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Abstract. This review aims to evaluate the impact that
human estrogen receptor-a (ER-ar) synthesis, modifica-
tion and degradation has on estrogen-dependant physio-
logical and pathological processes within the body. Es-
trogen signaling is transduced through estrogen recep-
tors, which act as ligand-inducible transcription factors.
The significance of different isoforms of ER-a that lack

structural features of full-length ER-a are discussed. The
influence of differential promoter usage on the amount
and isoform of ER-a within individual cell types is also
reviewed. Moreover, the potential role of phosphoryla-
tion, ubiquitination and acetylation in the function and
dynamic turnover of ER -« is presented.
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Introduction

The nuclear receptor superfamily includes more than 150
members that are key regulatory modulators of a diverse
range of metabolic and physiological processes [reviewed
in ref.1]. The estrogen receptor (ER), within the steroid
receptor family, is widely distributed in evolutionary
terms from chordates through to mammals [2, 3]. ERs
mediate the developmental and physiological responses
to the steroid hormone estrogen. Although estrogens are
commonly recognized as pivotal in female reproductive
physiology [4], they are also involved in male reproduc-
tive development and physiology [5], in bone [6], in lipid
metabolism and in the maintenance of the cardiovascular
[7] and neuronal systems [8]. ERs are known to partici-
pate in the pathology of several diseases. Estrogens have
a proliferative effect in the endometrium and in the breast
[9] and may also influence hyperplasia in the prostate
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[10]. Consequently, ERs have been found to be essential
in the initiation and development of neoplasia in at least
breast and endometrial cancer. Moreover, osteoporosis,
atherosclerosis and Alzheimer’s disease increase in inci-
dence and severity with increasing age and are associated
with the reduction of estrogen levels that occur in both
males and females as they become older [11—-13].

ERs are intracellular transcription factors that, on associ-
ation with ligand, bind to estrogen-responsive target
genes to modulate their expression. To date, two estrogen
receptors, ER-a [14] (NR3A1 [15]) and ER-B (NR3A2
[16]), are known in humans. Separate genes located on
different chromosomes encode each of these ERs. ER-a
lies on chromosome 6 at the 6q25.1 locus, whereas ER-f
is found on chromosome 14 at the boundary between
14q11.1 and 14ql1.2. ER-B has been extensively re-
viewed elsewhere [17]. Unliganded ER-a exists in a
monomeric form complexed with heat shock proteins
(HSPs), principally HSP70 and HSP90, and is distributed
between the nucleus and cytoplasm. On binding ligand,



822 G. Reid et al.

ER-aundergoes a major conformational change, dissoci-
ates from HSPs, dimerizes and locates to the nucleus
[18]. ER-«a is a modular protein consisting of an N-ter-
minal domain that contains activating function 1, (AF-1),
a zinc finger DNA-binding domain, a hinge region and a
C-terminal ligand-binding domain (LBD) that also har-
bors the ligand-dependant activating function 2 (AF-2)
region (fig. 1) [19]. On binding estradiol (E2), ER-a un-
dergoes a major conformational change that effectively
completes the folding pathway of this molecule [20]. Sev-
eral studies have elucidated that estrogen agonists and an-
tagonists induce distinct conformations in the structure of
the LBD [21]. Ligand-activated ER-a interacts with co-
activator complexes that in turn recruit the transcription
machinery. Some co-activators that interact with liganded
ER-a possess histone acetylase activity and act to modify
local chromatin structure [22]. Consequently, the rate of
target gene transcription is increased. AF-1 may also be
autonomous in that it is able in certain circumstances to
recruit co-activators to ER-a independently of associa-
tion with ligand. However, in the context of the full-
length receptor, AF-1 activity is also regulated by ligand-
bound LBD and by the requirement for the receptor to be
associated with an estrogen response element (ERE) in
the target gene [23]. In addition to a direct ER-a/ERE in-
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teraction, ER-«a can also transactivate gene transcription
indirectly by protein/protein interactions. For example,
ERs also modify transcription by influencing the activity
of the AP-1 protein complex when associated with its
cognate DNA response element [24]. Estrogen modula-
tion of AP-1 activity requires both ER-a AF-1 and AF-2
transactivation surfaces, the same protein-protein con-
tacts being used to recruit co-factors and the transcription
machinery at EREs and at AP-1 sites (fig. 2).

