still able to phosphorylate this mutant receptor, indicating that other
phosphorylation events take place. These further phosphorylation sites are
functionally important since mimicking serine 118 phosphorylation by
substitution with glutamic acid, which mimics constitutive phosphorylation,
does not result in ligand independent activation. EGF is able to activate this
mutant producing ligand dependent activity, suggesting that while serine 113
phosphorylation is critical it is not the only phosphorylation site required.
While EGF activity is dependent on serine 118 phosphorylation the activation
of ER by cAMP is independent of serine 118. It is however, blocked by
inhibitors of cAMP activated protein kinase A (El-Tanani et al. 1997).

ER influence on other signalling pathways

A number of steroid hormone receptors have been shown to have an
influence on the activating protein-1 complex (AP-1). AP-1 refers to a
transcription factor complex, which regulates transcription through AP-1
response elements located within a number of genes important in mediating
the mitogenic responses to many growth factors. Members of the Fos and
Jun families of transcription factors form the principal components of the
AP-1 wranscription family forming homo or heterodimers that control
transcription from AP1 sites. ER has been demonstrated to influence AP-1
responses. In MCF-7 breast cancer cells, IGF-1 or EGF induced stimulation
of AP-1 is increased in the presence of oestradiol. When antioestrogens
(tamoxifen or 1C1164,384) were used there was an inhibitory effect on
growth factor stimulated AP1 activity (Philips et al. 1993). The API1 effects
are mediated through ER since the effect is magnified by increasing ER
expression (Gaub et al. 1990; Philips et al. 1993). Oestradiol enhancement of
AP-1 does not appear to involve DNA binding of the ER since removal of
the DBD does not abolish AP-1 enhancement (Webb et al. 1995). ER is able
to make protein-protein contact with Jun (Webb et al. 1995), therefore ER

influence on AP1 activity may occur to some extent through DNA
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independent contact with AP1 members. The interaction is complex and not
fully understood. Forinstance, it has also been observed that after prolonged
cxposure (4 days), basal AP-1 activity is suppressed by tamoxifen, but the
growth factor stimulated AP-1 activity is enhanced by tamoxifen (Astruc et al.
1995). In other cell lines such as endometrial or HeLa cells both oestradiol
and hydroxytamoxifen activate transcription through the AP1 response
clement of the Collagenasepromoter (Webb et al. 1995).

In contrast to the oestradiol agonist effect, the tamoxifen agonist effect seen
in some cells appears to be dependent on the presence of the ER DNA
binding domain (Webb et al. 1995). In breast cancer cells there is strong
oestradiol induced AP-1 activation but hydroxytamoxifen has no independent
stimulatory action. While the data on ER influence is inconsistent and
controversial, it is apparent that the influence of ER on AP-1 activity is
complex and a potentially important mechanism through which oestrogens
and antioestrogens can influence proliferative activity in cells. However, the

biological significance of these effects is not clear.

Antioestrogen resistance in breast cancer

Despite the expression of oestrogen receptors in the majority of breast
cancers and the clinical utility of oestrogen receptor expression in predicting
response to endocrine therapy not all ER positive tumours respond to first
line hormone therapy with tamoxifen and are regarded as having innate or
de novo resistance. In the context of metastatic breast cancer the
development of tamoxifen resistance is regarded as inevitable even after
response with a median duration of remission of 12-18 months before this
occurs. The mechanisms through which previously hormone dependent
tamoxifen sensitive tumours escape hormonal regulation and acquire
antioestrogen resistance has been the subject of extensive research but
remain to a large extent unknown. Tumours demonstrating tamoxifen
resistance can be divided clinically into tumours that respond to second line
hormonal manipulation and those that are refractory to further endocrine
manipulation. A number of factors can be used to make statistical
predictions as to the likely response to second line therapy. The best
predictor of response is a history of response to previous endocrine therapy
(Henderson 1990; Howell et al. 1995). Intuitively, it is the tumours retaining

second line sensitivity where we might best be able to identify disturbances in
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the specific response to tamoxifen, with other tumours being more likely to
show alterations downstream of the hormonal axis or stimulation of
proliferative responses through separate mitogenic pathways. However it is
arguably more important to identify these mechanisms since we have no
eftective alternative treatment in this situation. These observations do
however clearly demonstrate that tamoxifen resistance is not a single entity

and there are likely to be multiple mechanisms.

Oestrogen receptor expression

Since ER negative tumours are largely unresponsive to antioestrogens
it has been speculated that antioestrogen resistance may result as a
consequence of loss of ER expression. This is unlikely as a mechanistic
explanation since isolated loss of ER expression would result in growth arrest
in hormonally dependent tissue but may be a marker of escape from
hormonal control. ER expression has been compared in primary and
secondary tumours and in paired samples where acquired resistance has been
obscrved to develop between sampling time points. While a proportion of
tumours do lose ER expression the majority of tumours retain ER expression
(Encarnacion et al. 1993; Johnston et al. 1995). Acquired tamoxifen
resistance generated in cell lines is seldom associated with loss of ER
expression (Westley et al. 1995; Lykkesfeldt 1996)

Tamoxifen pharmacology

No evidence of altered systemic tamoxifen metabolism in tamoxifen
resistance has been demonstrated in animal or clinical situations. Tamoxifen
and metabolites within tumours have been studied producing interesting
results. When MCF-7 xenografts grown to visible size in ovariectomised
nude mice are subsequently treated with tamoxifen the tumours initally
respond, but after prolonged exposure resistant tumours eventually emerge.
Not only are these tumours refractory to the cytostatic effects of tamoxifen,
they become stimulated by tamoxifen and are dependent on continued
administration of tamoxifen (or oestradiol) for viability. In these resistant
tumours the intra tumour tamoxifen concentration is frequently lower (up to
10 fold) than in sensitive tumours. The level of 4-hydroxytamoxifen is also
lower and the ratio of the cis and trans isomers of hydroxytamoxifen was

altered such that relatively more cis isomer was found (Osborne et al. 1991).
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Since the cis isomer is a more potent agonist this may account for the
resistance. These findings do not explain the tamoxifen dependence of these
tumours since it was found that non isomerisable fixed ring analogues of
tamoxifen were still able to stimulate growth as were a wide variety of other
triphenylethelene antioestrogens (Wolf et al. 1993; Osborne et al. 1994). In
human tumours there are two studies that show a reduced tamoxifen content
in some tamoxifen resistant breast cancer samples compared to sensitive
tumours (Osborne et al. 1992; Johnston et al. 1993). The mechanism
involved in reduced tamoxifen concentration is not known and an efflux
pump mechanism has been postulated. Although it has been noted that
tamoxifen resistance is associated with increased expression of P-glycoprotein
(Keen et al. 1994), tamoxifen is not a substrate for this efflux mechanism.
Intcrest has also been expressed in the intracellular binding capacity for
tamoxifen, which in cell extracts is higher than the binding for oestrogens.
These so called antioestrogen binding sites, which have not been
characterised, are increased in a tamoxifen resistant cell line compared to the
parent cell line (Pavlik et al. 1992). While antioestrogen binding sites may
represent a sink that sequesters tamoxifen it is difficult to see that this would
result in a reduced free intracellular tamoxifen level in the steady state
unless the bound tamoxifen were climinated and fresh unbound

antioestrogen binding sites synthesised.

Tamoxifen resistance models

In vitro cell culture has been employed extensively to study the
acquisition of hormone independence and subsequently antioestrogen
resistance. The most commonly used cell line is the MCF-7 breast cancer cell
line, although other oestrogen dependent lines such as ZR-75 and T47-D
have been used in similar experiments (See Table 3). The MCF-7 cell line
will growth arrest, or grow only very slowly in tissue culture after rigorous
climination of oestrogenic stimulus. Exposure to oestrogens results in
increased proliferation. MCF-7 cells inoculated into ovariectomised nude
mice require oestradiol supplementation in order to form viable tumours,
reviewed by (Brunner et al. 1990). However cell culture and xenograft
techniques have been used to isolate clonal lines derived from hormone
sensitive breast cancer cell lines by long term culture in the absence of

oestrogen. Initial models of oestrogen dependence were developed by long

50



Chapter 1 Introduction

term culture in steroid depleted conditions and resulted in clonal selection of
cells able to proliferate in the absence of oestradiol. This independence was
reversible in some cases. Oestrogen independence did not automatically

equate with antioestrogen resistance (Daly et al. 1990)
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Table 3 Cell line models of aquired Antioestrogen resistance

Name Origin Anti- Method ER PR pS2 Comment Reference
oestrogen
R27 MCF-7 TAM Agar/tam wt owt wt Nawata 1981
R3 MCF-7 TAM Agarftam wt 4w Nawata 1981
RTx6 MCF-7 TAM Mono/tam wt wt wt Faye 1983
LY2 MCF-7 LY117018 Mono/tam + 0 wt Bronzert 1985
soft agar
MCFITAMR MCF-7 TAM Mono/tam !l 0 R tam supression 0f42 Kd Lykkesfeldt 1986
Protien lost
ICI sensitive
ZR-75-9a2 ZR-75 TAM Mono/tam o 0 - Van den Berg 1989
RL3 MCF-7 TAM Mono/tam wt - wt  IGF sensitivity increased Wiseman 1993
IGFR-1 increased
PNR-25 decreased
MCEF-7 MCF-7 TAM 2stepxenograft wt 4 wt  ICI sensitive Brunner 1993
LCC2 + Mono/tam
MCF-7 TOT MCF-7 TAM Mono/tam R Herman 1994
MCEF-7 MCF-7 TAM c¢DNA wt wt wt Toi 1993
clone 9 library/tam
Unnamed MCF-7 TAM Retrovirusfam 4 - - Multiple clones (80) Dorssers 1993
MCF-5-23 MCEF-7 TAM no selection wt - - ICI sensitive Hu 1993
MCF-7 MCF-7 ICI164384 MonoICII64 1 0 - Lykkesfeldt 1995
164R1
MCEF-7 MCF-7 ICI182780 MonofiCI182 ¢ | - tamoxifen sensitive Lykkesfeldt 1995

182R1
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A_progressive_model of acquired oestrogen independence and tamoxifen

resistance

In one example a serial collection of cell lines have been developed
using xenograft and cell culture techniques to model serial acquisition of
first oestrogen independence and then hydroxytamoxifen resistance. The
MCF-7 variant MIII was isolated from a tumour xenograft after withdrawal
of oestrogen (Clarke ef al. 1989). This line could establish new tumours in
xenografts and could be maintained in cell culture independent of oestradiol.
Further xenograft passage resulted in isolation of LCC-1 (Clarke et al. 1989),
which is able to produce tumours in ovariectomised mice much faster than
MIII but proliferation in both lines was still increased in response to
oestradiol. LCC-1 was then used to generate a hydroxytamoxifen resistant
line by long term culture exposed to hydroxytamoxifen (Brunner ef al. 1993).
This line continues to retain partial oestrogen sensitivity and is growth
inhibited by pure antioestrogens. As expected ER expression is maintained
in these lines but there is a parallel increase in the invasive and metastatic
potential of these derived clones (Thompson et al. 1993), reviewed in
(Brunner ¢ al. 1995). The progression to antioestrogen resistance is also
associated with increased constitutive expression of oestrogen responsive
genes such as cathepsin D and PR and also marker genes associated with

increased invasive/metastatic potential such as mta-1 (Toh et al. 1994).

Single step models of antioestrogen resistance

Most antioestrogen cell lines have been produced by prolonged and graded
exposure to antioestrogens in tissue culture with derived clones achieving
antioestrogen resistance as a 'one step' process. While differences in the
expression of oestrogen regulated genes have been demonstrated in many of
these cell lines (table 3), the mechanisms generating these changes in gene
expression have remained elusive. Nearly all these clones retain ER
expression although the level of expression is often different. A further
common finding is that virtually all the clones selected for triphenylethylene
antioestrogen resistance remain sensitive to pure antioestrogens. More
unexpected is the observation that after selection for pure antioestrogen
resistance, tamoxifen sensitivity is retained (Lykkesfeldt et al. 1995). If this is

true also of clinical breast cancer then this may be important since tamoxifen

53



Chapter 1 Introduction

could then be used as second line treatment after primary treatment with
pure antioestrogens.

A further approach to identification of genes involved in development of
antioestrogen resistance has been the introduction of ¢cDNA libraries into the
breast cancer cells. This approach has to be combined with antioestrogen
sclection to demonstrate antioestrogen resistance (Toi et al. 1993) and
therefore it is not clear if isolated clones are "naturally occurring”
antioestrogen resistant clones or generated as a result of specific gene inserts.
Unfortunately it has not proved possible to recover the putative genes
responsible, which could then be reintroduced to demonstrate a causal link.
A similar approach, using defective retrovirus integration to increase gene
cxpression has reported success in producing antioestrogen resistance and
has identified a common site for viral integration in antioestrogen resistant
clones (Dorssers et al. 1993). The mechanism of antioestrogen resistance
here may be different to the conventionally generated resistant cell lines
since thesc resistant clones do not express oestrogen receptor. It remains to
be demonstrated whether altered expression of specific genes in the vicinity
of this integration site can result in antioestrogen resistance or whether this is

a mechanism that occurs in clinical breast cancers.

Antoestrogen stimulation of breast cancers

A clinical observation that some tumours that have developed
tamoxifen resistance regress when tamoxifen is discontinued is well
recognised (Legault-poisson et al. 1979; Howell et al. 1992), occurring in up
to 20% of cases in one series (Howell et al. 1992). Tamoxifen stimulation and
dependence in xenograft models has been described earlier. Tumour cells
reimplanted in a second mouse requires the presence of either tamoxifen or
oestradiol (Gottardis et al. 1988; Osborne et al. 1991). These observations
clearly demonstrate the ability of breast cancer cells to respond to tamoxifen
as a mitogenic agonist and suggests that changes have occurred within the
ER signalling system that result in tamoxifen agonism. Mutated ER is clearly
a candidate for this type of alteration and has resulted in the previously cited
identification of an ER point mutation from one such tumour (Wolf and
Jordan 1994). The molecular basis for the development of tamoxifen
stimulated growth in most cases remains unknown but since several tissues

respond to tamoxifen as an agonist it is not difficult to conceive that changes
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in the expression of cofactors or modulators of the oestrogenic signalling
pathway to resemble the situation in for instance uterine tissue could

produce this type of change.

