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Selective Oestrogen Receptor Modulation

INTRODUCTION

THE LINK between oestrogen and the growth and develop-
ment of breast cancer has been established during the twen-
tieth century [1,2]. However, the identification and
elucidation of the mechanism of oestrogen action through the
oestrogen receptor (ER) [3-8] has proved invaluable to target
breast cancer treatment and prevention [9, 10]. Non-steroidal
anti-oestrogens block the binding of oestradiol to the ER
[11,12] and, as a result, are antagonists of oestrogen action.
Tamoxifen, the prototype anti-oestrogen for the treatment of
breast cancer, was first shown to have efficacy in the palliative
treatment of advanced breast cancer nearly 30 years ago
[13,14]. Although no increased response rate was observed
with tamoxifen compared with other available endocrine
therapies, it was the low incidence of side-effects that facili-
tated the strategic use of long-term adjuvant therapy for
node-positive and node-negative breast cancer [15-17].
Tamoxifen had been tested extensively in clinical trials for 20
years, therefore the drug became the agent of choice to prove
[18] the worth of an anti-oestrogen for the prevention of
breast cancer in high-risk women.

This concept of identifying a target (the ER) and develop-
ing an agent (tamoxifen) to prevent breast cancer [19] is an
example of translational research that has opened the door to
broad ranging opportunities in therapeutics for the next cen-
tury [9,10]. We are poised to develop a menu of medicines
that are designed to influence the natural history of breast
cancer, endometrial cancer, osteoporosis and coronary heart
disease [20,21]. It is, therefore, appropriate to review what
we know and what we need to learn to understand selective
ER modulation (SERM).

SELECTIVE OESTROGEN RECEPTOR
MODULATION

Throughout the 1960s and 1970s, anti-oestrogenic activity
was correlated with antitumour activity. However, the finding
that triphenylethylene-type  anti-oestrogens  expressed
increased oestrogenic properties, that is vaginal cornification
and increased uterine weight in the mouse [22,23] raised
questions about the reasons for the species specificity. One
obvious possibility was species-specific metabolism that is,
the mouse converts anti-oestrogens to oestrogens via novel
metabolic pathways. However, no species-specific metabolic
routes to known oestrogens have been identified [24-26], but
knowledge of the mouse model created a new dimension for
study, which ultimately led to the recognition of the target
site-specific actions of triphenylethylene-type anti-oestrogens.
This concept is now referred to as selective ER modulation
and the class of drugs, known as SERMs, has a prominent
place in medical practice. Tamoxifen is used for breast cancer
prevention and raloxifene, paradoxically, is used to prevent
0Steoporosis.

The ER positive breast cancer cell line MCF-7 [27] can be
heterotransplanted into immune-deficient athymic mice but
the cells can only grow into tumours with oestrogen support.
Paradoxically, tamoxifen, an oestrogen in the mouse [22, 23]
does not support tumour growth [28] but stimulates mouse
uterine growth with the same spectrum of tamoxifen meta-
bolites present in both the mouse uterus and implanted
human tumour [29]. To explain the selective actions of
tamoxifen in different targets of the same host, it was sug-
gested that the tamoxifen—ER complex could be interpreted
as a stimulatory or inhibitory signal at different sites [29]. A
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similar conclusion can be drawn from the observation that
long-term tamoxifen treatment prevents mouse mammary
carcinogenesis in high incidence strains [30]. In contrast,
tamoxifen initially causes a strong oestrogen-like effect in the
uterus that ultimately becomes refractory to oestrogen
stimulation within 8 weeks [31].

The concept of the target site-specificity of anti-oestrogens
was consolidated with experimental evidence from two fur-
ther models that translated into the clinic. First, tamoxifen
and raloxifene both maintain bone density in the ovari-
ectomised rat but both compounds inhibit oestradiol-stimu-
lated uterine weight [32] and prevent carcinogen-induced
mammary tumorigenesis [33]. The laboratory studies on
bone density and remodelling have been adequately con-
firmed and translated to the clinic [34, 35]. Tamoxifen redu-
ces hip and wrist fractures in postmenopausal women and
raloxifene prevents fractures of the spine. Tamoxifen [18]
and raloxifene [36] also reduce the incidence of breast can-
cer. Second, the finding that tamoxifen would partially sti-
mulate the growth of a human endometrial carcinoma
transplanted into athymic mice [37] allowed the question to
be asked: if a human endometrial and breast tumour were
transplanted into the same athymic mouse would tamoxifen
exhibit differential pharmacology at two human target sites?
Tamoxifen demonstrated target site-specificity; breast
tumour growth was blocked, but endometrial tumours con-
tinued to grow [37]. Again the range of tamoxifen metabo-
lites was the same in the tumours despite the opposite
responses. Thus, the tamoxifen—-ER complexes must be
interpreted differently in the breast and uterus. These data
also suggested the possibility of an increased risk of endo-
metrial cancer in women taking long-term tamoxifen therapy.
Indeed, after a decade of investigation, there is known to be a
3- to 4-fold increase in the incidence of endometrial cancer in
postmenopausal women treated with tamoxifen [18, 38].