Estrogens can also induce a rapid and transient activation
of several signal transduction pathways. These effects,
generally referred to as ‘non-genomic,” appear not to in-
volve direct ER-mediated gene transcription but involve
cross-talk between signaling pathways [25, 26].

Genomic organization of human ER-a

The generation of human ER-a transcripts has recently
been revealed to be complex, involving at least seven pro-
moters and eight coding exons encompassing in total
some 450 kb of chromosome 6 [27] (fig. 3). In general,
alternative promoter usage results in mRNA variants that
only differ in their 5" untranslated region (UTR). This oc-
curs as the first exon arising from each alternative pro-
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Figure 1. Genomic organization and domains of the human ER-a gene. The ER-a protein is derived from eight coding exons that encode
six functional domains (A—F). Two major transactivation functions (AF), AF-1 (B domain) and AF-2 (E domain) are located in human ER-
a. These generate surfaces that bind to co-factors, which in turn recruit the transcription machinery and act to modify the local chromatin
structure of the target gene. The C domain contains two zinc finger motifs that bind to DNA, while the D domain is a hinge region between
the N-terminal half of ER-a and the C-terminal ligand-binding domain (LBD) that is encoded by the E domain. Nuclear localization signals
are found within the hinge region (D) and the LBD (E). Also shown are significant phosphorylation and acetylation sites within ER-a.



CMLS, Cell. Mol. Life Sci.  Vol. 59, 2002 Review Article 823

- mm“mumﬂiﬂiﬂuJfmmmmﬂmmmmymm
i

Figure 2. ER-a can transactivate estrogen-responsive genes either directly or indirectly. Unliganded ER -« exists in association with heat
shock proteins (HSPs) in a monomeric form, distributed between the nucleus and the cytoplasm. On binding ligand, ER - undergoes a ma-
jor conformational change, dissociates from HSPs, dimerizes and translocates to the nucleus. Liganded ER-«a can activate transcription of
responsive genes either by directly binding to an estrogen-responsive consensus sequence or indirectly by associating with AP-1 (illustrated
here as a jun/fos heterodimer) bound to its cognate DNA sequence. In both cases, liganded ER-a recruits co-factors that in turn activate
transcription and act to modify local chromatin structure. Cross-talk occurs between other signaling pathways and estrogen-mediated re-
sponses, as ER-a is a substrate for kinases involved in extracellular signal transduction. Phosphorylation on serine, threonine and tyrosine
modulates ER-a, generally to enhance ligand-dependent transactivation. GF, growth factor; GFR, growth factor receptor; TAF, transcrip-
tion-activating factor; TIF, transcription intermediary factor; HAT, histone acetyl transferase; Polll, DNA-dependent RNA polymerase 11.
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Figure 3. Genomic organization of the human ER-a promoter region. The location of multiple promoters and corresponding upstream ex-
ons of the human ER -a gene is shown. Upstream exons are represented by shaded boxes and their promoters shown as arrows. The intronic
distance between exons is given in kb. The numbers below the exon boxes indicate experimentally defined 5” start sites, or splice donor or
acceptor sites involved in generating mature ER-a mRNA with the distance from the originally described transcription start site at +1 in
base pairs. Also indicated is the common splice acceptor site at +163 which all 5" untranslated regions can splice to.
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moter is non-coding and is spliced to a common splice ac-
ceptor site upstream of the initiation codon of ER-a.
Consequently, in all cases, this results in the expression of
the full-length 66-kDa ER-a receptor protein. Quantita-
tive analysis, as opposed to RT-PCR, in various cell lines
and tissues reveals that there is a distinct expression pro-
file of ER-ar in individual cell lines and tissues. The rela-
tive level of ER-a transcripts varies up to 200-fold be-
tween MCF-7 and primary human osteoblasts [28]. Fur-
thermore, promoter utilization also varies between
different cell types. For example, whereas the A promoter
is the major promoter utilized in MCF-7 cells, the E pro-
moter is the predominant promoter used in the generation
of ER-a mRNA. The relative expression levels and pro-
moter usage for several human cell lines and tissues are
shown in figure 4.

