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Foreword

The development of combination chemother-
apy for breast cancer in the 1960s generated
increased optimism and heightened expecta-
tions for improved management of metastatic
and primary breast cancer. As a result, interest
in hormonal therapy waned, and most thera-
peutic research during the 1970s focused on
cytotoxic therapy.  However, a distinguished
group of laboratory scientists and clinical inves-
tigators understood that the endocrine influ-
ence in the development and progression of
breast cancer was of a fundamental nature.
Therefore, additional progress in the manage-
ment of this disease required an in-depth
understanding of the biology of breast cancer.
It became apparent that endocrine influences
played a central role in this field.

Over the past three decades, our understand-
ing of the importance of steroid hormones on
the physiology of the breast has expanded dra-
matically. In keeping with this understanding,
the role of dysregulation of these endocrine
influences in malignant transformation became
apparent, and led to the realization that becom-
ing familiar with this complex network of
cell–cell interactions and signaling pathways
would provide increasing opportunities for tar-
geted therapeutic interventions.  The past two
decades have witnessed a quiet revolution in
the endocrine therapy of breast cancer – quiet,
because progress in this area was often over-
shadowed by the development of new cytotoxic

agents (anthracyclines, platinum compounds,
the taxanes), and more recently by biologically
targeted therapy.  However, progress in
endocrine therapy has been major. Starting
with the identification of substantial antitumor
activity of the prototype selective estrogen
receptor modulator (SERM), tamoxifen, in
patients with metastatic breast cancer, a num-
ber of highly targeted interventions were taken
from the laboratory to the clinic.  While
trastuzumab is often mentioned as the first ‘tar-
geted’ therapy for breast cancer, tamoxifen
clearly deserves that distinction. The estrogen
receptor signaling pathway was also the first to
be analyzed and understood in detail, although
its complex interactions with other families of
non-endocrine growth factor receptors are only
starting to be appreciated.

From the establishment of tamoxifen as the
endocrine agent of choice for both pre-
menopausal and postmenopausal women with
metastatic breast cancer to its integration in
combined-modality treatments of receptor-pos-
itive primary breast cancer many years elapsed.
Furthermore, many misconceptions had to be
overcome, by generating evidence on the basis
of prospective randomized trials.  Studies of
structure– function correlations led to the
development of other SERMs, and their evalua-
tion in the management of several other health
conditions.

Major endocrine ablations were replaced
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over these past three decades by two types of
interventions: luteinizing hormone-releasing
hormone (LHRH) analogs and selective aro-
matase inhibitors.  These agents have made
major inroads over a relatively short period of
time, and now constitute an integral part of
combined-modality therapy of breast cancer.
The major effect of endocrine treatment has
been in the management of patients with pri-
mary breast cancer. Randomized trials have
shown that, for appropriately selected patients,
the effectiveness of tamoxifen, and more
recently anastrozole, appears to exceed that of
the most commonly used cytotoxic regimens.
Furthermore, the combined use of both
chemotherapy and endocrine therapy produces
additive effects, thus markedly decreasing the
odds of recurrence and death.  While therapeu-
tic research in endocrine therapy continues, and
many new and exciting agents will be produced
in years to come, it is in the area of breast
cancer prevention where endocrine interven-
tions show major promise.

The editors of this volume, well-known
experts in the field of breast cancer endocrinol-
ogy and endocrine therapy, have put together
an outstanding reference for all those who use
these treatments or who need detailed under-
standing of the endocrine physiology of the

breast and the pathophysiology of breast
cancer.  The first part describes the therapeutic
agents and their current utilization in the man-
agement of primary and metastatic breast
cancer. The second part provides a superb and
detailed overview of the science behind this
field. Our understanding of this biological
process will feed the development of addi-
tional, novel therapeutic agents and will lead to
increased exploration of endocrine preventive
strategies.  Those involved in the management
of breast cancer owe a debt of gratitude to the
tens of thousands of women who participated
in clinical trials that defined the role of
endocrine therapy in metastatic and primary
breast cancer, as well as to the clinical trialists
who developed and conducted those trials.  We
are also grateful to the laboratory scientists on
whose work progress in breast cancer
endocrinology is based.  Finally, we thank the
editors for organizing this outstanding and
timely volume, which should serve clinicians
and scientists alike.

Gabriel N Hortobagyi
Professor of Medicine and Chairman

Department of Breast Medical Oncology
UTMD Anderson Cancer Center

Houston, USA

viii FOREWORD
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Part I
Use of Endocrine Therapies 
in Clinical Practice
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1
Overview and concepts of endocrine therapy
Daniel F Hayes, John FR Robertson

Perhaps one of the greatest success stories in
the history of cancer treatment has been the
study and application of endocrine treatment
for breast cancer. Endocrine therapy may lack
the immediate impact seen with the dramatic
cure rates achieved by chemotherapy in
patients with lymphoma or germ cell cancers.
However, endocrine therapy for breast cancer
has arguably benefited far more patients and
saved substantially more lives, given the
enormous frequency of the disease in Western
society. Furthermore, as the latter half of the
20th century unfolded, a series of groundbreak-
ing laboratory investigations, often based on
clinical observations, provided nearly unprece-
dented insight into the mechanism of action
and resistance of endocrine therapies. It is fair
to say that endocrine therapy can be considered
the paradigm for ‘molecular medicine’ as a
whole, with considerable two-way interaction
between the laboratory and the clinic. Indeed
many of the new ‘biologic therapies’ such as
trastuzumab or epidermal growth factor recep-
tor (EGFR) tyrosine kinase (TK) inhibitors are
based on similar principles that have guided
the selection of patients for endocrine therapy.

The field was initiated in the late 1890s, when
Sir George Thomas Beatson, a surgeon at
Glasgow Royal Infirmary, hypothesized that a
link might exist between the breast and the
ovary. Beatson was aware that in cows that had
recently calved, lactation could be prolonged by

performing an oopherectomy. He surmised that
one organ held sway over another. Beatson also
thought there were similarities in the micro-
scopic appearances of the lactating breast and
the neoplastic breast. From these observations,
he made the conceptual leap that if castration
could affect lactation, it might also effect breast
cancers.1 Beatson first reported a single case
study of a young woman who had previously
had a mastectomy and subsequently returned
with inoperable local recurrence.1 He carried
out bilateral oophorectomy and the patient’s
cancer responded. However, the cancer eventu-
ally progressed and the patient eventually died.
The following week (18 July 1896), he reported
a second case of a young woman who pre-
sented with inoperable, locally advanced breast
cancer.1 This patient did not respond to bilateral
oophorectomy. Thus, in the very first two
reported patients, Beatson identified the major
issues that we still struggle to understand fully
today. First, why do some tumors respond (i.e.
are endocrine-sensitive) but others do not (i.e.
are endocrine-resistant, de novo)? Second, even
when tumors do respond to endocrine treat-
ment, why do they eventually progress (i.e.
develop acquired endocrine resistance)? In the
succeeding decade, a series of reports
demonstrated that approximately 25% of
patients benefited from surgical oophorectomy,
and that this type of treatment appeared to be
more effective in younger women than in older
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patients.2 With the introduction of radiation
therapy, it was later reported that ovarian irra-
diation could also effect ablation of ovarian
function.3

By mid-century, endocrine therapy, consist-
ing of oophorectomy for young women and
pharmacologic doses of estrogenic compounds
for postmenopausal women, was the treatment
of choice in advanced disease. Some of the ear-
liest prospective randomized clinical trials in all
of medicine addressed chest wall radiation
therapy after mastectomy in patients with
breast cancer. Not long after these radiotherapy
studies, prospective randomized clinical trials
investigating adjuvant oophorectomy
demonstrated reductions in distant recurrence
and mortality, and these trials remain positive
to this day.4 Since then, several new approaches
– both surgical (e.g. adrenalectomy) and med-
ical (e.g. tamoxifen) – have been introduced
that have improved the efficacy and safety of
endocrine therapy. Subsequently, endocrine
therapy has become one of the main arrows in
the quiver for this disease. Although endocrine
therapies were initially introduced in the
metastatic setting, their importance in the adju-
vant setting is widely accepted.4,5 Remarkably,
endocrine therapy (specifically tamoxifen) has
recently been identified as a chemopreventive
agent for patients at high risk for a new breast
cancer – i.e. those with ductal carcinoma in situ
(DCIS) – and even in unaffected women whose
personal or family histories place them at risk.6,7

Therefore, a thorough understanding of the role
of endocrine therapy is essential for any student
or practitioner involved in the evaluation
and/or treatment of women who have breast
cancer or who are at risk for it.

Fundamentally, endocrine therapy has been
divided into two categories: ablative and addi-
tive (Table 1.1). Ablative therapies are directed
towards removing the sources of estrogen,
which are primarily the ovaries in pre-
menopausal women and the adrenal glands in
postmenopausal women. Initially, ablative ther-
apies were accomplished by surgical ablation of
hormone-producing organs, but more recently
the goal of estrogen deprivation can be accom-

plished by chemical means. Surgical ablative
therapies can be direct, such as oophorectomy
and adrenalectomy, or indirect, such as
hypophysectomy.

Following Beatson’s seminal observation,
surgical oophorectomy and (soon after) radia-
tion ablation served as the means of blocking
ovarian function in premenopausal women.
More recently, ‘chemical castration’ by the
administration of agonists and/or antagonists
of luteinizing hormone releasing hormone
(LHRH) has been shown to prevent ovarian
estrogen production. Unlike surgery or radia-
tion, this method is potentially reversible,
especially in younger women. However,
approximately one-third of circulating estradiol
is produced in premenopausal women by
peripheral conversion of androstenedione and
testosterone by the aromatase enzyme.
Although the ovaries are a major source of this
enzymatic activity in premenopausal patients,
several peripheral organs also serve as sites of
peripheral aromatase activity, including fat,
liver, and muscle. Indeed, in postmenopausal
women, these peripheral sites become the major
sources of aromatization into estradiol of male
sex steroids (androstenedione and testosterone)
secreted by the adrenal glands. Furthermore,
approximately two-thirds of breast cancers
express the aromatase enzyme. Consequently,
the cancer itself may be responsible for ‘local’
estrogen production.8,9

Prospective randomized clinical trials have
now demonstrated that aromatase inhibitors
(AIs) are as effective, or more so, than previ-
ously existing second-line endocrine treatments
in the metastatic setting.10–12 Recently reported
studies suggest that selected AIs may even be
more effective than tamoxifen as first-line
antimetastatic therapy.13 The first-generation
aromatase inhibitors lacked specificity and
were associated with substantial toxicity.
However, as outlined in Chapter 6, powerful
agents that specifically and almost completely
inhibit aromatase activity are now in wide-
spread use. Prospective randomized clinical
trials are now underway comparing newer-
generation AIs with tamoxifen, in combination

4 ENDOCRINE THERAPY OF BREAST CANCER
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with tamoxifen, or in sequence with tamoxifen,
in the adjuvant setting.

Additive endocrine therapies, in principle,
function by direct action on the hormonally
dependent cancer cell. In that regard, estrogen
production persists, but its action is blocked at
the cellular level by interference with estrogen
and its receptor. Enigmatically, the first such
agent to be used successfully was an estrogenic
compound (diethylstilbestrol, DES) adminis-
tered at pharmacologic doses. Subsequently,
DES was replaced by a triphenylethylamine,
tamoxifen, which was originally considered to
be an ‘antiestrogen’. As described in Chapters 3

and 4 subsequent studies have demonstrated
that tamoxifen and other similar agents (e.g.
toremifene, raloxifene, idoxifene and drolox-
ifene) have dualistic agonist and antagonist
activity, depending on the tissue of interest.
Consequently, tamoxifen, and these other simi-
lar agents, have been designated selective estro-
gen receptor (ER) modifiers (SERMs).

As described in Chapter 7, other hormonal
therapies, such as progestational agents (mege-
strol acetate and medroxyprogesterone acetate)
and androgens, have been harder to classify.
Both of these types of treatment have been
proven to be active against breast cancer,

OVERVIEW AND CONCEPTS OF ENDOCRINE THERAPY 5

Table 1.1 Categories of steroid hormone endocrine therapies for breast cancer

Additive Ablative

Estrogenic compounds: Surgical
ethinylestradiol Oophorectomy
diethylstilbestrol Adrenalectomy

Androgens: Hypophysectomy
fluoxymestrone
methyltestosterone Medical

Selective estrogen receptor modulators Luteinizing hormone-releasing hormone (LHRH) 
(SERMs): agonist/antagonists:

tamoxifen goserelin
toremifene leuprolide
droloxifene Aromatase inhibitors:
idoxifene aminoglutethimide
raloxifene formestane
EM 800 fadrozole

Pure antiestrogens: anastrazole
fulvestrant letrozole

Progestins: exemestane
megestrol acetate vorozole
medroxyprogesterone acetate

Antiprogestins:
mifepristone
onapristone
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although they have been largely replaced or rel-
egated to third- or fourth-line therapy by
newer, more active and tolerable agents. In
theory, they might exert their effects at the
cellular level via the progesterone or androgen
receptors respectively. However, it has been
speculated that the mechanism of action of
progestins and androgens may be a con-
sequence of suppression of the hypothalamic–
pituitary axis via a feedback mechanism. In this
case, one might consider these strategies as
ablative. More recently, studies have been
reported of antiprogestins (e.g. mifepristone
and onapristone) that have confirmed that these
agents are effective endocrine therapies. Since
mifepristone causes an elevation in serum estra-
diol, it has been debated whether antiprogestins
act via inhibition of progesterone receptor
(PgR) function or by acting indirectly through
the ER. In the latter case, one would simply
consider these agents to be another form of
estrogen or antiestrogen therapy. Chapter 8
focuses on the clinical studies of antiprogestins
in human breast cancer and includes data from
two previously unreported studies along with
biologic data from a phase II study that sug-
gests that at least one of the antiprogestins
appears to act via the PgR.

These considerations and several unusual
clinical observations have led clinicians to
appreciate that not all endocrine therapies are
equal with regard to mechanisms of action, effi-
cacy, or toxicity. For example, additive thera-
pies, such as DES and the SERMs, occasionally
produce a short-lived syndrome of tumor exac-
erbation, designated ‘clinical flare’, that is often
followed by clinical response.14,15 Moreover,
some patients who have enjoyed response from
these agents and then suffered progression may
experience a subsequent clinical benefit from
simple removal of the treatment (‘withdrawal’
or ‘rebound’ response).16–18 In contrast, ablative
therapies are rarely if ever associated with
either tumor flare or withdrawal response. As
outlined in Chapters 2–7, it is very common to
observe serial therapeutic responses when
patients with ER-positive tumors are treated
with sequential endocrine therapies. In fact,

recent reports have documented clinical benefit
to the aromatase inhibitors even in patients
who experienced primary resistance to tamox-
ifen.10 If these agents induce response in the
same manner, and if resistance is generated via
the same mechanism, then these observations
are difficult to explain.

Some but not all answers to these contradic-
tory clinical phenomena have been provided by
the remarkable molecular biology of endocrine-
responsive cancers that has emerged from
investigational laboratories over the last 35
years. As described in Chapter 9, it is now well
established that steroid hormones, such as
estradiol, exert their effect by freely diffusing
through the plasma membrane and binding to
cytoplasmic peptide receptors. Binding of the
steroid ligand with the receptor (in this case,
estrogen and ER) induces ER homodimeriza-
tion, followed by interaction with estrogen
response elements (EREs) in the promoter
regions of estrogen-dependent genes. Recent
work has demonstrated that at least two such
ERs exist: ER� and ER�. Specific genetic func-
tion is dictated by carefully orchestrated inter-
action between the ER/ERE and intranuclear
co-activating and co-repressing proteins. The
precise cellular/tissue response to estrogen, or
to other ligands such as the SERMs, depends on
the specific ligand, the balance of ER� and ER�,
and the relative concentrations of multiple co-
activators and co-repressors. Perhaps the best
example of this exquisite balance is the appar-
ent difference in tissue specificity between
tamoxifen and a more recently introduced
SERM, raloxifene. Both have antiestrogenic
qualities in breast tissue and in the central ner-
vous system, and both appear to be estrogenic
in bone and liver. However, while the estro-
genic effects of tamoxifen in the uterus account
for part, if not all, of the associated increase in
endometrial cancer, raloxifene appears, at this
stage, to have less agonistic action on the
endometrium.19–25

Our increasingly sophisticated understand-
ing of the molecular biology of the ER axis may
also explain another puzzling clinical observa-
tion. During the first 15 years of tamoxifen use,

6 ENDOCRINE THERAPY OF BREAST CANCER

720_Breast.ch01  26/04/2002 9 27 am  Page 6

  



most clinicians assumed that long-term admin-
istration should be more effective than shorter
courses. Indeed, prospective randomized trials,
and a worldwide overview of clinical results,
have demonstrated that while 1 year of adju-
vant tamoxifen improves disease-free and over-
all survival, 2 years and 5 years provide even
more benefit.5 However, in two prospective
trials, women who reached 5 years on adjuvant
tamoxifen were randomly assigned to ongoing
maintenance versus discontinuation of the
drug. Results from these individual studies
have suggested that not only is there no appar-
ent benefit to more than 5 years, there may
actually be a higher risk of recurrence and
death.26,27 While larger trials of 5 years versus 10
years are currently ongoing, recent in vitro
studies have demonstrated that, as in bone and
liver, tamoxifen can become agonistic for the
ER in breast cancer tissue, perhaps providing
an explanation for this initially confusing clini-
cal observation.28 These considerations con-
found the terms ‘sensitive’ and ‘resistant’, as
classically considered for other antineoplastic
agents. For example, does a patient whose
tumor initially responded to tamoxifen and
subsequently starts to grow in spite of (and per-
haps because of) tamoxifen have a ‘resistant’
tumor? Clinically, the answer is yes, since she
has progressive disease in spite of current ther-
apy. However, molecularly, the answer is no.
Her cancer remains, technically endocrine-
‘dependent’, and tamoxifen is now serving as
the agonistic, hormonal ligand. Other mecha-
nisms of acquired resistance appear to involve
‘crosstalk’ with other growth factor pathways
such as insulin-like growth factor (IGF) and
type 1 (c-ErbB) growth factors (as described in
Chapter 10). This discussion is more than
semantic, since if a patient’s tumor remains hor-
mone-dependent, it may still respond to other
endocrine manipulations, such a pure ER
antagonist and/or an aromatase inhibitor. Thus
development of acquired resistance to a
particular endocrine agent such as tamoxifen
does not, per se, equate to hormone insen-
sitivity.

Approximately 30–40% of all breast cancers

appear to be endocrine-independent de novo,
including 90–100% of ER-negative tumors and
30–40% of ER-positive tumors. This dichotomy
is borne out by the recently reported tamoxifen
chemoprevention trials, in which tamoxifen
only reduced approximately 50% of the cancers
that emerged on placebo in high-risk women,
and most of the emergent breast cancers on
tamoxifen were ER-negative.7 Large adjuvant
trials of women who have never been treated
with tamoxifen suggest that the benefits are
confined almost exclusively to ER-positive
patients. Other breast cancers begin with
endocrine dependence, and these cancers are
inhibited or even cured by endocrine treatment,
especially in the adjuvant setting. In the
metastatic setting, many ER-positive cancers
are still hormone-dependent, and therefore
serial endocrine treatments are effective.
Nevertheless most, if not all, metastatic breast
cancers become hormone-insensitive by poorly
understood mechanisms. Ultimately, these can-
cers become truly resistant to further endocrine
treatment. Interestingly, in the majority of
tumors, these mechanisms do not appear to
involve loss of expression of ER. It is in these
patients that new therapies are most needed.
These new therapies should either be designed
to modulate the ER axis to maintain hormone
dependence or directed against the non-
hormonal (at least non-ER) pathways that
now drive the cell to metastasize and proliferate.

What are these pathways? Some evidence
suggests other steroidal hormones and their
receptors may be functionally important,
although less so than the estrogen/ER axis.
These pathways include the PgR and various
retinoic or retinoic-like receptors (RAR and
RXR). Recently, a rapidly growing body of liter-
ature has suggested that peptide ‘hormones’, or
growth factors, play important physiologic and
pathologic roles in the growth and behavior of
epithelial tissues and their associated malignant
counterparts. Of these, the ErbB or HER
(human epithelial receptor) family has garnered
the most excitement. There are four members of
the ErbB family (ErbB1, -2, -3, and -4), which
variably interact with at least six different
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extracellular ligands, form homo- or hetero-
dimers, and activate one or more of at least four
subcellular signal transduction pathways via
tyrosine kinase activation. At least two impor-
tant clinical utilities have emerged from under-
standing the molecular biology of the ErbB
pathway. First, members of this family may be
important as prognostic and predictive factors
for patients with breast cancer.29 Several studies
have suggested that overexpression of members
of the ErbB family, especially ErbB1 (also called
the epithelial growth factor receptor, EGFR)
and ErbB2 (also called HER2 and c-Neu), are
associated with a poorer prognosis in patients
with newly diagnosed breast cancer.
Amplification and/or overexpression of ErbB1
and ErbB2 may result in decreased hormone
dependence for ER-positive cancers, resulting
in relative resistance to endocrine therapies.29

Likewise, other studies have suggested that
ErbB2 amplification and/or overexpression
may be associated with relative resistance to
certain forms of chemotherapy, such as alkylat-
ing agents, and relative sensitivity to others,
such as anthracyclines.29 Importantly, agents
that are directed towards interruption of the
ligand/receptor interaction or of the down-
stream signalling pathways are now in clinical
trials, and one such agent, trastuzumab
(Herceptin), is now widely accepted for routine
clinical use in patients with HER2-positive
metastatic breast cancer.30–33

Other peptide growth factor pathways are
also under investigation either as de novo axes
that breast cancer cells might exploit for hor-
mone independence or as upregulated systems
that result in emergence of resistance to
endocrine therapy. These include the insulin-
like growth factors (IGF-I and IGF-II) and asso-
ciated receptors34 and other, less well-studied
axes, such as that signalled through Notch
receptors. Although none of the studies of non-
ErbB pathways has attained clinical utility, it
seems likely that future investigations will be
fruitful.

In summary, a more thorough understand-
ing of the biology of steroid and peptide hor-
mones has provided explanations for the

fascinating and often enigmatic clinical phe-
nomena observed in endocrine treatment of
patients with breast cancer. Arguably,
endocrine therapy of breast cancer serves as a
prime example of molecular medicine and
translational science, with substantial bidirec-
tional interaction between clinical observations
and laboratory investigations, resulting in
increasingly more efficacious and tolerable
therapies. The subsequent chapters in this text
are meant to provide concise yet sophisticated
reviews of both the clinical and laboratory sci-
ence that has led to endocrine treatment taking
its rightful place as the cornerstone of breast
cancer therapy.
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Ovarian ablation
Kathleen I Pritchard
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BACKGROUND

Ovarian ablation was first used by Beatson1 in
the late 19th century, and proved useful in
shrinking widespread breast cancer. Around
the same time, Schinzinger2 suggested that
oophorectomy be done before or at the time of
mastectomy in order to ‘involute’ the breast,
thus ‘containing tumour cells’. This was, per-
haps, the first call for adjuvant systemic ther-
apy. The subsequent development of methods
for radiation ovarian ablation led others to sug-
gest that radiation castration following radical
mastectomy might prevent or postpone the
development of metastatic disease.3 A series of
small trials of adjuvant ovarian ablation were
subsequently carried out, but the small size of
the studies, poor study design, lack of sophisti-
cated methodology for analysis, and the appar-
ently minimal effects seen in these trials led to a
loss of interest in this modality, which was then
overshadowed by the promising early results of
adjuvant chemotherapy in the mid 1970s.4,5

By the early 1980s, however, it was apparent
that combination chemotherapy – at least as
given at that time – seemed to provide minimal
improvement for postmenopausal women, and
even in the premenopausal population was not
a panacea. In turn, the more widespread avail-
ability of measurements of estrogen receptor
(ER) and progesterone receptor (PgR) and the

development of several new hormonal agents6,7

encouraged a re-examination of adjuvant
endocrine therapy. It became obvious early in
its use that adjuvant tamoxifen, particularly in
postmenopausal patients, had an effect that was
not dissimilar from that of adjuvant combina-
tion chemotherapy in premenopausal women.
With this conceptual shift to the use of adjuvant
endocrine therapy, there was renewed interest
in ovarian ablation in the premenopausal popu-
lation. The development in 1984 of the Early
Breast Cancer Trialists Collaborative Group
(EBCTCG) – a consortium of investigators inter-
ested in examining adjuvant hormonal and
chemotherapy trials with meta-analysis tech-
niques – led to a re-examination of the entire
area of adjuvant therapy. It was the results of
this first overview analysis that finally made it
clear that ovarian ablation in premenopausal
women had consistent and significant effects on
both relapse-free and overall survival.8

RATIONALE

In women with metastatic breast cancer, ablative
or additive endocrine therapies produce response
rates of 30% in unselected patients, close to 50%
in women with ER-positive tumours, and up to
80% in women with ER- and PgR-positive
tumours.9,10 In contrast, fewer than 5–10% of
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ER-negative or ER- and PgR-negative tumours
will respond to hormonal manipulations.9,10

Response rates are proportional to the levels of
hormone receptor measured.10,11 Receptor levels
measured in primary tumours correspond quite
closely to those measured in recurrent disease –
at least in the absence of intervening hormonal
therapy.12 Thus, the receptor status of the pri-
mary tumour probably represents quite accu-
rately that of any occult metastases left after
primary surgery, and so it would seem likely that
adjuvant endocrine therapy as well would prove
most effective in women with high ER and PgR
levels at the time of primary surgery.

THERAPY FOR METASTATIC DISEASE

Ovarian ablation – either medical or surgical – has
long been known to be effective therapy in pre-
menopausal women, particularly those who have
ER- and/or PgR-positive tumours. Older liter-
ature has suggested response rates of about 30%
in unselected women, and as high as 60% or more
in women with high levels of both ER and PgR.9–11

In the mid 1980s, two randomized trials compar-
ing tamoxifen with surgical ovarian ablation in
premenopausal women with metastatic breast
cancer showed that the two approaches are
approximately equivalent in effect. A recent large
randomized trial showed that response rates to
the luteinizing hormone-releasing hormone
(LHRH) analogue goserelin are equivalent to

those seen with surgical ovarian ablation in pre-
menopausal women with metastatic disease.13,14

Several studies have been carried out of an
LHRH agonist used as initial hormonal therapy
in premenopausal women versus the same
LHRH agonist plus tamoxifen.15,16 A meta-
analysis (Table 2.1) of these studies has shown
prolonged progression-free survival (Figure
2.1), increased response rate (Figure 2.2), and
prolonged survival (Figure 2.3) for the combi-
nation as opposed to the LHRH agonist used
alone.16,17 Toxicity was reported to be similar
with the combination or with the LHRH agonist
used alone. There are some methodological dif-
ficulties with these studies, however. First, toxi-
city data have been collected (or at least
published) in a rather sketchy fashion, and it is
unclear that toxicities have been measured care-
fully enough or in enough detail for one to
really be certain that there is no toxicity dif-
ference between these endocrine approaches.
Furthermore, the largest trial, when analysed
alone, shows neither a survival benefit nor any
difference in time to treatment failure – this trial
had a crossover design such that patients who
began with the LHRH agonist alone went on to
receive subsequent tamoxifen, whereas the
other three studies, which contribute most to
the survival benefit seen in the meta-analysis,
did not have this design feature. The real ques-
tion is whether an LHRH agonist followed by
tamoxifen might produce similar total time with-
out progression, total time without failure, and

12 ENDOCRINE THERAPY OF BREAST CANCER

Table 2.1 European Organization for Research and Treatment of Cancer (EORTC) meta-analysis of
LHRH agonist versus LHRH agonist plus tamoxifen in women with metastatic breast cancer

LHRH agonist LHRH agonist
� tamoxifen

Overall survival 2.5 years 2.9 years p � 0.02a

Progression-free survival 5.4 months 8.7 months p < 0.001a

Response rate 30% 39% p � 0.03b

aHazard ratio. bOdds ratio.
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similar survival to the two agents used concur-
rently. Certainly, however, these data provide
some suggestion that the use of a concurrent
LHRH analogue and tamoxifen may improve
overall results. Further data regarding these
particular comparisons would be welcome.

A further point in this regard, however, is
that currently, most investigators initiate hor-
monal therapy in premenopausal women with
tamoxifen, and only subsequently use ovarian
ablation by surgery, irradiation or the use of an
LHRH analogue. Thus, it would be of even
more interest to know whether adding ovarian
ablation, by whatever means, to initial therapy
with tamoxifen is a superior approach to
tamoxifen alone followed by ovarian ablation.
Currently, this comparison is not to our know-
ledge, being studied.

In summary, ovarian ablation, by either radi-
ation, surgery, or use of an LHRH analogue,
remains a useful method of therapy for pre-
menopausal women with metastatic disease
that is ER- and/or PgR-positive. Ovarian abla-
tion can be used as either first- or second-line
hormonal therapy or can be used concurrently
with tamoxifen in this setting.

ADJUVANT THERAPY

Trials of adjuvant ovarian ablation versus no
other systemic therapy

Following the proposal of adjuvant oophorec-
tomy by Schinzinger,2 over 20 trials of ovarian
ablation either by surgery or irradiation and
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with or without the addition of prednisone
were carried out. Many of these trials, however,
were done before the era of randomized clinical
trials and before the widespread availability of
ER and PgR measurements.

The first trials of ovarian ablation consisted
mainly of series of patients from single institu-
tions, often with historical non-matched, 
non-randomized controls. Furthermore, informa-
tion was seldom present on such now well-

14 ENDOCRINE THERAPY OF BREAST CANCER

Table 2.2 Randomized trials of ovarian ablation versus no systemic therapy as adjuvant treatment

Triala Ovarian Accrual Randomized Data Published?
treatment period

<50 years old ≥50 years old
available?

Paterson 450 rad 1948–50 178 11 Yes Yes24,68

(Christie)

Nissen-Meyer 1000 rad 1957–63 151 195 Yes Yes25,69,70

(Norwegen)

Nevinny Surgery 1961–b 143 No Yes30

(Boston)

Ravdin Surgery 1961–67 184 0 Yes Yes26

(NSABP)

Bryant and Weir Surgery 1964–74 255 124 Yes Yes29

(Saskatchewan)

Meakin and Hayward 2000 radc 1965–72 349 430 Yes Yes27,28,31

(Princess Margaret

Hospital, Toronto)

Ontario Cancer 1500 rad 1968–77 9 323 Yes Yes32

Research and

Treatment

Foundation

CFRB Cancer Agency 900/1400 rad 1971–76 1 51 Yes Yes33

Bradford Surgery 1974–85 42 9 Yes No

Radiotherapy

Institute

Total 1948–85 1169 1143 Yes

(excluding Nevinny)

aNSABP, National Surgical Adjuvant Breast Project; CFRB, Centre Regionale Francois Baclesse.
b143 patients were randomized, but no individual patient data are available on accrual period, age distribution,
or outcome.
cStratum 1: control versus 2000 rad.
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appreciated prognostic factors as nodal status.18

In spite of the problems with these early stud-
ies, however, most suggested some advantage
of ovarian ablation. A little later, several studies
were carried out with matched but non-
randomized control groups.19–23 Some of these
also suggested a degree of benefit for patients
who received ovarian ablation,21,23 although
others found neither benefit nor detriment.19,20,22

As randomized controlled clinical trials came
into more common usage, several prospective
randomized trials of ovarian ablation using
either surgical or irradiation castration versus
control were carried out (Table 2.2).24–33

Trials of ovarian ablation plus chemotherapy
versus the same chemotherapy used alone

In addition to the randomized studies of ovar-
ian ablation versus no further systemic therapy,
there are at least five trials in which women
were randomly assigned to receive ovarian
ablation by either surgery or irradiation in
addition to cytotoxic therapy, versus the same
cytotoxic therapy used alone (Table 2.3). These
trials in general began somewhat later, and as a
result only two of them have been published in
individual form,34,35 although three others have
provided updated information to the 1995
Oxford Overview process.

OVARIAN ABLATION 15

Table 2.3 Randomized trials of ovarian ablation plus chemotherapy versus chemotherapy alone

Triala Ovarian Common Accrual Randomized Data Published?
treatment systemic period available?

therapyb <50 years old ≥50 years old

Bradford Surgery M � TT 1974–85 38 5 Yes No

Radiotherapy

Institute

Toronto–Edmonton 1500 rad CMFc 1978–88 241 56 Yesd No

Study Group � prednisone (some � TT)

Ragaz 1600 rad CMF 1979–85 111 23 Yesd Yes34

(BCCA Vancouver) � prednisone

IBCSG/Ludwig II Surgery CMF � P 1978–81 281 75 Yesd Yes71

SWOG 7827 B Surgery CMFVP 1979–89 262 52 Yesd No

FNCLCC (France) 1989– 244 0 Yes No

CAMS (China) 1992– 2310 0 Yes No

Total 3487 211

aBCCA, British Columbia Cancer Agency; IBCSG, International Breast Cancer Study Group; SWOG, Southwest
Oncology Group; FNCLCC, Fédération Nationale des Centres de Lutte Contre le Cancer.
bM, methotrexate; TT, thiotepa; C, cyclophosphamide; F, 5-fluorouracil; P, prednisone; V, vincristine.
cFirst patients were cross-randomized to receive or not receive immunotherapy with oral BCG (Bacillus Calmette–
Guérin).
dEstrogen receptors available only in these trials.
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Trials of medical ovarian ablation or
suppression

At the time of the 1995 Oxford Overview
update, four trials in which premenopausal
women were randomized to receive medically
induced ovarian suppression were registered
(Table 2.4). No data were available for the 1995
Overview analysis from any of these trials, but
preliminary results from two of these trials as
well as from two non-registered trials have now
been presented.

The overall results of all of the trials with
results available in 1995 were well summarized
in the Overview analysis of ovarian ablation
published in 199636 and summarized below.

EBCTCG or Oxford Overview of ovarian
ablation in early breast cancer: the 1995
update

In 1995, the EBCTCG based in Oxford sought
information on each patient in any randomized
trial of ovarian ablation or suppression versus
control that had begun before 1990, for the pur-
pose of an updated overview or meta-analysis.
Data were available for 12 of the 13 known
studies assessing ovarian ablation by radiation
or surgery, but not for any of the four known
studies assessing ovarian suppression by drugs,
all of which began after 1980. Because
menopausal status was not consistently defined
across these trials, the 1995 Oxford Overview
main analysis has been carried out in women
under 50 years of age, as was done in past
years.8,36–39 While the Overview attempted to
analyse results according to ER status, these
measurements were only available in the later
trials – those of ovarian ablation plus
chemotherapy versus the same chemotherapy
alone.

Effects in women under 50 years of age
The 1995 Overview analysis36 reports the results
from 2102 women aged less than 50 when ran-
domized. At the time of the 1995 analysis, there
had been 1130 deaths and an additional 153

recurrences in these women. The analysis
showed that the 15-year survival rate was
highly significantly improved amongst those
allocated to ovarian ablation (52.4% versus
46.1%; difference � 6.3%, �standard deviation
(SD) � 2.3; p � 0.001) (Figure 2.4a). The
recurrence-free survival rate was even more
significantly improved (45% versus 39%; dif-
ference � 6.0%, �SD � 2.3; p � 0.0007) (Figure
2.4b).

The numbers of events in the study, although
large, are too small for really reliable subgroup
analyses. In addition, attempts to analyse the
results in node-negative versus node-positive
women in the Overview are heavily con-
founded by the fact that almost all of the node-
negative women were entered into trials of
ovarian ablation versus no therapy, whereas
almost all of the node-positive women were
entered into trials of chemotherapy plus ovar-
ian ablation versus the same chemotherapy
given alone. Thus, in the overview, the relative
effectiveness of ovarian ablation with respect to
nodal status could only be assessed in ovarian
ablation trials in which chemotherapy was not
given. In the trials of ovarian ablation alone
versus no other systemic therapy, however,
proportional risk reductions for node-positive
and for node-negative women appeared to be
similar, although the absolute risk reduction
was non-significantly greater for node positive
women. For both recurrence-free and overall
survival, there was a significant improvement
within both node-negative (p � 0.01 for recur-
rence; p � 0.01 for survival) and node-positive
(p � 0.0002 for recurrence; p � 0.0007 for sur-
vival) subgroups of women receiving ovarian
ablation (Figure 2.5a,b).

ER measurements on the primary tumour
were available for four of the five trials in
which women were randomized to receive
chemotherapy plus ovarian ablation versus the
same chemotherapy used alone. Among the 194
women with ER-poor primary tumours, there
was no apparent benefit to the addition of ovar-
ian ablation in terms of recurrence-free or over-
all survival. Among the 550 women with
ER-positive primary tumours, however, the
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Table 2.4 Randomized trials of medical ovarian ablation as adjuvant therapy

Triala Ovarian Common Accrual Randomized Data Published?

treatment systemic therapyb period <50 years old ≥50 years old available?

CRC Goserelin �Tam 1987–99 1191 0 Yes Yes41

under 50s � chemotherapy

(ZIPP)

FNCLCC Triptorelen FAC 1989–SRc 746 120 Yes No

France or goserelin or

FEC

Southeast Goserelin �Tam 1989–91 40 0 No No

Sweden

ECOG Goserelin FAC � Tam 1989–94 1382 155 Yes Yes42

EST 5188

University of Goserelin CMF 1987–94 149 0 No No

Pretoria

UKCCCR Goserelin Tam 1993–2000 2095 0 No No

� chemotherapy

ICCG Goserelin CEF 1991–2000 784 0 No No

GIVIO Goserelin �CMF 1991–96 397 0 No No

None vs goserelin 

vs Tam vs both

Stockholm Breast Goserelin �Tam 1990–94 700 0 No No

Cancer Study Group CMF

Heidelberg � GABG Goserelin CMF or CE or CMF 1993–2000 696 0 No No

IBCSG Goserelin CMF vs none vs 1990–99 1111 0 No No

goserelin vs both

Total 1987–2000 9291 275

aCRC, Cancer Research Campaign (UK); ZIPP, Zoladex International; FNCLCC, Fédération Nationale des Centres
de Lutte Contre le Cancer; ECOG, Eastern Cooperative Oncology Group; UKCCCR, United Kingdom Co-Ordinating
Committee on Cancer Research; ICCG, International Cancer Collaborative Group; GIVIO, Gruppo Interdisciplinare
Volutazione Intervention Oncologia; GABG, German Adjuvant Breast Group; IBCSG, International Breast Cancer
Study Group.
bTam, tamoxifen; F, 5-fluorouracil; A, doxorubicin; C, cyclophosphamide; E, epirubicin; M, methotrexate.
cSR, still randomizing patients.
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(a)

Figure 2.4 Absolute effects of ovarian ablation in all trials combined among women aged under 50 years at
entry. Overall survival rate (a) and recurrence-free survival rate (b) for 2102 women aged under 50 when
randomized between ovarian ablation (squares) and control (circles). Bars indicate standard deviations (SD).

addition of ovarian ablation appeared to be
beneficial both for recurrence-free survival
(odds reduction 13%, �SD � 11; p � non-
significant (NS)) and for overall survival (odds
reduction 17%, �SD � 13; p � NS), but these
differences were not statistically significant.

Analyses were done to examine the degree of
benefit provided by ovarian ablation added to
cytotoxic chemotherapy, in comparison with its

benefit when given in the absence of cytotoxic
chemotherapy. The proportional improvement
in annual odds of recurrence in women in the
absence of chemotherapy was 25% (�SD � 7;
p � 0.0005), while the proportional improve-
ment in annual odds of recurrence in the pres-
ence of chemotherapy was only 10% (�SD � 9;
p > 0.1, NS) (Figure 2.6a). Similarly, the propor-
tional improvement in annual odds of death
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was 24% (�SD � 7; p � 0.0006) in the absence
of chemotherapy, but only 8% (�SD � 10;
p > 0.1, NS) in the presence of chemotherapy
(Figure 2.6b). Because of the small numbers of
deaths, however, it is difficult to tell whether
these differences are actually reliable.
Furthermore, formal statistical testing using
tests for heterogeneity, although they are
known to lack power, do not confirm a signifi-
cant difference between the effects of ovarian
ablation in the presence and in the absence of
chemotherapy.

Effects in women over 50 years of age
In the 1995 Overview analysis, data were avail-
able on 1354 women aged 50 or over who were
randomly assigned to receive or not receive
ovarian ablation. Most of these would have
been peri- or postmenopausal. There was only a
small and non-significant improvement in sur-
vival and in recurrence-free survival in this
subset. By year 15 after randomization, there
were 3.1 (�SD � 2.6; p � NS) fewer recurrences
or deaths per 100 women allocated to ovarian
ablation. There were 32% alive without
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Figure 2.5 Absolute effects of ovarian ablation in the absence of routine chemotherapy in all trials combined
among women aged under 50 years at entry: recurrence-free survival rate (a) and overall survival rate (b) for 473
node-negative and 696 node-positive women who were aged under 50 when randomized between ovarian
ablation (squares) and control (circles) in the trials, or parts of trials, where cytotoxic therapy was not routinely
used. Among node-negative women, in years 0–4 there were 28 deaths out of 1170 person-years in the
ablation group versus 25 of 1037 in the controls (annual death rates: 2.4% SD 0.5 versus 2.4% SD 0.5); in
years 5–9, there were 15 of 1030 versus 21 of 884 (1.5% SD 0.4 versus 2.4% SD 0.5); in years 10–14, there
were 12 of 931 versus 15 of 779 (1.3% SD 0.4 versus 1.9% SD 0.5); and in years 15� there were 33 of 1580
versus 43 of 1309 (2.1% SD 0.4 versus 3.3% SD 0.5). Among node-positive women, the corresponding values
are years 0–4, 166 of 1620 versus 134 of 997 (10.3% SD 0.8 versus 13.4% SD 1.2); years 5–9, 55 of 1077
versus 37 of 577 (5.1% SD 0.7 versus 6.4% SD 1.1); years 10–14, 29 of 870 versus 23 of 426 (3.3% SD 0.6
versus 5.4% SD 1.1); and years 15�, 40 of 1151 versus 28 of 491 (3.5% SD 0.6 versus 5.7% SD 1.1).
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recurrence in the ovarian ablation group versus
28.9% in the controls (p � NS) and 36.9% alive
overall in the ovarian ablation group versus
34.5% of controls (p � NS). It is likely that the
lack of benefit of ovarian ablation in this group
of women is related to their postmenopausal
status rather than to their age per se.

Late effects and effects on non-breast-cancer
deaths
The late effects of ovarian ablation can be
clearly examined in this Overview analysis.
Most of the patients in these trials were ran-
domly assigned before 1970 and for most sur-
vivors there is follow-up information going
beyond 1990. Thus, there is a large amount of

information available beyond year 15 of follow-
up. Even during this later time period, the
annual death rates for all women in the
Overview remain lower amongst those who
were originally allocated to ovarian ablation
(2.6%, �SD � 0.3) than among the controls
(3.9%, �SD � 0.5). Thus, the effects of ovarian
ablation appear to persist long after the women
underwent this manoeuvre. The Overview also
attempted to study cause-specific mortality.
Among women under 50 who died without any
record of a distant recurrence of their breast
cancer, 116 were classified as having died of
non-breast-cancer causes. Taking into account
the fact that those allocated ovarian ablation
survived longer, and were therefore at more
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22 ENDOCRINE THERAPY OF BREAST CANCER

(a)

Study name

Events/patients
Allocated
ablation

Adjusted
control

Ablation events
Obs.
–Exp.

Var.
Obs.–Exp.

Annual odds of event
Ratio (and confidence limits):

ablation : control
Reduction
(% and SD)

(i ) Ovarian ablation in the absence of chemotherapy

Christie A
Norwegian RH
NSABP B-03*
Saskatchewan CF
PMH Toronto*
Ontario CTRF
CRFB Caen A
Bradford RI (Stratum 1)

Subtotal for (i )*

77/88
24/68
76/129
72/143
139/216

5/6
1/1
6/22

400/673
(59.4%)

80/90
46/83

2(37/55)
68/112
148/204

3/3
0/0
7/20

426/622
(68.5%)

�7.4
�11.4

�4.3
�8.8

�12.4
2.2

�0.9

�43.1

30.4
16.6
20.9
31.5
47.8
1.3

3.1

151.6 25% SD 7
(2p�0.0005)

(ii ) Ovarian ablation in the presence of chemotherapy

Bradford RI (Stratum 2)
Toronto–Edmonton
BCCA Vancouver
IBCSG/Ludwig II
SWOG 7827 B

Subtotal for (ii )

Total: (i )� (ii )*

6/21
70/119
33/57
97/139
63/136

269/472
(57.0%)

669/1145
(58.4%)

7/17
72/122
28/54

105/142
62/126

274/461
(59.4%)

700/1083
(64.6%)

�1.0
�1.4

0.9
�8.7
�2.6

�12.9

�55.9

3.1
31.3
13.9
44.0
28.9

121.2

272.7

10% SD 9
(2p�0.1, NS)

0.0 0.5 1.0 1.5 2.0

18.5% SD 5.5
(2p�0.0007)

Ablation better Ablation worse

Treatment effect 2p�0.0007

99% or

Test for heterogeneity (12 trials): �2
11 �11.1; p�0.1, NS

Test for interaction (i ) versus (ii ): �2
1 �2.1; p�0.1, NS

95% limits

*Adjustment: for balance, control patients in 2:1 randomizations contribute twice.
PMH contributes Stratum 1: 49/68 versus 50/62 plus Stratum 2: 90/148 versus 2(49/71)

Figure 2.6 Proportional effects of ovarian ablation in each trial and overall, with subdivisions by absence or
presence of chemotherapy, among women aged under 50 years at entry: recurrence-free survival (a) and overall
survival (b) for women aged under 50 when randomized, with subtotals for strata in the absence and in the
presence of routine cytotoxic chemotherapy. Each trial, or part of a trial, is described by a single line of
information, showing the numbers of events and patients and summary logrank statistics. For each of these
strata, the ratio of the annual event rate in the ovarian ablation group to that in the control group (the odds
ratio) is plotted as a solid square, with the 99% confidence interval shown. For the subtotals and total, the 95%
confidence interval is represented by a diamond. The solid vertical line indicates an odds ratio of 1.0 (i.e. no
difference between ovarian ablation and control), whereas the broken vertical line indicates the ‘typical odds
ratio’ in the total of all these trial results. For balance, control patients in the 2 : 1 randomizations (i.e. NSABP
and part of PMH) are counted twice in the adjusted control totals but not in the statistical calculations.

720_Breast.ch02  26/04/2002 9 28 am  Page 22

  



prolonged risk of death from other causes,
there was then no significant difference
between the treatment groups in vascular
deaths (22 of 922 in the ovarian ablation group
versus 20 of 824 in the controls) in trials for
which data were provided. Similarly, there
were no differences in non-breast-cancer, non-
vascular deaths (44 of 929 versus 30 of 824), or
in all non-breast-cancer deaths.

Second breast primaries
An attempt was made to look at the incidence
of contralateral breast cancer, but there was not
enough information to examine this issue.
Thirty contralateral breast cancers were
recorded as the first event among 712 women
allocated to ovarian ablation, compared with 32
of 679 women in the control arm in trials for
which data was provided.
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(b)

Study name

Deaths/patients
Allocated
ablation

Adjusted
control

Ablation deaths
Obs.
–Exp.

Var.
Obs.–Exp.

Annual odds of deaths
Ratio (and confidence limits):

ablation : control
Reduction
(% and SD)

(i ) Ovarian ablation in the absence of chemotherapy

Christie A
Norwegian RH
NSABP B-03*
Saskatchewan CF
PMH Toronto*
Ontario CTRF
CRFB Caen A
Bradford RI (Stratum 1)

Subtotal for (i )*

76/88
24/68
75/129
59/143
133/216

5/6
1/1
5/22

378/673
(56.2%)

80/90
43/83

2(35/55)
62/112
143/204

3/3
0/0
7/20

408/622
(65.6%)

�7.3
�9.1
�2.3

�11.6
�11.7

0.9

�1.4

�42.5

33.7
15.9
21.2
28.2
48.6
1.8

2.9

152.3 24% SD 7
(2p�0.0006)

(ii ) Ovarian ablation in the presence of chemotherapy

Bradford RI (Stratum 2)
Toronto–Edmonton
BCCA Vancouver
IBCSG/Ludwig II
SWOG 7827 B

Subtotal for (ii )

Total: (i )� (ii )*

5/21
56/119
21/57
85/139
42/136

209/472
(44.3%)

587/1145
(51.3%)

4/17
52/122
21/54
91/142
49/126

217/461
(47.1%)

625/1083
(57.7%)

0.6
3.1

�1.4
�5.9
�5.0

�8.6

�51.1

1.9
25.1
10.0
39.8
21.7

98.5

250.8

8% SD 10
(2p�0.1, NS)

0.0 0.5 1.0 1.5 2.0

18.4% SD 5.7
(2p�0.001)

Ablation better Ablation worse

Treatment effect 2p�0.001

99% or

Test for heterogeneity (12 trials): �2
11 �8.1; p�0.1, NS

Test for interaction (i ) versus (ii ): �2
1 �2.2; p�0.1, NS

95% limits

*Adjustment: for balance, control patients in 2:1 randomizations contribute twice.
PMH contributes Stratum 1: 46/68 versus 49/62 plus Stratum 2: 87/148 versus 2(47/71)
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1995 Overview summary
In summary, the Overview confirms sugges-
tions from individual trials that ovarian abla-
tion in premenopausal women provides a
statistically significant benefit in terms of
recurrence-free and overall survival. This bene-
fit appears to be similar for node-positive and
node-negative women. Ovarian ablation pro-
vides benefit both in the presence and in the
absence of chemotherapy, although the degree
of benefit in the presence of chemotherapy is
not statistically significant. Furthermore, this
appearance is not fully confirmed by formal sta-
tistical testing, since tests of heterogeneity sug-
gest no significant difference between the
effects of ovarian ablation in the presence and
in the absence of chemotherapy. From the few
trials for which ER measurements are available,
the effect of ovarian ablation appears significant
in those women with ER in their tumours and
not significant in those without it. The numbers
available to examine this issue are very small,
however. Similarly, it is difficult to draw firm
conclusions regarding non-breast-cancer deaths
or regarding the incidence of second primary
breast cancers. There is no obvious difference in
the incidence of non-cancer deaths in those ran-
domized to ovarian ablation, however.

Summary of subsequent trials using medical
ovarian ablation

The development of LHRH analogues has resur-
rected interest in the use of ovarian ablation in
premenopausal women. Various LHRH ana-
logues, in particular goserelin, are currently
being tested in the adjuvant setting, in designs
that compare goserelin, tamoxifen, or goserelin
plus tamoxifen with chemotherapy in the pre-
menopausal setting, or that add goserelin,
tamoxifen, or goserelin plus tamoxifen to
chemotherapy, in the same group of women. Of
particular interest are two trials from which pre-
liminary data have been presented. In one by
Jakesz et al40 1095 women with stage I and II ER-
and/or PgR-positive breast cancer were ran-
domized to receive goserelin plus tamoxifen or

CMF (cyclophosphamide, methotrexate, and
5-fluorouracil (5-FU)) chemotherapy. Women
receiving the endocrine therapy had significantly
improved disease-free survival (p < 0.02).
Overall survival, although slightly better than
for women receiving goserelin plus tamoxifen, is
not significantly improved, at least at this early
follow-up. Women who developed amenorrhoea
following CMF had significantly better disease-
free and overall survival then those who did not
(p � 0.001 and 0.05). Rutqvist et al41 also reported
results from a large randomized 2 � 2 factorial
study in which premenopausal women with
early-stage disease were randomly allocated,
after primary surgery to (1) tamoxifen for 2
years, (2) goserelin, 26 monthly subcutaneous
injections, (3) tamoxifen plus goserelin, or (4) no
endocrine therapy. Some patients electively
received tamoxifen or not and were randomly
allocated just for goserelin. The study protocol
also permitted the use of elective adjuvant
chemotherapy in selected patients. A total of
2631 women, of whom 56% were node-negative,
were studied. ER status was available in 1577
(60%). At a median follow-up of 4.3 years, fewer
recurrences, 261 (20%), were observed among
patients allocated to goserelin than among those
who did not receive goserelin, 330 (24.9%) (rela-
tive hazard (RH) � 0.77; 95% confidence inter-
vals (CI) � 0.66–0.90; p � 0.001). This effect was
most pronounced amongst those who were
known to be ER-positive. The benefit with
goserelin appeared to be somewhat less amongst
those who received concurrent adjuvant tamox-
ifen or adjuvant chemotherapy, but the differ-
ences compared with patients who did not
receive such concurrent treatments were not sta-
tistically significant. There were also fewer (but
not significantly fewer) deaths in the women
allocated to receive goserelin: 140 (10.7%) versus
165 (12.4%) (RH � 0.84; 95% CI � 0.67–1.05;
p � 0.12). Thus, in this study, medical castration
with goserelin for 2 years in premenopausal
ER-positive patients produced a statistically sig-
nificant benefit in terms of disease-free survival
and a trend toward improvement in overall sur-
vival irrespective of concurrent adjuvant tamox-
ifen or chemotherapy.
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Preliminary results from a study performed
by the Eastern Cooperative Oncology Group
(ECOG) and US Intergroup were presented at
the 1999 ASCO meeting.42 This study, which
compared CAF (cyclophosphamide, doxoru-
bicin, and 5-FU) with CAF plus goserelin or CAF
plus goserelin and tamoxifen, in premenopausal
node-positive women, showed that the addition
of goserelin or goserelin plus tamoxifen gave sig-
nificantly better results in terms of disease-free
survival. It also showed a non-statistically signif-
icant trend towards increased overall survival
for the addition of goserelin. The addition of
tamoxifen to CMF plus goserelin showed only a
trend towards improvement for either relapse-
free or overall survival. A preliminary subgroup
analysis suggested that the addition of goserelin
was more effective in younger women and/or
women who did not become postmenopausal as
a result of chemotherapy, while the addition of
tamoxifen seemed more effective in older
women and/or in women who became
menopausal as a result of chemotherapy. This
hypothesis remains to be further explored and
substantiated in prospective randomized trials
designed to test this question. 

In the ZEBRA trial, 1640 women were ran-
domized to receive goserelin for 2 years or CMF
for 6 cycles. For ER-positive women, disease-free
survival and overall survival were equivalent,
while for ER-negative women, CMF was super-
ior.72,73 The FASG 06 trial randomized 333 pre-
menopausal, 1–3 node-positive women to
receive triptorelene and tamoxifen for 3 years or
FEC 50 for 6 cycles. At 54 months of follow-up,
no significant difference in disease-free or overall
survival was seen..74

Other studies examining the use of LHRH
analogues as adjuvant therapy either in direct
comparison with or added to combination
chemotherapy or tamoxifen in the premeno-
pausal setting are currently under way (Table
2.4). The results of many of these studies became
available for the 2000 Oxford Overview and will
shed considerable further light on this situation
when they are published in their final form,
which is likely to be in 2002 or 2003. These larger
and therefore more highly powered studies of

medical ovarian ablation will add considerably
to what is already known about the role of surgi-
cal and irradiation ablation in the adjuvant
therapy of premenopausal women.

Relationship between amenorrhoea and
response to chemotherapy

The results outlined above suggest that ovarian
ablation may not be as effective when it is
added to chemotherapy as it is when given
alone. An obvious explanation of this observa-
tion could involve the degree of ovarian sup-
pression provided by chemotherapy. The
incidence of amenorrhoea has been reported
from several trials of cytotoxic chemotherapy in
premenopausal women, and ranges from 40%
to 90%.43–48 Several investigators have
attempted to examine whether chemotherapy
acts through ovarian ablation, by attempting to
correlate the effectiveness of chemotherapy
with amenorrhoea in women within each ran-
domized trial. Three investigations have found
that women who develop amenorrhoea have a
longer disease-free and/or overall survival,43–45

but three others have not found this relation-
ship.46–48 Although conflicting, these data
suggest that part of the explanation for the
better effects of cytotoxic chemotherapy in
younger or premenopausal women arises from
the medical castration achieved by many of
these women.43–45 Clearly, however, this effect
does not explain the entire action of cytotoxic
chemotherapy in this setting.46–48 Thus, it is
probable that the results of the Oxford
Overview, in which ovarian ablation does not
appear to add as much for women who are also
receiving cytotoxic chemotherapy, may relate to
the fact that the cytotoxic chemotherapy is
already carrying out castration even in the non-
ovarian-ablation control groups in these trials.
The observation that goserelin may not add as
much in older women or in women who have
become amenorrhoeic following chemotherapy
adds further evidence supporting this theory.42
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Comparability of ovarian ablation with
chemotherapy

There have been very few studies comparing
chemotherapy directly with ovarian ablation.
The Austrian and ZEBRA studies, described
above,40,72,73 suggest that goserelin or goserelin
plus tamoxifen may be equivalent or superior
to CMF chemotherapy in women with ER-
and/or PgR-positive tumours. One small study
by the Scottish Cancer Trials Breast Group49

compared adjuvant ovarian ablation with com-
bination chemotherapy with CMF in pre-
menopausal women with pathological stage II
breast cancer. In this group, ovarian ablation
was comparable in its effects to CMF in terms
of both disease-free and overall survival for the
entire group of women randomized. When one
divides the patients by ER positivity and nega-
tivity, however, it seems that ovarian ablation
produces a substantially better effect in ER-pos-
itive women while chemotherapy produces a
substantially better effect in ER-negative
women. A trial of 732 ER-positive, node-posi-
tive or T3 women, presented but never pub-
lished, suggests that ovarian ablation carried
out by irradiation was equivalent to CMF i.v.
given for 3 weeks for 9 cycles.75 The GROCTA
trial randomized 244 premenopausal node-pos-
itive, ER-positive women to ovarian ablation
(by surgery, radiation, or a GNRH agonist for 2
years) plus tamoxifen for 5 years compared to
CMF with oral cyclophosphamide. At 75
months of follow-up, disease-free and overall
survival were equivalent.76

It is worth noting that the CMF given in the
Austrian and the Scottish studies was not par-
ticularly dose-intensive, and that more aggres-
sive or intensive types of chemotherapy, such
as the classic Bonadonna regimen5 given in full
doses, may provide more substantial effects
and thus could be superior to ovarian ablation
used alone or to goserelin plus tamoxifen.
Furthermore, in the last few years, at least two
regimens have been reported that are superior
to standard adjuvant chemotherapy regimens
such as the classic Bonadonna regimen5 and the
AC (doxorubicin and cyclophosphamide) regi-

men.50 These include the CEF (cyclophos-
phamide, epirubicin, and 5-FU) regimen, which
has provided superior disease-free and overall
survival in comparison with the classic
Bonadonna CMF regimen,51 and the AC–pacli-
taxel regimen, which has also shown superior
disease-free and overall survival in comparison
with AC, a regimen that has previously been
shown to be equivalent to classic Bonadonna
CMF.50,52 Thus, there are now second-
generation chemotherapies such as CEF and
AC–taxol that are superior to even the best
delivered of the first-generation regimens. As a
result, studies that have compared first-
generation regimens with endocrine manoeu-
vres cannot indicate how the latter would
compare with second-generation regimens.
This sort of indirect conclusion is somewhat
unsatisfactory, and it is to be hoped that more
direct comparisons of ovarian ablation and
chemotherapy will be carried out in the future
in order to further delineate their relative roles
in premenopausal women.

Comparability of tamoxifen with ovarian
ablation and with chemotherapy

There have been no randomized trials compar-
ing tamoxifen with ovarian ablation in the adju-
vant setting in premenopausal women. There
are, however, three published randomized
studies of tamoxifen compared with oophorec-
tomy in premenopausal women with metastatic
disease.53–55 In addition, a meta-analysis of all of
the available data on ovarian ablation in com-
parison to tamoxifen in the metastatic setting
has shown equivalence in at least a small group
of four trials containing over 300 patients in
all.56 These studies suggest that tamoxifen and
ovarian ablation produce similar effects in pre-
menopausal women with metastatic disease. It
has also been shown in several of the random-
ized studies comparing tamoxifen with ovarian
ablation that women who have responded to
tamoxifen have a 30–60% chance of responding
to subsequent oophorectomy, and vice versa.
This is in conflict with the data of Hoogstraten
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and colleagues,57 which suggested that women
responding first to tamoxifen and continued on
it had extremely low or no response rates to
subsequent ovarian ablation. It would seem
that the use of tamoxifen as an adjuvant in the
premenopausal setting might be quite compar-
able to ovarian ablation. This remains to be
tested in future adjuvant trials, however.

There have also been very few trials compar-
ing tamoxifen with chemotherapy in the adju-
vant setting.58 The few studies that do exist
suggest that tamoxifen may be equivalent or
less effective, but this observation may depend
completely on the group of patients selected,
their levels of ER and/or PgR, and on the type,
schedule, and dose intensity of the chemother-
apy being tested. Further studies comparing
these two approaches are also badly needed.

Equivalence of ovarian medical suppression
and surgical or radiation ovarian ablation

Although a number of the newer trials outlined
above are now substituting medical ovarian
ablation for radiation or surgical ablation, the
equivalence of this treatment or indeed the
equivalence of ovarian ablation by surgery and
by radiation is unclear.

Ovarian irradiation has been assumed to pro-
duce an effect similar to that of surgical
oophorectomy. There are considerable data,
however, to suggest that following ovarian irra-
diation, depending on the dose and dose sched-
ule, and on the age of the patient, ovarian
function may not be totally destroyed. For
example, in the study by Nissen-Meyer and col-
leagues,25 13% of the women castrated by irra-
diation resumed menses at some later date.
Similarly, in the study by Meakin et al,27 3.3% of
women receiving 2000 rad to the ovaries in five
fractions resumed menstruation over subse-
quent years (7% of those over 45 years of age at
the time of therapy). Thus, ovarian irradiation
may not produce the complete and permanent
ablation that is presumably achieved by
surgery. Nonetheless, there seems no obvious
difference between the results of ovarian abla-

tion and surgical ablation amongst the various
individual ovarian ablation trials or in the
Oxford Overview analysis.

Similarly, medical ablation with drugs such
as goserelin is assumed to be equivalent to sur-
gical oophorectomy. Goserelin has been shown
to suppress ovarian function and to produce
clinical responses in pre- and perimenopausal
women with advanced breast cancer that are
similar to those previously reported for other
hormonal therapies in phase I and II trials.59–62

This finding has been confirmed in a small ran-
domized study comparing goserelin with ovar-
ian ablation in premenopausal women with
metastatic disease.13,14 A larger trial would be
helpful in increasing the power of this compari-
son. In ongoing adjuvant trials, however, the
LHRH analogues are given for periods of time
that range from 2 to 5 years. Depending on the
age of the patients involved, 5 years of an
LHRH analogue may take them through the
time when they would normally reach a physi-
ologic menopause. In younger women,
however, the discontinuation of the LHRH ana-
logue would usually lead to resumed ovarian
function, since the endocrine effects of these
analogues are reversible, with the return of
menses usually occurring within 1–2 months
after discontinuation of therapy.63 Presumably
the length of the ovarian suppression will affect
its efficacy as adjuvant therapy, perhaps in a
similar way to the effects demonstrated with
varying lengths of tamoxifen.64,65 The relative
importance of length of treatment in this setting
has been poorly studied to date, and remains to
be clarified in future trials.

Effects of ovarian ablation on other body
systems

It is well recognized that premature ovarian
ablation can have deleterious effects on the car-
diovascular and skeletal systems.66,67 Whether
this assumes a major role in terms of competing
risks of death in comparison with the risk of
dying from breast cancer has not been clearly
established, however. Certainly the most updated
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information from the Oxford Overview does not
suggest any strong trend towards increased car-
diac or non-breast-cancer deaths in the women
randomized to receive ovarian ablation. The diffi-
culty of establishing cause of death, particularly in
a meta-analysis setting in which information is
obtained retrospectively from multiple centres,
however, may obscure a relatively small or even a
moderately large effect on deaths from other
causes. Alternatively, the competing risk of death
from breast cancer may be so high that it greatly
outweighs any effect on deaths from other causes.
In particular, deaths related to reduced osteoporo-
sis will not be as frequent as those from breast
cancer, nor will they occur until the patients have
had 20–30 years of follow-up after ovarian abla-
tion. Cardiac deaths may be of greater concern in
that they are both more common and occur at
younger ages, but to date increased cardiac
deaths have not been demonstrated in any indi-
vidual study nor in the Overview analysis.
Further data concerning these long-term risks of
death remain to be accumulated.

CONCLUSIONS AND FUTURE DIRECTIONS

Metastatic disease

In the treatment of metastatic disease, ovarian
ablation by surgery, radiation, or the use of an
LHRH analogue remains a useful therapeutic
modality for ER- and/or PgR-positive women.
There is some early suggestion from a small
meta-analysis that an LHRH analogue accom-
panied by tamoxifen may be superior to an
LHRH analogue alone, but this meta-analysis is
small, has limited toxicity data, and does not
address the question of tamoxifen sequenced
with an LHRH analogue versus tamoxifen plus
a concurrent LHRH analogue. Since tamoxifen
is usually used first as therapy for metastatic
disease, followed, after response and subse-
quent relapse, by ovarian ablation by some
means, this question would seem of more inter-
est. In any case, it currently seems reasonable to
initiate treatment in hormone-responsive pre-
menopausal women with tamoxifen and, if they

respond, then use ovarian ablation as a subse-
quent endocrine manoeuvre. More data con-
cerning the use of the two agents concurrently
is required before this can be recommended as
a standard approach.

Adjuvant therapy

In the adjuvant setting, it seems clear from the
Oxford Overview that ovarian ablation has a
significant effect on disease-free and overall
survival in premenopausal women, particularly
those with ER-positive tumours. This effect
appears to be significant, and fairly similar in
both node-positive and node-negative women,
although it appears to have a greater absolute
effect in the former. The effect appears to be
more dramatic when ovarian ablation is used
alone than when it is given in the presence
of cytotoxic chemotherapy. The indirect com-
parisons of treatment effects in different cir-
cumstances (that is node-negative versus
node-positive, or ovarian ablation in the pres-
ence versus in the absence of chemotherapy)
are, however, to be interpreted with more cau-
tion than the results obtained from direct com-
parisons within each randomized trial and from
the summaries of those direct comparisons
obtained in the Overview. Much additional
follow-up information will be available on each
of these individual trials over the next 5–10
years and from the full publication of the 2000
Overview. For example, one Chinese trial of
ovarian ablation that began in 1991 has already
accrued more than 3000 premenopausal
women. In addition, there are over 3000 women
in the recent trials of ovarian suppression with
LHRH agonists. A large study comparing
tamoxifen plus ovarian ablation as adjuvant
therapy versus tamoxifen plus ovarian ablation
at the time of recurrence has been completed in
Vietnam.77 These trials will add considerable
additional information to what is already avail-
able.

It would still be useful, however, to undertake
further large randomized trials assessing the
additional effects of ovarian ablation in the pres-
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ence of cytotoxic chemotherapy, as well as the
additional effects of cytotoxic chemotherapy in
the presence of ovarian ablation, and to further
assess the effects of both or either of these modal-
ities in the presence of prolonged tamoxifen ther-
apy. Such trials could be designed as three-way
comparisons of ovarian ablation versus cytotoxic
chemotherapy versus both, which would add
data in each of the areas that one might wish to
further examine. Until more information
becomes available, however, it would seem that
there is enough information to conclude that
ovarian ablation is useful in premenopausal
women with ER-positive tumours, producing
effects comparable to those of CMF-type
chemotherapy in that setting. Although there is a
far larger body of data establishing the role of
CMF or comparable types of chemotherapy in
the premenopausal setting, certainly enough data
exist to suggest that ovarian ablation might be
used as an alternative in ER-positive women for
whom chemotherapy is either unacceptable or
unsuitable for whatever reason. In addition, as
increasing data accumulate that being amenor-
rhoeic following chemotherapy is associated with
a better outcome, and that adding ovarian abla-
tion or goserelin to chemotherapy, particularly in
younger women or in women who do not
become amenorrhoeic,36,42 may be beneficial, it
may be increasingly appropriate to consider
adding ovarian ablation by some mechanism to
the treatment of young women who do not
become amenorrhoeic following adjuvant
chemotherapy.
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Pharmacology, biology, and clinical use of
triphenylethylenes
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CONTENTS • Introduction • Tamoxifen • Newer triphenylethylenes • Summary

INTRODUCTION

Breast cancer is the most common cancer in
women in the Western world. Because most
breast cancer is dependent on estrogen for
growth, reducing estrogen levels through
oophorectomy, hypophysectomy, or adrenalec-
tomy may cause cancer to regress. The need for
these surgical procedures has been reduced
by the introduction of tamoxifen, the first tri-
phenylethylene that acts as an antiestrogen by
inhibiting the binding of estrogen to the estro-
gen receptor (ER). Tamoxifen was approved by
the US Food and Drug Administration in 1977
for the treatment of women with advanced
breast cancer, and several years later for the
adjuvant treatment of primary breast cancer.1

TAMOXIFEN

Pharmacology and biology

Pharmacologic and pharmacokinetic
properties
The compound administered to patients is
trans-tamoxifen, since this isomer has higher
affinity for estrogen receptors than does its cis

isomer.2 ER is a nuclear transcription factor pre-
sent in normal breast epithelium and other tis-
sue types, and is overexpressed in 60–70% of
breast cancers. Trans-tamoxifen has not only
antiestrogenic but also estrogenic properties,
depending on the species, tissue, and receptor
type.3 Therefore, tamoxifen may be more prop-
erly referred to as a selective ER modulator
because of these diverse activities. The molecu-
lar basis of these properties is poorly under-
stood, but the estrogen-agonist activity of
tamoxifen may explain its favorable effects on
bone and serum lipid concentrations and its
ability to stimulate the endometrium. The estro-
gen-antagonistic activity in breast tissue
accounts for its ability to inhibit tumor growth.

The major metabolites of tamoxifen in
humans are N-desmethyltamoxifen and trans-4-
hydroxytamoxifen; the affinity of the latter for
ER is equivalent to that of 17�-estradiol.4 The
dimethylaminoethoxy side-chain and the trans
configuration are crucial for the antiestrogenic
activity of tamoxifen;2 the more highly estro-
genic cis metabolites and metabolites without
the side chain have been found in breast
tumors, but their importance are unclear.

Tamoxifen is readily absorbed after oral
administration.2 It is excreted in a biphasic
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fashion after an initial half-life of 7–14 days,
permitting once-daily administration.2 The
usual dose is 20 mg/day. In long-term treat-
ment, the steady-state concentrations of tamox-
ifen and its metabolites in serum remain
constant for as long as 10 years; reduced
bioavailability is not a cause of acquired resis-
tance to tamoxifen. Tamoxifen can be detected
in the serum for several weeks and in the tumor
tissue for several months after treatment is dis-
continued.5 Tamoxifen undergoes extensive
metabolism in the liver and is excreted predom-
inantly in the feces. Tamoxifen increases the
action of warfarin by competing with its metab-
olizing enzyme cytochrome P450 3A4, a cir-
cumstance that can lead to potentially
life-threatening bleeding.6 Therefore, patients
receiving tamoxifen should be given less war-
farin and clotting times should be closely moni-
tored.

Endocrine effects
Postmenopausal women have low serum estro-
gen and progesterone concentrations and high
serum luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) concentrations. In
these women, tamoxifen may reduce
gonadotropin secretion, although this effect
may be variable.7 In premenopausal women, it
slightly increases gonadotropin secretion.8

Estrogen levels may also rise in premenopausal
women, sometimes twofold over pretreatment
levels. However, despite this increase, tamox-
ifen maintains its therapeutic effect in pre-
menopausal women.9

Mechanisms of action
The antitumor effects of tamoxifen are thought
to be due to its antiestrogenic activity, mediated
by competitive inhibition of estrogen binding to
the ER. As a consequence, tamoxifen inhibits
the expression of estrogen-regulated genes,
including growth factors and angiogenic factors
secreted by the tumor, resulting in a block in G1

phase of the cell cycle and thus slowing prolif-
eration. Tumors may then regress because of
the altered balance between cellular prolifera-
tion and ongoing cell loss. Tamoxifen may also

directly induce apoptosis.10 The weak estrogen-
agonist activity of tamoxifen may be due to the
ability of tamoxifen-bound receptor to bind
estrogen response elements (EREs) on target
genes, and to promote transcription through
constitutively active AP-1 sites. After binding a
ligand such as estradiol or tamoxifen, the ER
dimerizes with another receptor monomer to
activate the complex and to facilitate the bind-
ing of the receptor dimer to the EREs of target
serum. Recent studies suggest that ligand-
bound ER can affect gene transcription. For
instance, ER can interact with other transcrip-
tion factors such as the AP-1 transcription fac-
tor complex to augment or inhibit the
expression of genes regulated by these
proteins.11 This interaction with AP-1 family
members could partially explain the ‘crosstalk’
between estrogen and polypeptide growth fac-
tor transcription pathways.