It is axiomatic that pharmacology provides a clearer
understanding of the subtleties of physiology. An investiga-
tion of the action of drugs has resulted in the description of o-
and PB-adrenergic receptors, the classification of muscarinic
and nicotinic receptors and the discovery of specific antago-
nists to block H1 and H2 receptors for histamine. The chal-
lenge is to understand selective oestrogen and anti-oestrogen
action and to discover new compounds that can exploit the
SERM concept.

The place to start is with the emerging appreciation of the
complexities of oestrogen action.

THE OESTROGEN RECEPTORS (ERS) « AND 3

The biological effects of oestrogen are now known to be
mediated by two receptors referred to as oestrogen receptor-o
(ERa) and ERP. ERa was first identified and isolated in the
mid 1960s [3-7]. The cloning of ERa in 1986 [39,40]
focused research efforts on the existence of only one ER pro-
tein (ERa) identical in all target tissues. Almost three decades
later after the initial discovery of the ERa, ERP was identified
in the rat, human and mouse [41-43]. The discovery of ER]}
has already advanced our understanding of oestrogen signal-
ling and may explain the ‘mysterious’ responses to oestrogen
in tissues in which ERa was not detectable [44]. Thus, the
existence of ER o and P subtypes provides a possible explan-
ation for the tissue-selectivity of SERMs.

The two ERs share a functionally conserved structure
(domains A-F) (Figure 1) consisting of a variable amino-
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Figure 1. The regulation of oestradiol (E,) action through the oestrogen receptor (ER) signal transduction pathway. The

respective ERx or ERf3 proteins are activated and dimerise (homo- or hetero-) to form a transcription unit. This is located

appropriately at an oestrogen response element (ERE) in the promoter region of an oestrogen responsive gene. The transcrip-

tion unit is formed by co-activator (CoA) molecules but can be neutralised if anti-oestrogens are bound to the ER. The anti-

oestrogen—-ER complex does not bind CoA molecules but attracts co-repressor molecules (CoR). SERM action might depend on
the ratio of ER«x and (3 or the ratio of CoA and CoR molecules in different target sites.

terminal region which is involved in transactivation (A/B), a
centrally located, well conserved DNA-binding domain (C),
and carboxy-terminal region involved in dimerisation and in
binding to Hsp90 (D), a ligand binding domain (LBD) (E)
synergise with transactivation functions and an F region
[42,45] which appears to play a role in modulating tran-
scriptional activation by ERa [46]. ERP is homologous to
ERa at the ligand binding (58%) and DNA binding (96%)
domains, whereas the A/B region, hinge domain and F region
are not well conserved [42].

Both ERa and ERJ contain two activation functions (AFs)
which contribute to the ER’s transcriptional activity. AF-1 is
located in the amino-terminal region within the A/B region
and is believed to be constitutively active and ligand-inde-
pendent [45,47,48]. It has been demonstrated that ligand-
independent activation of ER via the AF-1 domain is closely
related to the phosphorylation status of the receptor [49-51].
In particular, Ser-118 in the AB region of ERa is important
for the activation through the Ras-MAP kinase (MAPK) sig-
nalling cascade [51,52] and Ser-106 and Ser-124 are two
phosphorylation sites in the A/B region of ERB which are
essential for ligand-independent activation of the ERf via the
MAPK cascade [53,54]. In addition, both receptors contain
a second activation domain, AF-2, which is present at the
carboxy-terminus and is ligand-dependent [55,56]. Muta-
tional analyses demonstrate the importance of this region for
ER transactivation [57-59] because AF-2 can interact with a
number of putative transcriptional co-activators in a ligand-
dependent manner [60-63].