However, mRNA transcripts that encode the 66-kDa
form of ER-a are not the only possibility. Three variant
forms of ER-a with molecular weights of 66, 46 and 39
kDa are expressed in osteoblasts [28]. The main pro-
moter utilized for the expression of ER-a in osteoblasts
is the F promoter, which lies approximately 117 kb up-
stream of the originally described transcription start site.
Splicing of the 5" UTR resulting from the F promoter to
the splice acceptor site in exon 2 results in skipping of
exon 1 and the formation of a shorter ER -« isoform. This
alternative splicing event generates an mRNA that has an
AUG in a favorable Kozak sequence for translational ini-
tiation in frame with the remainder of the open reading
frame of ER-a. The translation of this variant mRNA
results in the expression of the 46-kDa ER-a isoform
[28, 29].

In addition to human osteoblasts, the 46-kDa isoform is
also present in the human breast carcinoma cell line
MCF-7 [29]. Whereas the hER-a46 corresponds to ap-
proximately one-third of the transcripts expressed in os-
teoblasts, it represents around one-tenth of the total ER -«
mRNA transcripts in MCF-7 cells. The generation of al-
ternative ER-a transcripts is largely unexplored at pre-
sent and it remains possible that further promoters and
perhaps even protein-coding exons exist that may be used
in a selected range of cell types or tissues in the genera-
tion of alternative protein isoforms of ER-a.

Known functional consequences of ER- « isoforms

hER-a46 homodimers have been demonstrated to bind to
an ERE and hER-a46 can form heterodimers with hER-
a66 [28, 29]. Interestingly, hER-a46 homodimers show a
higher affinity for an ERE than hERa66 homodimers.
Furthermore, the hER-a46/66 heterodimer forms prefer-
entially as compared to the hER-a66 homodimer. These
effects have been demonstrated both in vitro and in vivo
[28, 29]. To evaluate the potential physiological conse-
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Figure 4. Differential promoter usage in human cell lines and tis-
sues. The contribution that known promoters make to ER-a mRNA
synthesis in different cell types is shown. Whereas the promoters
clustered within 2 kb of the common splice acceptor site (A, B and
C) are predominantly utilized in cell lines and tissues expressing
relatively high levels of ER-a, more distal promoters (E and F) con-
tribute most to the pool of ER-a mRNA in liver and in primary os-
teoblasts, where ER-a mRNA is less abundant.

quences of this interaction, both hER-a66 and hER-a46
receptor isoforms were evaluated for their ability to trans-
activate an ERE reporter construct in transient transfec-
tion assays in different cell lines.

Individual cell lines differ in their expression of co-fac-
tors that interact with ER-a. The endometrial carcinoma
line HeLa, for example, has a co-factor profile such that
transactivation on an ERE by ER -a predominantly occurs
through co-factors associating with the AF-2 surface,
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while in the liver cell line HepG2, transactivation is pri-
marily dependant on AF-1. Other cells, such as the os-
teosarcoma cell line SaOS, have a mixed context, con-
taining a co-factor profile that can respond to both AF-1
and AF-2 [28]. In an AF-1-dependant context, hER-a46
acts to competitively inhibit transactiviation mediated by
liganded hER-a66. However, as anticipated, this effect
does not occur in an AF-2-dependant environment [29].
The response of an individual cell to E2 is therefore
clearly dependant on the level and profile of ER-« iso-
forms and also on the spectrum of co-factors within the
cell.