Abnormal oestrogen receptor species and function in breast cancer

The ER is clearly a crucial element in the generation of oestrogenic
responses and in the mediation of the action of antioestrogens. Alteration of
ER function is clearly a candidate for the generation of antioestrogen
resistance in breast cancer. Site directed mutations and a single example
from an in vitro human breast cancer cell line demonstrate the potential for
ER mutations to change breast cancer responses. The ER from breast
tumours has therefore been the subject of detailed study by several groups

over a number of years

Mutations in the ER gene in breast cancer cell lines

While the majority of examinations of ER from breast cancer cell lines
have revealed wild type coding sequence a DNA library from one T47D
subline known to be genetically highly unstable was found to contain a large
variety of ER mutants. c¢DNA clones coding for a variety of truncated ER
species and some containing unique sequences have been isolated from this
subline. Perhaps the most interesting of these contains a point deletion
within exon 5 that results in a premature stop codon, and is predicted to
encode a truncated receptor containing 417 amino acids with a unique 7
amino acid carboxyl tail (Graham et al. 1990). The function of this mutant
receptor has not been studied. The T47Dco subline shows marked
heterogeneity in PR expression and it is possible that mutant ER is
responsible for constitutive triggering of PR expression. The concern with
this model 1s that since the genetic diversity is so marked the ER mutants
may simply be a marker of genetic instability, rather than functionally

important in themselves.

Amplification of ER in breast cancer

Breast cancers have been examined for alterations in the ER gene at
both DNA and RNA level There is little evidence for substantial ER gene
amplification or gross gene disruption with one study showing no

amplification or gross rearrangement of the gene (Koh et al 1989), and
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another study demonstrating at maximum a three fold amplification in some
tumours (Nembrot et al. 1990).

Mutations in the ER gene in breast tumours

A restriction fragment polymorphism RFLP was identified in breast
cancers (Garcia et al. 1988) and shown to result from a single base pair
change at nucleotide 257 resulting in a C-T substitution at amino acid
position 86. (Garcia,1989). Although this is now regarded as a
polymorphism having been isolated in germ lines it has been linked to an
apparent increased incidence of spontaneous abortion (Lehrer et al 1990).
Further studies of ER from breast cancers have used single strand
conformational polymorphism analysis to identify mutant ER. Karnik and
co-workers analysed 40 tumour samples consisting of equal numbers of
hormone sensitive and hormone resistant tumours (some of these were
available as pre and post tamoxifen pairs). They used RT-PCR followed by
single strand chain polymorphism (SSCP), to isolate mutant receptor
sequences. They found in one resistant tumour a rearrangement in exon 6
where 47 nucleotides were replaced by 42 nucleotides from exon 5 which is
predicted to produce a truncated protein 454 amino acids in length
(premature stop codon). This mutant has not been functionally analysed but
it may behave in a similar way to the exon 5 deletion variant. The mutation
was heterozygous since wild type sequence was also present and the tumour
was ER positive by immunoassay (H222 antibody). A single base pair
deletion at codon 432 was identified in the resistant metastasis of a further
tumour sample but not the corresponding primary tumour material. This
mutation produces a premature termination sequence at amino acid 437. A
third mutant, a point mutation in a sensitive tumour leading to a Glu to Val
substitution at amino acid 352 was identified. In addition a number of silent
mutations were also noted (Karnik et al. 1994). Roodi and co-workers
analysed 118 ER positive and 70 ER negative primary tumours, only one of
which carried a potentially functional change. They identified two mutations
in codons 69 (Asn to Lys) and 396 (Met to Val) from the same tumour. Silent
mutations or polymorphisms were also identified. A silent polymorphism at
codon 325 was found to be present in 28% of patients and presence of this

polymorphism correlated with a family history of breast cancer (Roodi et al.
1995).
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These studies reported during the course of the work presented here show
that ER mutations do occur in breast cancers but with low frequency.
Although mutations are unlikely to represent a common mechanism for
hormone resistance the methods used to screen for mutations will inevitably
miss some mutations and if these occurred at specific hotspots they might
conceivably be more common than anticipated. It was therefore appropriate
to attempt to identify specific mutations that have the potential to produce
antioestrogen resistance and then direct more comprehensive mutational
analysis towards areas of specific interest. It is on this basis that breast
cancer samples were subjected to rigorous examination for mutations within
the C- terminal portion of the hormone binding domain. These experiments
are described in chapter 4. Experiments to identify tamoxifen stimulated ER
mutants using a yeast screening system were performed as described in

chapter 5.

Splice Variant oestrogen receptor mRNA

The human oestrogen receptor gene transcript contains 8 coding
exons, which give rise to a 595 amino acid protein (See Fig 3.1). The hER
mRNA is a 6.5 Kb in size. Shorter mRNA fragments have been isolated
from breast tumours (Murphy et al. 1989). These transcripts were found to
contain 5' ER sequence spliced to non ER sequence and in one instance to an
unrelated sequence derived from a different chromosome (Dotzlaw et al.
1992). ER mRNA from breast cancers have been extensively studied and a
number of variants have been described lacking internal coding sequences.
RNA isolated initially from the paradoxical ER negative PR positive
phenotype breast cancers has been analysed by RT-PCR and revealed
transcripts containing deletions of entire coding exons. The first of these
identified a cDNA clone containing exon four sequence fused to exon six
sequence eliminating the exon 5 coding region (Fuqua et al. 1991).
Subsequently an increasing number of splice variant ER mRNA species have
been isolated from a variety of both normal and neoplastic tissue that lack
one of the internal coding exons 2-7. In addition variants lacking multiple
internal exons have been described (Gotteland et al. 1995; Pfeffer et al.
1995). Little is known about the mechanisms controlling the appearance of
splice variant ER mRNA and also little is known about their physiological

significance. The splice variant mRNAs are predicted to result in the
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generation of truncated oestrogen receptor proteins. These are of two types,
firstly proteins with internal deletions corresponding to the missing exon
sequence as in exon 3 and exon 4 deletions and secondly proteins that
contain C-terminal truncations, these arise because the new splice junctions
introduce a reading frame shift in the coding sequence. The frame shift
results in the generation of a premature stop codon preceded by a short
unique sequence of amino acids. The splice variants therefore are all
predicted to encode incomplete proteins but because of the nature of the

truncations produced they lead to proteins which are functionally distinct.

The Exon 5 splice variant ER

The exon 5 variant is perhaps the most interesting of the splice variant ER
species. It contains the coding region up to amino acid 366 and due to a
reading frame shift a further 5 codons that are unrelated to full length
sequence, followed by a stop codon. This receptor retains the N-terminal
activation region AF-1, the entire DBD, the nuclear localisation signal and
the first 64 amino acids of the HBD. It lacks regions essential to AF2
activity, ligand binding and the major dimerisation interface within the HBD.
It was first isolated from a human breast tumour with an ER negative PR
positive phenotype (Fuqua ef al. 1991). These receptor assays were based on
ligand binding. The variant receptor was shown to have constitutive
transcriptional activity in a yeast transcription assay. This was unaffected by
addition of full length receptor thus it is described as a dominant positive.

The protein products of each of the commonly reported splice
variants are summarised in Fig 3.1 and are discussed further in the
discussion chapter.

The identification of the exon 5 variant from an ER negative PR
positive tumour immediately suggested the possibility that the variant
receptor was inducing the expression of PR, explaining PR expression in the
apparent absence of ER. Furthermore this raised the possibility that a
constitutively active ER variant could contribute to the progression of breast
cancer towards an oestrogen independent state stimulating growth in the
absence of oestrogen. This possibility is further extended to suggest that the
expression of dominant positive ER of this type that could not bind
tamoxifen could result in antioestrogen resistance. The expression of this

variant has been studied in detail and it was noted that although isolated
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from an apparently ER negative tumour wild type mRNA was still detectable
by PCR (Fuqua et al. 1991). In fact in all cases where the exon 5 variant has
been detected it has been in association with full length mRNA. The exon 5
variant has been detected in tumours of all ER and PR receptor phenotypes
reflecting the increased sensitivity of PCR over immunoassay or ligand
binding assay. The variant has not only been isolated from breast cancers
and breast cancer cell lines but has been isolated from normal uterus and
normal breast epithelium (Fuqua ef al. 1991; Gotteland et al. 1995; Pfeffer et
al. 1995).

Clearly the role of the exon 5 variant in the growth of breast cancer is
an important issue which may shed light on the development of oestrogen
independence. If involved in the generation of antioestrogen resistance, it has
important implications regarding the development of new pharmacological
agents for the treatment of antioestrogen resistant breast cancer.
Experiments to examine the functional significance of the exon 5 variant ER

have been performed and are described in chapter 3.

Ocstrogen receptor DNA binding in breast cancer

In an attempt to study functional aspects of ER from breast cancers the DNA
binding of ER has been examined. DNA binding activity did not always
correlate with the ER level determined by immunoassay. Western blotting
showed truncated ER protein bands of around 50 KD (Scott et al. 1991). This
and similar studies are difficult to interpret since ex vivo proteolysis (despite
appropriate handling) may occur. The high degree of non concordance of
DNA binding and immunoassay in tumour samples is not seen in analysis of
resistant cell lines does lead to concern over the validity of these

observations.
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MATERIALS.

Chemicals.

All general chemicals and solvents were of analytical grade and obtained
from either Sigma Chemicals Ltd Poole, UK, BDH Chemicals Ltd, Poole
UK. or FSA Laboratory Supplies, Loughborough UK. Additional reagents

are listed.

Absolute alcohol Hayman Ltd Witham UK.

Acrylamide Boehringer Mannheim UK.

Agarose Flowgen.

Ammonium persulphate Bio-Rad, UK.

Ampicillin Beechams Research
Laboratories UK.

Bromophenol blue Bio-Rad.

Casamino Acids Difco Laboratories

Dithiothreitol Bio-Rad.

Dextran T-70 Pharmacia Biotech UK.

Hygromycin B Calbiochem - Novabiochem
Corporation California USA.

TEMED Bio-rad

Tween-20 Bio-rad

SDS Serva Feinbiochemica GMBH
& Co.

Yeast nitrogen base Difco

w/o amino acids

X - gal Calbiochem -Novabiochem,

Radiochemicals

All supplied by Amersham International PLLC (Amersham UK)

[114C] acetyl-coenzyme A 50-60 mCi/mmol.
[v-32P] ATP 3000 Ci/mmol
|a32P] dCTP 3000 Ci/mmol
[035S] dATP 400 Ci/ mmol
2,4, 6 ,7,-3H] oestradiol 96 Ci/ mmol
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Enzymes
Restriction endonucleases,

Calf intestinal phosphatase,
T4 DNA ligase
T4 Polynucleotide kinase

Taq polymerase

Membranes
Hybond N
Hybond N+
NA 45 DEAE

Nitrocelulose

Plasimids
pSGH

pMEP4

pSGH HEGO

ERE PBL CAT

ERE2 TATA CAT

pJ3 MOR

pJ3 MOR MUTANTS
Yeast Expression Plasmids
pCup hER Mtl

Yeast reporters
pPRLA21U3ERE
pYCpERE]acZ

Miscellaneous

Cyanogen bromide activated sepharose

CloneAmpT™ system.
Dried skimmed milk powder
Film

RX

New England Biolabs, USA
Boehringer Mannheim
Gibco BRL, UK.

Pharmacia Biotech
ICRF

Amersham

Schliecher and Schuell,
Germany.
Schliecher and Schuell,

Stratagene

Invitrogen

P Chambon Strasbourg
France

Molecular Endocrinology
ICRF

Ian Purvis (Glaxo research)

P Chambon

Ian Purvis

Pharmacia
Life Technologies Inc.
Boots Plc, UK

Fuji
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XAR

Filtration units

Galactolight B-galactosidase
assay kit

T7 Sequenase sequencing kit
(version 2.0)

ECL detection reagent kit
Ready To Go DNA labelling kit
Nick columns

Wizard Maxiprep DNA purification
system

Cycle sequencing dye terminator kit

Buffers. and stock solutions

KODAK

Nalgene Co Rochester USA.

TROPIX Inc. Massachusetts,

USA.

U.S. BiochemicalCorporation,
USA.

Amersham.

Pharmacia

Pharmacia

Promega.

Perkin Elmer Corporation
USA

All solutions were prepared using quartz distilled and deionised water

and were stored at room temperature except where stated otherwise.