AF-1 and AF-2 can activate transcription independently
but in most cases they synergise with one another in a pro-
moter- and cell context-specific manner [47,59]. It is
believed that ER activates gene expression by binding to oes-

trogen response elements (EREs) in responsive genes through
the synergistic action of AF-1 and AF-2 [64]. ER  was also
shown to activate transcription of target genes through EREs
[42,65]. However, it has been demonstrated recently that
while oestrogen can induce an AP-1 site in a reporter con-
struct through ERa, it is inactive via ERP [66]. Interestingly,
ER antagonists activate ERP to induce activity through an
AP-1 site [66] and through the human retinoic acid receptor
o-1 promoter [67].

The two receptors ERa and ERP may form functional
heterodimers on DNA [53, 65, 68] that could bind the coac-
tivator, SRC-1, and stimulate transcription of a target gene
[69]. The ability of ERa and ERp to form heterodimers sug-
gests that ER may function through different dimeric states,
and it is possible that the dimers could be activated by selec-
tive ligands [70].

A MOLECULAR MECHANISM FOR OESTROGEN
ACTION

The existence of two rather than one ER, indicates that the
mechanism of action of oestrogen and anti-oestrogens is even
more complex than previously thought. Oestrogen, upon
binding to its high-affinity receptor (or receptors), triggers the
expression of multiple genes involved in the regulation of cell
proliferation and differentiation. This process may sound
simple, but is actually very complex. The binding to the agon-
ist allows the ER to dissociate from heat shock protein,
dimerise, bind to specific DNA sequences and stimulate
transcription of responsive genes. Now it is well known that
ERitselfis far from being the direct controller of transcription:
it requires an interaction with a complex of co-regulatory pro-
teins (co-activators or co-repressors), which act as signalling
intermediates between the ER and the general transcriptional
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Figure 2. The interaction of oestrogenic and anti-oestrogenic ligands with specific amino acids in the ligand binding domain of
ERax.

machinery [71] (Figure 1). Recently, the crystal structure of
the ligand binding domain (LBD) of ERa was determined
with oestradiol [72] and synthetic non-steroidal oestrogen
diethylstilboestrol [73]. Both high-affinity ligands interact
with the same amino acids to locate the oestrogens correctly
(Figure 2). A key feature of the agonist-receptor structure is
the ability of steroid to be enveloped in a hydrophobic pocket
that is closed by helix 12 (an essential site for AF-2 activa-
tion) in the ligand-binding site of ERa (Figure 3a). Appar-

(a)

ently, helix 12 is critical for the recruitment of coactivators to
the AF-2 site and subsequent initiation of RNA polymerase
activity. The repositioning of the helix 12 after ligand binding
has been proposed as an important mechanism for full
oestrogen action at ERa [72-75].

CO-ACTIVATORS
There is considerable evidence that nuclear steroid recep-
tors must associate with other nuclear proteins to form a

(b)

Figure 3. (a) The locking of oestradiol in the ligand binding domain of ER«x. Helix 12 seals the steroid into a hydrophobic pocket

and exposes sites on the complex that can bind to co-activators. (b) The wedging of raloxifene in the ligand binding domain of

ERa. Helix 12 cannot seal the selective oestrogen receptor (ER) modulator (SERM) into the hydrophobic pocket because the

anti-oestrogenic side chain interacts with Asp 351, which acts as a pivot for the helix. Helix 12 blocks coactivator binding.
Adapted from [72].
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transcription complex. For example, it has been shown that
the AF-1 and AF-2 domains of ERa bind to TATA-binding
protein (TBP) in virro [76]. Moreover, ER can interact with
components of the transcription factor IID (TFIID) complex
[77] and TFIIB [78]. Interactions between ER and TFIID-
associated factor (TAF), TAF;;30, have also been described
[79]. However, while all these interactions are necessary, they
are not sufficient to mediate transcription. The multiprotein
complex must not only provide the machinery to transcribe
the appropriate gene but also facilitate a mechanism for
exposing the quiescent gene. This process must destabilise
the DNA histone complex to allow RNA polymerase access
to complete transcription.

Several co-activators have been described for ER based
upon their ability to interact with agonist-bound receptor but
not with an antagonist-bound receptor. ERAP 160 [80] and
RIP 140 [81, 82] were identified using the LBD of ER as bait.
Interestingly, RIP 140 does not interact with basal factors of
the transcription machinery, suggesting a mechanism other
than a bridging function for a co-activator [81]. SRC-1, on
the other hand, was isolated from a human cDNA library
using the LBD of hPgR as bait [83]. However, studies indi-
cate that SRC-1 and ERAP 160 are variants of the same
family of proteins.

