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Abstract: Estrogen receptors (0 and 8) are members of the steroid/thyroid nuclear receptors superfamily of
ligand-dependent transcription factors. Impact of the o isoform of estrogen receptor (ER) on breast cancer
etiology and progression is now well established. Current therapeutic strategy to treat ER-positive breast
cancer relies on the blockade of ER trancriptional activity by antiestrogens. Data accumulated during the last
five years on the mechanism of action of ER enable one to foresee new strategies. These data indeed reveal that
ER is not statically bound to DNA at promoter sites of genes regulating cell proliferation and/or
differentiation, but rather behaves as a very mobile protein continuously shuttling between targets located
within various cellular compartments (i.e. membrane, microsomes, nucleus...). This allows the receptor to
generate both non-genomic and genomic responses. Ligands, growth factors and second messengers produced
downstream of activated membrane receptors modulate ER-mediated responses by interfering with the traffic
patterns of the receptor, as well as by locally blocking its transient anchorage. Changes in ER turnover rate
associated with these regulatory processes seem also to strongly influence the ability of the receptor to
mediate gene transactivation. The present paper surveys these biological data and analyzes how they may be
integrated into new drug design programs aimed at expanding our therapeutic armamentarium against breast

cancer.
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INTRODUCTION

It has been postulated for long that estrogen receptors
(ERa and B) [1] act exclusively as estrogen-modulated
transcription factors. The nuclear location of these proteins,
along with their ability to induce gene expression when
bound to estrogenic ligands ("activation") led to this concept
[2,3]. The demonstration of ligand-independent ER-mediated
transcription when estrogen target cells are stimulated by
growth factors and the neurotransmitter dopamine [4-7], as
well as the discovery of membrane-associated receptors
capable of eliciting both genomic and non genomic
responses [8-11] have led to a deep reappraisal of this
original view. Recent investigations have revealed that ERs
(like other "nuclear" receptors) are in fact highly mobile
proteins continuously shuttling between cellular
compartments (Fig. 1) [12-18]. Ligand and/or protein-
induced ER conformational changes regulate such
movements, leading to specific responses. Receptor
anchorage at specific sites, as well as changes in receptor
turnover rate, which have been reported to be of prominent
importance to induce transcription [19] also seem to be
governed by these shuttling mechanisms [20].

Trafficking behavior and anchorage sites of ERs differ
among cell types, providing a first explanation for the
known diversity of tissue responses to a given estrogenic
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stimulus. Tissue-oriented endocrine treatments of various
pathologies have emerged from this concept, hence the
development of Selective Estrogen Receptor Modulators
(SERMs) [21-23]. The success of this approach, especially
in the treatment of breast cancer and osteoporosis [24-27] has
led us to analyze the impact of such drugs on ER trafficking,
in order to determine whether changes at this level may be
correlated with therapeutic efficacy. Moreover, in a
prospective view, we evaluated to which extent accumulating
data concerning ER shuttling and associated turnover rate
might already be integrated into drug design programs that
would extend our therapeutic armamentarium. The present
paper reports our analysis and conclusions.

The treatment of hormone-dependent breast cancers being
our main topic of interest, we restrict this review to the
"wild type" (67 kDa) ERa the impact of which in breast
cancer etiology and progression was clearly established a
long time ago [28]. Alternatively spliced ERa variants
[29,30] were not considered here because of a lack of
sufficient data concerning their potential role in the
regulation of ER trafficking. It is evident that our work
could be extended to such variants as well as to ERB, if
specific or important functions for the latter were to emerge
in the future.

In an attempt to get a better understanding of the
mechanism(s) regulating the intracellular translocation of
ERa (hereinafter referred to as ER) and their impact on the
turnover rate of the protein, we will first consider the main
chemical structures generating estrogenic or antiestrogenic
properties in known ER ligands. The structural properties
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Fig. (1). Shuttling mechanisms governing non genomic and genomic activities of ER. Ellipses symbolize shuttling and trafficking
of ER between cellular components. Direct and indirect activations of ER are represented by full and dotted lines. ERn, nuclear
estrogen receptor; ERc, cytosolic estrogen receptor; ERmb, membrane-associated estrogen receptor; AEs, antiestrogens; R, membrane

receptors.

and mechanisms of action of ER will be subsequently
described. Moreover, extensive review of these topics may
be found in books devoted to ER [31,32] and its ligands
[33].

ESTROGEN RECEPTOR LIGANDS
Estrogens

Estrogenic activity is a property shared by a great number
of polycyclic compounds containing, in most cases, a
phenolic ring and another oxygenated cycle located at the
opposite end of the molecule (distance between oxygens ~11
A) (Fig. 2). The large internal hydrocarbon moiety in these
various molecules contributes to an optimal orientation of
these two polar functions for selective H-bonding with
specific amino acid residues of the ligand-binding pocket
(LBD) of ER. Actually, the involvement of the hydrophobic
core of these ligands is not only stereochemical since it also
largely contributes to their anchorage within this pocket
(linking of substituents to the hydrophobic core drastically
decreases binding affinity). On the other hand, some
inorganic molecules (e.g. metals and salts) able to

selectively interact with specific aminoacid residues in the
receptor LBD also display estrogenic activity. For instance,
heavy metals (cadmium, nickel, copper, ...) stimulate
proliferation of uterine and mammary cells [34-36]. Since
association of most estrogen derivatives with ER has been
largely analyzed and commented [33,37,38], we will limit
our review to compounds known to influence its turnover
rate and shuttling properties, the topic of this paper.

Beside steroid hormones, potent estrogens include
flavones, isoflavones and coumestanes (as prototypes of
phytoestrogens [39]), as well as diphenylethylenic
derivatives and analogues in the trans configuration (as
prototypes of strong synthetic estrogens [38]). All these
chemicals are linear, planar molecules (Fig. 2). This latter
feature confers, upon binding, a "closed" conformation to the
receptor [40]. This structural property distinguishes these
strong ER agonists from a variety of angular ligands, gem-
diphenylethylenes, triphenylethylenes, diarylimidazolines
and diarylpiperazines [38,41,42], which maintain the ligand-
binding pocket in an “open” conformation [43,44]. Linear,
planar molecules are currently referred to as type I estrogens,
while angular molecules are categorized as type II estrogens
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Fig. (2). Chemical structures conferring estrogenicity. This figure presents typical examples of both type I (linear) and type II

(angular) estrogens.

[45]. Of note, grafting of hydrophobic substituents (i.e.
phenyl groups) at specific locations in type I estrogens may
transform these potent agonists into type Il weak agonists
(or antagonists). Conversion of the frans diphenylethylenic
structure to the triphenylethylenic structure illustrates this
property. Similarly, grafting of some substituents at 70
(ring B) or 11B (ring C) positions of estradiol decreases
estrogenicity with, in some cases, appearance of
antiestrogenicity.

Antiestrogens

As can be inferred from above, antiestrogens are synthetic
compounds derived from both types I and II estrogens (Fig.
3).

Grafting of a reactive group, i.e. amido (ICI 164,384) or
sulfoxide (ICI 182,780; RU 58,668) via a long alkyl side
chain ("spacer") onto estradiol at 70 or 118 totally abrogates
its estrogenicity and converts it into a "pure" antiestrogen
[46-48]. In stereochemical terms, substitutions at 7a or 1163
are equivalent since, upon binding to ER, the steroid may
rotate around a virtual symmetry axis between C3 and C7.
Similar structural modifications applied to non-steroidal
estrogens are equally effective: grafting of a sulfoxide
bearing side chain onto an estrogenic 2-phenylindole
produces a total suppression of estrogenicity [49]. A specific
interaction of the reactive group of these pure antiestrogens
with a site located on the edge of the ligand binding pocket
of ER is advanced to explain their strong antagonism, and
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Fig. (3). Chemical structures conferring antiestrogenicity. Representative examples of “pure” and “partial” antiestrogens.

indeed the alkyl side chain of these compounds protrudes
from the binding pocket [50].

SERMs are synthetic compounds mainly derived from
type II estrogens (triphenylethylenes, benzothiophenes, 7a /
116 phenyl estradiol...). The large majority of SERMs

contains a dialkylaminoethyl side chain which is responsible
for their antagonistic activity [51,52]. Like the long alkyl
side chain characterizing pure antiestrogens described above,
dialkylaminoethyl side chains of SERMs protrude from the
binding pocket [43,44], allowing for interactions with
critical amino acid residues in the receptor.
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ESTROGEN RECEPTOR a — MAIN CHARACTER-
ISTICS

ER Gene Structure and Expression

Located on chromosome 6q25.1 [53], the ERa gene
(ESRI) consists of 8 exons spanning 140 kb [54]. It shows a
high level of conservation among species, with the notable
exception of its 5’-end. Indeed, as observed with other
nuclear receptor family members (thyroid, progesterone), the
existence of multiple promoters (at least seven distinct ones,
see ref. [55] for a nomenclature) is also a feature of ESRI. As
a consequence, generation of ER transcripts in humans is
complex.

