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Abstract

We have compared the ability of ERa and ERb to stimulate transcription from a number of reporter genes in di�erent cell
lines and demonstrate that the activity of AF1 in ERb is negligible compared with that of ERa on ERE based reporters. The
activity of AF2 in ERa and ERb is similar and this is likely to re¯ect their similar ability to bind coactivators. As a

consequence, when transcription from a gene depends on both AF1 and AF2 the activity of ERa greatly exceeds that of ERb
but when AF1 is not required ERa and ERb have similar transcriptional activities. # 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The estrogen receptors, ERa and ERb [1,2], are re-
sponsible for mediating the e�ects of estrogens in tar-
get tissues by acting as ligand dependent transcription
factors. ERa and ERb have the potential to function
as heterodimers [3,4] but, given that their relative dis-
tribution is rather di�erent, the two receptors are more
likely to function as homodimers in the majority of
target cells. ERa stimulates transcription of target
genes by means of two distinct activation functions,
AF1 in the N-terminal domain and AF2 in the ligand
binding domain, whose activities vary depending upon
the target promoter and cell type [5,6]. The activity of
AF1 is ligand independent but can be modulated by
phosphorylation by the mitogen activated protein
kinase (MAPK) pathway [7,8] in response to growth
factors [9,10]. The activity of AF2, which depends on
the binding of estradiol, is reduced or abolished by
mutations in a C-terminal helix which is conserved in
most NRs [11,12]. This helix (H12) is packed against
helices 3, 5/6 and 11 in the presence of oestrogen [13].

The importance of H12 in transcriptional activity by
ERa is supported by the observation that it is misa-
ligned in the presence of the oestrogen antagonist
raloxifen [13].

In common with other nuclear receptors, activated
ER interacts with a number of target proteins to
stimulate transcription. These include a family of pro-
teins with a mol. wt of about 160 kDa encoded by
three distinct genes SRC1 [14,15], TIF2/GRIP1 [16,17]
and pCIP/ACTR/RAC3/AIB1 [18] and CBP/p300
[15,19,20]. The interaction between the p160 proteins
and the receptor appears to be direct while the recruit-
ment of CBP is probably indirect and mediated by the
p160 proteins [15,19,20]. Their precise roles in tran-
scriptional activation is unclear but they are likely to
be involved in recruiting the basal transcription ma-
chinery and in remodelling chromatin.

ERa and ERb share about 95% homology in the
DNA binding domain, both capable of binding to a
consensus estrogen response element (ERE) [3,21] and
55% homology in the ligand binding domain, exhibit-
ing similar but not identical ligand binding properties
[22]. Both receptors appear to contain a functionally
conserved AF2 which is stimulated by binding the
coactivator SRC1 [3,21]. Although the two receptors
are poorly conserved in the N-terminal domain ERb,
like ERa, appears to contain a MAPK phosphoryl-
ation site that results in enhanced transcriptional ac-
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tivity [21]. In this paper we have investigated the abil-
ity of ERa and ERb to stimulate transcription from a
number of reporter genes in di�erent cell lines and
demonstrate that the activity of AF1 in ERb is negli-
gible compared with that of ERa on ERE based repor-
ters. As a consequence, when transcription from a
gene depends on both AF1 and AF2 the activity of
ERa greatly exceeds that of ERb.

2. Materials and methods

2.1. Plasmid constructions

The isolation and construction of cDNA clones that
encode the mouse ERa, and a series of point mutants
for analysing transcriptional activation have been
described previously [11,23]. The human ERa wild
type cDNA from pSG5-HEGO was kindly provided
by Pierre Chambon. The 1.6 kb human ERb cDNA,
containing an additional 159 bp of 5 ' sequence com-
pared with that published previously [1] (unpublished
data), was subcloned into the BamHI site of pSG5.
Gal4-AF2b was constructed by inserting the ligand
binding domain of ERb (residues 262±530, generated
by PCR) into the BamH1 restriction enzyme site of
pSG424. Both wild-type and mutant versions of Gal4-
AF2a have been described previously [24]. ERb
helix12 mutants were generated by PCR using oligonu-
cleotides containing the relevant DNA base-pair sub-
stitutions (ERb1: 5 '-CAATCCATGCGCCTGGC-
TACC-3 ' in conjunction with either E493A: 5 '-
TTTCACGTGGGCATTCAGCATCGCCAG-3 ', or
M494A/L495A: 5 '-TTTCACGTGGGCATTCGCCG-
CCTCCAG-3 '). The resulting DNA fragments were
cut with restriction enzymes Sac1/Pml1 and ligated
into the corresponding sites in pSG5-ERb and Gal4-
AF2b. Gal4-AF1a (residues 1±177) and Gal4-AF1b
(residues 1±141) were made by generating AF1 using
PCR, cutting the DNA product with restriction
enzymes BamH1/Xba1 and then ligating into the cor-
responding sites of pSG5-Gal (H.Y Mak). The con-
struction and cloning of pSG5-SRC1 and pGEX2TK-
SRC1(570±780) have been described previously [25].