The majority of receptor-interacting factors have been
identified by using LBD of nuclear receptor as a bait this,
therefore, explains why the AF-2 site is believed to be the
most important site for co-activator recruitment. However, it
has been demonstrated that SRC family members are not
only a transcriptional mediator for the ligand-dependent AF-
2 of ERa [84] but are also involved in ligand-independent
interaction with AF-1 [84] and with ERp through phosphory-
lation of AF-1 by the MAP-kinase signalling cascade [54].
Functional interaction of ER and SRC-1 occurs in the
absence of exogenous ligand through Cyclin D1 bridging
[85]. In addition, SRA (steroid receptor RNA activator),
which is part of the SRC-1 complex, mediates transactivation
via AF-1 [86]. Moreover, ERWERp heterodimers were able
to bind the SRC-1 and stimulate transcription of a reporter
gene [69].

TIF2 belongs to the family of transcriptional intermediary
factors (TIFs) which mediate AF activity to the transcription
machinery [71]. The SRC-1-related TIF2 also efficiently stim-
ulates AF-2 activity of ER in viwo [87]. Another protein
involved in co-activator complex with SRC-1 is p300/CBP, a
300-kDa protein related to the cAMP response element-
binding protein, CBP [88-90]. It has been demonstrated that
SRC-1 and p300/CBP contain intrinsic acetyltransferase
activity and can interact with other histone acetyltransferases
(HATS). Acetylation by SRC-1 of histones bound at specific
promoters could be a mechanism by which the AFs of ER
and associated co-activators activate transcription of specific
genes by enhancing formation of a stable pre-initiation com-
plex [91].

A MOLECULAR MECHANISM FOR
ANTI-OESTROGEN ACTION
Anti-oestrogens are competitive inhibitors of oestrogen
action. The shape of the ligand, with a strategically placed
alkylaminoethoxy side chain, is essential to convert an oestro-
genic complex to an anti-oestrogenic complex with a reduced
oestrogenic efficacy. Earlier models of anti-oestrogen action
(proposed before the ER was cloned and sequenced) suggested
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that the anti-oestrogenic side chain prevents the receptor
from closing so that the activation of the complex would be
incomplete [92,93]. Partial agonism of receptor complexes
would occur because of an equilibrium mixture of activated
and unactivated receptor complexes [94]. This was an adap-
tation of Belleau’s macromolecular perturbation theory [95].

McDonnell’s group extended these observations and pre-
sented convincing evidence that the shape of different anti-
oestrogen—ER complexes are not all the same [96]. A muta-
ted ER assay methodology in human liver cancer cells, was
used to classify new drugs based on their interaction with an
engineered C; promoter target. However, it is the realisation
that a third component of the signal transduction system is
involved [97] that has provided the most excitement for sol-
ving the secrets of SERMs. Co-activators and possibly
co-repressors are key components that can modulate gene
activation. Clearly, the shape of an anti-oestrogenic ER com-
plex will dictate how or if any other protein in a transcription
unit will bind.

The crystallisation of the LBD of the ER with oestrogens
and anti-oestrogens has provided enormous insight into the
change in protein shape that prevents anti-oestrogens from
building a transcription complex at AF-2 [72, 73]. It is known
that 4-hydroxytamoxifen silences AF-2, while AF-1 remains
constitutively activated [98-101].

Both raloxifene and 4-hydroxytamoxifen fit into the
hydrophobic pocket of the LPD but the anti-oestrogenic side
chain prevents the re-orientation of helix 12 that must seal
the ligand into the receptor before coactivators can bind and
produce a transcription complex. The high-affinity ligands
both interact, through phenolic hydroxyls with Glu 353 and
Arg 394 to locate the ligands correctly in the binding domain
(Figure 2) [72,73]. However, the side chain that is critical for
anti-oestrogenic activity interacts with Asp 351. Clearly, this
interaction is the key to anti-oestrogenicity as it controls the
repositioning of helix 12. This molecular model provides an
elegant solution to AF-2 silencing, but it should be noted that
there are significant differences in the interaction of the anti-
oestrogenic side chains of raloxifene and 4-hydroxytamoxifen
with amino acids in helix 3 that ultimately cause minor, but
significant differences in the positioning of helix 12 (Figure
3b). These differences have the potential to alter the oestro-
genic efficacy of the different anti-oestrogen—-ER complexes.