Regulation of ER-a mRNA transcription

There is at present only a limited amount of information
known about how ER-a transcription is regulated. As the
A promoter was the first promoter to be identified, and is
the major promoter used in cell lines expressing relatively
high levels of ER-a mRNA transcripts, some of the cis-
and frans-acting elements that are involved in regulation
of ER expression have been characterized. As differential
expression of ER-a transcripts occurs between different
cell types, regulation at the level of individual promoters
must be a key event in ER-o mRNA formation. This is
likely to be controlled by both cellular transcription fac-
tors and by epigenetic phenomena, given that the ER-a
promoter region encompasses such a sizeable genetic
unit. For example, the E promoter, almost exclusively
used in liver and which lies some 150 kb from the first
coding exon of ER-a, may be epigenetically repressed in
other tissues.

How are these processes regulated in a cell?

The mechanisms controlling the regulation of ER-a ex-
pression remain to some extent poorly understood. Al-
though the expression of ER-a is differentially regulated
within individual cell types, the role that individual pro-
moters, cis-acting elements, transcription factors, ER-a
itself and cellular context have on the complex regulation
of ER-a expression remains incomplete. The recognition
that estrogen signaling is transduced within different cells
through the differential expression of ER-a and the indi-
vidual co-factor profile within the cell could be poten-
tially useful in targeting individual pathological situa-
tions.

The control of ER-a expression is best understood in
breast cancer, where ER -« plays a pivotal role in the ini-
tiation and progression of this neoplasia. An increase in
ER-a expression is seen with increasing proliferative ca-
pacity in breast hyperplasia and in tumors [30], although
many breast cancers progress to estrogen independence
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with concomitant modification of ER-a expression [31].
Two promoter/transcription complexes have been identi-
fied as playing a role in the differential expression of ER-
a in ER-a-positive and -negative breast carcinoma cell
lines. Tang et al. [32] demonstrated that a 35-bp element
at position —3.7 kb acts as a major enhancer element re-
quired for the high level of ER-a expression in ER-a"
breast cancer cell lines. These authors further demon-
strated that this enhancer binds AP-1 and that adjacent se-
quences bind to other unknown factors. It is tantalizing to
note that overexpresion of c-jun in MCF-7 cells results in
the loss of ER-a expression and a gain of estrogen inde-
pendence [33]. Further, deConinck et al. [34] described a
cis-acting element located in the region of the ER-a gene
corresponding to the S"UTR around +190 [34]. A tran-
scription factor, identified as AP-2y [35], that is expressed
in ER-positive breast and endometrial cell lines is at least
partly responsible for enhancement of ER -a transcription
in AP2-y-positive cell lines. However, not all ER-a-posi-
tive cell lines express AP2-y [36], indicating that multiple
mechanisms contribute to the high level expression of
ER-a in tumor cells. An example of a transcription factor
that selectively contributes to promoter-specific ER-a
expression in breast carcinoma cell lines is ERBF-1,
whose enhancer element is located at —1.9 kbp [37]. The
authors showed that this transcription factor enhances a
distal promoter element (promoter C in accordance with
the recently described genomic organization of ER-a
[27]). ERBF-1 selectively increases only C promoter ac-
tivity which is very low in breast carcinoma cell lines,
such as ZR-75, that do not express ERBF-1 and appar-
ently, in consequence, do not generate significant levels
of C hER-a mRNA.