The purpose and function of multiple promoters in ESR]
still remain a matter of speculation. Probably one of the
most obvious implications is a potential for a tissue-specific
regulation of particular promoters and thus for a regulation
of expression of ER mRNA variants in tissues. For instance,
it has been demonstrated that both human ESR/ promoters
A and C are used in MCF-7 breast cancer cells, while only
promoter A is used in ZR-75-1 cells [55] . The preferential
utilization of promoter A in comparison to promoter B has
been observed in breast cancer cell lines as opposed to
normal breast and uterine tissue [56,57]. Differential use of
promoter C in normal and cancerous breast tissue was also
demonstrated [58]. Specific patterns of ESR/ promoter usage
have been observed in various other tissues (ovary, bone,
testis, liver, ...). Tissue-specific expression of ER mRNA
variants has been observed not only in the human, but also
in mouse, chicken, rat, rainbow trout, and even Japanese
monkey [55]. Besides tissue-specificity, the existence of
multiple promoters in ESR/ could also be associated to
differential use during the stages of development. For
instance, in uterine cells, changes in the methylation level of
two ESRI promoters were observed during the menstrual
cycle, with differences between the proliferative and secretory
phases of this cycle [59]. Tissue- and stage-specific
epigenetic silencing of ESRI promoters may be facilitated by
the fact that large distances exist between these promoters.
The importance of methylation in ER expression and
function is underlined by a study in which ESR I
methylation was found to be the best predictor of
progesterone receptor status and could outperform ER status
(measured by immunohistochemistry) as a predictor of
clinical response in patients treated with the antiestrogen
tamoxifen [60].

ER Chaperoning

Neosynthesized ER must interact with several chaperone
and co-chaperone proteins in order to undergo proper folding
and assume an optimal conformation for ligand binding.
Although the existence of the receptor complexed with heat-
shock protein 90 (Hsp90) had already been reported in the
mid 80’s [61], it was not until the mid 90’s that the
minimal protein components required for the formation of
active steroid receptors. Hsp90 heterocomplexes were
unraveled [62,63].

As described in current models [63-65], unliganded
steroid receptors enter a molecular assembly line
characterized by the sequential association and dissociation
of chaperones and co-chaperones (Fig. 4). The first step in
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this chain of events consists in the energy-dependent binding
of the receptor (i.e. the “client protein”) to an Hsp70/Hsp40
chaperone/co-chaperone complex (the client protein actually
binds to Hsp70). The next step consists in the recruitment of
the co-chaperone Hop (formation of the so-called “early
complex”), followed by that of chaperone Hsp90. This leads
to the appearance of an “intermediate complex” where Hop
acts as an adapter between Hsp70 and a dimer of Hsp90. The
formation of the intermediate complex also allows Hsp90 to
interact with the client protein. Hsp90 is an ADP/ATP
binding protein, which contains a nucleotide-binding pocket
located at the amino terminal side. Once it is in its ATP-
bound state, Hsp90 recruits co-chaperone p23 which acts as a
stabilizer of the complex and a positive regulator of ER-
mediated transactivation [66]. Binding of p23 is
accompanied by an exchange of Hop and Hsp70/Hsp40 for
an immunophilin-type protein, resulting in the formation of
a “mature complex”.

Thus, the mature multiprotein complex where ER is
repressed with regard to transactivation activity but primed
for ligand binding [67] includes the receptor itself directly or
indirectly associated with a Hsp90 dimer, the co-chaperone
p23 and an immunophilin-type protein. The step leading to
the mature complex is not irreversible, since Hsp90 is
endowed with a weak ATPase activity [68]. ATP hydrolysis
by Hsp90 converts the latter chaperone in an ADP-bound
state conformation, with a concomitant displacement of the
equilibrium toward the Hsp70-containing intermediate
complex.

The critical role of Hsp90 in maintaining the stability of
steroid receptors (and other client proteins as well) is
illustrated by the effect of Hsp90 inhibitors such as the
fungal ansamycin geldanamycin and the fungal macrolactone
radicicol [69,70]. These substances behave as competitors for
the nucleotide binding pocket of Hsp90 and locks this
chaperone in a conformation similar to the ADP-bound state
[68]. Recent studies show that geldanamycin [70-72], and
radicicol [69,73,74] induce a rapid loss of ER in breast
carcinoma cells. Intriguingly, although it is recognized that
ER depletion caused by Hsp90 inhibitors results from
protein degradation, the involvement of the ubiquitin-
proteasome pathway in this degradation remains a
controversial issue since, in some cases, proteasome
inhibition fails to modify radicicol-induced ER loss [75].

As described below, components associated with steroid
receptors in mature complexes, in particular the
immunophilins, are implicated in translocation to the
nuclear membrane. Thus, Hsp90 inhibition can to some
extent interfere with the nucleocytoplasmic translocation of
steroid receptors [76].

ER Subcellular Distribution and Functions

Several lines of evidence indicate that the intracellular
distribution of ER, like that of other “nuclear receptors”, is
an infinitely more complex matter than originally thought.
First, there is a wide agreement that distinct populations of
ER, characterized by different subcellular localizations are
involved in the genomic and the non-genomic actions of the
receptor. Second, the intracellular distribution of ER must
not be viewed as static but rather as the net result of a
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Fig. (4). ER interaction with chaperones and co-chaperones. As symbolized by the change in shape of the blue rectangle, the
receptor acquires optimal conformation for ligand binding only when it is associated with Hsp 90. The latter chaperone also plays a
major role in ER stabilization since its inhibition results in receptor degradation. Hsp, heat-shock protein; IP, immunophilin; GA,

geldanamycin.

complex dynamics, which can be influenced by a variety of
factors such as protein-protein interactions, post-translational
modifications and ligand binding (Figs. 1 and 4).

Cell Nucleus

It is evident that the fraction of liganded ER involved in
gene transactivation must be present in the nucleus. Yet,
even in absence of hormone stimulation, the majority of
unliganded ER already resides in the nucleus. This has been
repeatedly shown by immunocytochemical studies (fixed
cells) or receptor visualization after fusion with a green
fluorescent protein (live cells) [77]. Receptor detection in
cytosols from tumor tissue extracts is now considered to
result from its nuclear release at the time of homogenization.
Activation of ER (e.g. by ligand binding) causes its
stabilization within the chromatin matrix, leading to its
insolubility in low-salt buffers (500 mM KCIl must be used
for extraction).

Unstimulated receptor continuously associates with and
dissociates from various targets, giving rise to transient
oligomeric structures in which heat-shock proteins have been
identified. Dissociation of Hsp.ER complexes as a result of
specific stimulation (ligands, growth factors) favors receptor
dimerization, a step required for its association with DNA

and co-regulators. Target gene transcription results from this
reorganization.

Plasma Membrane

In a variety of tissues, ER activation has been reported to
trigger rapid responses including changes in calcium flux,
MAP kinase activation, increase of cAMP level, or nitric
oxide release [8,9]. These effects, which are non-
transcriptional in nature, can indirectly modulate gene
transcription, as well as DNA synthesis [78], through
activation of signal transduction pathways [10,11] (i.e. ERK
/ MAPK, PI3K / AKT). In many cases, rapid non-genomic
responses consecutive to estrogen stimulation have been
attributed to membrane-associated forms of ER.

Plasma membrane ERs have been reported to function as
G-protein coupled receptors, triggering signaling cascade(s)
by themselves [79] and/or via the transactivation of tyrosine
kinase receptors such as the EGF receptor [80]. Recent work
suggests that membrane ER originates from the same gene
as nuclear ER and dimerizes upon activation like its nuclear
counterpart [81]. On the other hand, some breast cancer cells
have been described which lack nuclear ER but express
GPR30, an orphan receptor displaying high affinity for
estrogens and antiestrogens but otherwise unrelated to
classical ER [82].
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Mechanisms responsible for ER translocation to and
association with the plasma membrane have only begun to
unravel, inasmuch as ER does not exhibit the typical signal
sequence of proteins destined for the cell membrane.
Interactions with caveolae proteins such as caveolin-1 have
been invoked [83]. Ser 522 of ER promotes the association
of the receptor with caveolin-1 [84]. In addition, ER
palmitoylation at Cys 447 is required for its incorporation
within caveolae, and for related estrogen responses. Indeed,
point mutation of this amino acid (Cys — Ala), which
impairs palmitoylation, abrogates the ability of estradiol to
activate signal transduction pathways [85,86]. Other studies
reveal that this activation requires additional association
with both the Shc adaptor protein and the IGF-receptor : Shc
serves as a ER translocator to the membrane to form an
ER/Shc/IGF-1R tertiary complex capable of inducing
MAPK activation (and thus mitogenesis) in an IGF-1R-
dependent manner [87].

Microsomes

Microsomal fractions contain an ER form the function of
which has not yet been established [88,89]. It has been
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postulated that it could act as a precursor [90]. Of note, this
form is also capable of dimerization.

Nucleocytoplasmic Translocation

According to the view expressed by DeFranco [91], the
particular intracellular distribution exhibited by a steroid
receptor reflects a dynamic balance between nuclear import
and export (Fig. 5). Contrasting with other steroid hormone
receptors such as the glucocorticoid receptor (GR) [92] or the
androgen receptor (AR) [93], which in their unliganded state
localize essentially in the cytoplasm, unliganded ER (at least
the form responsible for genomic responses) mostly resides
in the nucleus, as demonstrated by immunocytochemistry.
Such a distribution pattern does not necessarily mean that
ER is irreversibly confined in the nuclear compartment but
rather suggests that nuclear import is dominant over nuclear
export.

Since it is taken for granted that ER resides in the
nucleus even in unstimulated cells, few investigations have
specifically addressed the molecular mechanisms underlying
ER entry in and exit from the nucleus. Yet, the concept of
ER shuttling between the cytoplasm and the nucleus is
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Fig. (5). Molecular mechanisms underlying protein translocation between the cytoplasm and the nucleus. Such processes depend
on both specific signal sequences in “cargo proteins” and specific carriers (karyopherins). Although the models depicted here were
mostly inferred from experimental studies on the glucocorticoid receptor, they most probably apply to other steroid receptors
including ER. Ia, importin a; I3, importin 3; NLS, Nuclear Localization Signal; NES, Nuclear Export Signal, GEF, Guanine nucleotide

Exchange Factor; GAP, GTPase Activating Protein.
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supported by the demonstration that pure antiestrogens ICI
182,780 [94] and RU 58,668 [95] disrupt this shuttling and
cause ER accumulation in the cytoplasm.