CIP buffer (10x)

DCC suspension

0.5 M Tris-HCI, 1 mM EDTA pH8.5
(stored at 4°QC)
0.025% (w/v) dextran, 0.25% (w/v) charcoal.

in 10 mM Tris-HCIl pH 7.4, 1 mM EDTA
14 DNA ligase buffer (5x)0.25 M Tris-HCl pH 7.6, 50 mM MgClo, 5 mM

ATP, 5 mM DTT, 25% (w/v) PEG # 8000

(stored at -200C)
100 mM NaCl, 10 mM Tris-HCI pH7.4, 25 mM

Digestion buffer

EDTA, 0.5% (w/v) SDS
DNA loading buffer (5x) 0.25% bromophenol blue, 5x TBE 25% (v/v)

glycerol
Galacto-light reaction
buffer diluent

100 mM sodium phosphate pH 8.0,
I mM MgClo(stored at 4°C)

HBS (2x) 40 mM HEPES, 275 mM NaCl pH 7.1,
(filter sterilised and stored at 49C)

Kinase buffer (10x)

0.5 M Tris-HCI pH 7.4, 100mM MgClg, I mM
EDTA pH 8.0

Ligand binding buffer = 10 mM Tris-HCI pH7.4, 1| mM EDTA,

0.1% (w/v) ovalbumin.
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Luciferase/CAT/B-gal
EDTA lysis buffer

Luciferase reaction
buffer

Mincral Stock (1000x)
NTE buffer (1x)

PBSA

Phosphate buffer
for X-gal Plates (10x)

Protein loading
buffer (2x)

Repair buffer (10x)

Restriction enzyme

buffers (stored at -200C)
low salt (10x)

medium salt (10x)
high salt (10x)
RIPA (2x)

Running Buffer
for column purification
SDS-PAGE buffer

STET buffer

TBE (10x)
TBS

TE (1x)
TEL buffer
Tibl

0.65% NP40, 10 mM Tris-HCI pH 8.0, 1mM
150 mM Nad(l,

25 mM glycylglycine pH7.8, 5 mM ATP pH 8.0,
15 mM MgSO4 (stored at -20°C)

2 mM FeCl3, 0.8M MgSO4

0.1 M NaCl, 10 mM-Tris-HCI pH 7.5, 1 mM

EDTA pH 8.0
140 mM NaCl, 2.5 mM KCI, 10 mM NagHPOy4,

1.5 mM KH92 PO4
IM KH9PO4, 0.15M (NH4)2504, 0.75M KOH

4% (w/v) SDS, 1256 mM Tris-HCI pH 6.8, 20%
(v/v) glycerol, 0.05% bromophenol blue,
2% mercaptoethanol

0.5 M Tris-HCI pH 7.4, 70 mM MgClg,
10 mM DT'T, (stored at -200C)

100mM Tris-HCI, 100mM Mg Cl2, 10 mM DTT,
pH 7.9

As above with 0.5 M NaCl.

As above with 1.0 M NacCl.

50 mM Tris-HCI, pH7.4, 150 mM NacCl,

1% T'riton X-100, 1% sodium deoxycholate

0.1% SDS, (stored at 4°C)

TBS with 0.1% NP40

25 mM Tris base, 190 mM glycine,

0.1% (w/v) SDS,

8% (w/v) sucrose, 0.5% Triton X-100 (v/v), 50mM
EDTA, 10 mM Tris-HCI pH 8.0

0.89 M Tris base, 0.89 M boric acid, 25 mM EDTA
25 mM Tris-HCl pH8.2, 144 mMNaCl

10 mM Tris-HCI pH 8.0, 1mM EDTA

100 mM Lithium acetate in TE, pH 8.0

30 mM potassium acetate, 100 mM rubidium
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(filter sterilised)

Tfb2

(filter sterilised)

Vitamin stock (100x)

Western blot
I'ransfer buffer
Whole cell extract

buffer

Yeast lysis buffer
EGTA,

for protein analysis

Yeast lysis buffer
Z buffer

chloride, 10 mM CaClg, 50 mM Manganese

chloride 15% glycerol (v/v)

pH 5.8 (with acetic acid and stored at 40C)

10 mM MOPS, 75mM CaCl2 10 mM rubidium
chloride, 15% glycerol (v/v),

pH 6.5 (with KOH, stored at 4°C)

0.04 mg/ml Thiamine, 2 pg/ml biotin,

0.04 mg/ml pyridoxine, 0.2 mg/ml inositol,
0.04 mg/ml pantothenic acid

(filter sterilised and stored at 40C)

192 mM glycine , 256 mM Tris base,

20% methanol

0.4 M KCI, 20 mM HEPES pH 7.4, 1 mM DTT
20% (v/v) glycerol, 0.5 mg/ml bacitracin,

40 pg/ml PMSF, 5ug/ml pepstatin A

5 pg/ml leupeptin. 10 pg/ml aprotinin

(stored at 4°C, DT'T and protease inhibitors
added immediately prior to use).

50 mM HEPES pH 7.9, 5mM EDTA, 5 mM

0.5 mg/ml bacitracin , 40 ug/ml PMSF,
5pg/ml pepstatin A, bug/ml leupeptin,.

10 pg/ml aprotinin ImM DTT

(stored at 4°C, DTT and protease inhibitors

added immediately prior to use).

100mM Tris-HCI pH 7.5 0.05% (v/v) Triton X-100
60 mM Na9HPO4, 40 mM NaH9 PO4

10 mM KCI, 1mM MgSO4 pH 7.0

Bacterial Media and Plates.

[.-broth

L. plates
¥ broth

¥ plates

1% (w/v) bactotryptone, 0.5% (w/v) yeast extract,
0.5%(w/v) NaCl, 0.1% (w/v) glucose.

L-broth with 1.5 (w/v) bactoagar,

2% (w/v) bactotryptone 0.5% (w/v) yeast extract,
0.5% (w/v) MgSO4 (pH 7.6 with KOH)

¥ broth with 1.4% bactoagar.
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SOC 2% (w/v) bactotryptone, 0.5% (w/v) yeast extract
10 mM Na(l, 2.5 mM KCI, 10 mM MgCl9, 20 mM
glucose

Ycast Media and Plates.

YP media 2.2% (w/v) bactopeptone 1.1% (w/v) yeast extract,

0.0055% Adenine sulphate. autoclaved and then

made up to 2% glucose from 20% (w/v) glucose stock
YP plates YP medium with 2.2% (w/v) bactoagar

Selective medium

Selective medium lacking essential amino acids are prepared by adding
casaminoacids deficient in uracil and tryptophan or by adding a mix of all
required amino acids except those for which selection is desired (dropout
mix).,described in Rose et al (1990).

Minus uracil 1.1% (w/v) Casaminoacids, 0.8% (w/v)
minus tryptophan Yeast nitrogen base (w/o amino acids) 0.1
mg/ml medium (-ut) tyrosine, 0.16 mg/ml adenine, 2% glucose.
Minus uracil medium For uracil selection tryptophan is added to -ut
(-u) medium at a concentration of 0.1 mg/ml by

adding from a 5 mg/ml stock (filter sterilised)
Minus leucine medium  0.2% (w/v) Dropout mix (-leucine), 0.8% (w/v)
(-1 Yeast nitrogen base (w/o amino acids), 0.1 mg/ml

tyrosine, 0.16 mg/ml adenine, 2% (w/v)glucose.

Minus leucine- As -l medium using dropout mix without uracil
minus uracil medium and leucine

(-ul)

Selective plates Composed of selective medium and 2.2% agar

X-gal indicator plates Composed of 2% agar 1x phosphate buffer 1x
mineral stock, 1x vitamin stock, 0.02% (w/v)

dropout mix (minus uracil and leucine)

66



Chapter 2 Materials and Methods

50 uM X-gal, 50uM CuSO4

Cell culture materials and media.

Chick serum Sigma

Dulbecco's modified ICRF central services media supplies
Eagles medium (suplied with and without phenol red)
Foetal calf serum Gibco BRL, UK.

Trypsin 0.01% (w/v) trypsin 0.8% (w/v) NaCl,

0.038% (w/v) KCI, 0.01% (w/v) NagHPO4

0.01% (w/v) dextrose, 0.3% Tris-HCl pH 7.7,
0.01% streptomycin, 100U/ml penicillin

Versene 0.02% (w/v) EDTA in PBSA with phenol red.
Tissue culture flasks Falcon
Tissue culture plates Nunc

Archival human tumour sample

Breast cancer samples were provided by Diana Barnes (Guy's Hospital)

and M Dowsett and S Johnston (Royal Marsden Hospital)
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METHODS.

Bacterial Transformation.

preparation of competent DHb5a strain Escherichia coli

(Scott and Simanis unpublished)
DHba bacterial colonies were streaked out and grown to 2 mm on ¥

plates. Single colonies were inoculated into 5 ml ¥ broth, grown at 37°C
with continuous agitation to an OD595 0.3. Bacteria were added to 100 ml

prewarmed ¥ broth and grown to an OD595 of 0.48. The culture was chilled
on ice and bacteria pelleted by centrifugation at 3000 rpm at 4°C. The pellet
was re suspended in 40 ml cold TfbI and incubated on ice for b minutes.

the bacteria were pelleted again by centrifugation at 4°C, re suspended in 4

ml TB 2 and the cells snap frozen on dry ice in 0.3 ml aliquots. and stored at
-700C.

Transformanon of DHb5a strain Escherichia col

Competent cells were thawed on ice and 25-100 pl of cells added to
10-25 pl of ice cold DNA sample or ligation mix. Bacteria were incubated
with DNA for 30 minutes on ice followed by heat shock for 90 seconds at
370C, bacteria were returned to ice for 30 seconds. Following this 4 volumes
of L-broth were added and bacteria were incubated at 37°C. Bacteria were
then spread onto L-broth plates containing 100 pg/ml Ampicillin and grown
at 37°C overnight.

Preparation of competent SCS-1 Escherichia_coli

(Modified from Young and Goodbourne, unpublished)
SCS-1 strain Escherichia coli were streaked onto LB plates and grown

overnight. Three colonies were inoculated into 20 ml prewarmed L-broth

and grown at 37°C with continuous agitation to an ODpjg5 0.2, the culture
was added to 80 ml warm L-broth and grown to OD5g5 0.2. The culture
was added to 250 ml L-broth and grown to an OD595 0.4. The culture was

cooled on ice for 5 minutes and bacteria pelleted by centrifugation at 2500
rpm for 10 minutes. Cells were re suspended in 200 ml cold water pelleted
again by centrifugation for 10 minutes at 4°C re suspended in 100 ml cold

water repelleted by centrifugation. Bacteria were re suspended in 20 ml
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water with 10%v/v glycerol. After re pelleting bacteria were re suspended
in 1/2 the pellet volume with water and 10% (v/v )glycerol. 100 pl aliquots

were snap frozen on dry ice and stored at -70°C.

Transformation of competent SCS-1 Escherichia coly

Bacteria were thawed on ice mixed and 40 ul added to 4 ml DNA
prepared from yeast in a precooled 0.1 cm electroporation cuvette. Bacteria
were electroporated using 1.8 kV, 200 Ohms and 25 mF settings of a Bio-
Rad Gene-Pulsar electroporation apparatus., producing a time constant of
4.5 - 4.9 milliseconds. Immediately after electroporation 1 ml SOC was
added and the bacteria incubated for 60 minutes at 37°C. Bacteria were

then spread onto L-broth plates and incubated at 37°C overnight.
Preparation of Plasmid DNA
Plasmid DNA was prepared by both small and large scale methods

depending on the quantities required.

Small scale preparation of DNA (ininiprep)

Bacterial colonies or glycerol stocks of transformed bacteria were
inoculated into 5 ml L-broth with 80 pg/ml ampicillin. Cultures were grown
overnight and 1 ml culture centrifuged in a microfuge. the bacterial pellet
was re suspended in 0.35 ml STET buffer with 0.5 mg /ml lysozyme. The
bacteria were placed in a boiling water bath for 40 seconds and then
centrifuged in a microfuge for 10 minutes. The pellet was carefully
removed with a toothpick and DNA precipitated by the addition of 40 pl 3M
sodium acetate pH 7.0 and 420 pl isopropanol and freezing on dry ice for 30
minutes. The DNA was pelleted by centrifugation for 10 minutes in a
microfuge , liquid removed by aspiration and the pellet air dried for 30

minutes. DNA was then dissolved in 50 pl distilled water.

Large scale plasmid preparation

Caesium chloride density gradient method(modified from D Ish-Horowitz
unpublished ICRF)

400 ml L-broth containing 80 ug ml ampicillin was inoculated from a
colony or glycerol stock and grown overnight at 370C. Bacteria were

harvested by centrifugation at 6,000g for 10 minutes. The pellet was
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resuspended in 20 ml TE containing 0.05M glucose. 100 mg lysozyme was
added and cells lysed at room temperature for 10 minutes. 30 ml 0.2 M
NaOH, 1% SDS was added mixed and incubated for 5 minutes on ice, after
which 25 ml 5M potassium acetate pH 4.8 was added and incubated for a
further 15 minutes on ice. The solution was centrifuged at 6,000g for 10
minutes and filtered through sterile muslin gauze. Plasmid DNA was
precipitated by the addition of 52 ml isopropanol and centrifugation at
7,000g for 10 minutes. Liquid was poured off and the pellet air dried. The
pellet was re suspended in 8.5 ml TE and 0.7 ml 0.5M EDTA pH 8.0 and
240 ul 1M Tris base pH 8.0 added, to this 10.5g caesium chloride was added
with 100 ml ethidium bromide (5 mg/ml). After dissolving the caesium
chloride the solution was used to fill a Beckman 5/8 x3" quick- seal centrifuge
. before heat sealing heat sealing tubes were balanced and the centrifuged at
64,000 rpm for 24 hours in a Beckman L3 50 ultracentrifuge. Plasmid DNA
was visualised under uv illumination and super coiled plasmid DNA removed
with al9 gauge needle and syringe. The aspirated sample was made up to 5
ml with water and 5 ml isobutanol added. The organic phase was removed
and the aqueous phase extracted twice more with isobutanol. The DNA was
then precipitated by addition of 2.5 volumes of ethanol and incubation at -
200C for 20 minutes. DNA was recovered by centrifugation at 10,000g for
10 minutes. liquid poured off and the pellet washed with 70% ice cold
cthanol. Briefly centrifuged at 10.000g, the ethanol poured off and the pellet

air dried. the pellet was then re suspended in 500 pl TE or water. DNA
was quantified by measurement of OD26(0 and OD98( of an appropriately

diluted aliquot. Concentration was calculated taking an OD9¢0 of 1.0 = 50

pg/ml the ratio of OD26( to OD28( was required to be 2.0 for adequate

purity. DNA was also visualised on agarose gel for quality.