Clinical use of tamoxifen

Adjuvant treatment of invasive breast cancer
Tamoxifen is effective treatment for breast
cancer, and recent studies of early-stage breast
cancer have confirmed that tamoxifen when
given as adjuvant treatment can prevent or
delay breast cancer recurrence.9 However, it
may be difficult to distinguish cases in which
surgery alone is curative from those in which
micrometastases are present and which there-
fore may require adjuvant therapy.
Nevertheless, postoperative therapy with
tamoxifen reduces the risk of recurrence and
prolongs survival in women with operable
breast cancer in whom the tumors are confined
to the breast or to the axillary lymph nodes.9 Its
benefit in terms of lowering the odds of recur-
rence and death is limited to women whose
tumors express ER and/or progesterone recep-
tor (PgR).9 This benefit increases with increas-
ing receptor level (Table 3.1). The benefit of
tamoxifen is also dependent on length of treat-
ment, and progressively increases from 1 to 5
years (Table 3.1). Some studies have indicated
that more than 5 years is not additionally
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beneficial, and may even be detrimental,12,13

while others have not confirmed this observa-
tion.14

More than 37 000 women with operable
breast cancer were enrolled in 55 randomized
clinical trials of adjuvant therapy with tamox-
ifen before 1990, providing a large database of
findings on long-term follow-up. These results
were summarized recently in an update of the
meta-analysis conducted by the Early Breast
Cancer Trialists’ Collaborative Group
(EBCTCG).9 These data indicated that tamox-
ifen was associated with significant reduction
in recurrence and death after a median follow-
up of about 10 years. The annual reductions in
recurrence and death with tamoxifen as com-
pared with placebo were 26% and 14%, respec-
tively. This means that, each year, about 1 of
every 4 recurrences and 1 of every 6 deaths can
be delayed or averted with tamoxifen treat-

ment. These gains are substantially greater in
women with tumors expressing ERs and in
women treated for about 5 years.9

In women with ER-positive tumors, tamox-
ifen therapy results in statistically significant
reductions in the odds of recurrence and death.
Tamoxifen results in a 50% annual reduction in
the recurrence rate and a 28% annual reduction
in the death rate. This implies that half of the
recurrences and more than a fourth of the
deaths each year may be averted by tamoxifen
treatment. These benefits are greater in women
whose tumors have very high concentrations of
ERs.9

The ER level should be measured in all
cases of breast cancer. This may be done by
ligand-binding assay or by immunohisto-
chemical analysis. The interpretation of data on
ER is complicated by the lack of consistency
among the cut-off values chosen by various
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Table 3.1 Meta-analysis of trials of adjuvant tamoxifen therapy in women with breast cancer,
according to estrogen receptor (ER) status and duration of therapya

Duration of No. of No. of events averted each year
therapy women

Recurrence Death

1 year:
ER-negative 1591 0b 0b

ER-positive 3352 1 in 5 1 in 7

2 years:
ER-negative 5145 0b 0b

ER-positive 8635 1 in 3 or 4

5 years:
ER-negative 0922 0b 0b

ER-positive 5869 1 in 2 1 in 3 or 4

aData from the Early Breast Cancer Trialists’ Collaborative Group.
bThe data cannot exclude the possibility that occasionally a woman might benefit.

720_Breast.ch03  26/04/2002 9 28 am  Page 35

  



laboratories to define ER-negative results.
Those with detectable but low concentrations of
ERs may explain why tamoxifen was found to
be beneficial in women with so-called ‘ER-
negative’ tumors in some trials.15 Other data
suggest that tumors with any detectable level of
ERs – even 1% of cells staining positive –
should be considered positive.16 Similarly,
using immunohistochemical analysis, some lab-
oratories include tumors in which 10% or even
20% of cells contain ERs as those designated as
‘ER-negative’. Unless those laboratories have
correlated their cut-offs with clinical follow-up
data, many women may be misclassified as
having ER-negative tumors, and thus may not
be offered potential beneficial tamoxifen treat-
ment.

It was originally hypothesized more than 20
years ago that PgR expression might be a better
indicator of tumor endocrine responsiveness
than ER alone, since its presence suggests that
ER was not only present but functional.17 In
fact, the ER-negative/PgR-positive tumor phe-
notype does not occur frequently, and only
about 5% of tumors are of this type. Tumors
with this phenotype demonstrate a response
rate of about 20–40%.18 Therefore, ER- and PgR-
positive tumors should be considered good
candidates for tamoxifen therapy. In cases of
metastatic breast cancer, the presence of PgR
indicates a greater likelihood of response to
tamoxifen than its absence,19,20 but a finding of
PgR receptors is less useful in selecting women
for adjuvant therapy with this drug.9

Preclinical studies suggest that tamoxifen is
primarily cytostatic, and therefore prolonged
therapy may be more effective than short peri-
ods of treatment.21 Two North American trials
comparing tamoxifen treatment for 5 or 10
years,12,14 and a Scottish trial comparing tamox-
ifen for 5 years with indefinite treatment13 have
been published, showing no additional benefit
with prolonged therapy. However, in the
Eastern Cooperative Oncology Group (ECOG)
trial, a subset analysis did suggest that more
than 5 years of tamoxifen may be beneficial in
ER-positive, premenopausal, node-positive
women.14 This data is tentative and based on a

post hoc analysis of a small number of patients.
Thus, overall, there is no convincing data that
treatment lasting longer than 5 years was bene-
ficial. In addition, in the National Surgical
Adjuvant Breast and Bowel Project (NSABP)
study, there was a trend towards a detrimental
effect after treatment for more than 5 years.12

On the basis of these results, it is now reason-
able to recommend that tamoxifen be given for
5 years. A large randomized trial, the ATLAS
trial, is now underway to more definitely assess
the effects of tamoxifen for more than 5 years.

Ductal carcinoma in situ
Women with ductal carcinoma in situ have a
very low risk of death from breast cancer.22 The
mainstay of treatment is surgery – either a sim-
ple mastectomy or lumpectomy with or with-
out breast irradiation. A large study evaluating
the role of tamoxifen in patients who received a
combination of lumpectomy and radiation ther-
apy has shown that tamoxifen was effective in
the prevention of invasive breast cancer.23 At 5
years of follow-up, there was a 4% decrease in
the number of events in tamoxifen-treated
patients as compared with placebo. The reduc-
tion in events included the incidence of con-
tralateral breast cancer as well as ipsilateral
breast cancer. There was no significant dif-
ference in survival in these two groups of
patients.

Benefits according to age or menopausal
status
The 1992 meta-analysis suggested that tamox-
ifen might be of little benefit in younger
women.15 However, in this earlier analysis,
many women with ER-negative tumors were
included and the duration of treatment was
usually for 1 or 2 years. The more recent meta-
analysis has shown that women less than 50
years old benefit from tamoxifen as much as
older women, and even women younger than
40 have reduced rates of recurrence and death
(Table 3.2). These data suggest that tamoxifen
inhibits the proliferation of breast cancer cells
even in the presence of estrogen.
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Benefits in women with and without axillary
lymph node metastases
The recent meta-analysis demonstrates similar
reductions of the rates of recurrences and death
for both node-negative and node-positive can-
cers.9 While some have suggested continuing
tamoxifen beyond 5 years for women with
node-positive disease because of a greater risk
of relapse, the similar efficacy in node-positive
and -negative groups, and the evidence that
tamoxifen for more than 5 years in node-negat-
ive women may be detrimental, makes this
practice questionable outside the context of a
clinical trial.

Benefits in elderly women
In many older women, the presence of concur-
rent illness complicates the identification of
optimal local and systemic treatments.
However, tamoxifen is beneficial in women 70
years of age and older (Table 3.2).9 The reduc-
tion in rates of recurrence is substantial, and
these women tolerate the drug well. In elderly
women, tamoxifen may not be an adequate sub-
stitute for definitive surgical treatment, since
trials comparing tamoxifen alone as primary
therapy versus tamoxifen plus surgery demon-

strate a higher local failure rate with tamoxifen
alone.

Tamoxifen in combination with adjuvant
chemotherapy
Because of the benefits both of adjuvant tamox-
ifen and of adjuvant chemotherapy, trials were
initiated to assess the benefits of these treat-
ments given together in premenopausal women
– most showed that the combination therapy
offered little benefit.24,25 However, many of
these trials included women who were ER-
negative or whose ER status was unknown, and
in some cases tamoxifen was only given for 1–2
years. In the meta-analysis of 5 years of treat-
ment of women with ER-positive tumors,
tamoxifen plus chemotherapy was superior to
the same chemotherapy given alone – not only
women 50 years and older but also younger
women9 (Table 3.2).

Given the established benefits of tamoxifen
in postmenopausal women, deciding whether
or not to add chemotherapy to tamoxifen is an
important issue. Given the advantage in terms
of disease-free survival found in the 1992 meta-
analysis and in several large individualized
trials.9,26 an argument may be made for treating
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Table 3.2 Meta-analysis of results of adjuvant tamoxifen therapy for 5 years in women with ER-positive
breast cancer, according to agea

Age No. of No. of events averted each year
(year) women

Recurrence Death

�40 1327 1 in 2 or 3 1 in 3 or 4
40–49 1327 1 in 2 or 3 1 in 3 or 4
50–59 2536 1 in 2 or 3 1 in 3 or 4
60–69 3174 1 in 2 or 3 1 in 3 or 4
�70 390 1 in 2 or 3 1 in 3 or 4

aData from the Early Breast Cancer Trialists’ Collaborative Group.
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higher-risk postmenopausal women with both
chemotherapy and tamoxifen. However, the
small therapeutic gains must be weighed
against the additional toxicities associated with
chemotherapy27 and individualized decisions
regarding risk-to-benefit ratio must be consid-
ered.

Treatment of metastatic breast cancer
While objective response rates for chemother-
apy in the treatment of metastatic disease are
higher, the duration of response is usually short
and treatment is associated with considerable
toxicity. Treatment of women with steroid
receptor-positive metastatic breast cancer with
tamoxifen has lower toxicity and cost. Response
to tamoxifen, when prolonged stable disease is
included, has a clinical benefit rate equal to or
greater than that of chemotherapy. It has
traditionally been thought that women with
more indolent disease (a disease-free interval
lasting more than 2 years after initial surgery,
soft tissue, bone, nodular, and lung metastases)
had the best response to tamoxifen. This is
because these patients are more commonly
receptor-positive. The critical determinant of
likelihood of response is ER status. More recent
evidence indicates that those with visceral or
liver metastases are just as likely to respond as
those with metastases in other areas.19 Women
should be treated sequentially after initial
response with multiple endocrine therapies
until the tumors no longer respond, at which
point chemotherapy is then indicated. Overall,
about 30% of women treated with tamoxifen
had objective regression of tumor for an aver-
age of 12 months, and in another 20% the dis-
ease remained stable for at least 6 months.28 In
total, about half of all women with ER-positive
tumors receive some benefit from tamoxifen, as
compared with only about 5% of tumors in
which ERs cannot be detected.

Resistance
New or acquired resistance limits the efficacy of
tamoxifen in many patients with breast cancer.
Although the mechanisms that underlie pri-
mary or acquired tamoxifen resistance are not

definitively understood, several possibilities
exist. Some tumors become hormone-indepen-
dent despite the presence of ERs; in others,
tumors that are initially ER-positive become
ER-negative over time. Yet, at least two-thirds
of the tumors that become resistant to tamox-
ifen continue to express ER, and many of these
regress when second-line hormonal therapy is
initiated.28

In some patients, the disease not only pro-
gresses during tamoxifen therapy but actually
becomes stimulated by tamoxifen. Tamoxifen-
stimulated growth explains the withdrawal
response that occurs with some patients when
the drug is stopped because of tumor regres-
sion.29 Other mechanisms of tamoxifen resis-
tance include the presence of variant ERs,
altered expression of other transcription factors
that interact with ERs, and ‘crosstalk’ between
ERs and other growth factor signal transduc-
tion pathways.3,29

Ancillary benefits
Cardiovascular benefits

In women with breast cancer, some individual-
ized trials of adjuvant therapy have suggested
that non-breast-cancer-related deaths may be
reduced by tamoxifen treatment, while others
have not.12 This reduction appears to be largely
due to a decrease in deaths from cardiovascular
causes.30 Serum concentrations of total choles-
terol and low-density lipoproteins are reduced
by tamoxifen. This drug may also inhibit ather-
osclerosis by directly affecting the metabolism
of low-density lipoproteins in the arteries.
However, the meta-analysis did not confirm a
reduction in the incidence of non-cancer-related
deaths.9 In the NSABP P1 trial, in which tamox-
ifen was compared with placebo for breast
cancer prevention, no reduction in cardiac
events or death was observed. It may be that
any beneficial effect of reduction by tamoxifen
is offset by the changes that promote clotting or
atheroma formation.31

Changes in bone mineral density

In postmenopausal women, long-term tamox-
ifen treatment increases the bone density of the
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axial skeleton and the appendicular skeleton.32

In premenopausal women, however, tamoxifen
may decrease the bone mineral density, per-
haps by antagonizing the more potent activity
of endogenous estrogen.33

Prevention of contralateral breast cancer and of breast

cancer in women with high risk

Tamoxifen reduces the incidence of contralat-
eral breast cancer. Individual trials and the
updated meta-analysis from the EBCTCG indi-
cated that there is a nearly 50% reduction in the
risk of contralateral breast cancer after 5 years
of treatment.9,34 These results have provided a
rationale for the trials assessing tamoxifen for
the prevention of breast cancer in women at
risk of the disease. Results from one of the stud-
ies, a prevention trial of long-term tamoxifen
therapy involving over 13 000 women at
increased risk of breast cancer, have shown a
45% reduction in the incidence of breast cancer
with tamoxifen when compared with placebo
(85 versus 154 cases).31 According to these
findings, tamoxifen for prevention might be
considered for women at high risk, but extrapo-
lation of these results to other women is unwar-
ranted. Benefits of tamoxifen for prevention are
balanced against risks of endometrial cancer
and clotting, especially in postmenopausal
women.

Toxicity
Tamoxifen is usually very well tolerated by
most patients with breast cancer. In the early
trials for adjuvant therapy, fewer than 5% of
patients withdrew from therapy because of
toxicity.

Menopausal symptoms

The most common adverse events of tamoxifen
are menopausal symptoms, and these are more
common in premenopausal women. At least
50% of women treated with tamoxifen report
hot flashes – but so do 20–40% of women given
placebo. Vaginal discharge and irregular
menses are also more common in women
treated with tamoxifen when compared with
placebo.35

Embolic and hematologic effects

An increased incidence of thromboembolism
has been attributed to tamoxifen in some stud-
ies, both in healthy women31 and when tamox-
ifen is combined with chemotherapy.36 This
complication occurs in about 1% of post-
menopausal patients given tamoxifen for 5
years, and deaths due to thromboembolism
have been reported.31 The risk of thrombosis
appears to be decreased in women who are less
than 50 years old.31

Endometrial and other cancers
The most serious adverse effect of tamoxifen
may be its carcinogenic potential. Tamoxifen is
experimentally genotoxic and in some strains
of rats may cause liver cancers. High levels of
stable DNA adducts have been found by post-
labeling with phosphorus-32 in rat livers,
although in humans there is no apparent
increase in adduct formation in liver or
endometrial tissue obtained from women on
tamoxifen.37,38 In women treated for breast
cancer, the clinical data at present indicate no
evidence of increased risk of liver or other can-
cers (apart from cancer of the endometrium) in
those receiving tamoxifen at 20 mg/day.31 At
40 mg/day, the Scandinavian Adjuvant Trial
indicates a possible increase in the risk of gas-
trointestinal tumors,39 although this has not
been substantiated in any other trial.

More serious is an increased risk in endome-
trial cancer, similar to that in women receiving
estrogen-replacement therapy. This may be
related to tamoxifen’s estrogenic activity rather
than being a direct carcinogenic effect.35 Nearly
all reported endometrial cancers have been in
postmenopausal women. In a large 5-year trial
of tamoxifen, the annual hazard rate was 1.7
per 1000 women – a relative risk of 2.2 as com-
pared with the population-based rates of
endometrial cancer.35 This translates into a 1%
increase in endometrial cancer risk in post-
menopausal women taking 5 years of tamox-
ifen. Most of these cancers are of low grade and
stage, similar to that associated with estrogen
therapy. In the most recent meta-analysis, the
incidence of endometrial cancer was increased
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and the risk of mortality from endometrial
cancer was slightly increased, especially with
prolonged treatment.9

Miscellaneous effects
There have been sporadic case reports of eye
problems associated with tamoxifen medica-
tion. Very high doses of tamoxifen
(180 mg/day or more) are associated with a
characteristic retinopathy and keratopathy. At
lower doses, one report indicated evidence of a
non-specific retinopathy in 4 of 63 patients that
has not been confirmed in other controlled
studies.

Acute hepatic toxicity and agranulocytosis
have been reported as anecdotal events, the sig-
nificance of which remains in doubt.

Summary of the clinical use of tamoxifen
Tamoxifen significantly reduces the risk of
recurrence and death from breast cancer when
given as adjuvant therapy, and it provides
effective palliation for patients with advanced
breast cancers. It is indicated for both pre- and
postmenopausal women who have ER-positive
invasive breast cancer. Tamoxifen is also the
initial hormonal therapy of choice for post-
menopausal women with hormone-receptor-
positive metastatic breast cancer, and it is used
as either first- or second-line therapy in
younger women. It is generally well tolerated
and safe, but the risk of endometrial cancer and
clotting events is increased. The possible benefi-
cial effects of tamoxifen on bone density and
the risk of contralateral breast cancer are added
benefits. Increasing data are becoming available
on its role in the prevention of breast cancer in
women at high risk of the disease.

NEWER TRIPHENYLETHYLENES

Toremifene

Pharmacology and biology
Toremifene is extensively metabolized in ani-
mals and humans, with a terminal elimination
half-life of 5 days.40,41 It shows weak estrogen-

like properties in the postmenopausal patients.
LH and FSH are depressed and sex hormone-
binding globulin (SHBG) is increased.42 Like
tamoxifen, toremifene produces estrogen-like
effects on the histology of the postmenopausal
endometrium.43

Clinical use
The initial phase I studies show that toremifene
is well tolerated, with activity and minimal tox-
icity in breast cancer patients.42 Several phase II
trials of toremifene have been reported in post-
menopausal patients with advanced disease
who have not received prior hormonal or
cytotoxic chemotherapy.44,45 In 46 previously
untreated patients with ER-positive metastatic
disease, Valavaara et al44 reported a 63% objec-
tive response rate (complete response rate 37%,
partial response rate 26%) with toremifene
60 mg/day orally. Responses were observed in
soft tissue and visceral sites of disease. Toxicity
was mild, with hot flashes occurring in 22% of
patients. Gunderson et al45 reported a 48%
response rate in a group of 23 patients with
advanced disease, 20 of whom had received no
prior therapy. The median duration of response
was approximately 14 months. Hot flashes were
reported in approximately half of the patients.

In a comparative study of toremifene versus
tamoxifen, 648 previously untreated, hormone-
receptor-positive or -unknown, metastatic
breast cancer patients were randomized
between tamoxifen 20 mg/day orally or two
different doses of toremifene at 60 or
200 mg/day orally.46 Tamoxifen produced a
response rate of 19% and a median survival of
32 months. Toremifene produced a response
rate of 21% at the 60 mg dose and 23% at the
200 mg dose. The median survival of
toremifene-treated patients was 38 months
(60 mg/day) and 30 months (200 mg/day). The
median time to disease progression was not sta-
tistically different between the treatment arms.
Furthermore, quality-of-life assessments were
not different between the arms. Toxicity was
mild in all patients, but toremifene-treated
patients experienced less nausea (26% versus
37%). The data from this large trial support the
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use of toremifene as an alternative first-line
therapy to tamoxifen in hormone-receptor-posi-
tive postmenopausal patients with advanced
disease.

Toremifene appears to exhibit significant
cross-resistance to tamoxifen, since response
rates to toremifene after tamoxifen therapy are
low. The largest study was a multicenter phase
II trial, in which 102 peri- or postmenopausal
women with metastatic breast cancer who
failed tamoxifen received toremifene
200 mg/day.47 Patients in this trial were heavily
pretreated, with 65% having failed chemother-
apy and 22% having failed two or more hor-
monal therapies. Forty-nine percent of patients
had visceral dominant disease. The objective
response rate was 5%, with only two patients
achieving complete response. An additional
23% of patients maintained stable disease for a
median of 8 months.

Droloxifene

Pharmacology and biology
Droloxifene is rapidly absorbed and excreted,
and does not appear to be accumulated like
tamoxifen or toremifene. Steady-state levels
were achieved rapidly within 5 hours.48

Droloxifene causes a dose-related decrease in
LH and FSH in postmenopausal women.49

Clinical use
There have been numerous clinical trials evalu-
ating droloxifene in patients with metastatic
breast cancer. The majority of patients on these
trials have been previously treated with
chemotherapy and/or hormone therapy. The
daily dose of droloxifene ranges from 20 to
300 mg. The response rate ranges from 0% to
17%, with most responses occurring in peri- or
postmenopausal patients. Trials evaluating dif-
ferent doses of droloxifene have not convinc-
ingly demonstrated a dose–response effect.50–53

The largest clinical trial involving patients
with metastatic breast cancer treated with
droloxifene has been updated.52 This phase II
study compares droloxifene in doses of 20, 40,

and 100 mg/day in postmenopausal women
with metastatic, inoperable recurrent, or
advanced primary breast cancer who had not
received hormonal therapy. Of 369 patients ran-
domized, 292 were eligible and 268 assessable
for response. Response rates were 30% in the
20 mg group, 47% in the 40 mg group, and 44%
in the 100 mg group. Those responses occurred
within 2 months of stopping therapy. In all
trials reported, droloxifene has been extremely
well tolerated, with the most common toxicities
cited being hot flashes, fatigue, and nausea.

Idoxifene

Pharmacology and biology
Idoxifene has an initial half-life of 15 hours and
a terminal half-life of 23.3 days (i.e. three times
greater than tamoxifen). Idoxifene also causes
modest decreases in LH and FSH but no
increase in SHBG.54 A large randomized phase
III trial of idoxifene versus tamoxifen has been
closed because preliminary data indicated an
increased incidence of endometrial polyps and
uterine prolapse with idoxifene, with no signifi-
cant difference in efficacy. The further develop-
ment of this drug has been terminated by the
sponsor.

Clinical use
Results of a phase I clinical trial in which 20
patients with advanced breast cancer (ER-posi-
tive or ER-unknown) treated with one of four
dose levels of idoxifene have been reported.54

The majority of patients previously received
tamoxifen, second-line hormone therapy, and
chemotherapy. Responses were observed in
14% of patients; an additional 29% of patients
had stable disease for 1.4–14 months. Toxicity
was mild and not dose-related.54

SUMMARY

The successful development of tamoxifen has
created opportunities for the development of
new drugs that could be applied throughout
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medicine. Triphenylethylene derivatives with
antiestrogenic properties are currently being
developed with the possibility of different ther-
apeutic roles. Direct comparison of these com-
pounds is difficult, and there remain significant
gaps in our knowledge about the efficacy and
long-term safety of these new agents. In the
future, new antiestrogens with more favorable
toxicity profiles may be developed, and they
should be tested against tamoxifen as the gold
standard of therapy in terms of both efficacy
and acceptable adverse toxicity profile in breast
cancer patients.
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Selective estrogen receptor modulators
(SERMs)
Anthony Howell, Stephen RD Johnston

CONTENTS • Introduction • High-dose estrogens – the first SERMs • Novel SERMs – potential advantages
for breast cancer • Tamoxifen-like triphenylethylene SERMs • ‘Fixed-ring’ SERMs • Conclusion – future role
for SERMs in breast cancer

INTRODUCTION

Ever since evidence emerged that human breast
carcinomas may be associated with estrogen,
attempts have been made to block or inhibit
estrogen’s biological effects as a therapeutic
strategy for women with breast cancer.
Estrogen has important physiological effects on
the growth and function of hormone-dependent
reproductive tissues, including normal breast
epithelium, uterus, vagina, and ovaries, as well
as preserving bone mineral density and redu-
cing the risk of osteoporosis, protecting the car-
diovascular system by reducing cholesterol
levels, and modulating cognitive function and
behaviour. Thus a strategy to block or reduce
estrogen function in an attempt to treat/pre-
vent breast cancer could have a severe impact
on a woman’s health by interfering with normal
estrogen-regulated tissues.

For over 50 years, synthetic antiestrogens
have been developed as treatment for estrogen
receptor (ER)-positive breast cancer. The syn-
thetic estrogen diethylstilbestrol and the triph-
enylethylene derivative trichlorophenylethylene

were the first hormonal compounds to be used
clinically that interacted with the estrogen
receptor, with efficacy in advanced breast
cancer.1–3 Tamoxifen is now the most widely
used and tested drug in breast cancer, and is
now recognized to significantly improve sur-
vival as adjuvant therapy in early breast
cancer,4,5 as well as reducing the incidence of
breast cancer in healthy women at risk of the
disease.6 Despite concerns about unfavourable
antiestrogenic effects on healthy tissues, para-
doxically it was discovered that tamoxifen
acted as an estrogen on bone, blood lipids and
the endometrium.7 In the adjuvant setting, the
increased risk of endometrial cancer due to the
use of tamoxifen has been perceived as small in
relation to the substantial benefit from reduc-
tion in breast-cancer-related events.8 However,
both in adjuvant and metastatic therapy with
tamoxifen, breast epithelial cells and estab-
lished tumours adapt to chronic antiestrogen
exposure and develop resistance to tamoxifen,
which may relate to the partial agonist effect of
tamoxifen in stimulating tumour growth
(reviewed by Osborne and Fuqua9 and by
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Johnston10). Experimental models have shown
that novel antiestrogens devoid of agonist
effects can antagonize tamoxifen-stimulated
growth,11 and, treatment of hormone-sensitive
tumours, may delay the emergence of resis-
tance. This generated the hope that better
agents with an improved antiestrogen/estrogen
profile may overcome this form of resistance
and improve further on the efficacy of tamox-
ifen in treating breast cancer.

The ability of separate antiestrogens to have
alternative effects on various estrogen-regu-
lated targets led to the use of the term selective
estrogen receptor modulators (SERMs) to
describe this class of drugs. High-dose estro-
gens have not been considered as SERMs until
recently, but it is clear that these agents also
have antiestrogenic effects on tumours and
estrogenic effects on the breast and
endometrium for example. It is now possible to
develop SERMs ranging from full estrogen ago-
nists to pure antagonists with different effects
in separate target tissues. As such, SERMs offer
the potential to treat and prevent a number of
conditions, ranging from osteoporosis,
menopausal symptoms, cardiovascular disease,
and breast/endometrial cancer. This chapter
reviews the development of SERMs in breast

cancer, addressing in particular the limitations
of tamoxifen that this has attempted to over-
come, and the clinical data available to date
with regard to each of the SERM compounds.

HIGH-DOSE ESTROGENS – THE FIRST SERMs

Testosterone was the first additive systemic
therapy for breast cancer, but this was rapidly
followed by high-dose estrogens, particularly
diethylstilbestrol1–3 and ethinylestradiol.12

Several other estrogens have been used, includ-
ing dienestrol,13 conjugated equine estro-
gens,14,15 and estradiol diproprionate.16

In randomized trials, DES or ethinylestradiol
were generally equivalent to triphenylethylene
antiestrogens, although the studies were very
small by modern standards12 (Table 4.1). The
20-year results of the largest study of this type
have been reported.17 The response rates were
non-significantly higher for DES compared
with tamoxifen, and there was a survival
advantage for the patients treated with DES.
Importantly, responses were seen to both
agents at crossover, suggesting a degree of non-
cross-resistance between these two classes of
SERMs (Table 4.2).
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Table 4.1 Summary of clinical trials comparing estrogen and antiestrogen therapy for advanced breast
cancer

Treatmenta No. of patients Antiestrogen Estrogen

Tam vs EE2 (Beex, 1981)111 063 10/33 (33%) 09/29 (31%)
Naf vs EE2 (Heuson, 1975)112 098 15/49 (31%) 07/49 (14%)
Tam vs DES (Ingle, 1981)113 143 23/69 (33%) 30/74 (41%)
Tam vs DES (Paschold, 1981)114 037 03/16 (19%) 04/11 (36%)
Tam vs DES (Stewart, 1980)115 072 09/29 (31%) 06/27 (22%)
Tam vs EE2 (Matelski, 1985)12 043 10/19 (53%) 06/24 (25%)

aTam, tamoxifen; EE2, ethinylestradiol; Naf, nafoxidine; DES, diethylstilbestrol.
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We have studied the effectiveness of DES in
a group of 30 patients with advanced breast
cancer after a median of four previous
endocrine therapies.18 Twenty nine percent of
patients obtained clinical benefit for a median
duration of 49 weeks, indicating the usefulness
of this ‘old’ type of SERM treatment. In general,
large doses of DES (5 mg three times daily) and
ethinylestradiol (3 mg once daily) have been
used, leading to greater toxicity compared with
triphenylethylenes. It might be possible to use
treatments giving lower serum concentrations,
which may be less toxic and lead to the reestab-
lishment of this type of SERM therapy to pro-
vide additional choice of treatment. In this
regard, Stoll19 showed that responses in
advanced breast cancer could be obtained with
the doses of hormones used in the contracep-
tive pill.19

NOVEL SERMs – POTENTIAL ADVANTAGES
FOR BREAST CANCER

An understanding of how the triphenylethylene
antiestrogen tamoxifen interacts with ER has
allowed novel SERMs to be synthesized that

possess an improved antiestrogenic/estrogenic
profile. These drugs have been developed with
the aim of retaining both the antagonist activity
of tamoxifen within the breast and its agonist
profile in bone and the cardiovascular system,
yet at the same time eliminating unwanted ago-
nist effects on the gynaecological tract, in
particular the uterus. Non-steroidal SERMs fall
into two broad categories: those that are struc-
turally similar to the triphenylethylene struc-
ture of tamoxifen, and those that are
structurally different and more closely related
to the benzothiophene structure of raloxifene
(Figure 4.1). A third class of antiestrogen
includes the steroidal antiestrogen (fulvestrant,
ICI 182,780, Faslodex), which is a structural
derivative of estradiol with a long hydrophobic
side-chain at the 7� position (Figure 4.1).20

Pharmacologically, these latter compounds are
pure antiestrogens that not only impair ER
dimerization but also induce ER degrada-
tion,21,22 and thus act as potent antiestrogens in
all tissues, including the breast, uterus, and
probably bone.

Each of the SERMs demonstrated pharmaco-
logical or pharmacodynamic benefit over tamox-
ifen in various preclinical studies, and as a
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Table 4.2 Diethylstilbestrol (5 mg three times daily) versus tamoxifen (20 mg once daily) in first-line
treatment for advanced breast cancer17

Tamoxifen Diethylstilbestrol

No. of patients 69 74
CR 06 (9%) 08 (11%)
PR 17 (25%) 23 (31%)
CR � PR 23 (34%) 31 (42%)
MDR 09.9 11.8
5-year survival rate 16% 35%
Median survival 02.4 years 03.0 years
Second response 05/16 (31%) 06/28 (21%)

CR, complete response; PR, partial response; MDR, median duration of response (months).
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consequence had a profile that supported their
clinical development in women with advanced
breast cancer in the hope of producing a more
effective and beneficial antiestrogen. The poten-
tial preclinical advantage for these SERMs
included greater potency due to enhanced affin-
ity for ER, greater efficacy compared with
tamoxifen against breast cancer in vitro or in
vivo, and reduced risk of toxicity compared with

tamoxifen on end organs such as the liver and
endometrium (Table 4.3). If resistance to tamox-
ifen occurs in part due to the agonist effects of
the drug stimulating tumour regrowth,9,10,23 then
SERMs would be expected to either be active
against tamoxifen-resistant tumours or delay the
emergence of resistance. In the clinic, this profile
would be manifest either as a superior response
rate or as a delay in the emergence of resistance
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during long-term therapy. As such, one might
expect to see evidence of activity for SERMs in
phase II studies in tamoxifen-resistant breast
cancer, or alternatively an increased duration of
clinical response or time to disease progression
compared with tamoxifen in randomized phase
III trials as first-line therapy for ER-positive hor-
mone-sensitive breast cancer (Table 4.3). The
progress to date with each SERM compound is
reviewed below – in particular, with regard to
recent data from clinical trials of SERMs in
women with either tamoxifen-resistant or hor-
mone-sensitive breast cancer.

TAMOXIFEN-LIKE TRIPHENYLETHYLENE
SERMs

Of the triphenylethylene derivatives, clinical
data from phase II/III clinical trials in women

with advanced breast cancer have been pub-
lished with three triphenylethylene tamoxifen-
like compounds (toremifene, droloxifene, and
idoxifene). For each one, preclinical data that
had suggested an improved SERM profile com-
pared with tamoxifen led to their clinical devel-
opment with the hope that these may prove
safer or more effective antiestrogens for the
treatment of breast cancer.

Toremifene

Toremifene’s only structural difference com-
pared with tamoxifen relates to a single chlo-
rine atom at position 4 (Figure 4.1), and the
pharmacological profiles of the two drugs are
similar.24,25 Unlike tamoxifen, toremifene was
found not to be hepatocarcinogenic in preclini-
cal models,26,27 which in part may relate to an
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Table 4.3 The ideal profile of a novel SERM in comparison with tamoxifen

Preclinical
• Greater binding affinity for ER
• Ability to antagonize estrogen-dependent growth of breast cancer cells in vitro
• Equal or greater inhibition of hormone-dependent xenograft growth in vivo
• Activity against tamoxifen-dependent (resistant) tumours
• Delayed emergence of antiestrogen resistance in vivo
• Reduced agonist effects in uterotrophic assays
• Lack of stimulation of endometrial cancer cells in vitro/in vivo
• Lack of DNA-adduct formation
• Prevention of bone loss in ovariectomized animals

Clinical
• Activity in hormone-sensitive breast cancer, at least equivalent to that of tamoxifen
• Increase in time – to disease progression compared with tamoxifen
• Activity in tamoxifen-resistant breast cancer
• Improved side-effect profile (i.e. less hot flushes)
• No endometrial thickening/hyperplasia/cancer risk
• Preservation of bone mineral density
• Reduction in serum cholesterol

720_Breast.ch04  26/04/2002 9 29 am  Page 49

  



inability of toremifene compared with tamox-
ifen to induce DNA adducts in the rat liver.28

Toremifene had a similar relative binding affin-
ity (RBA) for ER compared with tamoxifen, and
inhibited the growth of ER-positive breast
cancer cells in vitro29 and hormone-dependent
breast cancer xenograft growth in vivo.30

However, like tamoxifen, toremifene had estro-
genic effects on both endometrial cells and the
uterus in vivo,31,32 although it had slightly
reduced estrogenic effects on bone.33

Toremifene was developed, therefore, as an
alternative to tamoxifen that may have less
genotoxic potential, and as such could be a
safer antiestrogen for breast cancer treatment.

High-dose toremifene (120–240 mg) has been
investigated in five phase II studies as second-
line therapy in a total of 260 patients with
tamoxifen-resistant breast cancer. These
patients had failed to respond to tamoxifen for
advanced disease, had progressed after an ini-
tial response, or had relapsed on adjuvant
tamoxifen. In the largest study of 102 patients
who had been treated with 200 mg toremifene
daily, the overall objective response rate was
only 5% (95% confidence interval (CI) � 3–7%),
with an additional 23% of patients who had
stable disease for a median of 7.8 months,
although the authors felt that the latter could
relate to slow progression of an intrinsically
indolent tumour.34 Responses were more likely
in those patients who had previously
responded to tamoxifen for advanced disease.
In the second study, 56 patients with tamoxifen-
refractory breast cancer were treated with
toremifene 240 mg daily.35 Objective responses
were seen in only 2 patients (4%; 95%
CI � 0.5–14%), with stable disease for more
than 5 months in 9 patients, with activity again
more likely in previous tamoxifen responders.
In the third study in 51 patients with tamoxifen-
refractory disease, a higher objective response
rate of 14% was seen, with an additional 19%
patients having stable disease for more than 6
months.36 However, the two other smaller stud-
ies found no responders to 240 mg toremifene
in tamoxifen-refractory patients;37,38 one of these
was a randomized study against tamoxifen

with prospective crossover at progression on
each antiestrogen.38 Thus, while occasional
tamoxifen-refractory patients may have an
objective response to toremifene (especially if
they had responded to tamoxifen previously),
cross-resistance probably exists between the
two drugs.39

As first-line therapy in hormone-sensitive
advanced breast cancer, five phase II studies in
a total of 175 patients showed objective
response rates of 48–68% with toremifene in
doses of 60–240 mg daily, with a suggestion
that higher response rates occurred with the
240 mg dose (reviewed by Karlsson et al27).
Low-dose (20 mg) toremifene was associated
with a response rate of only 21% in an addi-
tional small study, and was not investigated
further.40 Subsequently, there have been five
large phase III randomized controlled trials
published that have compared toremifene
(40–60 mg) versus tamoxifen (20–40 mg) as
first-line endocrine therapy in advanced breast
cancer (Table 4.4).41–46 The response rate to
toremiphene in these larger multicentre studies
was lower than in the phase II studies, ranging
from 21% to 38%. In all of these studies,
toremifene showed equivalent efficacy to
tamoxifen for objective response rate, stable dis-
ease, time to disease progression, and overall
survival (Table 4.4). In addition, two of these
studies randomized patients between 60 mg
toremifene or higher doses (200/240 mg), and
found no significant difference in efficacy.43,45

There was no difference in drug-related toxici-
ties, and both toremifene and tamoxifen were
well tolerated. A recent meta-analysis of 1421
patients from these trials showed a similar
response rate for toremifene compared with
tamoxifen (24% versus 25.3%), with no signifi-
cant difference in time to disease progression
(hazard ratio 0.98; 95% CI � 0.87–1.11) or
overall survival (hazard ratio 0.98; 95%
CI � 0.83–1.15).46

Any potential difference in carcinogenicity
that had been identified in preclinical studies
was not evaluated in any of these studies, and
is probably of relatively little clinical signifi-
cance in advanced breast cancer. However, at
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least two adjuvant studies were subsequently
initiated to compare efficacy and in particular
long-term tolerability and safety in early breast
cancer patients. Preliminary data from approxi-
mately 900 postmenopausal node-positive
patients after a median follow-up of 3.4 years
has been reported, and there were no signifi-
cant differences in efficacy or tolerability com-
pared with tamoxifen.47 In particular, the
number of subsequent second cancers was simi-
lar, although longer follow-up will be needed to
see if any differences emerge.

Droloxifene

Structurally, droloxifene is 3-hydroxytamox-
ifen. It has a tenfold higher RBA for ER com-
pared with tamoxifen.48 In preclinical studies,
droloxifene had several potential advantages
over tamoxifen, including a shorter half-life,49

greater growth inhibition of breast cancer cells

and reduced estrogenicity in the rat uterus,50

and absence of DNA-adduct formation or car-
cinogenicity.51 However, like tamoxifen, it also
behaved as an estrogen in bone, preserving
bone mineral density.52

Early phase I/II studies suggested some effi-
cacy in patients who had received previous
tamoxifen.53,54 A phase II study of droloxifene
100 mg daily in 26 patients who had received
previous tamoxifen found a response rate of
15%, with stable disease for more than 6
months in a further 5 (19%) patients.55 A large
randomized dose-finding study of 20, 40, and
100 mg droloxifene in 369 patients as first-line
therapy showed objective response rates of
30%, 47%, and 44%, respectively.56,57 Better
response duration and time to disease progres-
sion were seen with the two higher doses, and
there were no significant drug-related toxicities.
Other first-line phase II studies were under-
taken, including one study in 39 patients that
showed a response rate of 51% (95%
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Table 4.4 Summary of clinical efficacy data from the randomized phase III trials of toremifene
(40–60 mg/day) versus tamoxifen (20–40 mg/day) as first-line endocrine treatment of advanced
breast cancer in postmenopausal women (ER status positive or unknown)

Study Toremifene Tamoxifen

No. of ORR TTP No. of ORR TTP
patients (%) (months) patients (%) (months)

Hayes et al42 221 21 05.6 215 19 05.8
Pyrhonen et al43 214 31 07.3 201 37 10.2
Gershanovich et al44 157 21 04.9 149 21 05.0
Nomura et al41 062 24 05.1 060 27 05.1
Milla-Santos et al45 106 38 11.9 111 32 09.2

Meta-analysis46,a 725 24.0 04.9 696 25.3 05.3

ORR, objective response rate, including complete and partial responses; TTP, median time to disease
progression.
aThe meta-analysis was published in 1999 and included data from the first four trials, together with an
unpublished small German study, but did not include the Spanish study,45 which was only published in 2001.
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CI � 35–67%) and median time to progression
of 8 months.58 These first-line data suggested a
level of efficacy comparable to that expected
with tamoxifen, and randomized phase III stud-
ies comparing droloxifene versus tamoxifen
were initiated. However, droloxifene was found
to be less active than tamoxifen, and further
development was stopped.59,60

Idoxifene

Idoxifene is a SERM that is metabolically more
stable than tamoxifen as a result of a pyrrolidino
side-chain, with increased binding affinity for
ER due to substitution of an iodine atom at the 4
position.61 Idoxifene inhibited hormone-depen-
dent breast cancer growth, and was more effect-
ive than tamoxifen at inhibiting both MCF-7 cell
growth in vitro and rat mammary tumour
growth in vivo.62 As a SERM, idoxifene had
estrogenic agonist effects on bone.63 However,
reduced agonist activity on breast cancer cells
for idoxifene compared with tamoxifen in vivo
was suggested by greater inhibition of MCF-7
xenograft growth in the absence of estradiol.64

Likewise, reduced stimulation of uterine weight
was seen in various uterotrophic assays.62,63

Thus, idoxifene was developed in the hope that
the reduced agonist profile in breast and gynae-
cological tissues would be an advantage over
tamoxifen for breast cancer patients.

In a phase I study of idoxifene in 14 patients
who had previously received tamoxifen, two
patients had a partial response with idoxifene
and 3 patients had disease stabilization for
more than 6 months.65 Results from a random-
ized phase II study showed little evidence of
significant clinical activity for idoxifene in
tamoxifen-resistant breast cancer.66 A total of 56
postmenopausal patients with progressive
locally advanced/metastatic breast cancer pre-
viously treated with tamoxifen 20 mg/day
were randomized to idoxifene 40 mg/day or
tamoxifen 40 mg/day. Two partial responses
(objective response rate 9%) and 2 patients with
stable disease were seen with idoxifene; in con-
trast, no objective responses were seen with

higher-dose tamoxifen, although 2 patients had
stable disease. In a phase III trial, a total of 220
postmenopausal women with metastatic breast
cancer were randomized to receive either idox-
ifene 40 mg/day or tamoxifen 20 mg/day as
first-line endocrine therapy.67 Prior adjuvant
tamoxifen, which had stopped at least 12
months previously, had been received by 21%
and 14% of patients, respectively. The objective
response rate (complete and partial responses)
was 20% (95% CI � 12.7–28.2%) for idoxifene
and 19% (95% CI � 12.5–28.2%) for tamoxifen,
with a median duration of objective response of
8.1 months for idoxifene and 7.3 months for
tamoxifen. In addition, stable disease for 6
months or more was observed in 19% of idox-
ifene-treated and 29% of tamoxifen-treated
patients. Overall, there were no significant dif-
ferences in time to disease progression or over-
all survival. Possible drug-related side-effects
(i.e. hot flushes) were infrequent (�5%) and
similar in incidence between the two groups. In
particular, there was no difference in gynaeco-
logical adverse events between idoxifene and
tamoxifen, although in a parallel osteoporosis
programme an increased incidence of uterine
prolapse and polyps was reported in idoxifene-
treated women. Thus, despite a reduced agonist
profile for idoxifene seen in preclinical studies,
there appear to be no major differences in terms
of clinical efficacy or safety profile between
idoxifene and tamoxifen, and further develop-
ment of the drug was stopped.

Other structural analogues of tamoxifen have
been synthesized, including TAT-59 (miprox-
ifene), which has a tenfold higher affinity for
ER than tamoxifen and was more effective at
inhibiting human breast cancer xenograft
growth in vivo.68,69 However it was equivalent
to tamoxifen in a phase III trial, and its further
development has been abandoned.70

Other tamoxifen-like derivatives in
development

GW 5638 (Figure 4.1) is a carboxylic derivative
in early clinical development that demonstrated
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significantly reduced agonist activity on the
uterus in ovariectomized rats, yet remained a
full agonist in reducing cholesterol and main-
taining bone mineral density.71 CGP 336,156
(lasofoxifene) is a derivative of tetrahydronaph-
thalene that maintains bone mineral density in
animal models,72 and as such may find an appli-
cation for prevention of osteoporosis. There are
few (if any) published clinical data for any of
these compounds in advanced breast cancer.

Clinical efficacy of tamoxifen-like SERMs

From the clinical data following failure of
tamoxifen in advanced breast cancer, overall
little significant activity has been observed
with the first-generation tamoxifen-like SERMs
(toremifene, droloxifene, and idoxifene), with a
median response rate from all studies of only
5% (range 0–15%) (Table 4.5). The reduced ago-
nist profile seen with droloxifene and idoxifene

in preclinical studies may have been tissue- or
cell-specific, and did not appear to manifest
itself as any improved efficacy in treating or
preventing tamoxifen resistance in patients
with breast cancer. If the agonist activity of
tamoxifen were a major mechanism for the
development of resistance, one might have
hoped that SERMs with reduced agonist
activity might have resulted in a longer
response duration or time to progression. The
fact that they did not implies that, unlike
the steroidal antiestrogen fulvestrant, these
drugs are probably completely cross-resistant
with tamoxifen. Perhaps this is not surprising,
given the similar tamoxifen-like mechanism
of action and structure–function interaction
with ER for these triphenylethylene com-
pounds. In contrast, fulvestrant acts by down-
regulating ER expression,21,22 and this may
explain why the drug appears to have much
better activity in tamoxifen-resistant breast
cancer than toremifene or idoxifene.73,74
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Table 4.5 Overall efficacy of tamoxifen-like SERMs in advanced breast cancer: response rate ranges
from phase II trials of toremifene, droloxifene and idoxifene in tamoxifen-resistant or hormone-sensitive
patients, and from phase III trials in a first-line therapy versus tamoxifen

Tamoxifen-resistant, phase II Hormone-sensitive

ORR SD Phase II Phase III Phase II/III
(%) (%) ORR ORR TTP

(%) (%) (months)

Toremifene 00–14 16–30 21–68 21–38 4.9–11
Droloxifene 15 19 30–51 — —
Idoxifene 09 09 — 20 6.5

Median 05 18 31 6.9

ORR, objective response rate, including complete and partial responses; SD, percentage of patients with stable
disease for 6 months or more: TTP, median time to disease progression.
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The definitive test of this hypothesis will be the
results of the current first-line trials of fulves-
trant, where one may anticipate that time to
progression could be prolonged compared with
tamoxifen, as has been demonstrated in
xenograft models.20

As first-line therapy, the combined phase
II/III clinical trial data for tamoxifen-like
SERMs (toremiphene, droloxifene, and idox-
ifene) suggest a median response rate of 31%
(range 20–68%), with a median time to disease
progression of 6.9 months (Table 4.5). In the
randomized first-line trials in hormone-sensi-
tive advanced breast cancer, both toremifene
and idoxifene were shown to be very similar to
tamoxifen in terms of both clinical efficacy and
toxicity,41–45,67 while droloxifene appeared to be
inferior.59 The toxicity profile was the same,
including gynaecological effects seen with idox-
ifene. On the basis of these current data, there-
fore, it is unlikely that the first-generation
triphenylethylene SERMs will replace tamox-
ifen for advanced breast cancer, since they have
failed to show superiority or any significant
clinical advantage.

‘FIXED-RING’ SERMs

Greater optimism has surrounded the profile of
second- and third-generation SERMs, in
particular the possibility that this may translate
into an improved clinical benefit for breast
cancer patients. Much of the enthusiasm relates
to the fact that these drugs appear to be devoid
of any agonist activity in the endometrium,
whilst at the same time appearing to be potent
antiestrogens in the breast and retaining ago-
nist activity in bone. Structurally, most of these
drugs resemble the benzothiophene raloxifene,
which is the most extensively studied SERM in
this class.

Raloxifene

The binding affinity of raloxifene (Figure 4.1)
for ER is similar to that of tamoxifen,75 and most

of the pharmacological data showed similar
activity to tamoxifen in terms of inhibiting
breast cancer cells in vitro and rat mammary
tumour growth in vivo.76,77 In preclinical mod-
els, the drug maintained bone mineral density78

and reduced total cholesterol,79 but compared
with tamoxifen it had significantly less estro-
genic activity on endometrial cells and could
inhibit tamoxifen-stimulated endometrial
cancer growth in vivo. Raloxifene was subse-
quently developed, and is now indicated for
osteoporosis based on clinical trails that
showed prevention of bone loss in post-
menopausal women.80

While raloxifene was not developed as an
antiestrogen for breast cancer, limited data exist
on its activity in patients with advanced breast
cancer. In a small study in 14 patients who had
become resistant to tamoxifen following an
initial response, only 1 patient had a minor
response when treated with 200 mg raloxifene.81

In 21 patients with ER-positive metastatic
breast cancer treated with raloxifene 150 mg
twice daily as first-line therapy, 4 (19%) patients
had a partial response for a median duration of
22 months, with an additional 3 (14%) patients
showing stable disease.82 Raloxifene does not
appear to relieve vasomotor symptoms such as
hot flushes. However, during raloxifene’s
development for osteoporosis, it was found to
significantly reduce the incidence of breast
cancer (in particular ER-positive tumours)
in postmenopausal women by 76% (95%
CI � 56–87%), without any increase in endome-
trial thickening or risk to the gynaecological
tract.83,84 Because tamoxifen may also reduce
breast cancer incidence, although with an
increased risk of endometrial cancer and throm-
botic events,6 the current Study of Tamoxifen
and Raloxifene (STAR) chemoprevention trial is
comparing the effects of raloxifene with tamox-
ifen. The potential exists that as a SERM ralox-
ifene may reduce breast cancer incidence with a
better safety profile compared with tamoxifen,
and it is hoped that this trial will clarify for
which patients (i.e. at what level of breast
cancer risk) benefit will be derived from chemo-
prevention.

54 ENDOCRINE THERAPY OF BREAST CANCER

720_Breast.ch04  26/04/2002 9 29 am  Page 54

  



Arzoxifene

Arzoxifene (LY 353381) (Figure 4.1) is a ben-
zothiophene analogue that is a more potent
antiestrogen with an improved SERM profile
compared with raloxifene.85 In particular,
arzoxifene was a more potent inhibitor of breast
cancer cells in vitro than either tamoxifen or
raloxifene, and inhibited the growth of mam-
mary tumour xenografts in vivo.86,87 As a SERM,
in preclinical studies, arzoxifene was a more
potent agonist on bone and cholesterol metabo-
lism than raloxifene,88,89 with no evidence of any
estrogen-like agonist effects on uterine tissues.85

In view of these promising data, arzoxifene has
entered clinical development for the treatment
of breast cancer.

In a phase I study, 32 patients who had
received a median of two prior endocrine thera-
pies were treated with arzoxifene in doses rang-
ing from 10 to 100 mg daily.90 No significant
toxicities were seen, and in particular transvagi-
nal ultrasound showed no endometrial thicken-
ing following 3 months’ therapy. Six patients
had stable disease for a median of 7.7 months
(range 6–33 months). In a phase II study as first-
line therapy, 92 patients were randomized to
either 20 or 50 mg arzoxifene daily.91 Only 95
patients had received tamoxifen previously in
the adjuvant setting. There was no difference in
response rate (36% versus 34%), clinical benefit
rate, which included stable disease (63% versus
64%), or time to disease progression (10.4
months versus 8.9 months). Likewise, toxicities
were minor, although 30% of patients reported
minor hot flushes. More recently, preliminary
results were reported of a further phase II trial
that compared both doses in 63 tamoxifen-resis-
tant patients, and separately in 49 patients with
hormone-sensitive disease (i.e. first-line ther-
apy).92 Response rates were low in the tamox-
ifen-resistant patients (10% for 20 mg, and 3%
for 50 mg), all of whom had either relapsed on
adjuvant tamoxifen after at least 1 year’s ther-
apy or progressed on tamoxifen for advanced
disease following an initial response. In con-
trast, a response rate of 30% was seen with
20 mg arzoxifene in the hormone-sensitive

group, with a further 17% having stable disease
and an overall median time to progression of
8.3 months. The response rate for the 50 mg
dose was somewhat lower (8%), although num-
bers are small (only 25 patients). Based on all
the phase II data, 20 mg arzoxifene has now
been taken forward into a large multicentre
phase III trial against tamoxifen as first-line
therapy.

EM-800

EM-800 is an orally active so-called pure non-
steroidal antiestrogen that is a prodrug of the
active benzopyrene derivative EM-652 (SCH
57068) (Figure 4.1).93 The binding affinity of
EM-652 for ER is significantly greater than
those of estradiol, tamoxifen, raloxifene, and
fulvestrant.94 The prodrug EM-800 is a potent
antiestrogen, and was more effective than 4-
hydroxytamoxifen and fulvestrant at inhibiting
estradiol-induced cell proliferation in breast
cancer cells in vitro, and in the absence of estra-
diol had no agonist effects on growth.95 In ZR-
75-1 xenografts, EM-800 was significantly more
effective than tamoxifen at inducing tumour
regressions in vivo, and in the absence of
estrone antagonized tamoxifen-stimulated
tumour growth.96 In intact mice, EM-800 was
30-fold more potent than tamoxifen at inhibit-
ing uterine weight and reducing uterine/
vaginal ER expression.97 Likewise, EM-800 was
devoid of any stimulatory effect on alkaline
phosphatase activity (a sensitive marker of
estrogenic activity) in Ishikawa endometrial
carcinoma cells,98 while EM-652 had no agonist
activity in an immature rat uterotrophic assay.99

In addition, studies have shown that EM-800
prevented bone loss in the ovariectomized rat100

and lowered serum cholesterol levels.93

Interestingly, EM-800 appears to significantly
downregulate ER levels both in tumours and
in normal estrogen-sensitive tissues in a simi-
lar fashion to the steroidal antiestrogen 
fulvestrant,97 but its specific agonist effects on
bone differentiate it from fulvestrant, which has
not been shown to prevent bone loss. As such,
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EM-800/EM-652 has a potentially promising
SERM profile.

In terms of clinical development, a phase II
study of EM-800 (20 or 40 mg) was undertaken
in 43 postmenopausal women who had failed
tamoxifen in either the metastatic or adjuvant
setting.93,101 There were one complete and five
partial responses (response rate 14%), with
most of the responses occurring in those who
had received at least 3 years adjuvant tamox-
ifen.101 An additional 10 (23%) patients had
stable disease for more than 6 months. On the
basis of these results, a randomized phase III
study in patients who had failed tamoxifen was
undertaken, comparing the efficacy of EM-800
(20 or 40 mg) with the third-generation aro-
matase inhibitor anastrozole. At the defined
interim review, when over 300 patients had
been entered, the efficacy was substantially less
than that of anastrozole, and the trial was ter-
minated (C Tendler, personal communication).
There are no data at present on the activity of
EM-800 in the first-line hormone-sensitive
population.

ERA-923

ERA-923 is a novel SERM that appears to have
an improved preclinical profile compared with
tamoxifen and raloxifene. It is now being evalu-
ated in a randomized dose-finding phase II trial
(25 mg versus 100 mg) as second-line therapy in
100 ER-positive patients with tamoxifen-resis-
tant metastatic breast cancer. A similar random-
ized phase II trial has been proposed in
receptor-positive hormone-sensitive metastatic
breast cancer as first-line therapy.102

Clinical efficacy of ‘fixed-ring’ SERMs

These new compounds in preclinical models
appear to offer a greater increase in potency
and tumour growth inhibition, together with an
improved SERM profile on other tissues, in
comparison with the tamoxifen-like SERMs. At
the current time, there are too few clinical data

to know whether these potential advantages
will translate into beneficial effects for breast
cancer patients. However, in tamoxifen-resis-
tant patients, the level of activity reported for
raloxifene,81 arzoxifene,92 and EM-80093 are all
low (Table 4.6), with a median response rate of
6.5%, which is very similar to that observed
with the tamoxifen-like SERMs (Table 4.5). It is
probable that activity in first-line will be similar
to tamoxifen, since the only phase II data with
raloxifene and arzoxifene give a median
response rate of 30%, with a median time to
progression of 9.4 months (Table 4.6). Results of
ongoing phase II/III trials with arzoxifene and
ERA-923 are awaited, but to date there is little
clinical evidence to suggest that in advanced
breast cancer substantial improvements in effi-
cacy will be made over tamoxifen.

CONCLUSION – FUTURE ROLE FOR SERMs
IN BREAST CANCER

It is unclear to what extent any preclinical
advantages that have been observed for each of
these SERMs over tamoxifen may be predictive
for clinical outcome in the treatment of
advanced breast cancer. So far, the clinical data
in advanced breast cancer summarized above
are somewhat disappointing for the tamoxifen-
like SERMs. Instead, much greater potential
may exist either in the adjuvant or chemopre-
ventive setting, where an improved SERM pro-
file on bone, lipid metabolism, and the
endometrium will be of maximum benefit. It
remains to be seen whether the vasomotor
symptoms associated with both tamoxifen and
raloxifene are any less frequent with the new
SERMs. The dilemma faced by those develop-
ing these therapies, however, is the need to
demonstrate clinical activity against breast
cancer that is at least equivalent to that of
tamoxifen. The clinical data outlined above sug-
gest that while there is probably little role for
other triphenylethylenes and ‘fixed-ring’
SERMs following failure of tamoxifen, their effi-
cacy and tolerability in hormone-sensitive
advanced breast cancer is probably equivalent
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to that of tamoxifen. It is possible that fulves-
trant will prove superior to tamoxifen in the
first-line comparative phase III trial to be
reported in late 2002.103 Further studies will be
needed to determine how it should be inte-
grated into the treatment of advanced breast
cancer with the new aromatase inhibitors. It is
now clear that the third-generation aromatase
inhibitors (i.e. letrozole and anastrozole) are
probably superior and better tolerated than
tamoxifen,104,105 but it is possible, given that ful-
vestrant is at least equivalent to anastrozole in
tamoxifen failures, that it might be superior in
patients with advanced breast cancer not previ-
ously treated with tamoxifen. It also remains to
be seen whether the new orally bioavailable
pure antiestrogens, SR 16234 and ZK 191703
(Figure 4.1) will have equivalent or superior
potency to the intramuscularly given fulves-
trant.

In vitro, it is known that breast cancer cells
adapt when subjected to long-term estrogen
deprivation, remaining ER-positive and becom-
ing hypersensitive to very low concentrations
of estradiol.106 It is conceivable that potent
antiestrogens, including SERMs, could be active

in this setting, and clinical trials with fulves-
trant following aromatase inhibitor failure are
in progress.

An alternative role for SERMs could be as
adjuvant therapy, either alone or in combina-
tion with aromatase inhibitors, thus providing
protection to the bone and cardiovascular sys-
tem while enhancing antitumour efficacy.
While it has always been thought that
endocrine therapies are better given in
sequence than in combination, this has been
challenged recently by data in premenopausal
ER-positive advanced breast cancer, where
combined estrogen deprivation with a luteiniz-
ing hormone-releasing hormone (LHRH) ago-
nist and an antiestrogen was superior to either
therapy alone, including in terms of overall sur-
vival.107 However, in order to develop SERMs
as adjuvant therapy, there seems to be no short-
cut to performing some form of clinical effi-
cacy/safety study in advanced breast cancer.
Additional evidence of a SERM’s biological
activity and clinical efficacy could be ascer-
tained from short-term randomized neoadju-
vant studies, as undertaken for idoxifene,108

raloxifene,109 and fulvestrant.110 The next five
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Table 4.6 Overall efficacy of second- and third-generation SERMs in advanced breast cancer: response
rate ranges from phase II studies of raloxifene, arzoxifene, and EM-800 in tamoxifen-resistant or
hormone-sensitive patients

Tamoxifen-resistant, phase II Hormone-sensitive, phase II

ORR SD ORR TTP
(%) (%) (%) (months)

Raloxifene 00 0— 19 —
Arzoxifene 03–10 03–7 30–36 8.3–10.4
EM-800 14 23 — —

Median 06.5 07 30 9.4

ORR, objective response rate, including complete and partial responses; SD, percentage of patients with stable
disease for 6 months or more: TTP, median time to disease progression.
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years will be crucial to see whether the latest
generation of SERMs have a significant role to
play in breast cancer therapy – and more
importantly what that role might be.
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5
Fulvestrant (ICI 182,780, Faslodex): 
A ‘pure’ antiestrogen
Anthony Howell, John FR Robertson

CONTENTS • Introduction • New antiestrogens • Fulvestrant: mode of action • Preclinical studies • Clinical
studies • Pharmacokinetics • Phase III data • Conclusions

INTRODUCTION

The term ‘antiestrogen’ encompasses all agents
that antagonize the physiologic effects of the
female hormone estrogen or 17�-estradiol.
Tamoxifen is a non-steroidal, triphenylethylene-
based, antiestrogen (Figure 5.1), with tissue-
specific estrogenic (agonist) and antiestrogenic
(antagonist) activity, and has been the antiestro-
gen of choice in the clinic for over 25 years. Its
biological effects are mediated primarily by
inhibiting the actions of estrogen mediated
through its binding to the estrogen receptor
(ER).1 The antiestrogenic activity of tamoxifen in
the breast has established it as the standard for
the treatment of all stages of breast cancer in
postmenopausal women. Tamoxifen given for
different durations in an adjuvant setting has
been associated with an up to 47% reduction in
the risk of contralateral breast cancer,2 and a
45% reduction in invasive cancer in patients
with ductal carcinoma in situ.3 Furthermore, the
prospective evaluation of tamoxifen for the pre-
vention of cancer in high-risk women in the
National Surgical Adjuvant Breast and Bowel
Project (NSABP)-P1 breast cancer prevention

study4 showed tamoxifen to reduce the relative
risk of invasive cancer by 49% in all age groups.
Although these observations have not been con-
firmed in two European studies, tamoxifen has
been approved by the US Food and Drug
Administration (FDA) for breast cancer preven-
tion in high-risk individuals.5

Long-term tamoxifen treatment is associated
with at least two other clinical benefits nor-
mally associated with endogenous systemic
estrogen. These are the maintenance of bone
density6,7 and the lowering of circulating low-
density lipoprotein cholesterol,8 with a benefi-
cial effect on cardiovascular disease,5,9 both of
which are issues of importance to peri-
menopausal and postmenopausal women.
However, tamoxifen is also associated with a
slight increase in the risk of endometrial
cancer4,9,10 and as yet unsubstantiated concerns
over other second malignancies.11 These obser-
vations are of particular concern when tamox-
ifen is used in an adjuvant setting, since these
patients may be receiving therapy for up to 5
years. Tamoxifen is also associated with a
tumour-stimulatory effect, sometimes seen as a
transient flare at the start of treatment,12 and,
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perhaps most importantly, the acquisition of
‘tamoxifen resistance’, where tamoxifen no
longer inhibits tumour growth – and in some
cases actually promotes it.13 Antiestrogen ther-
apy is also associated with an increased inci-
dence of thromboembolic phenomena,
including deep vein thrombosis, pulmonary
embolism, and possibly cerebrovascular
events.14,15 The most common serious adverse
event with tamoxifen is thromboembolism.4

However, despite these negative aspects of
tamoxifen therapy, the benefits for the treat-
ment and prevention of breast cancer are con-
sidered to substantially outweigh the risks.

The success of tamoxifen in the treatment of
breast cancer has proved invaluable in the
search for, and development of, new antiestro-
gens that selectively retain the favourable estro-
genic and antiestrogenic properties of
tamoxifen. It is the standard against which
all new endocrine therapies, including third-
generation aromatase inhibitors, are being
and will be measured, in well-established pre-
clinical and clinical settings as summarized in
Table 5.1.

NEW ANTIESTROGENS

The last decade has seen an upsurge in the
activity invested in the search for the successor
to tamoxifen. The strategies employed have
included the chemical modification of tamox-
ifen, either by altering the side-chains to pro-
duce new tamoxifen analogues such as
toremifene16 (Figure 5.1), idoxifene,17 drolox-
ifene,18 and TAT-59,19,20 or by altering the non-
steroidal triphenylethylene ring structure of
tamoxifen to produce new non-steroidal ring
structures such as the benzothiophene deriva-
tive raloxifene21,22 (Figure 5.1) and the benzo-
pyran derivative EM-800.23 These non-steroidal
antiestrogens have all been classified as selec-
tive estrogen receptor modulators (SERMs) and
exhibit mixed tissue-dependent agonist/antag-
onist activity. None of these non-steroidal anti-
estrogens have yet shown any significant
advantage over tamoxifen in clinical trials in
terms of either efficacy or tolerance.24 Also, the
possibility of cross-resistance between most of
these agents and tamoxifen may limit their
potential usefulness in the treatment of
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advanced disease following adjuvant tamoxifen
therapy24 (see Chapters 3, 4, 10). Indeed, all of
the triphenylethylene tamoxifen analogues,
with the exception of toremifene, have been
withdrawn from development for the treatment
of breast cancer.

Another avenue has been to produce
steroidal analogues of estrogen with a bulky
side-chain at either the 7� position25–28 or the
11� position29 of estradiol, which are com-
pletely lacking in agonist activity. These agents
have been termed ‘pure’ antiestrogens, and
include ICI 164,384, fulvestrant (Faslodex, for-
merly ICI 182,780), and RU 58668. The most
advanced of these in terms of both preclinical
and clinical evaluation is fulvestrant (Figure
5.1).28 Two other oral pure antiestrogens
(SR 16234) and ZK 191703) are in late
preclinical/early clinical development.

FULVESTRANT: MODE OF ACTION

Fulvestrant is one of two steroidal antiestrogens
with pure antiestrogenic activity developed
from a series of 7�-alkyl analogues of estra-
diol.28 ICI 164,384 has been studied extensively
in a preclinical setting, but it is the more potent
fulvestrant that is being actively studied in clin-
ical trials in patients with breast cancer.25,26

Fulvestrant is distinguishable from tamox-
ifen and other SERMs both pharmacologically
and in terms of its molecular activity. Although
both classes of agent mediate their effects
through the ER, they differ significantly in their
downstream effects (Table 5.2). Binding of
estradiol and the non-steroidal antiestrogens to
the estrogen-binding sites of the ER initiates a
series of events, which include dissociation of
heat-shock proteins and ER dimerization.
Dimerization facilitates the binding of the ER to
specific DNA estrogen response elements
(EREs) in the vicinity of estrogen-regulated
genes.30,31 Many proteins interact with the
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Table 5.1 Preclinical and clinical assessment of new antiestrogens

Preclinical in vitro and in vivo assessments
• Estrogen receptor (ER) binding
• ER� and ER� transcriptional activation
• Tumour antagonism
• Estrogenic activity in breast and uterus
• Activity against tamoxifen-resistant cell lines
• Estrogenic activity on bone and serum lipids
• Mechanism of ER activation (coactivators, corepressors, and ligand-independent activity)

Clinical assessment
• Activity as first-line therapy
• Activity in tamoxifen-resistant tumours
• Activity as neoadjuvant and adjuvant therapy
• Activity in prevention
• Side-effect profile
• Scheduling relative to aromatase inhibitors
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receptor to act as corepressors or coactivators,
whilst, to further complicate matters, at least 50
transcriptional activating factors modulate the
effects of estrogen on the target gene.32,33 There
are at least two ERs, � and �,34–36 which have
different tissue distributions. Both ERs contain
two activating functions, AF-1 and AF-2, both
of which are active when estrogen binds to the
receptors. Both activating functions are inacti-
vated when the benzothiophene derivative
raloxifene binds to the ER, but only one (AF-2)
is inactivated when tamoxifen binds to the ER.
The latter scenario leads to incomplete attenua-
tion of transcription, with the AF-1 domain
allowing selective gene expression to occur.

Thus, the partial agonist activity of tamoxifen is
attributed, in part, to its inability to inactivate
AF-1.

The activity of the steroidal antiestrogens
such as fulvestrant is different (Table 5.2). The
steroidal antiestrogens bind to the ER, but,
because of their long bulky side-chains at the 7�
and 11� positions, receptor dimerization
appears to be sterically hindered.37 There is
evidence that ER turnover is increased and
nuclear localization is disrupted, with a con-
comitant reduction in the number of detectable
ER molecules in the cell both in vitro and in
vivo.38 This is in marked contrast to the stable
or increased levels of ER expression associated
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Table 5.2 Modes of action of estradiol, tamoxifen, and fulvestrant following binding to the estrogen
receptor (ER)

Estradiol
1. The natural ligand estradiol (E2) binds to the ER with high affinity and dissociates hsp90
2. The E2-ER complex homodimerizes and localizes preferentially in the cell nucleus
3. E2-ER homodimer binds to the estrogen response element (ERE) in the promoter region of estrogen-

sensitive genes
4. Activation of transcription by ER involves two transcription activation functions, AF-1 and AF-2, of the

ER and transcriptional coactivators to stimulate the activity of RNA polymerase II (RNA pol II)

Tamoxifen (SERM)
1. Tamoxifen (T) binds to ER with low affinity compared with estradiol and dissociates hsp90.
2. The T–ER complex homodimerizes and translocates to the cell nucleus. AF-1 but not AF-2 is active.
3. The T–ER dimer binds to the ERE in the promoter region of estrogen-sensitive genes
4. Transcription of estrogen-responsive gene(s) is attenuated because AF-2 is inactive and the T–ER

complex attenuates coactivator binding; partial agonist activity results because AF-1 in the T–ER
complex remains active.

Fulvestrant (SERD)
1. Fulvestrant (F) binds to ER with high affinity and dissociates hsp90
2. Rapid degradation of ER is triggered by binding
3. There is a reduced rate of dimerization and nuclear localization of the F–ER complex
4. There is reduced binding of F–ER to the ERE
5. There is no transcription of estrogen-responsive genes; since AF-1 and AF-2 are inactive, no co-

activators are recruited
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with tamoxifen and its analogues. In vitro and
in vivo studies suggest that as a consequence of
ER ‘downregulation’, ER-mediated transcrip-
tion is completely attenuated since fulvestrant
inactivates both AF-1 and AF-2, and this leads
to complete suppression of the expression of
estrogen-dependent genes. Thus, not only is
fulvestrant described as a pure antiestrogen, it
is now also described as a selective estrogen
receptor downregulator (SERD).

PRECLINICAL STUDIES

The preclinical characteristics of fulvestrant,
which define this compound as a ‘pure’ anti-
estrogen devoid of estrogen-like activity, have
been extensively reviewed,28,39,40 and provided
the first evidence that fulvestrant may offer a
potential therapeutic advantage over tamox-
ifen. These include an affinity for the ER
approximately a 100 times that of tamoxifen,
the specific absence of estrogen-like activity on
the uterus both in vitro and in vivo, and the
capacity to completely block the stimulatory
activities of both estrogens and antiestrogens
with partial agonist activity, such as tamoxifen.
For example, in the rat uterus, in contrast to
estradiol and tamoxifen, fulvestrant did not
induce genes such as calbindin D, IGF-I, VEGF,
and c-fos, and, when administered prior to
estradiol or tamoxifen, completely blocked the
induction of these genes by these agents.24

Moreover, fulvestrant does not block the
uptake of [3H]estradiol in the brain, suggesting
that fulvestrant does not cross the blood–brain
barrier41 and therefore in humans may not
cause the hot flushes associated with the non-
steroidal antiestrogens. The preclinical animal
data on the effects of fulvestrant on bone den-
sity are conflicting, with reports of reduced can-
cellous bone volume in one study42 and no
effect on overall density in another,43 and are
being investigated further. The absence of
estrogenic activity has important consequences
for the development of resistance, which is a
major concern during tamoxifen therapy. In
vitro studies demonstrate that tamoxifen-resis-

tant cell lines remain sensitive to growth inhibi-
tion by fulvestrant,44–46 while cells resistant to
fulvestrant exhibit cross-resistance to tamox-
ifen.47 Also, tamoxifen-resistant tumours
remain sensitive to fulvestrant in vivo.48

Preclinical studies in nude mice show that ful-
vestrant suppresses the growth of established
MCF-7 xenografts for twice as long as tamox-
ifen and delays the onset of tumour growth for
longer than tamoxifen.48 Taken collectively,
these data suggest that fulvestrant is a more
effective estrogen antagonist than tamoxifen,
and able to produce a longer response in the
animal model. Moreover, other animal studies
confirm the complete absence of uterine-stimu-
lating activity and show that fulvestrant blocks
the uterotrophic action of tamoxifen.27 In
ovariectomized, estrogen-treated monkeys, the
extent of involution of the endometrium was
similar in animals treated with fulvestrant com-
pared with withdrawal of estrogen.39 Overall,
these data indicate that the mode of action and
the preclinical effects of fulvestrant are distinct
from those of tamoxifen and the newer SERMs,
and support the concept that fulvestrant repre-
sents a novel type of antiestrogen with clinical
potential and implications for the endocrine
management of breast cancer in terms of the
sequencing of steroidal and non-steroidal anti-
estrogen therapies.