On the basis of the known similarity between steroid
hormone receptors, one can tentatively assume that the
molecular mechanisms governing the intracellular dynamics
of ER do not markedly differ from those described for GR,
which has been extensively studied with regard to
nucleocytoplasmic translocation (Fig. 5). As proposed by
Pratt [96], the translocation of steroid receptors such as GR
from the cytoplasm to the nuclear compartment involves at
least two major steps : first an active transport through the
cytoplasm toward the nuclear membrane, second a facilitated
diffusion across nuclear pores.

The transport of steroid hormone receptors toward the
nuclear membrane depends on dynein, a so-called motor
protein capable of progressing along microtubules in a
retrograde fashion [97]. The receptor is presumably anchored
to dynein as a complex with chaperone Hsp-90 and co-
chaperone proteins (p23 and an immunophilin). As reported
recently, interaction of the receptor-containing complexes
with dynein might occur through the dynein accessory factor
dynactin [98]. In the receptor-chaperone complexes, the
immunophilin interacts with the receptor-bound Hsp90
thanks to its tetratricopeptide (TPR) domain and binds to
dynactin/dynein via its peptidylprolyl isomerase (PPlase)
domain [96].

At the nuclear pore level, facilitated diffusion of ER into
the nuclear compartment is thought to be mediated by an
interplay between the receptor Nuclear Localization Signal
(NLS) split between the D and E domains, karyopherins
(namely importins o and B) and the small GTPase protein
Ran [99]. In fact, the unidirectional character of receptor
passage through the nuclear pore is guaranteed by an
asymmetrical distribution of the factors which govern Ran
cycling between the ATP-bound and the ADP-bound states
[100]: the guanine nucleotide exchange factor (GEF)
promoting the substitution of ADP for ATP is exclusively
nuclear whereas the GTPase Activating Protein (GAP)
resides in the cytoplasm. Therefore, nuclear Ran occurs in its
ATP-bound form and cytoplasmic Ran is in the ADP-bound
form.

For the passage across the nuclear pore, ER (“the cargo™”)
associates via its NLS with importin o, which acts as an
adaptor protein between the receptor and importin B (Fig. 5).
Interaction of the latter karyopherin with nucleoporins (see
the “oily spaghetti” model, [101]) mediates the passage of
the importin/cargo complex into the nucleus. Once within
the nuclear compartment, RanGTP binds importin 3 and
dissociates it from the receptor. Importin 3 complexed with
RanGTP moves through the nuclear pore back to the
cytoplasm where RanGTP is converted into RanGDP and
dissociates from its partner protein. RanGDP is recycled
back to the nuclear compartment by a specific carrier protein
(NTF2).

The karyopherin / Ran system is also involved in protein
exit from the nucleus (Fig. 5). Classically, proteins
undergoing nuclear export interact via an intrinsic Nuclear
Export Signal (NES) with Crm1, a karyopherin belonging to
the group of exportins. Crml binding to its cargo is
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stabilized by the association of RanGTP. After exit of the
Crml/receptor complex from the nucleus, the cytoplasmic
Ran GAP promotes the hydrolysis of RanGTP to RanGDP,
thereby provoking the dissociation of Crml1 from its NES-
containing cargo.

The identification of Crml as a karyopherin involved in
nuclear export owes much to the discovery of Leptomycin
B, an antibiotic which specifically blocks Crm1 interaction
with NES of cargo proteins [101]. Adding complexity to the
matter, conflicting results have however been reported
regarding the Leptomycin B sensitivity of nuclear export in
the case of steroid hormone receptors [102,103]. It is
noteworthy that most such receptors lack canonical leucine-
rich NES found in proteins undergoing Crml-mediated
nuclear export [104]. Recent data on the nucleocytoplasmic
translocation of GR suggest that, in the case of steroid
hormone receptors, nuclear exit could be mediated by
calreticulin, a Ca2+-binding protein interacting with the
DNA binding domain of these receptors [105]. On the other
hand, recent observations of our group (unpublished data)
show that Leptomycin B interferes with agonist-induced
down regulation of ER, bringing forth indirect evidence that
Crm1-mediated nuclear export could be mandatory for ER
degradation by the ubiquitin-proteasome system.

ER Domains

Steroid hormone receptors exist in multiple, statistically
averaged isoforms that can create a set of stable oligomeric
structures through interactions with ligands and specific
targets (i.e. proteins, nucleic acids, lipids...) [106]. They
comprise several domains, which are directly implicated in
the formation of these oligomers (A/B, C, D, E and F)
[107].

The N-terminal A/B domain of ER contains a
constitutive (i.e. ligand-independent) transcriptional
activation function (AF-1), the activity of which is regulated
by growth factors via signal transduction cascades. The
adjacent C and D domains play an important role in ER
docking and/or trafficking. Thus, the C domain (DNA
binding domain, DBD) exhibits two zinc fingers critical for
binding to short palindromic nucleotide sequences (the so-
called "Estrogen Response Elements", EREs) which are
located in target gene promoters in genomic DNA. C also
harbors part of ER dimerization domain. A region located
between the hinge (D) and the E domain contains a part of a
domain (AF-2b) that contributes to the transactivation
mediated by type II estrogens. A portion of the receptor NLS
is also located in this region. E domain constitutes the LBD
which is a hydrophobic structure containing all elements
responsible for specific interactions with agonists and
antagonists. A type I estrogen-dependent activation function
(AF-2), operating independently of AF-2b, has been located
within the carboxy terminal part of this domain. In addition,
E is involved in ligand-induced receptor dimerization, and
association with chaperones and coregulators. The C-
terminal part of the receptor (the F domain and the end of E
domain) regulates ligand selection (agonists versus
antagonists) [108], cross talk with other signal transduction
pathways [109], as well as receptor half-life (proteasomal
degradation) [19]. F might also act as an inhibitor of
receptor dimerization [110].
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ER-Mediated Transcription
Main Characteristics

Binding of a ligand always provokes a global
conformational change of the whole ER molecule, thereby
favoring the exposure of sites required for the modulation of
gene expression. Exposure of AF sites governs the
recruitment of co-activators or the exclusion of co-repressors,
which assist or antagonize, respectively, target gene
transcription. Agonists usually induce a profound
conformational change, thus achieving synergistic
coactivator recruitment at AF-1 and AF-2 (or AF-2b), while
antagonists totally or partially impede the exposure of AF
sites (pure antiestrogens block both AF-1 and AF-2 /AF-2b
whereas partial antiestrogens (SERMs) only block AF-2).

Phosphorylation [111-114] and acetylation [115] of ER
at specific sites are associated with these conformational
changes. Phosphorylation level usually increases following
stimulation by an agonist or a signal originating from
activated membrane receptors (usually growth factor
receptors), indicating that ER integrates messages from
various signaling pathways (ligand-dependent and
-independent transcriptions).

ER operates through direct association with EREs, or in
conjunction with other transcription factors (i.e. AP-1, Spl,
...) bound to their recognition sites. Association with the
AP-1 (Jun/Fos) complex is the best-known case where ER
acts as a partner at the level of AP-1-controlled promoters
(i.e. estrogenic regulation of ovalbumin, collagenase and
IGF-1 gene expression) [116]. Interestingly, ligand-induced
gene expression may differ whether ER associates with
EREs or AP-1. Thus, estradiol acts as an agonist when
bound to ERE while it may repress AP-1-dependent
transcription. Similarly, antiestrogens (SERMs and pure
AEs) may also produce paradoxical responses [117]. The
occurrence of such "reverse" responses is especially frequent
when ER is devoid of constitutive AF-1 activity, as in the
case of ERB. As a matter of facts, reverse pharmacology of
ER ligands was originally evidenced in ERB-expressing
cells.

Ligand-Induced Transcription

A wealth of evidence shows that transcription in
eukaryotic cells entails histone acetylation and ATP-
dependent chromatin remodeling, leading to nucleosome
repositioning and chromatin decondensation [118,119].
Many co-activators recruited under estradiol stimulation
possess intrinsic histone acetyltransferase (HAT) activity
(i.e. SRC-1, CBP/p300, pCAF, TAFip50 ...) while others
serve as a platform to engage HATs (i.e. members of the
pl60 family : NCoA-1/SRC-1, NCoA-2/TIF2/GRIP1,
NCoA-3/AIB-1/ACTR...) [120,121].

Observation of the sequential recruitment and assembly
of several co-regulators at specific estradiol-inducible
promoters has led to the concept that gene expression is
under the control of a "transcriptional clock" [122,123]. The
additional finding that some of these co-activators are
components of the ubiquitin/proteasome degradation
pathway suggested that ER elimination might be a key step
in the chain of events governed by this transcriptional clock.
This view is supported by the fact that proteasome inhibitors
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can under some circumstances limit estradiol-induced gene
transcription.

Contrasting with co-activators, co-repressors recruited by
antiestrogen-bound ER (i.e. N-CoR, SMRT...) negatively
regulate transcription by interacting with and activating
histone deacetylases (HDAC). The resulting histone
deacetylation favors chromatin compaction [58,124,125]. In
absence of ligand, ER could be sequestered in oligomeric
structures containing co-repressors to maintain it in an
inactive status.