Promega Wizard Maxiprep Method

This commercial kit supplied by Promega was used for latter work.
400 ml of bacterial culture obtained as above was centrifuged at 5,000 g for
10 minutes and the bacterial pellet re suspended in 15 ml 50 mM Tris base
pH 7.5 10mM EDTA 100 pg/ml RNase A. Bacteria were lysed by addition of
15 ml 0.2 M NaOH 1% SDS. after 5 minutes intermittent mixing at room
temperature the mixture was neutralised with 15 ml 1.32 M potassium

acetate pH 4,8. The solution was centrifuged at 14.000g for 10 minutes at
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40C strained through sterile muslin gauze and 0.6 volumes isopropanol
added to precipitate the DNA. The DNA was collected by centrifugation at
14,000g for 10 minutes at 419C, the pellet re suspended in 2 ml TE. The
DNA was purified by adding 10 ml purification resin to the DNA mixed and
poured into a Maxicolumn on a vacuum manifold This was washed twice
with 12 ml ethanol based column wash followed by 5 ml 80% ethanol. The
resin was dried on the vacuum manifold and DNA eluted by addition of 1.5
ml distilled water at 68°C. The DNA was collected by centrifugation of the
maxicolumn at 1,300g. The DNA was re precipitated by the addition of
30ul 5M NaCl and 2.5 volumes of ethanol freezing on dry ice and
centrifuging at 10,000g for 10 minutes at 4°C. followed by washing with 70%
cthanol. The DNA was air dried and re suspended in 200 pl water,

concentration and purity determined by measurement of OD960 and OD92g¢

Quality was determined by visualisation on agarose gel.

Isolation of genomic DNA from breast cancer_samples

Tissue samples were recovered from storage at -70°C and were broken
to a fine powder in a dismembranator. Samples were kept frozen by
immersing the dismembranator chambers in liquid nitrogen. DNA was
released by overnight incubation in 200 pl digestion buffer containing 0.5
mg/ml protienase K. Samples were centrifuged for 10 minutes to remove

insoluble debris and DNA precipitated from the supernatant

DNA manipulation and cloning.

Restriction endonuclease digestion.

Restriction enzyme digests were performed using buffers
recommended and supplied by the manufacturer. Double enzyme digests
were performed using buffers recommended by New England Biolabs. DNA
was digested at 37°C using a 5 fold excess of enzyme in a volume not less
than 20 pl. Enzyme reactions were terminated by the addition of DNA
loading buffer or by extraction with an equal volume of phenol/chloroform,
followed by ethanol precipitation. This was performed by the addition of 5M
NaCl to a concentration of 100 mM and 2.5 volumes 100% ethanol, the
mixture frozen on dry ice for 30 minutes and centrifuged in a microfuge for
10 minutes. The liquid was removed and the DNA washed with 70% ice cold

ethanol re centrifuged and air dried prior to re suspension.
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Agarose gel electrophoresis of DNA

Agarose gels of 1-2% were prepared by boiling agarose in 1xTBE in a
microwave oven. The solution was cooled to approximately 60°C prior to
the addition of ethidium bromide to a concentration of lug/ml. Agarose
solution was poured onto casting a casting tray and slot formers inserted.
Once set, the gel was immersed in 1XTBE and DNA samples loaded and run
at 2- 7.5V/cm until DNA fragments were separated. DNA was visualised by
uv illumination. Fragment size was assessed by running DNA size markers
with the DNA samples Such as Lambda phage DNA digested with Hind III,
or Hind III and EcoRI. or pSP65 digested with Hinf I.

Purificadon of DNA fragments

Restriction enzyme digests were run on fresh agarose gels with fresh
buffer. When well separated fragments were either directly cut out of the gel
or transferred to NA-45 DEAE membrane by cutting the gel in front of and
behind  the band and inserting a membrane either side of the band. The
gel was run until the fragment had moved onto the membrane. The
membrane was removed from the gel and DNA eluted in 250 ul 1M NaCl at
700C for 20 minutes. The membrane was removed and DNA was recovered
by ethanol precipitation. Fragments cut from the gel were recovered using
Gene Clean (Biol01 Inc.). In this method the manufacturers instructions
were followed. The agarose was dissolved at 559C in a solution of potassium
iodide and TBE modifier solution, followed by the addition of Glassmilk and
incubated on ice for 15 minutes to bind DNA. The mixture was briefly
centrifuged in a microfuge and liquid removed. The glassmilk pellet was
washed twice with "NewWash" and once with 80% ethanol. The DNA was
then recovered by adding 25 ul of water and incubating at 55°C for 10
minutes The sample was centrifuged and the liquid removed and stored in a
new tube. Adequate recovery of purified fragments were confirmed by gel

electrophoresis of an aliquot.

Preparation of vectors for cloning

2 ug of plasmid DNA was cut with the required restriction
cndonucleases. which were then removed by phenol chloroform extraction

followed by ethanol precipitation of the cut DNA. The DNA was re
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suspended in phosphatase buffer and 20 units calf intestinal phosphatase
added followed by incubation at 37°C for 30 minutes to remove the 5'
terminal phosphate thus preventing re ligation. The sample was re extracted
with phenol /chloroform, ethanol precipitated and re suspended in water at

20 ng/ul

Oligonucleotide kinasing and annealing

To construct the exon 5 deletion coding sequence complementary
oligonucleotides were synthesised. These were kinased together prior to
annealing by mixing 100 ng of each oligonucleotide in 20 pl kinase buffer
containing 1mM dATP and 5 mM DTT 10 units of T4 polynucleotide kinase
was added and incubated for 60 minutes at 37°C. 10 ul NTE was added and
volume made up to 100 pl with water. The sample was annealed by heating

to 809C and cooling slowly to room temperature.

Ligations

Most ligations were carried out using 20 ng of prepared vector and
variable amounts of insert DNA ranging from equimolar to 10x excess insert.
consisting of PCR products gel purified DNA fragments or annealed
oligonucleotides. The ligation was performed in 20 pl 1x ligase buffer with

1-2 units of T4 DNA ligase , Ligations were incubated for 4-15 hours .

pAMP Ligations
PCR amplification products from genomic DNA were subcloned into

PAMP vector suplied in the CloneAmp™ system. The CloneAmpT™™
system requires PCR product generated with primers containing 4 dUMP
sequences spaced within the 5' ends. The primer pair used is illustrated

5'-CAUCAUCAUCAUCAAAGGCATGGAGCATCTGTAC-3'

3-CCGAGATGAAGTAGCGTAAGGAAUCAUCAUCAUC-5'
The uracil residues are removed by digestion with uracil DNA glycosylase
leading to exposed 3' overhangs on the complementary strand, these
overhangs are complementary to 3' overhangs in the linearised pAMP vector
supplied and will spontaneously anneal to each other during combined
digestion annealing reaction . Ligation was achieved by using 2ul PCR
product and 25 ng pAMP vector DNA incubated with 1 U uracil DNA
glycosylase in 20 pl annealing buffer, incubated for 30 minutes at 37°C. 10
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pl the ligation reaction was used to transform 100 upl of DHb5a competent

bacteria generating approximately 1000 -2000 colonies.

Automated colony picking

The screening of tumour DNA for low frequency mutations requires
the analysis of multiple colonies from the above PCR subcloning process (384
f[rom each tumour) therefore an automated bacterial colony picking system
was used. This system has been developed by the ICRF genome analysis
laboratory.(ref) The instrument identifys bacterial colonies on 24x24 cm
plates picks a sample from each colony onto a 96 pin picking head and
transfers the bacteria into 384 well microtitre plates containing L-broth with
10% glycerol. The bacteria are grown overnight at 37°C. Further copies of
the plates are made by inoculating a fresh plate using a sterile disposable 384
point comb. The plates can then be stored at 4°C for up to one week or

indefinately at -700C.

Automated spotting of reamplified DNA to Nylon membranes

The automated picking system was used for transfering PCR product
from 384 well plates onto Nylon membrane. The PCR reactions were
opened by removing the heat sealed film and the robot programmed to spot
the PCR product onto Hybond Nt as a gridded array using a 96 point
spotting head with acurately machined 0.25 mm diameter tips. These pins
transfer approximately 0,2 ul of PCR product to the membrane after each
contact It was empirically determined that each PCR product required 5
individual contacts to transfer an optimum ammount of DNA to the
membrane. The robot was programmed to spot each individual PCR sample
from 15 different tumours into a 4x4mm array The final position within the
1x4 array was reserved for an ink spot to allow orientation of the membrane.
Using this pattern it was possible to transfer the PCR products from 5700
individual PCR reactions onto a membrane measuring 12 x 8 cm. The

robot was programmed to produce multiple copies of each filter.

Hybridisation to decamer oligonucleotides.

The membranes spotted with PCR products were allowed to air dry
and were then wetted in Sarcosl hybridisation buffer.and placed into

htbridsation bottles. 5 ml sarcosyl buffer containing 100 ng end labeled
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decamer oligonucleotide was added and incubated at 4°C for 4 hours with
continuous rotation. After hybridisation the filters were washed once in
sarcosyl buffer and transfered to 200 ml fresh buffer and mixed gently for
15 minutes at 49C Filters were wrapped in cling film and hybridisation
detected by exposure to Kodack XAR film at 4°C without the use of

intensification screens,

Polymerase chain reactions

PCR was used to amplify oestrogen receptor sequences from genomic
DNA derived from breast tumours, to amplify the subcloned plasmids
derived from these PCR products and to introduce random mutations into

the hormone binding domain of ER.

Amplification of sequences of oestrogen receptor hormone binding domain

PCR was performed in 0.5 ml microtubes containing 100 ul 1xTaq
buffer with 1.6 mM MgClg, 20 uM dNTPs (20 uM each of, dATP, dCTP,
dGTP, dTTP) 200 ng of each primer 0.5 ug of genomic DNA and 5 U Taq
polymerase.. These mixtures were overlaid with mineral oil and incubated in
a thermal cycler set to heat to 949C for 5 minutes to fully denature the
template. Thermal cycling then proceeded with annealing at 50°C for 1
minute extention at 72°C for 1 minute and denaturation at 94°C for 1
minute., repeated for 30 cycles, and finally extended at 720C for 5 minutes.
Satisfactory vield was determined by gel electrophoresis of 10 ul of product.

The PCR product was subcloned into pAMP (see ligations)

Re amplification of pAMP subcloned PCR fragments

Re amplification of pAmp clones was performed in 384 well
polypropylene microtitre wells 80 ul of 1x Taq buffer with 20 pM dNTPs,
1.5 mM MgClg, and 200 ng each primer (complementary to pAmp
sequences). Template was added by innoculating the reactions with a small
amount of transformed bacteria using a 384 point innoculating comb. The
reactions were heat sealed with plastic film and subjected to thermal cycling
in a custom built large scale thermal cycling robot (Genome analysis
laboratory ICRF). using a 2 temperature cycle holding at 92°C for 30
seconds and 72°C for 300 seconds.
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Degenerate PCR mutagenesis of oestrogen receptor hormone binding domain

PCR reactions were performed using conditions permiting degenerate
replication introducing point mutations approximately every 1000 nucleotides
in the final PCR product. 100 pl of 1x Taq buffer with 250 uM dNTPs, 7.5
mM MgCl2, 20 ng M13 hER template, and 20 picomoles of each primer. and
5 U Taq polymerase. The reaction was overlaid with mineral oil and
subjected to 30 amplification cycles consisting 1 minute denaturation at 94°C,

30 seconds annealing at 55°C and 2 minutes elongation at 720C

DNA Sequencing.

Denaturation of DNA for sequencing with dideoxynucleotides

Approximately 2 pg of plasmid DNA was denatured in 20 ul 0.2M
NaOI at 70°C for 20 minutes. This was necutralised by the addition of 8 pl
5M ammonium acetate pH 5.4 and precipitated by addition of 120ul ethanol
and stored on dry ice for 10 minutes. DNA was recovered by centrifugation
and washed with 70% ethanol. After drying the DNA was re suspended in
7ul water and 2 pl 5x sequenase buffer 2.5 ng (1.5 pmol) oligonucleotide
sequencing primer was added in Tul and placed in a water bath at 80°C and

allowed to cool to 37°C over 30 minutes.

Sequencing reactions with Sequenase 11

The Sequenase (USB) protocol was followed Annealed primer/DNA
was added to a mixture containing the appropriate dilutions of dNTPs
(35Sa} dATP and sequenase II enzyme for sequencing within the required
distance from the primer. The reaction incubated for 1- 10 minutes
following which the reaction mixture was divided equally into 4 tubes
containing 2.5 pl of one of 4 dideoxynucleotide solutions. These tube s were
incubated at 379C for 5 minutes and the reaction stopped with the addition

of 4 pl Stop solution.

Electrophoresis of sequencing reactions

Denaturing gels were prepared from 75 ml 6% Easigel pre made
acrylamide/urea/TBE solution by the addition of 400 ul 10% ammonium
persulphate and 80 pl TEMED poured between 24x30 cm sequencing plates
with 0.25 mm spacers. After washing the top of the gel with 1/2 TBE the

spacer comb was inserted and the gel pre run for 20 minutes prior to the
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addition of 3 pl of sequencing reaction per lane. Gels were run at 45-50
milliamps for 1-2 hours. Gels were fixed in 10% methanol 10% acetic acid,
transferred to Whatman 3MM paper and dried under vacuum.. sequences

were visualised by auto radiography using Kodak XAR film.

Fluorescent sequencing

ABI PRISM ™ Dye Terminator cycle sequencing was used for
multiple sample sequencing, using reagents supplied by Perkin Elmer
Corporation.

0.5-1 pg of plasmid DNA and 3.2 pmol sequencing primer was added to 8
pl of dye terminator mix containing. A-Dye terminator, C-Dye terminator, G-
Dye terminator, T-Dye terminator, dITP, dATP, dCTP, dTTP Tris-HCI pH
9.0, MgCl2, thermal stable pyrophosphatase and Ampli-Taq DNA
polymerase. The sample made up to 20 ul and subjected to 25 thermal cycles
consisting 96°C for 10 seconds ,50°C for 5 seconds, 60°C for 4 minute.s.
Samples were cooled to 4°C and DNA precipitated with the addition of 2 pl
3M sodium acetate pH 4.6 and 50 pl ethanol . Samples were then incubated
on ice for 15 minutes and centrifuged in a microfuge for 30 minutes.
Samples were washed with 70% ethanol and air dried. Samples were
resuspended in deionised formamide/25 mM EDTA pH 8.0 with blue
dextran, Ratio 5:1 and loaded onto sequencing gels run in an ABI 373
automated sequencing apparatus. Sequences are interpreted from

histograms of florescence intensity.