Further mechanisms that potentially regulate gene ex-
pression, at a transcriptional level, are DNA methylation
and chromatin condensation of promoter regions. Epige-
netic silencing, either through hypermethylation of CpG
islands associated with ER-a promoters [38, 39] or by
chromosome condensation through nucleosome acetyla-
tion can act to preclude the expression of ER-a. It is clear
that, between the distal promoter region (some 151 kb
[27]) and the region containing the coding exons (140 kb
[40]), the ER-a gene encompasses a sizable genetic unit.
It is possible that some ER-a promoters need to be sepa-
rated from each other by a significant distance so that epi-
genetic events involved in either the activation or sup-
pression of individual promoters during differentiation
apply to a single promoter in a certain cell type. Chromo-
some condensation associated with epigenetic silencing
usually extends over a minimum of several kb [41]. Inter-
estingly, four different promoters (A, B, C and D) are lo-
calized within a 3.7-kb region, perhaps suggesting that
promoter clustering occurs to allow single epigenetic ef-
fects to apply to genes that are expressed by multiple pro-
moters.
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Autoregulation of ER-a expression

It appears that the 5" upstream exons of the ER-a gene
play an important role in the tissue-specific expression
profile through a number of cis-acting elements. The
5’UTRs that are encoded by these upstream exons of ER-
a negatively affect the translation of these mRNA vari-
ants. For example, the T1 and T2 5’UTRs, which are
specifically expressed in testis, reduce the translation of
the main open reading frame in that tissue [M. Kos, un-
published data]. Activated ER is known to regulate the ex-
pression of target genes such as the progesterone receptor,
cyclin D1 and transforming growth factor-g but little is
known about the auto-regulation of its own expression.
This effect has been described for the C promoter of hER-
a66, where exogenous hER-a66 increased the transacti-
vation of a luciferase reporter construct [42]. Additionally,
hER-a66 increased F promoter activity 50-fold in a lig-
and-dependant manner, suggesting that estradiol can
specifically up-regulate ER-a expression in cells, such as
osteoblasts, where the F promoter is predominantly used
[43]. In contrast to estradiol-mediated up-regulation of
ER-a promoters, full-length chicken ER-a down-regu-
lates expression of the chicken A promoter [44].

mRNA stability

The 3’UTR of ER-« is unusually long, having twice the
length (4.3 kb) of the coding region (2 kb). Some regions
of the 3’UTR show extensive homology between species.
These observations prompted an evaluation for a poten-
tial functional role of the 3’'UTR in the post-transcrip-
tional control of ER-a expression. Sequence analysis
shows that the 3"UTR harbors more AU-rich sequences
than are present in the coding region, which is usually a
reliable indicator of mRNA destabilization. AU-rich mo-
tifs or AUUUA sequences were initially identified as hav-
ing a functional role in relatively instable transcripts that
encode proto-oncogenes (c-fos and c-myc) and cytokines,
where rapid turnover is required to achieve a fast re-
sponse in mRNA levels in reaction to extra-cellular sig-
nals [45, 46].

A destabilizing role of ER-a 3’UTR sequence was
demonstrated recently [47]. The decay kinetics of mRNAs
containing the 3"UTR of ER-a were studied in order to de-
lineate destabilizing regions. The presence of a complete
hER-a 3’'UTR reduced the half-life of a reporter mRNA
from greater than 24 h to 3 h. Destabilizing structures are
restricted to a 1-kb region within the 4.3-kb ER-a mRNA
3’'UTR. A repeat of four AUUUA motifs, anticipated to be
essential for destablilization, was found not to be respon-
sible for this effect. However, a co-operative effect of dif-
ferent regions of this 1-kb sub-fragment was mandatory
for the observed destabilizing effect on ER-ae mRNA.
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Mechanisms of protein degradation