CO-REPRESSORS

Although the experimental evidence suggests that activat-
ing functions can be prevented in the anti-oestrogen—-ER
complex by stopping co-activators binding, an alternative
hypothesis is an increased binding of proteins that only
interact with the anti-oestrogen—ER complex. Co-repressors
would, therefore, neutralise an anti-oestrogen—ER complex.
Although several proteins have been identified that can
switch off an antihormone receptor complex [102-104] one
would have to argue that the process is serendipity unless
natural antihormones are identified. There is no doubt that
serendipity is a possibility, as there is every reason to believe
that the novel shape of an anti-oestrogen-receptor complex
could sequester random molecules in the vicinity of the
genome. Clearly, if enough key transcription factors are
‘squelched’ inappropriately, the machinery for cell replication
could fail. Finding the ‘mystery molecules’ is the challenge.

Although the concept of a repressor molecule is a funda-
mental of molecular biology, models of anti-oestrogen action
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could as easily depend entirely on the dynamics of co-activator
binding. For example, studies of transforming growth factor-o
(TGFa) gene activation with oestradiol or 4-hydroxy-
tamoxifen in MDA-MB-231 cells stably transfected with the
cDNA for ER, show equal gene activation by anti-oestrogen—
and oestrogen-receptor complexes [105]. This result could
be interpreted as a lack of co-repressors in MDA-MB-231
cells so that anti-oestrogen action cannot occur. However,
raloxifene and the pure anti-oestrogen ICI 182,780 block
oestradiol and 4-hydroxytamoxifen stimulated TGFa gene
activation so that explanation is unlikely [106]. We prefer the
hypothesis that MBA-MB-231 cells contain an excess of
specific coactivators that, through the law of mass action, can
activate the 4-hydroxytamoxifen—-ER complex. The altered
shape of the raloxifene-ER complex does not allow co-acti-
vators to bind so the complex is less promiscuous.

WHAT WE DO NOT KNOW ABOUT THE
MECHANISMS OF ACTION OF SERMS

Although some progress has been made with our under-
standing of oestrogen and anti-oestrogen action there is no
unifying theory that can explain the target site-specific actions
of SERMs. Despite this deficit, there are opportunities to
imagine multiple mechanisms. In other words, there may be
different mechanisms at different sites or groups of targets.
By way of example, it is intriguing that raloxifene expresses
less oestrogen-like activity than 4-hydroxytamoxifen in breast
and uterine cells. The shapes induced by the ligands in the
LBD are similar enough that one could infer that both ralox-
ifene and 4-hydroxytamoxifen silenced AF-2. However, the
crystal structures tell us nothing about the relationship
between AF-1 and AF-2. The whole protein has not been
crystallised. If 4-hydroxytamoxifen is known to silence only
AF-2 and AF-1 is constitutively active [47,98-101] then,
based on our results at the TGFa gene where the raloxifene—
receptor complex is without activity [107], one would have to
conclude that raloxifene is less oestrogenic because it silences
AF-1 and AF-2. This conclusion would be a reasonable
explanation, based on the shape of ERa for the reduced oes-
trogenicity in the rodent [108] and human uterus [109]. The
shape of the complex would dictate whether excess coactiva-
tors in a target tissue would bind. The hypothesis would also
apply to drug resistance to tamoxifen. One could imagine that
breast cancer cells with wild-type receptor would be cloned
out if an excess of oestrogenic co-activators could facilitate
gene transcription through the tamoxifen—-ER complex. Less
oestrogenic anti-oestrogens would, therefore, be valuable
second-line agents to treat tamoxifen-resistant breast cancer
[110] because the new shape of the complex, or destruction
of the receptor would prevent gene transcription [111]. Fur-
thermore, the hypothesis suggests that raloxifene-like com-
pounds may not be completely cross-resistant with tamoxifen.

These interpretations of differential ER action by anti-
oestrogens at a breast cancer target present a dilemma for a
unifying theory of SERM action. If the shape of the raloxifene
and 4-hydroxytamoxifen—ERa complexes dictate the silencing
of AFs selectively, then ERa shape cannot explain the similar-
ity of the oestrogen-like properties of tamoxifen and raloxifene
on bone [34, 35] and circulating cholesterol [112, 113].