Radiolabelling of DNA probes

End labelling of oligonucleotides

Synthetic oligonucleotides were end labelled with [32P y] ATP.
100 ng of oligonucleotide was incubated with 30uCi of | 32p vy ATP and 2U
T4 polynucleotide kinase in 30 ul 1x phosphorylation buffer, incubated at
37°C for 30 minutes and the reaction stopped with the addition of 1ul 0.5 M
EDTA.
Adequate incorporation of label was confirmed by Thin layer
chromatography of 1lul of the reaction. The probes were used freshly made
and added to 5 ml of hybridisation solution at 4°C.
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Random primer probes for northern blot analysis

Sequence specific probes were generated by random priming. Plasmid
DNA was cut with appropriate restriction enzymes and fragments separated
by gel electrophoresis and recovered with "Gene Clean". 25 ng of DNA in
45 pl water was heated to 95°C for 2 minutes cooled then added to a "Ready
to Go" reaction tube containing lyophilised polymerase, random nonomers
and nucleotide mix. 50 p Ci [32Pa] dCTP was added and the reaction
incubated at 379C for 30 minutes. The incorporated nucleotides were
purified by eluting on a "NICK" column. 1yl of the eluted probe was
counted in a scintillation counter to determine specific activity (typically 5x
108 dpm per ug DNA).

ERE oligonucleotides

Complementary oligonucleotides forming 5' overhangs were annealed
and labelled by filling in the overhangs. 200 ng of annealed oligonucleotide
was incubated in a total of 20 pl containing 1x repair buffer with 0.1 mM
dATP, dGTP dTTP, and 8 ul [0-32P] dCTP(10 mCi/ml, 3000 Ci/mmol) and
2 U Klenow. for 30 minutes at room temperature. The reaction was
extracted twice with phenol chloroform and the DNA precipitated by the
addition of 20 pl 3M sodium acetate 1ul glycogen and 100ul ethanol. The
sample was dissolved in water, re precipitated, washed with 70% ethanol air
dried and resuspended in 200 ul water. 1 ng labelled oligonucleotide was

uscd 1n each band shift reaction.

Mammalian and avian cell culture.

Growth of cell lines

All cell lines were routinely maintained as exponentially growing stocks
in Falcon tissue culture flasks at 37°C in a humidified atmosphere
supplemented with 10% CO9. All breast cancer cell lines were grown in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% v/v
Foetal calf serum (FCS). Chicken embryo fibroblasts were grown in DMEM
with 10% FCS and 1% Chick serum (CS). Medium was changed at least every
5 days. Prior to reaching confluence cell cultures were subcultured into
fresh flasks. Medium was removed and cells washed once with PBSA 3-5 ml

trypsin/versene (1:5) was added and cells incubated until they started to
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detatch from the surface. 5-10 ml of serum containing medium was added
and cells transferred to a polystyrene universal container and centrifuged at
1500 rpm in an MSE benchtop centrifuge. The supernatant was removed,
cells resuspended in fresh medium, and 1/20 th to 1/5 th of the volume used

to seed a fresh flask.

Storage of cell lines

Subconfluent cells were recovered by trypsinisation as above, after
centrifugation and removal of the supernatant, cells were resuspended in
FCS containing 10% v/v DMSO approximately 3x109 cells in 1 ml of serum
were placed in a 2 ml Nunc freezing tube and placed at -20°C for 1 hour,
then at ~70°9C overnight and then immersed in liquid nitrogen for long-term
storage. Cells were recovered by thawing rapidly at 37°C and adding the
whole tube of cells to a 756 cm flask, the medium was changed the following

day to remove dead cells and residual DMSO.

Charcoal ueatment of serum

Foetal calf serum contains endogenous steroids and phenol red acts as
a weak oestrogen. Most experiments were performed in medium lacking
phenol red and containing dextran charcoal stripped serum (DCC. FCS).
Dextran charcoal was prepared by adding 1 g dextran T 70 and 10 g
activated charcoal to 10 ml 1M Tris HCl pH 7.4. This was made up to 1L
with dislilled water, divided into four 250 ml disposable Corning centrifuge
tubes and centrifuged at 2000 g for 10 minutes. The supernatant was
aspirated and half the charcoal resuspended into 1L of FCS. This was
incubated at 559C with agitation for 30 minutes in a 2 L flask, the serum
centrifuged as above , the serum transferred to a second flask and the
remainder of the charcoal added. The serum was incubated at 55°C for a
further 30 minutes and re centrifuged as above. The serum was then
filtered through a 0.4 um Nalgene filter and then through a 0. 22

um Nalgene filter and stored at -20°9C in 50 ml aliquots.

Transient Transfections.

Chicken embryo fibroblast transfections

CEF cells were transfected by the HBS calcium phosphate
coprecipitation method modified from (Graham and Van Der Erb,1973).
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Cells growing in log phase were harvested by trypsinisation and seeded into 6
cm dishes at a density of 2x105 cells in 4 ml phenol red free medium with
10% DCC. FCS. and 1% DCC chick serum. The following day the medium
was changed and calcium phosphate/DNA precipitate containing 10 ug DNA
per dish applied. Transfections were always performed in duplicate, the
calcium phosphate/ DNA precipitate was prepared by mixing freshly
prepared solutions A and B to form sufficient precipitate to treat the
required number of dishes.
For 2 dishes Solution A

500 pl 2x HBS pH 7.1

5 ul 70 mM NaH9PO4, 5 pul 70 mM NagHPO4,

Solution B

500 ul distilled water
60 ul 2M CaCl2, 20 ug supercoiled plasmid DNA

Solution B was added dropwise to solution A while mixing continuously by
bubbling air through the solution with a glass pipette.. The mixed solutions
were left for 20 minutes to form a visible cloudy precipitate and a mock
transfection solution containing no DNA was prepared at the same time.
500ul of precipitate was applied to each dish of CEF cells and the cells
incubated in an atmosphere of 5% CO9 for 15 hours. Following this the
cells were washed with serum free medium up to 4 times incubating for 10
minutes between changes of medium until all visible precipitate had
dispersed. Fresh medium was added and carrier ethanol or ligands in
ethanol added. Ethanol concentration was adjusted were necessary to 0.1%

for all dishes. Cells were incubated at 37°C in 10% CO2 in the presence of

ligand for 24 hours prior to harvesting.

MCF-7 cell transfections

MCF-7 cells were transfected by BBS calcium phosphate
coprecipitation method (Chen et al. 1987). Cells were plated into 24 well or
6 well plates at 70% density in phenol red free medium containing 10%
DCC. FCS. 24-48 hours after plating the medium was changed and DNA
applied. Transfections were always performed as duplicates. To transfect 2

wells the DNA was prepared by diluting a total of 2ug supercoiled DNA into
90ul  distilled water , adding 10 pl 2.5M CaCl2 and 100pul 2xBBS. This was
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mixed gently and left to stand for 15 minutes at room temperature. This
was mixed again and 100 pl applied to each well. For experiments requiring
more than 2 wells the quantities were scaled up appropriately. The
precipitate was allowed to form overnight while incubating in 5% CO2 at
370C. The following day the precipitate was removed by washing with up to
4 changes of serum free medium and finally medium containing 10% DCC
FCS was applied and additional ligands or ethanol carrier added. The cells
were incubated for a further 24 hours in the presence of ligands in 10%
CO2 at 379C prior to harvesting. For 6 cm dish transfections a total of 5 pg
DNA was used per dish and a final volume of 200 ul precipitate prepared

for each dish using the same proportions as for 24 well plates.

Electroporation

Cos-1 cells were transfected by electroporation. Cells were grown to
70% confluency in 175 cm flasks, trypsinised and after centrifugation
resuspended in 3 ml PBSA 0.8 ml cells were added to 20 ug supercoiled
plasmid DNA in a 0.4 cm electroporation cuvette. incubated on ice for 10
minutes and electroporated using a Bio-rad gene pulser electroporation
apparatus, at 450 V and 250 pF, with a time constant of 4.5-5.0 msec.
Following electroporation cclls were incubated on ice for a further 10
minutes and then resuspended in 10 ml medium and plated onto 9 cm
dishes. The following day medium was changed and cells grown for a

further 48 hours prior to harvesting.

Harvesting cells from transient transfections for luciferase B-galactosidase

and CA'T assay

Media was removed from cells which were washed twice with PBSA.
the final wash was removed as completely as possible and 50-100 pl lysis
buffer added to each dish on a flat surface. After 2 minutes cell lysis was
confirmed by microscopic examination with only nuclei visible. The lysate
was recovered into ependorf tubes and placed on ice. The lysate was cleared
of cell debris by centrifugation in a microfuge for 2 minutes and the
supernatant transferred to a new tube. Luciferase assay was performed
within 2 hours but lysate could be stored at -20°C prior to CAT or f-

galactosidase assay.
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Luciferase 4884y

Luciferase assay was performed according to (De Wet et al. 1987).
Between 5 and 20 ul extract was added to 350 pl of luciferase reaction buffer
in a luminometer cuvette. Samples were loaded into an LKB luminometer.
33 ul of 3 mM luciferin was injected into each sample, mixed and the peak
light emission recorded. Extracts from mock transfections were used to

obtain background recordings

f—galactosidase assay

-galactosidase activity was assayed using Galacto-light kit TROPIX
Inc. Galacton substrate was diluted 1:100 with Galactol-light reaction
buffer. 5-10 pl extract was added to 100 pl diluted galacton in a luminometer
cuvette and incubated at room temperature for 1 hour . Samples were then
loaded into an LKB luminometer and 165 ul of Galacto-light accelerator
injected with continuous mixing, peak light emission was recorded for each
sample. Extracts from mock transfections were used to obtain background
recordings and these were subtracted from the values obtained from the

experimental samples.

Chloramphenicol acetyl transferase assay CAT assay
The method used is described by (Sleigh 1986). Initially 20 pl extract

was heated to 65°C for 5 minutes to inactivate endogenous CAT activity and

added to a mix composed of 20 pl 8 mM chloramphenicol, 10ul lysis
buffer, 30 ul 250 mM Tris HCl pH 7.8, and 20 pl acetyl coenzyme A mix
containing 0.5 mM cold acetyl coenzyme A and 0.1 pCifl- 14 acetyl
coenzyme A. This was incubated at 37°C for 1 hour and placed on ice.
The reaction was stopped and acetyvlated chloramphenicol extracted by the
addition of 100 pl ice cold ethyl acetate. Samples were vortexed and
centrifuged. 80 pl of the upper organic phase was transferred to a
scintillation vial containing 5 ml scintillation fluid. A further 100 ul ethyl
acetate was added to the sample which was re extracted and a further 100 pl
organic phase added to the scintillation vial. Samples were counted in a
scintillation counter. Counts above 50,000 cpm were above the linear range
of the assay and re assayed using less extract. Mock transfection extracts
were used to make up residual sample volumes and counts obtained from

mock extract assays were subtracted from experimental samples.
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Isolation of stable cell lines

To isolate stable cell lines the inducible expression vector pMEP4 was
used. MCF-7 cells in 9 cm plates growing in normal medium were
transfected using the calcium phosphate coprecipitation method described
for transient transfections of MCF-7 cells. A total of 1 ml of precipitate
suspension containing 25 pg of DNA was applied to each plate. After
incubation overnight the precipitate was washed off and the cells allowed to
recover for 24 hours. Cells were trypsinised and plated down at a 20%
confluency. After a further 24 hours medium was replaced with medium
containing 200U/ml Hygromycin B. Medium was replaced every 3 days and
after approximately 4 weeks colonies of resistant cells were well established
and most non resistant cells had been removed during media changes.
Entire dishes of cells were trypsinised and plated into 25 cm flasks to grow
stocks of pooled clones. Other plates were used to isolate individual clones
using 5 mm diameter steel rings coated in vacuum grease. These were
autoclaved and used to encircle individual clones approximately 2 mm in
diameter.. 100ul of trypsin/versene was applied to the ringed clone, after
incubation for 2-3 minutes 100 ul medium was added and the clone
dispersed by repeated pipeting. Each dispersed clone was placed in 1 ml of
medium in a 24 well plate. The clones were allowed to reach confluence
and then subcultured to 6 well dishes and finally into 75 cm flasks. When
80% confluent the cells were trypsinised and frozen stocks made. The
remaining cells were screened for the presence of inducible ER by western
blotting. Positive clones were grown further and more stocks of early

passage cells stored.

Indirect Immunoflouresence

Washed cover slips were autoclaved and placed in 6 well dishes.
incubated overnight with 0.5 mg /ml polylysine in PBSA and then washed
with PBSA. Cos-1 cells were transfected by electroporation and plated onto
the coverslips and allowed to grow for 24- 48 hours. then washed three times
with with PBSA.(PBSA x3). Cells were fixed with 4% paraformaldehyde in
PBSA for 20 minutes, then washed with PBSA x3 and the fixative quenched
for 2 minutes with with 50 mM ammonium chloride in PBSA. Cells were
washed with PBSA and permeabalised in 0.2% triton X100 in PBSA for 4
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minutes. Cells were washed three times in PBSA with 1% BSA (BSA/PBS)
Coverslips were then lifted and inverted onto 40 pl antibody solution placed
on parafilm. Antibody solution consisted 10 ng/ml antibody (H222, H226,
MP40) or neat N-ter hybridoma culture conditioned medium. Cells were
incubated with antibody for 1 hour and then washed with BSA/PBS x3 and
incubated for 1 hour using the parafilm tecnique with an FITC or Texas
red conjugated antibody against the primary antibody species. Cells were
again washed in BSA/PBS x3 and mounted on microscope slides in citiflour.
Slides were examined with a confocal microscope or with Zeiss Axiphot

flouresence microscope.