Ligand-Independent Transcription

ER transcriptional activity does not necessarily entail
ligand binding. Small hydrophilic signaling molecules (e.g.
dopamine [126], growth factors (e.g. EGF, IGF-1 [4,127]),
as well as components downstream of membrane receptors
(e.g. second messengers) [128-130] have been shown to
induce ER-mediated gene expression. These various
molecules influence the phosphorylation status of the
receptor through signal transduction pathways (for instance
phosphorylation of Ser 118 by p44/42 MAPK when EGFR
is activated by EGF) [131]. Co-regulators are also targets for
these signal transduction pathways [7]. Evidence has been
reported that growth factors act in synergy with estradiol for
optimal transcription [132].

Membrane ER-Associated Transcription

While a vast literature describes how intracellular ER
regulates gene transcription, membrane-associated processes
are still largely unknown. A plethora of membrane estrogen
binding sites without apparent analogy with ERs [133] (such
as the orphan receptor GPR30 mentioned above [82]) largely
contributes to the difficulty of decrypting the mechanism(s)
by which membrane ER operates. Moreover, there is
evidence of cross-talk between ER anchored in caveolae and
the intracellular receptors. For example, estradiol conjugated
to albumin, which does not cross the plasma membrane and
only interacts with membrane ER can, in conjunction with
growth factors, modulate phosphorylation of the intracellular
receptor and thus influence its transcriptional activity [134].

As pointed out above, membrane ER has been shown to
associate with a variety of proximal proteins, including G
proteins [11], and is thought to act as a G protein coupled
receptor (GPCR). When bound to estradiol it activates
intracellular pathways similar to those triggered by peptide
growth factors (i.e. PKC, ERK / MAPK, PI3K / AKT...),
leading to gene transcription.

Implication of ER Proteasomal Degradation in ER
Mediated Transcription

The ubiquitin proteasome pathway is considered as a
major mechanism for the breakdown of intracellular
regulatory proteins [135]. Such proteins are marked for
proteasomal degradation by specific E3 ubiquitin ligases
which catalyze the attachment of an 8.6 kDa peptide -
ubiquitin - to their substrates. Ubiquitin conjugation occurs
repeatedly to form ubiquitin chains that are recognized by
proteasome regulatory subunits.

The ubiquitin-proteasome pathway for protein
degradation is characterized by three major steps [136]. The
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first step involves the formation of a thioester bond between
ubiquitin and an ubiquitin-activating enzyme (E1). The
second step consists in the transfer of activated ubiquitin
from E1 to a member of the ubiquitin-conjugating enzymes
(E2). This is followed by a third step where ubiquitin is
transferred from this E2 to a lysine of the client protein,
thanks to the activity of a specific ubiquitin ligase (E3).

Identification of E3 ubiquitin ligases (i.e. RSP-5/RPFI,
E6-AP...) as co-activators of steroid hormone receptors has
been reported [137,138], suggesting a central role of the
proteasome in the sequential events leading to the expression
of estrogen-responsive genes. Observation that coactivators
associated with ER are also subject to proteasomal
degradation supports this concept [19,139]. The additional
finding that proteasome inhibitors may abrogate ER-
mediated transcription provides another positive argument
[19].

Binding of unliganded or liganded ER to estrogen
responsive promoters has been shown to occur cyclically,
ER proteasomal degradation contributing to this mechanism
[122,123,140] (Fig. 6). The cycling period of the unliganded
receptor is about 20 min. Estradiol increases this period (~45
min) to accomplish the steps required for transcription (i.e.
co-regulators recruitment, epigenetic modification of local
DNA, assembly of transcription machinery...). In each cycle,
ER degradation has to occur since the promoter must be
transiently free for some of these steps. The elimination of
the receptor also facilitates the access of newly synthesized
receptor molecules to the promoter for further transcription
cycles. Polyubiquitination of ER provokes the translocation
of the receptor from the promoter to the proteasome
compartment where it is broken down. In this system, the
nuclear matrix seems to act as a scaffold for the transitory
anchoring of the receptor. Proteasomal inhibition results in
ER immobilization, blocking thereby subsequent
transcription of target genes since polyubiquitinated
receptors are incompetent in this regard.

Cyclic association of ER with responsive elements is an
intrinsic feature of estrogen action. It permits immediate
adjustment to changes in the intracellular concentration of
the hormone. Thus, permanent renewal of the unliganded ER
eliminates senescent, nonfunctional receptors that may have
already been implicated in metabolic functions, and keeps
the chromatin at target sites poised for immediate response
to estrogens. Once estrogen concentration increases, the
transcription rate of target genes is enhanced and maintained
at a stable level due to the permanent recycling of the
liganded receptor. Viewed in this context, ligand-induced
regulation of the ER turnover rate emerges as a regulatory
mechanism of prime importance. Since the dynamic and
selective distribution of the liganded receptor within the cell
is another factor to be taken into account, one may consider
that ER-mediated transcriptional activity is relevant to a
complex spatio-temporal regulation (Figs. 1 and 6).

Ligand-Binding Domain: Structure and Conformation
G and A Binding Pockets

Two adjacent binding cavities have been identified in the E
domain of ER [141] : a G (for genomic) pocket on which
depends the transactivation of target genes and an A (for
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alternative) pocket, especially implicated in rapid non-
genomic responses triggered at the membrane level (note that
these two pockets have been found in other nuclear receptors)
[142,143]. Each pocket possesses its own portal which must
be open for ligand sampling. Molecular interactions between
ER, coregulators and chaperone proteins govern access of the
ligands to these pockets. In addition, ligands may also
exhibit an intrinsic preference for one or the other pocket. In
view of the spatial proximity of these two cavities [141], it
has been proposed that the A pocket (also described as a
solvent channel) could be an entrance or exit channel for the
G pocket. Access of estradiol to the G pocket via the A
pocket route seems, indeed, possible.

While only few information concerning the A pocket is
available, the topology of the G pocket has been extensively
studied (X-ray crystallography, modelization...). In this
LBD, a specific arrangement of twelve a-helices (H-1/H-12)
as well as a three-stranded B-sheet create a flexible
hydrophobic cavity able to incorporate a great diversity of
molecules [40,43,44,144]. The presence of peptidic
segments rich in amino acids with mobile side chains (i.e.,
lysine, methionine...) explains this property. Occupation of
one subsite of the cavity by a ligand may modify the
flexibility of another subsite, implicating that they respond
to the ligand as a whole entity.

The A pocket displays a greater ligand accessibility than
the G pocket since the energy barrier between its closed and
open states is less restrictive. This results from the fact that
the entrance into the G pocket is controlled by the position
of the C-terminal H12 helix of the LBD, the shift of which
from the closed to the open state requires a finite time
interval. In the process of ligand sampling, access to the A
pocket may occur, even when H-12 closes the G pocket as a
consequence of ER interaction with chaperones or plasma
membrane proteins. Of note, the location of ER within
membrane caveolae enhances preference of the ligand for the
A pocket, favoring thereby rapid non-genomic response that
do not require long-term maintenance of ER ligand
complexes (a property of the G pocket).

Key Aminoacids of the G Pocket Involved in Ligand
Binding

Most important amino acids involved in estradiol
binding are Glu 353 and Arg 394 on the one hand and His
524 on the other hand. Glu 353 and Arg 394 interact with
the C3 phenolic group of the hormone (H-bridge,
participation of a HyO molecule) while His 524 interacts
with 178 oxygen [40,144]. Ala 350, Leu 387, Leu 391 and
Phe 404 in the vicinity of Glu 353/Arg 394 contribute to the
stability of the LBD-estradiol complex (van der Waals
interactions), whereas Ala 350, Met 421 and Gly 521 form
an additional loose clamp-like structure near His 524
[44,144,145]. Diethylstilbestrol and genistein produce
similar interactions [146] suggesting a common binding
mode for linear type I estrogens. Of course, weak agonists
devoid of equatorial hydroxyls (mainly angular class II
estrogens) do not concur to H bridging with Glu 353 /Arg
394 and/or His 524 when entrapped within the binding
pocket, thus generating distinct transcriptional responses.
Met 343, Leu 346, Met 421 and Leu 525 quartet, as well as
Thr 347, are crucial for the formation of stable complexes
with such weak agonists, since they interact with the
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Protein level

Fig. (6). “ER transcription clock”. The upper panel schematizes transient associations of ER with a set of components known to be
involved in receptor-mediated transactivation. To some extent, the receptor might be recycled in the transcriptional complex before
being fully ubiquitinylated and degraded in the proteasome compartment. The lower panel symbolizes the occurrence of transient,
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acetyltransferase; HTM (histone methyltransferase), GTF (general transcription factor), HDAC (histone deacetylase).

hydrophobic core of all ligands [44,144]. Leu 346, Ala 350,

Leu 384 (type I estrogen binding), and Leu 384, Met 388, ligand-ER hydrophobic interactions.

and Leu 428 (type II estrogen binding) also contribute to
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Ligand-Induced Conformational Changes

According to X-ray crystallography analysis of the
occupied LBD, type I estrogens align H-12 C-terminal helix
over the ligand-binding cavity so that they are totally
engulfed within the receptor molecule [40]. This "closed
conformation" of the LBD converts the AF-2 site into a
hydrophobic groove able to recruit a canonical a-helical
motif (LxxLL, "NR box” where L is Leucine and x any
aminoacid) present in several co-activators; aminoacids
directly flanking the LxxLL motif of these co-regulators
confer their binding specificity [147]. In contrast, type II
estrogens sterically interfere with H-12 and maintain the
LBD in an "open conformation" inappropriate for LxxLL
binding (AF-2 silencing), but accessible to other classes of
co-regulators, most probably thanks to interactions with AF-
2b. Of note, this open conformation exposes an aspartate
residue (Asp 351), which plays a crucial role for the onset of
estrogenic responses dictated by these weak agonists
[146,148-151].