CLINICAL STUDIES

Data regarding the clinical potential of fulves-
trant in patients with breast cancer are encour-
aging. Administration of a short-acting
propylene glycol–based formulation of fulves-
trant at doses of 6 or 18 mg daily by intramus-
cular injection for one week, to postmenopausal
breast cancer patients prior to surgery resulted
in a reduction in proliferation, as measured by
Ki67 labelling index, and a reduction or absence
of expression of ER and progesterone receptor
(PgR) in ER-positive tumours.26 Treatment with
fulvestrant also resulted in a clinically signifi-
cant reduction in expression of the estrogen-
regulated gene pS2, but this was unrelated to
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tumour ER status. Similar experiments with
tamoxifen had produced no change in ER
expression, slightly increased PgR expression,
and reduction in the Ki67 labelling index after a
median 21 days of treatment.

Although fulvestrant reduced ER expression
to almost undetectable levels, no other changes
suggestive of an endocrine-insensitive pheno-
type were observed.24 This, coupled with the
absence of changes in Ki67 in ER-negative
tumours treated with fulvestrant, suggests that
the effect is the result of antagonism of estrogen
at the ER level. This antiestrogenic effect has
been confirmed in a study in premenopausal
patients scheduled for hysterectomy for benign
gynaecological disease who were randomized
to receive either seven consecutive daily doses
of the short-acting formulation of fulvestrant or
observation prior to surgery. No increase in
endometrial thickness was observed in the ful-
vestrant-treated patients,49 and there was also
significantly lower ER expression in the
myometrium of the treated group.50

In a much larger preoperative study, the
antitumour effects of single-dose long-acting
fulvestrant were compared with those of
tamoxifen in postmenopausal primary breast
cancer patients prior to surgery.51 In this study,
201 patients were randomized to receive fulves-
trant over a range of doses (50, 125, or 250 mg)
administered, intramuscularly, or tamoxifen
administered orally at a dose of 20 mg/day, or
matching tamoxifen placebo for 14–21 days
prior to surgery. A dose-dependent reduction
in the levels of ER expression was observed
across all three doses of fulvestrant compared
with placebo. Also, when the fulvestrant dose
normally used clinically (250 mg) was com-
pared with tamoxifen, there was a significantly
greater reduction in ER index for fulvestrant. A
dose-dependent reduction in PgR expression
was also observed following fulvestrant treat-
ment, which was greater for all three doses of
fulvestrant than for tamoxifen, which actually
resulted in stimulation of PgR expression.51 At
all three doses fulvestrant reduced prolifera-
tion. These data once again provide evidence
that fulvestrant acts as an ER downregulator

with clear antiestrogenic and antiproliferative
activity.51 Furthermore, the effect on PgR pro-
vides evidence of a more complete blockade of
this ER-dependent pathway compared with
tamoxifen, which increases PgR levels as a
result of its partial agonist activity.51

The clinical efficacy of fulvestrant was
demonstrated in a small phase II trial in 19
patients with tamoxifen-refractory disease who
received a long-acting monthly intramuscular
injection, starting with 100 mg in the first
month and increasing to 250 mg for the second
and subsequent months in the absence of local
and systemic toxicity. Thirteen patients
achieved a clinical benefit, with a median dura-
tion of 25 months, with seven patients demon-
strating a partial response (PR) and six patients
stable disease (SD).25,52 These data clearly
confirmed the lack of cross-resistance with
tamoxifen observed in preclinical studies.
Furthermore, luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) levels rose
after the patients were removed from tamox-
ifen, but then plateaued – suggesting that there
is no effect of fulvestrant on the pituitary–hypo-
thalamic axis. Hot flushes and sweats were not
induced, and no negative effects were observed
on the liver, brain, or genital tract – suggesting
that fulvestrant might have fewer side-effects in
terms of menopausal symptoms than tamox-
ifen. Thus, fulvestrant at the drug concentra-
tions used in this study was effective as a
second-line antiestrogen therapy, supporting a
mechanism of action distinct from tamoxifen. In
addition, this phase II study clearly indicated
that fulvestrant was well tolerated. Also, com-
parison with a well-matched historical control
group of patients treated with the progestin
megestrol acetate suggested a longer duration
of response for patients receiving fulvestrant:
26 months versus 14 months (Figure 5.2).53

PHARMACOKINETICS

The pharmacokinetics of multiple-dose fulves-
trant administration were assessed in the phase
II trial described above25 and more recently in a
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subset of patients enrolled in a phase III trial.54

In the phase II trial, peak levels of fulvestrant
occurred at a median of 8–9 days after dosing
and then declined, but were still above the pro-
jected therapeutic threshold at day 28.25 Mean
Cmax (which occurred on day 7) increased from
10.5 ng/ml during the first month to
12.6 ng/ml at month 6. The area under the
curve (AUC) increased by 47% at 6 months,
suggesting some drug accumulation. In addi-
tion, the pharmacokinetic properties of single-
dose fulvestrant were investigated in two
multicentre randomized trials in post-
menopausal patients with either primary55 or
advanced56 breast cancer and are reviewed else-
where.57 Significantly, the administration regi-
men (1 � 5 ml or 2 � 2.5 ml intramuscular
injections) did not appear to alter the pharma-
cokinetic profile of fulvestrant.56

PHASE III DATA

The phase II second-line and preoperative trials
reported above provided the initiative for two
phase III studies – one in North America and
one in Europe, Australia, and South Africa
(ROW) – which compared the efficacy and tol-
erability of fulvestrant (250 mg) administered
once monthly with those of the third-generation
aromatase inhibitor anastrozole (1 mg) admin-
istered orally once daily, in postmenopausal
women whose disease had progressed on or
after prior adjuvant endocrine therapy.58,59 The
vast majority (�96%) of patients, across both
trials, had received prior tamoxifen therapy.
The North American trial was a double-blind
trial and recruited patients from 83 centres in
the USA and Canada, whilst the second trial,
was an open-label study conducted principally
in Europe, recruiting patients from 82 centres.
In the North American and ROW trials, 400 and
451 patients respectively were analysed for effi-
cacy. The primary endpoint in both trials was
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Figure 5.2 Duration of response for fulvestrant versus the progestin megestrol acetate (MA) in patients with
tamoxifen-resistant breast cancer.53 Reproduced from Robertson JFR, Howell A, De Friend DJ et al. Duration of
remission to ICI 182,780 compared to megestrol acetate in tamoxifen resistant breast cancer. Breast Cancer
Res Treat 1997; 6: 186–9, with permission from Churchill Livingstone (Harcourt Heath Sciences).
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time to disease progression, with secondary
endpoints across both trials including objective
response, duration of response, time to death,
tolerability, quality of life, and pharmaco-
kinetics.

The median time to disease progression was
numerically longer with fulvestrant compared
with anastrozole for both the North American
(5.4 months versus 3.4 months) and ROW (5.5
months versus 5.1 months) trials, but was not
statistically significant in either trial. The objec-
tive response rates were not significantly differ-
ent in either trial: 17.5% for both arms in the
North American trial and 20.7% versus 15.7%
for fulvestrant and anastrozole, respectively, in
the ROW trial. In responding patients, the
median durations of response to fulvestrant
and anastrozole were 19.3 months and 10.5
months respectively in the North American
trial and 14.3 months and 14.0 months respec-
tively in the ROW trial. The clinical benefit rates
(defined as complete and partial responses and
disease stabilization lasting for 24 weeks or
more) for fulvestrant versus anastrozole were
42.2% versus 36.1% in the North American trial
and 44.6% versus 45.0% in the ROW trial. In
both trials, the most frequently reported
adverse events were gastrointestinal distur-
bances (e.g. nausea, vomiting, constipation, and
diarrhoea): 53.4% and 39.7% of patients suf-
fered from at least one gastrointestinal distur-
bance in the North American and ROW trials,
respectively. Overall, the incidence of adverse
events was similar for the recipients of anastro-
zole and fulvestrant in both trials. The with-
drawal rates in the fulvestrant and anastrozole
groups were low in both trials, with 2.5% ver-
sus 2.6% of patients withdrawing owing to an
adverse event in the North American trial and
3.2% versus 2.2% of patients withdrawing
owing to an adverse event in the ROW trial.58,59

Thus, in both studies, fulvestrant was at least as
effective as the aromatase inhibitor anastrozole,
with a longer duration of response in the North
American trial, confirming fulvestrant as an
effective treatment in postmenopausal patients
with advanced breast cancer recurring or pro-
gressing even after tamoxifen therapy.
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Fulvestrant was also well tolerated, and is the
first antiestrogen reported to be at least as
effective as a new-generation aromatase
inhibitor. This is of particular significance in
light of the fact that two trials comparing anas-
trozole with tamoxifen in the first-line treat-
ment of breast cancer have shown anastrozole
to be superior to tamoxifen – both in terms of
time to progression and in terms of a lower
incidence of thromboembolic events and vagi-
nal bleeding.60,61

CONCLUSIONS

Fulvestrant is the first in a new class of anti-
estrogen to enter clinical practice, and is cur-
rently being investigated in phase III trials
versus tamoxifen. Its mode of action (Table 5.2)
and clinical efficacy and side-effect profile
(Table 5.3) are distinct from those of tamoxifen,
and preliminary data from two phase III studies

Table 5.3 Summary of clinical efficacy and
side-effect profiles of fulvestrant and
tamoxifen

Clinical activity Tamoxifen Fulvestrant

Prevention � ND
Neoadjuvant � �

Advanced disease � �

Tamoxifen-resistant 0 �

Agonist activity on 
uterus � �

Bone density � ?
Lipids ↓ �

Blood–brain barrier � NT

ND, not determined; ↓, favourable change; �, no
change; NT, not tested.
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show it to be as effective as the third-generation
aromatase inhibitor anastrozole as a second-line
endocrine therapy in postmenopausal patients
who have failed on prior tamoxifen therapy.58,59

It is well recognized that patients whose dis-
ease progresses after responding to tamoxifen
can achieve further responses with third-genera-
tion steroidal (exemestane) and non-steroidal
(anastrozole and letrozole) aromatase inhibitors,
and these are currently being investigated as
first-line therapy in metastatic, adjuvant, and
neoadjuvant settings. Fulvestrant is also being
investigated in these clinical settings. Thus, not
only does fulvestrant provide an alternative to
tamoxifen, it also offers the opportunity of a fur-
ther response, at least equivalent to that of anas-
trozole, in patients who have failed on
tamoxifen as well as showing potential as a fol-
low-on therapy after tamoxifen in an adjuvant
setting. The results of the ongoing phase III clin-
ical trials are awaited, particularly those com-
paring fulvestrant with tamoxifen as first-line
treatment in advanced disease.
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INTRODUCTION

Epithelial cells of the normal breast undergo
dynamic changes during various events in a
woman’s life, such as puberty, the follicular and
luteal phases of the menstrual cycle, pregnancy,
and menopause. The coordinated interaction of
growth factors and steroid hormones regulates
the proliferation and differentiated function of
epithelial and stromal cells in the normal mam-
mary gland. The key growth factors are insulin-
like growth factor I (IGF-I), prolactin, insulin,
the fibroblast growth factor (FGF) family of
growth factors, and growth hormone, while the
major steroid hormones are estradiol, proges-
terone, and testosterone.1

In the induction of breast cancer, estrogens
appear to play a predominant role. These sex
steroids are believed to initiate and promote the
process of breast carcinogenesis by enhancing

the rate of cell division and reducing the time
available for DNA repair. An emerging new
concept is that estrogens can be metabolized to
catechol-estrogens and then to quinones that
directly damage DNA. These two processes –
estrogen-receptor-mediated genomic effects on
proliferation and receptor-independent geno-
toxic effects of estrogen metabolites – can act in
an additive or synergistic fashion to cause
breast cancer.2

The breast cancers that arise in patients can
be divided into hormone-dependent and
hormone-independent subtypes.3 The role of
estrogens as modulators of mitogenesis over-
rides the influence of other factors in the
hormone-dependent subtype. These sex
steroids stimulate cell proliferation directly by
increasing the rate of transcription of early-
response genes such as c-myc and indirectly
through stimulation of growth factors that are
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produced largely in response to estrogenic reg-
ulation.4

Based upon the concept that estrogen is the
proximate regulator of cell proliferation, two
general strategies were developed for treatment
of hormone-dependent breast cancer: blockade
of estrogen receptor action and inhibition of
estradiol biosynthesis. Antiestrogens such as
tamoxifen bind to the estrogen receptor and
interfere with transcription of estrogen-induced
genes involved in regulating cell proliferation.
Clinical trials showed tamoxifen to be effective
in inducing objective tumor regressions and to
be associated with minimal side-effects and tox-
icity. The second strategy, blockade of estradiol
biosynthesis, was demonstrated to be feasible
using the steroidogenesis inhibitor amino-
glutethimide, which produced tumor regres-
sions equivalent to those observed with
tamoxifen.3 However, side-effects from aminog-
lutethimide were considerable and its effects on
several steroidogenic enzymes required 
concomitant use of a glucocorticoid.3

Consequently, tamoxifen became the preferred
first-line endocrine agent with which to treat
advanced breast cancer. However, the clinical
efficacy of aminoglutethimide focused attention
upon the need to develop more potent, better
tolerated, and more specific inhibitors of estro-
gen biosynthesis.

INHIBITION OF ESTRADIOL BIOSYNTHESIS

Multiple enzymatic steps are involved in the
biosynthesis of estradiol and could potentially
be used as targets for inhibition. These include
cholesterol side-chain cleavage, 3�-ol dehydro-
genase-∆4,5-isomerase, 17�-hydroxylase,
17�-hydroxysteroid dehydrogenase, estrone
sulfatase, and aromatase. The ideal strategy
would be to block the synthesis of estrogen
without inhibiting production of other impor-
tant steroids or the need to use pharmacological
amounts of progestins or glucocorticoids. For
this reason, blockade of the terminal step in
estradiol biosynthesis, catalyzed by the enzyme
aromatase, is considered a more specific and

therefore preferable strategy. Several pharma-
ceutical companies sought to develop potent
aromatase inhibitors designed to specifically
block estrogen biosynthesis without altering
glucocorticoid and mineralocorticoid synthesis.

PHYSIOLOGY AND REGULATION OF
AROMATASE

Aromatase is a cytochrome P450 enzyme that
catalyzes the rate-limiting step in estrogen
biosynthesis, namely the conversion of andro-
gens to estrogens.5–8 Two major androgens,
androstenedione and testosterone, serve as sub-
strates for aromatase. The aromatase enzyme
consists of a complex containing a cytochrome
P450 protein as well as the flavoprotein
NADPH cytochrome P450 reductase.5 The gene
coding for the cytochrome P450 protein (P450
AROM) exceeds 70 kb and is the largest of the
cytochrome P450 family.5 The cDNA of the aro-
matase gene contains 3.4 kb and encodes a
polypeptide of 503 amino acids with a molecu-
lar weight of 55 kDa. Approximately 30%
homology exists with other cytochrome P450
proteins. Because its overall homology to other
members of the P450 superfamily is low, aro-
matase belongs to a separate gene family desig-
nated CYP19.

Transcription of the aromatase gene is highly
regulated.7 The first exon of the aromatase gene
is transcribed into aromatase message but not
translated into protein. There exist nine alterna-
tive first exons that can initiate the transcription
of aromatase. Each of these alternate exons con-
tain upstream DNA sequences that can either
enhance or silence the transcription of aro-
matase. Different tissues utilize specific alter-
nate exons to initiate transcription. For example,
the placenta utilizes alternate exon I.1, the testis
alternate exon II, adipose tissue I.3 and I.4, and
brain If. Regulatory macromolecules that inter-
act with upstream elements of these alternate
exons markedly stimulate the rate of transcrip-
tion of the aromatase gene. Thus each tissue can
regulate the amount of aromatase transcribed in
a highly specific manner.5
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Aromatase is expressed in many organs,
including ovary, placenta, hypothalamus, liver,
muscle, adipose tissue, and breast cancer itself.
Aromatase catalyzes three separate steroid
hydroxylations that are involved in the conver-
sion of androstenedione to estrone or testos-
terone to estradiol. The first two give rise to
19-hydroxy and 19-aldehyde structures, and the
third, although still controversial, probably also
involves the C-19 methyl group with release of
formic acid.9 This enzymatic action results in
the conversion of the A-ring of the steroid mol-
ecule to a benzene ring, giving an aromatic
structure – hence the term ‘aromatization’.

In the premenopausal state, the major source
of aromatase and of its substrates is the ovary.
However, extraglandular aromatization of
adrenal substrates in peripheral sites such as
fat, liver, and muscle also contributes substan-
tially to the estrogen pool in the early follicular
and late luteal phases of the menstrual cycle. In
the postmenopausal state, the ovary loses its
complement of aromatase enzyme, although it
does continue to secrete androstenedione. The
adrenal subsumes the primary role of provid-
ing substrate for aromatase by directly secreting
testosterone and androstenedione. In addition,
dehydroepiandrosterone and its sulfate are
secreted by the adrenal and converted into the
aromatase substrates androstenedione and
testosterone in peripheral tissues. The major
source of the aromatase enzyme in post-
menopausal women is peripheral tissues, par-
ticularly fat and muscle.

AROMATIZATION IN SITU IN BREAST
TISSUE

Recent studies have identified an additional
important site of estrogen production, namely
breast tissue itself. Two-thirds of breast carcino-
mas contain aromatase and synthesize biologi-
cally significant amounts of estrogen locally in
the tumor.10–12 Proof of local estradiol synthesis
includes measurement of tumor aromatase
activity by radiometric or product isolation
assays, by immunohistochemistry, by demon-

stration of aromatase messenger RNA in tissue,
and by aromatase enzyme assays performed on
cells isolated from human tumors and grown in
cell culture. The expression of aromatase is
highest in the stromal compartment of breast
tumors,11 but is present in epithelial cells as
well. In breast tissue surrounding the tumors,
pre-adipocyte fibroblasts contain aromatase
activity that can be detected by biochemical
assay or immunohistochemical staining.11,12

Aromatase is also present in normal breast tis-
sue, as documented by immunohistochemistry,
by demonstration of aromatase message, and
by enzyme assays of cultured cells.13,14

To test the relative importance of in situ
aromatization versus uptake of estrogen from
plasma, one of the authors (WY) of this chapter
established a xenograft model of aromatase-
transfected MCF-7 cells in nude mice.15 To
assess the role of estradiol uptake from plasma,
we utilized steroid-filled Silastic implants to
‘clamp’ plasma estradiol concentrations at
desired levels in oophorectomized animals.
Examination of in situ synthesis involved
administration of the aromatase substrate
androstenedione, with measurement of tumor
estradiol levels and tumor size as a biologic
endpoint. To validate the model, we first estab-
lished that peripheral tissues could not synthe-
size estradiol. Thus, the estradiol detected in
breast tumors had to originate either from in
situ aromatization or from uptake of estrogen
from plasma. The Silastic ‘clamp’ method
allowed us to simulate plasma estrogen levels
that normally circulate in postmenopausal
women. With these experimental strategies, we
evaluate the relative importance of in situ
aromatization versus the uptake mechanism in
regulating tumor tissue estradiol levels and on
the growth of breast tumors.

Sex hormone-binding globulin (SHBG), to
which about 40% of circulating estradiol is
tightly bound in the human, is not present in
mouse plasma. Consequently, the Silastic
implant that maintains plasma estradiol con-
centration at estimated levels of 5 pg/ml results
in levels equivalent to the physiological estra-
diol concentration of postmenopausal women.
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Our results have shown that the concentra-
tion of estradiol in the tumor tissue was signifi-
cantly increased to a greater extent by in situ
aromatization than by uptake. Consistent with
the higher tissue estradiol concentration pro-
duced by in situ aromatization, tumor growth
was maximally stimulated by estrogen synthe-
sized in situ when compared with that taken up
from clamped levels of plasma estradiol pro-
duced by the Silastic implant (Figure 6.1).
Taken together, these studies support the
importance of in situ estrogen production by
breast tumors, and suggest that aromatase
inhibitors in patients must be sufficiently potent
to block intratumoral aromatase.

To further explore the biological function of
breast tissue aromatase, we utilized an
immunohistochemical method to determine
whether aromatase-expressing cells have an
increased level of progesterone receptor (PgR).
Since PgR is an estrogen receptor (ER)-regu-
lated gene, we would expect that tissues mak-
ing more estradiol through aromatase would

have higher levels of PgR. We selected tumors
from women older than 50 years as a means of
identifying those likely to have come from post-
menopausal women. These tumors were then
examined for the presence of aromatase, ER,
and PgR. Samples were only selected for fur-
ther study if all three were positive. The ratio-
nale for selecting ER-positive tumors was that
any estrogen formed through aromatase could
only act if the ER were present. The rationale
for selecting PgR-positive tumors was that the
presence of this receptor suggested that the ERs
present in the tissue were biologically func-
tional. Finally, only tumors that were
aromatase-positive would be expected to form
estradiol in situ and to stimulate PgR content.
Tumours meeting the triple criteria of ER, PgR,
and aromatase positivity were selected sequen-
tially from the most recent samples collected to
those obtained many years ago. This reduced
the possibility that antigenic recognition would
deteriorate over time.

Using these criteria, we selected and exam-
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Figure 6.1 Comparison of the effect of estradiol synthesized inside tumors (in situ aromatization) with that
concentrated in breast by an endocrine mechanism (uptake). Both tissue estradiol concentration (A) and tumor
growth (B) were examined. Aromatase-transfected MCF-7 cells were inoculated into ovariectomized nude mice.
The animals were injected with androstenedione (0.1 mg/day) to test in situ aromatization or received Silastic
implants that provided 5 pg/ml of plasma estradiol concentration (uptake). Tumor tissue estradiol concentration
and tumor weight were measured 8 weeks later.
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Figure 6.2 Expression of aromatase and progesterone receptor (PgR) in 36 human breast tumors from
postmenopausal women. Tumors for evaluation were selected on the basis of staining positively for estrogen
receptor (ER). Aromatase and PgR were detected by an immunohistochemical method using specific antibodies.
Contents of aromatase and PgR were semiquantitated by scoring on a scale of 0 to 4�. Data show no
correlation between aromatase and PgR (p � NS).

ined 36 breast tumor specimens from over 1200
formalin-fixed tumors available to us from the
Michigan Cancer Foundation tumor bank. We
used the intensity of staining with specific anti-
bodies to semiquantitate the amount of aro-
matase and PgR present in tumor tissue.
Preliminary studies examined the intensity of
staining versus the age of the sample. We found
no deterioration of staining intensity as a func-
tion of the age of the sample, and concluded
that no deterioration in recognition sites
occurred over time.

We wished to test the hypothesis that locally
synthesized estradiol would stimulate the
amount of PgR contiguous to the aromatase-
positive cells. Unfortunately, we detected no
correlation between expression of aromatase
and PgR in the 36 individual human tumors

(Figure 6.2). The difficulties inherent in examin-
ing local effects of estradiol in tissue make
interpretation of these negative results difficult.
For example, one would expect that the estra-
diol made in an aromatase-positive cell would
stimulate the expression of the PgR in a
surrounding cell. However, for this to occur,
the surrounding cells must contain ERs. In vari-
ous portions of an individual tumor, the
surrounding cells may or may not be ER-posi-
tive, even though the tumor overall is ER-posi-
tive. Our analysis examined the entire tumor
and not focal areas. Consequently, we may eas-
ily have missed an association that occurred at
a focal level. We recognized at the outset that
only a positive correlation between aromatase
level and PgR content would be meaningful.

A potentially important biologic phenomenon
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is the regulation of the amount of aromatase in
benign and malignant breast tissue. Breast tis-
sue aromatase can be regulated by several
enhancers of aromatase transcription.5–7

Dexamethasone, phorbol esters, cyclic AMP,
interleukin-6, and prostaglandins can all stimu-
late aromatase transcription in cultured breast
cancer cells, and specifically in the stromal com-
ponents. Interestingly, products secreted by
epithelial cells in the breast tumors appear to
stimulate aromatase in the stroma and provide
a means for autoregulation of tumor growth
through estrogen production. A rather novel
means of regulation of aromatase levels has
also been described – stabilization of the degra-
dation of the enzyme.16 Aromatase inhibitors
bind to the active site of the enzyme and,
through mechanisms not completely under-
stood, prevent proteolysis of the aromatase pro-
tein. Each of these mechanisms may enhance
the amount of aromatase in tumor tissue and
increase the need for very potent aromatase
inhibitors.

DEVELOPMENT OF AROMATASE INHIBITORS

The first aromatase inhibitors were discovered
some three decades ago, and included amino-
glutethimide and testololactone.3 Testololactone
was not very potent as an inhibitor, while
aminoglutethimide blocked several P450-medi-
ated enzymatic reactions and was associated

with troublesome side-effects. On the other
hand, aminoglutethimide appeared to be quite
effective in causing tumor regressions in
patients with breast cancer. For this reason,
pharmaceutical companies and individual
investigators focused upon developing more
potent and specific inhibitors. Second- and
third-generation inhibitors were developed
with 10 to 10 000-fold greater potency than
aminoglutethimide and greater specificity
(Figures 6.3 and 6.4). The half-lives of the
inhibitors increased with synthesis of more
potent inhibitors. The third-generation aro-
matase inhibitors are capable of decreasing the
levels of circulating estrogens to a greater
extent than the first- and second-generation
inhibitors in postmenopausal women with
hormone-dependent breast cancer. Hypo-
thetically, these highly potent agents could also
reduce levels of intratumoral aromatase 
activity to a greater extent than the 
earlier inhibitors, but this has not yet been
examined.

PHARMACOLOGIC CLASSIFICATION OF
AROMATASE INHIBITORS

A convenient classification divides inhibitors
into mechanism-based or ‘suicide’ inhibitors
(type I) and competitive inhibitors (type II).17

Suicide inhibitors initially compete with natural
substrates (i.e. androstenedione and testos-
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Potency

• Aminoglutethimide

First-generation Second-generation Third-generation

• Formestane 92%
• Fadrozole 93%

• Anastrozole 93%
• Vorozole 98%
• Letrozole 99%

Figure 6.3 Diagrammatic representation of the potency of aromatase inhibitors as reflected by the isotopic
kinetic method for determining the degree of aromatase inhibition. The percentage conversion of
androstenedione to estrone is measured isotopically, correcting for losses of estrone by giving [14C]estrone
tracer. The values indicated represent percentage inhibition of total body aromatase.

720_Breast.ch06  26/04/2002 9 30 am  Page 80

  



terone) for binding to the active site of the
enzyme. The enzyme then specifically acts upon
the inhibitor to yield reactive alkylating species
that form covalent bonds at or near the active
site of the enzyme. Through this mechanism, the
enzyme is irreversibly inactivated. Competitive
inhibitors, on the other hand, bind reversibly to
the active site of the enzyme and prevent prod-
uct formation only as long as the inhibitor occu-
pies the catalytic site. Whereas mechanism-based
inhibitors are exclusively steroidal in type, com-
petitive inhibitors consist of both steroidal and
non-steroidal compounds.17

METHODS USED TO DEMONSTRATE
AROMATASE INHIBITION

The standard method to study aromatase
inhibitors in patients is to measure either
plasma or urinary estrogen by radioimmunoas-
say. Early studies demonstrated 50–80% inhibi-
tion of plasma or urinary estrone or estradiol.3

Another method involves measurement of each
estrogen metabolite in urine, with calculation of

the total aromatized product. This technique
provides results similar to those from measure-
ments of urinary estrone or estradiol.18 Using
these plasma or urinary methods, each agent
appeared to suppress estrogen levels to concen-
trations approaching the sensitivity of the
radioimmunoassays used. To gain greater
specificity and sensitivity, investigators utilized
the isotopic kinetic technique of Siiteri et al to
measure total body aromatase.19–22 This
required administration of [3H]androstenedione
and [14C]estrone to patients under steady-state
conditions and measurement of radiochemi-
cally pure [3H]estrone and [3H]estradiol.22 The
[14C]estrone allowed correction for losses
during multiple purification steps. Using this
technique, the degree of inhibition with various
inhibitors ranged from 90% to 99%.

From these observations, it was recognized
that more sensitive plasma assays of estradiol
were needed. One approach was the use of the
plasma estrone sulfate assay, since basal levels
of this conjugate in postmenopausal women are
tenfold higher than the levels of unconjugated
estrone and estradiol.23,24 With this measure-
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Aminoglutethimide
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hepatic enzymes
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cortisol
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Figure 6.4 Diagrammatic representation of the spectrum of action of first- through third-generation aromatase
inhibitors. With the development of newer inhibitors, the spectrum of action narrows. The third-generation
aromatase inhibitors act exclusively on the aromatase enzyme and do not appear to exert additional effects.
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ment, suppression to 85% of basal values was
observed with most inhibitors. Finally, an ultra-
sensitive bioassay of plasma estradiol that was
50- to 100-fold more sensitive than radioim-
munoassay was developed.25 Surprisingly, with
this assay, one could demonstrate suppression
to levels of estradiol of 0.05–0.07 pg/ml, con-
centrations substantially lower than the
2–5 pg/ml suppressed levels detected by
radioimmunoassay (Figure 6.5). As observed
with the use of other highly sensitive plasma
hormone assays (e.g. for LH, FSH, TSH, and
growth hormone), the levels measured under
basal conditions and during suppression with
these assays are much lower than with insensi-
tive radioimmunoassays. This probably reflects
the fact that insensitive assays are measuring a
substantial fraction of ‘blank’ or non-specific
assay artifact. With the use of highly sensitive
assays, this artifactual measurement is elimi-
nated and the actual values measured are much
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Figure 6.5 Inhibition of plasma estrogen levels as
assessed by radioimmunoassay and by an
ultrasensitive recombinant DNA-based bioassay.21

Basal estradiol levels are approximately threefold
lower when measured by the ultrasensitive assay.
During administration of the aromatase inhibitor,
levels fall to 0.05–0.07 pg/ml as assessed by the
ultrasensitive assay and to 2–5 pg/ml with the
standard radioimmunoassay.

lower. Thus, with the ultrasensitive estradiol
bioassay, the basal levels in postmenopausal
women average 1–3 pg/ml (versus 5–20 pg/ml
with radioimmunoassay).25 During develop-
ment of the second- and third-generation aro-
matase inhibitors, each of these methods has
been used to demonstrate the magnitude of
suppression of enzymatic activity. For these
measurements, the isotopic kinetic technique is
considered the ‘gold standard’, since it is highly
sensitive and allows comparison among vari-
ous inhibitors (Figure 6.3).

FIRST-GENERATION AROMATASE
INHIBITORS

The first aromatase inhibitor to be widely used
in the treatment of metastatic breast cancer 
in postmenopausal women was amino-
glutethimide.3,26 Isotopic kinetic studies
demonstrated a 90–95% inhibition of aromatase
activity.22 Plasma estrone and estradiol levels
and urinary estrogens fell by 50–80% in
response to this aromatase inhibitor. An addi-
tion effect, described by Lonning and co-
workers,27 was acceleration of the metabolism
of estrogen sulfate. This effect resulted in fur-
ther lowering of free estrogen levels in plasma
and in urine. With further study of amino-
glutethimide, multiple metabolic effects were
demonstrated, including inhibition of
11�-hydroxylase, aldosterone synthase, and
thyroxine synthesis, as well as induction of
enzymes metabolizing synthetic glucocorticoids
and aminoglutethimide itself.3

When aminoglutethimide was combined
with a corticosteroid such as hydrocortisone,
the regimen produced durable clinical
responses in 30–50% of patients.3,26 This
approach, however, had several important
drawbacks. First, aminoglutethimide was asso-
ciated with troublesome side-effects, including
drowsiness, skin rash, and ataxia. Secondly,
standard doses of 1000 mg daily of amino-
glutethimide could also inhibit other
cytochrome P450-mediated steroid hydroxyla-
tions, particularly those involving the choles-
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terol side-chain cleavage enzymes.3,28 This non-
selectivity for aromatase led to inhibition of the
biosynthesis of cortisol and aldosterone and
also of thyroid hormone. This necessitated co-
administration of the glucocorticoid hydrocorti-
sone and, in about 5% of patients, thyroxine.

Four randomized controlled clinical trials
compared aminoglutethimide in combination
with hydrocortisone with tamoxifen in advanced
breast cancer.29–32 The antiestrogen tamoxifen
and the inhibitor of estrogen biosynthesis
aminoglutethimide/hydrocortisone produced
similar rates of objective disease regression and
duration of response.3,29 Tamoxifen produced far
fewer side-effects than did aminoglutethimide/
hydrocortisone. Crossover responses to aminog-
lutethimide/ hydrocortisone in patients relaps-
ing on tamoxifen were substantial, ranging from
25% to 50%, and 36% in the largest randomized
study.29 In marked contrast, patients initially
treated with aminoglutethimide/hydrocortisone
responded less frequently when crossed-over to
tamoxifen (19%).29 With development of better
aromatase inhibitors, aminoglutethimide is now
of historical interest only.

SECOND-GENERATION AROMATASE
INHIBITORS

Fadrozole

Fadrozole inhibits aromatase with a Ki of
0.19 nM (versus 600 nM for amino-
glutethimide).33 Cholesterol side-chain cleavage
activity is minimal, but C-11 hydroxylase
inhibitory effects are observed in vitro at high
drug concentrations. Initial dose-seeking stud-
ies conducted in patients demonstrated effect-
ive aromatase inhibition at doses of 1.8–4.0 mg
daily.33 A phase II study then compared doses
of 0.6 mg three times daily, 1 mg twice daily,
and 2 mg twice daily. Maximal suppression of
plasma and urinary estrogens occurred at a
dose of 1.0 mg twice daily and minimal effects
on cortisol secretion were observed. Basal corti-
sol and adrenocorticotropic hormone (ACTH)
levels were unaffected and cortisol levels

increased appropriately after exogenous syn-
thetic ACTH (Cortrosyn) administration in all
patients. Basal levels of aldosterone also
remained stable following administration of 
all three drug doses. However, Cortrosyn-
stimulated aldosterone levels were significantly
blunted at all three doses.34 Based on several
phase II trials, toxicity attributed to this agent
was mild and consisted mainly of nausea,
anorexia, fatigue, and hot flashes.

Two large multicenter phase III trials in the
USA compared fadrozole hydrochloride with
megestrol acetate in 672 patients who had
received only tamoxifen as prior hormonal ther-
apy.35,36 Final clinical results show that there were
no significant differences between the two treat-
ment arms of the trials with respect to time to
progression, objective response rates, response
duration, or overall survival. In these two trials,
responses to megestrol acetate were somewhat
lower than expected from previous studies, with
objective response rates of 11% and 13% respec-
tively. Randomized patients receiving fadrozole
experienced objective responses of 11% and 16%,
which did not differ significantly from these with
megestrol. Stable disease for more than 6 months
occurred in 25% of patients receiving fadrozole
and 20% taking megestrol acetate.

Two trials compared fadrozole with tamox-
ifen.37,38 In the first, 1 mg twice daily of fadro-
zole was compared with 20 mg daily of
tamoxifen in 212 postmenopausal patients with
metastatic breast cancer. Response rates to
tamoxifen (27%) and to fadrozole (20%) did not
differ significantly, nor did response durations
(20 months versus 15 months). However,
tamoxifen achieved a significantly longer time
to treatment failure (8.5 months versus 6
months; p < 0.05). In the second study, fadro-
zole was compared with tamoxifen as first-line
therapy in a randomized, controlled trial con-
ducted in South Africa. Response rates to
tamoxifen were 48% versus 43% with fadrozole
(p � NS). However, response duration was sig-
nificantly longer with tamoxifen (median dura-
tion not reached versus 343 days; p < 0.009), as
was overall survival (34 months for tamoxifen
versus 26 months for fadrozole; p < 0.046).
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Taken together, these studies demonstrate
that fadrozole may be inferior to tamoxifen in
efficacy and no better tolerated than megestrol
acetate. Based upon these findings, the second-
generation aromatase inhibitor fadrozole would
likely find its place as third-line therapy.
Fadrozole has been approved for the treatment
of advanced breast cancer in postmenopausal
women in Japan. This agent is not likely to be
further developed in the USA, since both anas-
trozole and letrozole appear to be more potent
and more selective aromatase inhibitors.

Careful analysis of the fadrozole/megestrol
acetate trials raises the concern that responses to
endocrine therapies appeared to be less frequent
than observed in prior studies. For example, a
randomized comparison of the first-generation
aromatase inhibitor aminoglutethimide with sur-
gical adrenalectomy demonstrated response
rates of 40–50% in patients previously treated
with tamoxifen.39 Other studies with megestrol
acetate as second-line therapy demonstrated
response rates ranging from 30% to 50%. Several
possibilities could explain the low response
rates. In recent studies, more stringent criteria
have been used than in previous trials. For
example, recalcification of mixed lytic/blastic
metastases was previously considered objective
evidence of partial response. Such lesions are
now considered non-assessable, non-measurable
disease. External review of cases probably also
increases the stringency of assessment. It should
be noted that in a previous study comparing
tamoxifen alone versus tamoxifen and fluoxyme-
strone, the objective response rate for tamoxifen
alone was only 10%.40 These considerations lead
to the conclusion that one can only compare new
agents with established ones such as tamoxifen
and assess the relative differences between them.
It is inappropriate to compare the percentage of
objective responses with those observed in
historical controls.

Formestane

Formestane (4-hydroxyandrostenedione, 4-OHA)
is a structural analog of androstenedione and is

thus a highly specific aromatase inhibitor. It
was the first steroidal suicide-type (type I) aro-
matase inhibitor to enter clinical trials, and is
now commercially available in Europe. Using
the in vitro placental aromatase assay system,
formestane was shown to be 60-fold more
potent than aminoglutethimide Ki � 4.1 µM).
Extensive studies revealed no estrogenic, anti-
estrogenic, or antiandrogenic properties.41

However, transformation to 4-hydroxytestos-
terone occurs and androgenic effects can be
demonstrated under certain circumstances.42

Formestane has been studied extensively in
Europe in postmenopausal women with breast
cancer. Data from four phase II clinical trials of
formestane demonstrated a 33% objective
regression rate of breast cancer in post-
menopausal patients previously treated with
multiple endocrine therapies. Toxicity included
six patients with sterile abscesses due to intra-
muscular injections, two of which were of suffi-
cient severity to warrant discontinuation of
therapy. No androgenic effects were observed.43

Höffken and colleagues44 conducted a large
trial of formestane in postmenopausal women.
Patients initially received 500 mg intramuscu-
larly every 2 weeks for 6 weeks and then
250 mg every 2 weeks thereafter. Of 86 evalu-
able patients, there were 2 complete and 19 par-
tial remissions (24%) and 26 with disease
stabilization (30%). Studies of the degree of aro-
matase inhibition using isotopic kinetic tech-
niques demonstrate that formestane is not as
effective as the third-generation inhibitors in
blocking estrogen production (Figure 6.3). For
this reason, it is unlikely that this agent will
compete successfully with the newer inhibitors.

THIRD-GENERATION AROMATASE
INHIBITORS

Anastrozole

Anastrozole is a potent and selective benzyl-
triazole derivative.45,46 Studies in women
demonstrated suppression of plasma estrogen
to levels approaching assay sensitivity.47
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Anastrozole produces no effects on aldosterone,
cortisol, or thyroxine synthesis.47 The estimated
elimination half-life in humans is 32.2 hours.

Anastrozole was the first aromatase inhibitor
to be approved in the USA for the management
of advanced breast carcinoma in post-
menopausal women. This approval was based
on the results of two pivotal trials that together
accrued a total of 764 patients randomized to
receive either oral anastrozole 1 mg daily or
anastrozole 10 mg daily or megestrol acetate
40 mg four times a day.45 These patients had
metastatic disease that was progressing follow-
ing therapy with tamoxifen given either in the
adjuvant setting or as first-line endocrine ther-
apy for metastatic disease. Patients in the three
arms of the trial had similar prognostic
characteristics, including age, ER status,
disease-free interval, and sites of metastases.
Results from these important trials showed sim-
ilar overall rates of response to either dose of
anastrozole or to megestrol acetate. No statisti-
cally significant dose response differences were
observed between the 1 mg and 10 mg daily
dosages. The rates of overall objective response
of 10.3% and 8.9% were also surprisingly low –
probably for reasons discussed above. Overall
responses including complete and partial objec-
tive response rates and stabilization of disease
of greater than 6 months averaged 35%. It
should be noted that recent studies have
demonstrated that disease stabilization for
greater than 6 months is a meaningful clinical
parameter, since patients experiencing this
response survive equally as long as patients
undergoing partial objective response.48–50

Patients with complete or partial objective
responses or stable disease survive longer than
those with disease progression.

In initial reports, the third-generation aro-
matase inhibitor anastrozole was considered
superior to megestrol acetate because it was bet-
ter tolerated. It was associated with less undesir-
able weight gain and dyspnea and fewer
thromboembolic events when compared with
megestrol acetate.45 Since there were no differ-
ences between the two doses of anastrozole, the
drug was approved at a dose of 1 mg daily.

With further maturity of this trial, anastro-
zole 1 or 10 mg daily conferred a survival
advantage compared with the progestin
(median of 26.7 months versus 22.5 months)51

(Table 6.1). The 2-year survival rate was 56.1%
for the group of patients receiving anastrozole
1 mg, compared with 46.3% for patients treated
with megestrol acetate. The demonstration that
anastrozole has superior efficacy with respect to
overall survival and reduced side-effects versus
megestrol acetate suggests that the aromatase
inhibitor should be used as second-line therapy
in preference to megestrol acetate.

Letrozole

The second aromatase inhibitor to gain
approval in the USA with the indication for
management of postmenopausal women with
metastatic breast cancer was letrozole, a 
potent non-steroidal competitive aromatase
inhibitor.52–55 This agent possesses considerable
selectivity for aromatase. In preclinical studies,
letrozole caused inhibition of aldosterone pro-
duction in vitro only at concentrations 10 000
times higher than those required for inhibition
of estrogen production. Letrozole is a highly
potent and selective aromatase inhibitor. When
administered orally to adult female rats at a
dose of 1 mg/kg/day for 14 days, letrozole
decreases uterine weight to that observed after
a surgical ovariectomy. At doses greater than
1000 times higher than the concentration
required to cause a 50% inhibition of the aro-
matase enzyme, letrozole does not significantly
suppress either aldosterone or corticosterone in
rats. Letrozole also causes significant regression
of DMBA-induced rat mammary tumors.54

Clinical studies in normal healthy volunteers
as well as dose-seeking phase I trials in post-
menopausal women with advanced breast
cancer showed that letrozole in an oral dose as
small as 0.25 mg daily caused maximal sup-
pression of plasma and urinary estrogens. A
highly sensitive recombinant DNA-based estra-
diol bioassay was used to assess estradiol levels
in one of these studies.25 The levels of estradiol
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Table 6.1 Comparison of third-generation aromatase inhibition with progestin therapy

Response MA vs vorozole59 MA vs anastrozole (1 mg)51 MA vs letrozole (2.5 mg)52

parameters
MA Vorozole p MA Anastrozole p MA Letrozole p

Overall 28.7 26 NS 22.5 26.7 0.02 21.5 25.3 0.15
survival months months months months months months

Objective 7.6% 10.5% NS 12.2% 12.6% NS 16.4% 23.6% 0.04
response rates
(CR � PR)

Clinical NR NR — 40.2% 42.3% — 32% 35% NS
benefit
(CR � PR �

stable >
6 months)

Time to 3.6 2.7 NS 5 5 NS 5.5 5.6 0.07
progression months months months months months months

Number in study 452 764 551

MA, megestrol acetate; NS, not significant; CR, complete response; PR, partial response; NR, not reported.
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were decreased by 95% to levels of
0.05–0.07 pg/ml as detected by this assay
(Figure 6.5). This observation underscores the
limitation of standard radioimmunoassays for
detection of estradiol levels in patients given
highly potent aromatase inhibitors.

Additional studies established the fact that
letrozole was quite selective for the inhibition
of aromatase, since, over a wide dose range,
there were no significant changes in the levels
of gonadotropins, ACTH, cortisol, aldosterone,
or thyroid-stimulating hormone (TSH).55,56 Early
trials of letrozole in heavily pretreated post-
menopausal women with metastatic breast
cancer demonstrated both clinical efficacy and
lack of significant toxicity.57

Approval of this agent was based on the
results of two large multicenter, randomized
trials similar in design to the studies involving
anastrozole.52,53 In a pivotal trial,52 551 post-
menopausal women with metastatic breast
carcinoma progressing after treatment with
tamoxifen were randomized to receive letrozole
0.5 mg daily, letrozole 2.5 mg daily, or standard
doses of megestrol acetate (Tables 6.1 and 6.2).
The women in the three treatment groups were
comparable in all respects. The two doses of
letrozole caused similar prompt and profound
suppression of plasma and urinary estrogens.55

Letrozole 2.5 mg yielded an overall response
rate (complete and partial tumor regression and
disease stabilization for greater than 6 months)
of 35% compared with 27% for letrozole 0.5 mg
and 32% for megestrol acetate. However, the
median duration of response for letrozole
2.5 mg was 33 months, compared with 18
months for both megestrol acetate and the
lower dose of letrozole. There was a non-
significant trend in time to tumor progression
and survival that favors the letrozole 2.5 mg
dose.

In a second and similar study involving 555
postmenopausal patients with advanced breast
cancer progressing after tamoxifen therapy,53

letrozole was compared with amino-
glutethimide 250 mg twice a day and hydrocor-
tisone (Table 6.3). Letrozole 0.5 mg daily
produced a non-significant difference in objec-

tive response rate of 17% versus 12% for
aminoglutethimide.53 The median response
duration was 23 months for letrozole, com-
pared with 15 months for aminoglutethimide,
and there was a statistically significant
improvement in overall survival for the
patients receiving letrozole. Moreover, letrozole
produced less somnolence and skin rash. The
results of these large, well-done, randomized
trials suggest that the side-effect profile and 
the dosing schedules of both anastrozole and
letrozole are superior to those of megestrol
acetate and aminoglutethimide.

Recently a third multicenter randomized
study (US02) of letrozole in patients with
advanced breast cancer progressing on tamox-
ifen has been published.58 This study had a sim-
ilar design to that of the first study noted
above,52 in that patients were randomized to a
standard dosage of megestrol acetate, letrozole
2.5 mg daily, or letrozole 0.5 mg daily. While
the designs of the studies are similar, the results
are somewhat different. In the US02 study,
there was no difference in the objective
response rates between megestrol acetate, letro-
zole 0.5 mg, and letrozole 2.5 mg. The time to
progression (TTP) and time to treatment failure
(TTF) were significantly better in the patients
treated with letrozole 0.5 mg compared with
those treated with megestrol acetate (p � 0.044
and p � 0.018, respectively), while the time to
death (TTD) was of borderline significance
(p � 0.053). There was no difference between
letrozole 2.5 mg and megestrol acetate in terms
of TTP, TTF, or TTD. There was a non-
significant trend (p � 0.073 and p � 0.076) in
favor of letrozole 0.5 mg versus 2.5 mg in terms
of TTP and TTF, respectively. There was no dif-
ference between the two doses in terms of TTD.

The findings of this latest study are of inter-
est in that letrozole 2.5 mg is the currently rec-
ommended and commercially available dose.
These results also suggest that letrozole is in
fact similar to other aromatase inhibitors in
terms of the lack of unequivocal evidence of a
dose response in large randomized clinical
trials.
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Vorozole

This agent is another third-generation non-
steroidal oral aromatase inhibitor that is highly
potent and specific for aromatase.59 Its clinical
efficacy appears to be similar to that of anastro-
zole and letrozole (Tables 6.1 and 6.2). Vorozole
appears to be superior to aminoglutethimide/
hydrocortisone with respect to clinical benefit
(i.e. complete and partial objective regression
plus stabilization of disease for greater than 6
months) (Table 6.3). Its efficacy did not differ
significantly from that of megestrol acetate,
although it was associated with fewer side-
effects. Because of the proven efficacy and prior
approval of anastrozole and letrozole, further

clinical development of vorozole has been
abandoned.

Exemestane

Exemestane is an irreversible (type I,
mechanism-based) aromatase inactivator.60–62 Its
Ki for competitive inhibition is 4.3 nM and its
Kinact for irreversible inactivation is 26 nM.
Single-dose administration reveals a major
reduction of plasma estrogens with this com-
pound.60 A dose of 25 mg daily inhibited aro-
matase activity as documented by the isotope
kinetic technique by 97.9%. Thurlimann et al61

reported an objective response – complete (CR)
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Table 6.2 Dose–response studies with third-generation aromatase inhibitors

Response Anastrozole51 Letrozole52,53

parameters
1 mg 10 mg p 0.5 mg 2.5 mg p

Overall 26.7 months NR NS 21.5 months52 25.3 months
survival 21 months53 28 months 0.04

Objective 10.3% 8.9% NS 12.8% 23.6% 0.004
response 16.7% 19.5% NS
rate
(CR � PR)

Clinical 35% 32% NS 27% 35% NS
benefit 32.8% 36.3% NS
(CR � PR �

stable >
6 months)

Time to 5 months 5 months NS 5.1 months 5.6 months 0.02
progression 3.3 months 3.4 months NS

Number in study 764 551
555

NR, not reported; NS, not significant; CR, complete response; PR, partial response.
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plus partial (PR) – in 12% and 33% of patients
expressing primary or secondary resistance to
aminoglutethimide.

Two phase II open-label trials examined the
effects of 25 mg of exemestane daily by mouth
in patients with progressive disease after initial
treatment with tamoxifen.63,64 In the US trial,63

entry criteria included postmenopausal status
and relapse while receiving tamoxifen for
metastatic disease or within 12 months of dis-
continuing adjuvant tamoxifen. Additional cri-
teria included ER and PgR positivity and
absence of rapidly progressing or inflammatory
disease. Of the 128 women entered, 28% experi-
enced an objective response rate and 47% clini-

cal benefit as defined as CR, PR, or stable dis-
ease for greater than 24 weeks. In the European
trial of 137 patients, 31% experienced objective
responses (i.e. CR or PR) and 59% clinical bene-
fit.64 Estrogen production fell by 90% as
assessed by measurement of estrone sulfate
levels, and the drug was well tolerated.

Phase III studies compared 25 mg of exemes-
tane daily in 366 patients with megestrol acetate
40 mg four times daily in 403 women progress-
ing after initial tamoxifen therapy.65,66 Only
two-thirds of patients were known to be
ER-positive. Objective responses occurred in
15% of women on exemestane and 12% on
megestrol acetate, and the clinical benefit was
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Table 6.3 Comparison of first- with third-generation aromatase inhibitors

Response AG/HC vs vorozole59 AG/HC vs letrozole53

parameters
AG/HC Vorozole p AG/HC Letrozole p

Overall 21.7 25.7 NS 20 28 0.002
survival months months months months

Objective 18% 23% 0.085 12% 17% 0.06
response
rate
(CR � PR)

Clinical 37% 47% 0.017 29.3% 32.8% NR
benefit
(CR � PR �

stable >
6 months)

Time to 6.0 6.7 NS 3.2 3.4 0.008
progression months months months months

Number in 556 555
study

AG, aminoglutethimide; HC, hydrocortisone; NS, not significant; CR, complete response; PR, partial response;
NR, not reported.
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37% and 35%, respectively (p � NS for both).
Both TTP (p � 0.037) and overall survival
(p � 0.039) were significantly better for exemes-
tane than for megestrol acetate.

Exemestane has also been studied as a third-
line agent to be used after tamoxifen and non-
steroidal aromatase inhibitors.67–69 A large trial
evaluated a total of 241 patients who had been
treated both with tamoxifen and with a non-
steroidal aromatase inhibitor (anastrozole,
fadrozole, or vorozole). The objective response
rate was 7% and the clinical benefit 24%, with a
median duration of response of 58 weeks. This
study demonstrated the lack of complete cross-
resistance between aromatase inhibitors.67

COMPARISON OF POTENCY OF AROMATASE
INHIBITORS

The relative potencies of aromatase inhibitors
can be determined in vitro as characterized as
the inhibitory constant Ki or as the concentra-
tion that inhibits aromatase by 50%. However,
these measurements do not provide informa-
tion that can be extrapolated to patients, since
the drug half-life and the amount of drug that
can be given safely also contribute substantially
to the degree of inhibition achievable in vivo.
Consequently, the most useful comparator of
potency among agents is measurement of the
degree of aromatase inhibition in women with
breast cancer. This requires highly sensitive and
specific means of measuring aromatase inhibi-
tion. Plasma radioimmunoassay techniques are
not sufficiently sensitive to precisely quantitate
degree of suppression and the ultrasensitive
estradiol bioassay has not been used to com-
pare inhibitors.

The isotopic kinetic technique for quantitat-
ing total body aromatase activity serves then as
the best method to compare the potency of vari-
ous inhibitors in patients.19–22 Jones et al21 have
compared a number of these agents and
reviewed published studies of others. With this
methodology, formestane inhibits aromatase by
92%, fadrozole by 93%, exemestane by 97.9%,
anastrozole by 93%, vorozole by 98%, and letro-

zole by 99% (Figure 6.3). It is not clear whether
the aromatase activity remaining during ther-
apy is biologically important. Most biologic sys-
tems operate on a logarithmic dose–response
basis. Since residual aromatase activity is 8%
with formestane and only 1% with letrozole,
these differences could have biologic relevance.

SUMMARY OF CONCLUSIONS FROM LARGE
CLINICAL TRIALS WITH THIRD-GENERATION
AROMATASE INHIBITORS AS SECOND-LINE
THERAPY

These studies allow answers to four important
questions:

1. Do higher doses of third-generation aro-
matase inhibitors produce greater clinical
effects than lower doses?

2. Do third-generation inhibitors produce
greater clinical benefit than the first-
generation aromatase inhibitor amino-
glutethimide?

3. Do the third-generation inhibitors produce
greater clinical benefit than megestrol
acetate?

4. Are aromatase inhibitors similar or supe-
rior in efficacy to tamoxifen?

A fifth question, ‘Which is the most effective
third-generation aromatase inhibitor?’ cannot
be answered until head-to-head comparisons
between agents are made. Relative efficacy
based upon results among very large but non-
randomized trials cannot be validly interpreted,
but provide trends to be tested in future
studies.

With respect to the dose–response question
(question 1), the two initial large studies sug-
gested that 2.5 mg of letrozole was clinically
more effective than the 0.5 mg dose. However,
a second study53 of similar design published
recently failed to confirm this – indeed, if any-
thing, there was a non-significant trend in favor
of the 0.5 mg dose for TTP and TTF. No differ-
ences were demonstrated when comparing
1 mg with 10 mg daily of anastrozole (Table
6.2). With respect to the superiority of third-
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over first-generation inhibitors (question 2),
letrozole at the 2.5 mg dosage produced signifi-
cantly better responses than did amino-
glutethimide with respect to duration of
response, TTP, and TTF (Table 6.3). The objec-
tive response rates were also greater with letro-
zole than with aminoglutethimide, and the rate
of side-effects was less than with the first-
generation aromatase inhibitor. However, it
should be noted that 9% of patients in the
aminoglutethimide arm discontinued the drug
because of side-effects. While there is no doubt
that letrozole was a clinically more effective
treatment than aminoglutethimide, it remains
to be established how much of this benefit was
due to better drug tolerability (and therefore to
more patients remaining in the active treat-
ment) or whether it was a more potent aro-
matase inhibitor. Finally, with respect to the
superiority of third-generation inhibitors to
other agents (question 3), exemestane and anas-
trozole were clearly superior to megestrol
acetate with respect to overall patient survival
(Table 6.1). Letrozole 0.5 mg was statistically
superior in terms of TTP and TTF in one study,
while letrozole 2.5 mg showed more objective
responses in the study of similar design. The
overall duration of survival was not signifi-
cantly different, but there was a non-significant
trend in favor of letrozole 0.5 mg (p � 0.053) in
the US02 study. With greater maturity of these
studies, differences in overall survival could
emerge. It should be noted that earlier studies
(as cited above) suggested equal efficacy of
anastrozole and megestrol acetate but updated
data demonstrate a clear enhancement of over-
all survival imparted by anastrozole when com-
pared with megestrol. Vorozole, on the other
hand, did not differ from megestrol acetate
with respect to any parameter reflecting
efficacy.

Each of these trials demonstrated that the
third-generation aromatase inhibitors were bet-
ter tolerated than megestrol acetate. Side-effects
reported for letrozole and anastrozole were of
low grade in severity, including mild headache,
nausea, diarrhea, and hot flashes, and were
infrequent. Significantly, letrozole and anastro-

zole were associated with less weight gain, dys-
pnea, thromboembolic events, and vaginal
bleeding when compared with megestrol
acetate.45,52,58

All three of these aromatase inhibitors –
exemestane, anastrozole, and letrozole – are
highly potent, specific, and well tolerated.
Based upon the studies reviewed, these agents
have now replaced megestrol acetate as second-
line therapy after tamoxifen in postmenopausal
women with metastatic breast carcinoma.

AROMATASE INHIBITORS VERSUS
TAMOXIFEN AS FIRST-LINE THERAPY

The fourth clinical question asks where aro-
matase inhibitors are superior to tamoxifen.
There are now data available that allow us to
address this question.

Anastrozole

Two large randomized trials of similar design
have been published, comparing 1 mg of anas-
trozole daily with 20 mg of tamoxifen as first-
line therapy for metastatic breast cancer. A
European trial with entry of 668 patients
reported objective response rates of 32.9% with
anastrozole and 32.6% with tamoxifen70 and clin-
ical benefit (i.e. CR, PR, or stable disease for
more than 24 weeks) in 56.2% of patients receiv-
ing anastrozole and 56.5% on tamoxifen. No sta-
tistically significant differences emerged with
respect to percentage disease progression or
median TTP. Survival data are not yet available.
The second trial71 entered 171 patients into the
anastrozole arm and 182 into the tamoxifen arm.
Objective responses occurred in 21.1% of
patients receiving anastrozole and 17.0% on
tamoxifen. Clinical benefit was observed in
59.1% of women on anastrozole and 45.6% on
tamoxifen (2-sided p � 0.005). TTP was signifi-
cantly longer with anastrozole (11.1 months)
than with tamoxifen (5.6 months), and this result
was statistically significant (p � 0.005). These
two large trials when combined72 have been

AROMATASE INHIBITORS IN BREAST CANCER 91

720_Breast.ch06  26/04/2002 9 30 am  Page 91

  



reported to show at least equivalent efficacy of
aromatase inhibitors and tamoxifen overall, with
a superiority for anastrozole in hormone-
receptor-positive tumors. A longer period of
observation is necessary to determine if survival
differences will be observed in this study.

More recently, another European study has
been reported comparing anastrozole with
tamoxifen as initial endocrine therapy in patients
with advanced breast cancer.73 Patients entering
this study had receptor-positive tumors.
Anastrozole-treated patients showed a higher
objective response and clinical benefit rate than
patients who received tamoxifen. Anastrozole
was associated with a significantly longer TTP
than tamoxifen (10.6 months versus 5.3 months,
respectively; p < 0.05). This study also reported
that there was a survival advantage for the
patients treated with anastrozole compared with
tamoxifen (p < 0.05). This is the first study to
report a survival advantage of a third-generation
aromatase inhibitor over tamoxifen as first-line
endocrine therapy for advanced breast cancer.

A potential advantage of the aromatase
inhibitors is the lack of estrogenic effects associ-
ated with their use. Recent data suggest that
estrogen-replacement therapy causes an
increase in the rate of thromboembolic events in
postmenopausal women. It is of interest then to
examine the rate of these events in women
receiving tamoxifen versus anastrozole. This is
clearly of interest in terms of patients with
advanced breast cancer, but it might be particu-
larly significant in terms of adjuvant therapies,
where patients tend to continue on endocrine
agents for longer periods of time. In the two
advanced breast cancer trials of similar design
referred to above,70,71 thromboembolic events
were associated with the use of anastrozole in
4.8% and 4.1% of cases and with tamoxifen in
7.3% and 8.2%. These data suggest that the aro-
matase inhibitors might be preferable for patients
with a history of prior thromboembolic events.

Letrozole

A large phase III randomized trial comparing

letrozole versus tamoxifen as first-line
endocrine therapy in patients with advanced
breast cancer has also been reported.74 This trial
was initiated as a three-arm study comparing
initial tamoxifen 20 mg daily (with subsequent
crossover to letrozole on disease progression),
initial letrozole 2.5 mg daily (with subsequent
crossover to tamoxifen on disease progression),
and the two agents given initially in combina-
tion. The third arm was discontinued owing to
interactions between the two agents that
affected the serum concentration of letrozole.
The study was therefore continued as a two-
arm crossover study. The reported results of
this study relate to the therapeutic efficacy of
the two agents given as first time therapy. Data
on the crossover are not yet available.

Letrozole 2.5 mg was superior to tamoxifen
20 mg daily in terms of objective response rate
(30% versus 20%, respectively) and clinical ben-
efit (49% versus 38%, respectively). Letrozole
was also statistically superior to tamoxifen in
terms of TTP (9.4 versus 6.0 months, respec-
tively; p � 0.0001) and TTF (9.1 versus 5.7
months, respectively; p � 0.0001). With longer
follow-up, a more recent report of this study
has shown no difference in overall survival
between patients randomized to these two
treatment sequences. There was no significant
difference in overall survival between the two
treatment arms, either by log-rank test
(p � 0.53) or Wilcoxon test (p � 0.08).75

Therefore, while letrozole provided an early
advantage in TTP, it did not result in a long-
term survival advantage when patients were
crossed-over to tamoxifen. While this is an
important finding, it does not negate the supe-
rior initial control achieved with an aromatase
inhibitor over tamoxifen, which has now been
recorded for both letrozole and anastrozole in
advanced breast cancer.

Exemestane

Exemestane has also been compared with
tamoxifen as first-line endocrine therapy in a
small randomized phase II study. It should be
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noted that while the study was randomized, it
was not blinded to either the patient or the clin-
ician – i.e. it was an ‘open’ study. Data reported
thus far suggested that patients treated with
exemestane had better outcome in terms of
objective response, clinical benefit, and TTP
than those treated with tamoxifen.76

RELATIVE EFFICACY OF THIRD-GENERATION
INHIBITORS

Table 6.4 compares several parameters
observed with the various third-generation
inhibitors when compared with megestrol
acetate. Overall survival is quite similar with
each agent, ranging from 25.3 months to 28

months. Objective response rates, on the other
hand, appeared somewhat higher with letro-
zole (19.5% and 23.6%) than with vorozole
(10.5%) and anastrozole (10.3%). The percent-
age of patients experiencing clinical benefit (i.e.
objective response plus stabilization of disease
for greater than 6 months) appeared similar for
each therapeutic modality, and ranged from
47% with vorozole, to 35% with anastrozole, to
36.3 and 35% with letrozole. TTP appeared to
be the shortest with vorozole (2.7 months) and
somewhat longer but similar with anastrozole
(5 months) and letrozole (3.4–5.6 months).

There is no direct comparison of any of these
three aromatase inhibitors as first-line therapy.
Any comparison, therefore, must be by indirect
assessment of how they have each compared
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Table 6.4 Comparison of third-generation aromatase inhibitors versus megestrol acetate

Response Vorozole59 Anastrozole51 Letrozole52,53

parameters

Overall 26 months 26.7 months 25.3 months52

survival 28 months53

Objective 10.5% 10.3% 23.6%
response 19.5%
rate
(CR � PR)

Clinical 47% 35% 35%
benefit 36.3%
(CR � PR �

stable >
6 months)

Time to 2.7 months 5 months 5.6 months
progression 3.4 months

Number in 452 764 551
study 555

CR, complete response; PR, partial response.
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versus tamoxifen in the studies detailed above.
Such interstudy comparisons are fraught with
difficulties (e.g. different entry criteria and dif-
ferent patient populations) and should be inter-
preted with much caution. In a recent review,
Buzdar77 summarized the main clinical out-
comes. The similarities in outcome are interest-
ing, and the table in Buzdar’s article is
reproduced here (Table 6.5). The percentage 
of patients with hormone-receptor-positive
tumors is different in each study, and therefore
of particular interest is the comparison of the
three aromatase inhibitors in the subgroup of
patients with receptor-positive tumors. This
showed that for the primary objective of the
studies (i.e. TTP), the benefit of each aromatase
inhibitor over tamoxifen was remarkably simi-
lar (i.e. approximately 10 months versus 6
months) (Table 6.5).

Head-to-head comparisons are now required
to determine if one aromatase inhibitor is sig-
nificantly better than another. However, given
the similar differences that have been seen with
each of these aromatase inhibitors when com-
pared with tamoxifen, one can estimate that it
will require much larger studies (of over 1000
patients) to ensure adequate power to avoid a
type 2 error when comparing between these
aromatase inhibitors.

AROMATASE INHIBITORS VERSUS A PURE
ANTIESTROGEN IN ADVANCED BREAST
CANCER

Two randomized studies of similar trial design
comparing anastrozole versus the pure anti-
estrogen fulvestrant (ICI 182,780, Faslodex) have
been reported.77–79 These were both second-line
endocrine therapy trials in patients with
advanced breast cancer who had failed prior
tamoxifen treatment. They showed no signifi-
cant difference in terms of objective response
and clinical benefit rates nor in TTP. The two
agents also had similar side-effect profiles.

COMPARISON OF ANTIESTROGENS WITH
THIRD-GENERATION AROMATASE
INHIBITORS IN THE ADJUVANT SETTING

Trials are ongoing to determine the efficacy of
aromatase inhibitors versus tamoxifen versus
the combination of antiestrogen and aromatase
inhibitor. The largest trial is termed the ATAC
trial – ‘anastrozole alone versus tamoxifen
alone and in combination’ (i.e. anastrozole plus
tamoxifen) for 5 years – and enrolled a total of
9366 patients. The ATAC trial recently reported
the first efficacy data from trials of third-
generation aromatase inhibitors as adjuvant
therapy.

The mean age and mean weight of the
patients and the hormone-receptor status of the
primary tumors were well balanced between
the three treatment arms (Table 6.6), as were
primary treatment (i.e. surgery, radiotherapy,
and chemotherapy), tumor size and grade, and
nodal status.80 The primary endpoints were
disease-free survival and tolerability. With a
median follow-up for 33.3 months, disease-free
survival was significantly longer in the patients
randomized to anastrozole compared with
tamoxifen (p � 0.0129). The hazard ratio was
0.83 (95.2% confidence interval, CI � 0.71–0.96)
in favor of anastrozole.81,82 There was no signifi-
cant difference between the combination of
anastrozole and tamoxifen versus tamoxifen
alone (p � 0.77). The findings were even more
striking when patients with hormone-receptor-
positive tumors were analyzed. The hazard
ratio in favor of anastrozole versus tamoxifen
was 0.78 (95.2% CI � 0.65–0.93) (p � 0.0054).82

The reduction in disease events was seen at
all sites of disease – i.e. locoregional, distant,
and contralateral – further confirming that the
results do represent an overall improvement in
efficacy of anastrozole over tamoxifen. The
reduction was most marked in the reduction of
contralateral breast cancers, where the hazard
ratio was 0.42 (95.2% CI � 0.22–0.79) 
(p � 0.007) in favor of anastrozole compared
with tamoxifen. There was no difference in the
incidence of contralateral breast cancers
between the combination and tamoxifen
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Table 6.5 Comparison of third-generation aromatase inhibitors versus tamoxifen: analysis by hormone-
receptor status

Anastrozole combined Letrozole Exemestane
analysis phase II trial

Anastrozole Tamoxifen Letrozole Tamoxifen Exemestane Tamoxifen

Total no. of patients 511 510 453 454 57 50

CR � PR (%) 29 27 30 20 42 16

CR � PR � 57 52 49 38 58 31
stable > 24 wks (%)

Median TTP (months) 8.5 7.0 9.5 6.0 8.9 5.2

% of patients dead ND ND ND ND ND ND

% of hormone- 60 60 66 67 89 86
receptor-positive
patients

Anastrozole Letrozole: Anastrozole
combined analysis: subgroup of ER� independent Spanish

subgroup of ER� and/or PgR� study:
and/or PgR� all ER� patients

Anastrozole Tamoxifen Letrozole Tamoxifen Anastrozole Tamoxifen

Total no. of patients 305 306 294 305 121 117

CR � PR (%) ND ND 31 21 34 27

CR � PR � ND ND ND ND 72 55
stable > 24 wks (%)

Median TTP 10.7 6.4 9.7 6.0 12.6 5.3
(months)

% of patients ND ND ND ND 61 92
dead

% of hormone 100 100 100 100 100 100
receptor-positive
patients

Reproduced by permission of Breast Cancer On-line.
CR, complete response; PR, partial response; TTP, time to progression; ND, no data; ER, estrogen receptor;
PgR, progesterone receptor.
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Table 6.6 Pretreatment patient and hormone-receptor details in the ATAC study

Anastrozole Tamoxifen Combination

No. of patients 3125 3116 3125
Mean age (years) 64.1 64.1 64.3
Mean weight (kg) 70.8 71.1 71.3
Receptor status:

% positive 83.7 83.3 84.0
% negative 7.4 8.0 6.9
% other 8.9 8.7 9.1

0 0.2 0.4 0.6 0.8 1

Hazard ratio/odds ratio

A � T 0.84

T 1.00

A 0.42
Contralateral breast cancer

p�0.0068

A � T 1.02

T 1.00

A 0.78
Disease-free survival (receptor-positive patients)

p�0.0054

A � T 1.02

T 1.00

A 0.83
Disease-free survival (all patients)

p�0.0129

Figure 6.6 Summary of results from the ATAC trial. A, anastrozole; T, tamoxifen; (Reproduced from Fisher MD,
O’Shaughnessy J. Anastrozole may be superior to tamoxifen as adjuvant treatment for postmenopausal patients
with breast cancer. Clin Breast Cancer 2002; 2: 269–71.)80

(hazard ratio � 0.84, 92.5% CI � 0.51–1.40)
(p � 0.5).82 These results are summarized in
Figure 6.6.

Tolerability was the other primary endpoint
of the study. Anastrozole appeared to be signif-
icantly better tolerated than tamoxifen in terms
of endometrial cancer, vaginal bleeding/dis-

charge, ischemic cerebrovascular events, throm-
boembolic events, hot flashes, and weight gain)
(p < 0.03 for all). Tamoxifen was significantly
better tolerated than anastrozole in terms of
musculoskeletal disorders and fractures
(p < 0.03 for both). The tolerability results are
summarized in Figure 6.7.
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Deep vein thrombosis �0.7%

Venous thromboembolic �1.4%

Ischemic cerebrovascular �1.1%

Endometrial carcinoma �0.4%

Vaginal discharge
�8.6%

Vaginal bleeding �3.6%

Hip, spine, wrist fractures 0.8%

Fractures 21%

Weight gain† �1.8%

Musculoskeletal disorders 6.6%

Hot flushes �5.4%

In favor of anastrozole In favor of tamoxifen

† Patients with �10% weight gain from baseline to year 2

Figure 6.7 Summary of the tolerability results from the ATAC trial showing the percentage differences between
adverse events observed on anastrozole versus tamoxifen. (Reproduced from Fisher MD, O’Shaughnessy J.
Anastrozole may be superior to tamoxifen as adjuvant treatment for postmenopausal patients with breast
cancer. Clin Breast Cancer 2002; 2: 269–71.)80

The initial findings of the ATAC study are
therefore very encouraging, showing superior
efficacy of anastrozole over tamoxifen for both
disease-free survival and contralateral breast
cancer. Nevertheless, longer follow-up and
long-term data on bone mineral density and
cognitive function are required. The differential
actions of the anti-estrogens and aromatase
inhibitors on non-breast tissues are likely to
show up in the long-term side-effect profile as
well as in differences in efficacy. Tamoxifen acts
as an estrogen agonist on the uterus and
increases the incidence of uterine cancer,
whereas the aromatase inhibitors would be
expected to reduce estrogenic stimulation on
the uterus. The beneficial effects of tamoxifen
on bone and potentially on the cardiovascular

system differ from the potential of the aro-
matase inhibitors to accelerate the process of
bone resorption and the incidence of cardiovas-
cular disease. Subprojects within the ATAC
trial are examining these issues in detail.

The results of ATAC and other adjuvant
therapy trials involving third-generation aro-
matase inhibitors (i.e. anastrozole, letrozole,
and examestane) should establish the relative
efficacies of these two therapeutic strategies 
(i.e. tamoxifen or third-generation aromatase
inhibitors) alone, in combination, or in
sequence. However, just as important will be
comparisons between different aromatase
inhibitors – not only in terms of relative efficacy
but also in terms of side-effect profiles. The
level of inhibition of the aromatase enzyme
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achieved by all third-generation aromatase
inhibitors currently in development is over
95%. It is uncertain at this point whether rela-
tively small differences in the percentage inhi-
bition of the aromatase enzyme by these drugs
may have marked differences on normal tissues
(and therefore tolerability) or efficacy.

AROMATASE INHIBITORS AS NEOADJUVANT
ENDOCRINE THERAPY

Endocrine therapy administered prior to
surgery in an attempt to shrink the primary
tumor is called neoadjuvant therapy. Dixon et
al83 conducted a trial comparing the use of
letrozole, anatrozole, and tamoxifen in women
with ER-positive (>20 fmol/mg cystosol pro-
tein) primary tumors. The tumors were T2
(>3 cm), T3, T4b, N0–1, and M0. Patients were
treated for a period of 3 months before surgical
excision. Ultrasound was used to precisely
determine tumor size on therapy. With letro-
zole, either 2.5 or 10 mg daily (no
dose–response differences were seen), the
median reduction in tumor size was 81%
(CI � 69–86%). With anastrozole, either 1 or
10 mg daily (again no dose–response differ-
ences were observed), the median reduction
was 64% (CI � 52–76%). Tamoxifen produced a
median reduction of 48% (CI � 27–48%). The
authors suggested from this study that the aro-
matase inhibitors might be superior to tamox-
ifen in this setting. Further studies will be
required to document this possibility.