An alternative idea is that the anti-oestrogen—ERa complex
interacts with another sequence of DNA that could be refer-
red to as ‘“‘an anti-oestrogen response element”’, in contrast to
an oestrogen response element. Such an idea has been sug-
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gested by McDonnell and coworkers by screening cDNA
libraries [114] and Yang and coworkers have proposed a
raloxifene response element [115]. The latter authors now
suggest not a receptor—-DNA interaction but a receptor—pro-
tein interaction that enhances the oestrogen-like properties of
raloxifene at a transforming growth factor  promoter [116].
This could explain the bone effects of raloxifene but 4-
hydroxytamoxifen was not tested in the system so a unifying
mechanism cannot be proposed.

Nevertheless, the idea of anti-ER complexes providing
gene activation through a protein interaction at the genome is
appealing in light of the observation that 4-hydroxy-
tamoxifen—-ERP complexes can initiate gene transcription at
AP-1 (fos and jun) sites [66]. The effect of raloxifene at ERP
is not related to the affinity of the ligand for the receptor but
rather the ability to activate a reporter at high concentrations
of ligand i.e.: 1-10 uM. Unexpectedly, however, the pure
anti-oestrogen ICI 164, 384 can also activate AP-1 sites
through ERp but oestradiol and diethylstilbestrol block gene
activation. Clearly, these data are inconsistent with the
known effects of oestrogen and pure anti-oestrogens on bone
remodelling.

Another idea is that the ratio of ERa and ER is important
to express oestrogen-like effects of anti-oestrogens; the higher
the proportion of ERP the greater the likelihood of an oes-
trogen-like effect. At present, the hypothesis is being tested
in breast tumours [117, 118] but the difficulty appears to be
the lack of a useful antibody for ERP. All results on the
distribution of ERp are based on the use of RT-PCR and
extrapolation of RNA levels to deduce the presence of a
pharmacological target.

The most compelling solution to describing a role for ER
in SERM action would be to identify an ERP specific agonist
or antagonist. As yet, none have been reported but since the
cDNAs for both ERa and ERP are known there is no reason
why an automated compound screen cannot come up with a
molecule with differential actions (see ‘note added in proof’
at the end of the text).

NEW MOLECULES

The successful development of tamoxifen as a breast can-
cer preventive, and the introduction of raloxifene to prevent
osteoporosis, has encouraged the investigation of ‘new’
molecules that may have unforeseen advantages. Toremifene
and idoxifene are similar molecules to tamoxifen, which,
although they potentially have multiple applications as
SERMs, are only targeted for the treatment of advanced
breast cancer (Figure 4). Similarly, droloxifene (3-hydroxy-
tamoxifen) is known to have efficacy as a breast cancer drug
[119] but is also a SERM at bone sites [120].

The compounds listed in Figures 5 and 6 (with the excep-
tion of ICI 182,780) are potentially able to be applied either
as breast cancer therapies or as agents for osteoporosis or
both. The drugs GW 5638 and CP 336,156 are both partic-
ularly interesting because they maintain bone density in ani-
mals [121,122] and could find an application as preventives
for osteoporosis but with the potential to prevent breast can-
cer because of their structural similarity to tamoxifen and
nafoxidine, respectively. Furthermore, the new generation
SERM L1Y353381 is designed to be more bioavailable than
raloxifene so that a more sustained blood level can be main-
tained [123]. However, the new drug EM 652 currently being
developed by Schering Plough is a surprise. The compound
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Toremifene

Idoxifene

Droloxifene

Figure 4. Selective oestrogen receptor modulators (SERMs)
related to tamoxifen.

has been evaluated rigorously in animal models and is classi-
fied as an orally active pure anti-oestrogen because the mole-
cule silences both AF-1 and AF-2 in ERa [54]. The formula
of the drug is drawn in the publications to show a structural
similarity to the pure anti-oestrogen ICI 182, 780 [124].

We have developed an assay system iz vitro that can dis-
tinguish between tamoxifen-like compounds, raloxifene-like
compounds and pure anti-oestrogens (Figure 7). The assay
depends on the differential regulation of the TGFa via wild-
type and Asp 351Tyr mutant ER [105-107]. EM 652 was
reclassified as a raloxifene-like compound [125] that may not
only have use in its original application as a second-line drug
after tamoxifen failure, but also as a drug with potential to
prevent coronary heart disease and/or osteoporosis. New
SERMs can now be rapidly classified based on functional
assays and only select agents need to be crystallised, if neces-
sary, to confirm the biological data.