2.2. GST pull-down assays

ERa, ERb and SRC1 protein was synthesised in
vitro using the TnT-coupled reticulocyte lysate system
(Promega) in the presence of 35S-methionine according
to the manufacturer's instructions. GST fusion pro-
teins were expressed and puri®ed as described earlier
[26]. [35S]-labelled proteins were incubated with GST-
fusion proteins in NETN bu�er (20 mM Tris pH 8.0,
1 mM EDTA, 0.5% NP-40) containing 200 mM NaCl,
unless stated otherwise, in the absence or presence of

E2 (10ÿ6 M), 4-hydroxytamoxifen (10ÿ6 M) or ICI
182,780 (10ÿ6 M) [26]. Samples were subsequently
washed and separated on SDS-polyacrylamide gels (8
or 10%). Gels were ®xed, dried and the [35S]-labelled
proteins were visualised by ¯uorography.

2.3. COS-1 cell extract preparation

COS-1 cells were transfected by electroporation
using a Bio-Rad gene pulser at 450 V and 250 mF as
previously described [11]. Cells were (co)transfected
with 20 mg of expression plasmid, as indicated in the
Figure legends. Two days after transfection the cells
were harvested in chilled PBS, centrifuged for 5 min at
5000 g and then snap frozen at ÿ708C. Whole cell
extracts (WCE) were prepared using a high salt extrac-
tion bu�er (400 mM KCl, 20 mM HEPES pH 7.4,
1 mM DTT, 20% glycerol, plus protease inhibitors),
and centrifugation at 50,000 g for 20 min at 48C, the
supernatant was stored at ÿ708C. The protein concen-
tration of the WCE was determined using the Bio-Rad
protein assay kit (Bio-Rad).

2.4. DNA binding assay

DNA binding was assayed using an electrophoretic
mobility shift or gel shift assay. Aliquots of receptor,
translated in vitro or expressed in COS-1 cells, were
preincubated for 15 min in 20 ml of binding bu�er
(20 mM HEPES pH 7.4, 50 mM KCl, 1 mM 2-mer-
captoethanol, 10% glycerol) containing 1 mg of
poly([dI]-[dC]) and 100 mg of BSA. After the addition
of a [32P]-labelled double-stranded oligonucleotide
probe containing a consensus ERE sequence
(5 'CTAGAAAGTCAGGTCACAGTGACCTGATC-
AAT-3 ') or Gal4RE (5 '-AGCTTCCGGAGGACTG-
TCCTCCGGT-3 ') as indicated in the Figure legends,
the samples were incubated for a further 25 min at
room temperature. The samples were applied directly
onto a prerun nondenaturing 7% polyacrylamide
(30% acrylamide, 0.8% bisacrylamide stock solution),
0.5x TBE gels, and electrophoresed in 0.5x TBE for
90 min. Gels were ®xed for 15 min in 10% acetic acid,
30% methanol, dried, and autoradiographed.

2.5. Cell culture and transient transfection experiments

Cells were routinely maintained in Dulbecco's modi-
®ed Eagle's medium (DMEM) containing 10% foetal
bovine serum (Gibco BRL). For transient transfection
assays, cells were plated in 24-well microtiter plates
(Falcon) in phenol red free medium containing 5%
charcoal-dextran stripped foetal bovine serum (CSS).
Cells were transfected by calcium phosphate coprecipi-
tation as described earlier [11]. The transfected DNA
included a pCMV-bGal control plasmid (150 ng), an
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ERE containing reporter plasmid, as indicated in the
legend (1 mg) and either pSG5-ERa or pSG5-ERb (20
ng), or varying amounts of the Gal4-AF1 and Gal4-
AF2 fusion proteins (5±100 ng). After 16 h, the med-

ium was refreshed and cells were treated with vehicle
or E2 (10ÿ8 M) for 24 h. Subsequently, cells were har-
vested and extracts were assayed for luciferase [11] or
CAT [27] and b-galactosidase activity, using a