MECHANISMS FOR LACK OF
CROSS-RESISTANCE OF AROMATASE
INHIBITORS AND ANTIESTROGENS

Logic would suggest that inhibitors of estrogen
action, such as tamoxifen, would be completely
cross-resistant with agents designed to block
estrogen synthesis. However, early studies
demonstrated that sequential responses to
inhibitors of estrogen biosynthesis commonly
occurred in patients initially responding to and

then relapsing after treatment with the anti-
estrogen tamoxifen. For example, 25–50% of
patients initially responding to tamoxifen and
then relapsing experienced secondary tumor
regressions in response to the aromatase
inhibitor aminoglutethimide in combination
with hydrocortisone.

POTENTIAL EXPLANATIONS FOR LACK OF
CROSS-RESISTANCE AMONG HORMONAL
THERAPIES

One potential explanation for the lack of cross-
resistance between antiestrogens and aromatase
inhibitors was raised by observations made
during further study of the actions of the anti-
estrogens. A variety of data examining the
effects of antiestrogens on various organs and
in various species demonstrated that ER antag-
onists exert both hormone-agonistic and -antag-
onistic actions, depending upon the tissue
studied.84 For example, tamoxifen acts as a
potent estrogen on bone, liver, pituitary, and
uterus, while exerting antiestrogenic effects on
breast. The various responses to antiestrogens
could be modulated by adaptive mechanisms,
such as, increased production of cyclic AMP or
activation of the protein kinase A and C path-
ways.84 Observations in xenograft models of
human breast cancer were particularly striking
with respect to this adaptive process. Initial
exposure to tamoxifen caused tumor regression,
but prolonged exposure allowed the tumor to
adapt such that tamoxifen shifted from exerting
estrogen-antagonistic to estrogen-agonistic
effects. Re-transplant of the xenografts into
additional animals allowed demonstration that
tamoxifen stimulated these tumors to grow and
that the pure antiestrogen fulvestrant could
antagonize this estrogenic effect.85

These observations led to the hypothesis that
in patients, breast tumors initially responding
to tamoxifen but then regrowing had also
undergone adaptation. Such tumors might then
respond secondarily to agents such as the aro-
matase inhibitors that would lower estrogen
levels but not be expected to exert estrogen-
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agonistic actions. The hypothesis of adaptation
has also been used to explain why women
appear to benefit to a greater extent from 5 than
from 10 years of tamoxifen in the adjuvant
setting. Adaptation to tamoxifen, occurring
between 5 and 10 years of exposure to this
agent, might allow tamoxifen to ultimately
become a stimulator of growth of the remaining
micrometastases.85

ADAPTIVE HYPERSENSITIVITY HYPOTHESIS

Another possible explanation for secondary
responses to aromatase inhibitors following
exposure to tamoxifen is the development of
adaptive hypersensitivity to estradiol. This phe-
nomenon was initially suggested by clinical
observations demonstrating sequential tumor
regressions in women undergoing oophorec-
tomy followed by exposure to an aromatase
inhibitor. Oophorectomy reduces estradiol
levels from approximately 200 pg/ml (pre-
menopausal levels) to 5–10 pg/ml (post-
oophorectomy concentrations), resulting in
tumor regression. The cancer then begins to
regrow in the presence of these low estradiol
levels but undergoes further regression when
aromatase inhibitors lower levels further to
0.05–0.07 pg/ml. These observations are best
explained by the hypothesis that long-term
deprivation of estradiol can induce an adaptive
sensitization of the tumor to estradiol. One
could consider this to be analogous to Cannon’s
law of denervation hypersensitivity whereby
estradiol deprivation causes hypersensitivity to
estradiol.

We tested the estradiol hypersensitivity
hypothesis directly in an in vitro cell culture
system.86 Breast cancer cells were deprived of
estradiol over several months in culture by
growing them in media stripped of estradiol by
treatment with charcoal. This period of estro-
gen deprivation induced a four-log enhance-
ment in sensitivity to the cell-proliferative
effects of estradiol. The hypersensitivity phe-
nomenon could be reversed by re-exposure of
cells to estradiol, suggesting adaptive mecha-

nisms rather than selection of hypersensitive
clones of cells.

Hypersensitivity to estradiol was also con-
firmed in an in vivo study using a nude mouse
model.87 Ovariectomized animals were inocu-
lated with wild-type MCF-7 cells on one flank
of the body and long-term estrogen-deprived
(LTED) cells on the other flank. Plasma estra-
diol levels of the animals were clamped to 1.25,
2.5, 5, 10, and 20 pg/ml by Silastic implants
containing different doses of estradiol. Tumor
growth was monitored for a period of 2
months. Growth of LTED cells was stimulated
by very low doses of estradiol that did not
affect the growth rate of wild-type MCF-7
xenografts. At higher doses of estradiol,
however, the growth rate of wild-type cells
exceeded that of LTED cells (Figure 6.8). This
observation was consistent with our in vitro
data that long-term estrogen deprivation
enhanced the sensitivity of MCF-7 cells to both
stimulatory and inhibitory effect of estrogen.

Long-term exposure to tamoxifen might also
result in the development of hypersensitivity to
estradiol. Under these circumstances, a marked
reduction of estradiol synthesis with an aro-
matase inhibitor would result in tumor regres-
sion. Taken together, these observations
suggest that breast cancer cells adapt to the con-
ditions of ambient hormonal exposure – either
to tamoxifen or to estrogen deprivation. This
adaptive process provides a plausible explana-
tion for the sequential responses to various hor-
monal therapies observed clinically in women
with breast cancer.

Development of adaptive hypersensitivity
has practical implications for the use of aro-
matase inhibitors. If cells in culture can respond
to 10 fM concentration of estradiol, then nearly
complete inhibition of aromatase may be neces-
sary to produce the most effective antitumor
therapy. Even the most potent inhibitors avail-
able now allow 1% residual aromatase activity.
It is not clear whether the inhibitors block aro-
matase in breast tumor tissue itself to the same
degree. These concepts are of interest when
considering the dose–response differences
between 0.5 and 2.5 mg daily of letrozole.
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Perhaps even more potent aromatase inhibitors
could produce even greater clinical effects. This
possibility is not supported by the lack of
dose–response differences detected between 1
and 10 mg of anastrozole per day, but it does
perhaps deserve further exploration.

FUTURE PERSPECTIVES

As discussed above, several new potent and
highly specific aromatase inhibitors are now
available for the treatment of breast cancer.
They offer several distinct advantages over

some older forms of endocrine therapy, includ-
ing a well-understood mechanism of action,
good toxicity profile, convenient dosing sched-
ules, and the absence of estrogen effects on the
endometrium. On the other hand, their long-
term effects on bone mineral density and serum
lipids are unknown.88

New clinical trials with these promising
agents are either underway or are planned in
order to address several questions, including
their role in the treatment of premenopausal
women as discussed above. Although presently
approved only as second-line therapies after
tamoxifen failure, aromatase inhibitors are now
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Figure 6.8 (a) Growth curves in wild-type and long-term estrogen-deprived (LTED) tumors in oophorectomized
nude mice receiving only cholesterol-containing Silastic implants (vehicle control) and implants maintaining
plasma estradiol levels at 1.25 and 2.5 pg/ml. The statistical significance of the differences between the wild-
type and LTED tumors is indicated on each panel. The accompanying bars � standard error of the mean
represent mean area under the curve for each group, and are shown to illustrate variance among groups. The
black bars are representative of volumes of LTED tumors and the crosshatched bars of wild-type tumors. The
statistical significances indicated represent paired comparisons between integrated tumor volumes and not
between mean areas under the various curves. Integrated tumor volumes were significantly higher in the LTED
than the wild-type tumors in response to 1.25 and 2.5 pg/ml, but not in oophorectomized animals. (b) Growth
curves in wild-type and LTED tumors with plasma estradiol clamped at 5, 10, and 20 pg/ml.
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being tested as first-line endocrine treatment for
metastatic breast cancer in direct comparison
with antiestrogens. Moreover, non-steroidal
aromatase inhibitors would not be expected to
induce endometrial carcinoma in women, and
so could be investigated both as adjuvant hor-
monal therapy as well as in the chemopreven-
tion of human breast cancer. A few clinical
studies have attempted to combine different
classes of endocrine agents, but there are few
clinical data to support this approach as being
superior to using these agents in sequence to
treat metastatic breast cancer, for example
tamoxifen followed by an aromatase inhibitor,
followed by a progestin. In clinical practice, the
sequential use of hormonal agents can produce
long-term palliation of hormone-dependent
breast cancer. Eventually, however, the prob-
lem of hormone resistance is encountered. The
mechanisms by which tumors become resistant
to hormones in general are only partially
understood. Refractoriness to therapy with aro-
matase inhibitors is related not to the failure of
these agents to suppress estradiol levels, as
might be seen if there were upregulation of aro-
matase, but rather is likely due to some other
mechanism of hormone resistance.

The paracrine production of aromatase-
specific growth factors and cytokines within the
microenvironment of a breast tumor require
further study. Greater understanding of the bio-
logic interaction of these factors could lead, for
example, to the development of new therapeu-
tic strategies.

USE OF AROMATASE INHIBITORS FOR
BREAST CANCER PREVENTION

Estrogens are considered carcinogenic for the
breast through their ability to increase the rate
of cellular proliferation and consequently to
increase the number of genetic mutations,
which is proportional to the number of cell
divisions.2 In addition, the increased rate of cell
proliferation could reduce the time required for
DNA repair. This is the commonly accepted
mechanism of estradiol-induced carcinogenesis.

An additional mechanism has been proposed
that involves the metabolism of estradiol to
4-hydroxyestradiol and then to the estradiol-
3,4-quinone. This compound can bind cova-
lently to guanine or adenine and result in
depurination of that segment of DNA. Upon
replication, these depurinated sites preferen-
tially undergo point mutations. This process
could act in an additive or synergistic fashion
with the effect of estrogen to increase cell prolif-
eration.

It has been postulated that antiestrogens
might prevent breast cancer by blocking the
cell-proliferative effects of estrogens. The aro-
matase inhibitors might prevent breast cancer
by two mechanisms: reduction of cell prolifera-
tion by inhibition of estrogen levels and preven-
tion of genotoxic metabolite formation by
lowering tissue levels of estrogen. Coombes et
al89 have reported that formestane prevents
NMU-induced rat mammary carcinoma, and
Steele and colleagues90 have shown that fadro-
zole completely inhibits the development of
spontaneous breast tumors in aging
Sprague–Dawley rats.

The aromatase inhibitors block both cell pro-
liferation and the formation of genotoxic
metabolites.91–93 Breast tissue levels of estradiol
are substantially suppressed with aromatase
inhibitors. Consequently, formation of the
genotoxic metabolites in tissue would also be
substantially reduced with these agents. In
comparison, antiestrogens would not alter the
formation of genotoxic metabolites of estrogen,
while still blocking the proliferative effects of
estradiol. If the genotoxic hypothesis were cor-
rect, one would postulate that the aromatase
inhibitors would be much more effective for
prevention of breast cancer than tamoxifen. The
aromatase inhibitors would block two path-
ways (cell proliferation and genotoxic estrogen
formation), whereas tamoxifen would block
only one (cell proliferation). In this regard, the
ATAC trial showed a substantially greater
reduction of new contralateral breast cancers
(14) than observed in patients receiving tamox-
ifen (33) (p < 0.05). These data are consistent
with predictions from the genotoxicity hypoth-
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esis. These considerations highlight the urgent
need to explore in greater detail the precise
mechanisms whereby estrogens cause breast
cancer. If the genotoxicity hypothesis is correct,
then new therapies could be directed toward
more direct inhibition of the formation of
4-hydroxyestradiol and its quinone, potentially
with use of inhibitors of cytochrome P450 1B1.
This is the enzyme that blocks the conversion of
estradiol to 4-hydroxyestradiol. At the present
time, these concepts are relatively speculative,
but potentially of great importance.

To assess whether aromatase inhibitors are
superior to antiestrogens in the prevention of
breast cancer, the optimal study would include
patients at high risk of developing breast
cancer. Women with a single breast cancer are
at high risk of developing a contralateral
second cancer, estimates of rates range from
0.5% to 1.0% of women per year for develop-
ment of a contralateral breast cancer. For a
60-year-old woman, this rate is 1.5- to 3-fold
higher than the average incidence of 1 in 243
women per year who develop their first pri-
mary tumor. Thus the ATAC trial with assess-
ment of diagnosis of second primary tumors
provides a powerful means of determining
whether the aromatase inhibitors will prevent
breast cancer. It is known that tamoxifen
reduces the incidence of second primaries by
45% under these circumstances. While trials of
primary prevention of breast cancer with aro-
matase inhibitors are being planned, one would
expect results from the adjuvant trials to be
forthcoming sooner.

In summary, recently reported clinical stud-
ies of highly potent aromatase inhibitors have
shown that it is possible to develop specific,
non-toxic compounds that reduce serum estra-
diol concentrations to undetectable levels in
postmenopausal patients with advanced breast
cancer. Some of these compounds may also in
fact, effectively target intratumoral synthesis of
estrogen by aromatase. These compounds are
emerging as a valuable approach to the treat-
ment of hormone-dependent breast cancer.
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7
Progestational agents
Julie J Olin, Hyman B Muss

CONTENTS • Introduction • Clinical efficacy • Comparisons with other agents • Other effects and toxicity •
Current role of progestins in hormonal therapy

INTRODUCTION

Progestational agents have been used in the
treatment of metastatic breast cancer for over 40
years. The development of orally administered
synthetic progestins was led by the seminal
work of Stoll, who reported the results of a non-
randomized comparative study of six prog-
estins in women with advanced breast cancer in
the mid 1960s.1 Use of the two best known
progesterone agents, medroxyprogesterone
acetate (MPA) and megestrol acetate (MA), was
described in 23 patients. Even at low doses of
MPA 200–400 mg/day and MA 30 mg/day, an
18% response rate was noted by Stoll.2

The cellular mechanisms by which prog-
estins inhibit tumor growth and induce tumor
regression are unclear. Progestins can bind to
progesterone, androgen, and glucocorticoid
receptors,3 in addition to lowering estradiol,
estrone, testosterone, androstenedione,4 adreno-
corticotropic hormone, and cortisol levels.5

Progestins have also been shown to have a
direct cytotoxic effect on several cell lines, and
can decrease the production of mitogenic
cytokines. In spite of these effects, the major
mechanism of action of progestins remains
elusive.

CLINICAL EFFICACY

Metastatic disease

Over the past four decades, multiple clinical
trials utilizing MPA and MA have been per-
formed. While both synthetic progestins are
usually given orally, MPA may also be admin-
istered intramuscularly. Given its two routes of
administration, coupled with a broad range of
potential doses, trials using MPA are particu-
larly diverse. Doses ranging from 500 mg intra-
muscularly twice a week to 4000 mg/day orally
have produced response rates ranging from
15% to 67% in previously treated and untreated
patients.6 To further evaluate the possible treat-
ment outcome differences associated with the
oral versus intramuscular administration routes
of high-dose MPA, two randomized trials7,8

involving 213 patients with advanced breast
cancer were performed in Europe in the early
1980s. These studies found similar response
rates of approximately 17–23%, with a median
duration of remissions of about 1 year. While
the toxicity profile associated with high-dose
MPA consisted mainly of weight gain and
tremors, intramuscular therapy was also associ-
ated with pain and/or infection at the injection
site in approximately 12–15% of patients. See
Table 7.1.

Multiple trials utilizing MA have been per-
formed. In 16 studies9 involving 1342 evaluable
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patients, the overall response rate was 26%,
with a range of 14–44%. See Table 7.2. Fifty
complete responses (3.7%) were observed,
along with 306 partial responses (22.7%). The
majority of studies used MA at 160 mg/day
administered either once a day or in four
divided doses. Fifty complete responses (3.7%)
were observed along with 306 partial responses
(22.7%). The median duration of remission
ranged from 2.2 to 22 months in the 11 trials
that included such data. In analyzing multiple
separate variables such as response rates of
metastatic foci and the effects of menopausal
status, hormone receptor status, and prior ther-
apy received for advanced breast cancer, sev-
eral observations were noted. The response
rates of measurable skin and soft tissue disease
(41%) exceeded those of bony and visceral
involvement (27% and 26%, respectively).

Virtually all of the patients were post-
menopausal women, although a small subset of
19 premenopausal patients were identified
from three of the trials and demonstrated a
response rate of 42%. The duration of
menopause correlated with the potential
response to MA therapy. In two of the large
trials6 comprising over 300 patients, markedly
higher response rates were seen in patients who
had a well-established postmenopausal status
of over 5–10 years duration. Data with regard to
estrogen receptor (ER) and progesterone recep-
tor (PgR) status were available in five trials.
Response rates were highest (43%) in patients
whose tumors contained both ER and PgR and
lowest in tumors devoid of either receptor.
While all of the patients accrued in the 16 trials9

had previously treated advanced breast cancer,
precise data regarding the effect of prior thera-
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Table 7.1 Medroxyprogesterone acetate in advanced breast cancera

Studyb Dose/schedule No. of CR � PR Previous 
patients rate (%) hormone

therapy

Hortobagyi 400mg/day p.o. 10 67
800mg/day p.o. 29 37
(Total) (39) (44) 30/39

Hedley 600mg/day p.o. 105 20 78/105

Haller 400mg/day p.o. 32 47 13/32

Cavalli 500mg i.m. biw � 4 weeks → 500mg i.m. qw 93 15 76/93
versus
1000mg i.m. qd � 4 weeks → 500 mg i.v. qw 91 33 75/91

Falkson 1440 mg/m2/day p.o. � 6 months → 500 mg/m2 qd 23 22 23/23

Guarnieri 4000 mg p.o. qd � 30 days → 1000 mg p.o. qd 26 27 8/26

Abbreviations: CR, complete response; PR, partial response; biw, twice per week; qw, once per week; qd, every
day; p.o., orally; i.m., intramuscularly; i.v., intravenously.
a Permission granted courtesy of WB Saunders in Seminars in Oncology.6

b The studies quoted are located in reference 6.
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pies on response to MA were deemed insuffi-
cient to allow proper analysis.

As summarized by Schacter et al,9 a study 
by Wander and colleagues compared MA
160 mg/day with MPA 1000 mg/day orally in a
randomized trial of 87 postmenopausal patients
with advanced breast cancer.9 Virtually identi-
cal response rates of 26% and 30% and response
durations of 8–9 months were seen.

A number of studies have suggested a poss-
ible dose–response relationship for the pro-
gestins in advanced breast cancer therapy. In a
randomized phase III trial of high-dose MPA in
184 postmenopausal patients, Cavalli et al10

compared MPA 1000 mg/day intramuscularly
for 1 month with MPA 500 mg intramuscularly
twice weekly for 1 month. Following the high-
dose versus low-dose MPA induction, MPA was
further administered at 500 mg intramuscularly
on a weekly basis. A 33% response rate was seen
in the high-dose MPA arm, compared with a
15% response to low-dose therapy. While toxic-
ity was similar in both treatment arms, the two
different schedules of MPA did not influence the
time to disease progression or overall survival.
This trial sparked a flurry of interest in the con-
cept of dose intensification of hormonal therapy
utilizing either MPA orally or MA.
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Table 7.2 Summary of trials evaluating megestrol acetate for the treatment of breast cancera

Studyb No. of No. of Total daily Dosing frequency No. of No. of Response Median
evaluable males dose (mg) CRs PRs rate (%) response
patients duration

(months)

Robertson et al 221 0 320 Twice a day 2 34 16 14.0

Ansfield et al 161 1 160 Four times a day 0 48 30 6.5

Alexieva-Figusch et al 160 0 60–180 ? 0 48 30 —

136 0 180 ? 8 23 23 12.0

Gregory et al 124 1 160 Four times a day 5 24 24 22.0

Allegra et al 91 0 160 Four times a day 10 22 35 9.6

Lundgren et al 74 0 160 Every day 5 18 31 13.0

Muss et al 61 0 160 Four times a day 5 12 25 7.7

Benghiat et al 49 0 160 Every day 1 14 31 �10

Ross et al 48 0 160 Four times a day 0 15 31 7.0

Morgan 46 0 160 Four times a day 5 9 30 —

Wander et al 43 0 160 Every day 2 9 26 —

Johnson et al 43 2 160 Four times a day 5 14 44 —

Blackledge et al 37 0 160 Four times a day 1 8 24 5.0

Ingle et al 28 0 150/m2 Three times a day 1 3 14 2.2

Carpenter and Peterson 20 1 160 Every day 0 5 25 —

Total 1342 5 50 306 26

Abbreviations: CR, complete response; PR, partial response.
aPermission granted courtesy of WB Saunders in Seminars in Oncology.9
b The studies quoted are located in reference 9.
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Several trials using high-dose versus low-
dose oral MPA have been performed. Rose et
al11 randomly assigned 201 patients with
advanced breast cancer to receive 300 mg/day
versus 900 mg/day of oral MPA. The overall
response rates were 16% and 23%, respectively.
The time to progression was significantly
longer in patients treated with high-dose MPA,
whereas response duration and survival were
not. Hortobagyi et al12 treated 39 post-
menopausal patients with MPA at 400 mg/day
versus 800 mg/day. An overall response rate of
67% was seen in the 10 patients given low-dose
MPA, versus a 37% response rate seen in the 29
patients treated with high-dose MPA. In a
larger randomized trial of 124 patients with
advanced breast cancer that contained both pre-
and postmenopausal women, Gallagher et al13

tested MPA at doses of 300 mg/day versus
1000 mg/day. Response rates were 24% for
both treatment arms. Both treatments were
associated with a high incidence of bone pain
relief but a low objective response rate in bony
metastatic foci. Both response duration (10
months versus 11 months) and survival (13
months versus 11 months) were not signifi-
cantly different for the two treatments. Further
evaluation of high-dose MPA has most recently
been studied in Japan. A randomized trial of
oral MPA 1200 mg and 600 mg was conducted
in 80 patients with advanced breast cancer.14

There were no significant differences between
the two treatment arms in terms of response
rate, duration of response, overall survival, or
toxicity.

The superior oral availability of MA com-
pared with MPA led to three large trials of
high-dose MA. Muss et al15 randomly assigned
172 patients with advanced breast cancer (virtu-
ally all of whom had been previously treated
with tamoxifen) to receive standard-dose MA
160 mg/day or high-dose MA 800 mg/day.
High-dose MA resulted in a superior complete
plus partial response rate (27% versus 10%),
time to treatment failure (median 8.0 months
versus 3.2 months), and survival (median 22.4
months versus 16.5 months) when compared
with standard-dose therapy. Weight gain was

the most distressing side-effect, with 13% of
standard-dose and 43% of high-dose patients
gaining more than 8 kg. Four major cardiovas-
cular events, including two deep venous throm-
boses, one thrombotic stroke, and one fatal
myocardial infarction, occurred in patients
receiving high-dose therapy. Only one deep
venous thrombotic event was noted in the
standard-dose arm. Thirty-four patients who
failed to respond to standard-dose MA were
crossed-over to receive high-dose MA, and
none responded.

The second dose-intensified MA trial was a
phase I/II trial of 57 patients using doses of MA
ranging from 480 to 1600 mg/day.16 Three
patients were entered at each of these escalating
dose levels of 480, 800, and 1280 mg/day.
Forty-eight patients were then treated at
1600 mg/day. While responses were noted at
each dose level, the overall response rate was
32% in patients with measurable disease. The
most promising results occurred in a subset of
27 patients who displayed progressive disease
after being treated with standard doses of
MA. After crossover, a 15% response rate,
including one complete response and three par-
tial responses, was noted with high-dose
MA. Ten crossover patients (37%) had stable
disease lasting a median of 5.4 months. In addi-
tion, 2 of 14 patients with primary resistance to
initial therapy with tamoxifen had objective
responses, including one complete response
and one partial response, to high-dose
MA. Although classic chemotherapy-defined
dose-limiting toxicity was not reached, substan-
tial weight gain (median 5 kg) occurred in 71%
of patients at the 1600 mg dose level.

Results from both Muss and Abrams pro-
vided rationale for the Cancer and Leukemia
Group B (CALGB) to develop a randomized
phase III trial of 368 women with metastatic
breast cancer treated with either standard-dose
MA at 160 mg/day, 5 times the standard dose
at 800 mg/day, or 10 times the standard dose at
1600 mg/day.17 The response rates were 23%,
27%, and 27% for the 160, 800, and
1600 mg/day arms, respectively. Median dura-
tions of response were 17, 14, and 8 months for
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the 160, 800, and 1600 mg/day arms, respec-
tively. No significant differences in the treat-
ment arms were noted for time to disease
progression or for survival. The median
survival was 28 months in the standard-dose
MA arm, 24 months in the mid-dose arm, and
29 months in the high-dose arm. The most fre-
quently reported side-effect, weight gain, was
clearly dose-related. Approximately 20% of
patients on the two higher-dose arms reported
weight gain of more than 20% of their prestudy
weight, compared with only 2% in the
160 mg/day dose arm. Five patients died of
thromboembolic causes that were felt to be
treatment-related, with one death on the
800 mg/day dose arm and four deaths on the
1600 mg/day dose arm. With a median follow-
up of 8 years, this large multi-institutional trial
failed to demonstrate any advantage for dose
escalation of MA in the therapy of advanced
breast cancer.

Adjuvant therapy

Most clinical trials of progestins have been per-
formed in women with metastatic breast cancer.
In the adjuvant setting, Pannuti et al18 treated
151 premenopausal patients with six cycles of
CMF (cyclophosphamide, methotrexate, and
5-fluorouracil (5-FU)) versus CMF and concur-
rent high-dose (HD) MPA. One hundred and
thirty-eight postmenopausal patients were also
randomly assigned to receive HD-MPA versus
no adjuvant therapy. The majority of patients
had primary breast tumors 2–5 cm in size
coupled with node-positive disease, although
node-negative cases were also included.
HD-MPA included MPA 1000 mg twice daily
orally for 1 month followed by 500 mg twice
daily orally for 5 months. With a median
follow-up of 3 years, no significant differences
in disease-free or overall survival were found in
the postmenopausal patients. In the post-
menopausal portion of the study, a statistically
significant lower number of recurrences was
observed in the progestin-treated patients with
three or less positive lymph nodes, although no

overall survival benefit was detected. Both
ER-positive and ER-negative patients were eli-
gible, and receptor status was unknown in over
half the cases enrolled.

Focan et al19 compared adjuvant HD-MPA
with observation in 240 pre- and post-
menopausal patients with node-negative breast
cancer. MPA was administered intramuscularly
at 500 mg/day for 1 induction month, followed
by 500 mg intramuscularly twice weekly for 5
maintenance months. With a median follow-up
of 3 years, significant increases in relapse-free
and overall survival were found in the
progestin-treated group. The relapse-free and
overall survival rates were 94% and 99%
respectively in the HD-MPA arm, versus 73%
and 89% in the control arm. Side-effects for
HD-MPA included a mean weight gain of
7.4 kg and tremor, cramps, headaches, and
vaginal spotting in 10–15% of patients.
Approximately 20% of patients were ER-negat-
ive in this trial, although overall the ER status
was unknown in about half the cases enrolled.

Hupperets et al20 randomly assigned 408 
pre- and postmenopausal women with node-
positive breast cancer to CAF (cyclophos-
phamide, doxorubicin, and 5-FU) for six cycles
versus CAF coupled with concurrent HD-MPA
for 6 months. Progestin therapy included MPA
500 mg intramuscularly daily for 28 days fol-
lowed by 500 mg intramuscularly twice a week
for 5 months. While the 5-year disease-free sur-
vival rate was 59% in the chemohormonally
treated group, compared with 49% in the
chemotherapy-only group, no difference in
overall survival was found. In subgroup analy-
sis, a slight survival advantage for CAF plus
MPA over CAF alone was found in elderly
patients between 55 and 70 years of age with
small breast primaries. The chemotherapy- and
progestin-treated group experienced a mean
weight gain of 5.5 kg, whereas weight gain in
the CAF group did not exceed 1.8 kg.
Approximately two-thirds of patients were
ER-positive in this trial.

These data suggest that progestins may be
beneficial in the adjuvant setting. Although
further research in this area may be of interest,
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it is unlikely that progestins would prove to be
superior to other hormonal agents in standard
use for adjuvant therapy. Moreover, weight
gain associated with chronic progestins would
likely be a highly undesirable side-effect for
women treated in the adjuvant setting.

COMPARISONS WITH OTHER AGENTS

Progestins have been tested in multiple trials
against other hormonal therapies, including
tamoxifen and several aromatase inhibitors.
The comparison of MA and tamoxifen in post-
menopausal women with advanced breast
cancer has been extensively documented in four
randomized trials. See Table 7.3. In each trial,
MA 40 mg four times a day was compared with
tamoxifen 10 mg twice a day. The cumulative
response rate was 28% for MA and 32% for
tamoxifen.1 In a study by Muss et al21 of 136 eli-
gible patients, the estimated 1-year survival rate
was 77% for the MA-treated group and 85% for
the tamoxifen-treated group. The 2-year sur-
vival rates were 57% and 69%, respectively.
After adjustment for multiple pretreatment
variables, the difference in survival between the

two regimens was significant (p = 0.04) in favor
of tamoxifen.

The MA versus tamoxifen trials also had
crossover components.1 Treatment with MA
after tamoxifen failure was compared with
treatment with tamoxifen after MA failure. The
rate of response to MA after tamoxifen failure
(16%) was similar to the response rate to tamox-
ifen after MA failure (12%). The results of these
crossover studies seem to indicate that MA and
tamoxifen are non-cross-resistant therapies.

Like MA, MPA has been compared with
tamoxifen in randomized trials. In the study by
van Veelen et al,22 129 previously untreated
postmenopausal women with advanced breast
cancer were randomly assigned to receive MPA
900 mg/day orally or tamoxifen 40 mg/day.
No significant differences were found in the
overall response rate (44% versus 35%), median
duration of remission (17 months versus 23
months), or median survival (20 months versus
26 months). Interesting findings of this study
included marked improvement in the response
rate of MPA-treated patients with osseous
metastases as well as in patients over 70 years
of age. After crossover from tamoxifen to MPA,
8 of 31 patients responded, while no responses
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Table 7.3 Megestrol acetate versus tamoxifen in advanced breast cancera

Studyb Megestrol acetate Tamoxifen

No. of Response No. of Response
responses/patients rate (%) responses/patients rate (%)

Ingle et al 4/28 14 7/27 26
Johnson et al 20/49 40 14/49 28
Alexieva-Figusch et al 31/136 23 17/80 21
Morgan 14/46 30 17/48 35
Ettinger et al 32/91 35 42/99 42
Muss et al 17/69 25 20/65 31

Total 118/419 28 117/368 32

aPermission granted courtesy of WB Saunders in Seminars in Oncology.1

b The studies quoted are located in reference 1.
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were seen in the 27 patients who were crossed-
over from MPA to tamoxifen.

In a follow-up trial by Muss et al,23 182
endocrine-naive postmenopausal patients were
randomly assigned to receive MPA
1000 mg/day orally or tamoxifen 20 mg/day.
While the overall response rate in the
MPA-treated group was significantly higher
than that seen with tamoxifen (34% versus 17%,
respectively), this failed to translate into
improved time to treatment failure or survival.
As in the van Veelen et al study, patients with
bony metastases had a significantly higher par-
tial response rate with MPA compared with
tamoxifen (33% versus 13%, respectively).
Similar responses to crossover from one agent
to the other were noted. While both agents
were associated with minimal toxicity, weight
gain was markedly more apparent with pro-
gestin therapy. Thirty-five percent of the
MPA-treated patients gained more than 9 kg, as
opposed to only 2% on tamoxifen.

Several generations of aromatase inhibitors
now exist. While both MPA and MA have been
compared with aminoglutethimide (AG), more
recent trials of second- and third-generation
aromatase inhibitors have compared these
agents only with MA. In the study of 85 post-
menopausal women by Samonis et al,24 patients
were randomly assigned to receive AG
1000 mg/day plus replacement hydrocortisone,
MPA 500 mg intramuscularly for 1 month and
twice weekly thereafter, or combined therapy of
AG and MPA without replacement hydro-
cortisone. All three treatment arms displayed
similar response rates and durations of
response.

In a similarly designed three-arm trial by the
Southwest Oncology Group (SWOG),25 288
postmenopausal women were randomly
assigned to receive MA 160 mg/day, AG
1000 mg/day with replacement hydrocortisone,
or combination MA and AG. This study failed
to show a difference in any of the three arms
with regard to response rates, time to treatment
failure, or survival. Toxicity was greater in the
two AG arms with respect to fatigue, nausea
and vomiting, and rash.

Several large randomized trials have com-
pared the newer aromatase inhibitors with
MA.26–29 See Table 7.4. Complete and partial
response rates of 10–25% coupled with similar
rates of stable disease were found in both the
aromatase inhibitor- and MA-treated patients.
The only mature study that showed an
improvement in survival with AI therapy over
megestrol was the large multinational trial of
anastrozole by Buzdar et al.30 Use of anastrozole
1 mg daily compared with MA 40 mg four
times daily led to a prolongation of survival of
slightly over 4 months. When compared with
MA, aromatase inhibitor therapy was associ-
ated with markedly fewer side-effects. While
mild antiestrogenic side-effects of hot flashes
and nausea were occasionally associated with
aromatase inhibitor therapy, troublesome
weight gain and potentially life-threatening
thromboembolic disease was dramatically less.
Given the similar response rates yet improved
side-effect profiles compared with MA, the
second- and third-generation aromatase
inhibitors31 have become the therapy of choice
in postmenopausal receptor-positive patients
who have developed metastases while on adju-
vant tamoxifen or have shown progression of
metastatic disease while on tamoxifen.
Aromatase inhibitors are not very effective in
premenopausal women because of the high
level of estradiol synthesis in the ovaries.

OTHER EFFECTS AND TOXICITY

Several trials have investigated the addition of
progestins to chemotherapy. As with other
chemoendocrine combinations, there is no con-
vincing evidence that combining progestins
with chemotherapy in the metastatic setting
improves survival. Progestins may protect
against leukopenia, allowing for higher doses
of chemotherapy.32 Progestins have also been
suggested as palliative agents for bone pain in
patients with extensive skeletal metastases.33

The major complication of progestin therapy
is the potential for substantial weight gain,
which has led to the use of progestins for
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Table 7.4 Aromatase inhibitors versus megestrol acetate (MA)

Formestane versus MA20 Formestane (250 mg i.m. biw) MA (40 mg qid)

No. of patients 91 86
Median TTP (months) 4 3.7
CR � PR rate (%) 17 17
Stable disease � 24 weeks (%) 25 22
Median survival (months) NA NA

Exemestane versus MA21 Exemestane (25 mg daily) MA (40 mg qid)

No. of patients 366 403
Median TTP (months) 4.7 3.8
CR � PR rate (%) 15 12
Stable disease � 24 weeks (%) 22 23
Median survival (months) NR 28.4

Vorozole versus MA22 Vorozole (2.5 mg daily) MA (40 mg qid)

No. of patients 225 227
Median TTP (months) 2.6 3.3
CR � PR rate (%) 9.7 6.8
Stable disease � 24 weeks (%) 11.7 17.1
Median survival (months) 26.3 28.8

Letrozole versus MA23 Letrozole (2.5 mg daily) MA (40 mg qid)

No. of patients 174 189
Median TTP (months) 5.6 5.5
CR � PR rate (%) 24a 16
Stable disease � 6 months (%) 11 15
Median survival (months) 25.3 21.5

Anastrozole versus MA24 Anastrozole (1 mg daily) MA (40 mg qid)

No. of patients 263 253
Median TTP (months) 4.8 4.6
CR � PR rate (%) 13 12
Stable disease � 24 weeks (%) 30 28
Estimated 2-year survival rate (%) 56 46
Median survival (months) 27 23

Abbreviations: i.m., intramuscularly; biw, twice per week; qid, four times per day; TTP, time to progression;
CR � PR, complete plus partial responses; NA, not addressed; NR, not reached.
ap < 0.05.
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patients with HIV- and cancer-related
cachexia.34 Progestins are also associated with a
higher than anticipated frequency of throm-
boembolic phenomena. Vaginal bleeding,
especially withdrawal bleeding following dis-
continuation of MA, is common in post-
menopausal women.

CURRENT ROLE OF PROGESTINS IN
HORMONAL THERAPY

Progestins, like other endocrine agents, are
most likely to be effective in patients with ER-
and/or PgR-positive tumors. They should be
considered for postmenopausal women with
metastatic breast cancer who have responded
or have had prolonged periods of stable disease
after antiestrogens and oophorectomy. In post-
menopausal women with metastatic breast
cancer who have responded or have had pro-
longed periods of stable disease after anti-
estrogens and newer aromatase inhibitors,
progestins are also worthy of consideration. For
patients selected for progestin treatment, we
recommended using standard doses of MA
(160 mg daily) or MPA (500 mg daily) via the
oral route. There is currently no defined role for
progestins in the adjuvant setting.
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antagonists in breast cancer
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INTRODUCTION

The search for active and safe alternatives to
current systemic therapies is one of the main
objectives of current breast cancer research.
Over the last three decades since the discovery
of the estrogen receptor (ER), the development
of new endocrine agents has in the main been
aimed at either preventing the production of
estrogens (e.g. ovarian ablation with
gonadotropin-releasing hormone (GnRH) ana-
logues, aromatase inhibition) or blocking their
effect by competition for ER (e.g. selective ER
modulators (SERMs) and pure antiestrogens).
Such developments have focused, indirectly or
directly, on the ER as a target for manipulation
of tumour growth. This approach is supported
by the finding that the response to such thera-
pies is related to the expression of ER by breast
tumours.1–3 However, it is also known that
response to ‘antiestrogen therapies’ (in the
broadest sense) also correlates with the expres-
sion of another sex steroid receptor, the proges-
terone receptor (PgR).1,3

The importance of PgR in breast cancer is
controversial. Since the promotor region of PgR
contains an estrogen response element (ERE;
see Chapter 9), PgR expression may serve as a
marker of endocrine dependence, providing

indication of a functional PgR.4 As described in
Chapter 14, substantial in vitro and in vivo
evidence suggests that PgR serves as a biologi-
cally important molecule in breast cancer
behaviour. Moreover, preclinical studies indi-
cate that blockade of PgR function inhibits pro-
liferation and induces apoptosis (see Chapter
14). Therefore, clinically practical PgR inhibitors
have been developed. These are overtly active
small molecules that appear to function by
binding to PgR and inhibiting pathways down-
stream of PgR. Two agents, onapristone and
mifepristone, have been evaluated in clinical
trials, and, as described below, have activity in
patients with metastatic disease. Although com-
mercial support for these two agents has
recently waned, the concept of PgR inhibition
in breast cancer is sufficiently well founded to
justify its inclusion in any textbook of endocrine
therapy.

Mifepristone (RU38486) was the first proges-
terone antagonist reported to be useful in the
treatment of patients with advanced breast
cancer; these were tumours that had developed
resistance to prior endocrine therapies.5,6 Prior
to these clinical reports, mifepristone had been
reported to inhibit the growth of human breast
cancer cell lines in vitro7,8 and in vivo.9,10

Indeed, in the latter studies,10 antiprogestin and
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antiestrogenic treatment were reported to have
additive antitumour effects. Treatment with
mifepristone for 3 weeks resulted in decreased
expression of ER, although this was slightly less
than seen with tamoxifen. In contrast, mifepris-
tone decreased the expression of PgR almost to
zero, whereas tamoxifen caused an increase in
PgR expression. In the in vivo experiments,
mifepristone caused an increase in plasma
serum estradiol and progesterone.10 As noted
below, these findings are different to those
reported recently using onapristone in a phase
II clinical study.11

The progesterone antagonist onapristone
[11�-(4-dimethylaminophenyl)-17�-hydroxy-
17-(3-hydroxypropyl)-13�-estra-4,9-dien-3-one],
was also reported to exhibit tumour-inhibitory
effects in several hormone-dependent mam-
mary tumours in animal models. As described
in detail in Chapter 14, the main mechanism of
action of onapristone appears to be the induc-
tion of terminal differentiation, leading to cell
death.12,13 Its antitumour activity in mouse MXT
mammary tumours and rat DMBA- or
MNU-induced mammary tumours was as
strong as that of tamoxifen or oophorectomy.14

Toxicological studies carried out in two species
(monkey and rat) over a 12-month period did
not reveal any changes that could have pre-
cluded the use of onapristone in humans. In
phase I studies, onapristone was given orally to
healthy postmenopausal women in doses of up
to 400 mg/day over a period of 14 days. The
subjective tolerance of the drug was good. The
laboratory parameters did not show any clini-
cally relevant changes, and onapristone entered
phase II studies in postmenopausal patients
with advanced breast cancer that was
tamoxifen-resistant (i.e. as second-line therapy)
and a smaller study as first-line therapy in
hormone-naive patients. Results of the latter
study have been published,15 but those of the
former have not been, to date. This chapter con-
tinues the first publication of these data, which
will therefore be described in more detail before
being reviewed along with the previously pub-
lished studies.

ONAPRISTONE

Onapristone in tamoxifen-resistant disease
(phase II study)

A non-randomized, open, multicentre phase II
study was conducted between December 1991
and May 1995 at 13 sites in Germany and the
UK. The study was established to investigate
the efficacy of onapristone when given in a
dosage of 100 mg/day to postmenopausal
patients with advanced breast cancer who had
progressed on tamoxifen. The study was also
designed to assess patient tolerability and to
study the influence of onapristone on the levels
of the relevant endocrine parameters (cortisol,
androstenedione, estrone, and estradiol). The
patient characteristics are described in Table
8.1.

Of the 101 evaluable patients, 1 had a com-
plete remission, 9 had a partial remission, and
39 had stable disease for 3 months or more. This
resulted in an overall clinical benefit of 49%.
Table 8.2 shows the effect of onapristone on
individual sites of disease. The most frequent
metastatic site was bone (82 patients), followed
by lymph nodes (29 patients), lung (25
patients), liver (22 patients), skin (20 patients),
local recurrence (16 patients), and pleura (14
patients). A total of 42 patients out of 118 had
visceral disease. A complete remission was
observed at the site of a local recurrence. Partial
remissions were observed in all other major
localizations, except pleura.

Out of 10 remissions on onapristone, 8 were
achieved in patients who had a benefit from
palliative tamoxifen therapy in the form of
either remission (3 patients) or stable disease (5
patients) (Table 8.3). Two remissions were reg-
istered in patients who had received tamoxifen
as an adjuvant therapy. In 2 out of 12 primarily
tamoxifen-resistant patients, disease stabiliza-
tion was registered. No remission was observed
in this group.

The response in the group of 33 evaluable
patients with PgR-positive primary tumours
was 4 patients with partial remission, 15 with
stable disease, and 14 with progressive disease.
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Table 8.1 Patient characteristics

Sample size 118

Median age (n � 118) 062 years (range 40–86)

Menopausal status at diagnosis (n � 118):
<2 years postmenopausal 016
�2 years postmenopausal 101
unknown 001

ER and/or PgR status at diagnosis (n � 118):
ER�/PgR� 033
ER�/PgR� 013
ER�/PgR unknown 007
ER�/PgR� 003
ER�/PgR� 006
ER�/PgR unknown 002
ER unknown/PgR unknown 054

ER and/or PgR status at the start of study in patients with lesions accessible to biopsy (n � 18):
ER�/PgR� 007
ER�/PgR� 004
ER�/PgR� 001
ER�/PgR� 005
ER�/PgR unknown 001

Previous tamoxifen treatment (n � 118):
palliative 090
adjuvant 028

Relapse-free interval in patients receiving initial palliative treatment (n � 90):
<24 months 012
�24 months 055
unknown 023

Response to initial palliative treatment (n � 90):
complete remission 005
partial remission 023
stable disease 038
progressive disease 012
unevaluable 008
unknown 004

Duration of previous adjuvant treatment (n � 28):
<24 months 010
�24 months 012
unknown 006

720_Breast.ch08  26/04/2002 9 31 am  Page 119

  



In 8 patients, the PgR status was established in
biopsies taken prior to the start of onapristone
treatment. The response in this group of
patients was 2 patients with partial remission, 2
with stable disease, and 4 with progressive dis-
ease. In the group of patients whose tumours
were PgR-negative, 2 partial remissions were
observed.

The median time to progression was 4
months, and the median time to treatment fail-
ure was 3 months. The median time to progres-

sion according to response was 11 months
(complete or partial remission), 7 months
(stable disease), and 3 months (progressive dis-
ease).

Onapristone was well tolerated, with the
exception of liver function test (LFT) abnormali-
ties. Other laboratory parameters were stable
during treatment. Onapristone did not influ-
ence body weight or systolic and diastolic
blood pressure (data not shown). No systematic
changes in the serum concentrations of cortisol,
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Table 8.2 Response in individual sites of disease

Localization Result

CR PR SD PD Not evaluable Missing Total

Bones 2 24 16 13 27 82
Lymph nodes 3 08 05 01 12 29
Lung 5 07 05 01 07 25
Liver 1 11 03 00 07 22
Skin 1 10 01 01 07 20
Local recurrence 1 1 05 00 00 09 16
Pleura 0 03 04 01 06 14
Other 0 05 00 04 05 14

CR, complete remission; PR, partial remission; SD, stable disease; PD, progressive disease.

Table 8.3 Response in relation to the results of previous antiestrogen therapy

Response to tamoxifen Response to onapristone

CR/PR SD PD Not evaluable Missing Total

CR/PR 3 15 06 2 2 28
SD 5 13 15 2 3 38
PD 0 02 09 0 1 12
Missing 0 02 02 0 0 04
Not evaluable 0 02 05 1 0 08

CR/PR, complete/partial remission; SD, stable disease; PD, progressive disease.
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androstenedione, estrone, and estradiol were
observed during the study (data not shown).
However, in 20 out of 32 patients with LFTs
within normal range at baseline, elevations of
one or more parameters – bilirubin, aspartate
aminotransferase (AST), alanine aminotrans-
ferase (ALT), �-glutamyl transpeptidase (GGT),
lactate dehydrogenase (LDH), and alkaline
phosphatase – were observed. LFTs started to
increase after 0.5–1 month of treatment, and
reached a maximum after 1 or 2 months.
Subsequently, LFTs either stayed unchanged
for the rest of the study or returned to normal.

In summary, a clinical benefit for onapristone
of 49% compares favourably with results seen
with other endocrine agents in patients who
have progressed on tamoxifen, including mege-
strol acetate16 and aromatase inhibitors.17

Onapristone in hormone-naive patients
(phase II study)

As the above study of onapristone as second-
line endocrine therapy was finishing, a small
phase II study as first-line therapy was estab-
lished.15 In summary, this study set out to
recruit 30 patients, but was stopped after 19
patients had been entered into the trial because
the clinical development programme for
onapristone was halted. Nonetheless, the agent
appears to be active in this setting.

Of the 19 patients entered into the study, one
was withdrawn after 4.5 months owing to
marked elevation in the patient’s LFTs. At this
time, the patient had stable disease. In the
remaining 18 patients, 10 achieved partial
remission, 2 had durable stable disease (>24
weeks), and 6 had de novo progression. Thus,
the overall clinical benefit was 66%. As previ-
ously reported, the majority of patients had
hormone-receptor-positive tumours. Ten
patients were ER-positive/PgR-positive, of
whom 7 achieved partial remission, 1 had
stable disease, and 2 had de novo progressive
disease. Six patients had ER-positive/
PgR-negative tumours, of whom 2 achieved
partial remission, 2 had stable disease (1 of

whom was the patient withdrawn for LFT
elevations after 4–5 months), and 2 had pro-
gressive disease. Two patients had 
ER-negative/PgR-negative tumours, both of
whom showed de novo progression.

Overall, the clinical benefit rate of 66% (12 of
18 patients) is similar to the published remis-
sion rates for the antiestrogen tamoxifen,18–20 the
synthetic progestin megestrol acetate,19–21 and
aromatase inhibitors such as anastrozole.22,23

There was no change in serum estradiol during
the first 6 months (data not shown). LFT eleva-
tions were noted in the majority of patients.
These were initially detected at 6 weeks, when
the first on-treatment blood samples were
taken. Later in the study, when LFT measure-
ments were performed weekly, the elevations
in LFTs were detected from weeks 1–2
onwards.

Onapristone (two doses) versus megestrol
acetate (phase III study)

Given the favourable phase II results, a compar-
ative trial of two doses of onapristone
(50 mg/day and 100 mg/day) versus megestrol
acetate was started. In view of the LFT results
in the phase II studies, early review was carried
out of the LFT results in this phase III study.
Elevations of LFTs occurred with a higher inci-
dence in the two onapristone arms, without
clear signs of dose dependence. Subsequently,
the development of onapristone was terminated
by the sponsor. The mechanism of onapristone-
associated liver toxicity is not fully understood.
Taking into account (1) that LFT alterations
were transient in a number of patients despite
continued treatment, (2) that dose level, dura-
tion of treatment, and total exposure did not
appear to play a role, and (3) onapristone’s fail-
ure to elicit comparable effects in animals, the
likely mechanism could be an idiosyncratic
reaction to onapristone rather than a direct
hepatoxic effect.

Since no comparative trials with onapristone
were completed, the potential of this drug in
relation to current endocrine therapies could

CLINICAL EFFICACY OF PROGESTERONE ANTAGONISTS 121

720_Breast.ch08  26/04/2002 9 31 am  Page 121

  



not be conclusively evaluated. Nevertheless, the
level of clinical activity demonstrated by
onapristone in the phase II studies indicated
that progesterone antagonists have therapeutic
potential in the treatment of breast cancer and
supported the earlier studies of mifepristone.

MIFEPRISTONE

Mifepristone in tamoxifen-resistant disease
(phase II studies)

The first clinical report of a progesterone antag-
onist in patients with breast cancer was of
mifepristone as second-line therapy in
advanced disease.5,6 In the study by Romieu
and colleagues,5 3 out of 22 patients achieved
partial remission, with a further 9 showing
stable disease. Klijn and colleagues6 reported
that 1 patient out of 11 achieved partial remis-
sion, with a further 6 showing stable disease.
Together, these phase II studies reported on 33
patients with advanced breast cancer who were
treated with mifepristone. Overall, 4 out of 33
patients (12%) achieved partial remission, with
a further 15 (46%) showing stable disease.
These results for second- and/or third-line
endocrine therapy are consistent with the liter-
ature, and are similar to the results obtained
with onapristone that have been described
above.

Mifepristone in hormone-naive breast cancer
(phase II study)

One further study of mifepristone in advanced
breast cancer was reported by Perrault and col-
leagues.24 A 10.7% objective response rate (com-
plete plus partial remissions) and a 39.3% stable
disease rate was reported for what the authors
described as patients with untreated metastatic
breast cancer. However, it should be noted that
43% of the patients had received a prior
endocrine agent as adjuvant therapy, while 32%
had received adjuvant chemotherapy. These
prior systemic therapies, albeit as adjuvant

treatment, would have influenced the response
rates when the patients received mifepristone
for metastatic disease. In reality, therefore,
mifepristone in this study was, for many of the
patients, being used as a second endocrine
agent on failure of adjuvant endocrine therapy,
and the results seem more reflective of response
rates reported for second-line endocrine
therapies.

It should also be noted that mifepristone has
been reported to cause an increase in serum
estradiol.6 In contrast, onapristone caused no
such increase.15 While the significance of this
remains to be established, it is known that a
50–90% decrease in serum estradiol by aro-
matase inhibitors is associated with objective
remissions. Whether the increases in serum
estradiol seen with mifepristone have any effect
on tumour growth is an intriguing but as yet
unanswered question.

SUMMARY

The progesterone antagonists onapristone and
mifepristone have been used in clinical studies
in advanced breast cancer. Onapristone entered
phase II clinical trials as both second-line and
first-line endocrine therapy. Only the smaller
first-line study has thus far been published, and
therefore this is the first report of the larger
phase II study of onapristone as second-line
therapy. In this trial, 118 postmenopausal
patients with systemic progressive disease
resistant to antiestrogens received 100 mg/day
onapristone orally. One hundred and one
patients were evaluated for response, with the
following results: 1 complete remission, 9 par-
tial remissions, 39 cases of stable disease, and
52 cases of progressive disease. The median
time to progression was 4 months. These find-
ings, along with published phase II studies
using another progesterone antagonist, mifepri-
stone, which reported similar clinical efficacy,
indicates that progesterone antagonists may
have therapeutic potential in the treatment of
breast cancer.

Mifepristone is currently being investigated
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in combination with tamoxifen rather than as a
single agent. The clinical development of
onapristone has been stopped by the sponsor.
Although clinically onapristone seemed to be
well tolerated, its administration was associated
with elevation of liver function tests in a signifi-
cant number of patients. Nevertheless, the stud-
ies of antiprogestins to date have confirmed
that this class of endocrine agent has clinical
activity, providing impetus to search for newer
antiprogestins.
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INTRODUCTION

Since the discovery of the target receptor for
estrogen (ER) in 1958,1 a massive literature has
accumulated on the ER and endocrine response
in breast cancer, where it has proved a useful, if
imprecise, predictor of therapeutic benefit to
multiple types of antihormonal therapy.2 In bio-
logical terms, the ER acts as a ligand-dependent
nuclear transcription factor that regulates the
expression of genes containing estrogen
response elements (EREs) within their promot-
ers, and antihormone therapies act to either (i)
limit the tissue availability of estrogens, and
hence the formation of active ER complexes,
or (ii) bind to the ER and attenuate/alter ER-
mediated gene expression profiles.

In this context, this chapter outlines those
molecular actions of estrogens and antiestro-
gens that allow a fuller appreciation of the
mechanisms leading to endocrine-induced ther-
apeutic remissions in breast cancer patients,
and that help to define the processes whereby
response is subverted to generate de novo and
acquired endocrine resistance (see Chapters 10

and 12). In addition to the now well-described
functional domain structure of the ER and its
interactions with EREs, emphasis will also be
placed on several more recently identified ele-
ments of ER signalling, including the contribu-
tion made to the tissue-selective actions of ER
by the presence of ER subtypes and variants,
co-activators/co-repressors, and crosstalk
between ER and growth factor signalling
elements.3

MOLECULAR BIOLOGY OF THE TARGET
RECEPTOR FOR ESTROGENS – ER�

ER� gene structure and its regulation

The human ER gene (now termed ER�) was
first cloned and sequenced from MCF-7 human
breast cancer cells in 1986 by two separate
groups working concurrently.4,5 It is located on
chromosome 6, extends over 140 kbp, and con-
sists of eight exons6 separated by seven large
intronic regions,7 and it is a member of the
nuclear receptor superfamily, of which more

720_Breast.ch09  26/04/2002 9 31 am  Page 127



than 150 different members are now known. It
is expressed in the female accessory sex organs,
in the skeletal and cardiovascular systems, and
in those areas of the brain influencing sexual
behaviour.8 In each of these tissues, the ER�
gene product is a phosphorylated protein9 con-
sisting of 595 amino acids4,10 with a molecular
weight of 67 kDa, although this can vary
depending on the degree of receptor hyper-
phosphorylation.11–14

The transcriptional regulation of the ER�
gene is extremely complicated; however, there
have been several recent advances that con-
tribute to the understanding of the mechanisms
involved. The ER� gene possesses two promot-
ers, P0 and P1, from which its transcription can
be initiated.15 The principal transcriptional start
site is P1,4 although this appears to vary
depending on tissue/cell type.14 Additionally, a
75 bp region of the 5� untranslated leader
sequence of the ER� gene has been discovered
that augments the expression from the ER�
promoter.16 This region contains two binding
sites for estrogen receptor factor 1 (ERF-1) pro-
tein. ERF-1 is the AP-2� member of the AP-2
transcription factor family. This protein is
increased in ER�-positive breast cancers,16,17

suggesting that a direct correlation exists
between the expression of ERF-1 and the
expression of ER�.18 Further work undertaken

by McPherson and colleagues19 has shown that
ERF-1 activates ER� gene transcription by bind-
ing to the imperfect palindrome CCCT-
GCGGGG within the promoter of the ER� gene.

Finally, Tang and colleagues20 have recently
identified an additional transcriptional enhancer
(35 bp) in the human ER� gene upstream of the
major human ER� mRNA start site, termed ER-
EH0. ER-EH0 appears to be active in ER�-posi-
tive cells, but not ER�-negative cells. It is a
12-O-tetradecanoylphorbol-13-acetate-respon-
sive element (TPA-RE)-containing region,
although methylation interference assays sug-
gest that binding of factors occurs both on the
AP-1 site and its adjacent base pairs, both being
required for enhancer activity.20

Mutational studies of both ERF-1 and ER-
EH0 have confirmed the ER-EH0 enhancer ele-
ment as the predominant cis-acting factor in the
differential expression of ER�.20

ER� protein structure

Transfection studies characterizing the activity
of various ER� deletion mutants have revealed
that the ER� protein, like other family mem-
bers, consists of six distinct functional domains
labelled A–F (Figure 9.1).14,21,22 These contain
specific amino acid sequences that (i) facilitate
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Figure 9.1 Structural and functional domains of the estrogen receptor ER�.
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the localization of the receptor within the
nucleus of the cell, (ii) allow it to bind steroid
hormone, dimerize, and associate with specific
DNA response elements, and (iii) finally pro-
mote transcriptional regulation of responsive
genes. The culmination of these events in breast
cancer is often tumour growth.

The A/B region
The A/B domain in ER�, encoded by exon 1
and part of exon 2, has an intrinsic transcrip-
tional activation function known as AF-1,23 the
activity of which is independent of estrogen
(and antiestrogen) binding. This is in contrast to
the second transactivation function of ER�,
located in the E region and requiring estrogen
for activity (see below). Although in most
instances both AF-1 and AF-2 appear to func-
tion together for optimal transcriptional activ-
ity, there is considerable experimental evidence
to indicate that the contribution made by AF-1
to overall ER activity varies between cell types
and gene promoters. Thus, while introduction
of an ER� gene lacking AF-2 into chicken
embryo fibroblasts has been shown to promote
60–70% of wild-type ER activity,24 an identical
construct introduced into HeLa and CV1 cells
shows only 1–5% of the transcriptional activity
of wild-type ER.22 Conversely, while an ER�
construct lacking AF-1 (but possessing AF-2),
showed considerably reduced ER activity on
the pS2-ERE-containing promoter in HeLa cells,
no reduction in transcriptional activity from the
vitellogenin-ERE-containing promoter was seen
in these cells.22

Importantly, among the requirements for full
activation of AF-1 in vitro is phosphorylation of
the serine residue at position 118 of ER�, poten-
tially through the Ras/MAPK (mitogen-acti-
vated protein kinase) cascade of growth factor
signalling pathways.25 Activation of this path-
way, therefore, could potentially promote the
expression of ER-regulated genes dependent
upon AF-1, even in the absence of estrogens or
the presence of antiestrogens. Such regulation is
discussed more thoroughly late in this chapter.

The C region
The C region of ER� has been identified as the
DNA-binding domain (DBD), consisting of a
core sequence of 66 amino acids rich in cysteine
residues.7,26 It is the most highly conserved sec-
tion of the ER� between species27 and between
other nuclear receptors.28 The region is folded
into two zinc-stabilized DNA-binding ‘fingers’
(CI and CII),29,30 encoded by exons 2 and 3, with
each exon encoding a single zinc finger.7 Each
zinc finger binds a zinc atom via cysteine
residues, producing a stable 13-amino-acid
loop.27

The zinc fingers are important for the recog-
nition of specific ERE sequences located
upstream of the promoters of genes regulated
by estrogen.31 These two zinc fingers are struc-
turally and functionally distinct from each
other. The N-terminal finger is involved in
DNA sequence recognition by providing spe-
cific contacts with the nucleotides in the major
groove of the ERE sequence. It is believed that
the three amino acids at the base of this zinc fin-
ger are the most crucial for discrimination of
ERE binding.32–34 The C-terminal finger medi-
ates high-affinity DNA binding by providing
the phosphate backbone contacts and the
dimerization interface between the two DBDs
of the ER� homodimer bound at the response
element.35,36

Although both zinc fingers are required for
DNA binding, they are insufficient alone for
high-affinity binding.27 ER-deletion studies by
Kumar and Chambon37 have demonstrated that
sequences located downstream of region C are
required for stabilization of the ER�–ERE com-
plex, although such sequences do not take part
in the recognition of the ERE. Indeed, it now
appears that there are several amino acid
residues other than those found within the zinc
fingers that are necessary for high-affinity DNA
binding. These include regions employed for
nuclear localization or targeting, receptor dimer-
ization, and binding of heat-shock proteins.27

The D region
The D region is considered to be a ‘hinge’ seg-
ment that separates the DNA-binding domain
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(region C) and the ligand-binding domain
(region E) of the receptor, encoded by part of
exon 4.38 Mutations of this region have been
reported to induce no effects on estrogen bind-
ing or on the transcriptional capability of ER�
in HeLa cells.22 However, a nuclear localization
motif consisting of 48 amino acids is C-terminal
to the zinc fingers in region D, and is appar-
ently required to tether unliganded receptor in
the nucleus.39–41 This section of the receptor con-
sists of three stretches of basic amino acids at
residues 256–260, 266–271, and 299–303 that are
highly conserved between species. A second
nuclear localization signal is also believed to
exist in region E of the receptor.42

The E region
The E region of ER� is hydrophobic and is
known as the hormone-binding domain (HBD);
it consists of approximately 250 amino acids
encoded by exons 4–8.7,10 Affinity labelling
experiments have determined that HBD
integrity is necessary for the binding of the nat-
ural ligand estrogen to the ER.43,44 The hor-
mone-binding domain can only be obtained as
a trypsin-resistant fragment in its occupied
form, indicating that a ligand-induced change
in its structure has occurred. This region also
contains the principal dimerization activity of
the receptor as well as the ligand-dependent
transactivation function (AF-2).38 In addition,
region E is involved in the binding of hsp90 to
the receptor.27 Following the binding of estro-
gens, this region provides some interacting sur-
faces on the receptor to allow interconnections
with other cellular proteins, including various
cofactors (discussed in detail later in this
chapter).

The E domain is believed to comprise a
hydrophobic ‘pocket’ that facilitates the binding
of ligand.4,7,10,45 Eight or nine highly conserved
heptad repeats associated with regions of
hydrophobicity are thought to be involved in
this hydrophobic pocket formation.46 It has
been shown that ER� mutants that contain
these heptad repeats but not the remainder of
the HDB and DBD undergo spontaneous
dimerization.47 It was concluded that because

the dimerization of normal ER� protein is usu-
ally dependent on the binding of ligand, sites
important for receptor dimerization are masked
in unliganded receptors and unmasked on
binding of ligand.

The ER� principal dimerization domain
resides within the C-terminus end of this
region, in exon 7.48–50 This region mediates most
of the interaction between the two ER� mol-
ecules.48 The phosphorylation of tyrosine 537
is also a necessary step for the formation of
the hER� dimer,11,12 and is phosphorylated by
p60c-Src independently of estradiol treatment.12

A second weaker dimerization site is located
in the C region of the receptor, believed to be
on the second zinc finger encoded by exon 3.36

The activity of AF-2 in region E depends on a
number of dispersed elements that occur
throughout the HBD and that are brought
together on estrogen binding.10,18,51,52 In essence,
the elements of the entire HBD appear to be
necessary for AF-2 activity,10,27,53 with muta-
tional studies showing that alterations in amino
acids throughout the HBD can eliminate AF-2
activity without necessarily affecting the recep-
tor’s hormone-binding function.54 Halachmi et
al55 have identified a 160 kDa protein known as
ERAP 160, which interacts with the HBD/AF-2
domain of ER�. It has been suggested that this
protein is involved in AF-2 estrogen transcrip-
tional activity, because the ability of ER� to
activate transcription in the presence of estro-
gen parallels its ability to bind ERAP 160. In
addition to ERAP 160, Cavailles et al56 have also
identified several proteins that interact with the
wild-type ER� HBD/AF-2 domain.

Reports have suggested the presence of a
third transactivation domain, AF-2a, containing
a hormone-independent transcriptional activa-
tion function, which has been localized to the
N-terminal portion of AF-2 between amino
acids 282 and 351.57,58

The binding of hsp90 to ER� also appears to
include numerous sections of region E,27 which
seem to overlap the regions involved in both
nuclear localization40 and receptor dimeriza-
tion.49,59 hsp90 bound to the receptor seems to
inhibit dimerization and therefore any subse-
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quent DNA binding.60 However, surprising
results were achieved by Picard et al,41 follow-
ing experimentation using yeast mutants in
which the expression of hsp90 was consider-
ably reduced. It was found that unliganded
steroid receptors remained transcriptionally
inactive even though they were virtually free of
all bound hsp90. In addition, it was shown that
the introduction of ligand only slightly acti-
vated these receptors, thus suggesting that
hsp90 could well be functioning not only by
steric hindrance, but possibly also by facilitat-
ing the events subsequent to its dissociation
from the receptor.27 Region D may also be
involved to a limited extent in the binding of
hsp90 to the receptor protein.27

The F region
ER� contains a 42-amino-acid C-terminal
region (not well conserved between species)
known as the F region, encoded by the 3� por-
tion of exon 8.21 Recent studies have revealed
that the presence of the C-terminal F domain is
important in the transcriptional activation and
repression of estrogen-regulated genes by anti-
estrogens and that it affects the magnitude of
ligand-bound ER� bioactivity in a cell-specific
manner.61

ER� VARIANTS

Considerable interest has recently been directed
towards the expression of structurally altered
ER�s that may either contribute to or interfere
with normal estrogen ER� signalling. Since
there is currently no evidence for genomic dele-
tion or significant mutations or amplications of
the ER� gene, recent research has focused on
the existence of alterations in the ER� mRNA,
and several independent groups have reported
the existence of altered ER� mRNA within both
normal and malignant human breast tissue and
human breast cancer cell lines. Such alterations
in ER� frequently involve changes at the
exon/intron boundaries, usually as a result of
alternative splicing. Following transcription of
the gene, the primary transcript (pre-mRNA)

has the same organization as the gene. Pre-
mRNA is cleaved so that sequences corre-
sponding to introns are excised and discarded.
The remaining RNA segments corresponding to
exons are spliced together to form mRNA. The
location of these splice sites is dictated by the
intron/exon boundaries. Although the majority
of genes give rise to a single type of spliced
mRNA, RNAs of some genes follow patterns of
alternative splicing, when a single gene gives
rise to more than one mRNA sequence. The
structure and function of some of the variant
ER� mRNAs found in human breast cancers are
summarized in Table 9.1, and the exon 5 and 7
variants are briefly discussed below.

Exon 5 and 7 variants in ER� mRNA

Fuqua et al62 were the first group to isolate an
ER� variant lacking exon 5 of the HBD, from
ER�-negative/progesterone receptor (PgR)-pos-
itive breast tumours in vivo. This variant has
since been shown to exist in ER�-positive/PgR-
positive breast cancers and several human
breast cancer cell lines, including ER�-negative
cell lines.62–65 The precise deletion of this exon
results in an interruption in translation after
codon 370. While a major portion of the estro-
gen-binding domain (including AF-2) is missing
from the variant, the AF-1 domain and DBD
remain intact. It was initially demonstrated that
the exon 5 ER� deletion variant was capable of
stimulating the transcriptional activity of an
ERE through the constitutive transactivation of
AF-1, in the absence of estrogen. However, the
activity of this variant was only about 10–15% of
that of the wild-type ER� in a yeast reporter sys-
tem. The potential relevance of the exon 5 ER�
deletion variant has also been examined in ER�-
negative MDA-MB-231 breast cancer cells.
Tzukerman and colleagues66 concluded that
while estrogen was absolutely required for
wild-type activity, the exon 5 deletion variant
was active in the absence of exogenous hor-
mone. From these results, it has been suggested
that the exon 5 ER� deletion variant might be a
potent dominantly acting receptor in estrogen-
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Table 9.1 Examples of variant/mutated forms of ER mRNA reported in human breast cancers in vivo
and their predicted activity

Region Type of Error Predicted activity of alterations Ref
of ER mRNA error in these regions if translated

A/B Base-pair Silent G → C substitution at Enhancement of elimination or 
substitution nucleotide 261 AF-1 activity 240–242

C Insertion Insertion of 84 amino acids Prevention or diminished 243, 244
at the exon 3/intron ability of ER to recognize its 
boundary, resulting in a response elements, as a result
premature stop codon of reduced or absent DNA-binding

domain (DBD)

Splice Exon 2 deletion, predicted to 14, 68, 244
variant code for a 17 kDa ER protein 

prematurely terminated after 
exon 1

Splice Exon 3 deletion only (predicted 68, 70, 245
variant to code for an ER protein of 

61 kDa)

D Splice Exon 4 deletion only Effects on the nuclear 246–249
variant localization of the receptor and 

hence functionality

E Splice Exon 4 deletion only Detrimental effects 246–247
variant (enhancement, reduction, or 

elimination) on hormone binding, 
activation of AF-2, dimerization, 
or nuclear localization

Splice Exon 5 deletion, resulting in 62–65, 67
variant an interruption in translation 

after codon 370

Splice Exon 7 deletion, predicted to 68, 69, 250
variant code for a truncated protein

Substitution 42 bp replacement in exon 6, 251
would generate a truncated 
ER if translated

Deletion 1 bp deletion in exon 6, would 251
generate a truncated ER if 
translated
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sensitive tissues, including human breast cancer,
where it may confer a cellular ability to survive
in a reduced estrogenic environment.67 Indeed,
the exon 5 ER� deletion variant has been stably
transfected into MCF-7 cells that express abun-
dant wild-type ER�, and has been shown to
induce estrogen-independent growth.67

The exon 7 deletion variant was first
reported by Wang and Miksicek68 in T47-D
human breast cancer culture cells. Fuqua et al69

subsequently reported the presence of this
receptor variant in human breast tumours, and
suggested it to be transcriptionally inactive;
however, when co-expressed with wild-type
ER� in a yeast expression vector system, it
acted in a dominant-negative manner. Fuqua et
al69 proposed that as the variant was overex-
pressed in approximately one-half of the ER�-
positive/PgR-negative tumours, it may be
responsible for this discordant phenotype. In
contrast to these results, Miksicek et al,70 who
identified the same variant in T47-D cells,68

found it to be non-functional in HeLa cells.

ER� SUBTYPE

In 1996, Kuiper et al,71 isolated from a rat
prostate cDNA library a new type of ER, desig-
nated ER�. This previously unrecognized moi-
ety was subsequently shown to be also present
in many human and mouse tissues, where it
shows important differences in tissue distribu-
tion to the classical ER�.72,73 Thus, in contrast to
ER�, ER� is not highly expressed in the major
female accessary sex organs (except the
ovaries), rather it is more abundant in several
male organs and in different parts of the central
nervous system. Importantly, gene knockout
experiments in mice have established that while
the loss of ER� results in a severely impaired
development of the uterus, ovary, and mam-
mary gland after puberty and the animals were
infertile,74 mice devoid of ER� were found to
have relatively normal uteri and mammary
glands and were fertile, although they showed
reduced ovarian function.75

In the human form, ER� shows an overall

47% homology to the translated portion of ER�
and maps to chromosome 14q23–24.76 The
greatest homology is in the DNA- and hormone-
binding domains, suggesting common estro-
genic ligands and DNA response elements
(Figure 9.2). Indeed, recent studies have shown
that the � and � forms of the ER can het-
erodimerize and bind with high affinity to sev-
eral EREs.77 Estrogen-activated ER�, however,
unlike ER�, does not appear to efficiently pro-
mote growth-factor-induced AP-1 activity.78

Although a number of variants of ER� have
also been reported, including one with a hor-
mone-binding-domain deletion,79 their contri-
bution, if any, to ER signalling is unknown.