The major mechanism for targeted degradation of rapidly
turned over proteins is the ubiquitin-proteasome pathway
[20,48]. Proteins are marked for degradation by the pro-
teasome through the action of ubiquitin ligases, which co-
valently attach the highly conserved 8.6-kDa ubiquitin
protein to the e-amino group of lysine on the targeted
protein [49, 50]. A single ubiquitin-activating enzyme
(UBA) activates ubiquitin in mammalian cells before
transferring ubiquitin to one of several ubiquitin-conju-
gating enzymes. Finally, ubiquitination of the target pro-
tein is achieved through the action of ubiquitin protein
ligases, specific substrate adaptor proteins that complete
ubiquitin conjugation. Further ubiquitin moieties are then
added to form ubiquitin chains [51]. Subsequently, poly-
ubiquitinated proteins are recognized and degraded by
the multi-subunit 26S proteasome complex [52, 53].
Estrogens modulate the stability of the ER. In the absence
of ligand, the half-life of ER-a is approximately 5 days
compared to around 3 h on binding ligand [54, 55].
Degradation of ER can be inhibited by the proteasome in-
hibitors MG132 and lactocystin indicating that the major
route of clearance of liganded ER-« is through the pro-
teasome pathway [56—58]. Ubiquitination also appar-
ently affects the transcriptional competence and mobility
of ER-a, suggesting either that targeted degradation di-
rectly plays a critical role in transactivation or that a block
in degradation prevents release of ubiquitinated ER-a
from responsive promoters [59].

There are three observations that associate proteasome
activity with ER-a transactivation. First, several proteins
that interact with steroid receptors are also components of
the ubiquitin/proteasome degradation pathway. These are
SUG1/TRIP1 [60, 61], RSP5/RPF1 [62], E6-AP [63] and
UBC9 [64, 65]. RSP5/RPF1 and E6-AP are both E3-type
ubiquitin ligases that stimulate nuclear hormone-depen-
dant gene transcription. In addition to proteasome-medi-
ated degradation of ER-ar, other cofactors (SRC-1, TIFII,
RAC3 and CBP) that associate with ER-a are also de-
graded through proteasome action [66]. Second, the pro-
teasome inhibitors MG132 and lactacystin abrogate
transactivation by ER-a [66], implying that proteasome
degradation is necessary for ER-a-mediated transcrip-
tion. Further, use of a cell line expressing a temperature-
sensitive mutant form of UBA indicated that conjugation
of ubiquitin might be a pre-requisite for transcriptional
competence [66]. Finally, fluorescence recovery after
photo-bleaching (FRAP) clearly demonstrated that, in
contrast to unliganded ER-a which is highly mobile, the
mobility of ER-a is severely impaired by treatment with
either ICI 182,780, a pure estrogen antagonist, or by
MG132. Conversely, E2 and the partial estrogen antago-
nist 4-hydroxytamoxifen only slightly impair the mobil-
ity of ER-a [59]. These authors also demonstrate that



CMLS, Cell. Mol. Life Sci.  Vol. 59, 2002

treatment with E2, MG132 or actinomycin D results in
ER-a association, often in a poly-ubiquitinated form,
with nuclear components resistant to extraction with high
salt after detergent and DNAse treatment, indicating that
liganded ER-a becomes tightly associated with compo-
nents of the nuclear matrix.

We wish to discuss these observations and present a hy-
pothetical model for the potential role of proteolysis in
ER-mediated gene transactiviation (fig. 5). Liganded ER -
a, initially highly mobile, associates with an ERE. Co-
factors involved in recruiting the transcriptional machin-
ery then associate with the ER-a/DNA complex. Subse-
quent acetylase activity (e.g., by p300) results in the
direct acetylation of ER-a [67]. Co-factor binding conse-
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quently results in the ubiquitination of ER-a. We predict
that this event results in ER-a becoming transcriptionally
incompetent, perhaps because co-factor binding to ER-a
is disrupted. If subsequent degradation of ubiquitinated
ER-a does not occur, transcription ceases, as the respon-
sive promoter is loaded with transcriptionally incompe-
tent ER-a.. In support of this hypothesis, regions of ER-a
responsible for proteasome-mediated degradation have
been shown to be co-incident with regions involved in co-
activator binding. Furthermore, transcriptional repression
by actinomycin D, which prevents RNA polymerase 11
from initiating transcription, also prevents proteasome
degradation of ER-a, suggesting that initiation of tran-
scription is an integral event in marking ER -« for degra-