Fig. 1. Transcriptional activation of reporter genes by ERa and ERb in di�erent cell types. (A) Transactivation by the human ERa and ERb
was tested by transiently transfecting chicken embryo ®broblasts (CEF) with pSG5HEGO or pSG5ERb respectively and a reporter gene, ERE-

TK-Luc, 3ERE-TATA-luc or 2ERE-pS2-CAT as indicated. The internal control was pJ7lacZ. Cells were treated for 24 h in the presence or

absence of 10ÿ8 M 17b-estradiol as indicated, harvested and the extracts tested for reporter activity. After correcting for transfection e�ciency

using the internal control, transcriptional activity from each of reporters was determined relative to that of ERa in the presence of estradiol.

Background activity (without transfected receptor) is denoted by C. The error bars represent the standard deviation of values from at least two

separate experiments performed in duplicate. (B) The transcriptional activity of ERa and ERb from ERE-TK-Luc was determined in COS-1,

HeLa and HepG2 cells as described in (A).
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Fig. 2. ERa and ERb di�er in their AF1 activities. (A) The ability of ERa, ERb, or mutant versions thereof, to stimulate transcription from

2ERE-PS2-CAT was determined in HeLa cells. Cells were treated for 24 h in the absence or presence of 10ÿ8 M 17b-oestradiol as indicated and

then harvested and analysed as described in Fig. 1. Transcriptional activity relative to that of ERa in the presence of estradiol is presented. (B)

AF1 activity in ERa and ERb cells was analysed by determining the ability of Gal4AF1a or Gal4AF1b to stimulate transcription from Gal4RE-

TK-luc in HepG2 cells. Cells were harvested 48 h after transfection and reporter activity measured in the extracts. After correcting for transfec-

tion e�ciency using the internal control the relative reporter activity was determined. Background activity (without transfected receptor) is

denoted by C and error bars represent the standard deviation of values from at least two separate experiments performed in duplicate.
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Galacto-Light chemiluminescent assay (Tropix). b-
Galactosidase activity was used to correct for di�er-
ences in transfection e�ciency.

3. Results

We have compared the ability of ERa and ERb to

stimulate the transcriptional activity of a number of
reporter genes containing consensus oestrogen re-
sponse elements (ERE) initially in chicken embryo
®broblasts. ERa and ERb stimulated transcription
from reporters containing complex promoters such as
ERE-TK-luc to a similar extent, but on reporters with
simple promoters such as 3ERE-TATA-luc and 2ERE-
PS2-CAT, ERa had much more activity than ERb

Fig. 3. ERa and ERb have similar AF2 activities. AF2 activity was analysed by testing the ability of Gal4-AF2a or Gal4-AF2b to stimulate tran-

scription from either 5Gal4RE-TATA-luc or 5Gal4RE-TK-luc as indicated in HeLa cells. Cells were treated for 24 h with or without 1� 10ÿ8 M
17b-estradiol, harvested and the extracts tested for reporter activity. Values for reporter activity were corrected for transfection e�ciency using

the internal control. Background activity (without transfected receptor) is denoted by C and error bars represent the standard deviation of values

from at least two separate experiments performed in duplicate.
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(Fig. 1A). We then analysed the response of ERE-TK-
luc in other cell types and found that the relative ERb
activity was similar in Hela cells but only 20% in
COS-1 cells and negligible in HepG2 cells (Fig. 1B).
Thus, the transcriptional activity of ERa is greater
than that of ERb on ERE-containing reporter genes,
the extent of which varies in di�erent cell types.

Previous work demonstrated that the a�nity of ERa
for a consensus ERE was slightly greater than an ERb
[3] but this di�erence is unlikely to account for the 10-
fold variations in relative ERa/ERb activity observed
with certain promoters and cell types. An alternative

explanation is that the relative activities of AF1 and
AF2 in ERa and ERb di�er. Previous work has shown
that their activities in ERa vary depending on the re-
sponsive promoter and cell type [5]. Deletion of AF1
from ERa almost completely abolished transcription
from the 2ERE-pS2-CAT reporter gene (Fig. 2A)
which contrasts with the observation that it is not
required for transcription from ERE-TK-luc (data not
shown, [11]). We also tested the e�ect of replacing Ser
122 with Ala, given that this residue can be phos-
phorylated by the MAP kinase pathway in response to
growth factors, but transcription from this reporter