Protein Isolation and analysis

Whole cell protein extract from cultured mammalian cells

Cells were grown to 70-80% confluence on 9 cm dishes. The
monolayer was washed twice with PBSA, 5 ml PBSA added and the cells
scraped off the dish with a "rubber policeman”, the dish was rinsed with a
further 5 ml PBSA to collect all cells in a universal container. The cells
were recovered by centrifugation at 1500 rpm in an MSE benchtop
centrifuge, the supernatant removed and the cell pellet frozen on dry ice .
At this stage cells could be stored at -709C. Cells were thawed on ice after
the addition of 10 volumes of whole cell extract buffer containing freshly
added protease inhibitors and DTT. After re suspension the cells were
further lysed by passing 5 times through a 25 gauge needle. Debris and
insoluble material was removed by centrifugation at 50,000 g for 15 minutes

at 49C and the soluble fraction stored in aliquots at -70°C.

Determination of protein concentration

Protein concentration was determined by the dye binding assay
described by (Bradford,1976). Dye concentrate supplied by Biorad was used.
Samples to be assayed were diluted into 800 ul water, and 200 ul dye
concentrate added. Samples were mixed and left to stand for 10 minutes
after which OD595 was recorded in a disposable spectrophotometer cuvette .
A set of known standards prepared from BSA was used to construct a
nomogram from which the protein concentration of test samples could be

extrapolated. As albumin binds approximately twice as much dye as most
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proteins adjustment was also made to allow for this in determining protein

concentration.

SDS polyacrylamide gel electrophoresis

Proteins were separated by discontinuous polyacrylamide gels using
Atto corporation AE-6220 dual slab chamber electrophoresis apparatus. Gel
plates (14x16 cm) with 1.5 mm spacers were used to prepare gels . The
resolving phase of the gel was made up from 10% acrylamide (30%
acrylamide 0.8% bisacrylamide stock, 375 mM Tris HCI pH 8.8 and 1%
SDS). Gels were polymerised by the addition of ammonium persulphate
0.1% and TEMED 0.1%. After pouring the resolving gel to within 3 cm of
the sample wells the acrylamide was overlaid with water saturated isobutanol
and allowed to set. The isobutanol was poured off and the gel rinsed with
stacking buffer. The stacking gel was prepared from 4% acrylamide 125
mM Tris HCI pH 6.8 and 1% SDS. The gels were polymerised by addition of
ammonium sulphate and TEMED as above and poured, the sample comb
inserted and the gel allowed to set. The comb was removed and the slots
washed with Ix SDS PAGE buffer. The gel was loaded into the gel tank and
filled with 1xSDS PAGE buffer. Protein samples consisting of up to 200 pg
total protein were loaded in a maximum volume of 100 pl protein loading
buffer. Samples were boiled for 2 minutes immediately prior to loading.
Samples were always run with a lane containing Rainbow molecular weight
markers. Gels were run at 250 volts.until appropriate separation was

achieved.

Western Blotting

Proteins resolved by SDS PAGE were transferred by wet blot technique
(Sambrook et al. 1989). The gel was placed as a "sandwich" in a cassette with
nitro-cellulose membrane carefully applied directly onto the gel ensuring no
trapping of air bubbles with 2 layers of Whatman 3MM paper either side
this was surrounded by fibrous pads. The assembly was performed while
components were submerged in blotting buffer. The cassette was placed in
a Biorad electrophoretic blotting tank filled with blotting buffer and run at
30 V for 15 hours followed by 2 hours at 70 V. The sandwich was
dismantled and the nitro-cellulose stained with 2% tricarboxylic acid 0.2%

Ponceau S for 1 minute . The membrane was washed in PBSA and transfer
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of proteins inspected visually. The membrane was placed in blocking agent
for 1 hour with gentle agitation. The membrane was then incubated with
primary antibody diluted appropriately in blocking agent inside a heat sealed
polythene envelope with vigorous agitation for 1 hour at room temperature.
The membrane was then washed for 30 minutes with 5 changes of blocking
agent and then incubated as above with horse radish peroxidase conjugated
secondary antibody diluted in blocking agent. The membrane was then
washed for 30 minutes with 5 changes of PBSA with 0.1% Tween 20.
Antibody/receptor complexes were detected using the Amersham enhanced
chemoluminescence system (ECL). Equal volumes of reagent A and B were
mixed and applied to the nitrocellulose for 1 minute, the excess liquid
drained off before wrapping the nitrocellulose in cling film and detecting

light emission using Fuji RX film.

Gel retardation assay

The ability of wild type and mutant oestrogen receptors to bind to
DNA was assessed by gel retardation or band shift assay.

1-10 png whole cell extract was pre incubated for 10 minutes in 18 pl
1x band shift buffer containing lug poly (dI-dC).(dI-dC), 0.1 mg BSA, with
or without preimmune or specific anti ER antisera MP16. Ligands or carrier
were also added prior to incubation . 1 ng of labelled double stranded
oligonucleotide probe was added and incubated for a further 20 minutes at
room temperature. Samples were applied to a non denaturing gel prepared
from 6% acrylamide, 0.5% TBE and set up as described for SDS PAGE gel
electrophoresis. Gels were pre run at 250 V for 10 minutes and samples
run at the same voltage for 50 minutes. Gels were fixed in 10% acetic acid
30% methanol and dried under vacuum. Retarded bands were detected by

auto radiography.

Ligand binding assay

Cos-1 whole cell extract from cells transfected with wild type or
mutant ER were incubated in 50ul ligand binding buffer with different
concentrations of {3,4,6,7-31--1} oestradiol at 250C for 2 hours. Following
incubation samples were placed on ice and 50 ul DCC added and incubated
for 5 minutes. Samples were centrifuged at 5000g for 5 minutes and the

supernatant fraction counted in a scintillation counter as bound and the
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pellet fraction as free steroid. Non specific binding was determined by the
inclusion of 500 fold excess cold oestradiol. Controls using extract from cells
transfected with empty vector were performed, All assays were performed

in duplicate for each data point.

Competition assays

Competition assays were performed by incubating Cos-1 extracts as
above, but in addition to labelled oestradiol, a range of concentrations of

unlabelled 4-hydroxytamoxifen or oestradiol were added.

Antibody isolation
Generation of polyclonal antisera
The peptide R-V-P-G-T-R-E-N-V Corresponding to the last 9 amino

acids of the exon b variant protein sequence were synthesised by N O'Reilly

(ICRF ) using a model 430A Applied Biosystems Solid phase Synthesiser.
The peptide was analysed by reverse phase HPLC and mass spectroscopy.
The peptide was coupled to a carrier protein Keyhole limpet haemocyanin
(KLH) G Evan (ICRF unpublished). 6.25 mg KLH and 6.25 mg peptide
were dissolved in 3 ml 0.1 M NaHCOg, Glutaraldehyde was added to a
concentration of 0.05% and mixed overnight at room temperature. The pH
was adjusted to 8.4 with NaOH and 1M glycine ethyl ester added to a
concentration of 0.1 M, the solution was incubated for a further 30 minutes
with mixing. The coupled conjugate was precipitated with 5 volumes of cold
acetone and placed on dry ice for 30 minutes. The conjugate was pelleted
by centrifugation at 10,000g’ for 10 minutes and resuspended in saline. The
concentration was adjusted to 1 mg/ml. The conjugate was used to
immunise 2 rabbits (D Watling ICRF Central Services animal unit) using the
animal unit standard immunisation schedule consisting seven immunising
doses of 0.6 ml each administered intradermally initially as a 1:1 emulsion
with Freunds complete adjuvant into 4 separate sites. Further immunising
injections were performed at 2 weekly intervals using Freunds incomplete
adjuvant. Preimmune serum samples were obtained and bleedouts
performed after 16 weeks. Serum samples obtained were stored at 4°C with

0.1 % sodium azide.
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Affinity purification of antisera

Immunoglobulin was precipitated by adding 12.3 ml saturated
ammonium sulphate to 15 ml antiserum containing 5 mM EDTA, stiring and
standing for 15 minutes, then centrifuging for 10 minutes at 10,000g at 4°C.
The pellet was resuspended in 15 ml running buffer.

Cyanogen bromide separose was washed and hydrated by adding 2 g
to 200 ml 1 M HCI, mixed and left to stand for 15 minutes. The sepharose
was collected on a sinter funnel and mixed with 7 ml PBSA containing 700
ng of the immunising peptide. The mixture was rocked gently for 2 hours,
poured onto a sinter funnel and washed with 30 ml PBSA, 30 ml 100 mM
sodium acetate pH 4.0, 2M NaCl in TBS. The separose was suspended in
TBS and packed into a Pharmacia reversible column. Using a peristatic
pump. The column was washed with 100 ml running buffer. The antibody
was then run into the column at a rate of 1 ml / minute. The column was
washed with 100 ml running buffer . The column was reversed and washed
again with running buffer. The afinity purified antibody was eluted with 40
ml 100mM sodium citrate pH 2.5 run in over 10 minutes. The eluate was
imediately neutralised to pH 6.0 with 2M Tris base. The antibody was
precipitated with 1 volume saturated ammonium sulphate., centrifuged at
10,000g for 10 miutes at 4°C, resuspended in 0.5 ml water and dialysed
against TBS with 0.1% azide. The affinity purified antibody was stored at -
200C (Hancock et al. 1992).

RNA analysis

Isolation of RNA from cultured cells

Glassware baked at 180°C for 2 hours was used and RNAse free water
used to prepare solutions. Cells were grown in 15 cm dishes to 80%
confluence , washed three times with cold PBSA and 10 ml PBSA added to
the plates. The cells were scraped off with a "rubber policeman" and the
dish washed with a further 10 ml cold PBSA. Cells were pelleted in an MSE
benchtop centrifuge and resuspended in 2.5 ml NTE (10) to which 250 ul of
(v/v) NP40 was added, then transferred to a glass "Corex" tube. All
subsequent manipulations were performed on ice , cells were left for 10
minutes prior to centrifugation at 10,000g in a sorval SS34 rotor at 49C.
The supernatant was transferred to a fresh tube and 1/10 volume of 10%
SDS added. An equal volume of phenol/chloroform (1:1) was added and the
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mixture vortexed to mix thoroughly. After centrifugation for 2 minutes the
organic lower layer was removed leaving the interface behind. The organic
extraction was repeated as above twice and a 4th extraction with chloroform
alone performed. The aqueous layer was then removed and transferred to a
fresh tube. RNA was precipitated by the addition of 2.5 volumes of ethanol
and incubating at -20°C for 2-15 hours. RNA was recovered by
centrifugation at 10,000g for 10 minutes as above. The pellet was washed
in ice cold 70% ethanol and air dried at room temperature for 15 minutes.
RNA was resuspended in 100 pl water and stored at -70°C in aliquots. Yield
and purity was determined by spectrophotometry of a diluted aliquot at 260
and 280 nm .

Gel electrophoresis of RNA

RNA was separated by electrophoresis in denaturing 1.25% agarose.
2.5 g agarose was dissolved in 144 ml water and 20 ml 10x running buffer,
by boiling in a microwave oven. 36 ml of 38% (w/v) formaldehyde was
added and the gel poured in a fume hood. 20 pg total RNA for each track
was precipitated with ethanol and after drving resuspended in 4.5 pl water
16 ul RNA sample buffer added and the RNA denatured by heating to 65°C
for 2 minutes. 8 ul loading dye was added and the sample loaded onto the
gel which was immersed in 1x running buffer in an electrophoresis
apparatus. Electrophoresis was run at 5 V/cm for 5 hours. After
electrophoresis RNA was stained by immersion in running buffer containing
200 ng/L. ethidium bromide. for 20 minutes followed by destining for several
hours in running buffer. RNA was visualised by uv illumination to confirm
adequate separation and quality of RNA judged by the sharpness of 18S
and 28S ribosomal RNA bands. Gels were photograped by polaroid film or

videocamera.

Northern blotting and hybridisation

RNA was transferred to Hybond N+ nylon membrane by capillary
elution overnight using 20 x SSC (Sambrook et al. 1989). After transfer
RNA was crosslinked to the membrane by uv fixation. The membrane was
pre hybridised at 65°C in Church and Gilbert hybridisation buffer for 3
hours after which the membrane was hybridised at 650C with specific DNA
probes for 15 hours. Membranes were then washed in Church and Gilbert

wash buffer three times for 30 minutes each. Membranes were wrapped in
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saran wrap and hybridisation detected by auto radiography using XAR film.
Blots were also analysed by phosphoimmaging to obtain quantitative data.
After autorads were obtained the membranes were stripped by immersion in
boiling 0.1% SDS for 2 minutes. following which membranes were rinsed in
hybridisation solution and re probed with a second specific probe for yactin

mRNA to confirm aproximately equal loading.

Yeast transformation and mutant screening

The protease deficient Saccaromyces cerevisiae strain B] 5458 (from
Berkeley Stock centre) was used for expression and functional screening of
ER

Transformation
Modified from (Ito et al ,1983)
Exponentially growing cells at a density of 2x107cells/ml (ODg0O of

0.6-0.8) were centrifuged at 1500 rpm in an MSE benchtop centrifuge and
resuspended in water, re centrifuged resuspended in TEL buffer pelleted
and resuspended in TEL at 109 cells/ml. 100 ul cells were added to 1 pg of
supercoilled DNA and 15 pg of salmon sperm DNA in 50 pl water, incubated
at 30°C for 30 minutes, then 700 ul 40% PEG4000 in TEL was added and
incubated for a further 60 minutes. The cells were subjected to a heat shock
of 420C for 5 minutes, centrifuged in a microfuge at 6,500 rpm for 10
seconds, washed twice with selective medium and then plated out onto
minimal selective plates. Plates were then incubated at 30°C until colonies
appeared. Transformation efficiency is variable but up to 10° colonies per

microgram of DNA can be obtained.

Phenotypic screening of mutated oestrogen receptors in yeast

Unpublished method of 1 Purvis Glaxo Research.

Mutant hER was introduced into Saccaromyces cerevisiae strain BJ 5458
which had previously been transformed with the oestrogen responsive
reporter YCp ERE lacZ.