Figure 5. Co-factor recruitment, transcription, proteolysis and a transcription cycle. ER -a, on association with ligand, dimerizes and binds
to a responsive promoter through association with an ERE (1). This DNA/ER-a/ligand complex then recruits co-factors (2) that in turn as-
sociate with the basal transcription machinery (3). We suggest that the acts of co-factor recruitment and/or transcription mark ER-a (indi-
cated by purple triangles) such that ubiquitination of ER -a then occurs (4; ubiquitin moieties are indicated by brown circles). A post-trans-
lational modification of ER-a, such as acetylation, may be the physical event involved in this switch in the transcriptional competence of
ER-a. We further propose that ubiquinated ER -« is transcriptionally incompetent and that until it is cleared from the promoter by protea-
some action (5), transcription does not occur. This scheme may explain some paradoxical findings. All drugs indicated preclude both ER-
a-mediated gene transcription and the degradation of ER-a, indicating that clearance of transcriptionally marked ER-a from estrogen re-
sponsive promoters is essential for a subsequent transcription to occur. 4-(OH)-tamoxifen may act to block recruitment of factors that mark
ER-a for proteasome degradation, explaining why 4-(OH)-tamoxifen treatment of cells results in partial antagonism (co-factors still asso-
ciate with AF-1) and in the accumulation of ER-a within the cell. Actinomycin D blocks PolIl from leaving the assembled transcription
complex, thereby stalling ER-a in the transcription cycle before it is targeted for degradation. MG132 is a potent inhibitor of proteasome-
mediated degradation.
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dation through the ubiquitin/proteasome pathway. It is
implicit that degradation of ER -« that has been involved
in a transcriptional event has to occur for the promoter to
become available for further ER-a-mediated transcrip-
tion. This model also explains the immobilization of ER-
a on treatment with MG132 and actinomycin D. When
ubiquitination of ER-a occurs in relation to transcrip-
tional initiation remains unclear. Also not known is the
extent to which ER-a ubiquitination is required to pre-
vent transcriptional competence or to trigger proteasome-
mediated degradation. As chains of ubiquitin form on
ER-a, these events may take several transcription cycles
to achieve a switch to degradation. The finding that ge-
netic ablation of the steroid receptor co-activator ubiqui-
tin ligase E6-AP results in tissue-selective steroid hor-
mone resistance [68] also fits with this proposed model.
A process where transcription is limited by the inactiva-
tion of trans-acting factors, such as ER-a, provides ex-
quisite control of key transcriptional processes.

Phosphorylation and acetylation

Phosphorylation of ER-a can modify the activity of this
ligand-activated transcription factor. In general terms,
phosphorylation integrates estrogen signaling into a com-
plex cross-talk network with other signaling pathways.
ER-a is a substrate for both serine/threonine and tyrosine
kinases and is phosphorylated at multiple sites. This can
affect either AF-1, thereby modulating ligand-indepen-
dent activation of ER-a, or AF-2, where DNA binding
and ligand binding is located. The physiological state of
the cell apparently determines the specific sites that are
modified.

Phosphorylation of ER-a is enhanced in response to
growth factors or to cytokine treatment [69—72]. Cy-
tokine-induced phosphorylation of ER-a was first re-
ported to involve epidermal growth factor (EGF) in
mouse uterus [69]. EGF reproduces many of the effects of
estrogen in uterus, indicating that cross-signaling be-
tween growth factor and steroid pathways is important in
normal physiology. Serl118 and Ser167 have been most
widely characterized among the sites known to be phos-
phorylated in ER-a. Arnold et al. [73] demonstrated that
Ser118 does not require ER-a to be associated with lig-
and for phosphorylation to occur, whereas phosphoryla-
tion of Serl67 is dependant on ER-a being associated
with ligand. Kato et al. [70] reported that Serl18 can be
phosphorylated both in vitro and in vivo through the
Ras/MAPK cascade of the signal transduction pathways.
These studies indicate that phosphorylation by the
MAPK pathways influences receptor action by mecha-
nisms that are not ligand dependant. Interestingly, there is
some indication that phosphorylation of Serl118, follow-
ing stimulation of the MAP kinase pathway, is sufficient
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to result in ligand-independent transactivation to around
half of the activation observed with E2 in HeLa cells [71].
Joel et al. [72] reported that phosphorylation of Ser118 by
MAPK enhances ligand-induced transactivation approxi-
mately 2.5-fold. In contrast, phosphorylation of Ser167
by casein kinase II increases the binding affinity of lig-
anded ER-a to an ERE. However, the role of phosphory-
lation at other sites of ER-a, such as Ser104, 106, and 158
is less clearly defined as the effects of phosphorylation on
these sites are dependant on the cells that were used in
these studies, again indicating that cell-specific phospho-
rylation can occur.