Fig. 4. The ligand binding domains of ERa and ERb bind SRC1 similarly. (A) COS cell extracts expressing either Gal4AF2a or Gal4AF2b were

prebound to a [32P]-labelled Gal4RE and incubated with increasing amounts of GST-SRC1(570±780) in the presence or absence of 2.5� 10ÿ7 M

17b-estradiol as indicated. The predicted positions of Gal4AF2-DNA and SRC1 bound complexes are shown on the right hand side. (B) Binding

of [35S]-methionine labelled SRC1 with GST, GST-AF2a or GST-AF2b was analysed in the presence or absence of 1� 10ÿ6 M 17b-estradiol, 1�
10ÿ6 M 4OH-Tamoxifen or 1� 10ÿ6 M ICI 182780 as indicated. Bound SRC1 was eluted and analysed by SDS-PAGE followed by autoradiog-

raphy.
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was essentially unchanged. Thus, AF1 is required to
stimulate transcription from 2ERE-pS2-CAT irrespec-
tive of whether it is phosphorylated.

To analyse the relative AF1 activities in ERa and
ERb directly we fused their respective N-terminal
domains with the DNA binding domain of Gal4.
Increasing concentrations of Gal4-AF1a and Gal4-
AF1b were tested for their ability to stimulate tran-
scription from the Gal4 reporter gene, 5GalRE-TK-
luc. The relative activity of AF1b was negligible com-
pared with that of AF1a irrespective of the concen-
tration of expression vector used (Fig. 2B). Thus ERb
appears to lack AF1 activity found in ERa. Therefore
the meagre ERb activity observed using the 2ERE-
pS2-CAT reporter gene may re¯ect the lack of an AF1

activity similar to that found in ERa. To compare
AF2 activities in ERa and ERb we fused their ligand
binding domains with the DNA binding domain of
Gal4 to generate Gal4AF2a and Gal4AF2b fusion
proteins. We tested their ability to stimulate transcrip-
tion from two Gal4 reporter genes, one containing a
simple TATA promoter, 5Gal4RE-TATA-luc, and one
containing the TK promoter, 5Gal4RE-TK-luc, in
Hela cells. Gal4AF2a stimulated transcription from
5Gal4RE-TATA-luc about 2-fold more than
Gal4AF2b (Fig. 3A) while their ability to stimulate
5Gal4RE-TK-luc transcription was similar (Fig. 3B).
Thus, when both AF1 and AF2 are required for opti-
mum receptor activity we would predict that ERb
would be much less active than ERa in view of the

Fig. 5. Mutations in helix 12 of ERa and ERb di�erentially e�ect their ability to activate transcription. (A) sequence comparison of helix 12

from ERa and ERb, mutated residues are shaded. HeLa cells were transiently transfected with ERa, ERb or mutant versions thereof (B) or with

Gal4-AF2 wild-type or mutant versions thereof (C). Cells were treated as shown in Fig. 1 and after correction for transfection e�ciency using

the internal control relative reporter activities are presented. Background activity (without transfected receptor) is denoted by C and error bars

represent the standard deviation of values from at least two separate experiments performed in duplicate.
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di�erence in their AF1 activities, but when AF1 is not
required we predict that the activities of the two recep-
tors would be similar. This is essentially what we
observed in Fig 1. Thus on promoters where AF1 is
not required, such as ERE-TK-luc [11], ERa and ERb
have similar activities whereas on TATA- and pS2
based promoters, which depend on both AF1 and AF2
[5], ERa is much more active than ERb.

Given that AF2a and AF2b have similar transcrip-
tional activities we investigated whether they also inter-
acted similarly with the coactivator SRC1. The ability
of the receptor interacting domain of SRC1 to interact
with AF2a and AF2b was analysed when the receptors
were prebound to DNA. Gal4AF2a and Gal4AF2b,
expressed in COS 1 cells, were bound to a [32P]-
labelled consensus Gal4RE and analysed by gel shift
analysis. The amounts of the two complexes were simi-
lar and their mobility, as expected, was slightly
increased in the presence of oestrogen (Fig. 4A tracks
4 and 11). When the two chimaeric receptors were
mixed with increasing amounts of GST-SRC1(570±
780) we detected a similar dose-dependent increase in
ternary complex formation for both AF2a and AF2b.
Similar results were obtained when we tested the abil-
ity of GST-AF2a and GST-AF2b fusion proteins to
bind full-length SRC1e (Fig 4B), SRC1a and TIF2

(data not shown). The interaction was dependent on
the addition of estradiol and there was no interaction
in the presence of the antiestrogens 4-hydroxytamoxi-
fen or ICI 182780. Thus the interaction between SRC1
isoforms or TIF2 with ERa and ERb is similar.