CP 336, 156

Figure 5. Selective oestrogen receptor (ER) modulators
(SERMs) that express less oestrogen-like actions in the rodent
uterus than tamoxifen.
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CHEMOTHERAPY TO CHEMOPREVENTION

At the beginning of the twentieth century, Paul Ehrlich
proposed and developed the concept of chemotherapy [126].
His hypothesis was that a synthetic compound could be dis-
covered to cure patients by identifying and targeting disease
caused by invading bacteria. He based this hypothesis on the
selective ability of synthetic dyes to stain bacteria but to leave
the surrounding tissues unaffected. Ehrlich also devised a
scientific method for the discovery of compounds with selec-
tive toxicity. A toxic moiety, in this case arsenic, was incor-
porated into an organic carrier molecule, tested in the
laboratory for selective toxicity against animal disease and the
successful compound tested in clinical trials. Salvarsan, or the
606th compound to be tested against spirochaetes, became
the prototype chemotherapy for syphilis and changed the
strategic approach to medicine in modern times. The sul-
phonamides, antibiotics and antimalarials have all resulted
from the commercialisation of the chemotherapy concept.
However, despite the synthesis and testing of huge numbers
of chemotheraputic agents for cancer, a cure for the disease
has remained elusive. Part of the problem has been the diffi-
culty in identifying a specific cancer target. If cancer is
derived from self, then it is difficult to implement a selective
method of finally killing the last rogue cancer cell without
killing the patient. Although there have been notable excep-
tions, such as testicular cancer and childhood leukaemia, the
track record for successfully attacking the major solid
tumours remains disappointing. Even Paul Ehrlich turned his
attention to cancer chemotherapy in the first decade of the
twentieth century, but eventually he was to declare that he

OH
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HO B CFCF,  (CH)C-6-0
o]

IC1 182, 780

SC 5705 (EM 652)

Raloxifene
(normal depiction})

ONO

o)
HO' s

LY 353381

Raloxifene (redrawn)

Figure 6. A comparison of selective oestrogen receptor (ER)
modulators (SERMs) with the structure of the pure anti-oes-
trogen ICI 182,780. EM 800 is metabolically activated to EM
652 and the metabolite has now been renamed SC 5705.
Although the drug has a passing structural resemblance to ICI
182,780 the compound is related pharmacologically to ralox-
ifene and the new SERM LY 353,381. The structure of ralox-
ifene is redrawn to show the close structural similarity with
SC 5705.
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Novel assay to classify anti-oestrogens

Compounds
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cells
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Figure 7. Anti-oestrogens can be classified by their interaction with the oestrogen receptor (ER). Tamoxifen analogues with a

similar side chain are promiscuous and readily activate the transforming growth factor-« (TGF«x) gene in MDA-MB-231 cells

stably transfected with cDNAs for ER. Raloxifene analogues have increased oestrogenicity with a mutated ER (Asp351Tyr)

because this changes the protein conformation to increase activating functions. Pure anti-oestrogens are not affected by the ER
mutation at 351 [105-107].

had wasted the last 15 years of his life [127]. However, others
took another path.

In a lecture in 1935 at the annual meeting of the American
Association for Cancer Research in Boston, U.S.A. Professor
Antoine Lacassagne of Paris’ Institute du Radium reviewed
the evidence for a hormonal contribution to the pathogenesis
of mammary carcinoma. He suggested that one might one
day be able to identify women at specific risk and antagonise
the actions of oestrogenic hormones to reduce that risk. He
wrote at the conclusion of his paper:

If one accepts the consideration of adenocarcinoma of the
breast as the consequence of a special heredity sensitivity to the
proliferative actions of oestrone, one is led to imagine a thera-
peutic preventive for subjects predisposed by their heredity to
this cancer. It would consist—perhaps in the very near future
when the knowledge and use of hormones will be better
understood—in the suitable use of a hormone, antagonistic or
excretory to prevent the stagnation of oestrone in the ducts of
the breast. [19]