ER� ACTIVATION BY ESTROGENS

Normally, in the absence of ligand, ER� resides
in a large molecular complex with multiple
heat-shock proteins.80 The most potent ligand
for ER� is estradiol, with the weaker estrone
and estriol activating ER� by similar mecha-
nisms. Estrogens, owing to their fat-soluble
nature, rapidly diffuse through the plasma
membrane, move into the nucleus of the cell,81

and bind to ER� via the HBD.82 This binding of
estrogens to ER� results in displacement of the
heat-shock proteins and allows phosphoryla-
tion of ER� at several serine residues within its
N-terminal portion.18 Indeed, the basal level of
ER� phosphorylation increases three- to four-
fold on exposure to estradiol.83 Although the
cellular kinases that actually promote this phos-
phorylation have yet to be fully determined,
following these events the receptor protein
undergoes a conformational change allowing
for a productive association and transcriptional
synergism between AF-1 and AF-2.84 These
changes permit receptor homodimerization and
subsequent binding to cis-acting elements
within the enhancers of target genes,14 resulting
in the rapid formation of a relatively unstable
ER�–ERE complex.85 This, coupled with the
recruitment of cofactors (see below), allows
the activation of estrogen-responsive genes
such as the progesterone receptor,86 pS2,87
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LIV1,88 and c-myc.89 Such events may lead to cell
cycle entry and progression, following the
expression of cell cycle regulatory genes,90,91

thus resulting in cell proliferation. Additionally,
several genes associated with cell survival, such
as bcl-292,93 and TGF-�,94 are also upregulated in
estradiol-treated cells in vitro and ER�-positive
tissues in vivo, with increased estrogen-
induced cell survival contributing significantly
to breast cancer growth responses to this
steroid.95

As stated above, the recruitment of cofactors

(termed co-activators) is now known to signifi-
cantly enhance ER�-dependent transcription
(Figure 9.3). SPT6, isolated from Saccharomyces
cerevisiae, was shown to be capable of modulat-
ing ER�-mediated transcription in both yeast
and mammalian cells. It is believed that this
proposed co-activator interacts specifically with
the C terminus of the ER�.96 A second steroid
receptor co-activator, SRC-1 (steroid receptor
co-activator 1), characterized using a yeast two-
hybrid system,97 has been shown to enhance the
transcriptional activity of ER�. Furthermore,
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Figure 9.2 Structural comparison of ER� and ER�.
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Figure 9.3 Cofactors associated with ER� signalling.
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SRC-1 is also involved in enhancing the tran-
scriptional activities of the progesterone recep-
tor, the retinoic acid receptor, the thyroid
hormone receptor, and the glucocorticoid
receptor. As a result, SRC-1 may play a com-
plex role in steroid receptor regulation. cAMP
response-element binding protein (CREB)-bind-
ing protein (CBP)98 can also interact with the
members of the steroid hormone nuclear recep-
tor family, and is able to enhance transcrip-
tional activity.99 Ectopic expression of CBP
enhances estrogen-dependent ER� transcrip-
tional activity tenfold compared with the
ectopic expression of SRC-1.98 When CBP and
SRC-1 are co-expressed ectopically, ER�-medi-
ated transcription is enhanced in a synergistic
manner. Of further interest is the cell cycle reg-
ulatory protein cyclin D1, which also appears
able to behave as an ER� cofactor to upregulate
ER�-mediated transcription.100 Rubino et al101

reported a novel protein Brx, which binds
specifically to ER�. Furthermore, they found
that the overexpression of Brx in transfection
experiments using an estrogen-responsive
reporter revealed that Brx augmented gene
activation by ER� in an element-specific and
ligand-dependent manner. As well as co-activa-
tors, another class of proteins exists that repress
the basal transcription of ER� (co-repressors).
One putative co-repressor has recently been
identified, known as SMRT (silencing mediator
of retinoic acid and thyroid hormone
receptors).102

In addition to transcriptional activation of
ERE-containing genes by ER�, it can bind to
and influence genes containing the thyroid hor-
mone response element (TRE),103–105 the TPA-
RE106,107 Sp1 sites,108,109 and NF-�B sites.110 Such
events are enabled by protein–protein interac-
tions,111 and, as in the case of the TPA-RE, are
markedly enhanced by the presence of estro-
gens78 and the AP-1 complex components 
c-Fos/c-Jun.107

Although ER malfunction in tumours is
chiefly manifest by the overexpression of ER�,
it is currently unclear as to what degree ER sub-
types and variants contribute to the overall cel-
lular actions of estrogens on breast cancer cells,

where they are certainly expressed in a propor-
tion of breast tumours, albeit at lower levels
than ER�.112,113 Estrogens may thus induce a
cocktail of active receptor forms, the balance of
which, together with cofactor availability,
determines the pattern of gene expression and
thereby the biological responses experienced by
breast cancer cells in response to these steroid
hormones.

CROSSTALK BETWEEN ESTROGEN AND
GROWTH FACTOR SIGNALLING PATHWAYS

As stated above, it is likely that ER signalling is
central to mitogenesis in responsive breast can-
cers, with steroid hormone occupancy of the
receptor efficiently driving cell growth and sur-
vival together with expression of target genes
bearing either EREs or composite response ele-
ments that bind receptors in addition to other
transcription factors. However, it is increas-
ingly being proposed that such events proceed
most efficiently in an appropriate growth factor
environment, with steroid hormone and growth
factor signalling pathways ‘crosstalking’ to
reinforce each others’ signalling.3 While many
of the relevant growth factors and their recep-
tors are expressed by the breast cancer epithe-
lial cells, thereby potentially working in an
autocrine manner, additional paracrine factors
may be liberated from the surrounding stroma.
In each instance, several potential points of
interaction between steroid hormone and
growth factor signalling pathways have been
identified.3 A number of these are detailed
below, and are illustrated in Figure 9.4.

The ER is a target for growth-factor-induced
kinase activity (Figure 9.4: 1)

The activity of many transcription factors is
regulated by phosphorylation and dephospho-
rylation, which involves various signal trans-
duction pathways. Numerous studies have now
shown that the ER� protein is subject to exten-
sive phosphorylation and activation by several
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peptide growth factors – for example insulin-
like growth factor I (IGF-I),114 epidermal growth
factor (EGF) and transforming growth factor �
(TGF-�),115 and heregulin116 – events that can
subsequently initiate ERE-mediated gene
expression.117,118 These events are believed to be
effected by downstream signal transduction
molecules such as mitogen-activated protein
(MAP) kinase (MAPK), which, as stated previ-
ously, has been shown to activate ER�, possibly
by a direct phosphorylation of serine 118
located in the A/B region of ER� (Figure 9.5).25

Additional transduction molecules demonstra-
ted to target the ER� to date include casein
kinase II, pp90rSk1, protein kinase C� (PKC�),
cyclin A/cdk2, Rho-pathway elements, and
p60c-Src.83,100,119–123 Significantly, growth factors
and downstream signal transduction pathways
appear to differentially regulate the two tran-
scriptional activator functions of ER� (i.e. AF-1
and AF-2), with the former being more respon-
sive to EGF, TGF-�, and MAP kinase
signalling.115 While activation by these factors
occurs most efficiently in the presence of estro-
gens, their promotion of AF-1 and AF-2
responses certainly appears adequate for initiat-
ing transcription in the absence of the steroid
hormone. An increasing number of additional
cell signalling pathways appear to also impact
on the bioactivity of ER�, including the pineal
hormone melatonin,124 neurotransmitters such
as dopamine,125 and second messengers (includ-

ing cAMP).126 An emerging concept for steroid
hormone receptors is therefore that they not
only function as direct transducers of steroid
hormone effects but, as members of the cellular
nuclear transcription factor pool, also serve as
key points of convergence for multiple signal
transduction pathways.3

Estrogens stimulate positive elements of
growth factor signalling pathways (Figure
9.4: 2a, b)

Estrogen sensitivity and endocrine response
have been extensively investigated in experi-
mental models of human breast cancer both in
vitro and in vivo. Based on these studies, it is
becoming increasingly evident that estrogens
can promote the autocrine expression of growth
factor signalling pathway components (Figure
9.4: 2a), notably TGF-�,94 IGF-II,127 and growth
factor receptors (e.g. the EGF receptor (EGFR)128

and the insulin-like growth factor receptor
(IGF-1R)129 in estrogen-responsive (MCF-7 and
T47-D) and estrogen-dependent (ZR-75-1)
human breast cancer cell lines. In the latter
instance, IGF-1R has also been shown to be acti-
vated by estrogen,130,131 subsequently recruiting
downstream signalling components, notably
including insulin receptor substrate 1 (IRS-
1),130–132 which in turn may be estrogen-
regulated.133 Such actions, which are often
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antagonized by antiestrogens,129,131 could signif-
icantly supplement the cellular growth
responses directly primed by estrogens.126 In
addition, it appears that estrogens directly stim-
ulate (while antiestrogens inhibit) the tyrosine
kinase activities both of the EGFR-related pro-
tein c-ErbB2 (HER2/Neu)134 and of c-Src,135 the
activation of which can provide important
mitogenic signals to epithelial cells (Figure 9.4:
2b) through the recruitment of the
p21Ras/Raf/MAP kinase pathway. Indeed, such
estrogen-inducible functions, which occur
through specific plasma membrane estrogen-
binding proteins,136 may provide an early mech-
anism for raising MAP kinase activity and
hence ER� phosphorylation.

Commonly, the frequency with which a cell

divides in vitro is dependent upon its adher-
ence, increasing as cells spread out over the
extracellular matrix. This may facilitate not only
increased nutrient uptake, but also the ability of
the cell to capture growth factors, this being
particularly evident at focal adhesion contacts,
which function as sites for priming of intracel-
lular signals.137 In this light, estrogens, in addi-
tion to stimulating growth factor signalling
pathways directly, can promote cell/cell and
cell/matrix adhesion,138,139 thereby facilitating
growth-factor-directed cell proliferation.
Estrogens have thus been shown to induce the
laminin receptor, together with various extra-
cellular matrix components and cell membrane
adhesion proteins140 events that may be blocked
by antiestrogens.138 Indeed, the antiestrogen
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toremifene has been shown to inhibit the phor-
bol-ester-enhanced �2�1-integrin-dependent
adhesion of MCF-7 breast carcinoma cells.141

Estrogens inhibit negative elements of
growth factor signalling pathways 
(Figure 9.4: 3)

As well as the positive influences exerted by
estrogens on growth factor signalling pathways
detailed above, it is notable that in parallel they
diminish (while antiestrogens induce) the
expression of the growth-inhibitory factor TGF-
�142 in several estrogen-responsive human breast
cancer cell lines. Estrogens thus serve to inhibit
the expression of a factor that is implicated in the
induction of programmed cell death143 and that
acts through the p38Jun kinase (JNK) pathway.144

Additionally, however, it is of particular sig-
nificance that estrogens have been reported to
inhibit expression of tyrosine phosphatases in
ER�-positive breast cancer cells to increase
growth factor mitogenic activity, while both
steroidal and non-steroidal antiestrogens
increase phosphatase activity.145,146 Tamoxifen,
for example, inhibits the mitogenic activity of
EGF by promoting significant dephosphoryla-
tion of EGFR, an effect believed to be ER�-
mediated.145,147 It appears that such EGFR
dephosphorylation is accomplished via an
increase in tyrosine phosphatase activity, as
evidenced not only by an effective inhibition by
sodium orthovanadate (a broad-spectrum phos-
phatase inhibitor), but also by a time- and dose-
dependent increase in membrane phosphatase
activity with the antiestrogen.145 In this light,
two tyrosine phosphatases have been identified
that appear to be regulated by estrogens and
antiestrogens: LAR and FAP-1 respectively.146

Significantly, antisense inhibition of FAP-1
expression abolishes the antiestrogen-mediated
inhibition of growth factor mitogenic activity,
although the ‘pure’ antiestrogen fulvestrant
(ICI 182,780, Faslodex) appears to retain
inhibitory activity under these conditions, sug-
gesting that the effects of this compound are
FAP-1-independent.146

The ER� interacts with growth-factor-
induced nuclear transcription factors 
(Figure 9.4: 4)

An important feature of growth factor sig-
nalling is its potential to activate several pro-
files of nuclear transcription factors that
subsequently serve to promote the expression
of genes participating in a diversity of end-
points, including cell cycle progression. For
example, in addition to its phosphorylation of
the ER� protein, growth-factor-induced MAP
kinase (Erk1/2) directly activates Elk-
1/p62TCF.148 This latter transcription factor sub-
sequently forms a ternary complex with p67SRF

(serum response factor) and primes c-Fos
expression via the c-Fos serum response ele-
ment.148 Similarly, JNK (which is also a member
of the MAP kinase family149,150) phosphorylates
the c-Jun protein, which subsequently het-
erodimerizes with c-Fos.151 The resultant com-
plex, AP-1, is of central importance since it
directly targets the TPA-RE, a sequence found
in the promoters of many genes involved in a
plethora of cellular endpoints, including prolif-
eration and survival.152

In this light, it has been reported that estro-
gens can significantly enhance growth-factor-
induced AP-1 activity in hormone-sensitive
breast cancer cells.153 This feature is believed to
be a consequence of productive protein/protein
interactions between the ER and the AP-1
complex111 – a phenomenon also recently
demonstrated to occur between ER� and the
transcription factor Sp1.108,154–156 Thus, ER�
appears able to activate genes containing AP-1
sites in their promoters,107 providing a mecha-
nism whereby ER� signalling may be markedly
diversified. In contrast to the above, ER� may
repress the activity of the transcription factor
NF-�B,157 which regulates the expression of
many cytokines (such as interleukin (IL)-6) and
growth factors.158 ER�-dependent inhibition of
IL-6 again appears to be mediated via a direct
protein–protein interaction with NF-�B.110

Finally, it should be remembered that
ER/ERE-mediated gene transcription is also
significantly enhanced by the recruitment of
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several co-activators and/or by overcoming the
effects of co-repressor proteins159 that may feas-
ibly be regulated by growth factor signal trans-
duction pathways.98,160 Of particular interest is
the co-activator CREB-binding protein
(CBP)/p300, which is believed to be a compo-
nent of multiple signalling pathways, including
cAMP signal transduction.98,160

Steroid hormone and growth factor signalling
pathways influence common growth-
regulatory genes (Figure 9.4: 5)

In order for cells to proliferate, they initially
need to be recruited into the cell cycle and then
be induced to progress through it. These out-
comes are orchestrated by at least two series of
events that can be jointly influenced by steroid
hormone and growth factor signalling path-
ways:161,162 firstly, the induction of intermediate
early response genes, such as c-Fos, c-Jun,163,164

and c-Myc,89 and, secondly, the regulation of G1

cyclins (e.g. cyclin D1) and their partner kinases
and inhibitors that are involved in restriction-
point control.161,165 Joint activation of these path-
ways by estrogens and growth factors would, at
a minimum, reinforce mitogenic signals to
responsive cells, and might even result in syn-
ergistic interactions between overlapping ele-
ments. Additionally, it is likely that steroid
hormones166 and many growth factors167–169

influence the expression of cell survival factors
in endocrine-responsive cells, such as the Bcl-2
protein.169,170

ESTROGEN WITHDRAWAL

Estrogen withdrawal from breast cancer cells in
vivo relies either on the surgical or medical
ablation of the bodily sources of estrogen (see
Chapter 2) or on the inhibition of the enzymes
that manufacture the steroid (see Chapters 6
and 13). As such, the procedures act to effec-
tively lower the cellular levels of activated ERs
and thereby block estrogen-induced tumour
growth.171–173 Thus, in simple terms, estrogen-

induced displacement of heat-shock proteins
from ER�, as well as ER� phosphorylation,
dimerization, DNA-binding, and recruitment of
cofactors, would be expected to be reduced in
treated patients, as would synergistic interac-
tions between the estrogen-occupied ER and
growth factor signalling elements. Certainly,
sequential therapies that progressively lower
the tissue availability of estrogens, such as
treatment of premenopausal women with
the luteinizing hormone-releasing hormone
(LHRH) agonist goserelin, followed by aro-
matase inhibitors, can promote sequential
tumour remissions.174

Importantly, however, even the most effect-
ive estrogen-withdrawal procedures do not (i)
fully obliterate all circulating estrogen levels, or
in fact influence the tissue availablity of other
estrogenic steroid hormones (e.g. androstene-
diol) or dietary or environmental estrogens, (ii)
fully reduce the cellular levels of ERs, or (iii)
fully block growth factor signalling. A degree
of ER activity may therefore be maintained in
treated patients, potentially leading to either
residual tumour growth responses or the devel-
opment of resistance to estrogen withdrawal
(see Chapter 10). This appears to be achieved
primarily through the A/B region of ER� and
hence through the AF-1 transcription activator
function. Indeed, several studies have sug-
gested that the phosphorylation of serine 118 by
growth-factor-induced MAP kinase activity
plays a central role in ligand-independent acti-
vation of ER�,115 where this can be achieved by
multiple growth factors, including IGF-1,
heregulin-�, and EGFR.114–116 As stated previ-
ously, additional phosphorylation sites are also
present on serines 104, 106, and 167, with the
last of these being activated by EGF-induced
pp90Rsk1.122 In resistant cells it appears that the
EGFR, and possibly c-ErbB2, may be central to
these events, since their expression is believed
to be held under negative control in hormone
sensitive tissues by estrogens and is then upreg-
ulated in the absence of the steroid.175–177

Certainly, in model systems, resistant cells
appear capable of producing several ligands for
the EGFR and thus establishing an autocrine
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growth-regulatory loop to drive tumour cell
growth.178–180

THE ER� PROTEIN AND ANTIESTROGENS

The most significant recent advance in the
endocrine treatment of breast cancer has been
the introduction of antiestrogens. An extensive
range of antiestrogens have now been
developed that selectively block the action of
estrogens by competing for binding of the tar-
get receptor and hence can exert inhibitory
effects on responsive breast cancers (see
Chapters 3–5). Such compounds, which elicit an
active inhibition of ER� AF-2 transactivation
capacity, are thus mechanistically distinguish-
able from estrogen withdrawal, which, as stated
above, leaves the native receptor intact within
target cells.

In general terms, antiestrogens can be classi-
fied into two major groups: those that have
mixed estrogenic/antiestrogenic actions (partial
antiestrogens or selective ER modulators,
SERMs), and those that have no estrogen-like
properties (pure antiestrogens). Of this large
number of compounds, only a few have been
clinically tested, and only one, tamoxifen (ICI
46,474, Nolvadex), a partial antiestrogen, has
achieved widespread therapeutic use, as a
result of its relatively low toxicity and
inhibitory properties.

SERMs (exemplified by tamoxifen)

Over two decades ago, it was demonstrated
that tamoxifen could interact directly with the
ER and prevent estradiol binding and hence
any induced activity.181–186 Following this dis-
covery, it was proposed that tamoxifen might
possess anti-tumour efficacy, and as such was
shown to inhibit breast cancer growth by com-
petitively blocking the ER and thereby inhibit-
ing estrogen-induced tumour growth. Such
studies have provided the foundation for a rev-
olution in breast cancer therapy over the last
twenty years. Thus, tamoxifen is the endocrine

therapy of choice for all stages of breast cancer
(see Chapter 3).

The early molecular effects of antiestrogens
on the receptor are similar to those induced by
estrogens (as discussed earlier in this chapter),
including the binding to the HBD of the recep-
tor in the nucleus, the dissociation of heat-
shock proteins187 and the induction of
phosphorylation of ER� at serine residues in
the A/B domain,18 albeit inefficiently.114,119

Indeed, tamoxifen seems to form a receptor
complex that is converted into a fully active
form,66,188–194 although, as a result of anomalies
in its tertiary structure, the tamoxifen–ER�
complex is only partially active in initiating the
program of events leading to gene activa-
tion.23,195

Tamoxifen effectively inhibits AF-2 activ-
ity.196 However, since there is no parallel inhibi-
tion of AF-1 activity, this agent functions as a
partial antagonist of ER�24,52,197 since AF-1 has
the potential to function in a constitutive man-
ner once the receptor binds to the target
response element.52 Thus, in situations where
AF-1 and AF-2 can function independently of
one another, tamoxifen would be predicted to
act as an antagonist on gene promoters where
activity is reliant on AF-2, but as an agonist
when AF-1 is the determining factor. Tamoxifen
may also act as a mixed agonist/antagonist if
both AF-1 and AF-2 contribute to transcrip-
tional activity. Possible examples of this
hypothesis have been demonstrated in MCF-7
cells, where May and Westley198 have shown
that the partial agonistic activity inherent in the
drug can differentially stimulate transcription
of the pNR-2 and pNR-1 genes to 10% and 80%
of the estrogen-induced value respectively.
Consequently, whilst some genes remain tran-
scriptionally silent following the binding of the
tamoxifen–ER� complex to the adjacent ERE, it
would seem that the promoters of others are
unable to discriminate between the
estradiol–ER� complex and the dysfunctional
tamoxifen–ER� complex. Presumably, the AF-1
activity alone is sufficient to generate a
response in such cases. However, it is notable
that different regions of AF-1 appear to be
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associated with antiestrogen activation of tran-
scription compared with estrogens.197 Further
complexity is added by the observations that
growth-factor-induced phosphorylation of ER�
can amplify the agonistic activity of tamox-
ifen199 and that the third activation domain
within ER� may function when AF-1 and AF-2
are inactive.58 Similarly, since ER-ERE interac-
tions have been shown to be influenced by the
presence of co-activators/co-repressors (as dis-
cussed earlier in this chapter), it is possible that
the effectiveness of antiestrogens that retain
partial agonist activity may also be under the
control of the ratio of these factors (as discussed
by Seery et al,200 who also give additional refer-
ences). Indeed, the agonistic activity of 4-
hydroxytamoxifen in HepG2 cells is enhanced
by the expression of the SRC-1 co-activator and
inhibited by the overexpression of the SMRT
co-processor protein,102 with a similar pattern
being observed in HeLa cells.

In contrast to its partial agonistic effects on
ER�-mediated transactivation, tamoxifen fails
to activate a basal promoter linked to EREs in
Cos-1 cells in the presence of ER�. This phe-
nomenon is believed to be a result of ER�-like
AF-1 function being absent in ER�.201

Antiestrogens, including tamoxifen, hence
inhibit ER�/estradiol-dependent transactiva-
tion efficiently.201

Since tamoxifen has the capability to act as a
partial agonist, it is likely that the antitumour
effects of this form of therapy are not currently
maximized. Indeed, recently developed pure
antagonists, such as fulvestrant that eliminate
the activity of both AF-1 and AF-2 appear to
exhibit a greater efficacy in controlling hor-
mone-dependent breast cancer.

Pure antiestrogens (exemplified by
fulvestrant)

Pure antiestrogens (see Chapter 5) have now
been developed, including ICI 164,384202,203 and
the clinically applied fulvestrant.204,205 These
compounds have a greater inhibitory efficacy
compared with tamoxifen, in that they do not

induce any estrogen-like effects and also block
completely all of the stimulatory actions of
estrogens.206 Such antiestrogens were struc-
turally based on estradiol with a long lipophilic
side-chain attached at the 7� position, following
the identification by Burcourt and colleagues207

that such side-chains in this position in estra-
diol retained high affinity for ER�. In vivo stud-
ies have since demonstrated the potential
advantage of fulvestrant over tamoxifen in the
treatment of breast cancer. Studies performed
in vitro examining the growth characteristics of
the estrogen-responsive human breast cancer
cell line MCF-7 demonstrated that while pure
antiestrogens and tamoxifen both arrest the cell
cycle in early G1 phase,208,209 the pure antiestro-
gens ICI 164,384 and fulvestrant proved to be
more effective in decreasing the proportion of
actively growing cells in an asynchronous
population.171,209,210

Additionally, several studies211–214 have
demonstrated that tamoxifen-resistant MCF-7
cells retain sensitivity to the growth-inhibitory
action of the pure antiestrogens. The anti-
tumour effect of pure antiestrogens has been
studied extensively using parallel in vivo
xenograft models of human breast cancer in
athymic nude mice.210,215–217 In all cases, treat-
ment with ICI 164,384 or fulvestrant slowed the
tumour growth rate and again proved to be
effective in breast tumours with acquired resis-
tance to tamoxifen, blocking any tamoxifen-
stimulated tumour growth.215,216 Preliminary
clinical trials with fulvestrant seem to be consis-
tent with the inhibitory effects predicted from
the model studies, and therefore emphasize the
potential of fulvestrant as a first-line treatment
of breast cancer,218–220 although clinical studies
are ongoing (see Chapter 5).

Several earlier studies have indicated that
some pure antiestrogens block dimerization of
the receptor complexes, thereby preventing
their binding to EREs,202,221 as a direct con-
sequence of steric hindrance of the 7� side-
chain.222 However, there have since been
numerous reports190,223,224 demonstrating that
the anomalous pure antiestrogen–ER� complex
can bind EREs, but the transcriptional unit
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remains inactive. Again, it is possible that co-
activators or co-repressors may control the
transcriptional activity of pure antiestrogen–
ER�–ERE complexes. In this light, McDonnell
and colleagues159 have demonstrated that dele-
tion of Ssn6 (a yeast ER co-repressor) confers
agonistic activity on ICI 164,384, suggesting
that pure antiestrogenic activity is mediated at
least in part by the interaction with co-repressor
proteins.225

Pure antiestrogens, in common with tamox-
ifen, appear to effectively block AF-2-mediated
activity,192,193 and studies examining the effects
of pure antiestrogens on transactivation, in cell-
free systems, again indicate that they permit
constitutive AF-1-mediated activity.52 However,
such an event is unlikely to occur both in vitro
and in vivo, since these compounds are
believed to induce a severely perturbed recep-
tor conformation and furthermore enhance
rapid receptor degradation.52

In this light, the cellular content of ER� pro-
tein is markedly reduced following treatment
with fulvestrant – an event that is believed to
occur via a marked reduction in the protein’s
half-life.226 This effect has been observed in
breast cancer cells in culture,226–228 in mouse
uterine tissue,229 and in breast tumours in
situ.218 Indeed, it has been found that the half-
life of the receptor protein is reduced from five
hours in the presence of estrogen to around one
hour in the presence of pure antiestrogens,
resulting in a 90–95% decrease in ER� protein
levels in the presence of such compounds.224,226

In contrast, ER� mRNA levels appear to be
unaltered by pure antiestrogens.224,230,231 Pure
antiestrogens appear to bind to newly formed
ER� protein in the cytoplasm (where it is syn-
thesized) and prevent its subsequent trans-
portation to the nucleus.232 This paralysed
receptor is then destroyed rapidly, thus
preventing any estrogen-regulated events
occurring.18 Additionally, such receptor down-
regulation would also serve to preclude
growth-factor-induced activation of ER� sig-
nalling, and thus offers a potential therapeutic
advantage over both estrogen withdrawal and
tamoxifen therapy. Such an advantage, while

readily evident in several experimental models
of breast cancer,227,228 is currently being tested in
the clinical disease. This unique property of the
pure antiestrogens in lowering ER� levels has
resulted in fulvestrant being termed a selective
ER downregulator (SERD).

Non-ER actions of antiestrogens

Although the molecular basis of the antiestro-
genic action is primarily attributed to inter-
action with the ER, tamoxifen has shown direct
inhibitory effects on other cellular components,
which may influence their biological profile in
both ER-positive and ER-negative cells. As yet,
comparable studies have not been performed
for other antiestrogens, and thus the generality
of their significance cannot be assessed.

There are several possible mechanisms by
which non-ER-mediated antagonistic and ago-
nistic activities of tamoxifen could occur,
depending upon the concentration used, dura-
tion of exposure and target cell/tissue type. For
example, tamoxifen inhibits calmodulin activa-
tion of cAMP-dependent phosphodiesterase, a
key element in the regulation of the cellular
levels of cAMP;233 it elevates levels of the
immunosuppressive cytokine TGF-�1, a mole-
cule that, although often inhibitory to the
growth of epithelial cells, is protective against
bone loss.234,235 Tamoxifen furthermore binds to
a type II antiestrogen binding site, potentially
elevating the cellular concentrations of the drug
and its metabolites.236 Of further interest is its
general inhibition of PKC activity,237,238 although
the PKC	 isoform appears to be activated by the
antiestrogen.239 Effects on signalling molecules
such as cAMP and PKC could certainly be
envisaged as having wider implications within
ER-positive cells, given their potential involve-
ment in receptor phosphorylation.

SUMMARY

Cellular signalling originating from estrogens is
far from simplistic, with an elaborate molecular
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and protein biology and a diverse regulation
encompassing a network of phosphorylation
cascades.3 Estrogens do, however, appear to
exert many of their known activities through
the ER, which, within the appropriate cellular
context, can promote both cell proliferation and
survival. Reversal of these endpoints with anti-
hormonal drugs appears sufficient in some
tumours to bring about long-lasting tumour
remissions.

From the increasing complexity of ER sig-
nalling there arise not only the possibility of
additional targeting of ER-related pathways to
promote better and longer-lasting therapeutic
responses and hence survival benefits, but also
explanations as to why there are certain
patients who, although expressing ERs, appear
unable to use these proteins in a dominant fash-
ion for growth and in whom reversal of such
events may regenerate endocrine response (see
Chapters 10 and 12). Future strategies to exploit
this information (see Chapter 15) will hopefully
continue to reduce breast cancer mortality rates.
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Clinical response and resistance to SERMs
Julia MW Gee, Tracie-Ann Madden, John FR Robertson, Robert I Nicholson

CONTENTS • Introduction • What is the tumour phenotypic profile associated with disease remission on
tamoxifen challenge? • What is the tumour phenotypic profile associated with disease stabilization on
tamoxifen challenge? • What are the tumour phenotypic profiles associated with de novo and acquired
resistance to tamoxifen challenge? • Concluding remarks

INTRODUCTION

Selective estrogen receptor modulators
(SERMs) are compounds that (to put it simply)
exert their actions by competing with estrogens
for binding to the target steroid hormone recep-
tor, the estrogen receptor (ER�). The non-
steroidal SERMs have a triphenylethylene or
benzothiophene structure, and exhibit complex
organ-, cell-, and gene-specific antagonistic and
agonistic properties.1 Thus, the triphenylethyl-
ene tamoxifen (ICI 46,474; Nolvadex) is antago-
nistic in breast cancer yet agonistic on bone,
lipids, and the endometrium. Its derivatives
droloxifene, toremifene, and idoxifene exhibit
profiles reminiscent of that of tamoxifen. The
benzothiophene raloxifene (previously known
as keoxifene) is inhibitory in breast tumours,
agonistic on bone and lipids, but interestingly
fails to demonstrate the unwanted stimulation
of the endometrium.

While these compounds all share an ability
to inhibit estrogen-responsive breast cancer
cells, the most widely used, well tolerated, and
well studied SERM in clinical disease to date is
tamoxifen. Tamoxifen treatment is associated
with a patient response rate of about 50% in

advanced disease2 and a median response dura-
tion of about 19 months.3 In the adjuvant set-
ting, tamoxifen is currently the endocrine
therapy of choice, irrespective of age or
menopausal status. Benefits are particularly
prominent following at least 5 years of treat-
ment.4 This chapter thus principally examines
the breast tumour phenotype in relation to clin-
ical response and resistance to this agent, with
the key features of SERM-responsive and -resis-
tant disease being summarized in Tables 10.1
and 10.2 respectively.

WHAT IS THE TUMOUR PHENOTYPIC
PROFILE ASSOCIATED WITH DISEASE
REMISSION ON TAMOXIFEN CHALLENGE?

About 30% of breast cancer patients enjoy
tumour remissions of good quality (i.e. are
complete and partial responders, CR/PR) and
long duration on tamoxifen challenge, while
excellent remissions can also be observed
with other SERMs.2,5 These cancers are often
histologically of low grade and well differenti-
ated, with minimal proliferative capacity (as
assessed using Ki-67/MIB1 immunostaining)
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Table 10.1 Features of SERM-responsive disease in the clinic

1. Histological features
• Low-grade and well-differentiated
• Lowly proliferative and hence retention of some features of normal growth regulation

2. Importance for ER� signalling
• Enriched for ER�, ER� signalling elements (e.g. co-activators??), and estrogen-regulated genes

(e.g. PR, pS2, LIV1)

3. Preferred growth factor receptor and ligand profile
• Enriched for c-ErbB3/4, IGF1-R, IGFs (decreased EGFR, c-ErbB2, TGF-�)

4. Intracellular signalling element profile
• Enriched for PKC�

• Detectable (but low) activation of Erk1/2 MAP kinases and AP-1 elements
• Enriched for activated JNK and p38 MAP kinases
• Enriched for PKA Ri�

Table 10.2 Features of SERM-resistant disease in the clinic

1. Histological features
• High-grade and poorly differentiated
• Highly proliferative and hence growth deregulation (changes in cell cycle proteins??; loss of

tumour suppressor function – e.g. p53 mutation??)

2. Aberrations in ER� signalling
• ER� loss, redundancy of ER�, retention of ER�

• Loss or retention of estrogen-regulated genes
• Change in co-activator : co-repressor ratio??
• Role for ER�??

3. Changes in preferred growth factor receptor and ligand profile
• Enriched for EGFR, c-ErbB2, TGF-� (decreased c-ErbB3/4)
• Changes in IGF signalling??
• Role for TGF-�?

4. Changes in intracellular signalling element profile
• Enriched for PKC�

• Enriched for activation of Erk1/2 MAP kinases
• Enriched for AP-1 elements
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and limited nuclear pleomorphism on presenta-
tion.3,5–11 The profound decrease in tumour cel-
lularity that comprises a tamoxifen response as
recorded at 6 months appears to result both
from a reduction in proliferative capacity and
from increased apoptotic events.12–17 Increases
in apoptosis and decreases in mitotic events
have similarly been observed during cellular
response to toremifene and idoxifene.18,19 Since
a relatively indolent growth profile is exhibited
by the majority of tamoxifen-responsive
tumours in the clinic, it is likely that any
growth inputs are counterbalanced (as in the
normal breast) by significant suppressive influ-
ences.20–22 Certainly there is evidence of normal
p53 signalling (i.e. minimal p53 expression),
together with marked positivity for the tumour
suppressor product p21WAF1/Cip1 of the
WAF1/cip1 gene23–25 and expression of BRCA1
in such tumours.26 Similarly, there may be a
lack of aberrant expression of cell cycle compo-
nents such as cyclin D1 within tamoxifen-
responsive, good-prognosis cancers,27 while the
key inhibitor of apoptosis and cell cycle regula-
tor, Bcl-2, is noted both in the normal breast
and in responsive disease.28,29 There is evidence
for increased p21WAF1/Cip1 and decreased cyclin
D1 and Bcl-2 expression during tamoxifen ther-
apy,14,30–32 as well as increased normal p53
expression with droloxifene33 – events that in
total are likely to contribute towards the
antiproliferative and pro-apoptotic effects of
SERMs in responsive patients.

Recent molecular examination of the
endocrine-responsive phenotype in clinical
breast cancer using technologies such as
immunocytochemistry and reverse transcrip-
tase polymerase chain reaction (RT-PCR) has
provided a wealth of important clues as to the
identity of the various mitogenic/cell survival
signal transduction pathways that underlie
growth. These data will be presented in some
detail below, but, in summary, examination of
the tamoxifen-responsive breast cancer pheno-
type (and probably that responsive to addi-
tional SERMs) appears to confirm both a
growth-promoting role for estrogen and a pre-
ferred profile of growth factor signalling path-

ways – a scenario in many ways comparable to
that in the normal breast.34,35 ER� appears to be
an essential component of such growth. This
protein is a member of the family of steroid-
binding receptors that function as nuclear tran-
scription factors34–36 (see Chapter 9). ER� is
regulated at many levels via hyperphosphoryl-
ation by ligand-dependent and ligand-indepen-
dent factors, notably including certain peptide
growth factors.37 An increasing body of experi-
mental data, supplemented by recent clinical
studies examining the phenotypic profile dur-
ing the tamoxifen-responsive phase of the dis-
ease, indicates that interactions between
estrogen and growth factor signalling elements
comprise the precise cellular targets for tamox-
ifen inhibition. However, definitive demonstra-
tion of the importance of the various pathway
elements in SERM-responsive disease remains a
goal for researchers that may be achieved from
the future clinical application of pure anti-
hormones such as fulvestrant (ICI 182,780,
Faslodex)38 as well as appropriate and selective
signal transduction inhibitors.35,39

Estrogen receptor signalling elements in
CR/PR disease

ER� and estrogen-regulated genes in
tamoxifen response
Between 60% and 80% of all primary breast
cancers on presentation demonstrate the princi-
pal target receptor for the steroid hormone
estrogen, ER� (Figure 10.1a), and indeed many
of these tumours overexpress this receptor in
relation to normal breast.40 ER�-positive
patients are likely to enjoy a longer survival
time,40–42 with the principal site of metastasis
being bone.43 These tumours are often well dif-
ferentiated (i.e. 90% grade I versus only 55%
grade III).44,45 Importantly, measurement of an
ER�-positive status identifies an increased like-
lihood of remissions of good quality and dura-
tion following tamoxifen challenge, with
50–60% of ER�-positive patients exhibiting such
responses.5,9,40,42 Indeed, the presence of ER� in
endocrine-responsive breast cancers is an
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almost essential prerequisite (about 95%) for
tamoxifen inhibition, with ER� expression also
been associated with cellular responses to the
additional SERMs idoxifene, toremifene, and
droloxifene.46–48 There is, moreover, some indi-
cation of an association between homogeneous,
higher expression of ER� and increased likeli-
hood of a tamoxifen response of long dura-
tion9,49,50 – a feature that is also apparent with
toremifene.51 The excellent inhibitory responses
that are elicited by SERMs in CR/PR disease
mirror the substantial inhibitory effects of these
agents consistently demonstrated in ER�-posi-
tive breast cancer in vitro. In total, the clinical
and experimental SERM inhibitory data con-
vincingly demonstrate the essential nature of
ER� signalling with regard to the cell growth
and survival of such tumours.34,35,37,47,48

SERM responses are likely to involve inhibi-
tion of key-growth regulatory genes bearing
estrogen response element (ERE) sequences or
additional response elements influenced by
estrogen/ER� signalling (see Chapter 9). Such
genes may include the estrogen-regulated
nuclear transcription factors c-Fos and c-Myc
and cell survival factors such as Bcl-2 and trans-
forming growth factor � (TGF-�), since their
expression often parallels proliferation and cel-
lularity prior to and during clinical tamoxifen
response.15,31,32,52,53 In addition to such effects,
however, estrogen/ER� signalling primes
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(a) (b)

Figure 10.1 Immunocytochemical demonstration of
steroid hormone receptors in SERM-responsive
clinical breast cancer: (a) estrogen receptor (ER�);
(b) progesterone receptor (PgR).

expression of additional genes whose expres-
sion is perceived to again be dependent on
functional estrogen/ER� signalling yet which
fails to directly associate with proliferative
capacity in clinical breast cancer material. These
paradoxical data perhaps reflect important dif-
ferences in the susceptibility of various estro-
gen-regulated genes to tamoxifen inhibition52 –
a feature that may be dependent on the pro-
moter context, ER� activation functions 1 or 2
(AF-1/AF-2), the cellular complement of pro-
teins interacting with the receptor, or the pres-
ence of additional response elements influenced
by ER� signalling (see Chapter 9). Such genes
notably include the progesterone receptor (PgR)
(Figure 10.1b),42 pS2, and LIV1.54–57 These genes
are frequently enriched in tumours that exhibit
a good response to tamoxifen, with their
expression being suppressed by long-term
tamoxifen therapy.58 Decreases in estrogen-reg-
ulated genes have similarly been noted during
toremifene response.18,59 PgR has been reported
to be an independent predictive factor for
response to tamoxifen,60 and overall response
rates of 77% have been reported for advanced
tumours co-expressing ER�/PgR (versus
only 27% of ER�-positive/PgR-negative).44

Moreover, a 90% response rate has been
achieved as a result of giving tamoxifen for a
few days and then continuing therapy only
where PgR levels increased (presumably reflect-
ing the partial agonism exhibited on short-term
challenge with tamoxifen acting via an intact
ER� mechanism).61

ER� variants, mutations and ER� in tamoxifen
response
In contrast to the ER� data, preliminary studies
indicate that there is unlikely to be a compar-
able relationship between expression of the
additional recently identified estrogen receptor
ER�, and good response to tamoxifen.62 This is
certainly in agreement with our own findings at
the mRNA level of no association with well-dif-
ferentiated tumour types and indeed an inverse
relationship between ER� and ER� expres-
sion,63 although examinations at the protein
level remain somewhat at odds with these
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data.64 Recent studies have also revealed that
the ER� protein may be subject to very rare
mutations, as well as the generation of several
truncated or exon-deleted variant forms gener-
ated as a result of alternative splicing.65 Some of
these receptor forms, like ER�, have been
shown experimentally to maintain binding cap-
abilities for tamoxifen, to form homo- and het-
erodimers with ER�, and hence to influence
transactivation of EREs. However, there is no
conclusive relationship between tamoxifen
response and expression of variants and
mutants,66 although the mRNAs for several
variants (e.g. �2, 7, 4, and 5) are very commonly
expressed at low levels in ER�-positive breast
cancer with its inherently better prognosis, as
well as within normal breast material.67,68

Transcription factors for ER� and ERa 
co-accessory proteins in tamoxifen response
Limited studies have demonstrated that mol-
ecules that enhance ER� gene expression,69,70

such as the nuclear transcription factor AP-
2/ERF-1, are enriched in lowly proliferative,
low-grade tumours, which are often also
tamoxifen responsive.16 This expression profile
may also be true for the co-activator proteins
SRC-1 (steroid receptor co-activator)71 and
AIB1.72 Such co-activators interact with ER�,
acting as a bridge with the basal transcriptional
machinery to enhance receptor transactivation
of EREs and thus estrogen-regulated gene
expression.

Positive growth factor signalling elements in
CR/PR disease

Experimental studies have indicated that ER�
activity is regulated at many levels by phospho-
rylation in a ligand-dependent or -independent
manner.37 Several peptide growth factors and
their intracellular signalling pathways have
been implicated in ligand-independent activa-
tion of ER� (see Chapter 9). However, as will be
detailed below, examination of CR/PR disease
for such signalling elements has revealed that
there may be a preferred growth factor sig-

nalling pathway profile (i.e. c-ErbB3/4 and
insulin-like growth factors) that sharply con-
trasts tamoxifen resistance. These transduction
pathways are primed by ligands very often
derived from stromal elements in close vicinity
to the tumour epithelial cells comprising well-
differentiated cancers. Moreover, there is
increasing evidence that the preferred path-
ways interact closely with ER�, and that their
key elements are targets for inhibition during
tamoxifen response.

TGF-�, EGFR, and c-ErbB2 signalling elements
The type 1 ErbB family of plasma-membrane-
spanning tyrosine kinase receptors currently
has four distinct members: the epidermal
growth factor (EGF) receptor (EGFR), c-ErbB2
(HER2/Neu), c-ErbB3 (HER3), and c-ErbB4
(HER4). Signal transduction by type 1 ErbB
receptors is initiated via ligand-induced recep-
tor homo- or heterodimerization and receptor
tyrosine autophosphorylation (Figure
10.2).39,73,74 There are prominent differences in
structure and intrinsic catalytic activity
between the ErbB receptors, as well as pre-
ferred ligands. For example, EGFR is activated
by peptide growth factor ligands such as TGF-�
or EGF, heregulins activate c-ErbB3, while 
c-ErbB2 appears to have no direct ligand
(although activation of this receptor can still be
elevated via heterodimerization). There is
recruitment of specific Src homology 2 (SH2)-
containing proteins, notably the adapter pro-
teins Shc and Grb2. Shc and Grb2 in turn recruit
other signalling proteins, including the guanine
nucleotide exchange factor Sos1, which brings
p21Ras into its active GTP-binding form, subse-
quently translocating Raf-1 kinase (mitogen-
activated protein kinase kinase kinase,
MAPKKK) and sequentially activating the
MEK1/2 (MAPK/Erk kinase, MAPKK) and
MAPK (e.g. Erk1/2, ‘extracellular signal regu-
lated kinase’) phosphorylation cascade.75–77

Such events culminate in activation and modu-
lation of expression of a profile of nuclear
transcription factors (e.g. AP-1 and Elk-1),
thereby influencing a plethora of cellular end-
points such as proliferation, cell survival, and
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Homo/heterodimerization of plasma-
membrane-spanning type 1
ErbB tyrosine kinase receptors

Ligands: EGF-related peptides
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Figure 10.2 The ErbB signalling pathway.
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differentiation. p21Ras signalling is not the only
pathway to the nucleus employed by ErbB
receptors, however, since the second messenger
phosphoinositide-3�-kinase (PI3K) can also be
recruited because c-ErbB3 bears a consensus for
the SH2 domain of this enzyme. Furthermore, it
has been postulated from experimental studies
that crosstalk exists between the ErbB and ER�
transduction pathways in breast cancer. Such
crosstalk may involve ligand-independent ER�
activation by ErbB signalling, for example, via
phosphorylation of serine 118 in the activation
function 1 (AF-1) region located within the A/B
domain of ER� (see Chapter 9).78,79

Examination of the tamoxifen-responsive
clinical breast cancer phenotype generally
reveals only minimal expression of the EGFR
and c-ErbB2 proteins in tumour epithelial cells.
Indeed, in our own study, almost 80% of ER�-
positive patients with minimal EGFR expres-
sion showed some degree of response, with
43% of patients obtaining CR/PR.11,80,81 A simi-
lar (albeit weaker) association is seen with the
c-ErbB2 protein.11,80,81 Immunocytochemistry
demonstrates any expression to be merely
weakly cytoplasmic, with no positive correla-
tions with proliferation.80–82 In addition, only
barely detectable levels of the tumour EGFR lig-
and TGF-� are generally expressed in the
tumour epithelial cells comprising CR/PR dis-
ease, where there is again a lack of correlation
with proliferation.83,84 These data indicate that if
there is any positive interaction with the ER�
transduction pathway in clinical material, then
this must occur in the presence of only minimal
TGF-�/EGFR and c-ErbB2 signalling, and is
likely to be directed towards endpoints other
than proliferation, which may include cell sur-
vival. Similarly, autocrine induction of TGF-�
by estrogen in such tumours is unlikely to be
significant, since the effects of tamoxifen on this
growth factor remain controversial.85 Indeed, it
is feasible that there is even inhibitory activity
between these pathways, a phenomenon
believed to result from estrogen/ER� suppres-
sion of the EGFR/c-erbB2 genes.86–88 We and
others89 have noted that this suppression is
released by tamoxifen or toremifene treatment.

Breast cancer cells thus appear to possess
potent mechanisms to limit any substantial
EGFR/c-ErbB2-mediated signalling input
under conditions of steroid-directed, tamox-
ifen-responsive growth.90 This concept is cer-
tainly supported in vivo by the obvious inverse
relationship noted between ER� and these
receptor tyrosine kinase receptors.11,80,81,91 In
total, these data (together with in vitro
evidence92–94 indicate that TGF-�, EGFR, and 
c-ErbB2 signalling is unlikely to play an impor-
tant role in driving the growth of tamoxifen-
responsive cancer.

c-ErbB3/4 signalling elements
In marked contrast to EGFR and c-ErbB2, RT-
PCR and immunocytochemical studies have
demonstrated marked expression of the addi-
tional plasma membrane ErbB receptor tyrosine
kinases c-ErbB3 and c-ErbB4 in the tumour
epithelial cells comprising many tamoxifen-
responsive breast cancers, with this expression
being associated with the ER�-positive, lowly
proliferative and well-differentiated phenotype
(Figure 10.3a).95–97 Moreover, our preliminary
examination has indicated that expression of
the mRNA for heregulin-�1 (the most potent
ligand for the c-ErbB3 receptor when applied to
tamoxifen-responsive breast cancer cells in
vitro98) is also prominent in ER�-positive/
c-ErbB3-positive clinical breast cancer material,
possibly associated with both stromal and
epithelial elements of tumours. While future
examination of signalling mediated via 
c-ErbB3/4 in vivo will no doubt prove highly
complex – with the possibility of multiple lig-
ands, receptor hetero- and homodimerization of
ErbB family members, and recruitment of sev-
eral downstream signalling elements – there
appears to be increasing evidence that this sig-
nalling network is important in tamoxifen-
responsive breast cancer,96 potentially enjoying
close positive interactions with ER�/ERE
signalling.78

Insulin-like growth factor signalling elements
The insulin-like growth factors IGF-I and IGF-II
signal through a common ligand-activated
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transmembrane receptor tyrosine kinase, the
insulin-like growth factor reactor IGF1-R
(Figure 10.4).39,99,100 This receptor comprises a
disulfide-linked �2–�2 heterodimeric glycopro-
teinic complex, composed of two extracellular �
chains providing the growth factor binding site
and two transmembrane–intracellular � sub-
units possessing intrinsic tyrosine kinase activ-
ity.39 The downstream signalling network
recruited on receptor activation is IRS-
1/PI3K/Akt (protein kinase B, PKB), with addi-
tional influences on the p21Ras/MAP kinase
phosphorylation cascade – signalling ultimately
impinging on a profile of nuclear transcription
factors and thus cellular endpoints such as pro-
liferation and survival. A family of IGF-binding
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(a)

(b) (c)

Figure 10.3 Immunocytochemical demonstration of
ErbB receptors in clinical breast cancer. (a) SERM-
responsive disease: increased c-ErbB3 expression.
(b) SERM-resistant disease: increased EGFR
expression. (c) SERM-resistant disease: increased 
c-ErbB2 expression.

proteins (IGFBPs) and the mannose 6-phos-
phate/IGF-II receptor regulate IGF signalling
by sequestration of IGFs in an inactive form
and lysosomal degradation of IGF-II respec-
tively. Perturbation of the IGF signalling net-
work, which plays a role in both proliferation
and cell survival, is common in breast cancer,
and in particular may be important in the
pathogenesis of steroid-hormone-dependent
disease.99,100 Thus, many ER�-positive, well-dif-
ferentiated, and indolent breast carcinomas
express considerable levels of the plasma-mem-
brane-bound receptor for IGFs (IGF1-R) on
their epithelial cells.100 Indeed, 40-fold higher
IGF1-R tyrosine kinase activity has been
reported in the malignant breast versus its nor-
mal counterpart.101 There is a strong correlation
between IGF1-R and ER� expression, and the
former receptor is also associated with better
patient prognosis and an indolent clinical phe-
notype.102,103 The dominant IGF1-R ligand, IGF-
II, is generated predominantly from stromal
cells in the vicinity of the malignant epithelial
cells, although expression has been detected in
several tumour epithelial cell lines in vitro.103–105

Increased IGF-II expression again appears to
correlate with low breast tumour grade.106 The
cancers also contain limited IGF-I expression,
although in situ hybridization studies indicate
that this is likely to be derived from stromal
fibroblasts surrounding tumour–associated nor-
mal breast lobules, with additional systemic
IGF-I input. Key downstream signalling ele-
ments of IGF signalling are also detectable in
clinical disease (e.g. insulin receptor substrate 1
(IRS-1)107 and PI3K108). Since IGF signalling has
been demonstrated to be powerfully mitogenic
in tamoxifen-responsive breast cancer cells in
vitro,35,109,110 it is certainly possible that this is a
preferred pathway for the growth of tamoxifen-
responsive breast cancer in vivo, although a
definitive examination of this in relation to clin-
ical response has yet to be carried out. There are
likely to be substantial positive bidirectional
interactions between IGF and ER� signalling
driving the growth of such tumours,100,111,112 a
mechanism also obligatory for the growth of
the normal breast, as demonstrated using IGF-I
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and ER� (ERKO) gene knockout mice.113,114

Growth synergy occurs between estradiol and
IGF in vitro, together with IGF-mediated activa-
tion of the ER� protein (e.g. Akt-associated
phosphorylation of Serine 167 in ER) and hence
ERE transactivation.100,111 The latter interaction
is perhaps evidenced in clinical breast cancer by
an association between stromal IGF-II and
epithelial PgR expression,115 and also by the
association between IGF1-R mRNA and PgR
that we have observed in the disease. Similarly,
in vitro studies in endocrine-responsive breast
cancer cells have demonstrated that tamoxifen
(as well as droloxifene59,116) is capable of effect-
ing a substantial reduction in IGF signalling.
This is likely to occur via several mechanisms,
including decreased IGF-II expression, inhibi-
tion of IGF-I-dependent growth, changes in
IGFBPs, diminished activation/expression of
IGFR and the downstream signal transduction
elements IRS-1 and PI3K, and induction of rele-
vant phosphatases that inhibit kinase activ-
ity.100,117–121 Moreover, systemic levels of IGF-I
fall during tamoxifen or droloxifene therapy – a
feature that may also be contributory to the
tumour-inhibitory effects of such agents.59,116,122

Intracellular signalling elements
Protein kinase C (PKC)

Growth factor activation of phospholipase C
increases inositol lipid turnover, resulting in
generation of the second messenger diacylglyc-
erol and thereby activation of protein kinase C
(PKC) isozymes, which are believed to interact
with downstream signalling pathways such as
the MAP kinase cascade.123 The PKC family
comprises at least 11 mammalian isozymes that
play differential roles in cell growth regulation
and differentiation.124 While the subsequent
downstream cascade initiated following activa-
tion of PKC is as yet highly controversial, the
classical response element primed by such sig-
nalling is the 12-O-tetradecanoylphorbol-13-
acetate (TPA) response element (TRE).125,126 In
addition, however, there is some evidence for
positive effects of the � isoform of PKC on ERE
transactivation mediated via enhanced phos-
phorylation of serine 122 of ER�.127

Interestingly, our data indicate that PKC� is the
isoform of particular prominence in tamoxifen-
responsive tumour cells in vitro and in com-
parable clinical breast cancer, where an
association with increased duration of response
and patient survival time is apparent.128

Changes initiated during tamoxifen challenge
have not as yet been addressed in vivo.

MAP kinase family members

Erk1 and 2 comprise one branch of an increas-
ingly large, interwoven family of MAP kinases
activated by a phosphorylation cascade initiated
by ligand binding to ErbB receptor tyrosine
kinases. Phosphorylated MAP kinases are
believed to subsequently activate and increase
the expression of several nuclear transcription
factors, notably the AP-1 nuclear transcription
factor complex, which again targets the TRE.75,129

Interestingly, however, Erk1/2-mediated sig-
nalling is also capable of phosphorylation of the
ER�,79 with the serine 118 residue in the AF-1
region of the receptor being of some importance.
Such ligand-independent phosphorylation
results in significant transactivation of simple
EREs experimentally. Our observation of low
but nevertheless detectable activation of Erk1/2
in CR/PR tumour epithelial material on clinical
presentation130,131 implies that the Erk1/2 signal
transduction cascade, while obviously highly
regulated in responsive disease, is certainly
available to crosstalk with ER� signalling.
Indeed, our recent observation of decreased
Erk1/2 activation as part of the clinical tamox-
ifen response profile indicates that such sig-
nalling is highly relevant to the growth of
responsive disease. Further influences on both
TRE and ER� signalling may occur with the par-
allel ‘stress-activated’ MAP kinase members
JNK (‘Jun N-terminal kinase’) and p38.132,133 For
example, p38 may be activated during tamox-
ifen-induced apoptosis,133 and indeed we have
noted increased activation of p38 and JNK dur-
ing the tumour regression that occurs on short-
term clinical tamoxifen response. Evidence of
increased activation of these latter MAP kinases
at the time of disease presentation appears to
predict for tamoxifen response, particularly in
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those ER�-positive patients whose tumours bear
unusually elevated Erk1/2 activation.131

cAMP and protein kinase A (PKA)

ER� activation and estrogen-regulated gene
expression can also be initiated experimentally
by the signalling molecule cAMP. This event is
mediated via ER� phosphorylation by protein
kinase A (PKA).134,135 Interestingly, PKA activity
has been observed to be higher in clinical breast
tumours than in normal breast.136 Moreover, the
mRNA for the PKA regulatory subunit I� (Ri�)
has been associated with patient tamoxifen
response, and levels have been observed to
decline during therapy.137

AP-1

ER� is likely to take part in protein–protein
interactions with the nuclear transcription fac-
tor complex AP-1 to augment transactivation
from response elements other than the ERE,
notably including the TRE.138 In this light, there
is certainly detectable nuclear expression of the
key AP-1 components c-Fos and activated c-Jun
in CR/PR tumours,53,139,140 and so there remains
the potential for such interactions in these
tumours, albeit in a highly-regulated manner.
AP-1 signalling is likely to be essential to such
tumours, since changes in c-Fos expression
closely mirror the profile of tumour response
during tamoxifen therapy in the clinic.53

Negative growth factor signalling elements
in CR/PR disease

Transforming growth factor � (TGF-�)
The TGF-� polypeptides belong to a family of
pleiotropic growth and differentiation factors,
and their production is inhibited by estrogens
and inducible by tamoxifen. TGF-�s are pro-
duced by both normal and cancerous breast
epithelial cells.141 They are potent inhibitors of
the normal breast epithelium, and can be
growth-inhibitory to tumour cells in vitro,
although such effects are more controversial
within in vivo models. The profile of tumour
TGF-� expression has not been fully examined

in relation to prediction of tamoxifen response
in the clinic, while relationships with prognosis
remain much debated.142,143 However, several
studies have demonstrated that patients exhibit
increases in plasma and tumour levels of TGF-
�1 and TGF-�2 following initial exposure to
tamoxifen therapy, with increases in plasma
TGF-�2 mirroring effective tamoxifen
response.144–147 Induction of TGF-� has similarly
been observed with droloxifene and toremifene
treatment.18,59,148 However, the relevance of the
association between SERM-mediated increases
in TGF-�s and effective patient response
remains controversial.149 Indeed, some in vitro
breast cancer model systems can paradoxically
be tamoxifen-responsive yet apparently resis-
tant to the inhibitory activity of TGF-�s.150

WHAT IS THE TUMOUR PHENOTYPIC PROFILE
ASSOCIATED WITH DISEASE STABILIZATION
ON TAMOXIFEN CHALLENGE?

About 20% of breast cancer patients exhibit sta-
bilization of their disease as recorded after 6
months of tamoxifen therapy (i.e. static disease,
SD).151 Similar features have been reported for
MCF-7 and ZR-75-1 human breast cancer
xenograft model systems, where tamoxifen
challenge or estrogen withdrawal are merely
tumoristatic.152 SD is commonly perceived to be
clinically endocrine-responsive, since therapy
prevents tumour progression and patients often
enjoy a good survival.151 However, in several
ways, the breast cancer SD phenotype appears
potentially less favourable than that of tumours
from CR/PR patients. Thus, static disease is
often of higher grade and elevated proliferative
capacity compared with the tumours from
CR/PR patients.9,83,84 Moreover, we have noted
a failure of tamoxifen in clinical SD to signifi-
cantly decrease immunostaining of the prolifer-
ation marker Ki67, the cell survival factor Bcl-2,
and the AP-1 component c-Fos.31,53 Such events
would perhaps serve to maintain tumour cell
number, contributing towards the lack of sub-
stantial regression recorded at 6 months in such
patients.
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Estrogen receptor signalling elements in SD

Data regarding the expression of ER�/� and
the associated signalling elements in SD is as
yet sparse. However, there is certainly an
importance for ER�-mediated cell growth and
survival of breast cancer SD, since endocrine
challenge effectively halts disease progression.
Not surprisingly, therefore, SD frequently
expresses significant levels of the ER� machin-
ery necessary for tamoxifen response, together
with estrogen-regulated expression of genes
such as PgR and pS2. However, in parallel with
the lack of significant remission, reductions in
expression of ER� and estrogen-regulated
genes during tamoxifen therapy are often very
small.31 These observations are in marked con-
trast with the significant downregulation often
apparent in tumours from CR/PR patients, and
are mirrored in MCF-7 cell xenograft studies,
where tamoxifen effects on estrogen-regulated
gene expression are reported to be relatively
minor.153

Growth factor signalling elements in SD

In common with tumours obtained from
CR/PR patients, there is some evidence for
prominent c-ErbB3 and IGF signalling in clini-
cal SD (and its relevant in vivo model systems),
and again these pathways appear to interact
with ER� signal transduction.95,154 However, it
is also likely that there is an increased role for
TGF-�/EGFR/Erk1/2 signalling in SD. Thus,
while EGFR/c-ErbB2 immunostaining is mini-
mal in SD, enhanced expression of the EGFR
ligand TGF-�83 is commonly noted (about 70%
of patients). This feature occurs in the presence
of sustained activation of Erk1/2.130,131 Such
increased signalling input from this peptide
growth factor may serve to protect against sig-
nificant cell loss during therapy, and may inter-
act with the ER� network, since SD growth is
checked by tamoxifen challenge.

WHAT ARE THE TUMOUR PHENOTYPIC
PROFILES ASSOCIATED WITH DE NOVO AND
ACQUIRED RESISTANCE TO TAMOXIFEN
CHALLENGE?

Unfortunately, clinical application of tamoxifen
and other triphenylethylene derivatives has
revealed that their beneficial actions are limited
and can eventually be counteracted by the
capacity of breast tumour cells to circumvent
the need for steroid hormones, allowing them
to continue to grow and progress despite such
therapy. Thus, tamoxifen is ineffective in about
50% of patients on presentation (de novo
tamoxifen resistance), while initially responsive
tumours will inevitably progress despite such
treatments (acquired tamoxifen resistance),
resulting in patient relapse and ultimately
death. Such tumours are for the most part
cross-resistant to current triphenylethylene
SERMs.155–158 Loss of ER� or dislocation of
growth from the receptor appears to be a fea-
ture of de novo tamoxifen-resistant disease.
However, in acquired tamoxifen resistance,
ER� paradoxically remains essential for tumour
growth. What molecular changes, therefore,
might underlie growth and enable the
inhibitory qualities of tamoxifen to be circum-
vented in the various forms of SERM resis-
tance? While there may be some role for
aberrations within ER� signalling, there is an
increasing body of phenotypic evidence to indi-
cate that there are substantial genetic/epi-
genetic changes in growth factor signalling
elements, cell cycle components, and tumour
suppressor genes. In particular, autocrine TGF-
�/EGFR signalling (including sustained down-
stream Erk1/2/PKC�/AP-1 activity) appears to
become a dominant pathway in such tumours.
In parallel, there is likely to be a somewhat
diminished role for the principal pathways in
hormone-responsive disease, c-ErbB3/4 and
IGFR. Such signalling is reliant on a consider-
able stromal input of ligands, and the influence
of stromal signals declines with progression to
poorly-differentiated, endocrine unresponsive
tumours.
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Changes in ER� signalling elements in
clinical de novo and acquired tamoxifen
resistance

Loss of ER� in tamoxifen resistance
An ER�-negative protein status is a relatively
common event comprising some 20–30% of
breast tumours at presentation.6,41,159–161 Absence
of the ER� machinery necessary to respond to
tamoxifen on presentation is generally (about
95% of cases) associated with de novo
endocrine resistance in clinical breast cancer.
ER� negativity in vitro (exemplified by the
MDA-MB-231 and MDA-MB-436 breast cancer
cell lines163) is similarly associated with de novo
resistance to tamoxifen. In contrast, despite the
likelihood that endocrine therapies specifically
target the ER�-positive tumour cell population
during the responsive phase of the disease, ER�
negativity is only rarely manifested during
antiestrogen therapy in breast cancer, and
hence is generally not a feature of acquired
tamoxifen resistance either in vitro or in vivo.40

In comparison with tamoxifen-responsive dis-
ease, ER�-negative, de novo resistant breast
cancers are higher in grade and more poorly
differentiated, with an elevated proliferative
capacity and increased nuclear pleomorphism.9

They have a particular propensity to spread to
unfavourable metastatic sites, with patients
thus having very poor survival character-
istics.5,162,164–166

The origins of the ER�-negative breast cancer
phenotype at presentation are as yet
unknown.167 However, this phenotype is
believed to present early in the life history of
the disease, since an absence of ER� has been
noted in poorly differentiated in situ disease.
Mutations in the ER� gene resulting in an
inability to transcribe ER� are likely to be
extremely rare in breast cancer,168 and indeed
low levels of ER� mRNA are still detectable in
ER�-negative tumours.56 A number of potential
mechanisms preventing efficient transcription
or translation of the ER� gene, resulting in a
lack of ER� expression, may exist. These mech-
anisms include (i) transcriptional inactivation
by hypermethylation of the CpG island in the

regulatory region of ER�,169–171 (ii) altered
expression of trans-acting factors aiding ER�
transcription,69 and (iii) abnormalities in ER�
translation or synthesis of an unstable receptor
protein.167 Alternatively, increased ER� degra-
dation has been reported in ER�-negative dis-
ease.172 Finally, ER�-negative tumours may
feasibly also arise from the selective outgrowth
of a subpopulation of steroid-receptor-negative
cells, which are likely to exist within the normal
breast epithelium,173,174 although such selective
outgrowth is reported to be extremely infre-
quent in vivo.175 Whatever the mechanism
underlying the absence of ER� expression, reg-
ulation of these tumours is believed to be sev-
ered from the steroid hormone environment.
Thus, in addition to such tumours being refrac-
tory to the inhibitory actions of tamoxifen, there
is invariably an absence of estrogen-regulated
gene expression (e.g. of PgR or bcl-2) on clinical
presentation of ER�-negative disease.11,28,54,56

In the absence of any steroid hormone input,
therefore, how might the growth of ER�-negat-
ive disease be sustained? As will be discussed
below, such tumours appear to derive consider-
able growth input from aberrant peptide
growth factor signalling,80,81 with markedly
exaggerated EGFR/c-ErbB2 signalling being
heavily implicated in an autocrine signalling
loop. In addition, evidence will be presented for
genetic abnormalities within key cell survival
and cell cycle regulatory elements that may
contribute to their excessive proliferation and
aggressive tumour growth.

Redundancy of ER� in tamoxifen resistance
Retention of ER� (albeit often at lower levels
than observed in responding patients) is a
common feature (about 30–40%) of de novo
tamoxifen-unresponsive breast cancer.40,162,165

ER�-positive, de novo endocrine-unresponsive
breast cancers exhibit a high tumour grade and
are poorly differentiated and highly prolifera-
tive, maintaining their growth despite tamox-
ifen therapy.9 As with ER�-negative disease,
they often spread to unfavourable metastatic
sites, with patients thus having a poor progno-
sis.5,162,164,165 There is clinical evidence that the
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growth of ER�-positive, de novo resistant dis-
ease is dislocated from ER� signalling,
although this remains to be definitively tested
by future clinical challenge with pure antiestro-
gens (agents reported to dramatically reduce
ER� levels). Thus, responses to existing second-
line endocrine agents are extremely rare in
patients bearing such tumours.3

As will be discussed below, such dislocation
of growth from a dependence on the normal
ER� protein could be enabled by
phenotypic/genotypic changes in ER� sig-
nalling or within crosstalking peptide growth
factor pathways at points downstream of ER�,
such as in cell cycle components/tumour
suppressor genes. Extreme perturbation of
upstream elements as well as aberrations
within ER�-independent pathways might also
enable the importance of ER� to be nullified.
The tumours may arise from the proliferation of
an aberrant, de novo unresponsive ER�-posi-
tive stem cell, or they may be derived by clonal
selection of aberrations occurring within an
endocrine-responsive phenotype during the
early life history of the cancer. Whatever their
aetiology, these aberrations must occur at such
a cellular frequency as to enable the normal
ER� to be redundant in tumour growth, hence
explaining the lack of tamoxifen inhibition. The
aberrations may be able to exert positive actions
on estrogen-regulated genes such as PgR, since
we have noted that expression is still detectable
in about 60% of ER�-positive de novo tamox-
ifen-insensitive tumours, despite apparently
non-functional ER�.

Continued use of ER� in tamoxifen resistance
Sadly, development of resistance is almost
inevitable during tamoxifen treatment of ER�-
positive patients who demonstrate an initial
therapeutic sensitivity.36,40,176,177 Disease relapse
occurs after a median duration of remission of
only about 18 months.3 Increased tumour cellu-
larity, proliferation, and grade, coupled with
decreased apoptosis, are common features of
clinical relapse.53 Interestingly, most clinical
breast tumours demonstrating acquired resis-
tance maintain considerable ER� expres-

sion.22,36,40,178 Various model systems of acquired
resistance, including our MCF-7 sublines
developed during long-term tamoxifen treat-
ment or prolonged estrogen deprivation, fur-
ther confirm the stability of ER� expression on
the acquisition of many forms of endocrine
resistance in breast cancer.93,94,179,180

There is a considerable amount of data indi-
cating that ER� in acquired resistant breast
cancer commonly remains functional178 and
moreover pivotal to the growth-regulation and
gene-expression profile of breast tumours on
their relapse, despite the presence of tamoxifen.
Thus, frequent favourable responses (i.e. about
50%,3 with a median duration of remission of 12
months) occur in the clinic on second-line
endocrine therapeutic challenge of acquired
resistant breast cancer with agents that serve to
severely estrogen-deprive the tumour (notably
recently including the use of pure antiestrogen
treatment181 and aromatase inhibitors182,183). We
and others179,184 have demonstrated that sensi-
tivity to pure antiestrogen inhibition is a feature
of acquired tamoxifen-resistant cell lines.
Moreover, following their prominent inhibition
by tamoxifen during the initial responsive
phase of the disease, estrogen-regulated genes
can be re-expressed on disease relapse in the
clinic.

What might be the mechanisms that enable
the inhibitory activity of tamoxifen to be cir-
cumvented on relapse despite an apparently
retained importance for ER� evidenced by
response to subsequent endocrine challenge?
Phenotypic changes in ER� or growth factor
signalling pathways may again be highly rele-
vant. These changes may be induced/selected
for during tamoxifen challenge of initially
responsive breast cancer cells. In marked con-
trast to de novo resistant ER�-positive disease,
the aberrant pathways in such acquired resis-
tance must interact with, and remain dependent
on, functional ER� in order to exhibit second-
line responses. Such aberrations appear often to
be able to exert positive actions on estrogen-
regulated genes, since these are still detectable
in a proportion (about 50%) of patients on
relapse. The aberrations may even alter the

168 ENDOCRINE THERAPY OF BREAST CANCER

720_Breast.ch10  26/04/2002 9 32 am  Page 168

  



cellular interpretation of tamoxifen so that an
agonistic profile is prominent on relapse that is
re-inhibited by challenge with an alternative
endocrine agent. This agonism is perhaps evi-
denced by the increased growth rate, occasional
tamoxifen withdrawal responses,185 and the re-
expression of estrogen-regulated genes on dis-
ease relapse in the clinic.58 Indeed, the use of
tamoxifen as a positive growth input in
tumours has been elegantly demonstrated
using breast cancer xenograft material.186,187

Finally, however, it should be remembered
that 40–50% of initially responsive ER�-positive
patients are completely resistant to second-line
endocrine challenge. As with ER�-positive de
novo resistance, it is feasible that there may be
selection by tamoxifen therapy of an unrespon-
sive ER�-positive subpopulation that is already
present at a very low frequency in the respon-
sive phase of the disease or alternatively
may develop as part of a backdrop of
mutational/adaptive events in the cancer cells
during tamoxifen challenge. These cells may
bear aberrations in the relevant crosstalking
pathways downstream of ER� (e.g. in cell cycle
components or tumour suppressor genes) or
within ER�-independent pathways. It is also
perhaps feasible that aberrations in signalling
elements upstream of ER� might be so extreme
as to enable entire growth dislocation from this
receptor.

ER� variants, mutations, and ER� in
tamoxifen resistance
Tumour cells overexpressing certain ER� vari-
ants or mutations could feasibly escape inhibi-
tion by tamoxifen if their ligand-binding
domain were compromised. If constitutively
active, such aberrant forms might contribute to
clinical tamoxifen resistance. Indeed, Zhang et
al188 have identified an ER� mutant with a sub-
stitution of tyrosine 537 with asparagine
(Tyr537Asn) in clinical metastatic breast
tumours. Experimental studies indicate that
this mutant is constitutively active and is only
minimally affected by antihormones. Levenson
et al189 have similarly identified a naturally
occurring ER� mutant (codon 351

asparagine → tyrosine in the ligand-binding
domain) that appears to confer increased estro-
genic activity on raloxifene. Furthermore, the
ER� �5 variant has been localized at the mRNA
level within clinical breast cancer. This variant
is reported to exhibit constitutive activity in
vitro, since it retains DNA-binding ability and
AF-1 transcriptional activity,190 and, since it
lacks a major portion of the ligand-binding
domain, has been predicted to escape SERM
growth inhibition. In this light, Gallacchi et al191

demonstrated that higher ratios of the ER� vari-
ant �5 mRNA do appear to be associated with
clinical acquired tamoxifen resistance.
However, a significant role for such aberrations
in de novo and acquired tamoxifen resistance
appears in general unlikely from such mRNA
studies.66,192 Mutations are extremely rare in
vivo193 and the mRNA species are barely
detectable yet apparently ubiquitous. Similarly,
our own group has recently failed to demon-
strate a relationship between expression of the
ER� variant �5 at a protein level and clinical de
novo tamoxifen resistance. In summary, it is
likely that such events at best contribute
towards only a minority of tamoxifen-resistance
cases.194

Unfortunately, there are virtually no clinical
data available regarding the role of ER� in
tamoxifen resistance. Studies principally exam-
ining mRNA expression for this receptor have
demonstrated that expression is generally very
low, which may indicate a lack of significance
in tumours for this receptor with regard to
resistance. Nevertheless, our own group63 and
Speirs et al195 have shown that ER� mRNA
expression does appear to be associated with
increased tumour grade, while some increases
in ER� mRNA expression have been tentatively
associated with the development of tamoxifen
resistance.62,196 In addition, the ER� : ER� ratio
may change through disease progression,197,198

so that extremes are reached in ER�-negative
disease, with its more obvious ER� expres-
sion.63 Such relationships remain highly contro-
versial.64 It is feasible that increased expression
of the additional estrogen receptor ER� may
contribute to breast cancer tamoxifen resistance
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in a number of ways. ER� is homologous to
ER� in the ligand-binding domain (58%) and
the DNA-binding domain (96%), while the A/B
region, hinge, and F region are not well con-
served.199 Changes in the F domain would be
predicted to significantly influence the control
of the agonist/antagonist properties of tamox-
ifen under conditions of increased ER� expres-
sion.200 Such shifts in the balance of ER� : ER�
would potentially favour receptor heterodimer-
ization. This would recruit a unique profile of
response elements and modify the readout
from response elements usually targeted by
ER� homodimers, thereby potentially priming
tumour growth in the presence of tamoxifen. In
addition, different co-accessory proteins and
crosstalking growth factor pathways would be
predicted to interact with ER�, enabling gene
transactivation in the presence of tamox-
ifen.197,201

ER� co-accessory proteins in tamoxifen
resistance
Alterations in the co-accessory protein ratio or
activity in breast cancer cells are likely to signif-
icantly influence the agonistic/antagonistic
properties of tamoxifen – a process that may
contribute towards resistance to antihormonal
agents such as tamoxifen.202,203 In this light,
changes in the co-accessory proteins N-CoR
and SRC-1 have been observed following the
acquisition of tamoxifen resistance both in a
murine breast cancer model204 and in the
clinic.71

Modification of the ERE in tamoxifen
resistance
Modification of the ERE by sequence variation,
number, orientation, or spacing influences the
binding affinity of the ligand/ER� complex as
well as the transcriptional response to various
ligands.205–207 In vitro studies performed in the
laboratory of McDonnell206 have indicated that
such changes may permit ER� agonism by
antiestrogens such as tamoxifen. In addition,
deletion and mutational analyses have revealed
a specific cis element within the distal promoter
of the progesterone receptor that modulates its

sensitivity to tamoxifen inhibition.208 The rele-
vance of these phenomena to tamoxifen resis-
tance in vivo remains unknown.