In addition to studies that show the impact of Ser/Thr
phosphorylation on transcriptional activation, others sug-
gest that dimerization and DNA binding are also affected
by Tyr537 phosphorylation [74, 75]. These authors sug-
gest that phosphorylation at Tyr537 is regulated by po-
tentially oncogenic tyrosine kinases such as p60<s and
pS56'k. In addition, phosphatases can also modulate the
function of ER in proliferative processes.

It has been recently shown that ER-a may also be acety-
lated [67]. Ligand-activated ER-a recruits co-factors that
have intrinsic histone acetylase activity. Histone acetyla-
tion likely influences local chromatin structure resulting
in enhanced transcriptional activity. However, the cofac-
tor p300 but not P/CAF, both of which have intrinsic
acetylase activity, were found to directly acetylate lysine
residues at position 302/303 at the boundary between the
hinge region and the LBD. The ER-a acetylation motif is
conserved in a subset of nuclear receptors suggesting that
acetylation can contribute to transcriptional regulation
within this group. Surprisingly, mutagenesis of these
residues to either neutral (K to A, Q or T) or to arginine
(R), in the presence of exogenous p300, resulted in an in-
creased transactivation capacity of the mutant ER-a [67].
A possible explanation for enhancement of transcrip-
tional activity is that acetylation contributes to the ligand-
mediated downregulation of ER-a by proteasome activ-
ity. If ER-a is unable to be acetylated, transcription may
be potentiated by an increase in the time that transcrip-
tionally competent ER-a resides on a responsive pro-
moter.

Future prospects

More than three decades of intensive research have re-
sulted in a considerable understanding of the role of estro-
gens in physiological and pathological processes. Fre-
quently, however, disparate and apparently contradictory
results have been difficult to comprehend because of the
lack of a comprehensive hypothesis that integrated all as-
pects of ER function. In this review, we have attempted to
provide such a framework for the assessment of the data of
others and as a guide to future studies. Nonetheless, these
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efforts to date have yielded considerable benefits in terms
of medical treatment and in drug development. However,
given the important role that estrogens play in both health
and disease, considerable scope remains to increase our
understanding of estrogen signaling and to develop and
exploit further therapeutic strategies in the future.

We are beginning to recognize that the generation of ER-
a mRNA variants and protein isoforms is complex and
likely to reflect the requirements of estrogen signaling in
individual cells and tissues. Further investigation is re-
quired to evaluate the role of such processes during de-
velopment, normal physiology, disease and aging. There
is also increasing awareness of the adaptive role different
cell contexts have in E2 signaling. Such differences must
reflect the co-factor profile within individual cell types.
Results from transcriptome- and proteome-wide analysis
of different cell types and tissues should clarify why sub-
stantial differences occur between target tissues and may
result in the identification of novel targets for prophylac-
tic and therapeutic interventions. Although much has
been learned using model systems, it is becoming in-
creasingly evident that research will have to focus on spe-
cific tissues and primary cell types. Answering these
challenges should contribute greatly to understanding the
tissue-specific effects of estrogens in health and in dis-
ease.
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