Forty years ago Jensen proposed the ER as a mechanism of
oestrogen action specific to target tissues [3] and Lerner
[128,129] described the first non-steroidal anti-oestrogen
that blocked oestrogen action with no oestrogen-like activity
in any other species or target tissue. However, the develop-
ment of a pure anti-oestrogen would not have allowed the
implementation of Lacassagne’s vision. If oestrogen is essen-
tial for a woman, to maintain bone density and protect
against coronary heart disease, then the long-term adminis-
tration of an anti-oestrogen would provide no overall health
benefit, despite the prevention of breast cancer. Ehrlich’s
method of screening and translational research was used to
discover tamoxifen that Arthur Walpole at Astra Zeneca
believed would be a safe and effective chemotherapy for the
palliative treatment of advanced breast cancer [130]. Seren-
dipitously, tamoxifen was discovered to possess the properties

of a SERM and has become the lead compound for drug
discovery in the first century of the next millennium.

With an ageing population there are demands for a disease-
free life, as cures remain elusive. To achieve this goal Sporn
first used the term ‘chemoprevention’ and described a stra-
tegy to arrest or prevent the process of carcinogenesis
[131, 132]. Tamoxifen is the first chemopreventive for breast
cancer [18], but the demonstration of proof of principle
[9, 10] has opened the door to prevent more than cancer. The
recognition of SERM action [29-33,37] resulted in a para-
digm shift in drug discovery in 1990 that is currently having
an important impact on general medicine [133].

We have obtained valuable information about this group of
drugs that can be applied to other disease states. Research does
not travel in straight lines and observations in one field of
science often become major discoveries in another. Important
clues have been garnered about the effects of tamoxifen on
bones and lipids so it is possible that derivatives could find tar-
geted applications to retard osteoporosis or atherosclerosis. The
ubiquitous application of novel compounds to prevent diseases
associated with the progressive changes after menopause may,
as a side-effect, significantly retard the development of breast
cancer. The targeted population would be postmenopausal
women in general, thereby overcoming the requirement to
select a high-risk group to prevent breast cancer [133].

Raloxifene is the first SERM that holds the promise of
multiple applications [134]. The drug is used for the preven-
tion of osteoporosis and is being tested in the STAR trial
against tamoxifen for the prevention of breast cancer in high-
risk postmenopausal women. Additionally, raloxifene reduces
circulating cholesterol so it is being tested in women at risk
for coronary heart disease to determine its worth as a pre-
ventive. Finally, there are hopes that raloxifene will reduce
the risk of endometrial cancer.

The challenge of the twenty-first century will be to refine
the target site-specificity of SERMs and to amplify the
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required properties. Clearly, a drug that is oestrogen-like in
the brain could protect against Alzheimer’s disease and hot
flushes but which can simultaneously modulate the appro-
priate peripheral targets to prevent osteoporosis, coronary
heart disease, breast and endometrial cancer would be a major
discovery and have enormous clinical potential. The key to
therapeutic success, however, is that an individual must want
to take a medicine because it makes her feel better. A public
health strategy for disease prevention can only work if there is
a minimum of side-effects and the quality of life is improved.

It would be naive to believe that preventive medicines
could be marketed adequately to make a profound impact on
the epidemiology of breast cancer. Nevertheless, it is wise to
prepare for a change in the practice of oncology if the pro-
posed use of SERMs becomes widespread. If SERMs can
reduce breast cancer incidence by 50% then another target
must be identified to prevent the disease completely. The
increase in the age of the ‘baby boom’ generation over the
next two decades will result in a sharp increase in the num-
bers of breast cancers. The judicious use of SERMs in high-
risk populations could reduce the incidence of breast cancer
by 50% but the absolute numbers will still rise within a dec-
ade. Additionally, there will be a need to devise new treat-
ment modalities, as hormone-responsive disease may become
increasingly rare in some sections of society. Pure anti-oes-
trogens and aromatase inhibitors can be used to treat some of
the SERM-resistant disease but, this in effect, will be second-
line treatment. A vigorous re-examination of breast cancer
treatment options must be made now to prepare for the
challenges of the next millennium.

NOTE ADDED IN PROOF

The first report of agents that can discriminate between
ERa and ERP has appeared [135]. An aryl-substituted pyr-
azole is an ERa potency-selective agonist. The compound has
120-fold higher potency to stimulate ERa versus ERf. The
R,R-enantiomer of a tetrahydrochrysene derivative is a com-
plete antagonist at ERB. The S,S-enantiomer is a partial
agonist at ERpB and both enantiomers are agonists at ERa.
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