Pharmacological changes in cellular levels
and metabolic profile of tamoxifen
Impaired uptake and increased degradation of
tamoxifen, the possibility of a drug-efflux
pump, isomerization to estrogenic metabolites
such as metabolite E and bisphenol, or accumu-
lation of the less potent antiestrogenic cis-4-
hydroxytamoxifen rather than the trans isomer
are all mechanisms that have been suggested to
result in diminished tamoxifen inhibition of
ER�-mediated gene expression and hence
tumour growth.209 While these mechanisms
have been implicated both in de novo and
acquired resistance, their role in these processes
has been convincingly questioned.209-214

Similarly, the observation made by Pavlik et
al215 of excessive type II antiestrogen binding-
site expression within some breast cancers,
which could effectively partition tamoxifen
away from the estrogen receptor, remains to be
corroborated.

Changes in growth factor signalling
elements in clinical de novo and acquired
tamoxifen resistance

ErbB signalling elements
As detailed above, examination of the clinical
and experimental phenotype of CR/PR tamox-
ifen-responsive disease points to a preference
for c-ErbB3/4-mediated signalling in such
tumours, with the pathway crosstalking with
ER� in mitogenesis. In stark contrast, however,
there appears to be a significant reduction in
expression of the ErbB family members 
c-ErbB3/4 in ER�-negative and ER�-positive,
de novo tamoxifen-unresponsive breast cancer
versus responsive disease.95 Moreover, there is
increasing phenotypic evidence to indicate that
substantial autocrine TGF-�/EGFR (and poss-
ibly c-ErbB2) signalling regulates growth of de
novo and acquired tamoxifen resistant breast
cancer.11,80,81,83,84 Such aberrant growth factor
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signalling is likely to prime increased Erk1/2-
mediated signalling. There is likely to be new
crosstalk of such signalling with ER� in
patients with acquired resistant disease, since
many exhibit second-line responses. Indeed,
Erk1/2 may phosphorylate AF-1 and hence
activate ER�,79 resulting in inappropriate gene
transactivation and tamoxifen-resistant growth.

Ninety-five percent of ER�-negative, de novo
tamoxifen-unresponsive breast cancers exhibit
marked EGFR membrane immunostaining,
while c-ErbB2 is overexpressed in about 40%
(Figure 10.3b,c).11,80,81,84 Such features are associ-
ated with aggressive disease and extremely poor
patient survival characteristics in the
clinic.11,80,81,84 Importantly, a positive correlation
can be demonstrated between the levels of pro-
liferation and EGFR immunostaining in ER�-
negative clinical material, with c-ErbB2 levels in
ER�-negative/c-ErbB2-positive disease similarly
being associated with Ki67 immunostaining.80,81

As further confirmation of the importance of
functional EGFR signalling, tumour epithelial
expression of the EGFR ligand TGF-� is higher
in EGFR-positive/ER�-negative tumours than in
ER�-positive CR/PR disease.80,81,83 Indeed, sub-
stantial positivity for TGF-� is a feature of about
70% of ER�-negative patients.

While substantial overexpression of c-ErbB2
and EGFR equivalent to that observed in ER�-
negative patients does not generally underlie
ER�-positive de novo tamoxifen resistance, nev-
ertheless it is interesting that those patients
(about 35%) who do show elevated expression of
EGFR exhibit increased tumour mitotic activity
and a poorer prognosis.11,80,81,84 Our recent data
indicate that where EGFR is elevated in ER�-
positive clinical disease, it may be associated
with ER� co-expression, perhaps reflecting an
inter-relationship of these elements in the cir-
cumvention of antihormonal sensitivity.63

Rigorous exclusion of ER�-negative patients
reveals that the relationship between c-ErbB2
overexpression and prognosis is more controver-
sial in ER�-positive tumours, while associations
with resistance may differ between antihor-
monal strategies.11,80–82,216 However, elevated
TGF� expression83 is a feature commonly noted

(in about 90% of cases), where there is an associ-
ation with proliferation.83 These data again indi-
cate that elevated expression of this peptide
growth factor may be an autocrine driving force
underlying the growth of ER�-positive, de novo
tamoxifen-resistant tumours independently from
their endocrine environment.34–36,83

As noted in de novo resistant disease, there is
evidence of an increased importance for TGF-
�/EGFR/c-ErbB2 in acquired resistance. We
have observed that common tumour phenotypic
features on tamoxifen relapse apparent with
highly sensitive immunocytochemical assays
include elevated tumour epithelial expression
both of TGF-� and of EGFR,35 although it is
notable that the increases observed do not reach
the levels seen in ER�-negative de novo resis-
tance. Amplification of the c-erbB2 gene has also
been observed.217 These data complement in
vitro gene-transfer studies78,218–222 and the pheno-
typic profile observed in acquired tamoxifen-
resistance models.187,223–225 Enhanced EGFR/
c-ErbB2 expression in acquired tamoxifen resis-
tance may initially evolve during response to
therapy as a consequence of the inverse relation-
ship between such signalling and estrogen/ER�
occupancy.35,86–88,90 In this light, we have
observed small increases in EGFR and c-ErbB2
expression during clinical response to tamoxifen
in parallel with inhibition of ER�/ERE sig-
nalling.35,58

IGF signalling elements
There remains a controversial relationship
between expression of IGF signalling elements
and tamoxifen resistance. With regard to ER�-
positive disease, the observation of IGF1-R
upregulation observed occasionally in experi-
mental tamoxifen resistance remain inconclu-
sive.225–227 Moreover, in vitro gene-transfer
studies with IGF1-R or IRS-1 have demonstra-
ted relationships with estrogen independence
alone.120 However, higher levels of IRS-1 have
been reported to predict for a higher incidence
of recurrence in ER�-positive patients,107 while
overexpression of Akt (PKB) is reported to pro-
tect against tamoxifen-induced apoptosis in
vitro.228
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For ER�-negative disease, IGF-II has been
reported to be constitutively expressed in
vitro.229 In addition, IGFBP3 appears to be par-
ticularly prominent in ER�-negative, high S-
phase, aneuploid tumours with an associated
poor prognosis,107,230 while increased IGF1-R
expression has been associated with shortened
disease-free survival in such patients.102

Fibroblast growth factor (FGF) signalling
The fibroblast growth factor (FGF) family is
highly complex, with at least 10 genes encoding
growth factor ligands for several FGF receptors.
FGF-1 (acidic FGF) and FGF-2 (basic FGF) are
perhaps the most ubiquitously expressed in
clinical breast cancer.231 There is a highly con-
troversial relationship regarding FGF expres-
sion in normal breast versus cancer, growth
factor source, and patient survival. Moreover,
while FGF-2 signalling has been reported to
interact with estrogen- and IGF-mediated
growth in MCF-7 cells,232 there is no literature
monitoring FGF expression and response to
tamoxifen. Overexpression of FGF-1 or FGF-4
has been related to acquisition of tamoxifen
resistance in breast cancer model systems,233–235

but this phenomena remains to be examined in
the clinic. Since such overexpression is reported
to allow development of tumours in ovariec-
tomized animals treated with the pure anti-
estrogen fulvestrant,234 it is likely that
experimental FGF-mediated resistance occurs
independently of ER� activation.

Intracellular signalling elements
PKC

In contrast to tamoxifen-responsive disease, the
principle PKC isoform expressed in ER�-negat-
ive de novo unresponsive breast cancer cell
lines appears to be PKC�,236 with our recent
observations furthermore indicating that PKC�
is particularly prominent in ER�-negative, de
novo resistant clinical disease. In contrast, we
have observed only minimal expression of the
PKC� isozyme in such cells in vitro and in de
novo tamoxifen-resistant breast cancer clinical
material.128 Morever, it has been demonstrated
that transfection of PKC� into MCF-7 breast

cancer cells markedly enhances their prolifera-
tion, in parallel with diminished PKC� and ER�
content237 and steroid hormone indepen-
dence.238 The PKC expression profile in
acquired tamoxifen resistance in the clinic
remains unknown.

MAP kinase family members

There is an increasing body of evidence to indi-
cate that elevated activation of Erk1/2 is associ-
ated with de novo tamoxifen resistance, as
exemplified by our own clinical studies, where
we have also observed an association with poor
survival and a shortened time to disease pro-
gression.130,131 Indeed, hyperexpression/activity
of MAP kinase has been noted in many breast
cancers in vivo,239 in parallel with additional
intracellular molecules that comprise/regulate
the MAP kinase signalling pathway. These
include pp60c-Src,240,241 Grb2,242 RHAMM,243

Ras,244,245 Raf,246 and PKC.136,247 Since Erk1/2 is a
key component of EGFR signalling,248 it is per-
haps not surprising that activation is particu-
larly marked in 90% of ER�-negative, de novo
tamoxifen-unresponsive tumours in the
clinic.130,131 There is similarly enhanced activity
of Erk1/2 in about 80% of ER�-positive de novo
progressive tumours that also demonstrate
evidence of elevated TGF-�/EGFR sig-
nalling.130,131

With regard to acquired resistance, the
reported ability of Erk1/2 to phosphorylate the
AF-1 region of ER� and induce estrogen-regu-
lated gene expression experimentally79 might
feasibly serve to sustain tamoxifen-resistant
tumour growth if Erk1/2 activation were
increased by aberrant growth factor signalling
(Figure 10.5). Interestingly, therefore, elevated
activation of Erk1/2 has been noted in acquired
endocrine resistance in vitro,222,249–251 including
in our own panel of endocrine-resistant MCF-7
sublines. Moreover, we have recently observed
increased Erk1/2 activation in clinical material
at the time of acquisition of tamoxifen resis-
tance and disease relapse in ER�-positive,
initially responsive disease.
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cAMP and PKA

Little is known regarding the role of the
cAMP/PKA pathway in tamoxifen resistance.
While experimental enhancement of the
cAMP/PKA pathway may feasibly serve to
increase the agonism of tamoxifen and promote
tamoxifen resistance,135 to date PKA expression
has only been associated with an endocrine-
responsive phenotype in the clinic.137

AP-1

Elevated expression/activity of key compo-
nents of the AP-1 nuclear transcription factor
complex appears to relate significantly to
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tamoxifen resistance in clinical breast cancer.
Thus, both c-Fos and activated c-Jun are
expressed at high levels in ER�-negative and
ER�-positive de novo tamoxifen resis-
tance.53,139,140 c-Jun overexpression has similarly
been related to endocrine resistance in vitro.252

Interestingly, increased expression/activation
of AP-1 components appears to parallel TGF-
�/EGFR overexpression in such tumours.140

These data certainly indicate that enhanced AP-
1 signalling may play a central role in the aber-
rant TGF-�/EGFR-mediated growth that
appears obligatory to those tumours dislocated
from ER� signalling. Indeed, at its extremes,
such enhanced AP-1 signalling may inhibit ER�
expression and estrogen-regulated gene trans-
activation.253

Similarly, it is likely that AP-1 is exaggerated
in acquired tamoxifen resistance in the clinic.53

We have observed increased c-Fos expression at
the time of tamoxifen relapse of ER�-positive
disease, data paralleling the increased AP-1
DNA-binding activity observed in acquired
tamoxifen-resistant breast cancer cells in vitro254

and in relapse material in vivo.48 In addition,
prolonged tamoxifen exposure has been
reported to augment phorbol-ester-inducible
TRE activity experimentally.255,256 It is postu-
lated that such enhanced AP-1 activity interacts
positively with ER� signalling via protein–
protein interactions to markedly increase trans-
activation of TRE-containing, growth-related
genes, thereby allowing escape from tamoxifen
inhibition and ultimately disease relapse
(Figure 10.6). There may be additional modify-
ing effects of ER� expression on this profile,
since both tamoxifen and raloxifene are
reported to be potent transcriptional activators
of TREs via interactions between AP-1 and this
receptor.257

TGF-b signalling elements
TGF-�1 mRNA has paradoxically been reported
in a small number of studies to be increased in
highly proliferative, metastatic tumours258 and
in tamoxifen-unresponsive disease in the
clinic.149 Several in vitro studies appear to paral-
lel these data for both TGF-�1 and TGF-�2.
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Thus, Herman and Katzenellenbogen259 noted
that their tamoxifen-resistant MCF-7 subline
produced more TGF-�s and was resistant to
exogenous TGF-�s. Increased expression is also
seen in ER�-negative cell lines,260 in LCC2
tamoxifen-resistant cells,141,261 and in endocrine-
unresponsive MCF-7 cells generated by v-Ha-
ras transfection.262 In addition, transfection of
TGF-�1 into MCF-7 cells generated tumours in
vivo that were estrogen-independent, with their
growth being inhibited by an anti-pan-TGF-�
neutralizing antibody, while tamoxifen resis-
tance in LCC2 cells is reversible in vivo using
such antibodies to target TGF-�2 overexpres-
sion.141,261 In total, these data indicate that the
ability of TGF-� to inhibit growth is likely to be
lost, and that there may even be a switch to a
positive influence of this growth factor, during
disease progression.

Changes in cell cycle components and
tumour suppressors in clinical de novo and
acquired tamoxifen resistance

A highly proliferative profile is exhibited by
most de novo resistant tumours in the clinic.8,9

Thus, it is likely that key growth regulators are
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severely perturbed in such tumours, as evi-
denced by frequent genetic and epigenetic aber-
rations in cell cycle proteins and their
regulators, as well as marked nuclear pleomor-
phism. The role of such changes in acquired
resistance remains as yet unknown, although
there is certainly increased proliferation on dis-
ease relapse.53

The CCND1 gene encodes the cyclin D1 pro-
tein, which, when complexed to certain cyclin-
dependent kinases (CDKs), controls cell cycle
progression through G1/S. Aberrant transcrip-
tional/translational regulation of cyclin D1 is
relatively common in breast tumours,263 with
cyclin D1 being overexpressed in about 50% of
breast cancers and CCND1 gene amplification
occurring in 15–20%. CCND1 amplification and
overexpression of cyclin D1 have been directly
related to ER� positivity (in agreement with its
suggested role as an ER� cofactor)264 and more
controversially265 with a poorer prognosis in
breast cancer.27,266 Thus, a high cyclin D1 level
may be associated with a shortened endocrine
response duration within the ER�-positive sub-
group. Moreover, ectopic overexpression of
cyclin D1 appears to allow unrestricted passage
through the cell cycle and reverse the growth-
inhibitory activity of tamoxifen in ER�-positive
cells in vitro.267 A similar association has been
noted between cyclin E1 (a late G1 cyclin again
associated with progression through G1/S) and
an aggressive tumour phenotype and poor
prognosis,268 although the relationship is likely
to be derived principally from ER�-negative
disease.269

A variety of CDK inhibitors (CDIs) compete
with cyclins for binding of CDKs to prevent
progression through G1/S, thus potentially act-
ing as tumour suppressors. Loss of such mito-
genic ‘brakes’ by genetic mutation or
alternatively by post-transcriptional events
such as increased degradation may prove to be
a feature of some de novo tamoxifen-resistant
tumours. Targets include members of the
Cip/Kip protein family (notably p21WAF1/Cip1

and p27Kip1), as well as the INK4 family (notably
p16INK4A). While relationships with tamoxifen
response remain to be substantiated, we have
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noted loss of p21 expression in poor-prognosis
breast cancers in the clinic.25 A similar relation-
ship has been reported between low p27
expression, increased tumour grade, poorer
outlook, and, additionally, hormone indepen-
dence, although the relationship between p27
and prognosis using multivariate analysis
remains controversial.270–273 Inactivation of the
p16 gene by methylation has been observed in
breast cancer, with an inverse relationship
reported between p16INK4A and ER� gene
expression.274

The p53 tumour suppressor protein functions
in cell cycle control as a key mediator of differ-
entiation, DNA repair, and apoptosis. p53 aber-
rations are relatively common in breast cancer
(25–50% at a protein level and 15–35% at a
DNA level), causing loss of normal p53 func-
tion or dominant-negative activity. As a con-
sequence, there is disruption of the G1/S
checkpoint, loss of apoptosis in response to
DNA damage, and ultimately increased
genomic instability.275 Prominent immunostain-
ing identifies mutated p53, since the mutant
protein has an extended half-life. Our co-exami-
nation of p53 and p21WAF1 expression indicates
the likelihood of such prominent p53 being
non-functional as a tumour suppressor in poor-
prognosis tumours.25 Increased p53 staining
associates with an aggressive, highly prolifera-
tive phenotype, ER� negativity, and poor
patient survival. Aberrant p53 accumulation
has, moreover, been reported to predict for
poor clinical response to tamoxifen therapy,23,24

with patients with gene mutations in codons
that directly contact DNA or with mutations in
the L3 domain showing the lowest response to
tamoxifen.276 Such prognostic data, however,
remain controversial.216 Finally, expression of
the additional tumour suppressor gene BRCA1
is often lower within ER�-negative cancers and
occasionally genomically deleted.26,277

CONCLUDING REMARKS

It is apparent that considerable progress has
already been made in identifying the signal

transduction pathways that may be of central
importance on SERM-responsive and -resistant
breast cancer in the clinic, with substantial data
available for tamoxifen, the SERM prototype in
breast cancer. It is hoped that further expansion
of our knowledge of these phenotypes using
research technologies such as gene microarrays
and proteomics, coupled with detailed pharma-
cological, cell biological, and molecular analysis
of relevant model systems, will ultimately aid
progress in many aspects of the clinical man-
agement of breast cancer. For example, more
accurate stratification of patients for appropri-
ate treatment should be feasible – a feature that
will be essential if endocrine therapies are to be
directed towards earlier stages of the disease,
where treatment responses are not readily mon-
itorable. In particular, however, since such
knowledge contributes significantly towards
the precise delineation of those signal transduc-
tion pathways involved in the development of
de novo and acquired resistance, elucidation of
novel targets for drug development should also
be possible. Existing phenotypic data suggest
that relevant strategies might be to inhibit
steroid hormone receptor signalling more effi-
ciently, or to nullify unwanted growth factor
signalling and aberrant cell cycle regulation. In
this light, several promising pharmacological
agents are already in clinical trials.

Complete loss of estrogen-like activity of
antiestrogens has recently been achieved
through the development of steroidal ‘pure’
antiestrogens based on 7� substitutions of
estradiol (fulvestrant38,278 and ICI 164,384) cur-
rently in phase III breast cancer clinical trials.
These compounds have been termed SERDs
(selective estrogen receptor downregulators),
since they increase ER� protein degradation
and disrupt nucleocytoplasmic shuttling of the
receptor and nuclear localization. The resultant
dramatic loss of ER� protein (Figure 10.7) effec-
tively blocks transactivation of ER�-regulated
genes both in vitro and in clinical breast
cancer,279 and would be predicted to eliminate
any ER�-mediated mitogenic ‘cross-talk’.
Not surprisingly, therefore, these agents are
significantly more potent than tamoxifen at
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promoting tumour remissions in several mod-
els of endocrine-sensitive and acquired resistant
disease,93,94,280,281 and, moreover, have efficacy in
tamoxifen-refractory patients.181 Such desirable
ER� loss may also be a feature of 11� substitu-
tions of estradiol,282 as well as of the novel non-
steroidal benzopyran derivative EM-652 and its
prodrug EM-800, which interestingly are
reported to additionally be antagonistic to ER�
signalling.283 There is similarly exciting progress
with regard to targeting of aberrant growth fac-
tor receptor signalling – specifically that driven
by the ErbB tyrosine kinase receptors c-ErbB2
and EGFR. Phase II clinical trials with a recom-
binant humanized antibody that produces anti-
tumour effects by blocking the c-ErbB2 receptor
(trastuzumab, Herceptin) performed on node-
positive breast cancer patients showed an over-
all response rate of about 12%.284 Preliminary
data from Phase III studies indicate a 15%
response rate in metastatic breast cancer treated
using this antibody, with the agent demonstrat-
ing additive benefits with chemotherapy.285,286

EGFR-selective tyrosine kinase inhibitors are in
phase I/II clinical cancer trials, and have
proved to be potent growth inhibitors in EGFR-
overexpressing tumour cells in vitro and also
capable of effectively instigating programmed
cell death and inhibiting invasion.287–289 Finally,
the CDI flavopiridol (NSC 649890, HMR1275),
reported to enable G1 arrest and inhibit
CDK2/4 in a range of breast cancer cells in
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(a) (b)

Figure 10.7 Inhibitory effect of fulvestrant (ICI
182,780, Faslodex) versus tamoxifen on ER protein
in breast cancer in vitro: (a) tamoxifen; (b) fulvestrant.

vitro,290 is also in phase II clinical cancer trials. It
is hoped that such agents might delay the
appearance of, treat, or even reverse SERM
resistance, thereby severely compromising the
disease process.
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INTRODUCTION

Animal models are widely used in breast cancer
research. For example, human breast cancer
xenografts are often used to study the biology
of breast cancer and to screen new endocrine
and cytotoxic agents. Genetically manipulated
animals, whether these have specific genes
overexpressed (transgenic species) or elimi-
nated (knockout or null species), can be used to
study the effects of specific genes on carcino-
genesis and the function of the normal mam-
mary gland. The most common animal models
for breast cancer occur in mice and rats. These
fall into one of four categories: human breast
cancer cell xenografts (mostly in immunodefi-
cient mice), chemically induced mammary
tumors (mostly in rats), virally induced mam-
mary tumors in mice, and genetically manipu-
lated animals (mostly mice).

Each of the rodent models has specific
advantages and disadvantages. Most models
for spontaneous breast cancer arise in mouse

strains susceptible to mouse mammary tumor
virus (MMTV)-induced mammary neoplasia,
and some transgenic mouse models. For the
chemically induced tumors, initiation events
are induced by the carcinogen. In the human
tumor xenografts, the malignant tissue is
directly inoculated into host tissues. A major
advantage of the xenografts is their human
breast cancer origin, while a disadvantage of
the rodent mammary models is their non-
human origin.

The spontaneous and chemically induced
models are particularly useful for chemopre-
vention studies. Full transformation of the
mammary gland has either not occurred (young
transgenic and MMTV-infected mice) or occurs
within a reproducible time following carcino-
genic insult (chemically induced tumors). Thus,
the ability of experimental agents to either sup-
press or prevent full transformation can readily
be explored. However, events that may occur
during development or early life, and that lead
to the initiation stage in carcinogenesis, may be
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difficult to address because genetic lesions may
be present from conception (genetically manip-
ulated models) or birth (MMTV). Xenografts
provide a good model for the study of malig-
nant progression in the human disease and the
screening of drugs/therapies against estab-
lished human tumors. However, the inherent
problems associated with the use of genetically
unstable cell lines or xenografts, and the largely
homogenous biology of the cells, are clear
limitations.

The use of these models remain a necessity,
since in vitro models cannot adequately repro-
duce the complexity of the endocrinologic
environment of the pituitary/adrenal/ovarian
axis, tumor–host interactions, or the multistep
nature of the metastatic cascade. However, even
a well-justified requirement for the use of living
animals imposes several ethical and scientific
considerations. The use of animal models is
heavily regulated, at both the institutional and
governmental levels. Investigators are constantly
required to refine, reduce, and re-evaluate their
use of animals. Special training is required in the
handling, care, and use of animals. Appropriate
consideration must be given to the health and
welfare of experimental animals (e.g. by provid-
ing adequate diet, space, health monitoring and
hygiene).1 For example, almost all mammary
animal tumor models are sensitive to (i.e. inhib-
ited by) caloric restriction.2–4

The use of animal models can prove among
the most resource-demanding types of studies.
Thus, a careful consideration of experimental
design is essential. For example, sufficient num-
bers of animals must be used to provide ade-
quate statistical power and to ensure the
validity of the study,5,6 but not such that there is
unnecessary animal usage. Choice of the appro-
priate model, and a realistic assessment of its
limitations, are critical for adequate and appro-
priate experimental design.7

CHEMICALLY INDUCED MODELS

Chemically induced tumors have been success-
fully used to demonstrate the antitumor and

chemopreventive effects of endocrine agents8–10

and vitamins.11 Perhaps the most notable exam-
ple of the use of chemically induced rodent
models is their role in the preclinical develop-
ment of the antiestrogen tamoxifen. The models
remain in widespread use, particularly in the
study of dietary and endocrine manipulations.

Chemically induced mammary tumor mod-
els have been available since the initial descrip-
tion by Huggins et al.12 While the rat is the most
widely used species, chemical carcinogens can
also induce mammary tumors in mice.13,14 Not
all rodent strains are susceptible to the induc-
tion of mammary carcinogenesis by chemicals.
For example, the Copenhagen rat15 is essentially
resistant, probably because of a dominant, auto-
somal allele on rat chromosome 216 that specifi-
cally inhibits the progression but not the
initiation of mammary cells.17 Among the most
susceptible strains are Sprague–Dawley,18

Buf/N,19 Fischer 344,20 Lewis,21 and, to a lesser
extent, Wistar–Furth.20

One of two carcinogens are most often used
in the rat models – either 7,12-dimethyl-
benz[a]anthracene (DMBA), or N-methyl-N-
nitrosourea (MNU). The former is an indirectly
acting carcinogen, requiring metabolic activa-
tion that can occur within the liver or the mam-
mary gland. The activation of DMBA has been
reviewed.22 MNU, which has been in use for
almost 20 years,23 is generally considered a
direct carcinogen because there is no evidence
of it requiring activation prior to inducing
genetic damage. This difference can be impor-
tant in the choice of carcinogen. Studies requir-
ing the coadministration of carcinogen with
another manipulation(s) are generally per-
formed using MNU. This eliminates any poten-
tially artifactual effect due to altered
pharmacology or activation that could arise
with DMBA.22

The dose of carcinogen and age of the rats
are critical. The rats must be virgin, with the
optimal age being 40–46 days. Rats that have
completed a full-term pregnancy/lactation are
less susceptible to carcinogenesis,18 potentially
modeling the effects of early pregnancy on life-
time breast cancer risk in humans.24 This may
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reflect an endocrine-induced differentiation
that reduces the number of target undifferenti-
ated stem cells.25

The comparative biology of the rat models
has been extensively reviewed,18,26–28 and will be
discussed only briefly here. Many of the mam-
mary epithelial tumors that arise are well-dif-
ferentiated adenocarcinomas. While these are
histologically similar to a significant proportion
of the lesions that arise in the human breast,
other tumors can also arise. The endocrine
dependence of these models has clear similari-
ties and potential differences with the human
disease. For example, the tumors are initially
estrogen-dependent and respond to antiestro-
gens and ovariectomy. However, the concur-
rent prolactin dependence29 may not fully
reflect breast cancer in humans.30 A high pro-
portion of tumors induced by MNU exhibit ras
activation. This mutational event is rare in
breast cancer, although activation of signaling
pathways downstream of ras is observed in the
human disease.31 Activation of ras may not be
the primary effect of MNU, since MNU-
induced tumors arise in cells that already
possess an activated ras.32,33 Thus, MNU may
promote the survival and proliferation of these
pre-existing mammary cells.

RODENT MAMMARY TUMORS WITH A VIRAL
ETIOLOGY

Mouse strains that develop mammary tumors
due to MMTV infections have been extensively
used in breast cancer research. More recently,
models using the polyoma WTA2 virus and the
human adenovirus type 9 have been
described.34,35 There are similarities and differ-
ences among these virally driven models in
terms of their biologies and endocrinologies.
These have been described in detail elsewhere,
and will be only briefly discussed here.

Neonatal female mice are infected with
MMTV through their mother’s milk. Infected
female mice of susceptible strains develop pre-
neoplastic hyperplastic alveolar nodules that
arise from 4 weeks or more of age, with mam-

mary tumors often appearing around 24–28
weeks of age.4,36 Tumor incidence approaches
50% in virgin mice by about 35 weeks of age.4

The tumors are estrogen- and prolactin-depen-
dent and respond to antiestrogens36,37 and
retinoids.37 Unlike the rat tumors, the histology
of MMTV-driven mouse tumors does not
strongly resemble that seen in many human
breast tumors. Atypical lobular type A lesions
appear similar to the hypoplastic alveolar nod-
ules that arise in susceptible, MMTV-infected,
mouse strains.38 MMTV induces mammary
tumors through insertional mutagenesis.39

Proviral insertion is known to alter the expres-
sion of several fibroblast growth factors, includ-
ing FGF-3, -4, and -8.39,40 MMTV-induced
oncogene activation has been reviewed in
detail.39,40

Mouse polyoma virus infections can produce
mammary hyperplasia, dysplasia, and mam-
mary tumors by 6 weeks of age.41 The initial
epithelial hyperplasia is followed by dysplasia
six weeks post inoculum, ductal adenocarcino-
mas arising with high incidence by 6–9 weeks
post inoculum. These tumors are histologically
comparable to mammary ductal adenocarcino-
mas in humans, but are ovarian-independent.34,41

Subcutaneous inoculation with human aden-
ovirus type 9 produces benign mammary
fibroadenomas, phyllodes-like tumors, and
solid sarcomas by 3–5 months of age.35,42

Tumors appear myoepithelial in origin, unlike
other rodent and mouse mammary tumors,
which are almost exclusively tumors of epithe-
lial cells.35 Tumorigenesis is inhibited by
ovariectomy, indicating a likely estrogen
dependence. These tumors may provide a
useful model of mammary fibroadenomas,
which are relatively common lesions in the
human breast.35

HUMAN BREAST TUMOR XENOGRAFTS

The grafting of tissues into another host may be
across species (xenograft) or to another animal
of the same species (allograft). Immuno-
compromised rodents will maintain both
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allografts and xenografts. While tumor cells are
more frequently transplanted, some normal tis-
sue xenografts can also be successfully initiated.
Generally, the biology of xenografts is compar-
able to that seen in vitro or in the original host,
and this also appears to be true for breast
cancer xenografts. Most xenografted cell lines
exhibit comparable genetic stability in vivo as
they do in vitro in the absence of any specific
selective pressure. The stability of human
tumor xenografts has been reviewed by
Fodstad.43 The removal of endocrine stimuli,44

immunologic effectors or the imposition of
other selective pressures (e.g. drug treatments).
can produce phenotypic changes, and probably
epigenetic changes, in some xenografts. This
has proved an effective way to generate variant
cell lines with desired phenotypes.

The ability to maintain human tumors in
another immunodeficient species became
widely available after the initial report of the
ability of athymic nude mice to sustain human
tumor xenografts.45 Nude mice, which remain
the most widely used recipients of human
tumor xenografts, were identified in Glasgow,
Scotland in 1962.46 Lacking a thymus, B-cell
maturation is defective but normal virgin B
cells are present in nude mice. T-lymphocyte
levels are very low or undetectable in most
strains, as are responses to T-cell-dependent
antigens. However, natural killer (NK)-cell
activity is higher than that seen in wild-type
mice This may contribute to the poor incidence
of metastasis and the low take rate for breast
tumors reported by some investigators.47

Including the beige mutation (bg) with the nude
mutation (nu) reduces NK-cell activity. Further
adding the X-linked immunodeficiency muta-
tion (xid) produces a triple-mutation-bearing
strain (NIH-III) that is more immunocompro-
mised than the single-mutant strains.47

However, bg/nu and NIH-III mice have a clot-
ting disorder, due to the beige mutation, which
can be problematic when surgery is required
(e.g. ovariectomy or mammary fat pad implan-
tation).47

Perhaps the next most frequent xenograft
recipient after the nude mouse is the scid

mouse. These mice are homozygous for a
severe combined immunodeficiency (scid)
mutation that produces a defective V(D)J
recombination. Scid mice cannot effectively join
the cleaved variable region segments catalyzed
by immunoglobulin V(D)J recombinase, and are
essentially devoid of functional B and T
cells.48,49 Approximately 25% of primary breast
tumors, when xenografted into scid mice,
exhibit a sufficient growth rate to allow for
repeated passage.50

Null mutations in the rag-1 and rag-2 genes
produce a phenotype similar to that seen in scid
mice, reflecting their loss of V(D)J recombina-
tion activity. Unlike several scid models, these
mice do not become leaky with age. Mice bear-
ing the non-obese diabetes mutation (NOD)
also exhibit an unusual T-cell ontogeny.
NOD/LtSz–rag-1null mice have recently been
described.51 These mice have an increased life-
span, reflecting the later onset of lymphomas,
have no mature B or T cells, exhibit low levels
of NK-cell activity, and can be infected with
HIV. As other immunodeficient models are
generated, their use as recipients for human
breast cancer xenografts will likely be evaluated
in detail. However, the most widely used
xenografts are readily maintained in existing
nude and scid mouse models.

Human breast cancer cell lines inoculated
into nude mice represent the majority of human
breast tumor xenograft models. However, there
are relatively few xenografts that have been in
regular and widespread use other than MCF-7
(endocrine-responsive), and MDA-MB-231
(endocrine-unresponsive) cells. In part, this
reflects the low success rate for establishing
human breast tumors either directly as
xenografts or as stable established cell lines in
vitro. Despite the ability to apply selective pres-
sures resulting in variants with altered
endocrine responsiveness,44,52,53 most endocrine-
responsive xenografts are phenotypically
stable, at least with respect to biologically
important characteristics (e.g. tumorigenicity,
steroid hormone receptor expression, and
hormone responsiveness) in the absence of
selective pressures. Some minor phenotypic
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diversity is observed between laboratories, and
is not surprising since some of these cell lines
have been in continuous culture for more than
15 years.

ENDOCRINE-RESPONSIVE XENOGRAFTS

Relatively few human breast cancer xenografts
exhibit an endocrine-responsive phenotype, and
all are estrogen receptor (ER)-positive. We have
previously defined two categories of endocrine-
responsive cells: (a) estrogen-dependent and (b)
estrogen-independent and estrogen-responsive.54

Estrogen-dependent xenografts have an
absolute requirement for the production of pro-
liferating tumors in the mammary fat pads 
of ovariectomized immunodeficient mice.
Estrogen-independent and estrogen-responsive
tumors do not require estrogens, but exhibit a
higher take rate and/or growth rate in the pres-
ence of estrogen supplementation. Generally,
estrogen-responsive xenografts produce rela-
tively well-differentiated adenocarcinomas,55 are
inhibited by antiestrogens,56–60 and are poorly
invasive and non-metastatic.55 This early pheno-
type is exhibited despite the origin of these cell
lines from malignant effusions in post-
menopausal women.

Three endocrine-responsive human breast
cancer cell lines account for most of the pub-
lished studies. These are MCF-7, T47D, and 
ZR-75-1, and all are usually considered estro-
gen-dependent. Other models exist, but have
been less well characterized.

Of the three main models, MCF-7 is by far
the most widely used and best characterized.61

MCF-7 cells were established by Soule et al,62

and express receptors for several hormones and
growth factors. The characteristics of MCF-7
cells have been reviewed in detail.61,63 We and
others have identified variants with altered
estrogen dependence.44,53,64 For example MCF7-
MIII,44 BSK-3,44,53 and MCF7/LCC164 exhibit the
estrogen-independent and estrogen-responsive
phenotype. These variants form proliferating
tumors in ovariectomized immunodeficient
mice but grow more rapidly in the presence of

estrogen supplementation.44,64 Analysis of the
growth and endocrine responsiveness of the
various endocrine-responsive xenografts has
provided useful information on the biology of
malignant progression54,65–67 and cross-resis-
tance among antiestrogen therapies.52,54

T47D cells were established by Keydar et al,68

and express ER, progesterone receptor (PgR)
and androgen, glucocorticoid, and insulin
receptors. Notable for their high levels of PgR
and remarkable genetic and phenotypic insta-
bility,69–72 it is not surprising that several T47D
variants have been obtained. These represent
the major in vitro human breast cancer models
for the study of the antiproliferative effects of
progestins and antiprogestins. While some vari-
ants are unstable and readily revert to the wild-
type phenotype, the ER-negative, PgR-positive
T47DCO variant has been stable for many
years.63

ZR-75-1 cells were first described by Engel et
al in 1978.73 While the patient had been receiv-
ing tamoxifen, she did not respond.73

Nonetheless, ZR-75-1 cells express both ER and
PgR, are growth-stimulated by estrogens, and
are growth-inhibited by antiestrogens in vitro.63

One xenograft model expresses an estrogen-
inhibited phenotype: T61 tumors form prolifer-
ating xenografts in nude mice. However,
estrogen supplementation inhibits tumorigene-
sis.74 This may provide a model of high-dose
estrogen therapy, which can produce responses
in up to one-third of breast cancer patients.
While this therapy has been largely replaced by
the use of antiestrogens, T61 may provide criti-
cal insights into how estrogens affect prolifera-
tion in vivo.

Many studies of endocrine agents, or using
endocrine-responsive xenografts, are per-
formed in ovariectomized mice. These mice
have low circulating estrogen concentrations
that approximate the levels found in post-
menopausal women.75–77 Since the major
endocrine-responsive human breast cancer cells
lines were derived from tumors in post-
menopausal women,63 the endocrine environ-
ment of the ovariectomized mouse is
appropriate. However, the need to remove the
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ovaries effectively eliminates the NIH-III
(bg/nu/xid) model as a host because of the clot-
ting problems that would arise in surgery.
Estrogen-dependent models require estrogenic
supplementation. We routinely use 60-day-
release 0.72 mg 17�-estradiol pellets
(Innovative Research of America, Sarasota, FL)
placed subcutaneously in the interclavicular
region.

ANTIESTROGEN-RESISTANT XENOGRAFTS

The study of acquired resistance has been
greatly facilitated by the generation of several
series of resistant variants. Most have been
obtained by in vitro selection of the MCF-7
human breast cancer cell line. Almost all of
these variants retain ER expression and show
various patterns of resistance and cross-resis-
tance. The R27 and LY2 variants were among
the first stable antiestrogen-resistant variants
reported. LY2 cells were generated following
selection against the benzothiophene antiestro-
gen LY 117,018.78 These cells exhibit some estro-
gen responsiveness, are cross-resistant to
4-hydroxytamoxifen78,79 and ICI 164,38479 and
are nontumorigenic.79 R27 cells were obtained
following selection against tamoxifen in an
anchorage-independent cloning assay.80

The MCF-7RR subline was obtained by select-
ing MCF-7 cells for their ability to grow in
medium supplemented with 2% calf serum and
1 �M tamoxifen.81 While their cross-resistance pat-
tern among other antiestrogens is not reported,
MCF-7RR cells exhibit retinoic acid cross-resis-
tance.82 Another MCF-7 variant, selected against
4-hydroxytamoxifen (MCF/TOT), has also been
shown to exhibit cross-resistance to retinoic
acid.83

Estrogen-independent and estrogen-respon-
sive MCF-7/LCC1 cells were stepwise-selected
against increasing concentrations of either 4-
hydroxytamoxifen or fulvestrant (ICI 182,780,
Faslodex). Cells that acquired resistance to 4-
hydroxytamoxifen were designated MCF7/
LCC2,84 those resistant to fulvestrant being
designated MCF7/LCC9.84 MCF7/LCC2 cells

retain estrogen-independent growth in vitro
and in vivo,52,85 and are not cross-resistant to the
steroidal antiestrogens fulvestrant52 and ICI
164,384.85 These observations suggested that
breast tumors that responded and then failed
tamoxifen might respond to a second-line
steroidal antiestrogen.86 In a phase I trial of ful-
vestrant performed in tamoxifen responders
who subsequently recurred, the overall
response rate approached 70%. This is substan-
tially higher than would be predicted if the
patients had been treated with another tri-
phenylethylene.87 Using similar approaches,
others have reported a MCF-7 variant (MCF-
7/TAMR-1) expressing a phenotype similar to
that of MCF7/LCC2.88

MCF7/LCC9 cells (selected against fulves-
trant) also retain ER and PgR expression, and
exhibit an estrogen-independent and estrogen-
responsive phenotype.84 However, these cells
also exhibit cross-resistance to tamoxifen,
despite never having been exposed to the drug.
Tamoxifen cross-resistance emerges at early
passages during the selection, arising before
stable fulvestrant resistance is apparent.86

Others have selected MCF-7 cells against ful-
vestrant but have not seen tamoxifen cross-
resistance.89 The clinical relevance of these
diverse phenotypes remain to be established.

A stepwise selection of the ZR-75-1 cells pro-
duced a resistant variant (ZR-75-9a1) that is not
growth-inhibited or -stimulated by tamoxifen.90

ZR-75-9a1 cells have lost expression of both ER
and PgR. However, the phenotype is unstable
unless maintained in the presence of the selec-
tive pressure.90

Overexpression of FGF-1, by transfection into
MCF-7 cells, produces cells that generate highly
vascularized, estrogen-independent, metastatic
tumors.91 Estrogen-independent growth is not
affected by 4-hydroxytamoxifen, indicating the
ability of FGF-1 overexpression to confer tamox-
ifen resistance. When FGF-4 is overexpressed, the
cells become tamoxifen-stimulated in vivo.91,92

Cells overexpressing either FGF-1 or FGF-4
remain responsive to the growth-inhibitory
effects of fulvestrant in vitro but exhibit some
reduction in responsiveness compared with
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controls.93 The ability of overexpression of FGFs
to produce these phenotypes may reflect the
induction of both mitogenic and growth-
inhibitory effects in breast cancer cells.94,95

FGF-4/kFGF-overexpressing tumors are
inhibited by physiological doses of estrogen,96,97

an inverse response relative to the parental
MCF-7 cells.59,60 Tumors inhibited by physiolog-
ical estrogen concentrations may not arise fre-
quently, since most breast tumors appear to
contain physiological concentrations of estro-
gens, irrespective of menopausal status.98 While
pharmacological doses of estrogens produce
remissions in hormone-responsive breast
tumors,99,100 estrogenic hormone replacement
therapy is associated with a modest increase in
the risk of breast cancer.24

TAMOXIFEN-STIMULATED XENOGRAFTS

While selection for antiestrogen resistance in
vitro has proved useful, several investigators
have also selected MCF-7 xenografts against
tamoxifen and fulvestrant. In marked contrast
to most of the in vitro models, these xenografts
almost exclusively acquire a tamoxifen-stimu-
lated phenotype.56,60 Initially, the xenografts
cease proliferating or regress. However, pro-
longed therapy produces tamoxifen-stimulated
tumors that regress upon removal of
tamoxifen.56,60 The tamoxifen-stimulated tumors
are not cross-resistant to the steroidal antiestro-
gens,101 similar to the MCF7/LCC2 phenotype.84

Resistance to fulvestrant arises, but takes longer
than does the development of tamoxifen resis-
tance,101 perhaps reflecting the greater potency
of fulvestrant relative to tamoxifen.52

Tamoxifen-stimulated tumors also may arise in
women, but with a relatively low frequency as
assessed by tamoxifen-withdrawal responses.
Objective responses to tamoxifen withdrawals
rarely exceed 10%, with overall response rates
of less than 20%.102

MCF-WES cells also exhibit a tamoxifen-
stimulated phenotype. In contrast to the models
requiring tamoxifen, these cells arose from an
MCF-7 tumor growing in an ovariectomized

nude mouse in the absence of tamoxifen selec-
tion.103 Estrogen-independent and estrogen-
responsive, MCF-WES cells are cross-resistant
to fulvestrant.103 A tamoxifen-stimulated MCF-7
cell population (MCF/TOT) has also been
obtained by long-term exposure to 4-hydroxy-
tamoxifen in vitro. However, the cells do not
exhibit cross-resistance to ICI 164,384.83

ENDOCRINE-UNRESPONSIVE XENOGRAFTS

Most human breast tumor xenografts are ER-
and PgR-negative. Consequently, these exhibit
a typical de novo estrogen-unresponsive phe-
notype. Reflecting the biology of the human
disease, several are more locally aggressive,
and exhibit a significantly increased metastatic
potential. Most give rise to poorly differentiated
tumors, in contrast to most endocrine-respon-
sive xenografts. MDA-MB-231 and MDA-MB-
435 xenografts can produce distant metastases
in an apparently reproducible manner, and
with a sufficient incidence to be of use in the
study of spontaneous metastasis.104 The MDA-
MB-435 model is sensitive to dietary manipula-
tions.105,106 We have isolated an ascites variant of
these cells (MDA435/LCC6), which is sensitive
to a variety of cytotoxic drugs with proven effi-
cacy in the human disease.107 Other estrogen-
unresponsive xenografts have been described in
detail elsewhere.63,108

GENE TRANSFER: XENOGRAFT AND
TRANSGENIC MODELS

As progress is made in elucidating the molecu-
lar biochemical pathways involved in the hor-
monal sensitivity and resistance of breast
cancer, it is essential to directly test mechanistic
hypotheses in animal models. Four approaches
have been taken to date. First, human breast
cancer cell lines have been transfected with a
specific gene(s) and then tested in the nude
mouse for effects of the gene(s). Second, trans-
genic mice have been prepared with a particu-
lar gene expressed under a mammary-selective
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or -unselective promoter. Third, gene-knockout
mice have been utilized. Finally, retroviral gene
transfer has been used for in vivo applications;
mammary epithelial cells are infected either in
situ or in vitro, followed by their reimplantation
and developmental regrowth in the mammary
fat pad.109,110 To date, transgenic and knockout
mice have provided the most interesting models
for the study of onset of hormone-dependent
mammary tumors. Conversely, gene-transfected
xenograft models of human breast cancer have
been most informative for the process of pro-
gression of hormone-dependent tumors to hor-
mone independence, tamoxifen resistance,
and/or metastasis. Recent studies have also
begin to combine these two different types of
methodology. For example, gene-knockout nude
mice may now be made that are deficient in a
gene required for tumor progression, and differ-
ent transgenic/knockout stains may be mated to
study gene–gene interactions.

HORMONAL RESPONSE AND RESISTANCE

The role of estrogens in the onset of mammary
tumorigenesis, as well as mechanisms of resis-
tance to hormonal therapy, have begun to be
studied in animal models by gene-knockout
and gene-transfer methodologies. Landmark
studies from the laboratories of Korach and
O’Malley created knockout mice deficient for
the estrogen and progesterone receptor genes,
respectively. While early ductal morphogenesis
of the mammary gland was abrogated by
knockout of ER�, lobulo-alveolar development
of the gland was blocked by PgR knockout.111

Results of ER� knockout have clearly failed to
demonstrate a role for this receptor in mouse
mammary development.112 However, this
receptor is expressed at low/undetectable
levels in the mouse mammary gland.113 Studies
where ER� is knocked out in mice may be of
limited use in predicting its function in other
species, for example ER� is readily detected in
the rat mammary gland and human breast.114,115

The availability of these models has allowed
the beginning of studies to evaluate the inter-

action of hormone signaling pathways with
other carcinogenic insults in tumor onset. For
example, the absence of ER� delays, but does
not abrogate, mammary tumorigenesis induced
by the wnt-1 transgene.116 Even more striking, in
the absence of PgR, mammary tumorigenesis
induced by the carcinogen DMBA (in associa-
tion with a pituitary isograft) reduced tumor
incidence by 75%.111

Some of the more interesting results with a
transgenic model of hormonal carcinogenesis of
the mammary gland have relied upon the aro-
matase gene.117–121 This could be considered
broadly comparable to the double ER�/ER�
knockout, with loss of all but any ligand-inde-
pendent activation of ERs. Recent studies in
MMTV-induced mouse mammary tumorigene-
sis have implicated aromatase as the gene acti-
vated at the int5 locus. Based on these findings,
a transgenic mouse was generated whereby
expression of aromatase was directed to the
mammary glands under the enhancer/pro-
moter influence of MMTV LTR sequences. In
virgin females, this transgene led to hyper-
plasias, dysplasias, and mammary tumors.
Administration of the aromatase inhibitor letro-
zole to these animals completely prevented
these pathologies, supporting the use of an aro-
matase inhibitor as a breast cancer prevention
strategy.119

Gene transfection and xenograft models have
also addressed hormonal aspects of tumor
onset and progression. First, transfection stud-
ies with ER� in ER-negative human breast
cancer cells have yielded paradoxical responses;
ER� inhibits proliferation and tumorigenesis.
These data indicate that proliferative processes
in ER-negative breast cancers may be quite dif-
ferent from those in ER-positive human breast
cancer cells.122 Other experiments have trans-
fected the aromatase gene into ER-positive
human breast cancer cells (MCF-7).121 These
cells produced sufficient estrogen to allow their
growth in ovariectomized nude mice; again,
aromatase inhibitors (letrozole and anastrozole)
blocked the growth. Inhibition by aromatase
inhibitors was more effective than that by
tamoxifen in this model.
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In other experiments with MCF-7 breast
cancer cells, the mitogenic and angiogenic
fibroblast growth factors were explored for
their ability to allow breast tumors to overcome
their regulation by the ER system.96,97,123–125

These cells, when injected into nude mice,
formed well-vascularized, metastatic tumors
that were tamoxifen-stimulated. Tumor growth
and metastasis, however, were insensitive to
aromatase inhibitors and to the steroidal antie-
strogen fulvestrant.

ANGIOGENESIS AND METASTASIS

The ultimate event that leads to mortality from
breast cancer is metastasis. The relationships
among this process and hormonal
sensitivity/resistance in breast cancer are cur-
rently unclear. Both ER/PgR-positive and 
-negative tumors progress to metastasis,
although the later are well known to be associ-
ated with poorer patient outcome. Three sepa-
rate but apparently interactive cellular
processes seem to occur to allow metastasis of
the disease: tumor angiogenesis, loss of proper
tissue compartmentalization (invasion), and
survival in hostile environments. It is not yet
fully established whether genetic or phenotypic
changes underlie these alterations. However,
several molecular determinants have been pro-
posed to relate to each process. Loss of cell–cell
attachment, altered cell substratum attachment,
and altered cytoskeletal organization play a
role in regulating cellular invasion. In addition,
cell locomotion, proteolysis, and the ability to
survive and proliferate at distant sites must also
contribute. While acquisition of this group of
characteristics is responsible for allowing a
cancer to locally invade host tissue, the ability
of a tumor to distribute itself to distant sites
also requires the development of a tumor vas-
culature – the complex process of angiogenesis.
Some studies have shown that metastatic alter-
ations may have at least some genetic basis, and
that distant metastases are more likely to
exhibit dominance of a malignant clone than
primary tumors.125,126

There has been a great deal of interest gener-
ated in recent years in the process of tumor
angiogenesis. Since existing blood vessels must
proliferate and then invade the tumor area as
the tumor is proliferating and invading out, it is
possible that antimetastatic drugs can be
designed that attack both processes simultan-
eously. Seminal studies by Folkman’s group
have established that quantification of blood
vessels in the area of in situ breast tumors has
prognostic significance and is related to the
metastatic capacity of the tumor.126 The actual
angiogenic regulatory molecules produced by
breast tumors are not fully known. Growth fac-
tors of the FGF, vascular endothelial growth
factor (VEGF), transforming growth factor �
(TGF�), pleiotropin, and hepatocyte growth
factor (HGF) families are considered to be
strong candidates for positive regulatory mol-
ecules, while angiostatin, endostatin, and
thrombospondin are candidate negative regula-
tory molecules.127,128

Among the secreted growth factors, VEGF
appears to be most clearly under estrogen regu-
lation.129 VEGF also appears to be a survival fac-
tor for the vascular endothelium;130 a drug
directed against one of its receptors (SU5416) is
already in phase III clinical trials. Recent data
demonstrate that the integrin �v�3, which allows
survival and proper extracellular adhesion of
vascular endothelium, is required for angiogen-
esis; this integrin represents an attractive target
for novel therapies.131 Although a few studies
have addressed the roles of these growth factors
in animal models, considerable more work
needs to be performed to clarify their roles in
hormone sensitivity and resistance.

The principal cell–cell adhesion molecule
thought to be involved in mammary epithelial
differentiation, E-cadherin (also called uvo-
morulin or L-CAM), is now considered to be a
tumor suppressor gene.131–133 Cell–cell adhesion
is thought to restrict motility and to promote
differentiation. Loss of expression of E-cadherin
is associated with a more motile, fibroblastic
morphology in breast cancer, with increased
production of matrix metalloproteinases, with
increased local invasiveness, with ER and PgR
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negativity, and with poor prognosis of ductal
carcinoma.133 Thus, it is becoming increasingly
clear that in breast cancer a subset of E-cad-
herin-negative or E-cadherin function-compro-
mised cells can arise, some of which express the
mesenchymal intermediate filament vimentin
(along with epithelial keratins), and which
express an even more strongly motile, invasive
phenotype.134

Four types of mechanism seem to be respon-
sible, in addition to its genetic inactivation, for
functional compromise of E-cadherin in tumor
progression: loss of expression, direct proteoly-
sis, inactivational phosphorylation of E-cad-
herin, and inactivational phosphorylation of
submembrane, E-cadherin-associated proteins
plakoglobin and �-catenin. These phosphoryla-
tion events are triggered by the epidermal
growth factor receptor (EGFR), the HGF recep-
tor (HGFR), and ErbB2.125 Such a dedifferenti-
ated phenotype is associated with poor
histologic grade in clinical breast cancer.134,135

This type of malignant progression event has
also been observed in studies of epidermal car-
cinogenesis in bladder cancer and in melanoma;
it has also been termed an epithelial–mesenchy-
mal transition (EMT) in these systems. The
EMT is not restricted to cancer – it also occurs
as a common process in embryogenesis.136

More animal models need to be developed to
more fully understand the EMT and its role in
breast tumor progression and hormone resis-
tance.

The metastatic process is initially character-
ized by local invasion, whereby the cancer
migrates across the basement membrane and
into the stromal area. This transition is likely to
depend upon local proteolysis and tumor cell
motility. Although several classes of proteolytic
enzymes are thought to be critical, two collagen
IV-selective degrading enzymes termed matrix
metalloproteinases 2 and 9 (MMP-2 and -9;
72 kDa and 92 kDa gelatinases, respectively) are
the subjects of much current study.137,138

However, recent studies have demonstrated
that MMP-3/stromelysin-1 can serve as a mam-
mary tumor promoter in transgenic mice; its
effects were reversed by co-expression of TIMP

(tissue inhibitor of metallproteinase)-1, a nat-
ural antagonist of MMP-3.139 Other investiga-
tions have focused on production of plasmin
(produced in the tumor area due to action on
plasminogen of secreted plasminogen activa-
tor/urokinase, uPA), on cathepsin D, on
cathepsin B, on cathepsin L, and on a newly
discovered transmembrane epithelial serine
proteinase termed matriptase. Recent animal
model studies have demonstrated that uPA
knockout slows tumor progression and meta-
stasis. The possible roles of each of these pro-
teinases are still under investigation; studies are
particularly needed to define their hormonal
interactions.140–143

uPA and MMPs (including a specialized
MMP subfamily termed MT-MMP (for ‘mem-
brane type’) that activates others in the same
class) are the most widely studied enzymes for
the development of antimetastatic therapies.144

Peritumoral proteolysis may depend upon a
balance between proteolytic enzymes and their
inhibitors. The gelatinases may be indicators of
poor prognosis; they are secreted by stromal
and (to a lesser extent) by epithelial compo-
nents in complexes with their endogenous
inhibitors TIMP-1, TIMP-2, and TIMP-3.137,145 In
breast cancer, most MMPs (with the exception
of MMP-7) are synthesized primarily in the
stroma. MMPs are thought to promote tumor
cell invasion after binding to tumor cell surface
receptors. The TIMPs are suppressive of cellu-
lar invasion, but they are thought to have little
potential as antimetastasis drugs, since their
half-lives are rather short in vivo.146,147 Other
broad-spectrum antimetalloproteinase peptides
and small molecules such as marimastat are
also under drug development.137 uPA and its
inhibitor plasminogen activator inhibitor-1
(PAI-1) (and, to a lesser extent, PAI-2) are cur-
rently of pathologic significance as strong indic-
ators of poor prognosis in breast cancer; they
are primarily secreted by stromal cells adjacent
to invasive breast cancer.146,148 Both MMPs and
uPA have been demonstrated to attach to cell
surface receptors on tumor cells and to
contribute to tumor cell invasion.131,137 From 
this perspective, anti-uPA-receptor-directed
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peptides have antimetastic potential.140 Another
consequence of invasion is a complex basement
membrane remodeling process that results in
deposition of tenascin, an extracellular matrix
molecule. However, induction of tenascin does
not appear to contribute directly to metasta-
sis.147

As noted earlier, another important event
contributing to metastasis is the dedifferentiat-
ing cellular transition termed the EMT. Loss of
expression of ER and PgR appears to be associ-
ated with poor differentiation and possibly
with an EMT process in breast cancer.135

Although the full molecular basis of the EMT
remains unknown, it seems to be associated
with an acquisition of primary defects in
arrangement of desmosomal and cytoskeletal
proteins, leading to increased motility.149

Because expression of the enzyme PKC is
reported to increase during malignant progres-
sion and resistance to chemotherapy, and since
a primary substrate of PKC is an actin-filament-
crosslinking protein thought to be involved in
motility,150,151 it is likely that PKC plays a role in
the regulation of EMT. Gene-transfer experi-
ments with PKC� have partially verified this
hypothesis.152 This enzyme also induces mul-
tiple matrix-degrading proteases via AP-1 tran-
scription factor interactions, it regulates
cell-substrate adhesion via NF-�B transcription
factor interactions, and it regulates breast
cancer cell adhesion and invasiveness.151

Further animal model studies will clarify the
relevance of these findings.

Cell–substratum attachment also seems criti-
cal both in differentiation149 and in metasta-
sis.153,154 Expression of high levels of a
sex-steroid-regulated, non-integrin, 67 kDa
adhesion protein for laminin has been correlated
with progression of breast and colon cancer.155

Other studies have focused on the heterodimeric
integrin class of attachment molecules as neces-
sary for metastasis. Specifically, loss of expres-
sion or altered binding specificity of the integrins
�2�1, �3�1, �5�1, and �6�1 seem to be important.131

Overexpression of cadherin II,156 a variant form
of a non-integrin binding protein for hyaluronic
acid (CD44) is of significant interest in this

respect as well.157 The process of cellular adhe-
sion, in areas termed focal adhesions, signals the
cell through a tyrosine kinase termed FAK (focal
adhesion kinase) and through interactions with
the actin cytoskeleton. The FAK kinase is upreg-
ulated in invasive breast cancer, and interacts
with the Src kinase-mediated signal transduction
pathways. Recent studies have suggested that
FAK may be most important in the regulation of
hormone-dependent breast cancer cells.158,159

Further studies are required to clarify its interac-
tions with hormone response.

Major questions still exist concerning mecha-
nisms of organ site specificity for metastasis.
The theory that the tumor ‘seed’ requires a
properly nourishing ‘soil’ has been presented
by Fidler, but the molecular basis of this phe-
nomena is not yet clear, beyond the role of uPA,
noted above. Another interesting and radiologi-
cally important phenomena is the calcification
that breast tumors can induce in primary and
metastatic sites. A hormone-like factor termed
parathyroid hormone-related factor (PTHRP)
has been characterized as the likely etiologic
factor for calcification, but the relationship of
PTHRP to hormonal stimulation is not yet clear.
It should also be stated that our understanding
of mechanisms involved in metastasis is still in
its infancy, and many additional new candidate
regulatory molecules such as the candidate
tumor suppressors nm23, KAI-1 and KISS-1 are
currently being explored.154

CONCLUSIONS AND FUTURE PROSPECTS

Animal models have played an important role
in breast cancer research. This has included
identifying many aspects of breast biology, and
in the development of new therapies for the
disease. Nonetheless, additional models are
required. There are relatively few estrogen-
dependent models of human origin, and few
models that exhibit a strongly metastatic phe-
notype. Clearly, more models are needed.

In the future, transgenic and knockout models
will continue to play an increasingly important
role in breast cancer research. However, as with
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all experimental models, their advantages and
disadvantages must be carefully considered. In
the absence of a single model to accurately
reflect all aspects of breast biology, investiga-
tors may have to select several. In this regard,
there is a careful balance between adequately
addressing a hypothesis and an appropriate use
of animals for experimentation.6
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Biological changes in primary breast cancer
during antiestrogen therapies
Peter C Willsher, Frances Kenny, Julia MW Gee, Robert I Nicholson, John FR Robertson
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INTRODUCTION

The effects of endocrine agents on breast cancer
in a variety of animal models have been
addressed in Chapter 11. The scientific literature
contains extensive discussions regarding which
biological factors in human primary breast
cancer predict subsequent response to endocrine
therapy, especially the antiestrogen tamoxifen.
The Nottingham–Tenovus group have, for
example, reported on a number of biological
factors, including estrogen receptor (ER),1,2

progesterone receptor (PgR),2 Ki67,3–5 epidermal
growth factor receptor (EGFR),4–6 p53,4 Ras,4,7

and cyclin D1.8 In this chapter, we address not
which biological factors predict therapeutic
response but rather the biological changes that
occur in human breast cancer during tamoxifen
therapy, with a view to understanding (i) de
novo progression, (ii) tamoxifen response, and
(iii) acquired tamoxifen resistance.

The studies that address these biological
effects have been relatively few, and have often
reported only small numbers. Some of the rea-
sons for this paucity of data are as follows:

• Primary medical therapy has been used
more widely in some countries than others.

• Such studies are time-consuming – from
explaining the reason for the study to
patients and obtaining informed consent to
the additional time needed to carry out
repeat biopsies in busy outpatient clinics.

• Patients may withdraw informed consent at
some point during the planned sequential
tumour biopsy programme, making earlier
biopsies of limited value.

• Sequential tumour biopsies may not be pos-
sible (e.g. for patients who attain a complete
response or patients who died of comorbid
diseases).

• The studies may take many years to collect
sufficient biopsies. This is especially the
case in acquired tamoxifen resistance,
where the tumour initially responds to
tamoxifen perhaps for many years before
finally developing ‘acquired’ resistance.

This chapter will review the available liter-
ature in this area, but will focus on a prospec-
tive study (carried out jointly by the University
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of Nottingham and the Tenovus Institute,
Cardiff), which represents one of the largest
research programmes in this field.

In the Nottingham–Tenovus study, patients
receiving initial tamoxifen therapy for primary
breast cancer had sequential biopsies of the pri-
mary tumour. These biopsies were then exam-
ined for any changes in biological parameters
occurring during treatment. The first 75
patients reported included elderly women (�70
years) with operable breast cancer or patients
with locally advanced breast cancer. All
received tamoxifen 20 mg/day, either within
clinical trials9,10 or by patient choice. No other
anticancer therapy was administered during
endocrine therapy. Clinical assessment of
response was assessed after 6 months (UICC
criteria11). All patients had the diagnosis con-
firmed by core cut biopsy and remained on
tamoxifen until there was objective evidence of
disease progression. When patients were
reviewed after 6 weeks and at 6 months, a fur-
ther biopsy of the primary tumour was
requested. This study design uniquely allowed
the ‘natural history’ of multiple biological
features to be followed during response to
hormone treatment, through to endocrine
resistance. Further biopsy of the primary
tumour was requested at the point of disease
progression.

BIOLOGICAL CHANGES IN BREAST
CANCERS TREATED WITH TAMOXIFEN

Changes in estrogen receptor and related
proteins

Estrogen receptors
The most commonly assessed biological factor
for any effect of hormone therapy has been ER.
A number of retrospective studies claimed a
greater tendency for ER-positive tumours to
become ER-negative between sequential biop-
sies compared with when no treatment is
received.12–17 It was therefore proposed that
tamoxifen resistance developed because the
tumour became ER-negative. However, the

variety of patients and treatments included in
these studies presented difficulties in drawing
conclusions regarding the effect of specific ther-
apies on ER.

Prospective studies are of more value in
investigating this issue, especially if they are
performed with the systematic aim of identify-
ing the biological changes induced by hormone
therapy. The reported studies that fulfil these
criteria are summarized in Table 12.1. Several of
these suggest that the ER status changes from
positive to negative during tamoxifen treat-
ment. This observation was reproduced when
patients were given placebo or tamoxifen for 3,
7, and 14 days prior to mastectomy. Noguchi
and colleagues26 reported that with longer
duration of therapy, ER levels became signifi-
cantly lower than in the control group.
Proposed explanations for the loss of ER levels
include the selective death of ER-positive cells
by hormone therapy with overgrowth of unaf-
fected ER-negative cells, or downregulation of
ER expression in all cells.14,27 However, in all of
these studies radioligand binding assays
(RLBA) or dextran-coated charcoal (DCC)
assays were used. Encarnacion and colleagues22

subsequently showed that the presence of
tamoxifen in tumour tissue results in a falsely
low ER levels by such competitive binding
assays. These authors took tumours from
patients receiving tamoxifen and measured ER
both by RLBA and ER immunocytochemical
assays (ERICA), and found that the former
resulted in a substantial false-negative rate. The
ERICA method circumvents this problem of
assay interference, making this method more
accurate in examining the effects of tamoxifen
on ER expression in breast cancer. Three studies
that used ERICA are also shown in Table 12.1;
all these studies show no significant change in
ER with tamoxifen therapy. The weakness of
these studies was the relatively short interval of
tamoxifen therapy after which biopsies were
taken. The tumours would still be responding
to tamoxifen, and in these circumstances it was
to be expected that they would continue to
express ER.

In the Nottingham–Tenovus study, biopsies
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were obtained up to 6 months on tamoxifen, and
showed a significant decrease in the percentage
of cells expressing ER at the 6-week and 6-month
biopsies when compared with pretreatment ER
expression using matched-pair analyses (Figure
12.1 and Table 12.2). Nevertheless, after 6
months of treatment, the majority of tumours
that were initially found to be ER-positive
retained ER expression. The initially ER-negative
tumours remained negative throughout treat-
ment. For the thirty-three patients who had biop-
sies at the time of disease progression, ER
expression was not significantly different com-
pared with pretreatment (Figure 12.1). Of inter-
est, ER expression in this group was quite high,
with a median of 40% of cells staining.

These data confirm that after 6 weeks of
treatment with tamoxifen, there is a significant
decrease in ER expression in primary breast
cancer. The size of the decrease in ER seen in
this study was greater than the results of short-
term, presurgical studies where tamoxifen was
given in the period between diagnosis and pri-
mary surgery and ER was measured by ERICA
and not the DCC assay or RLBA.23–25

Furthermore this study of sequential tumour
biopsies has shown that ER remains suppressed
for up to 6 months on tamoxifen therapy. This
observation raises the question as to whether
this change represents either a selective growth
of ER-negative clones or alternatively downreg-
ulation of ER expression within previously ER-
positive cells. If the former were true, one
would not expect to see the further decrease in
ER between the 6-week and 6-month biopsies
being associated with patients moving from
static disease to objective response at these
two time periods. Furthermore, if tamoxifen
induced a selective growth of ER-negative
clones, one might expect that at progression
there would have been a further reduction or
even total loss of ER expression. The fact that
ER expression is maintained or even increased
at the time of progression again suggests that
the changes seen in ER expression are more
likely due to alterations in its regulation.

More recently, a randomized neoadjuvant
study comparing tamoxifen and the third-gen-
eration aromatose inhibitor vorozole has been
reported.28 This showed that ER expression was
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Table 12.1 Prospective studies of change in ER status with tamoxifen therapy

Authors Year No. of Sites of ER assayb Interval ER� ER�

cases tumoura between to ER� to ER�

biopsies

Namer et al18 1980 21 M-M RLBA 1 week 06/13 0/8
Waseda et al19 1981 20 P-P DCC 1–4 weeks 10/11 0/9
Taylor et al20 1982 08 ? DCC �3 months 04/5 0/3
Montoya et al21 1992 17 P-P DCC 1 week 10/15 0/2
Encarnacion et al22 1993 16 ? RLBA �1 month 10/12 0/4
Robertson et al23 1991 23 P-P ERICA �4 months 03/17 0/6
Clarke et al24 1993 59 P-P ERICA 3 weeks No significant change
Murray et al25 1994 10 M-M ERICA 1 month No significant change

aM-M, tissue samples obtained sequentially from metastatic sites; P-P, tissue samples obtained sequentially
from primary tumour.
bRLBA, radioligand binding assay; DCC, dextran-coated charcoal assay; ERICA, ER immunocytochemical assay.
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Figure 12.1 Change in ER expression during tamoxifen treatment for all cases. The median is shown as the
bold horizontal line, the box length represents the interquartile range and the whiskers represent ‘values within
1.5 box lengths from the 75th or 25th percentiles respectively’. Outliers are other values beyond this, shown as
individual points.

Table 12.2 ER, PgR and pS2 percentage of cells for each biopsy for all patients

Biopsy No. of 25th 50th 75th Comparison with
cases percentile percentile percentile pretreatmenta

ER
Pretreatment 75 20 60 80 —
6 weeks 53 02 50 70 p � 0.002, Z � �3.74
6 months 41 04 35 50 p � 0.0001, Z � �4.42
Progression 33 00 40 80 p � 0.12, Z � �1.53

PgR
Pretreatment 69 01 10 50 —
6 weeks 49 00 05 30 p � 0.17, Z � 1.42
6 months 38 00 05 10 p � 0.0007, Z � �3.39
Progression 32 00 00 19 p � 0.43, Z � 0.78

pS2
Pretreatment 65 00 02 30 —
6 weeks 47 01 15 40 p � 0.057, Z � �1.90
6 months 36 00 05 25 p � 0.42, Z � �0.80
Progression 24 00 03.5 33 p � 0.98, Z � �0.03

aWilcoxon matched-pairs signed-ranks test.
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decreased after 2 weeks and 12 weeks on
tamoxifen.

Progesterone receptors
There are a small number of prospective studies
that have investigated alterations in PgR status
with tamoxifen treatment; these are summa-
rized in Table 12.3. These studies are subject to
the same assay and sample variability as the ER
studies, but not the competition with tamoxifen
for the assay.

The data presented in Table 12.3 suggest that
there is an initial increase in PgR expression
after commencement of tamoxifen therapy over
the initial 2 weeks. This is followed by a fall in
PgR level over subsequent weeks. These
changes are only seen in ER-positive tumours.
The rise in PgR expression after 2 weeks of
tamoxifen was also recently reported in a large
prospective randomized trial that compared
2–3 weeks of tamoxifen versus placebo ‘tamox-
ifen’ versus the pure antiestrogen fulvestrant
(ICI 182,780, Faslodex).30 These findings are also
consistent with those of Noguchi and col-
leagues,26 where PgR positivity showed a slight
increase in the 3- and 7-day tamoxifen groups,
but returned to the level of the control group
after 21 days of tamoxifen. Since PgR is known

to be an expression of functional estrogenic
stimulus, this bimodal change in PgR expres-
sion with tamoxifen treatment is consistent
with the in vitro finding of a dose–response
activity of tamoxifen. At low levels, tamoxifen
is an estrogen agonist, and as tissue levels rise
it functions as an antiestrogen.26 In the
Nottingham–Tenovus study, the matched-pair
analyses showed a non-significant reduction in
PgR expression after 6 weeks, but a highly
significant reduction in expression after 6
months of tamoxifen therapy (Figure 12.2
and Table 12.2). At the time of progression,
PgR levels were low, with a median of 0% for
the 32 cases. A matched-pair comparison with
pretreatment biopsies did not show any signifi-
cant difference. Figure 12.2 shows that at the
time of tamoxifen resistance, some tumours
express PgR in a high proportion of cells – up to
90%.

Previously published work has shown that
PgR tends to be upregulated during the initial
phase of tamoxifen therapy (Table 12.3). The
studies described in Table 12.3 examined
changes in PgR during tamoxifen therapy that
lasted for only between 1 and 3 weeks. Noguchi
et al26 showed that upregulation of PgR
occurred in the first week of therapy, but that
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Figure 12.2 Change in PgR expression during hormone therapy for all cases.
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PgR levels had returned to pretreatment levels
by 3 weeks. In the Nottingham–Tenovus study,
biopsies were taken well after this (6 weeks),
and it would be expected that any initial rise
would be reversed by this time. The subsequent
reduction in PgR expression at 6 months is con-
sistent with the reduced levels of ER expressed
after that duration of tamoxifen therapy.