The hER expression plasmid pCuphERMtl was cut with Ncol and
BglI.
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gel purified and recovered with "Geneclean". 1 ug of cut vector was used
with 5 ug of degenerate PCR product to transform yeast carrying YCp
ERElacZ The transformed yeast was plated onto 20 double selective plates
(-U/-L) and incubated at 30°C until colonies were 1 mm in size. The plates
were then replica plated using Whatman filter discs and a felt pad onto X
gal plates containing 50uM CuSO4 with or without added ligand. The
colonies were incubated at 30°C for up to 5 days. Plates were examined
daily for the development of blue coloration . Colonies conforming to the
required phenotype were picked and re streaked onto X-gal plates to

confirm the phenotype.

DNA recovery from yveast.
Described in (Rose et al ,1990)

Yeast was grown in a 5 ml culture overnight with appropriate

selection. 1.5 ml of culture was centrifuged briefly to pellet cells . the
supernatant removed and 200 pl of 2% triton X100, 1% SDS 100 mM Nadl,
10 mM Tris HCI pH 8.0, 1 mM EDTA added. The pellet vortexed into
suspension and 200 ul of phenol:chloroform:isoamyl alcohol added. (25:24:1).
The mixture was vortexed for 2 minutes with intermittent cooling after the
addition of 0.3 g of acid washed glass beads. The tube was centrifuged for
5 minutes in a microfuge and the aqueous portion ethanol precipitated. The
pellet was resuspended in 5 pl of water and 1-2 pl used to transform SCS-1

strain bacteria by electroporation.

Protein extraction from veast

Yeast colonies were inoculated and grown at 300C in 50 ml selective
medium to a ODg60 of 0.8 Cells were pelleted by centrifugation and washed
in ice cold yeast lysis buffer and subsequently maintained at 4°C. Cells were
transferred to a 1.5 ml ependorf tube, repelleted and resuspended in 350 pl
lysis buffer containing freshly added protease inhibitors. An equal volume of
glass beads were added and the tube vortexed with intermittent cooling for 5
minutes. 200 pl of RIPA buffer with protease inhibitors was added the tube
mixed and centrifuged. The supernatant was removed and a further 200 pl
of RIPA added and after mixing left on ice for 10 minutes. The tube was
recentrifuged and the supernatant added to the first extraction. The protein

extract contains an oily layer therefore the aqueous layer is carefully
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removed to a fresh tube. Protein concentration was determined and the

sample stored in aliquots at -70°C.

Liquid B-galactosidase assay for yeast
(modified from B Amati unpublished 1CRF)

Yeast with expression vector and reporter were inoculated into 4 ml
sclective medium at a density of 0.2 OD 00 and grown for 15 hours with

shaking at 309C in the presence of 50 puM CuSO4 and ligand or ethanol
carrier alone. Cells were harvested by centrifugation, washed with water
twice and transferred to a 1.5 ml ependorf tube. The pellet was
resuspended in 200 pl lysis buffer and frozen on dry ice. The cells were
thawed on ice fully resuspended and ODg0( of an aliquot recorded, Tubes
containing 0.5 ml Z buffer with freshly added B-mercaptoethanol to 50 mM
and 0,1 ml 4 mg/ml ONPG were prepared and warmed to 37°C To these
tubes 100 pl of cell suspension was added and incubated at 370C. The time

taken for a pale yellow colour to appear was recorded and the reaction
stopped by the addition of 250 pul 1M Nag2COg. Samples were cleared by

centrifugation and OD42( recorded using a lysis buffer only sample as a
blank . Where the absorbance was outside the linear range of the assay (0.2-
0.4) the assay was repeated using a shorter incubation time or using a smaller
volume of cells, making up to full volume with lysis buffer.

Results were normalised for cell density and incubation time to give

comparable values in arbitrary units..
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Analysis of the exon 5 variant oestrogen receptor
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Introduction

The identification and initial analysis of splice variant ER has been
described in chapter 1. This chapter describes a detailed analysis of the
function of the exon 5 variant oestrogen receptor. The variant ER cDNA
was cloned into two expression vectors to allow protein expression in
transient transfections and to permit the development of stable cell lines
expressing variant protein through an inducible promoter. The expression
of variant expression has been confirmed by the raising of a specific
antiserum that recognises only the variant protein. The transcriptional
activity of the variant receptor has been analysed in both these systems.

Finally the effect of the variant on cell proliferation has been investigated.

Construction of an expression vector for the exon 5 variant ER

To create an expression vector for the exon 5 variant ER the full
length cDNA of pSG5HEGO was modified to encode the truncated protein.
This was achieved by replacing the sequences 3' to the HindlII site at
position 1017 with a synthetic oligonucleotide pair that formed the exon 4/6
junction and sequences as far as the premature stop codon (see appendix).
The modified cDNA was therefore not a true splice variant but contained all
the necessary coding sequence to form the 371 amino acid protein identical
to that coded by the true splice variant mRNA. The expression of the
variant protein was established by transient transfection of Cos-1 cells and
western blotting of the extract using the oestrogen receptor monoclonal
antibody H226 as a secondary antibody. HZ22 recognises an epitope in the N-
terminal part of the full length receptor close to the junction with the DNA
binding domain, this epitope is retained in the exon 5 variant receptor and
in the N-terminal truncated receptor 121-595, this truncation does not
contain the first 121 residues of ER but still contains a small portion of
region B including the H226 epitope. This receptor and full length proteins
were used as controls of receptor expression and stability. The western blot
detected a band of approximately 42 kD corresponding to the predicted size
of the exon 5 variant ER (see Fig 3.2). Full-length receptor was expressed
and as expected a band of 65 kD was detected and the 121-595 truncation
appears as an intermediate band. The two proteins are detected in
approximately equal amounts indicating that there is no major difference in

the stability of the two proteins. It is already known that the truncated MOR
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Chapter 3 Exon 5 Variant

containing residues 1-339 has a similar half life to full length MOR
expressed in Cos-1 cells (Dauvois 1992).

Transcriptional activity of the variant in chicken embryo fibroblasts

To determine the ability of the variant to induce transcription of an
ocstrogen responsive reporter in animal cells we chose chicken embryo
fibroblasts because these cells are known to respond well to stimulation
mediated by AF1. The transcriptional activity of the exon 5 variant was
compared to full length receptor activity in transient transfections. The
oestrogen responsive reporter construct ERE tk luciferase was cotransfected
with receptor. This reporter consists of the vitellogenin ERE upstream of
the thymidine kinase promoter driving expression of luciferase. The effect
of E2, and antioestrogens on transcriptional activity is shown in Fig 3.3. The
exon 5 variant receptor is able to stimulate transcription 5 to 6 fold above
that observed in the presence of the reporter alone. This activation is
completely unaffected by the addition of E2, OHT or ICI 182,780 indicating
that the exon 5 variant is indeed constitutively active in this situation and
that the stimulation can not be influenced by ligand. Full-length receptor
showed a 5 fold increase in activity in the absence of added ligand and this
was further increased to 20 fold on the addition of E2. In the presence of
OHT there was a 5 fold stimulation, similar to that seen in the absence of
added ligand but in the presence of the pure antioestrogen ICI 182780 there
was no significant stimulation of the reporter. In this system OHT is able to
stimulate the reporter to a moderate degree but the pure antioestrogen has
no stimulatory activity and suppresses the background activity seen in the
absence of added ligand. The absence of basal activity in the presence of
ICI 182,780 is a reflection of complete ER blockade mediated through
multiple mechanisms.
The moderate activity seen in the presence of no added ligand is thought to
be caused by residual oestrogenic ligands contained in the stripped serum in
which the experiments are performed. Support for this interpretation is
gained by noting that the mutant MORGb525-R which is unable to bind E2
has negligible activity in the absence of ligand but is stimulated by OHT
(Danielian1992). It is interesting to note that the sub maximal stimulation
seen with the exon 5 variant is similar to the stimulation of full length
receptor by OHT.
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Fig 3.3

Transient transfection of chicken embryo fibroblasts with full length

and Exon 5 variant oestrogen receptor.

Chicken embryo fibroblasts were transfected with 1ug PJ7lacZ internal control
plasmid 5ug of EREtk lucferase reporter and 0.5 pug pSG5 expression vector. DNA
was made up to a total of 10ug with pSG5. After transfection cells were treated for

24 hours with ethanol carrier alone (), 10-8M 17-B oestradiol (1),
10°M 4-hydroxytamoxifen (EY), 10°M ICI 182780 (E). Cells were then harvested

and analysed for luciferase and B-galactosidase. Luciferase values were firstly

normalised for transfection efficiency using B-galactosidase. and then expressed as

a percentage of the value obtained with full length receptor stimulated with
oestradiol. The results shown represent the mean of three independent

experiments performed in duplicate with standard errors indicated by error bars.
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Generation of a specific antibody to the exon 5 variant receptor.

One of the difficulties in assessing the significance of the exon 5
variant receptor has been the absence of positive evidence that the protein is
expressed. A specific antibody to the variant ER is a potentially useful tool
to use to study protein expression. Since the exon 5 variant contains 5 C-
terminal amino acids that are not present in the full length receptor this may
produce a unique epitope that would allow specific antigenic distinction of
exonb variant receptor. A peptide was synthesised containing the last 9
amino acids of the exon 5 variant sequence. This length was selected
empirically with the expectation that a peptide of this length would contain
the appropriate epitope without sufficient wild type sequence to form a wild
type epitope. This peptide was used as a conjugate with Keyhole limpet
haemocyanin to immunise rabbits. The resulting antiserum (MP40) was
tested on Western blots of Cos-1 extracts overexpressing the wild type and
variant receptors. While the antiserum did not recognise full length
receptor, a band of 42 kD was more apparent in the lane containing exon 5
variant extract. A background band of indistinguishable size was however
seen in the full length receptor track. This is probably not a degradation
product since it was not picked up with other ER antibodies (data not
shown), and is thought to be a contaminating non specific band. The
antiserum was therefore purified on an affinity column using the
immunising peptide to trap the specific antibodies. The ability of this
antibody to recognise ER was then compared to H226 in western blots of
Cos-1 cell extracts (Fig 3.4). Here it can be seen as previously that H226
recognises both full length and exon 5 variant receptors. MP40 fails to
recognise the full length receptor but does recognise the exon 5 variant
protein. The antibody specificity was further demonstrated by competing off
the specific band by the addition of excess native immunising peptide during

incubation with primary antibody.

Stable expression of exon 5 variant receptor in MCF-7 cells

To study the effect of the exon 5 variant ER on proliferation of breast
cancer cell lines it is necessary to establish stable expression of the variant
protein and it is desirable to be able to induce receptor expression. This was

achieved using an episomally maintained expression vector pMEP4

99



2--1
(
K 8 P
13-
=4
, 4% .
*9
3 .5%
- 1

?
cl
+ P
YE
oo
!Il<;
!II<;
!II<;



Chapter 3 Exon 5 Variant

expressing the variant under the control of the human metallothionein ITA
promoter. This promoter is responsive to heavy metals and can be used to
induce the expression of variant in a dose dependent manner. The vector
carries the hygromycin B gene conferring hygromycin resistance to
transfected mammalian cells. The plasmid contains the Epstein Barr virus
origin of replication and is able to replicate extra chromosomally and does
not rely on chromosomal integration for stable maintenance of resistance and
for expression of the foreign gene. We used the Breast cancer cell line
MCF-7 because it is a well characterised ER positive cell line that shows a
positive mitogenic response to E2. ER negative lines that have been
transfected with ER show a paradoxical negative growth response to
oestrogens and in this artificial situation it is difficult to interpret any
changes seen in proliferation. In addition, since the exon 5 variant mRNA is
only found in association with of full length ER mRNA, we wanted to study
the growth effects of the exon 5 deletion in the context of wild type receptor

expression.

Isolation and characterisation of pooled clones expressing exon 5 variant

rece ptor

The cDNA for full length and the exon 5 variant ER were transferred

into pMEP4 and hygromycin resistant clones isolated from parental MCF-7
cells transfected with pMEP4, pMEP4HEGO and pMEP4hERAS. Firstly
transfected cells were exposed to hygromycin and resistant populations from
cach plasmid transfection were established on 9 cm dishes. Each dish
produced approximately 100 individual colonies. At first passage, each dish
was maintained as a continuously growing culture comprising multiple clones
which were merged during the first passage procedure and are refered to as
pooled clones. These were used to demonstrate the ability to induce
expression of either exon 5 variant protein or additional wild type receptor
when exposed to cadmium. Expression of receptors was monitored by
western blotting using H226 as secondary antibody (Fig 3.5). Here it can be
seen that the parental MCF-7 and the cells transfected with pMEP4 vector
alone both express a similar amount of wild type receptor. The cells
transfected with pMEP4HEGO also show similar levels of receptor in the
absence of induction but when exposed to cadmium the amount of receptor

increases. In the two control cells the amount of receptor is decreased in the
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presence of cadmium. This observation has been made by others who report
that cadmium causes down regulation of ER, and has oestrogenic type effects
on MCF-7 cells including stimulation of oestrogen responsive reporters and
an increase in cell growth (Garcia-Morales et al 1994). In the cells
transfected with the pMEP4hERA5, normal levels of endogenous receptor are
seen but on induction with cadmium a band of approximately 42 kD was
detected corresponding to variant ER expression. This band is not apparent
in the other cell lines but can be seen faintly in the uninduced lane
indicating that the metallothionein promoter is weakly active in the absence

of added heavy metals.

Use of different heavy metals to induce receptor expression.

Since cadmium but not zinc have been shown to exibit oestrogenic like
activity (Garcia-Morales et al 1994) we used zinc chloride in most subsequent
work, especially in assessing the activity of the variant on cell growth and
gene activation.  In preliminary experiments we found that zinc chloride was
tolerated in doses up to 200 uM with no apparent effect on cell growth or
morphology. Cadmium however was only tolerated up to 1 uM. At higher
concentrations it was noted to retard cell growth and at concentrations above

b puM it was toxic causing cells to detach from the culture dishes.