The extended alkyl side chain of pure antiestrogens
prevents H-12 from adopting the aligned position that would
otherwise be imposed by their estrogenic (steroidal) core.
The amide or sulfoxide located in these chains stabilizes a
conformation suspected to be devoid of transactivation
ability. On the other hand, SERMs (i.e. OH-Tam,
raloxifene) orient H-12 in a same way as type Il estrogens
from which they derive [43,146], favoring a specific
interaction of the nitrogen atom of their ethoxyaminodialkyl
side chain with Asp 351 [146,148-151]. Estrogenic
responses generated by interactions with Asp 351 are
consequently abrogated (neutralization or shielding of its
negative charge).

Crystal structures of the liganded LBD described here
over provide a static view that neither accounts for the
potential dynamical property of this binding pocket, nor
provides any information upon the global conformational
changes of the receptor. Investigations on ligand-induced
conformational changes using small synthetic peptides
selected through phage display appear more informative in
this regard [152-154]. Such studies indicate that, upon
ligand binding, ER is not a molecular on/off switch but
rather a molecular rheostat, which adopts a large spectrum of
conformations, depending on the cellular context.
Consequently, if a ligand promotes the recruitment of a
small peptide displaying an LxxLL motif, it will often do
so with other LxxLL-containing peptides. Conformational
changes relevant to such recruitments can be classified
according to a hierarchical clustering [147]. Ligands that
cluster together usually show similar cell-based activities
most probably due to a lack of discriminating elements
within the tested peptides.

Interestingly, this peptide recruitment approach revealed
that a ligand could induce different spatial conformations
whether it is tested with the full length ER or its LBD
[154]. For example, in the presence of antagonists, a peptide
(pepall) shown to weakly interact with the receptor was
found to strongly associate with the LBD. Such a difference
was not recorded for agonists (weak association with the
whole ER and the LBD). Hence, investigations restricted to
the LBD (i.e. crystallographic analyses) may provide
misleading information, making mandatory the use of a
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multi-methodological approach. Protease sensitivity assays
[155], NMR spectroscopy [156] and site-directed spin
labeling [157] may prove to be useful in this context.

Distribution and Molecular Heterogeneity

As stated above, in the absence of an endocrine stimulus,
ER (as well as other nuclear receptors) continuously shuttles
between targets. Hence, it is subjected to continuous
refolding, depending on the nature of the molecules with
which it transiently associates. By favoring specific ER
conformations, ligands largely influence this "intramolecular
dialog". In this sense, ER may be considered as an
intracellular message transducer that governs not solely
transcription but also the activity of enzymes involved in
signaling cascades (i.e. under estradiol stimulation
membrane anchored ER activates MAPK and/or PI3K/AKT
pathways).

Using ER-fluorescent protein chimeras, several
investigators [13-18] have visualized the influence of ligands
upon ER intranuclear shuttling. In absence of hormone
stimulation, ER displays a diffuse distribution in the
nucleoplasm, this distribution probably reflecting its
constant refolding in the course of transient intermolecular
associations. Estradiol transforms this diffuse staining into a
nuclear hyper-speckled pattern, indicative of a punctuated
(fixed) distribution. This change is thought to result from
the stabilization of ER oligomers. Simultaneous
demonstration of ER and the co-activator SRC-1 has
confirmed this interpretation by showing a colocalization of
both proteins [14]. As could be expected from their lack of
estrogenicity, pure antiestrogens (ICI 182,780, RU 58668)
fail to produce such hyper-speckled images. According to the
recent literature, there is divergence in the description of pure
antiestrogen-induced ER distribution changes reported by
different groups [14,94,95], most probably because of
methodological differences. In this regard, ER release from
the nucleus into the cytoplasm, in particular the perinuclear
area has been described [95], in agreement with the concept
of low binding affinity of pure antiestrogen-ER complexes
with EREs [158]. Without surprise, the partial antiestrogen
OH-Tam gives a hyper-speckled ER image (weak agonist
activity) without co-localization with SRC-1 (antagonist
activity) [14].

Cell photobleaching experiments (FRAP) have been
carried out to further characterize these spatio-temporal
movements of ER within the nuclear compartment [15].
These investigations revealed a rapid fluorescence recovery
(half-life of recovery < 0.1 sec.) for the unliganded receptor,
confirming its highly dynamic status. A reduced, but still
measurable rate of recovery (~5-6 sec.) was recorded with
estradiol and OH-Tam. Interestingly, ICI 182,780 as well as
the proteasomal inhibitor MG-132, which hinder ER-
mediated transactivation, caused an immobilization of the
receptor in the nuclear matrix, regardless of the presence of
estradiol. Hence, such investigations definitely establish that
ligands influence the intracellular movements of ER, even
though little is known of the molecular mechanisms
underlying such movements.

The peculiar ability of ER to associate with various
partners influences its main physico-chemical properties (i.e.
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hydrophilic / hydrophobic balance, isoelectric pattern,
molecular weight, partial proteolysis fingerprinting...) [159].
Numerous ER isoforms and oligomers have, indeed, been
described. Stabilization of a given oligomeric structure
should logically be associated with a specific biological
response. Unfortunately, it remains impossible in most cases
to ascribe such a response because of the difficulty in
discriminating between genuine and artifactual structures due
to ER alterations during assays. Nonetheless, it has been
suggested that the assessment of the molecular weight of the
receptor could be a reliable index of its activation. Thus, ER
specific proteolysis products able to bind estradiol (i.e. 50,
~35-30 kDa fragments generated by cleavage of the native 67
kDa receptor) can be detected in extracts from tissues
exposed to the hormone [160]. Levels of such proteolysis
products are quantitatively correlated to the amounts of
progesterone receptor in breast cancer extracts [161],
indicating their relevance to the estrogen sensitivity of these
tumors. The fact that other low molecular weight isoforms
unable to bind estradiol (i.e. 43 and 35 kDa), mainly found
in poorly differentiated mammary tumors [161,162], are
inversely correlated with the amount of progesterone receptor
[161], supports the idea that the assessment of ER molecular
heterogeneity may help to identify tumors able to respond to
an endocrine treatment. This needs, however, to be
confirmed.

REGULATION OF ER CONCENTRATION IN
BREAST CANCER

Importance of Assessing the Regulatory Mechanisms
Governing ER Concentration

ER assays (measurement of [3H]estradiol binding
capacity [163] as well as direct measurement of ER by
enzyme immunoassay [164]) performed on cytosol
preparations from primary and metastatic breast cancer
samples indicate that receptor concentrations are extremely
variable among patients. Nonetheless, this is not due to a
heterogeneity of ER expression, since ER measurement in a
tumor sample is usually representative of the receptor
content in the whole tumor mass, as demonstrated by the
comparison of assays performed on various neoplastic
samples (primary tumor, invaded axillary nodes, metastases)
obtained from the same patient [163]. High ER level in a
primary tumor is a good prognostic factor and also a
predictive index of response to endocrine therapy (e.g.
antiestrogen administration) at time of recurrence [28,165].
Hence, study of the mechanisms regulating ER level is of
prime importance if only to devise strategies to stabilize ER
at high level.

The wide range of ER concentrations detected among
patients is most probably related to differences in gene
transcription since receptor contents correlate well with
mRNA levels [166]. It is extremely difficult to explain why
some tumors produce high levels of ER gene transcripts,
because the regulation of ER gene promoters is still mostly
unraveled (7 promoters differing among tissues have been
described). Concomitant presence of both ER-positive and
ER-negative cells in most tumors is another characteristic,
the origin of which is not established. Endocrine factors,
which differ from patient to patient, may also play a role in
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ER expression. For example, receptor levels are usually
lower in pre- than in postmenopausal women [28]
suggesting an implication of estradiol in the regulation of
ER level. As will be seen below, experimental studies
performed with MCF-7 breast cancer cells reported in a next
section confirm this statement.

Regulation of ER mRNA Expression

Considering the multiplicity of ESR/ promoters, it is
not surprising that the precise mechanisms underlying ER
mRNA transcription are still incompletely understood.
Regarding breast cancer, it is however now clear that ER-
positive and ER-negative cells and tumors compose two
highly different populations associated to specific gene
expression profiles and phenotypes (“luminal epithelial-like”
for the ER-positive, “basal-like” for the ER-negative). These
phenotypes are stable during progression, so that breast
cancer cells are not expected to progress frequently from ER-
positivity to ER-negativity, or inversely [167,168]. The
corollary is that the transcription machinery responsible for
ER mRNA transcription in breast cancer cells must contain
at least one essential factor specifically associated with the
luminal epithelial phenotype.

The transcription factors AP-2y and AP-2y exhibit a
high degree of homology in the DNA binding and
dimerization domains. They were both shown to bind to a
low-affinity ER promoter site. AP-2y transactivates the ER
gene in hormone-responsive tumors by inducing changes in
the chromatin structure of the ESR/ promoter. AP-2 activity
and estrogen receptor expression are correlated in breast
cancer. In particular, AP-2a and AP-2y expression is found
in ER positive breast cancer cells, such as MCF-7 cells,
while these factors are absent in ER negative cells, such as
MDA-MB-231 [167]. Overexpression of AP-2 factors occurs
in breast cancer compared to normal breast epithelium. This
could likely contribute to enhance ESRI expression. Thus
AP-2 factors, notably AP-2y, could play a crucial role in
determining high ER expression levels in “luminal
epithelial” breast tumors [169-171].