Harper-Wynne and colleagues28 compared
tamoxifen versus vorozole as neoadjuvant
therapy, and showed a non-significant rise in
PgR on tamoxifen after 2 weeks of treatment
compared with a significant reduction on voro-
zole. The change in PgR expression was signifi-
cantly different between the tamoxifen- and the
vorozole-treated tumours. By 12 weeks, PgR
expression in the tamoxifen-treated tumours
had fallen, but this did not reach statistical sig-
nificance.

pS2
pS2 is an estrogen-regulated protein, and so,
like PgR, one might expect a bimodal pattern of
change during tamoxifen therapy. In the first

reported study of this effect, Chesser et al31 took
fine-needle aspiration (FNA) samples from 27
primary tumours prior to and after 2–6 months
of tamoxifen treatment. Of the 27 tumours, 15
showed an increase in pS2 expression. In the
Nottingham–Tenovus study, after 6 weeks of
tamoxifen therapy, pS2 expression was seen to
increase from a median of 2% at pretreatment
to 15%. In the overall analysis, this change was
of borderline significance (p � 0.057) (Table
12.2). However, in the patients who had initial
response/static disease, this increase in expres-
sion was highly significant (p � 0.017). After 6
months of therapy, pS2 expression fell to levels
similar to pretreatment.

With respect to pS2, the Nottingham–
Tenovus study confirms that a significant pro-
portion of tumours show an increase in pS2
expression after 6 weeks of tamoxifen therapy.
This finding contrasts with the absence of
increase at 6 weeks for PgR. Since both PgR and
pS2 are estrogen-induced proteins, the previous
suggestion that PgR induction relates to the ini-
tial partial agonist effect of tamoxifen would

214 ENDOCRINE THERAPY OF BREAST CANCER

Table 12.3 Prospective studies of change in PgR status with tamoxifen therapy

Authors Year No. of Tumour Assay Interval PgR� PgR�

cases sitesa methodb between to PgR� to PgR�

biopsies

Namer et al18 1980 23 M-M RLBA 1 week 2/11 3/12c

Waseda et al19 1981 08 P-P DCC 1–2 weeks PgR increase in 5/6c

03 P-P DCC 3 weeks PgR decrease in 3/3c

Howell et al29 1987 52 P-P ISO 2 weeks PgR increase in 21
Montoya et al21 1992 17 P-P DCC 1 week 1/13 2/4
Clarke et al24 1993 59 P-P PRICA 3 weeks No significant change

aM-M, tissue samples obtained sequentially from metastatic site; P-P, tissue samples obtained sequentially
from primary tumour.
bRLBA, radioligand binding assay; DCC, dextran-coated charcoal assay; ISO, isoelectric focusing; PgR,
progesterone receptor; PRICA, progesterone receptor immunocytochemical assay.
cChange in PgR status occurred only in ER-positive tumours.
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apply equally to the increase seen in pS2. The
persistence of pS2 upregulation at 6 weeks
(compared with PgR) may be related to the
longer half-life of the pS2 protein. In vitro stud-
ies show that this may well be the case (RI
Nicholson, unpublished work). After 6 months,
pS2 fell to similar levels as pretreatment, in par-
allel with ER and PgR.

Changes in growth factor receptors and
ligands

The potential crosstalk between markers of the
type 1 growth factor family and the ER path-
way is discussed in detail in Chapter 9. Several
studies have examined these interactions in
humans treated with tamoxifen.

Epidermal growth factor receptor
In a study of 70 patients who received tamox-
ifen, EGFR expression was monitored by
immunohistochemistry, comparing pretreat-
ment and relapse biopsies. No significant
change was identified, irrespective of
response.32 Likewise, the Nottingham–Tenovus
study showed similar findings, with EGFR
expression remaining remarkably consistent
during the first 6 months of hormone therapy,
irrespective of clinical response and ER status.

The median of 5% cells and interquartile ranges
were virtually unchanged for the pretreatment,
6-week, and 6-month biopsies.

c-ErbB2
The presence of c-ErbB2 (HER2/Neu) in ER-
positive primary breast cancers has been
reported to correlate with hormone-receptor
negativity in human breast cancer.33 Reports of
a relationship between c-ErbB2 expression and
lack of hormone sensitivity, both in advanced
disease and in the adjuvant setting, have been
less consistent.33,34 The effect of tamoxifen on c-
ErbB2 expression is therefore of some interest.
Short-term tamoxifen prior to mastectomy has
been shown to increase cytoplasmic expression
of c-ErbB2.35 This suggests that cytoplasmic
expression was induced by the treatment and
that c-ErbB2 may be under estrogen regulation.
However, the same authors have also reported
a larger immunohistochemical study compar-
ing pretreatment biopsies with specimens
obtained at the time of development of sec-
ondary resistance in 70 patients receiving
tamoxifen, and they did not demonstrate any
significant change in c-ErbB2 expression.32

In the Nottingham–Tenovus study, a trend
(Figure 12.3) was observed for an increase in
the proportion of tumours classified as c-ErbB2
cytoplasmic-positive during the first 6 months
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of hormone therapy, rising from 24% at pre-
treatment to 43% at 6 months. Matched-pair
analysis comparing pretreatment and 6-week
biopsies for 49 cases shows that 12 of the 39
negative tumours became positive (p � 0.076).
This change was statistically significant in those
with initial response/static disease (p � 0.035).
The tendency for cytoplasmic c-ErbB2 expres-
sion to be increased at 6 weeks, and the finding
that this change was largely confined to the ER-
positive and initial response/static subgroups,
is further evidence to support the suggestion
that c-ErbB2 is estrogen-regulated. Therefore
both an in vitro study36 and the clinical biopsy
studies have shown that c-ErbB2 is estrogen-
regulated to some extent. Estrogens are seen to
inhibit c-ErbB2 expression, while tamoxifen
shows a tendency to upregulate expression in
the cytoplasm.37,38 In contrast to the changes
seen in cytoplasmic expression, the membrane
expression of c-ErbB2 showed no pattern of
change during tamoxifen therapy or on relapse.
This latter finding questions whether the
change in cytoplasmic staining is of functional
importance in the growth and control of breast
cancers.

Of biological importance, a profound reduc-
tion in the two growth factor receptors dis-
cussed (EGFR and c-ErbB2) has not been
identified during hormone response. If such a
reduction in expression were an important
mechanism of hormone response, then this
might be expected to be identified in these stud-
ies, particularly in responding tumours.
Equally important was the finding that, on
using antibodies to c-ErbB2 and EGFR, no sig-
nificant induction of these growth factor recep-
tors was noted at the time of acquired
tamoxifen resistance. However, antibodies are
now available for the activated phosphorylated
forms of these receptors – their downstream
signalling molecules.39,40 Further studies in this
direction are clearly warranted before conclud-
ing that these pathways are not involved either
in tamoxifen response or in acquired tamoxifen
resistance.

Transforming growth factor a
Noguchi and colleagues41 examined the effect of
tamoxifen on the mitogenic growth factor trans-
forming growth factor � (TGF-�). An enzyme
immunoassay method was used to compare
TGF-� levels in FNA samples obtained from
primary breast cancer both prior to and after a
median of 10 days of tamoxifen therapy. TGF-�
levels were significantly downregulated in 10
patients with ER-positive tumours after tamox-
ifen treatment. In contrast, there was no signifi-
cant change in TGF-� levels in tumours from
either a group of 10 patients who had not
received tamoxifen or a further group of 10
patients who were treated with tamoxifen but
had ER-negative tumours. The authors suggest
that TGF-� is estrogen-regulated in the pres-
ence of a functional ER. In ER-negative
tumours, TGF-� may be more important as a
growth factor because it is produced indepen-
dently of estrogens. They conclude that TGF-�
downregulation may be involved, at least in
part, in the growth-inhibitory mechanism of
tamoxifen. A report by Gregory and col-
leagues42 in which TGF-� was assayed by
radioimmunoassay also showed lower TGF-�
levels in tumours from patients who had
received tamoxifen compared with controls.

The Nottingham–Tenovus study did not
show significant changes in the immunohisto-
chemical expression of TGF-� during tamoxifen
treatment. No clear pattern of change was evi-
dent in either response/static disease patients
or initial progression patients. Biopsies per-
formed on the development of hormone resis-
tance following an initial response/static
disease were not significantly different in TGF-
� expression to those at pretreatment. Only a
small number of biopsies (6 cases) were avail-
able for comparison of biopsies performed dur-
ing response (i.e. at 6 weeks or 6 months) and
acquired resistance. In all of these cases, TGF-�
expression was considered to be increased at
the time of progression.

The Nottingham–Tenovus study was the first
immunohistochemical study to investigate
changes in TGF-� expression during prolonged
tamoxifen therapy. A report of 21 patients
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given 7 days of preoperative fulvestrant
showed no significant change in immunohisto-
chemical staining for TGF-�.43 This study of
prolonged tamoxifen therapy has also not
shown any significant reduction in TGF-�
expression after 6 weeks of tamoxifen. While a
reduction in the median percentage of cells was
evident after 6 months, this also was not statis-
tically significant. The findings of these two
immunohistochemical studies are inconsistent
with the two reports using different methods
mentioned above. This suggests that, at least for
TGF-�, methodological differences between
studies have to be taken into account in inter-
preting the literature on the effect of tamoxifen
on TGF-�.

Changes in the proliferation markers Ki67
and MIB1

It may be anticipated that any anticancer ther-
apy will result in downregulation of markers
associated with cellular proliferation. To exam-
ine this, a study was performed in patients with
operable breast cancer randomized after diag-
nostic biopsy to receive tamoxifen or placebo.24

A second sample was obtained from the mas-

tectomy, performed after a median 21 days. In
the 59 patients in the tamoxifen-treated group
there was a significant decrease in Ki67 antigen
expression between diagnostic and mastectomy
specimens. No significant change was seen in a
comparison group who received placebo. A fur-
ther study of pre- and post-tamoxifen Tru-cut
biopsies showed a significant reduction in Ki67
staining in 8 of 9 ER-positive tumours and no
significant change in 9 ER-negative tumours.36

This finding would be consistent with a greater
reduction in proliferation and higher response
rate in ER-positive tumours. However, no
response data were provided, so this hypothe-
sis could not be confirmed as the basis of these
studies. More recently, it has been reported that
tamoxifen produced a significant decrease in
Ki67 expression after 2 and 12 weeks of treat-
ment.28 There were significant decreases in Ki67
at 2 weeks and in the tumour volume (i.e.
tumour response) at 12 weeks.

The Nottingham–Tenovus study used the
MIB1 antibody to assess expression of the Ki67
antigen. Overall, the expression of MIB1
decreased during hormone therapy (Figure
12.4). Expression fell from a median of 5%
cells pretreatment to a median of 0% in both
the 6-week (p � 0.23) and 6-month biopsies
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(p � 0.068). A statistically significant reduction
in MIB1 staining was identified after 6 months
of treatment for the patients in the initial
response/static disease group (p � 0.026) and
the ER-positive group (p � 0.047).

Figure 12.4 also shows a tendency for MIB1
expression to increase at the time of progres-
sion. In the overall group, the median of 0%
pretreatment increased to 15% at relapse.
However, it should be noted that the number of
biopsies at progression is only half the number
of pretreatment biopsies. This undoubtedly
reflects a bias towards tumours that exhibited a
shorter duration of response; the precise ER-
positive tumours that would be expected to
have a higher expression of Ki67 (i.e. the
increased expression of Ki67 at progression)
may in part be explained by this ‘selection’ bias.

Since MIB1 is a marker of proliferating cells,
the changes seen in MIB1 expression are consis-
tent with the biological behaviour of the
tumours at the time of biopsy. Specifically,
reduced expression was seen during response
to tamoxifen therapy, and increased expression
at the development of endocrine resistance.
While these are interesting findings, and are
consistent with a reduction in proliferating cells
associated with tamoxifen therapy, they do not
provide insight into the mechanisms of
endocrine resistance.

Changes in the nuclear transcription factor
c-Fos

The Nottingham–Tenovus study was the first to
examine for changes in c-Fos protein expression
during tamoxifen therapy.44 It showed that
expression is reduced from a median of 26%
cells positive pretreatment to 20% after 6 weeks
of tamoxifen therapy and to a median of 12%
after 6 months, but these trends were not signif-
icant. Subsequent studies have reported that c-
Fos expression appears to be increased at the
development of endocrine resistance, with a
median of 40% cells compared with 25% pre-
treatment.45

From what is known of c-fos in malignant

proliferation, it could be anticipated not only
that c-Fos protein levels would fall during
tamoxifen therapy but also that these levels
would be up-regulated at the time of tumour
progression. The data from the
Nottingham–Tenovus study show that c-Fos
appears to be changing appropriately to the
clinical situation, and its significance in predict-
ing response from pretreatment expression44

suggests that c-Fos may be an important factor
in mediating ER control of cellular growth in
breast cancer. The lack of statistical significance
for any change suggests that either the inclu-
sion of more patients or a more sensitive assay,
such as for c-fos message (mRNA) may be of
benefit in defining the importance of changes in
c-Fos in endocrine response.

Changes in the apoptosis-related protein 
Bcl-2

Bcl-2 protein is considered as a ‘cell survival
factor’ in that it is thought to be protective for
apoptosis. Despite this, it has been reported
that Bcl-2 expression is increased in ER-positive
cancers.7 Furthermore, it might have been
expected that loss of Bcl-2 expression would
render cells susceptible to the apoptoptic
response to hormone therapy, and hence would
be more likely to occur in responding tumours.
In the Nottingham–Tenovus study, however,
the opposite of this was in fact identified.
Analysis of the initial response/static disease
patients showed that, compared with pretreat-
ment biopsies (median 60% cells), there was a
tendency to increased expression in the 6-week
biopsies (median 70%). Of note all the tumours
showing an increase in Bcl-2 expression in the
6-week biopsy went on to have an initial
response/static disease at the 6-month assess-
ment. This initial upregulation of Bcl-2 occur-
ring in ER-positive tumours is supported by
similar results reported by Johnston and col-
leagues.36 The seemingly contradictory change
in Bcl-2 expression, together with the previous
report of a correlation between high levels of
Bcl-2 expression and endocrine response,7 sug-
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gests that Bcl-2 may not play an important role
in endocrine response. Rather, bcl-2 should be
considered as an estrogen-regulated gene and
therefore a marker of ER functionality. Further
work in this area in breast cancer should con-
sider other apoptosis-related genes, or use alter-
native methods of detection for function of bcl-2
during hormone therapy.

Changes in other biological markers

Few studies have examined the effect of sys-
temic therapy on the expression of a variety of
antigens in primary breast cancer. Robertson
and colleagues23 found no significant change in
a number of biological features (115D8, DF3,
NCRC 11, CEA, and ploidy) in 33 patients in
whom Tru-cut biopsies had been performed
prior to and after 1–4 months of tamoxifen ther-
apy. A further study of 38 patients treated with
combined chemotherapy and hormone therapy
showed no significant change between pre- and
post-treatment biopsies for the antigens mucin
1, cytokeratin, B72.3, Leu-M1, and �-glycopro-
tein.46 In this study, the percentage of tumours
showing lactalbumin expression was increased
from 40% to 60% after therapy. The authors
suggest that this may be a reflection of increase
in tumour differentiation, but drew no firm
conclusions.

Immunohistochemical features of secondary
hormone resistance

One of the main objectives of the
Nottingham–Tenovus study was to identify the
phenotypic features of tumours at the time
when a change occurred from a state of control
with tamoxifen to one of clinical progression,
i.e. at the development of acquired hormone
resistance. In particular, efforts were made to
identify any differences between pretreatment
and progression biopsies in patients showing
an initial response or static disease.

In a previous study, high levels of ER expres-
sion at the time of development of acquired

resistance were reported by Johnston and col-
leagues.47 A more recent report48 compared
biopsies from pretreatment and acquired resis-
tance in 18 tamoxifen-treated patients, using an
immunohistochemical assay. No difference in
expression of ER, PgR, or pS2 was identified.
Specifically, the majority of tumours were seen
to express these antigens at the time of sec-
ondary resistance. The results from the
Nottingham–Tenovus study support this find-
ing by showing that loss of ER expression is not
a major feature of acquired endocrine resis-
tance. In the biopsies performed at secondary
resistance (i.e. after a period of response), half
of the tumours expressed ER in over 50% of
cells and one-quarter expressed over 80% of
cells positive for ER (Figure 12.5). These find-
ings exclude loss of ER as a significant mecha-
nism of acquired endocrine resistance, and
confirm that ER expression is a stable pheno-
type.49

The levels of PgR and pS2 expression at the
development of acquired resistance (Figure 12.5
and Table 12.2) are consistent with the presence
of a functional ER at the time of relapse. The
return of this function of the ER at the time of
loss of the apparent growth-inhibitory effects of
tamoxifen is interesting and requires interpreta-
tion. One possible reason for this observation is
the development of autonomy, where cellular
proliferation is independent of the normal
inhibitory effects of the tamoxifen–ER complex.
Alternatively, the activity of the tamoxifen–ER
complex may have altered to become growth-
stimulatory – as is its function in the
endometrium. The mechanisms of tamoxifen
resistance are discussed in Chapters 9 and 10.

Bcl-2 expression in the acquired-resistance
biopsies is remarkably similar to pretreatment
levels (Figure 12.5). This is suggestive of a rela-
tive lack of importance of Bcl-2 in breast cancer
in relation to the mechanisms of resistance
acquisition. Of more interest is the finding of an
absence of increase in EGFR expression at the
development of acquired resistance (median
3%, Figure 12.6). A single, abstracted report50

has previously shown no difference between
pretreatment and progression biopsies in 70
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patients. The Nottingham–Tenovus study con-
firms this finding and shows that the selective
outgrowth of EGFR-positive cells either during
tamoxifen treatment or at acquired resistance
does not occur. Also c-ErbB2 staining in sec-
ondary progression biopsies did not show any
significant increase in the proportion of 
c-ErbB2-positive tumours (Figure 12.3). These
findings suggest that upregulation of the EGFR
(c-ErbB1) and c-ErbB2 growth factors may not
be a mechanism of acquired tamoxifen resis-
tance. However, these results should be inter-
pretated with caution, since there are in vitro
data suggesting that in MCF-7 breast cancer
cells with acquired tamoxifen-resistance, there
is increased expression of EGFR and c-ErbB2
compared with the parental MGF-7 cell line.43

Furthermore, activated forms of EGFR and 
c-ErbB2 also showed increased expression in
these tamoxifen-resistant MCF7 cells. Future
studies on these human breast cancer biopsies
should investigate whether there is an
increased expression of activated EGFR and 
c-ErbB2 on acquired tamoxifen resistance.

The lack of any significant difference in TGF-
� expression between pretreatment and relapse
biopsies suggests that increased levels of TGF-�
at relapse are a return to the basal levels of
expression for a given tumour. This finding is

in contrast to de novo hormone resistance in
ER-positive tumours, where TGF-� expression
is associated with hormone insensitivity.6

However, it should be noted that TGF-� is not
the only ligand for EGFR. It does not appear
that an upregulation of TGF-� is a mechanism
of secondary resistance.

The tendency for MIB1 expression to increase
at the time of acquired resistance (Figure 12.6)
is of interest, since it is consistent with the clini-
cal observation that tumour growth and hence
proliferation has returned after a period of sup-
pression. However, as noted above, these early
results may be due to a selection bias of the
type of tumours that have a shorter duration of
response and therefore progress earlier. Data
from the Nottingham–Tenovus study suggest
that c-Fos may be upregulated at the time of
acquired endocrine resistance. The median of
43% at secondary progression compared with
25% pretreatment is consistent with the
increased proliferation shown by the MIB1
data. Since c-Fos is inducible in vitro by both
growth factors and estrogens, upregulation of
c-Fos at the time of secondary resistance would
not help to determine the relative importance
for either growth factor or estrogenic pathways
in the development of acquired endocrine
resistance.
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BIOLOGICAL CHANGES IN BREAST
CANCERS TREATED WITH OTHER SERMs

Studies of other tamoxifen-like antiestrogens,
i.e. selective estrogen receptor modulators
(SERMs), have been reported. These have been
mainly presurgical studies where patients
awaiting surgery have been treated with a
SERM (or placebo) rather than studies of pri-
mary medical therapy. Biopsies have been
obtained before starting therapy (e.g. as part of
the diagnostic process), and the effect of the
SERM has been assessed by comparing this
with the tumour resected at surgery. Studies
have been reported on idoxifene and more
recently raloxifene.

The idoxifene study was a placebo-controlled
trial in 77 postmenopausal patients, of whom 57
were evaluable.51 Patients were evaluable if
they had ER-positive tumours as assessed in the
pretreatment core biopsy along with tumour
present in the post-treatment biopsy. The
tumours treated with idoxifene (for 14–21 days)
showed a significant reduction in ER and Ki67
compared with tumours that were exposed to
placebo. These results are similar to those from
studies of tamoxifen, noted above. There was a
non-significant increase in PgR in idoxifene-
treated tumours. Robertson and colleagues30

also reported an increase in PgR in tamoxifen-
treated tumours, although in this study the
increase in PgR was highly significant. More
recently, Harper-Wynne and colleagues28

reported a non-significant increase in PgR
expression after 2 weeks of tamoxifen.
Although in each of these studies the SERM
was compared with the effect of placebo, any
comparison between the SERMs involves cross-
study comparisons. It is therefore difficult, for
example, to draw any inference about whether
the apparent difference in degree of increase in
PgR by idoxifene and tamoxifen may be a
useful surrogate marker for differences in the
agonistic properties of these two drugs.
Interestingly, idoxifene had no effect on apop-
tosis. This is similar to the findings with both
tamoxifen28,30 and the pure antiestrogen fulves-
trant30 given over similar time periods, and con-
trasts with previous non-randomized studies
that suggested that tamoxifen and fulvestrant
did induce apoptosis.52

A similar presurgical study comparing ralox-
ifene (at two doses) with placebo has been
reported.53 One hundred and sixty seven
patients with primary operable breast cancer
(stage I or II) were randomized to receive
placebo or raloxifene at 60 or 600 mg/day. Both
doses of raloxifene were associated with signifi-
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cant decreases in tumour ER and Ki67 expres-
sion compared with placebo. Neither dose of
raloxifene had any significant effect on either
PgR or apoptosis. The reported effects of ralox-
ifene are consistent with those reported for
other SERMs. Furthermore, the lack of effect on
apoptosis after 2 weeks of raloxifene treatment
is consistent with data noted above on tamox-
ifen, idoxifene, and fulvestrant.

BIOLOGICAL CHANGES IN BREAST
CANCERS TREATED WITH GLA AND
TAMOXIFEN

Introduction

Over recent years much interest has been
directed at the potential role of the polyunsatu-
rated essential fatty acids (EFAs) in the inhibi-
tion of carcinogenesis, in particular
eicosapentaenoic acid (EPA) of the n-3 series
and �-linolenic acid (GLA) of the n-6 series.
Numerous in vitro and animal studies have
shown that EFAs possess a variety of anticancer
properties yet have the advantage of not induc-
ing damage to normal cells (reviewed by Jiang
et al54). More recently, pilot clinical trials have
reported treatment with EFAs to result in
improvement in symptoms, useful tumour
regression and in some cases a significant pro-
longation of survival in several advanced
human malignancies.55–59

Action of EFAs on hormone receptors

A number of mechanisms have been identified
by which EFAs exert their antitumour action.
These include direct cytotoxicity via liberation
of lipid peroxides and free radicals, inhibition
of angiogenesis, induction of apoptosis, and
upregulation of antimetastatic cell adhesion
molecules.54 EFAs have also been implicated as
playing a central role as modulators of steroid
hormone receptor signalling.60

A number of animal studies conducted dur-
ing the 1980s have shown EFAs to be capable of

modulating the structure and function of
steroid hormone receptors, including ER.61–65

Given the experimental capacity of EFAs to
modulate the structure and function of steroid
hormone receptors, of particular interest in the
tamoxifen plus GLA study has been to examine
whether GLA exerts an influence additional to
that of tamoxifen on the inhibition of clinical
breast cancer growth via the ER pathway. In a
follow-on study from the main sequential
biopsy study described earlier, the
Nottingham–Tenovus group assessed the clini-
cal and biological effects of GLA in addition to
primary tamoxifen in patients with breast
cancer.66 The group hypothesized that tamox-
ifen plus GLA might produce a greater ER
downregulation than tamoxifen alone and that
this might be associated with a better clinical
outcome. This hypothesis was based on a study
showing that in tumours treated with tamox-
ifen, the degree of decrease in ER expression
correlated with clinical outcome.67

Phase II clinical study of tamoxifen plus GLA

Thirty-eight patients with elderly primary,
locally advanced, or metastatic breast cancer (in
all of whom primary endocrine therapy was
indicated as appropriate initial treatment) con-
sented to take 8 capsules of high-dose oral GLA
per day (total 2.8 g) in addition to primary
tamoxifen 20 mg once daily; 47 patients who
had received tamoxifen alone 20 mg once daily
as first-line therapy were used as historical con-
trols. The two treatment groups were closely
matched for stage of disease and initial ER
expression (Table 12.4). Repeat tumour core
biopsies were obtained with patient consent at
6 weeks and 6 months of therapy and at the
time of progressive disease.

Clinical response
The tamoxifen plus GLA cases were found to
achieve a significantly faster clinical response
compared with the tamoxifen-alone controls
(objective response versus static disease), evi-
dent by 6 weeks of treatment (p � 0.016) and
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maintained at 3 months (p � 0.010) (Table 12.5).
By 6 months of therapy, 16% of the tamoxifen
plus GLA cases had achieved a complete
response compared with 4% of the tamoxifen-
alone controls, and there remained proportion-
ately more tamoxifen plus GLA than
tamoxifen-alone objective responders (42%
versus 34%). Statistical significance was lost,

however, because a greater number of the
tamoxifen-alone group had now achieved a
partial response after earlier static disease.66

Changes in expression of ER
There were paired ER data for 30 tamoxifen
plus GLA cases and 32 tamoxifen-alone cases
from initial to 6-week biopsy, and for 21 and 27
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Table 12.4 Patient features at study entry for the phase II study of tamoxifen plus �-linolenic acid
(GLA)

Numbers of patients

Tamoxifen alone Tamoxifen � GLA

Elderly primary 26 (55%) 20 (53%)
Locally advanced 17 (36%) 14 (39%)
Metastatic 04 (9%) 04 (10%)
ER-positive (H-score � 0) 42 (89%) 34 (89%)
ER-negative (H-score � 0) 05 (11%) 04 (11%)
Premenopausal 02 (4%) 02 (5%)

Table 12.5 Quality of response at 6 weeks, 3 months and 6 months by treatment group

Complete Partial Static Progression
response response disease

6 weeks
Tamoxifen alone 0 04 (9%) 40 (85%) 3 (6%) p � 0.010
Tamoxifen � GLA 0 12 (31%) 26 (68%) 0 (	2 � 9.1; 2 df)

3 months
Tamoxifen alone 0 06 (13%) 38 (81%) 3 (6%) p � 0.016
Tamoxifen � GLA 2 (5%) 14 (37%) 21 (55%) 1 (3%) (	2 � 10.3; 3 df)

6 months
Tamoxifen alone 2 (4%) 14 (30%) 23 (49%) 8 (17%) p � 0.27
Tamoxifen � GLA 6 (16%) 10 (26%) 14 (37%) 8 (21%) (	2 � 3.95; 3 df)

H-score is a recognized reflection of oestrogen receptor, reflecting both the intensity and proportion of positive
staining cells in the tumour.68
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cases, respectively, from initial to 6-month
biopsy. In the ER-positive cases, there were sig-
nificant 6-week and 6-month reductions in ER
expression in both of the treatment arms
(Figure 12.7). In the ER-positive responders
with acquired-resistance biopsies (4 tamoxifen
plus GLA and 16 tamoxifen alone), ER expres-
sion was found to be maintained at a level simi-
lar to that at 6 months. None of the originally
ER-positive tumours became negative at the
time of progression. There was a significantly
greater fall in ER expression in the tamoxifen
plus GLA objective responders than in the
tamoxifen-alone counterparts from both the ini-
tial to 6-week biopsy (p � 0.026, Mann–
Whitney U) and the initial to 6-month biopsy

(p � 0.019, Mann–Whitney U). In contrast, there
was no statistical difference found in the extent
of ER change between the static disease cases of
the two treatment groups or the few de novo
ER-positive progressors.

Change in expression of Bcl-2
All of the 38 tamoxifen plus GLA cases and 35
of the tamoxifen-alone cases had a pretreatment
Bcl-2 H-score (Bcl-2 H-score68 range 5–205).
Pretreatment Bcl-2 expression was positively
correlated with pretreatment ER expression
(rS � 0.473, p � 0.001). There were paired Bcl-2
data for 36 tamoxifen plus GLA cases and 26
tamoxifen-alone cases from initial to 6-week
biopsy, and for 23 and 24 cases, respectively,
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from initial to 6-month biopsy. The tamoxifen
plus GLA responders (objective response plus
static disease cases) displayed a significant
reduction in 6-week Bcl-2 expression that did
not occur in the tamoxifen-alone responders
(Figure 12.8) nor in the 7 of 8 tamoxifen plus
GLA de novo progressors with paired Bcl-2
data available (data not shown). In contrast to
the 6-week fall in Bcl-2 found in the tamoxifen
plus GLA responders, there was a tendency for
an increase in Bcl-2 at 6 weeks in the tamoxifen
responders prior to a subsequent fall in expres-
sion by 6 months on therapy.

Interpretation of results
Combined treatment with GLA and tamoxifen
resulted in a faster clinical response along with

greater reduction of expression of ER and the
ER-regulated protein Bcl-2 compared with
treatment with tamoxifen alone. These findings
suggest that the antiproliferative actions of
GLA in breast cancer may involve downregula-
tion of the ER apparatus. Borras and LeClercq69

have previously demonstrated a dose-depen-
dent downregulatory effect of n-6 EFA metabo-
lites on growth and ER expression in the
ER-positive breast cancer cell line MCF-7.
Previous kinetic studies have shown that EFAs
bind to an entity on the hormone receptor sepa-
rate from the hormone-binding site, thus
inhibiting subsequent ligand binding via induc-
tion of a conformational change in the receptor
molecule.65,70,71 Vallette et al64 investigated the
influence of unsaturated fatty acids on the

BIOLOGICAL CHANGES IN CANCER DURING ANTIESTROGEN THERAPIES 225

50

150

100

200

250

0

B
cl

-2
 H

-s
co

re

n�29 n�32n�32
Tamoxifen alone

n�17 n�23n�29
Tamoxifen � GLA

n�5n�30

Biopsy

D

C

B

A

Treatment group

Figure 12.8 Change in Bcl-2 expression from sequential biopsies during treatment in responders (objective
response plus static disease cases). Bcl-2 H-score: A � initial; B � 6-week; C � 6-month; D � progression.
Tamoxifen alone: A versus B, p � 0.32; A versus C, p � 0.048; A versus D, p � 0.92. Tamoxifen plus GLA: A
versus B, p � 0.001; A versus C, p � 0.0079; A versus D, p � 0.043. (Wilcoxon matched pairs.)

720_Breast.ch12  26/04/2002 9 36 am  Page 225

  



binding of estradiol to ERs in the uterine tissue
of juvenile rats. They found estradiol binding to
be either reduced or potentiated, depending on
the relative concentrations of estradiol and EFA
present. From these dynamic binding patterns,
the authors have proposed that for high estra-
diol concentrations, EFAs may induce a confor-
mational change in the receptor that results in
irreversible covalent binding of estradiol to
components of the receptor protein. In the
Nottingham–Tenovus study, it is possible that
in the presence of GLA, a similar covalent link
is formed between tamoxifen and ER, with
resultant attenuation of receptor activity.
Further studies are necessary to confirm these
hypotheses.

The findings of a significant 6-week reduc-
tion in Bcl-2 expression in the tamoxifen plus
GLA cases is of particular interest. The bcl-2
proto-oncogene is associated with prolonged
cell survival and prevention of apoptosis.72

Expression of Bcl-2 in breast cancer has been
shown to be under estrogen regulation and to
be correlated with ER positivity.7 As discussed
earlier, a number of investigations have identi-
fied a transient increase in the expression of
estrogen-inducible gene products, including
Bcl-2, in tamoxifen-treated breast cancers, fol-
lowed by subsequent downregulation with con-
tinued therapy. This transient upregulatory
effect is thought to be attributable to early ago-
nist activity of tamoxifen before higher steady-
state tissue levels are reached. In the present
study, the addition of GLA appears to have
attenuated this transient tamoxifen-induced
upregulation of Bcl-2. These findings raise the
possibility that earlier induction of apoptotic
cell death may be an underlying mechanism of
the faster clinical response seen in the tamox-
ifen plus GLA cases. This hypothesis is in keep-
ing with in vitro studies, which have identified
apoptosis to be an underlying mode of EFA-
induced cell death in a variety of cancer cell
lines,73–76 including ER-positive breast cancer.77

The modulatory effects of GLA on ER and ER-
regulated gene function and the possibility of
an additive or synergistic inhibitory effect of
GLA with tamoxifen via enhanced downregula-

tion of the ER pathway require further investi-
gation.

BIOLOGICAL CHANGES ASSOCIATED WITH
THE PURE ANTIESTROGEN FULVESTRANT

The results of both experimental studies and
the early clinical studies have suggested that
the pure antiestrogen fulvestrant (ICI 182,780,
Faslodex) may be therapeutically more effective
than currently available antiestrogen therapies.
The clinical and experimental data are dis-
cussed in Chapters 5 and 9 respectively. There
are two studies of the biological effects of ful-
vestrant on human breast cancer. Both are
presurgical studies but their design and detail
were quite different. The first was a study using
the short-acting formulation of fulvestrant,
which was given at one of two doses (6 or
18 mg) for 1 week prior to primary surgery.78

There was a third ‘no-treatment’ control group
as distinct from a placebo control group. This
was an open randomized study in post-
menopausal women with newly diagnosed, pri-
mary, operable breast cancer. There were no
significant differences between the treatment
groups with respect to pre-study ER and PgR
levels. Among tumours known to be ER-posi-
tive, pre-study treatment with fulvestrant pro-
duced a significant decrease in ER expression
compared with the control group. Furthermore,
the decrease in ER was significantly greater
with the 18 mg dose compared with the 6 mg
dose. This study reported that ER was down-
regulated by short-acting fulvestrant in a 
dose-dependent manner. PgR was also down-
regulated. The proliferation antigen Ki67 was
also downregulated on fulvestrant. Further
investigations of these same tumour biopsies
showed that 7–14 days of short-acting fulves-
trant had no effect on either EGFR or TGF-�
expression in the tumour.

The biological effects of short acting fulves-
trant given prior to surgery in the above study
have been compared with the biological effects
of tamoxifen.79 This was a comparison between
studies and not a randomized comparison.
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Nevertheless, the data was reported to show
that short-acting fulvestrant decreased the
expression of ER significantly more than tamox-
ifen did. There was a different response in PgR
expression between tumours treated with ful-
vestrant and those treated with tamoxifen.
Fulvestrant caused a significant decrease in
PgR, while tamoxifen promoted an increase in
PgR expression.

The formulation of fulvestrant that was
developed and has been used in the clinical
trials programme is a long-acting formulation
known as Faslodex. There has been a presurgi-
cal study in 201 post-menopausal women,
again with newly diagnosed primary breast
cancer.30 This was a partially blind, random-
ized, multicentre study where patients were
randomized to one of five groups: tamoxifen
tablets or placebo (‘tamoxifen’) tablets for 14–21
days or to Faslodex at one of three doses (50,
125, or 250 mg). The primary objective of the
study was to compare the effects on ER, PgR,
Ki67, and apoptotic index in each of the five
groups.

Faslodex resulted in a dose-related reduction
of ER index. All doses of Faslodex caused a sig-
nificant reduction of ER index when compared
with placebo.30 The reduction in ER index was
of greater significance for Faslodex 250 mg
(which is the dose being used in current clinical
trials) when compared with tamoxifen
(p � 0.02). These data suggest that the pure
antiestrogen Faslodex may be more potent in its
effect on the ER pathway than tamoxifen. This
is further supported by the fact that the median
changes in PgR index showed decreases for all
doses of Faslodex, while tamoxifen showed an
increase (in keeping with its known agonistic
properties) and placebo showed little change.
Indeed, PgR was significantly reduced by all
doses of Faslodex compared with tamoxifen,
and by Faslodex 125 mg when compared with
placebo. These data suggest that Faslodex may
have a novel effect on ER, distinct from that of
tamoxifen and other SERMs. The downregula-
tion of PgR by Faslodex supports the conclu-
sion that, unlike tamoxifen, Faslodex is devoid
of estrogen agonist activity in humans.

Changes in Ki67 were not significantly differ-
ent between tamoxifen and Faslodex, although
it should be noted that the reduction in Ki67
was numerically greater with Faslodex 250 mg
compared with tamoxifen. Ki67 was, however,
significantly reduced both by Faslodex 125 mg
and Faslodex 250 mg when compared with
placebo. There have been suggestions that
antiestrogens exert their antitumour effect not
solely through reducing proliferation (e.g. as
measured by Ki67) but also by increasing cell
death (i.e. apoptosis). One publication has even
suggested that the effect of fulvestrant on apop-
tosis was greater than that of tamoxifen.52

However, these data on the effects of fulves-
trant and tamoxifen on apoptosis came from
two different studies – one investigating long-
acting fulvestrant (i.e. Faslodex)30 and the other
comparing short-acting fulvestrant.78 In the ran-
domized study where Faslodex at one of three
doses was compared with tamoxifen or placebo
there was no significant increase in the apop-
totic index in tumours treated with Faslodex (at
any of the three doses) or tamoxifen compared
with placebo.30 As noted above, it is interesting
that presurgical studies of idoxifene51 and of
raloxifene53 also failed to show any effect of
these antiestrogens on apoptosis in human pri-
mary breast cancer.

However, more recently, a retrospective
analysis of the data from the presurgical study
comparing Faslodex (three doses), tamoxifen,
and placebo has identified a composite mea-
surement of both proliferation and apoptosis
called ‘cell turnover index’ (CTI). Faslodex sig-
nificantly reduced CTI compared with both
placebo (p � 0.0003) and tamoxifen (p � 0.026).
In comparison, tamoxifen did not reduce CTI
compared with placebo.80 Further prospective
studies that support CTI as a useful endpoint
are now required.

SUMMARY

It would appear that antiestrogens do reduce
ER and Ki67 expression in human breast
cancer. It would appear from the studies of
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GLA plus tamoxifen and the studies of the pure
antiestrogen fulvestrant that the degree of
reduction can be increased from that seen with
tamoxifen and other SERMs. The PgR data from
the presurgical study of Faslodex has suggested
that it may have a novel effect on ER, distinct
from that of tamoxifen and other SERMs, and
that it may be devoid of agonistic activity.
Furthermore, these studies have also made us
re-assess whether antiestrogens do induce
apoptosis in human breast cancer.

Data on biological changes at the time of
acquired hormone resistance are much scarcer.
Nevertheless, it would appear that tumours do
not undergo major phenotypic changes at
acquired tamoxifen resistance (e.g. changing
from ER-positive to ER-negative). It would
appear that more subtle changes in the growth-
stimulatory pathways (which crosstalk with the
ER pathway) are responsible for tumours devel-
oping acquired tamoxifen resistance. The clini-
cal data showing that few tumours that are
resistant to tamoxifen respond to other SERMs
suggest that the molecular basis for resistance
to tamoxifen and other SERMs is similar in
human breast cancer.

However, a significant number of tumours
that develop acquired tamoxifen resistance will
respond to subsequent endocrine manoeuvres
such as an aromatase inhibitor (e.g. anastrozole
or letrozole) or the pure antiestrogen fulves-
trant. Furthermore, in experimental systems,
inhibitors of some of these biological pathways
(e.g. tyrosine kinase inhibitors such as Iressa)
have been reported to be effective in treating
tumours that have developed acquired tamox-
ifen resistance.81 These findings support the
importance of crosstalk between ER and
growth factor pathways and the fact that when
tumours have developed acquired tamoxifen
resistance, inhibition of the ER pathway and/or
selected growth factor pathways can result in
further inhibition of tumour growth. Future
studies of acquired endocrine resistance must
be directed to elucidate these biological
changes.
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INTRODUCTION

About 60% of breast cancers possess estrogen
receptors, and many of these tumours will
regress if deprived of estrogen.1 This forms the
basis for ablative endocrine therapies, which
seek to remove the source of estrogen produc-
tion. In premenopausal women, this usually
takes the form of ovarian irradiation, surgical
removal of the ovaries,2 or the use of
gonadotrophin-releasing hormone (GnRH) ana-
logues.1,2 However, the problem in post-
menopausal women is that there are multiple
sites of estrogen biosynthesis, most of which are
not amenable to ablative procedures.3,4

Alternative approaches therefore have to be
used whereby the trophic effects of estrogens
may be suppressed irrespective of the hormone
source.5,6 Amongst these strategies, the use of
drugs that inhibit estrogen biosynthesis is par-
ticularly attractive.6,7 Effects can be reversible or
self-limiting, so that if therapy proves ineffec-
tive, withdrawal of the inhibitor will allow
estrogens to return to normal levels. Specific
inhibition should affect only estrogens and

minimize side-effects not associated with estro-
gen deprivation. Furthermore, as the aromatase
enzyme appears to be similar irrespective of tis-
sue source,8 therapy should reduce estrogen
synthesis at all sites, reducing both local and
circulating hormone levels.9,10 Consequently,
inhibitors should have the potential to suppress
trophic effects of estrogen beyond those achiev-
able by ablation of any individual endocrine
organ. This accounts for the interest of the phar-
maceutical industry in producing drugs that
will inhibit estrogen biosynthesis both specifi-
cally and potently.

AROMATASE

The classical pathway of estrogen biosynthesis
(Figure 13.1) starts with cholesterol and com-
prises a series of degradative steps whereby
cholesterol, a C27 sterol, is successively con-
verted by (i) partial removal of the side-chain of
the D ring into C21 steroids (progestogens and
corticoids), (ii) completion of removal of the 
D-ring side-chain into C19 steroids (androgens),
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and finally (iii) removal of the methyl group
between the A and B rings into C18 steroids
(estrogens). These transformations have in com-
mon hydroxylation by mixed-function oxi-
dases, but each step is catalysed by a different
enzyme. The first step of cholesterol side-chain
cleavage is rate-limiting, but the last step in the
sequence, catalysed by the aromatase enzyme,
is unique to estrogen biosynthesis and is poten-
tially the most interesting. The methyl group
between the A and B rings is removed and the
A ring becomes aromatic (hence the name aro-
matase for the enzyme). The reaction requires
three hydroxylations, all of which utilize molec-
ular oxygen and the reduced cofactor
NADPH. Generation of the latter involves an
NADP reductase and a transfer of electrons to a
specific cytochrome P450 AROM.11 The aro-
matase reaction may utilize several androgen
substrates for estrogen production; thus ∆4-
androstenedione is converted to estrone and
testosterone to estradiol. Both transformations
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Figure 13.1 Classical pathway of estrogen
biosynthesis from cholesterol.

are thought to be catalysed by the same enzyme
molecule – indeed, there seems to be a single
human gene for aromatase,12 its product being
responsible for all estrogen synthesis irrespec-
tive of androgen substrate or site of synthesis.
In many tissues, androstenedione seems to be
the preferred substrate for aromatization, and,
under these conditions, full estrogenic activity
requires the resulting estrone to be converted
into estradiol by the enzyme estrogen 17�-
dehydrogenase.

SITES OF SYNTHESIS

Major sites of estrogen biosynthesis differ in
pre- and postmenopausal women. Before the
menopause, the ovary is mainly responsible for
circulating levels of estrogen, which vary
through the menstrual cycle. However, in the
follicular phase, in the absence of a functioning
corpus luteum, non-ovarian sources can
account for as much as 50% of estrogens.13

Peripheral synthesis of estrogen assumes
greater importance in women after the
menopause, when ovarian estrogen biosynthe-
sis virtually ceases. The postmenopausal ovary
still produces substantial amounts of
androgen,14 which can be used as substrate for
synthesis of estrogen at peripheral sites. These
sites include fat,15 skin,16 muscle,17 liver,18 and
breast cancer.19 (The adrenal cortex may also
synthesize small amounts of estrogen, but – like
the postmenopausal ovary – its major contribu-
tion appears to be production of androgen pre-
cursors.20) Consistent with these findings,
aromatase activity has been demonstrated by in
vitro techniques in all of these peripheral tis-
sues, but levels are small in comparison with
classical endocrine organs such as placenta and
ovary. Although adipose tissue and muscle dis-
play only low levels of estrogen synthesis, their
large mass within the body means that poten-
tially they can produce micrograms of estrogen
per day.21,22 In vivo perfusion studies suggest
that muscle accounts for up to 30% and adipose
tissue for up to 15% of peripheral aromatization
of androgen to estrogen.21 Thus, positive corre-
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lations have been found between body weight
indices and plasma estrogen levels in post-
menopausal women.22–24 Aromatase activity
may also vary between different body sites of
the same tissue. For example, adipose tissue
from the buttocks possesses much higher activ-
ity than that from the thighs.25

In women with breast cancer, local production
of estrogen within the breast may assume
particular importance in maintaining the growth
of hormone-dependent tumours. In this respect,
it has been shown that both mammary adipose
tissue15,19 and about 70% of breast cancers dis-
play aromatase activity19 and have the potential
for estrogen biosynthesis. Estrogen production
has also been detected in axillary lymph nodes
invaded with breast cancer and metastatic skin
nodules. Indeed, on a gram per gram basis,
breast cancers may display amongst the highest
activities seen in peripheral tissues.26,27 This may
represent picomolar amounts of estrogen being
produced in situ within the tumour – sufficient
to maintain estrogen-mediated events.27

If intratumoral aromatase activity is the
source of estrogen that maintains malignant
growth, then treatment with drugs that inhibit
that activity might be particularly effective in
those tumours. There are three studies that
have addressed this issue. Bezwoda et al28

showed that the majority of patients with
tumours having high aromatase activity
responded to treatment whereas none with
low-activity tumours benefited. A similar inves-
tigation performed by Miller and O’Neill29 that
only recruited estrogen-receptor-positive
tumours yielded identical results, in that most
aromatase-positive cancers responded to the
inhibitor aminoglutethimide whereas none of
the tumours without evidence of in vitro aro-
matase did so. Finally, tumour aromatase was
measured in small groups of patients given
neoadjuvant treatment with aminoglutethimide
or formestane (4-hydroxyandrostenedione).30

Whilst tumours with high aromatase had better
response rates than those with low activity, the
difference failed to reach statistical significance.
Nevertheless, these results suggest that
tumours with low or no aromatase are unlikely

to respond whereas those with high activity are
likely to be sensitive to aromatase inhibitors,
although the presence of activity does not guar-
antee clinical benefits to the drugs.

REGULATORY FACTORS

Control of estrogen production and aromatase
activity differs between pre- and post-
menopausal women. In premenopausal
women, gonadotrophins are the major regula-
tors,31 but they do not appear to be influential in
peripheral tissues.32 Factors that control the lat-
ter are largely undefined, but may include
cytokines33 and prostaglandins.34 Some clues
have been obtained from cultures of established
cell lines of both breast cancers and mammary
adipose tissue. In terms of the latter, there are
preliminary data suggesting that agents that
signal through cyclic AMP (cAMP),35

prostaglandin E2,8,34 or Jak–STAT transduc-
tion36,37 may be involved. In terms of the latter,
interleukin-6 (IL-6)38 and tumour necrosis factor
� (TNF-�)39 are prime suspects. Additionally,
observations on the nature of mRNA tran-
scripts for aromatase in breast cancers are infor-
mative. Thus, whilst there is a single protein for
aromatase, there are multiple variants of RNA
transcripts, which differ according to the nature
of the untranslated exon 1.40 These variants
appear to be tissue-specific,41 but their prepon-
derance differs in individual breast cancers.
This may be of prognostic significance42 –
although this is contested by others.43 Analysis
of the promoter region indicates that there are
elements responsive to cAMP, glucocorticoids,
and cytokines.44 The suggestion has been made
that transcription of aromatase switches from a
glucocorticoid-dependent promoter in normal
breast tissue to cAMP-stimulated promoters in
breast cancers.45 The hypothesis is that, in nor-
mal breast, aromatase expression is primarily
driven by glucocorticoid-dependent promoters
because cAMP promoters are suppressed by a
silencer element. In breast cancers, the silencer
is not detectable, so transcription can occur
from the cAMP-dependent promoters.
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INHIBITION OF AROMATASE

As estrogens lie at the end of a sequence of
steroid transformations, inhibition of any of
these conversions will potentially cause a
decrease in estrogen levels, but more specific
effects result from blockade of the final step in
the pathway, the aromatization of androgens
into estrogen. Because of this, considerable
endeavours have been invested in the develop-
ment of aromatase inhibitors.

AROMATASE INHIBITORS

The aromatase reaction is complex and requires
multiple hydroxylations of the androgen precur-
sor, which utilizes NADPH as an electron donor
and employs a specific cytochrome P450.46 There
are therefore several mechanisms by which inhi-
bition may be achieved – but most notably either
by blocking electron transfer through the
cytochrome P450 system or by competing
directly with the androgen substrate binding site
within the active site of the enzyme. As a result,
two major types of agents have been developed:
type I inhibitors, which are invariably androgen

analogues (i.e. steroidal) and compete with the
natural substrate at its catalytic site, and type II
inhibitors, which are non-steroidal (usually
azoles) and interfere with the cytochrome P450
moiety of the enzyme (Figure 13.2).

Given that most type I inhibitors are andro-
gens in structure, it is important that they nei-
ther have androgenic activity nor be aromatized
into estrogens. The actions of some type I agents
are mechanism-based in that for inhibitory
activity, the drug requires metabolism by the
aromatase enzyme into an active intermediate,
which connects itself covalently and irreversibly
to the catalytic site of the enzyme;47 since the
enzyme is only inhibited as a consequence of its
own mechanism of action, these agents have
been termed ‘suicide’ inhibitors. An inhibitor of
this type might be expected to be particularly
specific, being only activated by the target
enzyme. Additionally, more prolonged in vivo
effects might be predicted if the aromatase is
irreversibly inhibited, because estrogen biosyn-
thesis will be dependent upon de novo syn-
thesis of aromatase. Consequently steroid
inhibitors such as formestane and exemestane
are currently being marketed as aromatase inac-
tivators48 (although in practice the drugs are
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prescribed to be taken daily and resumption of
estrogen production is probably determined
more by the half-life of the drug than the time
for enzyme biosynthesis).

The properties of type I inactivators may be
compared with non-steroidal type II inhibitors,
whose action is usually reversible and targeted
to cytochrome P450 prosthetic groups and is
therefore dependent upon the continued pres-
ence of the drug. Furthermore, since many
steroid hydroxylases have cytochrome P450
prosthetic groups, type II inhibitors may poten-
tially lack specificity. Indeed, this was the case
with early drugs such as aminoglutethimide,
which inhibit corticoid production in addition
to estrogen biosynthesis.49 However, more
recently developed drugs such as letrozole 
and anastrozole have a remarkable specificity
and possess a differential affinity for the
cytochrome P450 and aromatase and can selec-
tively inhibit the enzyme.50,51

NEW AROMATASE INHIBITORS

Although drugs such as aminoglutethimide
have been available for almost 30 years,52 they
have failed to make a major impact because of

their lack of potency and specificity. This has
meant that estrogen biosynthesis has not been
completely inhibited and toxicities have
occurred as other enzymes have been inhibited.
Recently developed drugs such as formestane,
exemestane, letrozole and anastrozole are more
potent and specific, and are currently being used
to treat patients with breast cancer.48,50,51,53�56 It is
therefore appropriate to describe the general
endocrinology of these agents before considering
their effects within the breast.

As shown in Table 13.1, all of these new agents
can be shown to inhibit aromatase activity in
model systems, such as placental microsomes,
with great efficacy and with magnitudes of
power greater than aminoglutethimide. Thus
values of IC50 (50% inhibitory concentration) for
exemestane, formestane, letrozole and anastro-
zole are in the nanomolar range – compared with
the micromolar range for aminoglutethimide).
These inhibitory influences are translated into
effects on circulating estrogens when the drugs
are given to postmenopausal women. Thus, in
milligram oral daily doses, anastrozole (1 mg),
letrozole (2.5 mg), and exemestane (25 mg)
almost totally inhibit peripheral aromatase,57 and
circulating levels of estrogen fall to undectectable
levels in many individuals.48,51,58
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Table 13.1 Inhibition of aromatase activity in whole-cell and disrupted-cell preparations: IC50 (50%
inhibitory concentration) values and relative potency of antiaromatase agents in placental microsomes,
breast cancer homogenates, and mammary fibroblast cultures

Placental microsomes Breast cancer homogenates Mammary fibroblast cultures

IC50 (nM) Relative IC50 (nM) Relative IC50 (nM) Relative

Aminoglutethimide 3000 001 4500 0001 8000 1
Anastrozole 0012 250 0010 0450 0014 570
Letrozole 0012 250 0002.5 1800 0000.8 10 000
Formestane 0050 060 0030 0150 0045 180
Exemestane 0050 060 0015 0300 0005 1600
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BREAST ENDOCRINOLOGY

The endocrinology within the postmenopausal
breast is unusual in that (i) steroid hormone
levels (most notably those of estradiol) may be
substantially higher than in the circulation,59 (ii)
the breast is able to concentrate estrogen from
the circulation against a gradient,60 and (iii)
both mammary adipose tissue15 and breast can-
cers19 are capable of local estrogen biosynthesis.
These phenomena may be associated with the
enhanced growth of breast cancers, and it is
therefore important to determine the effect of
novel aromatase inhibitors on the process
involved.

Incubations of breast cancers with varying
concentrations of inhibitors may be used as in
vitro screening to determine the relative potency
of newly developed drugs. These have shown
that formestane, exemestane, anastrozole, and
letrozole are all active agents against breast
cancer aromatase, with IC50 values in the
nanomolar range (Table 13.1). Interestingly, both
type I inhibitors and letrozole seem to be more
potent in this system than with placental micro-
somes. Whether this reflects differences between
tissues or is a reflection of assay systems (breast
cancers are incubated for hours and placenta for
minutes) remains to be clarified. Another inter-
esting phenomenon is that aromatase in a pro-
portion of breast cancers appears to be selectively
resistant to formestane.61 A similar phenotype
has been artificially created in site-mutagenesis
studies.62 However, the particular mutation pro-
ducing formestane resistance has not been
demonstrated to be present in breast tumours.63 It
is also unclear as to whether this has any clinical
significance, although in vivo perfusion studies
have also revealed breast tumours in which aro-
matase activity may be enhanced rather than
inhibited by formestane.61,64

Whilst assays with disrupted cell prepara-
tions such as cancer homogenates demonstrate
potential for aromatase inhibition, they are not
as physiological as methods that employ whole
cells. Similar experiments have therefore been
carried out with cultured cells. Because breast
cancer cells from primary tumours are notori-

ously difficult to establish and maintain, the
most commonly used system is that employing
fibroblasts derived from mammary adipose tis-
sue. These display aromatase activity, particu-
larly after pre-incubation with dexamethasone.
Using these cultures, it can be shown that aro-
matase activity may be inhibited by nanomolar
concentrations of exemestane, formestane,
anastrozole, and letrozole, although amino-
glutethimide is only effective at micromolar
levels (Table 13.1). Interestingly, once again
letrozole seems particularly potent, being
10 000-fold more so than aminoglutethimide.
Similarly enhanced potency has been observed
for letrozole in other whole-cell systems,65 and
it has been suggested that this results from
improved pharmokinetic properties and higher
intracellular concentrations of the drug.66 In
order to determine the effects of inhibitors on
breast cancers in patients treated with the
drugs, studies have been performed in post-
menopausal women with large primary
tumours who have been offered neoadjuvant
therapy. Such protocols often allow sequential
biopsies of tumours to be taken before and dur-
ing treatment. Interestingly, when such biopsies
have been assayed for aromatase activity in
vitro, paradoxical results have been obtained.
For example, treatment with aminoglut-
ethimide–hydrocortisone is frequently associ-
ated with markedly raised aromatase activity as
assessed in vitro (although this activity is still
sensitive to aminoglutethimide, as shown by
including the drug within the assay systems).67

Although in vitro activity in tumour biopsies
taken after letrozole treatment was lower than
that in assays before treatment, the degree of
inhibition was incomplete and paradoxical
increases were observed in specimens of non-
malignant breast.10,68 In contrast, biopsies taken
before and after therapy with formestane show
the expected fall with treatment.60 These results
probably reflect differences between type I and
type II inhibitors that may be revealed when
drug-treated tissues are assayed in vitro.
Similar results may be obtained in fibroblast
cultures, such that preincubation with type II
reversible inhibitors causes an apparent induc-
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tion of aromatase activity, whereas type I inacti-
vators are clearly inhibitory.69

In this respect, it is relevant that induction of
aromatase in other systems may occur as a result
of either increased transcriptional activity70 or
stabilization of enzyme protein.71,72 The practical
implication of these observations is that in vitro
measurements of aromatase activity in tissues
exposed to reversible inhibitors may not accu-
rately reflect in situ inhibition. Because of this, it
is necessary to undertake in vivo studies in order
to estimate the true potential of aromatase
inhibitors given to patients. A particularly infor-
mative protocol involved infusing women with
breast cancer with [3H]androgen and [14C]estro-
gen before surgically removing breast tissue and
sampling peripheral blood. By purifying estro-
gen fractions, it is possible to estimate tumour
uptake of estrogen, in situ breast aromatase
activity, and endogenous levels of estrogens.73

These studies have shown that both letrozole74

and anastrozole,75 whilst having no consistent
effects on tumour uptake of estrogen, markedly
inhibit in situ aromatase activity and signifi-
cantly reduce levels of estrogen within breast

tissue (Figures 13.3 and 13.4 depict examples
following the use of letrozole).

CLINICAL RESPONSES

The use of neoadjuvant protocols allows tumour
responses to be assessed in individual patients
by monitoring changes in tumour volume
occurring during treatment with aromatase
inhibitors (Figure 13.5). In selected groups of
patients with estrogen-receptor-rich tumours,
such studies have yielded impressive anti-
tumour effects. For example, in a series of 24
tumours treated with either 2.5 or 10 mg daily
letrozole, 23 displayed a reduction in volume as
assessed by serial ultrasound measurements at
1, 2, and 3 months. Similarly, in another group
of patients treated with anastrozole, 18 of 23
tumours showed a greater than 50% reduction
in tumour volume at 3 months. These dramatic
reductions in tumour size mean that many
patients who initially required mastectomy or
were technically inoperable could be treated by
more conservative surgery to the breast.
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Figure 13.3 In situ synthesis of estrone by breast cancers before and after 3 months’ treatment with letrozole
at 2.5 mg (a) or 10 mg (b) daily.
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Figure 13.5 Mammograms of the same breast (a) before and (b) after 3 months’ treatment with letrozole.
Note the resolution of a large cancer in the upper quadrant with treatment.
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HISTOPATHOLOGICAL CHANGES

The ability to study sequential biopsies from
the same tumour before and after primary sys-
temic therapy with aromatase inhibitors pro-
vides the opportunity to determine the effects
of treatment on both tumour morphology and
the histopathological expression of important
markers.76 Both letrozole and anastrozole are
capable of producing marked changes in
tumour morphology. Thus, in the two small
studies referred to in the previous section,
pathological responses were detected in 75% of
tumours treated with letrozole and in 61% of
those treated with anastrozole. Although in

most cases these responses comprised
decreased cellularity/increased fibrosis, in sev-
eral tumours only microscopic loci of residual
disease were evident after three months’ treat-
ment and there was one instance of a complete
pathological response to letrozole. Histo-
chemical staining of tumour sections also pro-
vides evidence of profound effects of treatment.
Thus staining with the Mib1 antibody (which is
recognized as a useful surrogate marker for
proliferative activity) shows that the proportion
of positive cells was consistently reduced
following treatment with either letrozole77 or
anastrozole78 (Figure 13.6). Similarly, staining
for progesterone receptors was significantly
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Figure 13.6 Immunohistochemical staining for Mib1 (a) before and (b) after 3 months’ treatment with
letrozole. Note the marked decrease in staining with treatment.
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reduced in terms of both intensity and the pro-
portion of positive cells in the majority of
tumours. These results are consistent with
antiestrogenic and antitumour effects of these
aromatase inhibitors.

CONCLUSIONS

The new generation of aromatase inhibitors are
potent and specific drugs that are capable of
almost totally inhibiting aromatase activity in
the breasts of postmenopausal women. The
consequence of this is that local endogenous
estrogens fall profoundly. These endocrine
changes are reflected in antitumour effects
within hormone-sensitive breast cancers. Thus,
in most cases, there is a rapid sustained shrink-
age in tumour volume and a marked decrease
in markers of proliferation and estrogen action.
Such observations suggest that these drugs
have an immense potential not only in the treat-
ment of established breast cancers but also in
the chemoprevention of the disease.
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INTRODUCTION

Endocrine therapy of breast cancer has been
established for decades. The therapies available
to block steroid-hormone-receptor-mediated
tumour growth are based on two principles:
ligand depletion or receptor blockade. Ligand
depletion can be achieved either by removal of
steroid-producing glands or by inhibition of
steroid biosynthesis. The latter can be done
through inhibition of enzymes (e.g. aromatase)
or through the induction of negative-feedback
mechanisms (e.g. with the use of gonadotropin-
releasing hormone (GnRH) agonists). Estrogen
receptors can be blocked either with selective
estrogen receptor modulators (SERMs), which
are partial agonists (and of which the antiestro-
gen tamoxifen is presently the compound of
choice for the endocrine treatment of breast
cancer) or with a new class of compounds, the
pure antiestrogens.

In addition to estradiol, it is well known that
progesterone in physiological concentrations
participates in the proliferation of mammary
carcinomas. Therefore it is to be expected that

antiprogestins can block the growth of breast
tumours functionally expressing the proges-
terone receptor (PgR) and might be promising
new tools for breast cancer therapy. These com-
pounds clearly need a functionally expressed
PgR to block tumour growth, but there is strong
experimental evidence that their tumour inhibi-
tion is based on more than just progesterone
antagonism. The ability of these compounds to
induce tumour cell differentiation that leads to
apoptosis is unique among all other endocrine
therapeutics.

Different classes of antiprogestins have been
identified, but a broad spectrum of either ago-
nistic or antagonistic activity on other steroid
receptors (i.e. glucocorticoid, estrogen, and
androgen receptors) has also been observed for
some compounds.

This chapter focuses on the preclinical and
clinical development of new antiprogestins
with high receptor specificity for breast cancer
treatment.

Considerable progress has been made in elu-
cidating the mechanism of action of antipro-
gestins. The antagonists bind to the hormone
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receptors, which are ligand-inducible transcrip-
tion factors, and modulate their gene-regula-
tory activities. In most instances, a steroid
receptor such as PgR is transcriptionally inac-
tive when complexed with an antagonist and
competitively inhibits transactivation of a target
steroid-responsive gene by the cognate hor-
mone-occupied receptor. Recent results, how-
ever, have revealed that the biological response
to a progesterone antagonist depends on fur-
ther factors and does not seem to be simply the
result of competition with progesterone.

BIOLOGICAL MECHANISMS OF ACTION OF
PROGESTERONE ANTAGONISTS

The physiological effects of progesterone are
mediated by two receptor proteins (members of
the nuclear receptor superfamily of transcrip-
tion factors), termed PgR-A and PgR-B, that
arise from a single gene and act as ligand-acti-
vated transcription factors to regulate the
expression of reproductive target genes. The
structure and functional properties of the PgR
isoforms and how functional differences
between these proteins are likely to impact on
the overall physiologic role of the receptor in
reproductive systems are discussed in detail by
Conneely et al.1

In most cases, PgR expression is induced by
estrogen, implying that many of the in vivo
effects attributed to progesterone could also be
the result of concomitantly administered estro-
gen. Therefore, to clearly define those physio-
logical events that are specifically attributable
to progesterone in vivo, a mouse model carry-
ing a null mutation of the PgR gene has been
generated using embryonic stem cell/gene tar-
geting techniques.2,3

Null mutation of both PgR proteins in
mice leads to pleiotropic reproductive abnor-
malities.4 Male and female embryos homozy-
gous for the PgR mutation (PRKO) developed
normally to adulthood; however, they dis-
played significant defects in all reproductive
organs. These included an inability to ovulate,
uterine hyperplasia and inflammation, severely

limited mammary gland development, and an
inability to exhibit sexual behaviour.

The PRKO model was also used to study the
effects of the stromal and epithelial PgRs on
ductal and lobuloalveolar development in the
mouse mammary gland.5 In reciprocal trans-
plantation experiments, it was found that in the
absence of PgR in transplanted donor epithe-
lium, but not in recipient stroma, normal lobu-
loalveolar development in response to estrogen
and progesterone treatment was prevented.
Conversely, the presence of PgR in the trans-
planted donor epithelium, but not in the recipi-
ent stroma, revealed that PgR in the stroma
may be necessary for ductal development.
These mammary gland transplantation experi-
ments have shown that the luminal epithelial
compartment of the mammary gland is respon-
sive to the progesterone-induced signal.

There is strong evidence that the PgR may
extend its proliferative effects to induce side-
branching to neighbouring mammary epithelial
cells that lack the receptor, probably through
as-yet unidentified paracrine factors.6,7

Wnt proteins might function as the paracrine
factors that operate downstream of proges-
terone and the PgR to mediate the process of
side-branching. These factors are secreted gly-
coproteins that bind to members of the Frizzled
family of seven-transmembrane-domain recep-
tors and can function as oncogenes. Wnt pro-
teins play important roles in the development
of various vertebrate and invertebrate tissues.8,9

A member of the Wnt growth factor family,
Wnt-4, was employed as a molecular marker of
steroid hormone action in the mammary gland
stroma and epithelium, respectively, to investi-
gate the systemic effects of progesterone.10

Progesterone induces Wnt-4 in mammary
epithelial cells and is required for increased
Wnt-4 expression during pregnancy. In the
absence of the PgR from the mammary epithe-
lium, ductal side-branching fails to occur.
Transplantation studies with mammary epithe-
lia from wnt-4�/� mice showed that Wnt-4 plays
an essential role in side-branching early in
pregnancy. Although wnt-4 is the only wnt gene
directly induced by progesterone, and Wnt
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signalling seems to be essential in mediating
progesterone function during early mammary
gland morphogenesis, it is not unique in its
ability to trigger side-branching, since late in
pregnancy, the ductal epithelium of wnt-4�/�

mice shows normal side-branching. It could be
speculated that this compensation is due to the
expression of other Wnt proteins later in preg-
nancy.11,12

The PRKO model was also used to define the
controversial role of progesterone-initiated
intracellular signalling in mammary gland
tumorigenesis.13 In combination studies with
tissue transplantation and an established car-
cinogen-induced (using 7,12-dimethylbenz[a]-
anthracene, DMBA) mammary tumorigenesis
system, it was shown that there was a marked
reduction in mammary tumour incidence in
PRKO mice as compared with isogenic wild
types.

This observation demonstrates that in the
absence of PgR function, prolactin alone is not
sufficient to induce the neoplastic transforma-
tion and that progesterone may activate mito-
genic mediators of the prolactin pathway.
Under these conditions, the epithelial cells
might exhibit a low proliferative index and at
the time of carcinogen administration be a poor
candidate for malignant transformation.

Not only has the luminal epithelial compart-
ment been considered to be primarily respon-
sive to the progesterone induced proliferative
signals and to be the primary site for the initial
carcinogenic insult, but additionally PgR
expression has been localized predominantly to
these cells. One interpretation for the reduction
of mammary tumorigenesis could be that the
progenitor cells for alveologenesis – the PgR-
expressing epithelial cells – are absent in the
PRKO mice. Because the majority of mammary
tumours are of alveolar origin, the absence of
these progenitor cells might reduce the number
of target cells for neoplastic transformation.

These results give strong support for the use
of antiprogestins in breast cancer, because they
might inhibit the prolactin mitogenic action on
the luminal epithelium.

Interactions between progestins, PgR, and
growth factor receptors

Depending on the tissue, progesterone is classi-
fied as a proliferative or a differentiative hor-
mone. This has been extensively studied in
cultured human T47D breast cancer cells.
Treatment of PgR-positive T47D cells with
progestin produces biphasic effects. Studies
focusing on the initial growth-stimulatory com-
ponents show that progestin-induced entry of
cells into S phase is accompanied by transient
increases in the activity of cyclin D1 and cyclin-
dependent kinase (cdk) 4.14 Growth stimulation
by progestins is restricted to one cycle,
however, and is followed by growth arrest at
the G1/S boundary of the second cycle.14,15 Cells
then enter a period of resistance to growth-
regulatory effects of additional progesterone,
accompanied by hypophosphorylation and pro-
found downregulation of retinoblastoma pro-
tein (pRb), loss of cyclins D, A, and B, and
subsequential increases first in the levels of the
cdk inhibitor p21 followed by increases in the
cdk inhibitor p27.14

During the progesterone-arrested state, cells
upregulate epidermal growth factor (EGF)
receptor (EGFR) three- to fivefold and acquire
sensitivity to the proliferative effects of EGF.14 It
has been shown that progestin potentiates the
effects of EGF on T47D cells by upregulation of
EGFR, ErbB2, and ErbB3, and enhances tyrosine
phosphorylation of signalling molecules known
to associate with activated type I receptors.16,17

This led to the model proposed by Horwitz and
co-workers, in which progesterone is a compe-
tence factor that switches breast cancer growth
from steroid hormone to growth factor depen-
dence.

Growth arrest accompanied by upregulation
of p21 has been implicated not only in inhibit-
ing proliferation but also in promoting differen-
tiation.18 Furthermore, this cdk inhibitor has
been postulated to be a key intermediary pro-
tein in the pathway that determines whether
cells proliferate or differentiate.19 The promoter
of p21 lacks a canonical progesterone element,
and thus is activated by progesterone through a
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novel mechanism that involves interactions
between PgRs and CPB/p300, similarly to other
agents such as phorbol esters, butyrate, BRCA1,
and transforming growth factor � (TGF-�).20

There is considerable evidence linking the
EGF and progesterone signalling pathways in
breast cancer. This includes attenuation of pro-
gestin responsiveness and decreases in PgR
levels in cells treated with EGF,21 as well as
progestin-specific regulation of EGF and EGFR
levels.21,22

Induction of differentiation and apoptosis

The progesterone antagonists onapristone (ZK
98299) and ZK 112993 (Figure 14.1) exert a
strong tumour inhibiting effect in a panel of
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Figure 14.1 Structure of the antiprogestins
onapristone, ZK 114043, ZK 112993, ZK 136798
and mifepristone.

hormone-dependent rodent mammary tumour
models.23 Quantitative light and electron micro-
scopic data from these experiments indicate
that the antitumour action of antiprogestins is
accompanied by the initiation of terminal dif-
ferentiation, leading to apoptotic cell death.23

Flow cytometry studies revealed an accumula-
tion of the tumour cells in the G0–G1 phase of
the cell cycle, which may result from induction
of differentiation, since a differentiation-specific
G1 arrest has already been proposed for other
stem cell systems.

Further experiments to characterize the anti-
tumour mechanism of progesterone antagonists
have been described.24 In these experiments, the
effects of onapristone and ZK 112993 on
DMBA-induced and N-methyl-N-nitrosourea
(MNU)-induced-mammary tumours of the rat
and on syngenic mouse mammary tumours
(MXT) with different therapy intervals were
investigated. Hormone-dependent mammary
tumours normally display intraductal growth
in papillary, cribriform, or solid formation.
After treatment periods of 2–6 weeks with
progesterone antagonists, these tumours dis-
played dysplastic ductal and acinous forma-
tions, usually filled with secretory material.
Whereas tumour size, mitotic index, and grade
of tumour malignancy decreased distinctly, the
volume fraction of glandular structures in the
tumours as well as the appearance of apoptosis
increased threefold compared with controls. In
addition, the mammary glands of antipro-
gestin-treated animals showed the morpho-
logical features of differentiation, with the
appearance of secretory activity. Interestingly,
the staining pattern of some of the lectins used,
especially the UEA 1 binding pattern, fits the
concept of differentiation, since recent studies
have revealed a higher degree of fucosylation
only in benign lesions of human breast cancers.

Differential gene expression in response to
antiprogestin treatment

Antiprogestins can only exert their antitumour
activity in cells expressing PgR,25 and therefore
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it is speculated that the antiprogestins exert
their antiproliferative effect via binding to PgR.
The molecular mechanism responsible for this
antiproliferative effect is unclear. According to
the commonly accepted hypothesis, in the
absence of an agonistic ligand, a receptor antag-
onist should not induce any pronounced
effects. It could be that these compounds act as
inverse agonists by directly regulating PgR
transcription factor activities. Further, it is
possible that the antiprogestin-liganded PgR
sequestrates co-regulatory proteins, thereby
limiting the activity of other transcription fac-
tors (this phenomenon has also been called
‘squelching’). In this respect, it could be that the
transcriptional activity of the PgR is impaired
by a ‘squelching’ phenomenon.