Isolation and characterisation of clonal cell lines expressing exon 5 variant
ER

Individual colonies of hygromycin resistant cells obtained after
transfection with pMEP4 vectors were isolated by ring cloning and screened
for the expression of full length and variant receptor. All of the clones
analysed showed similar levels of full length receptor but most did not
express variant receptor (data not shown). Three clones expressing variant
receptor in an inducible manner were isolated which we named Var 1-3.
The amount of ER expressed before and after stimulation with cadmium or
zinc was analysed by Western blotting and is shown (fig 3.6). Semi
quantitative estimates of relative abundance of receptor were made using
multiple photographic exposures of the blots. Var-1 cells express detectable
variant receptor in the absence of induction at a level comparable to the full
length receptor. On induction with 200uM zinc chloride there is a dramatic

rise in the level of variant receptor expression such that it exceeds the
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amount of full length receptor by approximately 10 fold. It was noted that
at the maximum tolerated doses, zinc chloride was more potent as an inducer
of variant expression than cadmium chloride, which is reported as the most
potent inducer of the metalothionien promoter. Var-2 cells do not express
detectable levels of variant in the absence of induction but on induction
express variant receptor at 2-3 times the level of endogenous receptor.
Similarly Var-3 cells do not express variant receptor until exposed to heavy
metals when zinc chloride can induce variant expression to a level 3-4 times
the endogenous receptor level.

The specific antibody MP40 was used to confirm that the 42 kD H226
immunoreactive band seen in transfected cells was indeed genuine variant
receptor by analysing Var-1 cells treated with increasing doses of zinc
chloride. Extracts were analysed by western blotting using with MP40 and
11226 as primary antibody (Fig3.7). Here it can be seen that with increasing
doses of zinc chloride an increasing amount of variant receptor is detected.
Doscs above 200 uM were not used, as these would have been in the toxic

range

Duration of Exon 5 receptor expression.

In order to assess the effect of exon 5 variant expression on cell
growth it is necessary to have prolonged expression of the receptor we
therefore analysed the duration of exon 5 variant receptor expression in
Var-1 cells during prolonged exposure to 200uM zinc chloride. Cells were
grown for up to 6 days in the presence of zinc chloride and analysed by
western blotting. (Fig 8) Maximal expression is seen after 1 day but the
variant remains expressed at substantially higher levels than the wild type for
6 days. In this experiment we also note that the level of the endogenous
receptor is decreased at 1 day but that over the time course of the

experiment the endogenous receptor recovers towards the uninduced level.

Effect of ligands on the expression of variant receptor

The expression of endogknous and exon 5 variant receptor in Var-1
cells was examined in the presence of E2 and antioestrogens, both in the
absence and presence of zinc chloride (Fig 3.9). In the uninduced state the
endogenous receptor isseen to respond to ligands as expected with a

reduction in ER after exposure to E2. There is little effect of OHT and
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Chapter 3 Exon 5 Variant

complete disappearance full length ER in the presence of ICI 182780. The
fall in endogenous receptor is again seen with the addition of zinc chloride.
This is further reduced by addition of E2 and is undetectable with ICI
182,780. In contrast there is no discernible effect of ligand on the levels of
~ variant receptor expression in the absence or presence of induction.

Effect of Exon 5 variant ER expression on growth of stable cell lines
Having established a system where the exon 5 variant could be
expressed at several different ratios and established that this expression was
maintained after induction for more than 5 days it was possible to analyse

the effect of variant expression on cell growth in the presence of E2 or
antioestrogens.

All three cell lines were grown in the absence or presence of zinc
chloride to alter the amount of variant expressed and the effects of adding
ligands to the rate of growth monitored. These responses were compared to
MCF-7 cells transfected with the parental pMEP4 vector (Vector control). All
clones were seen to grow at similar rates in the absence of ligand. Increasing
cell number by 4-5 fold after 7 days (Figl0). The effect of E2 on variant
expressing clones was similar in all cases to that of the control cells,
increasing the growth rate such that cell numbers increased 15-20 fold after
7 days. In the presence of OHT there was a small decrease in cell growth
compared to cells grown in the absence of hormone. The pure
antioestrogen ICI 182780 had a more pronounced effect reducing the
growth of all clones further. Although there was slight variability in the
degree of growth inhibitory action of the antioestrogens between the three
variant expressing cell lines, these differences were comparatively small. In
all cases there was no discernible effect of inducing expression of exon 5

variant ER. The control cells were unaffected by the addition of zinc

chloride.

Effect of exon 5 variant ER on the ability of antioestrogens to antagonise the

growth stimulation of E2

The ability of antioestrogens to block the growth stimulatory effect of
oestrogens is an important aspect of their clinical efficacy, therefore the
ability of the variant to influence this action was tested in Var-1 cells. In this

experiment cell growth was followed over a 15 day period. E2 stimulated
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FIG 3.10

Effect of inducing exon 5 variant ER expression on the proliferative response to oestrogen and antioestrogens

Three variant expressing clones (Var-1-3) are compared to cells transfected with empty vector (Vector control).

Cells were plated at equal densities and increase in cell number determined after 7 days growth. Each cell line

was grown in the absence of the inducer zinc chloride ( = ) or with 200 uM zinc chloride (+ ). In addition cells

9 6 6

were exposed to ethanol carrier alone ( |l ), 10" M 17-B oestradiol ( [1), 10 M 4-hydroxytamoxifen (), 10 "M

ICI 182780 ( B2 ). Results are expressed as fold increase in cell number above the number of cells present at the
time treatments were applied. The results shown represent the mean values of three independent experiments

performed in duplicate, error bars indicate the standard error.
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Fig 3.11
Antagonism of oestrogen stimulated growth by antioestrogens

Vector control and Var 1 cells were plated out and left to recover for
two days and then treated in the absence or presence of 200 pM zinc
chloride (-/+zinc) for periods up to 15 days with ethanol carrier alone
(M ), or in the presence of 10-8M 17 oestradiol ( O ), 10-8M 17-B
oestradiol plus 10-6 M 4 hydroxytamoxifen ( A ), or 10-8M 17-8
oestradiol plus 10-6 M ICI 182,780 ( @ ). Results are plotted as fold
increase compared to cell number at the time of adding ligand. Data
shown represents the mean of three separate experiments performed

in duplicate, standard error is indicated by error bars.
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Chapter 3 Exon 5 Variant

cells were compared to cells grown with both E2 and excess antioestrogens.
The effect of inducing variant expression on these responses was monitored.
In both control cells and variant expressing cells the growth stimulation seen
in the presence of E2 was completely reversed by both OHT and ICI 182780
(Fig 3.11). The rate of growth was suppressed below that seen in the
absence of added hormone, ICI 182780 showing more potent growth
retardation than OHT. The antagonistic action of both antioestrogens was
unaffected by induction of variant with zinc chloride which also had no
effect on the responses in the control cells.

These experiments demonstrate that despite the presence of AF-1
(which was shown to be constitutively active in chicken embryo fibroblasts),
the exon 5 variant ER is not capable of significantly stimulating the growth
of MCF-7 breast cancer cells in the absence of ER ligand. It is also not
capable of influencing growth stimulation response to oestradiol or the
antagonistic action of the partial agonist hydroxytamoxifen or the pure
antioestrogen 1CI 182,780. It appears therefore that in isolation, expression
of exon b variant receptor even in large excess is not sufficient for

antioestrogen resistance in MCF-7 cells.

Activity of the Exon 5 variant ER on gene activation in MCF-7 cells
Although there was no effect of the exon 5 variant on cell growth it

may have an effect on individual gene expression. Therefore the action of

the variant on 2 reporter genes and 2 endogenous oestrogen responsive

genes was analysed.

Transient transfection of variant expressing cells with an ERE tk luciferase

1‘eporter

The effect of variant expression on gene transcription in breast cancer

cells was examined by transient transfection of Var-1 cells using the ERE tk
luciferase reporter described earlier. Comparisons were made between
induced and uninduced cells. It was noted that the addition of 200 uM zinc
chloride increased the expression of the internal control reporter plasmid
pJ7 lacZ consistently by 3 fold. It was therefore not possible to use the -
galactosidase assay to correct for transfection efficiency unless an adjustment
was made to allow for this effect. Therefore the results of each well of

transfected cells were normalised for protein concentration. In general the
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Fig 3.12

Transient transfection of exon 5 variant expressing cells with an ERE tk
luciferase reporter.  Control cells and variant expressing cells were
transiently transfected in 24 well plates with 0.5 pg ERE tk luciferase and 0.1
1g pJ7 B-galactosidase reporters in a total of 1 pg DNA . After transfection
cells were incubated for 24 hours in the absence or presence of 200 pM zinc
chloride with ethanol carrier alone (I ), 108 M oestradiol ( 0),

10°M 4-hydroxytamoxifen (), or 10°M ICI 182,780 (). Cells were
harvested and assayed for luciferase activity. Protein concentration was
determined and B-galactosidase activity was monitored. Luciferase activity
was corrected for protein concentration and has been expressed as the
percentage of the activity seen in the control cells stimulated by oestradiol in
the absence of induction by zinc chloride. Transfections were performed in
duplicate and the results shown represent the mean of three independent
experiments. Standard error is indicated by error bars.
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variation in protein concentration between wells was less than 10% and
these differences paralleled the B galactosidase results.

Transfection results are summarised in Fig 3.12. In both Var-1 and
vector control cells in the absence of inducer there is low basal activity in the
absence of added ligand this Stimulation of approximately 8 fold is seen on
treatment with E2. Treatment with OHT has a minimal suppressive effect
on basal activity and ICI 182,780 suppresses basal activity substantially. When
the cells are induced with zinc chloride there is no observable increase in
basal activity in Var-1 cells or control cells. The response to E2 is unchanged
but there is no significant suppression of basal activity in the presence of
cither antioestrogen. Since this loss of suppression is seen in both control
and var-1 cells it is presumably an effect of zinc chloride and not the
induced variant ER. Zinc chloride therefore may have some weak
stimulatory effect on this reporter but this is only apparent when the basal
ER stimulation is suppressed. It is likely that this stimulation occurs in an
ER independent manner since the pure antioestrogens result in receptor
depletion.  Similar results were obtained when Var-2 cells were transiently
transfected with ERE tk luciferase. The important conclusion from this
experiment is that the exon 5 variant ER is unable to stimulate gene
transcription and it does not affect the ability of the full length receptor to
stimulate in response to E2. Thus as with the growth assays it has not been

possible to demonstrate significant functional activity of the variant receptor.

Transient transfection of variant expressing cells with an EREgTATA CAT

reporter.
The effect of the variant on a simple promoter was investigated with a

further set of transient transfection experiments using a reporter construct
consisting of two xenopus vitelogenin EREs upstream of the adenovirus
major late TATA box linked to CAT. In these experiments we increased the
number of cells in each transfection scaling up the transtection from 24 to 6
well plates because the activity of this promoter is weak and more cells are
required for an accurate assay. As before the transfections were normalised
for protein concentration but a similar result was obtained if a correction in
B galactosidase activity is made in zinc treated transfections. The results of
these experiments are summarised in Fig 3.13.  With this reporter the basal

activity 1s low and both control and Var-1 cells show a 50 fold stimulation of
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Transient transfection of exon 5 variant expressing cells with an
ERE TATA CAT reporter. Control cells and variant expressing cells were
transiently transfected in 6 well plates with 2.0 pug ERETATACAT and 0.5 pug
pJ7 B-galactosidase reporters in a total of 5 pg DNA . After transfection cells
were incubated for 24 hours in the absence or presence of 200 uM zinc
chloride with ethanol carrier alone (), 10M oestradiol ( [1),

108M 4-hydroxytamoxifen ([§), or 100 M ICI 182,780 (g&). Cells were
harvested and assayed for CAT activity. Protein concentration was
determined and B-galactosidase activity was monitored. Luciferase activity
was corrected for protein concentration and has been expressed as the
percentage of the activity seen in the control cells stimulated by oestradiol in
the absence of induction by zinc chloride. Transfections were performed in
duplicate and the results shown represent the mean of three independent
experiments. Standard error is indicated by error bars.
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CAT activity with E2 (without zinc induction.). This is unaffected by zinc
chloride in the control cells but var-1 cells show a significant 5 fold increase
in ligand independent activity on addition of zinc chloride suggesting that
this reporter is constitutively stimulated by increasing the amount of exon 5
variant ER. The reporter remains fully sensitive to stimulation by E2. There
is a modest stimulation of this reporter with the addition of OHT in both
cell lines of 3-4 fold. This stimulation is enhanced in var-1 cells induced with
zing, although since basal activity is already elevated there is a reduction in
fold increase compared to basal activity. The response to ICI 182,780 is also
dependent on the expression of the variant. In control cells there is a
suppression of basal activity by ICI 182,780 but after zinc induction this
suppression is not seen (a similar effect was seen with the tk promoter). In
the Var-1 cells there is a paradoxical increase in activity of uninduced cells
when ICI 182,780 is added although this rise is small and of uncertain
significance. In the presence of zinc induction 1CI 182,780 stimulation
increases to a similar level to that seen with no added hormone.

It therefore seems that this reporter is weakly responsive to
sumulation by Exon 5 variant receptor and this stimulation is not suppressed
bv antioestrogens. There is a tendency for the ligand independent
stimulation to increasc in the presence of the pure antioestrogen. The

response to stimulation by E2 is unaffected.

Analysis of pS2 expression by Northern blot analysis

To examine the effect of the exon 5 variant on natural oestrogen
responsive genes total RNA was extracted from Var 1 and control cells
before and after induction with zinc chloride or cadmium chloride. Cells
were also treated with E2. RNA from these samples was analysed by probing
a northern blot with DNA probes for pS2 and with human y actin The signal
from these two probes was quantitated by phosphoimager, to quantify the
induction of pS2, Fig 3.14. The Northern blot analysis shows that in both
control and var-1 cells pS2 is induced as expected by addition of E2 by 7 and
4 fold respectively. There is however no significant effect of zinc chloride
and only a minor increase in pS2 with cadmium chloride 1.3 and 1.5 fold
respectively which is of doubtful significance. This evidence suggests that

the exon 5 variant is not capable of inducing pS2 expression.
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