While an implication of AP-2 factors in ER mRNA
transcription is likely, the fact that the level of this mRNA
may be altered by a number of agents (estradiol itself,
phorbol esters, growth factors, heavy metals, etc) suggest the
existence of a multicomponent versatile transcriptional
machinery regulating the expression of ESR/. Recently, a
complex including the ER itself and the Spl and USF-1
transcription factors has been shown to interact with a ESR/
minimal promoter [172,173]. Additional work is needed to
unravel the actual mechanisms behind tissue- and stage-
specific ESR] transcription in humans.

Variations in ER mRNA level appear to be mainly due
to changes in transcriptional activity at ESR/ promoter(s).
However, ER mRNA stability can also be altered. In one
study, treatment of MCF-7 cells with estradiol resulted in a
decrease in ER mRNA half-life. It was suggested that an
estradiol-regulated nuclease activity associated with
ribosomes could alter the stability of ER mRNA [174]. On
the other hand, estradiol was shown to increase the stability
of ER mRNA in endometrial or liver cells in human, sheep
and trout [175-177].
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There are data indicating that, depending on the ESR/
promoter use, ER mRNA may exert a control on its own
translation. In some transcripts, sequences in the 5’
untranslated region may negatively regulate the translational
machinery [178].

Finally, it has been hypothesized that the absence of ER
expression in some breast tumors could be due to ESR/
mutation or deletion. These events are, however, very rare
[179-181].

Breast Cancer Cell Lines as Experimental Models for the
Study of the Regulation of ER Level

Breast cancer cell lines provide models that reproduce in
vitro the ER regulation processes recorded in clinical practice
(up and down regulation, loss of sensitivity to ligands
caused by chemotherapeutic treatments as well as by
radiotherapy...). Hence, they appear of prime importance to
assess underlying mechanisms. The fact that ligand-induced
ER regulation differs from one cell line to another is an
additional argument for the use of model cell lines, since
such behaviors are also recorded in patients (i.e. estradiol
down regulates ER in MCF-7 [182] and IBEP-2 [183] cells
(ER rich) while it up regulates the receptor in T47D cells
[182] (ER poor)). Next section will focus on studies
performed on the MCF-7 breast cancer cell line which has
been most extensively used as an in vitro model of breast
cancer tissue [184].

ER Turnover Rate

The rate at which ER is synthesized and degraded
(turnover) is a major factor regulating the cell responsiveness
to ligands. Exposure of MCF-7 cells to a proteasomal
inhibitor (i.e. MG-132, lactacystine, LLnL) totally blocks
ER degradation, while lysosomal and calpain inhibitors
appear ineffective, clearly indicating the implication of the
proteasome in ER elimination [185-187] (ER-half life : 3 —
4 hours, [188]). Usual mechanisms that convey proteins to
the proteasome (i.e. ubiquitination and neddylation) have
been identified as key regulatory processes of this ER
elimination [189,190].

Assessment of ER degradation (pulse-chase analysis of
the receptor after 35S labeling) reveals a biphasic kinetics,
with a slow phase lasting approximately two hours (20 %
loss of labeled receptor) followed thereafter by a more rapid
decline (80 % loss) [188]. This biphasic kinetics is
indicative of a population of relatively stable native
receptors, which are progressively converted into a more
labile form sensitive to proteasomal degradation. Hence, ER
would evolve through different stages of maturity, this
evolution culminating with ER degradation. This process
most probably results from sequential posttranslational
modifications, as well as from association with/ dissociation
from partner proteins. Chaperone proteins are, indeed,
involved in ER maturation (at least in its early steps) since
Hsp-90 disruption induces rapid receptor depletion [67].
Interestingly, proteasomal inhibitors may fail to impede the
elimination of the receptor caused by radicicol [75],
suggesting the existence of an alternative degradation
pathway, the nature of which (proteolysis, excretion ?...)
remains however elusive. Of note, intracellular ATP
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depletion provoked by oligomycin also down regulates ER
[191]. This could be related to the fact that Hsp-90 must be
in its ATP-bound form in order to form stable complexes
with client proteins. On the other hand, a potential
deficiency in ER phosphorylation might also account for the
effect of oligomycin.

The proteasomal inhibitor MG-132 provokes ER
accumulation, increasing the capacity of the cells to
incorporate [3H]estradiol [188]. Surprisingly, such an
augmentation of binding capacity is not matched by an
increase of ERE-dependent transactivation, suggesting that a
sizeable part of the stabilized receptors in non functional.
Thus, MG-132 modifies the cell response to estradiol and
pure antiestrogen RU 58,668 in terms of gene
transactivation, shifting to higher values the dose-response
curve to estradiol and suppressing the inhibitory effect of
RU 58,668.

Overall, it seems that the steady state of unliganded ER
is determined by a complex scheme involving distinct
regulatory mechanisms. ER seems to spontaneously evolve
toward a state of non-functionality, which becomes apparent
when its elimination is abrogated. Accumulation of inert
“senescent” receptor might hamper the activity of functional
native ER.

Influence of Ligands on ER Level

Ligands strongly influence ER turnover rate, leading to
either accelerated (estrogens, pure antiestrogens) or reduced
(partial antiestrogens) elimination [182,188,189]. The action
of these ligands essentially targets newly synthesized ER,
which is presumably more refractory than the mature receptor
to proteasomal degradation, as shown by ER labeling with
[35S]methionine as well as by pulse-chase analysis after
receptor labeling [188] .

Estrogens and pure antiestrogens provoke in less than 6
hours a drastic ER depletion, which can be demonstrated by
both immunocytochemistry and Western blotting analysis of
cell extracts [192]. Proteasomal degradation is not the sole
mechanism leading to ER down regulation. Estrogens have
indeed been shown to repress the transcription of ER gene as
well as to decrease the half-life of its mRNA [174,182,193-
195]. While such a regulatory process may affect ER level in
a context of estrogen-induced stimulation, it cannot account
for the effect of pure antiestrogens since these ligands do not
modulate ER mRNA level [182,196,197]. Moreover, an
influence of proteasome inhibition on ER mRNA level has
never been reported. Hence, ligand-induced ER down
regulation seems to mostly result from the ability of these
ligands to favor receptor disposal through the ubiquitin-
proteasome pathway. It is noteworthy that both estrogens
and pure antiestrogens favor ER phosphorylation while
partial antiestrogens appear to be ineffective in this respect
[191]. Phosphorylation of selected residues of the receptor
may, therefore, be implicated in its ubiquitination and/or
neddylation which govern shipment to the proteasome.

Partial antiestrogens (i.e. tamoxifen and related
compounds), like pure antiestrogens, do not exert any
significant effect on ER mRNA level [182,196,197]. The
failure of partial antiestrogens to affect ER mRNA
transcripts, in connection with their ability to limit the
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proteasomal degradation of the receptor, leads to a
progressive accumulation of the latter [198,199]. Interaction
of these antagonists with Asp 538 seems critical for ER
accumulation since a missense mutation affecting this
residue (Asp > Ala) impedes the stabilizing effect of the
compounds on the receptor and causes the degradation of the
latter [200]. Asp 538 is an essential aminoacid of H-12
helix, the positioning of which modulates ER-mediated
transcriptional activity. Hence, ER accumulation appears as a
major determinant of both agonistic (AF-1 and AF-2b
expression) and antagonistic (AF-2 silencing) properties of
partial antiestrogens. In this context, it should be mentioned
that a structure-activity relationship study performed on a
series of tamoxifen analogs [199] suggests that ER
accumulation is also closely related to the neutralization of
the negative charge of Asp 531 by the nitrogen atom of the
ethoxy-aminodialkyl side chain of these compounds. Since
the neutralization of this residue abrogates the agonistic
effect associated with the estrogenic core of these
compounds, ER accumulation appears, indeed, a key event
in the onset of antagonism.

Some partial antiestrogens provoke a nuclear stabilization
of ER, which can be demonstrated morphologically by ER
immunofluorescence staining of cells fixed with an alcohol-
based mixture (Carnoy’s fixative) which extracts non
stabilized receptors [199]. Proteasomal inhibitor MG-132
produces a similar nuclear stabilization. One may anticipate
that both partial antiestrogens and proteasomal inhibitors
cause entrapment of the receptor in a nuclear
subcompartment where it is less accessible to the
transcriptional machinery, explaining thereby their inhibitory
effect on ER-mediated, ERE-dependent transcription.

Interestingly, only 10 % of the estrogen binding sites
need to be occupied to modulate the level of the overall ER
population [201]. Compounds released in the extracellular
compartment as a result of ligand-receptor interactions could
play a role in this amplification mechanism since
conditioned media from cell cultures exposed to estrogens or
antiestrogens influence ER level in the same way as these
ligands [202]. Such released compounds may act by
themselves or in synergy with minute, undetectable amounts
of residual ligands. Thus, ER expression could be
controlled, at least in part, by (an) autocrine/paracrine
regulatory mechanism(s), as described for the control of cell
proliferation. This concept may explain why growth factors
and various inhibitors/activators of protein kinases involved
in signal transduction have been reported to modulate ER
level [203].