One possible way in which to elucidate this
phenomenon is to study the effects of estrogens,
antiestrogens, and antiprogestins on the expres-
sion of a larger number of genes. When T47D
breast cancer cells were cultivated in a medium
containing 5% charcoal-treated fetal calf serum,
proliferation could be significantly stimulated
with 0.1 nM estradiol. The PgR was expressed at
relatively high levels (around 900 fmol/mg pro-
tein), and these cells are highly susceptible to
growth inhibition by antiprogestins. Since these
experiments were performed in the absence of
any relevant levels of a progestin, it was sur-
prising to find that the antiprogestin was able
to inhibit cell proliferation in a very prominent
manner. A similar observation has been
made in animal experiments where tumour
growth induced by estrogens could also be
efficiently blocked by antiprogestins.25 A thor-
ough analysis of gene expression is possible
using chip-driven technologies such as
Affymetrix Genechip Assays. By comparing the
effects of these hormones and antihormones, it
is possible to determine whether or not the
gene expression patterns induced by antiprog-
estins and antiestrogens are comparable (i.e.
whether or not antiprogestins act functionally
like antiestrogens). The appropriate experi-
ments are ongoing. The antiprogestin-mediated
induction of terminal differentiation, resulting
in apoptosis, already described in in vivo

tumour model systems, might also be reflected
at the level of gene expression.

PRECLINICAL MODELS FOR ASSESSING
ANTIPROGESTOGENIC ACTIVITY

In vitro models for antiprogestin
characterization

Transactivation assay
The transactivation assay is based on the obser-
vation that steroid receptors act as ligand-regu-
lated transcriptional activators. After binding of
hormone, the steroid receptor interacts with
hormone response elements (HREs) of hor-
mone-regulated genes, thereby inducing a
cascade of transcriptional events. This hormone-
dependent transcriptional activation can be
determined in tissue culture by transfection
into cells of the steroid receptor under investi-
gation and a reporter gene linked to a hormone-
responsive promoter. The transactivation assay
allows determination of both the agonistic and
the antagonistic potency of a given compound.
In order to determine the antiprogestogenic and
progestogenic potency of antiprogestins, cells
stably transfected with either human PgR-A or
PgR-B together with the luciferase reporter
gene linked to the mouse mammary tumour
virus promoter (MMTV-LUC) are used. For the
determination of antagonistic activity, cells are
treated with 0.1 nmol/l of the synthetic prog-
estin R5020 and, in addition, with increasing
amounts of the test compound. As a positive
control for reporter gene inhibition, cells are
treated with the antiprogestin mifepristone
(Figure 14.1).

To determine agonistic activity, cells are cul-
tured only in the presence of the test com-
pound. As a positive control for reporter gene
induction, cells are incubated with increasing
amounts of R5020. As a negative control for
reporter gene induction, cells are cultured in 1%
ethanol. After 24 hours, a luciferase assay is car-
ried out. Figure 14.2(a) shows an example of a
transactivation assay carried out with the
antiprogestin ZK 136798 (Figure 14.1), which is
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Figure 14.2 Progesterone-stimulated transactivation of the PgR-A and PgR-B isoforms is inhibited by the
antiprogestin ZK 136798. In order to determine the antiprogestogenic and progestogenic potency of ZK
136798, in vitro transactivation assays were carried out with cells stably transfected with either human PgR-A
or PgR-B. ZK 136798 showed strong antiprogestogenic activity on both PgR isoforms comparable to that of
mifepristone. ZK 136798 did not show any progestogenic activity. LUC, luciferase.
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a strong antagonist on both PgR isoforms, with
IC50 values of 7.7 � 10�11 M (PgR-A) and
1.2 � 10�10 M (PgR-B). Furthermore, ZK 136798
did not show any progestogenic activity (Figure
14.2b).

Inhibition of breast cancer cell 
proliferation
Growth inhibition studies in breast cancer cell
lines can be used to screen antiprogestins for
antiproliferative activity. Principally, cells were
grown in charcoal-treated serum supplemented
with 0.1 nM estradiol plus the indicated com-
pounds for 6 days with one change of medium.
Following fixation and subsequent staining
with crystal violet, the absorbance was
recorded and values normalized to the
absorbance of untreated controls as described
elsewhere.26 Figure 14.3(a) demonstrates inhibi-
tion of estradiol-stimulated growth in T47D
cells by 4-hydroxytamoxifen, while onapristone
was ineffective. In contrast, the antiprogestin
ZK 136798 was able to inhibit estradiol-stimu-
lated cell proliferation in a dose-dependent
manner (Figure 14.3b).

In vivo models for antiprogestin
characterization

The standard model for screening of progesto-
genic and antiprogestogenic activity is the estra-
diol-primed rabbit. However, further models in
rat and mice have been developed to character-
ize the antiproliferative and differentiation-pro-
moting activities of antiprogestins. This chapter
will focus on the two antiprogestins that have
entered a clinical development programme,
namely mifepristone (RU 486) and onapristone
(ZK 98299), and two experimental drugs,
namely ZK 112993 and ZK 136798 (Figure 14.1).

Antiprogestogenic effects on mouse
mammary glands
To test directly the antiproliferative and differ-
entiation-promoting activities of antiprogestins
on the normal mammary gland, whole-organ
cultures of mammary glands from estradiol/
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Figure 14.3 Estradiol-stimulated growth of the T47D
breast cancer cell line is inhibited by the antiprogestin
ZK 136798. T47D cells were grown in medium with
10% charcol-stripped serum. Upper and lower shaded
bars represent cells grown in the presence or absence
respectively of 10�10 M estradiol, while the graphs
indicate the proliferation in the presence of 10�10 M

estradiol plus increasing concentrations of ZK 98299,
4-hydroxytamoxifen, and ZK 136798.

progesterone-primed virgin mice maintained in
a serum-free medium with aldosterone, pro-
lactin, insulin, and hydrocortisone were used.27

In this model, it was shown that a 4-day treat-
ment of organ cultures with investigational
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antiprogestins led to a strong inhibition of
epithelial DNA synthesis. In parallel, it was
shown that antiprogestins cause alveolar cells to
acquire a more differentiated phenotype distin-
guished by secretory active alveoli composed of
single cell layers with increased fat droplet accu-
mulation and enhanced expression of the milk
proteins �-casein and whey acidic protein.27

In addition, this model allowed investigations
of the mechanism of action of antiprogestins,27

since particularly strong effects were found on
the expression of mammary-derived growth
inhibitor (MDGI). Both half-maximal inhibition
of epithelial DNA synthesis and stimulation of
MDGI mRNA expression were found at about
5 ng/ml of ZK 114043. This was not due to the
antiglucocorticoid effects of ZK 114043, since the
medium was supplemented with 5 �g/ml
hydrocortisone. Furthermore, the prevention of
action of ZK 114043 by the progesterone agonist
R5020 and the ZK 114043-stimulated expression
of �-casein and MDGI mRNA in cultured glands
of 10-week-old unprimed virgin mice suggested
a PgR-mediated mechanism of antiprogestin
action. The other antiprogestins, mifepristone
and onapristone, likewise stimulated MDGI
expression. These data provide direct evidence
that antiprogestins act like a differentiation fac-
tor in the normal mammary gland. Although the
underlying mechanism is not clear, induction of
functional differentiation of mammary glands
appears to be a major event.

Antiprogestogenic effects on rat mammary
glands
A similar bioassay that allows quantification of
the antiproliferative potency of antiprogestins
on the mammary gland in the rat was
developed by Michna et al.27 For this purpose,
ovariectomized rats were substituted with
estrone and progesterone and a further group
was simultaneously treated with mifepristone,
onapristone, ZK 112993, and ZK136798. A mor-
phometric analysis of the tubulo-alveolar buds
in the inguinal mammary glands revealed a
dramatic antiproliferative effect of mifepristone
and onapristone after only 3 days of treat-
ment.28 This bioassay measures the potency of

antiprogestins to competitively antagonize the
specific effects of progesterone on the target
organ mammary gland. Further advantages of
this bioassay are the use of a hormonally stan-
dardized biological system, the quantitative
results, and the small amount of test compound
necessary, as well as the substitution with pro-
gesterone and estrone since the antiproliferative
potency of antiprogestins on experimental hor-
mone-dependent mammary carcinomas is most
potently displayed in ovariectomized animals
substituted with both sex hormones.

ZK 112993 and ZK 136798 given in a daily
dose of 0.1 mg subcutaneously significantly
reduced the dry weights of the inguinal mam-
mary glands as well as the weights of ‘whole-
mount’ preparations of mammary glands. As a
more sensitive and valid parameter of antipro-
liferative effects, the inhibition of the develop-
ment of tubulo-alveolar buds was quantified
with morphometrical methods on ‘whole-
mount’ preparations of mammary glands. ZK
136798 strongly reduced the development of
tubulo-alveolar buds after only 3 days’ treat-
ment (Table 14.1).

Profiling activity against other steroid
receptors
For the first antiprogestin described, mifepris-
tone, the antiglucocorticoid effect is the main
side-effect that might be a problem for its devel-
opment in oncological indications. Therefore,
screening on antiglucocorticoid activity has to
be implemented early into the drug screening
process. Antiglucocorticoid activity has to be
compared with dexamethasone and mifepris-
tone. Most compounds (e.g. ZK 136798) have
been found not to be glucocorticoid in compari-
son with dexamethasone.

Androgenicity/antiandrogenicity

The growth and function of the prostate and the
seminal vesicles are dependent on the presence
of androgens. Orchiectomy results in a decrease
in endogenous androgens, leading to growth
inhibition of these organs. Treatment with com-
pounds showing androgenic activity stimulates
growth in a dose-dependent manner. This assay
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can also be used to determine the antiandro-
genic activity of a given substance.

Additionally, the musculus levator ani is rich
in androgen receptors. Thus an increase in its
weight is a good parameter for the anabolic
activity of a compound.

In the classical orchiectomized rat model, ZK
136798 induced a dose-dependent but weak

androgenic activity after a treatment period of
12 days (Table 14.2). However, this weak
androgenic effect observed at a dose of
10 mg/animal/day was not statistically signifi-
cant. Mifepristone did not reveal any andro-
genic potential on prostate and seminal vesicles
at various doses (1, 3, and 10 mg/animal/day
subcutaneously) either.
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Table 14.1 Antiproliferative potency of antiprogestins on the development of tubulo-alveolar buds in
rats

Antiprogestin Estrone Progesterone Development of
(s.c. mg/rat) (�g/rat) (mg/rat) tubulo-alveolar

buds (mm3)

Control — 10 3 3760 � 358
ZK 112993 0.1 10 3 2123 � 321a

ZK 136798 0.1 10 3 2480 � 259a

aStatistically significant difference from control.

Table 14.2 Androgenic effect of ZK 136798 in the orchiectomized rat and antiandrogenic effect in the
testosterone propionate (TP)-primed orchiectomized rat

TP Antiprogestin Seminal vesicle Prostate
(mg/rat) (mg/rat) (mg/100 g bw) (mg/100 g bw)

Androgen assay
Control — 0— 06 (�1) 04 (�1)
Control 0.1 0— 77 (�11) 45 (�7)
ZK 136798 — 01.0a 09 (�1) 08 (�2)
ZK 136798 — 03.0a 15 (�2) 10 (�3)
ZK 136798 — 10.0a 27 (�7) 18 (�2)

Antiandrogen assay
Control — — 020 (�3) 10 (�3)
Control 0.1 — 116 (�23) 49 (�17)
ZK 136798 0.1 3.0b 143 (�26) 49 (�17)
Cyproterone acetate 0.1 3.0b 022 (�3) 17 (�4)

aDaily for 12 days s.c. bDaily for 7 days s.c.
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ZK 136798 showed no antiandrogenic activ-
ity at a dose of 3 mg/animal/day (Table 14.2),
in contrast to mifepristone, which showed
antiandrogenic activity in previously per-
formed experiments. In conclusion, ZK 136798
is an antiprogestin devoid of antiandrogenic
activity in vivo with a marginal androgenic
activity at higher doses of 3 and 10 mg/ani-
mal/day.

Estrogenicity/antiestrogenicity

In mice, ZK 136798 in doses of 3 and 10 mg/kg
exerted no estrogenic effects on the weights of
the uterus and vagina of ovariectomized mice
after 7 days’ treatment. At the highest dose of
30 mg/kg, the weights of these organs were sig-
nificantly enhanced, although no estrogenic
reactions (cornification of the vagina) could be
detected. The corresponding histology of the
uterus indicated reactions that might rather be
related to the androgenic effect of the com-
pound.

In contrast to experiments in mice, no estro-
genic reactions at the level of genital organ
weights were seen in ovariectomized rats after
treatment with ZK 136798 in doses of 3, 10, and
30 mg/kg. Nevertheless, at the highest dose,
the myoepithelial cells of the uterus displayed
histological characteristics of a marginal
activation.

Using ovariectomized rats in which ZK
136798 was administered for 5 consecutive days
at doses of 5, 10, and 20 mg/kg, no influence on
estradiol-induced growth of the genital organs
was observed.

Therapeutic efficacy in preclinical breast
cancer models
For the characterization of new mammary
tumour-inhibiting compounds, the use of a
panel of tumour models is highly recom-
mended. In the case of hormone-sensitive mam-
mary carcinomas, syngeneic mouse mammary
tumours (MXT), chemically induced (DMBA
and MNU) rat mammary carcinomas, and
human breast cancer xenografts implanted into
athymic nude mice are all useful models.

Chemically induced tumours in the rat

Experimental mammary tumours induced by
chemical carcinogens such as DMBA in female
rats have a similarity to human breast cancers.
These tumours are estrogen receptor (ER)- and
PgR-positive, and their growth is hormone-
responsive (i.e. estrogen can stimulate whereas
ovariectomy suppresses tumour growth).
Known antiestrogens or aromatase inhibitors
are effective in this tumour model, indicating
that it is useful for testing the antitumour effi-
cacy of new hormonal or antihormonal agents,
especially antiprogestins.

In intact control animals, progressive tumour
growth was observed, whereas ovariectomy
caused complete tumour regression in 90% of
the animals. Treatment with ZK 136798 at doses
of 0.2, 1, and 5 mg/kg resulted in a significant
inhibition of tumour growth compared with con-
trol (Figure 14.4a). Treatment with 0.2 mg/kg
resulted in a growth inhibition that was
improved with 1 mg/kg. At this dose, maximal
growth inhibition was observed – a further dose
increase did not lead to better control of tumour
growth. In these groups, a complete tumour
regression was seen in 30–45% of the rats. The
effect of the lowest dose of ZK 136798 tested in
this experiment (0.2 mg/kg), was comparable to
that of onapristone at 5 mg/kg. At equal doses,
the newer investigational drug ZK 136798 was
distinctly more potent than onapristone.

It was established by morphometric proce-
dures that treatment with onapristone triggers
differentiation of the mitotically active poly-
gonal tumour epithelial cell towards secretor-
ily active glandular structures and acini.
Quantitative light and electron microscopic data
indicate that the antitumour action of antipro-
gestins is accompanied by the initiation of ter-
minal differentiation, leading to apoptotic cell
death.23,24 Surprisingly, the antitumour activity
of antiprogestins is evident in spite of elevated
serum levels of ovarian and pituitary hormones.

The MNU-induced, aggressively growing
mammary carcinoma of the rat is strongly ovar-
ian hormone-dependent but less prolactin-
dependent than the DMBA-induced tumour
model. Measurements revealed progressive
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growth in intact controls, whereas ovariectomy
at day 0 of treatment almost extinguished the
tumours, demonstrating the strong hormone
dependence of the model.

ZK 136798 was compared with tamoxifen
and onapristone (all 5 mg/kg daily orally) over
a treatment period of 4 weeks. Whereas tamox-
ifen and onapristone led to a significant reduc-
tion of tumour growth, interestingly ZK 136798
was even more potent, and in the MNU-
induced model reached statistically the effect of
ovariectomy (Figure 14.4b). No effect on follicle-
stimulating hormone and only a marginal stim-
ulation of luteinizing hormone levels were seen
after treatment with ZK 136798, and no influ-
ences on prolactin and estradiol levels were
observed (data not shown).

Syngeneic breast cancer models in mice

The MXT mammary tumour was originally
induced by urethane and then kept as in vivo

lines existing in various lines with different
characteristics. The MXT (�) line exerts pro-
nounced steroid hormone sensitivity in that its
growth is strongly inhibited by deprivation of
estrogens and progestins.

MXT (�) mammary tumours obtained from
donor mice were implanted in fragments of
about 2 mm diameter in the inguinal region of
female BDF1 mice. Established MXT (�)
tumours were treated with ZK 136798 starting
21 days after tumour implantation, with a daily
subcutaneous dose of 1 mg/kg. In this model
also, ZK 136798 exerted a growth-inhibitory
effect comparable to that of ovariectomy
(Figure 14.5). Previous reports using the MXT
model have shown that tamoxifen causes only
relatively weak effects and that megestrol
acetate or medroxyprogesterone acetate have
no effects on tumour growth in this model.29 In
the MXT model, ZK 136798 is approximately
fivefold more active than onapristone.
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Xenografted human breast cancer tissue in

immunodeficient mice

The human postmenopausal, ER- and PgR-pos-
itive T 61 mammary carcinoma (originally pro-
vided by Professor Bastert, University Clinic,
Homburg, Germany) implanted in castrated
male nude mice is a hormone-sensitive tumour
that is strongly inhibited by tamoxifen.30,31 First
studies with onapristone using a line with a
very high PgR content of almost 200 fmol/mg
protein reported a significant growth-inhibitory
effect at a dose of 1 mg/mouse (�50 mg/kg).32

Using the T 61 model, it was found that, in
parallel treatment groups, onapristone when
given alone had no effect on tumour growth.
When given concomitantly with estradiol ben-
zoate, however, onapristone in the relatively
low dose of 10 mg/kg showed strong and sig-
nificant (p � 0.05, Dunnett test) tumour inhibi-
tion. Tamoxifen in the same dose of 10 mg/kg
again had a pronounced antitumour effect and
stimulated the PgR owing to its known estro-
genicity in mice.33 These data on PgR expres-
sion were confirmed by immunocytochemical
analyses of tumour sections. Whereas in the
control tumours no PgRs could be localized,
after stimulation with estradiol benzoate as
well as in the group receiving estradiol ben-
zoate plus onapristone, an intense staining was
found.

El Etreby and colleagues34 have reported an
in vivo antitumour activity of antiprogestins
(mifepristone and onapristone) alone and in
combination with tamoxifen in the MCF-7
human breast cancer model. The MCF-7 cells
produced progressively growing tumours in
female nude mice supplemented with estradiol.
Tumour regression was observed following
either estrogen ablation alone or estrogen
ablation in combination with tamoxifen.
Monotherapy with tamoxifen or antiprogestins
caused a retardation of estrogen-induced
tumour progression. Complete inhibition or
prevention of tumour growth occurred as a
result of simultaneous administration of
mifepristone and tamoxifen.

COMPARISON WITH STANDARD HORMONAL
THERAPY

It has been shown that the new progesterone
antagonists such as onapristone, ZK 112993, and
ZK 136798, which are highly selective for the
PgR and possess a reduced antiglucocorticoid
activity compared with mifepristone, exert a
strong tumour inhibiting effect in a panel of hor-
mone-dependent mammary tumour models.
Unexpected new experimental observations
from these preclinical experiments in different
model systems has led to the conclusion that the
strong antitumour activity of these ‘pure’
antiprogestins in breast cancer might not only
depend on a primarily classical antihormonal
mechanism. For the first time, Michna et al23,24

showed that the morphological pattern in exper-
imental breast tumours after treatment with
antiprogestins differs totally from that after
treatment with tamoxifen or high-dose estrogen
or ovariectomy. Using quantitative light and
electron microscopy, they found that the antitu-
mour action of antiprogestins is accompanied by
the initiation of differentiation by induction of
secretory active glandular formations, with the
disappearance of undifferentiated epithelial
tumour cells. Mammary glands and breast
tumours of onapristone-treated rats displayed
morphometrical features of terminal differentia-
tion, with the appearance of apoptotic cell death.

In addition, flow cytometry studies revealed
an accumulation of the tumour cells in G0–G1

phase of the cell cycle, together with a signifi-
cant and biologically relevant reduction in the
number of cells in G2–M and S phases, which
may result from induction of differentiation,
since a differentiation-specific G1 arrest has
already been proposed for other stem cell sys-
tems.24 In contrast, conventional endocrine ther-
apeutics for breast cancer such as tamoxifen as
well as ovariectomy displayed no changes in
the distribution of cells within the cell cycle.

It can be concluded from these data that PgR
antagonists differ in their mode of action from
compounds used in established endocrine treat-
ment strategies for mammary carcinoma. It
was shown by morphometric procedures that
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treatment with onapristone triggers differentia-
tion of the mitotically active polygonal tumour
epithelial cell towards secretory active glandu-
lar structures and acini. The antiprogestin-
related reduction of the number of mammary
tumour cells in S phase in experimental tumour
models (G0–G1 arrest) emphasizes the unique
innovative mechanism of action of these new
agents in the treatment of human breast cancer.

The ability of progesterone antagonists to
reduce the number of cells in S phase may offer
a significant clinical advantage, since it has
been established that the S phase fraction is a
highly significant predictor of disease-free sur-
vival among axillary node-negative patients
with diploid mammary tumours.

Clinical studies were therefore initiated to
investigate the new antiprogestin onapristone
as first- and second-line endocrine therapy in
patients with breast cancer. In an exploratory
phase II clinical trial,35 19 patients who either
had locally advanced breast cancer (12 patients)
or were elderly and unfit with primary breast
cancer (7 patients) received onapristone
100 mg/day. Of the 19 tumours, 17 expressed
ER whilst 12 of the 18 tumours tested expressed
PgR. Tumour remission was categorized
according to International Union Against
Cancer criteria. One patient was withdrawn
after 4.5 months. Of the remaining 18 patients,
10 (56%) showed a partial response and 2 (11%)
durable static disease (for 6 months or longer),
giving an overall tumour remission rate of 67%,
confirming that onapristone can induce tumour
responses in human breast cancer. The median
duration of remission was 70 weeks. Studies are
ongoing to investigate whether the biological
effects of onapristone on these human breast
cancers were similar to the changes seen in the
in vivo models described above.

However, irrespective of the biological
changes seen, the clinical results suggest a
potential benefit of adding antiprogestins to the
panel of endocrine breast cancer therapeutics,
especially to extend the therapeutic options in
antiestrogen-refractory diseases.

It has been shown that antiprogestins induce
cellular differentiation and apoptosis. Besides

their use as single treatment of breast cancer,
preclinical experiments indicate that combina-
tion therapy as well as the extension of
endocrine treatments to several other tumour
entities are promising approaches for further
developments.

El Etreby et al36 have demonstrated an addi-
tive effect of the antiprogestin mifepristone in
combination with 4-hydroxytamoxifen on the
increase in induction of apoptosis and on
downregulation of Bcl-2 in the human breast
cancer cell line MCF-7. These results and other
published data suggested that antiprogestins
and the antiestrogen tamoxifen interact with
their respective receptors to initiate an additive
effect on cell death. As mechanisms, the down-
regulation of Bcl-2, changes in the activity of
proteinkinase C (PKC), and induction of 
TGF-�1 have been discussed. These in vitro
experimental results were confirmed by
demonstrating an in vivo antitumour activity of
antiprogestins alone and in combination with
tamoxifen in the MCF-7 human breast cancer
model.34 Complete inhibition or prevention of
tumour growth occurred as a result of simulta-
neous administration of mifepristone and
tamoxifen. These results suggest a potential
clinical benefit of adding an antiprogestin to
antiestrogen therapy of breast cancer patients.

The effects of antiprogestins has been investi-
gated in other tumour types – both classical
endocrine-sensitive tumours (i.e. prostate
cancer) and non-classical endocrine-sensitive
tumours (i.e. gastrointestinal cancer).

The effect of onapristone and concomitant
estrogen supplements on the growth of human
gastrointestinal cancer xenografts was exam-
ined by Robertson and colleagues.37 Estradiol-
stimulated RD19 (gastric) tumour growth in
female mice was inhibited on treatment with
onapristone (p � 0.05). Pancreatic tumours
(PAN-1) were significantly stimulated by estro-
gen (by 64% of control; p � 0.02), and onapris-
tone treatment inhibited estradiol-stimulated
growth (52% reduction of estrogen control;
p 	 0.05). Xenografts of some gastrointestinal
tumour cell lines grow at different rates in male
and female mice. Estrogen may cause addi-
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tional growth stimulation, and estrogen-stimu-
lated growth can be reversed by onapristone to
basal levels.

In prostate tumours that have relapsed from
androgen ablation therapies, the androgen
receptor (AR) is still expressed, and, compared
with the primary tumours, its level is often
even enhanced.38 Mutated ARs can be activated
by other compounds, such as adrenal steroids,
estrogens, progestins, and even antiandrogens.
Thus, relapse of tumours under the selective
pressure of common androgen ablation thera-
pies can be caused by acquired androgen
hypersensitivity and AR activation by ligands
other than (dihydro)testosterone. There is a
clinical need for future compounds that are
effective inducers of apoptosis in recurrent
tumours. Published data indicate that mifepris-
tone can inhibit prostate cancer cell growth in
vitro and in vivo.39,40 The results from El
Etreby’s group indicate that mifepristone
seems to be an effective inducer of apoptosis,
and may represent a novel therapeutic
approach, not directed towards the AR, to
overcome a potential intrinsic apoptosis resis-
tance of androgen-independent prostate cancer
cells. Similar opportunities may be possible in
breast cancer too, and should be investigated
further.
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INTRODUCTION

Increasing knowledge of the molecular biology
of steroid hormone and growth factor sig-
nalling is providing new ideas regarding the
mechanisms of action of estrogens, progestins,
and antihormones (Chapters 9 and 11–14), and
moreover possible explanatory hypotheses for
the tumour growth associated with the phe-
nomena of de novo and acquired endocrine
resistance (Chapter 10). Thus, in hormone-sen-
sitive breast cancer cells, it is likely that input
signals generated both by steroid hormones
and by a pattern of preferred growth factors
are processed by the steroid hormone receptor-
positive cells comprising endocrine-responsive
tumours to ultimately induce/activate a
profile of nuclear transcription factors, for
example steroid hormone receptors, Fos and
Jun (AP-1), Myc, and Elk-1. Such inductive
events are not autonomous: they are markedly
strengthened by the interplay of the steroid
hormone receptor and growth factor signalling
pathways. The net effect of such concerted acti-
vation is to markedly influence patterns of gene
expression, leading to the gain of positive influ-

ences on cell cycle regulation (e.g. cyclin D1)
and cell survival, with a parallel suppression of
negative influences (e.g. transforming growth
factor �, TGF-�). In the presence of adequate
steroid hormone and growth factor input sig-
nals, cells are recruited into, and successfully
proceed through, the cell cycle, resulting in
tumour growth. Importantly, although it is
likely that crosstalk between steroid and
growth factor pathways enables efficient
growth signalling, reductions in the input sig-
nals originating from steroid hormones alone
(e.g. via antihormones or depletion of the estro-
genic environment) appear sufficient to reduce
proliferation and induce programmed cell
death, thereby leading to excellent initial
tumour remissions in endocrine-responsive
patients. In this model, differences between
endocrine responses exhibited by normal and
cancerous cells would be expected to be mini-
mal if oncogenic events occurred in those cellu-
lar pathways that either act to limit the extent of
growth, but still require an input signal for
growth (i.e. that normally maintain tissue size
and architecture through negative-feedback
and homeostasis mechanisms), or facilitate a
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more efficient use of input signals from steroid
hormones.

In cancers unresponsive to current endocrine
measures, it is likely that further alterations
have occurred in those elements of growth fac-
tor signalling pathways that have the following
effects:

1. Have a positive influence on steroid hormone
receptor signalling and facilitate the biological
functions of the receptor in a lowered endocrine
environment (or indeed in the presence of anti-
hormones). Retention of the estrogen recep-
tor (ER) protein in such cells (as a
continued orchestrator of growth
responses) would facilitate additional
responses to endocrine measures that act by
different mechanisms (i.e. aromatase
inhibitor/pure antiestrogen substituting for
tamoxifen). Such second-line responses cer-
tainly occur in over 50% of women with
acquired resistant disease who have bene-
fited from a first-line endocrine response.

2. Circumvent the cellular requirement for steroid
hormones via bypassing those elements of their
response pathways that impinge upon cell pro-
liferation and survival (i.e. post-receptor mecha-
nisms). Such phenotypic/genotypic changes
may be severe enough to override the
importance of crosstalk and hence effec-
tively dislocate growth from a reliance on
the steroid hormone receptor. Additional
influences may arise from changes in cell
cycle components or tumour suppressor
genes. Importantly, the majority of patients
who fail to respond to one form of
endocrine therapy de novo rarely respond
to another, suggesting that the influence of
the ER in their tumour cells is entirely nulli-
fied or circumvented at the time of presen-
tation. This mechanism may also account
for the eventual development of acquired
resistance to multiple endocrine measures.

3. Provide a mitogenic input in tumours lacking
ER. ER negativity is predictably associated
with de novo endocrine resistance, com-
prising some 20–30% of breast tumours at
presentation. Although it is as yet unknown

if such a phenotype arises from aberrant
loss of the steroid hormone receptor or
from selective outgrowth of steroid hor-
mone receptor-negative cells, the regulation
of such tumours is severed from the steroid
hormone environment, and they appear to
be wholly dependent on elements of
growth factor signalling. In addition, per-
turbed regulation of the cell cycle (e.g. via
p53 mutation or loss of BRCA1 expression)
may also contribute to the considerable
proliferation and aggressive tumour
growth associated with steroid hormone
receptor-negative, endocrine-unresponsive
disease.

NEW THERAPEUTIC TARGETS FOR
CANDIDATE PATHWAYS

It is hoped that the above model for endocrine
response and failure will ultimately aid
progress in many aspects of the clinical man-
agement of breast cancer. For example, more
accurate stratification of patients for appropri-
ate therapy should be feasible – a feature that
will be essential if endocrine therapies are to be
directed towards earlier stages of the disease
where treatment responses are not readily mon-
itorable. In particular, however, since we
believe that such knowledge contributes signifi-
cantly towards the precise delineation of those
molecular pathways involved in the develop-
ment of de novo and acquired resistance, eluci-
dation of potential targets for novel treatment
strategies should also be possible. Based on the
above model for loss of endocrine response in
breast cancer, therefore, several therapeutic
approaches can be envisaged that would be
predicted to delay the appearance of, or even
treat, endocrine insensitivity/resistance, hence
severely compromising the disease process.
These include the targeting of ER, growth factor
receptors, signal transduction pathways, and
nuclear transcription factors.
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ER: pure antiestrogens and anti-steroid-
hormone-receptor regimes

The most efficient theoretical means of elimi-
nating the influences of pathway crosstalk
occurring via ER would be to reduce cellular
levels of this receptor. We have recognized ER
downregulation as a property of pure antiestro-
gens that is not shared by other antihormonal
drugs1,2 – a feature that is believed to reside in
the ability of these compounds to increase the
susceptibility of ER to protolytic degradation.3

Indeed, these agents are certainly more potent
promoters of tumour remission than tamoxifen
in several models of human breast cancer, addi-
tionally inhibiting growth-factor-induced cell
proliferation in both estrogen-sensitive and 
-resistant ER-positive breast cancer cells.1,2

Similarly, pure antiestrogens appear to be
highly effective in diminishing the cellular ER
level and associated expression of estrogen-reg-
ulated mRNAs and proteins in clinical breast
cancer specimens,4–6 and furthermore can pro-
mote long-lasting tumour remissions in patients
who have developed tamoxifen resistance.7,8

Importantly, however, even in pure anti-
estrogen-treated cells, we have noted that ER
mRNA expression is maintained on therapy, at
least in the short term.5 Moreover, the ER pro-
tein is eventually re-expressed at significant
levels within pure antiestrogen-treated cells –
an event that coincides with enhanced estro-
gen-regulated gene expression and the develop-
ment of a pure-antiestrogen-resistant state.9

Although the mechanisms associated with the
regain of these cellular functions are as-yet
unknown, ER re-expression coincident with the
development of resistance may again imply
that additional therapeutic benefit may accrue
from re-instigating receptor loss. In this light,
the major thrust of drug design in the pharma-
ceutical industry targeting endocrine-respon-
sive breast cancers has to date focused on the
use of ER-ligand derivatives. However, we
believe that ER downregulation through gene
inhibition may confer significant advantages on
both target cell and hormone receptor speci-
ficity. In this light, we are currently evaluating

ER gene inhibition strategies for their efficacy in
reducing the intracellular activity of the ER.10

These strategies employ antisense technologies
(to inhibit ER expression) and ER dominant-
negative mutants (to interfere with ER protein
function). Certainly, the transient expression of
our truncated version of the ER protein (DNER-
1), which notably lacks the C-terminal hor-
mone-binding and AF-2 domains of the
receptor, efficiently reduces the ability of the
wild-type ER protein to transactivate estrogen
response element (ERE) reporter gene con-
structs in co-transfected ER-positive breast
cancer cell lines with parallel growth-inhibitory
effects.

Growth factor receptors: anti-ligand and
receptor regimes

Given the role established for ErbB tyrosine
kinase receptors in the regulation of cellular
growth responses, a number of approaches
have been used to reduce the signalling primed
by the epidermal growth factor receptor (EGFR)
and c-ErbB2 receptor within cancer cells.

Several groups have successfully employed
immunotherapy with monoclonal antibodies
specifically targeting the EGFR or ErbB2 pro-
teins to disrupt their subsequent signalling and
inhibit autocrine loops.11–17 Growth inhibition of
EGFR- and c-ErbB2-overexpressing tumours
can thereby be enabled both in vitro and in
vivo.13,18,19

Indeed, phase II clinical trials with a recom-
binant humanized anti-ErbB2 antibody
(trastuzumab, Herceptin) performed on node-
positive breast cancer patients showed an over-
all response rate of 12%.16 Preliminary data
from a phase III trial indicate a 16% response
rate to Herceptin and a mean duration of remis-
sion of 9 months in metastatic breast cancer,
with additive benefits with chemotherapy.17,20–24

Additionally, such receptor antibodies (or anti-
body fragments) have also been used to deliver
drugs, radiation, or prodrug-activating
enzymes,25 in each instance with some evidence
of therapeutic benefit. Finally, toxin conjugates
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of relevant ligands that damage ErbB-express-
ing cells have also been described,11,26–29 as have
appropriate antisense mRNA strategies.30

Other ways to exploit tumour dependence
on growth factor signalling have been (i) to
block ligand binding to receptors, using agents
such as the trypanocidal drug suramin31 or its
derivatives32 and (ii) to use cell-permeable low-
molecular-weight inhibitors specific to a
particular protein tyrosine kinase.33 Potential
inhibitors of protein kinases include ATP ana-
logues and peptide-based inhibitors, including
those competing for the SH2 domain (reviewed
by Lawrence and Niu34). Of particular promise
are the tyrosine-specific protein kinase
inhibitors, notably tyrphostins34 and, more
recently, quinazoline derivatives,35–37 while sev-
eral naturally occurring compounds may also
be relevant (e.g. erbstatin,38,39 lavendustin A,40

and genistein41). Encouragingly, quinazolines
not only specifically block the growth-promot-
ing effects of EGFR ligands applied exoge-
nously in culture,36,42,43 but have also been
shown in a number of cases to reduce basal
growth under serum-free conditions43 and to
effectively instigate programmed cell death and
inhibit tumour cell invasion.36,43–45 Therefore,
while it appears that many such cells are cer-
tainly capable of synthesizing and secreting lig-
ands that can activate the EGFR in an autocrine
manner, it is nevertheless likely that such path-
ways may be equally susceptible to the
inhibitory properties of these new compounds,
where they may also fortuitously instigate pro-
grammed cell death. Additionally, EGFR-selec-
tive tyrosine kinase inhibitors when in vitro can
(i) block the cellular actions of estrogens on
breast cancer cells,36 (ii) reduce the growth
of ER-positive estrogen-growth-independent1,2

and fulvestrant-resistant45 cells, and (iii) show
additive inhibitory properties when combined
with antiestrogens.46

Signal transduction pathways

An extensive biological evaluation of the cellu-
lar effects of various inhibitors of individual

downstream elements in growth factor sig-
nalling pathways is being undertaken by
numerous groups.47 However, of particular
interest are Ras protein inhibitors,48 which either
inactivate the enzymes that catalyse the post-
translational modification of Ras by farnesyla-
tion (farnesyl protein transferase49,50) or act to
lower ras mRNA levels through the use of anti-
sense oligonucleotides and ribozymes.51–53 Many
naturally occurring compounds also inhibit Ras
function, often by preventing association with
the membrane, including a vinca alkaloid,54

squalene (found in olive oil),55 diallyl disulfide
(found in garlic),56 and damnacanthal.57

Ras-inhibitory compounds, like EGFR-selec-
tive tyrosine kinase inhibitors, might be
expected to influence both steroid hormone and
growth factor signalling, as would pharmaco-
logical and antisense inhibitors of protein
kinase C (PKC),58–62 Grb2,63 Raf,64 mitogen-acti-
vated protein (MAP) kinase65,66 and c-Src.67,68

Indeed, several clinical trials (phase I or II)
employing antisense inhibitory strategies to tar-
get genes encoding signal transduction and
subsequent cell cycle molecules are currently
ongoing (e.g. for PKC,61 Raf,64 Ras,51 and p53.69

In our own hands, inhibition of MAP kinase
activity by the compound PD098059 is effective
not only as a means of reducing growth-factor-
driven proliferative responses within ER-posi-
tive breast cancer cells, but also as an inhibitor
of ER activation of ERE reporter gene con-
structs following transient transfection. Equally,
PD098059 blocks (i) MAP kinase-induced
expression of the early intermediate response
gene Fos, (ii) the subsequent activation of AP-1-
mediated signalling (see below), (iii) productive
associations between steroid hormone and
growth factor signalling pathways in driving
gene responses, and (iv) estrogen- and growth-
factor-promoted proliferation of the cells.

Nuclear transcription factors

Potentially useful antitumour effects can be
generated in breast cancer cells in vitro through
the inhibition of AP-1 signalling.70 Relevant
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inhibitory agents include glucocorticoids.71–79

and retinoids, as well as AP-1 dominant-negat-
ive76 and antisense strategies.72 In a number of
instances, it has been shown that compounds
such as all-trans-retinoic acid not only have
antiproliferative activity, as mediated by inhibi-
tion of AP-1 activity, but importantly may also
be potent inducers of apoptosis.78 We have
observed that all-trans-retinoic acid efficiently
blocks growth-factor-mediated expression of
Fos protein and AP-1 activity in breast cancer
cells in vitro. Such inhibition appears to be suf-
ficient to prevent the growth-promoting effects
of estrogens, and furthermore aids the
inhibitory effects of antiestrogens.79 Such data
certainly imply significant and therapeutically
exploitable crosstalk between these pathways,
and that combination therapy with antihor-
mones and retinoids may be appropriate. It is
noteworthy that several laboratories have
developed synthetic retinoids that can selec-
tively target AP-1 signalling without activating
transcription of retinoid-regulated genes.73,74,80–82

Indeed, since such compounds can synergize
with glucocorticoids to efficiently repress phor-
bol-ester-induced AP-1 activity,80 they may find
an expanding role in the therapy of those
endocrine-responsive and -unresponsive can-
cers that show increased reliance on AP-1 sig-
nalling. Finally, many naturally occurring
microbial and plant extracts and their deriva-
tives may be of future use. Of particular note
are the momordins83 and curcumin (diferuloyl-
methane). These agents inhibit AP-1 activ-
ity,84–86 the latter compound inducing an
unstable, hyperphosphorylated Fos protein87 to
inhibit proliferation and elicit programmed cell
death.88

NEW THERAPEUTIC TARGETS FOR NON-
CANDIDATE PATHWAYS

In addition to the above growth-related path-
ways in breast cancer cells, which are obvious
prime targets for drug development, modern
genomic and proteomic technologies are identi-
fying many additional molecular changes in

breast cancer that are potential targets for
future drug development and delivery.

Of particular interest to our own group are
those gene products that are normally sup-
pressed by steroid hormones during tumour
growth and that by definition are consequently
upregulated by antihormonal therapies. These
notably include the EGFR/ErbB289–92 and TGF-
�.93 We postulate that at least a portion of such
gene products will be associated with enabling
cancer cells to survive the effects of antihor-
mones and thus contributing to their capacity
to develop drug resistance. The strategic target-
ing of such survival factors thus potentially
provides a highly complementary line of attack
to the use of antihormones, and might be
expected to significantly improve the therapeu-
tic efficacy of such agents. Indeed, in recent
experiments combining tamoxifen or fulves-
trant with an EGFR-selective tyrosine kinase
inhibitor, we have noted that the combination
produces a much greater tumour cell kill than
when the drugs are used sequentially, and can
effectively control the adaption of the cells to
the antihormones. Importantly, although our
first priority is to identify survival factors, our
initial investigations using cDNA array technol-
ogy have identified gene products linked to
other key cellular processes, including adhe-
sion, immune surveillance, paracrine regula-
tion, and angiogenesis. A number of these may
also prove useful as targets for antibody-
directed toxin, gene, and cell therapies.

CONCLUSIONS

Signalling through steroid hormone and
growth factor pathways and their key compo-
nents is far from simple, with an elaborate mol-
ecular and protein biology and a diverse
regulation encompassing a network of phos-
phorylation cascades. It is becoming increas-
ingly apparent that there are additional layers
of complexity to such signalling, with the path-
ways being intimately linked rather than
autonomous. Indeed, several points of produc-
tive crosstalk between steroid-hormone- and
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growth-factor-directed pathways have now
been identified in estrogen-responsive cells,
which are believed to markedly reinforce their
individual cellular effects on growth and gene
responses. It is thus postulated that aberrations
arising in growth factor signalling pathways
could dramatically influence/circumvent
steroid hormone action. Certainly, altered ele-
ments of growth factor signalling pathways are
a relatively common phenotypic characteristic
of clinical and experimental breast cancer – a
feature that correlates with the development of
endocrine insensitivity in both the de novo and
acquired settings. A projected paradigm, there-
fore, is that inhibitory agents (either syntheti-
cally or naturally derived) directed towards
reducing the influence of growth factors, or
their intracellular signalling pathway compo-
nents, may prove to be of clinical benefit in the
therapy of breast tumours exhibiting resistance
to antihormonal measures. Indeed, such an
approach might delay the appearance of these
deleterious conditions. With the recent and con-
tinued expansion of available technologies
(notably array technology and proteomics) and
an increasing battery of pharmacological and
molecular therapeutic agents, such targeting of
aberrant growth factor signalling is now
becoming a genuine possibility, and may even-
tually be applicable to many tumour types.
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progestins vs, 113

Note: ‘vs’ indicates comparison of two or more different treatments. 
Abbreviations: ER, estrogen receptor; PgR, progesterone receptor.
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Antiandrogenic effects, antiprogestins, 258
Antiestrogen(s), 45–6, 63–73, 140–2, see also Selective
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actions of, 76, 140–2

ER and, see Estrogen receptor
non-ER, 142

advanced breast cancer, see Advanced breast
cancer

biological changes in primary tumours associated
with, 209–31

definition/terminology, 5, 63
non-steroidal, see Non-steroidal

SERMS/antiestrogens
pure/new, 5, 47, 63–73, 141–2, 226–7, 267

anastrazole vs, 69–70, 94
biological changes associated with, 226–7
preclinical and clinical assessment, 65

resistance to, see Resistance
structures, 65
xenografts resistant to, 196–7

xenografts stimulated by, 197
Antiestrogenic effects of antiprogestins, 256
Antiglucocorticoid effect, antiprogestins, 254
Antiprogestins, see Progesterone receptor, inhibitors
Antiproliferative effects, antiprogestins, 251

rat studies, 255
screening for, 253

Antisense strategies, ER gene, 267
AP-1, see Activator protein-1
Apoptosis, antiprogestin-induced, 250
Apoptosis-related protein, see Bcl-2
Aromatase, 77–80, 198, 233–5

in breast tissue, 77–80
expression, regulation, 76–7, 235

transgenic studies of hormonal carcinogenesis,
198

in malignant tissue, 80, 235
vs benign tissue, 80

Aromatase inhibitors, 5, 5–6, 75–106, 236–42
1st generation, 82–3

3rd generation vs, 89, 91
2nd generation, 83–5, 113
3rd generation and newest, 85–99, 100–1, 113,

237–8
1st generation vs, 89, 91
1st line use, 91–3
2nd line use, 90–1
3rd line use, 90
pure antiestrogen vs, 69–70, 94
relative efficacies and dose–response studies, 88,

90–1, 91, 93–4
relative potencies, 90, 237, 238

adjuvant setting, 94–7
cross-resistance of antiestrogens and, lack, 98–100
development, 80–1
endocrinology of breast and, 238–9
evaluation of activity, 81–2
future perspectives, 100–1
histopathological changes, 241–2
historical background, 4–5
neoadjuvant, see Neoadjuvant aromatase inhibitors
non-steroidal/competitive/type II, see Non-

steroidal aromatase inhibitors
preventive use, 101–2, 198
progestins vs, 83, 85, 86, 87–8, 90, 91, 93–4, 113, 114
steroidal/suicide type/type I, 81, 84–5, 236, 237
structures, 236
tamoxifen vs, see Tamoxifen

Arzoxifene (LY 353,381), 55
clinical use, 55, 57
structure, 48

ATAC (Adjuvant Tamoxifen Anastrozole
Comparison) trial, 94–8

preventive aspects, 101–2
ATLAS study, 36
Austrian study, chemotherapy vs ovarian ablation, 26
Axillary node metastases, tamoxifen, 37
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gamma-linolenic acid and, 224–5, 225, 226
resistance to, 219

Beatson, Sir George Thomas, 3
Bone mineral density, see Skeletal effects
Brx, 135

C region of ER, 129
mRNA variants/mutated forms, 132

Cadherins, 199–200
CAF (5-FU–Adriamycin [doxorubicin]–

cyclophosphamide)
± goserelin ± tamoxifen, 25
progestins with, 112

Calcification and PTH-related factor, 201
CALGB study, megestrol acetate, 110
Cancer (other than breast cancer) risk

endometrial, see Endometrial cancer
with tamoxifen, 39–40

Cancer and Leukaemia Group B (CALGB), megestrol
acetate, 110

Carcinogenicity, possible, tamoxifen, 39–40
Carcinoma in situ, ductal, tamoxifen, 36
Cardiovascular effects

anastrozole, 92
ovarian ablation, 28
tamoxifen

adverse, 39
beneficial, 38

CBP (CREB-binding protein), 135, 139
CDK (cyclin-dependent kinase) inhibitors and

tamoxifen resistance, 174–5
CDK inhibitors, see Cyclin-dependent kinase

inhibitors
CEF (epirubicin–cyclophosphamide–5-FU), 26
Cell adhesion molecules, 199–200, 201
Cell cycle

progestins and PgR and, 249
tamoxifen resistance and, 174–5

Cell line, breast cancer, antiprogestins inhibiting
proliferation, 255

CGP-336,156 (lasofoxifene), 53
Chemically-induced breast tumour in rats, 192–3

antiprogestin studies, 192–3
Chemoprevention, tamoxifen, 39
Chemotherapy, see also specific drugs and regimens

adjuvant, see Adjuvant chemotherapy
ovarian ablation vs, 26–7, 29

CIP1, see p21
CMF (cyclophosphamide–methotrexate–5FU),

adjuvant, 29
ovarian ablation (goserelin) ± tamoxifen vs, 26
ovarian ablation (goserelin) with, 24–5, 25
with progestins, 111

Cofactors (co-activators; co-accessory proteins), ER,
66, 133–4, 134–5

tamoxifen and

resistance to, 170
response to, 159

Contralateral breast, cancer
anastrazole (in ATAC trial) in prevention of, 101–2
ovarian ablation and incidence of, 24
tamoxifen in prevention of, 39, 101–2

CREB-binding protein, 135, 139
Curcamin, 269
Cyclic AMP, see AMP
Cyclin(s)

progestins and PgR and, 249
tamoxifen resistance and, 174–5

Cyclin-dependent kinase (CDK) inhibitors
progestins and PgR and, 249
tamoxifen resistance, 174–5

Cyclophosphamide, see AC; CAF; CEF; CMF
Cytochrome P450, aromatase, 76

D region of ER, 129–30
mRNA variants/mutated forms, 132

Deaths, non-breast cancer
ovarian ablation and, 21–2, 28
tamoxifen and, 38

Diethylstilbestrol (DES; stilbestrol), 5, 6, 46, 47
structure, 48
tamoxifen vs, 46, 47

Diferuloylmethane, 269
Differentiation, antiprogestin-induced, 250
7,12-Dimethylbenz[a]anthracene (DMBA)-induced

mammary tumours, 192
antiprogestin studies, 256

DMBA, see 7,12-Dimethylbenz[a]anthracene
DNA-binding domain of ER, 129
DNA transcription, see Transcription; Transcription

factors
Doxorubicin, see AC; CAF
Droloxifene, 41, 51-2

clinical use, 41, 51-2
overall efficacy, 53

pharmacology and biology, 41, 51
Ductal carcinoma in situ, tamoxifen, 36

E (hormone-binding) domain of ER, 130–1
activation by estrogen/hormone, 133, 251

E-cadherin, 199–200
E domain (hormone-binding domain) of ER, mRNA

variants/mutated forms, 132
Early Breast Cancer Cooperative Trialists’

Collaborative Group, see Oxford overview
Eastern Co-operative Oncology Group (ECOG),

tamoxifen, 36
CAF ± goserelin ±, 25

EBCTGG, see Oxford overview
ECOG, see Eastern Co-operative Oncology Group
EGF and EGFR, see Epidermal growth factor ;

Epidermal growth factor receptor
Elderly women, tamoxifen, 37
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EM-652 (SCH 570268)

prodrug of, 55–6
structure, 48

EM-800, 55–6
Embolism risk, see Thromboembolism risk
Endocrine effects, tamoxifen, 34
Endocrinology of breast, aromatase inhibitors and,

238–9
Endometrial cancer risk

raloxifene, 6
tamoxifen, 6, 39–40

Enhancer element sequence, ER gene, 128
EORTC, LHRH agonist ± tamoxifen, 12
Epidermal growth factor, progesterone signalling

pathways and, 250
Epidermal growth factor receptor, 138, 139–40, 215

monoclonal antibodies, 267
progestins and PgR and, 249, 250
tamoxifen and, 215

resistance to, 171
response to, 159–61

tyrosine kinase inhibitors targeting, 268
Epirubicin–cyclophosphamide–5-FU (CEF), 26
Epithelial–mesenchymal transition, 200, 201
ERA-923, 56
ErbB receptor family, 7–8, 159
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resistance to, 171, 220
response to, 159–61
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Estradiol
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role, 198–9
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inhibition, 76
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structures, 48
historical background, 4
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157–9, 167–70, 267

antiestrogens/SERMs and, 140–2, 156, 157–9, 166,
167–70, 267

new, see fulvestrant (subheading below)
tamoxifen, antiestrogens and, see subheading

below
aromatase activity and ER status, 78–9
continued use (in tamoxifen resistance), 168–9
dimerization, 65, 130, 133
ER� subtype, 133, 158–9, 169–70
estrogen/estradiol actions at, 6, 66, 133–5

drugs blocking, see Selective estrogen receptor
modulators

fulvestrant (new/pure antiestrogen) and, 141–2,
226, 267

action on ER, 65–6, 141–2
therapeutic use and ER status, 68, 226, 227

gene
knockout studies, 198
structure/regulation, 127–8
as therapeutic target, 267

onapristine and ER status, 119
ovarian ablation and, 16–18, 26
protein structure, 128–31
redundancy (in tamoxifen resistance), 167–8
tamoxifen and, 34, 66, 76, 140–1, 156, 157–9, 166,

167–70, 210–12, 219
ER status (incl. loss/changes in expression) and,

7, 35–6, 167, 210–12, 219, 223–4
gamma-linolenic acid and, 125–6, 222, 223–4,

225, 226
resistance to, 156, 167–70, 219
response to, 156, 157–9
stabilization with, 166

in unresponsive/resistant tumours, 266
variants/mutants of ER�, 131–3, 158–9, 169–70

Estrogen receptor factor-1, 128
Estrogen response elements (EREs), 6

fulvestrant and, 141–2
tamoxifen and, 34, 140–1

resistance to, 170
zinc fingers in recognition of, 129

Estrogenic effects
antiprogestins, 256
aromatase inhibitors, relative lack, 92

Estrone measurement in aromatase inhibitor
evaluation, 81–2

Ethinylestradiol, 46
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structure, 48
European Organization for Research and Treatment

of Cancer, LHRH agonists ± tamoxifen, 12
Exemestane, 89–90, 237

other agents vs, 91
tamoxifen, 92–3, 95

relative potency, 237, 238
structure, 236

Experimental models, see Animal models
Eye toxicity, tamoxifen, 40

F region of ER, 131
Fadrazole, 83–4
FAK, 201
FAP-1, 138
FASG 06 trial, 25
Faslodex, see Fulvestrant
Fat (adipose tissue), aromatase activity, 77, 234, 235
Fatty acids, essential, with tamoxifen, 222–6
FGF-overexpressing antiestrogen-resistant

xenografts, 195–6
Fibroblast growth factor-overexpressing

antiestrogen-resistant xenografts, 195–6
‘Fixed-ring’ SERMS, 54–6

clinical efficacy, 56
structures, 48

5-Fluorouracil, see CAF; CEF; CMF
Focal adhesion kinase, 201
Formestane (4-Hydroxyandrostenedione), 84–5, 237

megestrol acetate, 114
relative potency, 237, 238
structure, 236

c-Fos, tamoxifen and, 218
resistance to, 220

French Adjuvant Study Group 06 trial, 25
Fulvestrant (ICI 182,780; Faslodex), 47, 63–73, 226–7

clinical studies with, 67–8
biological changes in, 226–7
phase III, 69–70

pharmacology (incl. pharmacokinetics), 68–9, 138
actions at ER, 66–7, 141–2

preclinical studies, 67
structure, 48, 64

Gamma-linolenic acid with tamoxifen, 222–6
Gastrointestinal cancer xenografts in mice,

onapristone effects, 260–1
Gene expression, antiprogestins effects, 250–1
Gene therapy, ER targeting, 267
Gene transfer studies, animals, 197–9
Genotoxicity hypothesis, aromatase inhibitors and,

101, 102
Glucocorticoids, antiprogestins effects on, 254
GnRH analogues, see Luteinizing hormone-releasing

hormone analogues
Goserelin, 24–5, 26

adjuvant, 17, 26

equivalence with surgical or radiation ovarian
ablation, 27

chemotherapy vs, 26
metastatic disease, 12

GROCTA trial, 26
Growth factors (and their signalling

elements/receptors/ligands), 7–8, 135–9,
265–6, 267–8

metastasis and, 199
new therapeutic targets, 267–8
progestin and PgR receptor interactions with,

249–50
tamoxifen and, 215–17

resistance to, 156, 170–4
response to, 156, 159–65
stabilization with, 166

unresponsive tumours and, 266
Growth-regulatory genes, steroid hormones and

growth factors influencing, 139
GW 5638, 52–3

structure, 48

Haematological effects, tamoxifen, 39
Heart, see Cardiovascular effects
Heat shock protein-90 and ER, 130–1
Her2, see ErbB2
Herceptin, 8, 267–68
Histology/histopathology, tumour

aromatase inhibitors and, 241–2
SERM resistance/response and, 156

Historical background, 3–4, 7
Hormone-binding domain of ER, see E domain
Hsp90 and ER, 130–1
Hydrocortisone with aminoglutethemide, 82–3

3rd generation aromatase inhibitors vs, 89
progestins vs, 113

4-Hydroxyandrostenedione, see Formestane
4-Hydroxyestradiol formation, prevention, 102
Hypersensitivity to estradiol, adaptive, 99–100

ICI 46, 474, see Tamoxifen
ICI 182,780, see Fulvestrant
Idoxifene, 41, 52, 221

clinical use, 41, 52, 221
biological changes associated with, 221
overall efficacy, 53, 54

pharmacology and biology, 41, 52
IGF, see Insulin-like growth factor
Immunoassays, aromatase inhibitor evaluation, 82
Immunocompromised mice, breast tumour

xenografts, 193–4
Immunohistochemical features of acquired

tamoxifen resistance, 219–20
Immunotherapy, growth factor receptor targets,

267–68
ErbB2, 8, 267–68

INK4A, 174, 175
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Insulin-like growth factor signalling pathways, 136,
161–4

tamoxifen and
resistance to, 171–2
response to, 161–4

Integrins, 201
Intergroup (US) study, 25
Isotopic kinetic technique (aromatase inhibitor

evaluation), 82
in relative potency assessment, 90

JNK (Jun N-terminal kinase) and response to
tamoxifen, 164

Ki67
fulvestrant and, 227
tamoxifen and, 217–8

Kinase, see Protein kinase

Lasofoxifene (CGP-336,156), 53
L-CAM, 199–200
Letrozole, 85–8, 94, 237

aminoglutethimide vs, 87, 89, 91
endocrinology of breast and, 238, 239
histopathological changes with, 241
megestrol acetate vs, 86, 87–8, 91, 93, 114
relative potency, 237, 238
structure, 236
tamoxifen vs, 92–3, 95

neoadjuvant, 98
LHRH analogues, see Luteinizing hormone-releasing

hormone analogues
�-Linolenic acid with tamoxifen, 222–6
Liver cancer risk, tamoxifen, 39
Liver function test abnormalities, onapristone, 120,

121
Luteinizing hormone-releasing hormone (GnRH;

LHRH) analogues, 5, 24–5
equivalence with surgical or radiation ovarian

ablation, 27
historical background, 4
metastatic disease, 12–13

LY 156,658, see Raloxifene
LY 353,381, see Arzoxifene
Lymph node metastases, tamoxifen, 37

Mammary-derived growth inhibitor, 254
Mammary glands (rodents)

normal tissue, antiprogestin studies, 253–4
tumour models, 192–3

antiprogestin studies, 256–9
MAP kinase, see Mitogen-activated protein kinase
MCF-7 cell line, 195, 199

antiestrogen-resistant sublines, 196
antiestrogen-stimulated sublines, 197

Medroxyprogesterone acetate (MPA), 107
metastatic disease, 107, 109–10

other agents vs, 112–13
Megestrol acetate (MA)

aromatase inhibitors vs
2nd generation, 83, 84
3rd generation, 83, 85, 86, 87–8, 90, 91, 93–4, 113,

114
metastatic disease, 85, 87–8, 107–9, 110–11, 112–13
onapristone vs, 121–2
tamoxifen vs, 112

Menopausal symptoms, tamoxifen, 39
Metalloproteinases, 200
Metastases, lymph node, tamoxifen, 37
Metastasis, 199–201
Metastatic breast cancer, see Advanced and

metastatic breast cancer
Methotrexate, see CMF
N-methyl-N-nitrosourea (MNU)-induced tumours,

192, 193
antiprogestin studies, 256–8

MIB1
aromatase inhibitors and, 241
tamoxifen and, 217–18

resistance to, 220
Mice, see Mouse
Mifepristone (RU 38486), 122

antiandrogenic effect, 256
antiglucocorticoid effect, 254
breast cancer, 117–18, 122, 122–3

hormone-naive disease, 122
tamoxifen-resistant disease, 122

prostate cancer, 261
Miproxifene, 52
Mitogen-activated protein kinase (MAP kinase), 136

inhibitors, 268
tamoxifen and

resistance to, 172
response to, 164–5

MMTV, see Mouse mammary tumour virus
MNU (N-methyl-N-nitrosourea), 192, 193
Models, animal, see Animal models
Monoclonal antibody

EGFR, 267
ErbB2 (=trastuzumab), 8, 267–8

Mormodins, 269
Mortalities, see Deaths
Mouse

antiprogestins in
estrogenic/antiestrogenic effects, 256
mammary gland effects in normal tissue, 253–4
mammary gland effects in tumour model,

therapeutic efficacy, 258
xenografted human breast tissue effects, 259

human breast tumour xenografts in, see Xenografts
mammary gland tumour

antiprogestin effects, 258
virally-induced, 193

Mouse mammary tumour virus (MMTV), 191, 193
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aromatase gene and transgenic studies, 198
Mouse polyoma virus infection, 193
Muscle, aromatase activity, 77, 234
MXT mammary tumour, 258

NADP reductase, aromatase, 76, 234
National Surgical Adjuvant Breast and Bowel Project

(NSABP), tamoxifen, 36
Neoadjuvant aromatase inhibitors, 239

vs tamoxifen, 98, 217–18
Neu, see ErbB2
NF-�B, 138
Nolvadex, see Tamoxifen
Non-steroidal aromatase inhibitors (type

II/competitive inhibitors; androgen
analogues), 81, 101, 236

structures, 236
Non-steroidal SERMS/antiestrogens, 47, 155, see also

Triphenylethylenes
structures, 64

Nottingham–Tenovus Study of tamoxifen, biological
changes in breast cancers, 
210–20

NSABP study, tamoxifen, 36
Nuclear transcription factors, see Transcription

factors
Nude mice, human breast tumour xenografts, 194

Ocular toxicity, tamoxifen, 40
Onapristone (ZK 98299), 118, 118–22, 122–3, 260

animal model studies
mouse, human gastrointestinal cancer

xenografts, 260–1
rat, 256, 257, 258

first-line use, 121, 260
megestrol acetate vs, 121–2
second line use, 118–21, 122
structure, 250

Oophorectomy (surgical), see Surgical ovarian
ablation

Ophthalmological toxicity, tamoxifen, 40
Osteoporosis risk, see Skeletal effects
Ovaries

ablation, 11–32
adjuvant, 4, 13–28, 28–9
adverse effects, 28
historical background, 3–4, 11
metastatic disease, 12–13, 28
surgical, see Surgical ovarian ablation

estrogen biosynthesis, 77, 234
suppression, 16, 27–8

in chemotherapy, and effectiveness of ovarian
ablation + chemotherapy, 25

Oxford overview (and Early Breast Cancer
Cooperative Trialists/Trialists Collaborative
Group; EBCTCG), 11, 16–24, 28

adjuvant tamoxifen, 35

p16INK4A, 174, 175
p21 (WAF1; CIP1), 157

progestins and PgR and, 251–2
tamoxifen resistance and, 174, 175

p27, 175
p53 and remission with SERMs, 157
p62TCF, 138
Paclitaxel + AC, 26
Parathyroid hormone-related factor and calcification,

201
PD098059, 270
Peptide growth factors, 7–8, 135–9
Plasminogen activator/urokinase, 200–1
Polyoma virus infection, mouse, 193
Postmenopausal and over-50s women

aromatase activity and estrogen biosynthesis in,
77, 234

aromatase inhibitors
2nd generation, 83–4, 84–5
3rd generation, 85, 85–7
endocrine effects, 238

onapristone, 118–21
ovarian ablation, 21
progestins

adjuvant use, 111
metastatic disease, 7–9, 108–9, 112–13
tamoxifen vs, 112–13

tamoxifen
adjuvant, with chemotherapy, 37–8
endocrine effects, 34
fadrazole vs, 83–4
progestins vs, 112–13

toremifene, 40
Premenopausal women (under 50s)

aromatase activity and estrogen biosynthesis, 77,
234

ovarian ablation, 16–19, 24–7
progestins, adjuvant, 111
tamoxifen, 26–7, 36

adjuvant, with chemotherapy, 37–8
endocrine effects, 34
menopausal symptoms, 39

Prevention of breast cancer
aromatase inhibitors, 101–2, 198
tamoxifen, 39, 102–3

vs raloxifene, 54
Progesterone antagonists, see Progesterone receptor,

inhibitors
Progesterone receptor (PgR), 117, 213–14

inhibitors (antiprogestins; progesterone
antagonists), 5, 6, 117–24, 247–62

mechanisms of actions, 248–51
preclinical models for assessing activity, 

251–9
standard hormonal therapy vs, 259–61
structures, 250

null/knockout mutants, 248–9

INDEX 281

720_Breast_index  26/04/2002 12 41 pm  Page 281

  



Progesterone receptor continued
progestin and growth factor receptor interactions

with, 249–50
status/expression

aromatase activity and, 78–80
aromatase inhibitors and, 241–2
fulvestrant and, 226, 227
onapristone and, 118–20
tamoxifen and, 36, 213–14, 219

Progestins (progestational agents), 5, 5–6, 107–16
adjuvant use, 111–12
comparisons with other agents, 112–13

aromatase inhibitors, 83, 85, 86, 87–8, 90, 91,
93–4, 113, 114

onapristone, 121–2
metastatic disease, 85, 87–8, 107–11, 112–13
PgR and growth factor receptor interactions with,

249–50
toxicity, 113–15

Proliferation, see also Antiproliferative effects
markers of, tamoxifen effects, 216–17
PgR-induced, 248

Prophylaxis, see Prevention
Prostate tumours, mifepristone, 261
Protein kinase(s)

growth factors and induction of, 135–6
inhibitors, 268
tamoxifen and

resistance to, 172–3
response to, 164–5

Protein kinase A and response to tamoxifen, 165
Protein kinase C (PKC), 201

antiestrogens/SERMs (incl. tamoxifen) and, 142
resistance to, 172
response to, 164

pS2, tamoxifen and, 214–15
resistance to, 219

PTHRP and calcification, 201

Quinazolines, 268

Radiation ovarian ablation, 27–8
historical background, 3, 11

Radioimmunoassays, aromatase inhibitor evaluation,
82

Rag-1/2null mice, 194
Raloxifene (LY 156,658), 6, 54, 221–2

clinical use, 54, 57, 221–2
biological changes associated with, 221–2

endometrial cancer and, 6
pharmacology, 54
structure, 48

Ras-inhibitory compounds, 268
Rat

antiprogestins in
androgenic effects, 255
estrogenic/antiestrogenic effects, 256

mammary gland effects in normal tissue, 254
mammary gland effects in tumour model, 256–8

mammary tumours, 192–3
antiprogestin effects, 256–8
chemically-induced, 192–3

Refractoriness to endocrine therapy, see Resistance
Relapse, see Resistance
Resistance

(unresponsiveness/refractoriness/relapse) to
endocrine therapy

antiestrogens/SERMS
and lack of cross-resistance to aromatase

inhibitors, 98–100
tamoxifen, see subheading below

growth factor signalling pathways and, 266
EGFR, 139–40

tamoxifen, 38, 166–75
EM-800 use, 56
exemestane use, 89–90
fulvestrant use, 68
idoxifene use, 41
immunohistochemical features, 219–20
mifepristone use, 122
onapristone use, 118–22, 122
toremifene use (and toremifene cross-resistance),

41, 50
tumour phenotypic profiles associated with,

166–75
xenografts, 196–7

Response (to endocrine therapy)
complete or partial, with SERMS, tumour

phenotypic profiles associated with, 155–65
lack, see Resistance
stabilization of disease, tumour phenotypic

profiles associated with, 165–6
Retinoid(s), therapeutic use, 269
Retinoid receptors and retinoid-like receptors, 7
mRNA for ERa, exon 5 and 7 variants, 131–3
Rodent models, see Animal models
RU 486, see Mifepristone

SCH 570268, see EM-652
Scid mouse, human breast tumour xenografts, 194
Scottish Cancer Trials Breast Group, 26
Second breast, see Contralateral breast
Selective estrogen receptor downregulator (SERD),

fulvestrant as, 67
Selective estrogen receptor modulators (SERMs), 5,

33–62, 155–89, see also Antiestrogens
adjuvant use, 57–8
biological changes associated with, 210–26
ER and, see Estrogen receptor
future role, 56–7
non-steroidal, see Non-steroidal SERMS
novel, 47–9

ideal profile, 49
response
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complete or partial, tumour phenotypic profiles
associated with, 155–65

lack, see Resistance
structures, 48
tumour flare/exacerbation response, 6
withdrawal/rebound response, 6

SERMS, see Selective estrogen receptor modulators
Severe combined immunodeficient mouse, human

breast tumour xenografts, 194
Signalling pathways (incl. signal transduction), 8,

135–9
new drugs targeting, 268
and resistance to tamoxifen, 156
and response to tamoxifen, 156, 164–5
and stabilization with tamoxifen, 166

Skeletal effects (incl. bone mineral density)
ovarian ablation, 28
tamoxifen and, 38–9

Southwest Oncology Group (SWOG), megestrol
acetate vs aminoglutethimide, 113

SPT6, 134
SR 16234, structure, 48
SRC-1, 134–5
STAR (Study of Tamoxifen Against Raloxifene), 54
Steroid hormones

categories of therapies using, 5
growth-regulatory genes and, 139
mechanism of action, 6
receptors, see Estrogen receptor; Progesterone

receptor
Steroid receptor co-activator-1, 134–5
Stilboestrol, see Diethylstilbestrol
Study of Tamoxifen Against Raloxifene, 54
Suramin, 268
Surgical ablation, categories, 4, 5
Surgical ovarian ablation (oophorectomy), 27–8

chemotherapy vs, 26
historical background, 3–4

SWOG, megestrol acetate vs aminoglutethimide, 113
Syngeneic breast cancer models, antiprogestin

studies, 258

T47D cell line, 195
Tamoxifen (ICI 46,474; Nolvadex), 26–7, 33–40, 45–6,

63–4, 155–89
adjuvant, see Adjuvant endocrine therapy
aminoglutethimide with, 83
ancillary benefits, 38–9
antiprogestins and, additive effect, 260
antiprogestins vs, rat model studies, 257, 258
aromatase inhibitors following exposure to,

secondary responses, 98–100
aromatase inhibitors vs, 91–3, 94, 94–6

adjuvant, 94–6, see also ATAC trial
neoadjuvant, 98, 213–14

diethylstilboestrol vs, 46
fulvestrant vs, 52

gamma-linolenic acid with, 222–6
historical background, 6–7
metastatic disease, see Advanced breast cancer
other triphenylethylenes vs, 40, 41, 50, 52
ovarian ablation and (incl. LHRH agonists), 12–13,

24
chemotherapy vs, 26–7

ovarian ablation vs, 26–7
pharmacology and biology, 33–4

changes, in tamoxifen resistance, 170
mechanism of action, 34, see also Estrogen

receptor
prophylactic, see Prevention
raloxifene vs, 54
response to, 155–89

complete or partial, tumour phenotypic profiles
associated with, 155–65

lack, see Resistance
stabilization of disease, 165–6

SERMs similar to, see Triphenylethylenes, newer
stimulation of disease by, 38
structure, 48
toxicity/adverse effects, 6, 39–40
xenografts resistant to, 196–7
xenografts stimulated by, 197

TAT-59, 52
Taxol (taxane) + AC, 26
Testolactone, 80
TGF, see Transforming growth factor
Thromboembolism risk

anastrozole, 92
tamoxifen, 39

Thyroid hormone response element (TRE), 135
and tamoxifen resistance, 173

Toremifene, 40, 49–51
clinical use, 40–1, 50–1

overall efficacy, 53, 54
pharmacology and biology, 40, 49–50
structure, 48

Transactivation assay, 251–2
Transcription (in transactivation assay for

antiprogestins), 251
Transcription factors (for ER), 138–9

drugs targeting, 268–9
tamoxifen and, 218

response to, 159
Transforming growth factor-�, tamoxifen and, 216–17

resistance to, 173–4, 220
response to, 159–61, 165

Transforming growth factor-�, 269
Transgenic models, 197–9
Trastuzumab, 8, 267–8
Triphenylethylenes, 33–44

newer (tamoxifen-like SERMs), 40–1, 49–52
clinical efficacy, 53–4

structures, 48
Triptorelene and tamoxifen, 25

INDEX 283

720_Breast_index  26/04/2002 12 41 pm  Page 283

  



Tumour suppressor genes tamoxifen resistance, 175
Tyrosine kinase inhibitors (tyrphostins), 268

Unresponsiveness to endocrine therapy, see
Resistance

Urokinase, 200–1
Uvomorulin, 199–200

Vascular endothelial growth factor, 199
VEGF, 199
Virally-induced mammary gland tumour, mouse,

193
Vorozole, 86, 88, 94

aminoglutethimide and hydrocortisone vs, 89
megestrol acetate vs, 86, 91, 93, 114
tamoxifen vs, neoadjuvant, 214

WAF1, see p21
Wnt-4, 248–9

Xenografts of human cancer tissue in mice, 193–8
breast cancer, 193–8

antiestrogen-resistant, 196–7
antiestrogen-stimulated, 197
antiprogestin effects, 259
endocrine-responsive, 195–6
endocrine-unresponsive, 197

gastrointestinal cancer, antiprogestin effects, 260–1

ZEBRA study, 25, 26
Zinc fingers of ER, 129
ZK 98299, see Onapristone
ZK 112993

antitumour effects, 250
rat mammary gland effects, 254
structure, 250

ZK 114043
mouse mammary gland effects, 254
structure, 250

ZK 136798
assay of antiprogestogenic activity, 251–3
mouse studies, tumour effects, 258
rat studies

androgenic effects, 255
antiandrogenic effects, lack, 256
estrogenic effects, 256
mammary gland effects, 254
tumour effects, 256

structure, 250
Zoladex Early Breast-Cancer Research Association

(ZEBRA) study, 25, 26
ZR-75-1 cell line, 195

antiestrogen-resistant subline, 196
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