The finding that ligands can induce ER degradation even
when its hormone-binding site is blocked with an
irreversible inhibitor (i.e. tamoxifen aziridine) is an
additional proof that the direct binding of a ligand is not an
absolute requisite for receptor down regulation [204]. Since
the degradation of ligand-receptor covalent complexes
requires ER synthesis [204], one may conceive that newly
produced receptors, once transformed by cognate ligands,
may dimerize with tamoxifen aziridine-bound receptors,
conferring to the latters the appropriate conformation for
proteolysis. Ligand-induced displacement of tamoxifen
aziridine-bound ERs from a compartment where they are
stabilized would be another explanation.
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Influence of Protein Synthesis on Ligand-Induced ER
Down Regulation

Protein synthesis inhibitors (i.e. cycloheximide,
puromycin) do not affect the turnover rate of unliganded ER
[188] and also fail to modify receptor down regulation
induced by pure antiestrogens [186,188,192]. On the other
hand, these inhibitors totally abrogate estradiol-induced ER
down regulation [188]. One is tempted to assume that
agonist-induced ER down regulation depends on regulatory
proteins expressed as a result of ER-mediated gene
transactivation. So far the nature of these proteins remains
uncertain, but they may be involved in ER posttranslational
modification and/or transport of the receptor to a
compartment where it is degraded. Whether such a
hypothesis is valid or not, it remains that ER down
regulation induced by estrogens and pure antiestrogens
somehow involves distinct mechanisms.

Influence of Ligands on Estradiol Binding Capacity

Exposure of cells to estrogen agonists, or partial and pure
antiestrogens provokes a loss of their capacity to incorporate
[3H]estradiol, even when ER level is maintained by
proteasome inhibition [188]. This phenomenon may be
partly ascribed to the irreversible locking of the ligands
within the receptor's LBD, because of a drastic
conformational change of the latter (a significant proportion
of ER molecules takes a conformation preventing ligand
displacement by [3H]estradiol). Posttranscriptional
modifications of the LBD may also contribute to this loss of
binding capacity. The fact that the loss of binding capacity
occurs even in a context of ER stabilized by proteasome
inhibition indicates that ligand-induced remodeling of the
receptor precedes the events leading to its degradation (or
stabilization). This suggests that the conformation imposed
by each ligand might act as a specific signature favoring (or
hindering), phosphorylation, ubiquitination, neddylation or
any other process required for changing ER steady state
level. Therefore, ligand-induced degradation of ER is more
likely the result of a conformational change than of the
induction of a particular proteolytic activity. Such a
mechanism of conformational switch may also hold for the
native, unliganded receptor, even if the conversion of the
latter is slower. In this case, one might surmise that the
stable to labile switch of ER is governed by cross talk with
other signal transduction pathways.

THERAPEUTIC AGENTS AIMED AT MODIFYING
ER SHUTTLING AND TURNOVER RATE IN
BREAST CANCER CELLS

Lack of Specificity of Most Compounds Under
(pre)Clinical Investigation

Could a change in ER shuttling and/or turnover rate
result in antitumor activity? Several newly developed drugs
under clinical trial could have an impact on ER stability
(Hsp-90 inhibitors such as 17-allylaminogeldanamycin),
turnover rate (proteasome inhibitors such as bortezomib) or
activation via the MAPK signal transduction pathway
(gefitinib). However, these compounds act on a variety of
targets critical for cell growth / viability but unrelated to ER
so that the analysis of their potential antitumor efficacy in
terms of ER antagonism appears irrelevant. Antiestrogens are
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more specific in this regard, suggesting that they may give a
response to our question. In fact, as shown hereunder, this is
not really the case.

The partial antiestrogen tamoxifen has been used for
more than 25 years in the treatment of breast cancers,
especially those containing substantial amounts of ER. The
ability of tamoxifen to silence ER AF-2 site is generally
invoked to explain its antitumor activity. On the other hand,
its capacity to stabilize the receptor has not been taken into
account while such a property may block transcription at
specific promoters. Hence, the mechanism by which
tamoxifen produces a blockade of breast cancer progression
still remains a matter of debate. Actually, tamoxifen and its
active metabolite OH-Tam induce in vitro distinct antitumor
effects on breast cancer cell lines, depending upon the
concentration at which cells are exposed. At low
concentration (< 0.1 pM), these compounds exert an
estradiol reversible cytostatic effect on ER-positive cells,
while at higher concentration (=10 uM) they are cytotoxic on
both ER-positive and ER-negative cells, suggesting that
receptor inactivation is not the sole mechanism involved in
their antitumor effect. Yet, it is well established that ER-
positive breast cancers in clinics have a far better response to
tamoxifen than ER-negative ones. Thus, in vivo, ER
expression is critical for therapeutic activity. An attractive
hypothesis would be that stabilization and/or accumulation
of ER-tamoxifen complexes in tumor cells might provoke
the entrapment of nuclear receptor co-regulators required for
the proper functioning of signaling pathways essential for
cell cycling and/or viability. According to this view,
tamoxifen-induced ER up regulation may play a role in its
antitumor activity. Yet, it remains to explain why in some
conditions tamoxifen can exert a cytotoxic effect on ER-
negative cells.

To our knowledge, no effect of the pure antiestrogen
fulvestrant (ICI 182,780) on ER-negative cells has been
reported. Therefore, the potential therapeutic action of this
compound seems to be closely associated with the
expression of ER in tumor cells. Fulvestrant (as well as
other pure antiestrogens) produces a marked ER depletion,
which has been invoked to explain the fact that it
antagonizes breast cancer development. This hypothesis
suggests a mode of action totally different from that of
tamoxifen which up regulates the receptor. In fact, the
mechanisms of action of both kinds of antiestrogens
(stabilization / accumulation of non functional senescent ER
in the case of tamoxifen-like drugs, ER depletion in the case
of pure antiestrogens) lead to the same end result, i.e. a
suppression of the pool of active ER in tumor cells.
Consequently, the change in ER turnover rate induced by
both partial and pure antiestrogens could be of paramount
importance in their antitumor activity. Additional work is,
however, required to validate this postulate.

The design of new drugs aimed at selectively acting on
ER level and/or trafficking is probably the most appropriate
approach to solve the issue above. This implies the
synthesis of compounds able to specifically abrogate the
association of ER with cognate partners (i.e. binding sites
for co-activators, motifs for palmitoylation for membrane-
bound ER, recognition sites for ubiquitin ligases, NLS and
NES involved in nucleocytoplasmic translocation, ...).
Computer analysis of amino acid sequences (search for
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protein interaction motifs), as well as conformational
analysis, are definitely required to initiate such a drug design
program. High throughput screening for the efficient
selection of compounds of potential interest is also a
valuable asset [205,206]. Studies reported in the next
sections are typical examples of such investigations.

ER Antagonists Preventing the Binding of co-Regulators

In order to block ER activity in breast cancers, current
therapeutic strategy in clinical practice mostly relies upon
the use of SERMs which interact with the binding site and
indirectly preclude the binding of co-activators and/or
facilitate the binding of co-repressors. An alternative
approach might be to design compounds able to block
specifically ER association with co-activators. In contrast to
treatment using SERMs, the action of such drugs would not
be compromised by cellular adaptation, and the development
of resistance due to the overexpression of co-regulators, or to
alterations of the receptor LBD resulting in constitutive
activation. The binding of co-activators to ER depends on
their LxxLL sequence (NR box). Hence, small molecular
weight compounds capable of acting as competitors for this
binding motif are now synthesized with the hope to generate
specific inhibitors of ER co-regulator association. Virtual
screens have already led to the selection of a few molecules
that may fit the LxxLL binding motif of SRC-2 / GRIP-1
[207,208] or SRC-3 / AIB-1 [209] (Fig. 7). Active
compounds affect the recruitment of these co-activators,
demonstrating the feasibility of this approach. Such
antagonists are, however, far from being effective drug
candidates in view of their poor inhibitory efficacy (i.e. most
promising compounds are ineffective below 10 uM).

Even though the production of specific inhibitors of ER
co-activator association is still in its infancy, it has already
paved the way to novel therapeutic approaches. In this
regard, work performed in the laboratory of J. A.
Katzenellenbogen deserves to be highlighted [207]. One
approach of this group was based on the attachment of
hydrophilic substituents to heterocyclic central cores
(triazenes, pyrimidines, trithianes, cyclohexanes) having the
dimensions of the L- -LL triangular motif (Fig. 6, upper
panel). In these molecules, substituents were arranged in a
manner that topologically mimicked the positions of these
three leucines. Pyrimidines derivatives emerged as the best
candidates for the development of this class of potential
antagonists (Ki : 30 uM). Another approach relied upon the
use of a hydrophobic moiety capable of filling the groove of
the co-activator binding pocket without mimicking the
whole leucine motif. In this setting, the authors designed a
naphthalene core mimicking the two most deeply buried
leucines and bearing extended substituents. Unfortunately,
this latter approach did not prove to be fruitful since it failed
to generate active inhibitors of ER co-activator interactions.

Potential co-Repressor Mimics

One may reasonably expect that synthetic peptides
derived from ER co-repressors should silence the
transactivation activity of the receptor if they interact with
the latter at the level of co-repressor binding domains. In
contrast to most co-activators where a canonical LxxLL
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Fig. (7). Compounds aimed at preventing recruitment of co-activators. This figure illustrates engineered chemical structures of
molecules potentially able to interact with ER like the LxxLL motif of co-activators, as designed by J.A. Katzenellenbogenref and D.

Shao. Adapted from references [207] and [209].

motif is usually detected, co-repressors exhibit no
recognizable consensus sequence(s), suggesting that a
diversity of mechanisms are involved in the inhibition of
ER-mediated transactivation.

In fact, in receptors complexed with an antagonist, the
binding groove for a LxxLL motif is too large for efficient
binding [210]. This groove may, however, accommodate

longer related amino acid sequences such as
Lxx(H/I)Ixxx(L/T), notably found in NCoR and SMRT co-
repressors [210]. A few synthetic peptides (~25 amino acids)
containing such a motif were reported to be recruited by ER
under treatment with antiestrogens [147]. Binding of these
peptides was correlated to the capacity of these antagonists
to limit the estradiol-induced expression of a reporter gene
(ERE-mediated transcription). As expected, recruitment of
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other peptides harboring an LxxLL motif was associated
with the agonistic activity of both estrogens and partial
antiestrogens. Although no clear-cut negative or positive
discrimination was recorded between the various peptides, it
seems that the production of new peptides mimicking as
closely as possible the various co-repressor motifs may be of
potential therapeutic interest. Investigations to identify on
co-repressors amino acid sequences specifically involved in
the inhibition of ER-mediated transactivation appear,
therefore, of prime importance to orient future synthesis.

Selective Enhancement of ER Degradation

It is worth noting that E3 ubiquitin ligases are of
paramount importance in determining the specificity of
proteasome-mediated degradation since they are the enzymes
which select the proteins for ubiquitination. In this context,
a strategy to target a selected protein for proteasomal
degradation has been developed to produce a “protein
chemical knock out”, in a way reminiscent of gene knock
out or siRNA approaches. This approach exploits a Protein
Targeting Chimeric Molecule (Protac) made of a peptide
recognized by an E3 ubiquitin ligase (actually the pVHL,
von Hippel Lindau tumor suppressor protein) conjugated to
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a ligand which confers selectivity to the chimerical
construction. Applied to ER, Protac development led to the
selection of a few compounds of potential interest [211]
(Fig. 8). Thus, estradiol derivatives linked with synthetic
peptides reproducing a motif recognized by pVHL (the
amino acid sequence comprised between residues 561 to 568
of the hypoxia-inducing factor 10) were shown to enhance
ER ubiquitination and degradation. The length of a
pentapeptidyl derivative (E,-penta) appeared to be largely
sufficient for such activity. Exposure of MCF-7 cells to E;-
penta produced a growth inhibition as strong as that
produced by pure antiestrogen ICI 182,780 within the same
concentration range (50 and 20 uM for E2-penta and ICI
182,780, respectively). The majority of cells treated with E,-
penta died after 48 hours of treatment. To evaluate the
specificity of action of E2-penta, an analogue with an amino
acid substitution (E,-penta[Ala]), thus unable to bind the
pVHL E3 ligase, was prepared as a negative control. This
compound failed to induce ER ubiquitination and antagonize
MCF-7 cell growth. While the antitumor effect of E,-penta
was maintained for up to 72 hours, its ability to inhibit the
transactivation mediated by estradiol (PR induction)
decreased within 4 hours, casting doubt upon enhanced ER
degradation being the sole mechanism in the strong tumor

Selective enhancement of ER degradation
Protac strategy

pVHL E; ubiguitin
ligase complex

¢
|:|I:|

- ubiguitin

ER polyubfquitination

proteasome

7 ER fragments

Fig. (8). Protac-mediated enhancement of ER degradation. In this approach, estradiol linked to a synthetic pentapeptide (Ep-penta)
mimicking a recognition domain for an E3 ubiquitine ligase (pVHL) favors the polyubiquitination and the proteasomal degradation

of the receptor.
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inhibitory activity of this Protac (hydrolysis with production
of estradiol at toxic concentrations cannot be excluded).

While the investigations summarized above fall short of
demonstrating a real therapeutic potential of ER/Protac, it
seems that this strategy may provide a new tool for the
study of the ER degradation pathways. Indeed, it would be
worth testing other ligands than estradiol conjugated with
the selected pentapeptide. Synthesis of conjugates containing
peptides targeting other E3 ubiquitin ligases could also be
undertaken.

CONCLUDING REMARKS

Treatment of ER-positive breast cancers heavily relies
upon the use of partial estrogen antagonists (e.g. tamoxifen,
raloxifene), which presumably act by preventing the receptor
from adopting the appropriate conformation required for
transactivation. However, a substantial proportion of cancers
does not respond favorably to these antagonists or
progressively develop antiestrogen resistance without
evidence of ER loss or alteration. Circulating or intratumoral
estrogen production has been proposed to explain this
acquired resistance since a part of these refractive cancers
respond to the administration of aromatase inhibitors which
totally abrogate estradiol synthesis [212,213]. This concept
is too restrictive. From what we discussed in the present
review, it is obvious that other causes of antiestrogen
resistance should be considered in view of the complexity of
ER mechanisms of action. This has led in turn to the
initiation of research programs aimed at identifying
molecules that may selectively interfere with a given step in
ER function (i.e. Hsp binding, co-regulator recruitment,
proteasomal degradation...). Although these programs are
still in their infancy, there is a legitimate hope that they will
generate new classes of ER blocking agents.

Efficacy of such drugs in the future would mainly depend
on the cyclic character of ER mechanism of action. Receptor
mediated transcription indeed occurs through a well-defined
sequential program that can be easily demonstrated when ER
fluctuations, which are asynchronous between cells, are
artificially synchronized (e.g. by transient exposure to O-
amanitin) [123]. Hence, the impact on breast cancer cells of
drugs acting selectively on ER and/or co-regulators could be
largely improved if these drugs were administrated after a
therapeutic maneuver aimed at synchronizing the ER cycle in
the whole population of tumor cells. Otherwise, the
treatment would most probably be effective on only a
fraction of tumor cells, increasing the risk of emergence of
resistant clones. Drugs that block transcription, cell growth
or any vital mechanism are appropriate candidates for such
synchronization procedures (rescue phenomenon). ER
ligands may also be used for that purpose since they almost
immediately change receptor trafficking properties and
associated transcription [214], and cause a pseudo-
synchronization with respect to receptor cycles. Of note,
approaches based on cell cycle synchronization (with respect
to cell division) have failed in the past to optimize the effect
of conventional chemotherapy [214]. The use of cocktails of
cytotoxic drugs acting on various targets, as well as the lack
of information concerning the turnover of these targets
and/or the possibility of mutual interactions may explain
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this failure. We may hope that the accumulation of data
concerning ER and its co-regulators will be sufficient to
prevent one from committing similar errors.

Hence, as a final conclusion, we stress the need for two
complementary pharmacological researches : one devoted to
the selection of drugs acting on ER shuttling mechanisms,
the other one focusing on the identification of compounds
potentially able to synchronize these mechanisms in most (if
not all) tumor cells. Could by chance antiestrogens achieve
both functions? In cell culture, these antagonists produce a
rapid ER depletion (pure AEs) or accumulation (partial
AEs), both being reversible upon drug withdrawal [199]. Of
course, in order to propose antiestrogens as “synchronizing
agents”, we need to assess the fluctuations of ER level
during the period following their administration. In a similar
fashion, X-ray irradiation can, in some conditions, induce a
transient fall in ER expression [215]. In this case, the
restoration of ER expression could be characterized by a
synchronism of ER activity, as observed after treatment with
a cytotoxic drug. If such artificially induced ER fluctuations
can be maintained for a sufficient period of time, we
anticipate that the sequential application of a synchronizing
treatment and drugs acting on ER trafficking might open the
way to novel therapeutic strategies.
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ABBREVIATIONS

ACTR = Activator for thyroid and retinoid
receptors

AE = Antiestrogen

AF-1(-2/-3) = Activation function-1(-2/-3)

AIB-1 = Amplified in breast cancer protein-1

AKT = Kinase identified in AKR thymoma cell
line

AP-1(-2) = Activated protein-1(-2)

AR = Androgen receptor

CBP = CREB binding protein

DBD = DNA binding domain

E, = 17B-estradiol

E6-AP = E-6 associated protein

EGF = Epidermal growth factor
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ER
ERE
ERK
FRAP

GA
GAP
GEF
GPCR
GPR30
GR
GRIP-1

HAT
HDAC
Hop
Hsp90
HMT
IGF

IP

Ia

B
LBD
MAPK
NCoA-1(-2/-3)

N-CoR-1
(-2/-3)

NES
NLS
OH-Tam
P13K
PCAF
PKC
PPlase
pVHL

Ran
SERM
SMRT

Sp-1
SRC-1(-2/-3)
TIF-2

TPR

Estrogen receptor
Estrogen Response Element
Extracellular signal-regulated kinase

Fluorescence Recovery After
Photobleaching

Geldanamycin
GTPase-activating Protein
Guanosine Exchange Factor
G protein-coupled receptor

G protein-coupled receptor 30
Glucocorticoid receptor

Glucocorticoid receptor interacting
protein-1

Histone acetyltransferase

Histone deacetylases

Hsp70 / Hsp90 organizing protein
Heat-Shock Protein 90

Histone methyltransferase
Insuline-like growth factor
Immunophilin

Importin o

Importin 3

Ligand binding domain

Mitogen activated protein kinase
Nuclear receptor coactivator-1(-2/-3)

Nuclear receptor corepressor-1(-2/-3)

Nuclear Export Signal
Nuclear Localization Signal
4-hydroxytamoxifen
Phosphatidyl inositol 3-kinase
p300/CBP associated factor
Protein kinase C

Peptidyl prolyl isomerase

von Hippel Lindau tumor suppressor
protein

Ras related nuclear protein
Selective Estrogen Receptor Modulator

Silencing Mediator for Retinoid and
Thyroid-hormone receptors

specificity protein-1
steroid receptor coactivator-1(-2/-3)
transcriptional intermediary factor-2

tetratricopeptide repeat
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