Given the degree of sequence conservation between
the ligand binding domains of ERa and ERb and their
similar coactivator binding properties we presumed
that a similar surface of the two receptors would be
involved in the recruitment of coactivators. To investi-
gate this, we analysed the e�ect of introducing a num-
ber of mutations in helix 12, which is required for
oestrogen dependent transactivation by ERa [11]. We
introduced mutations into both the full-length receptor
and a Gal-AF2 chimaeric receptor and found that mu-
tation of the hydrophobic residues Met 547/Leu 548 in
ERa and the corresponding residues Met 494/Leu 495
in ERb essentially abolished oestrogen dependent
transactivation (Fig. 5B, C), consistent with our
assumption. However, the e�ect of replacing the highly
conserved Glu residue with Ala was much more
marked in ERb than in ERa. Thus the activity of
E546A, in both full-length ERa and Gal-AF2a was
50±60% that of the wild-type receptor whereas the ac-
tivity of E493A in ERb and Gal-AF2b was markedly
reduced (Fig. 5B, C). One possible explanation for this

Fig. 5 (continued)
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observation is that ERa contains three acidic residues,
whilst ERb contains only two, Asp 549 in ERa is an
Asn in ERb (Fig. 5A). However, the ERa double
mutant E546A/D549N had a similar activity to ERa
E546A (Fig. 5B, C), it is therefore unlikely that the
lack of the third acidic residue in helix 12 of ERb is re-
sponsible for the greater deleterious e�ect of ERb
E493A compared to ERa E546A. We conclude that
the surface required to interact with coactivators may
be similar but is not identical in the two receptors.

Finally we investigated whether the requirement for
a Glu residue in helix 12 of ERb but not ERa could
be explained by di�erences in coactivator binding. We
examined this by performing the type of experiment
described in Fig. 4A, in which we tested the ability of
GST-SRC1(570±780) to interact with mutant
Gal4AF2a and Gal4AF2b prebound to DNA. As pre-
viously observed, SRC1 bound to the wild-type a and
b receptors in an oestrogen dependent manner but not
with the hydrophobic mutants (Fig 6). The e�ect of
replacing the conserved Glu residue was di�erent,
however, since SRC1 was able to interact with E546A
in GalAF2a, albeit less well than with the wild-type
receptor but not with E493A in GalAF2b. Thus the
Glu residue seems to play a crucial role for coactivator
recruitment by ERb but not ERa.

4. Discussion

Previous work has established that the activity of
AF1 and AF2 in ERa varies depending on the target
gene and cell type [5,28]. Transcription from certain
promoters, such as the pS2 promoter depends on both
activation domains whereas on others, such as the
vitellogenin or C3 promoters, AF1 or AF2 was su�-
cient. In the latter case, the ability of AF1 and AF2 to
function independently was cell type dependent.

Di�erential transcriptional activity from ERa and
ERb has been observed on AP1 response elements
[42], suggesting a di�erence in their respective tran-
scriptional activation domains. In this study we
demonstrate that the intrinsic activity of AF1 in ERb,
fused to the Gal4 DNA binding domain, is negligible
compared with that in ERa. Since AF1 is required for
ERa to stimulate transcription from some but not all
promoters, we would expect ERb to stimulate tran-
scription from promoters where AF1 was not required
but not from those where it is essential. This is pre-
cisely what we observed, namely, transcription from
ERE-TK-luc is stimulated similarly by both ERa and
ERb whereas ERa is much more active than ERb on
TATA- and pS2 based promoters, which require both
AF1 and AF2 [5], As a consequence, we propose that
when AF1 is required for transcription from ERE-
dependent promoters ERb will be a poor transcrip-
tional activator. The absence of an AF1 activity can
also explain the lack of agonist activity exhibited by
oestrogen antagonists, such as 4-hydroxytamoxifen
[21], which is mediated by AF1 in ERa [29,30].

While AF1 is less well de®ned than AF2, analysis of
ERa suggests that it comprises at least three distinct
features. Firstly, a region between residues 41 and 150
is required for AF1 activity [29,31,32]. Secondly, a
region between residues 91 and 121 are required for
synergy with the ligand binding domain to generate
optimum transcriptional activity [11] that may re¯ect
their interaction [33]. Thirdly, AF1 is a target for
phosphorylation by the MAPK pathway in response
to growth factors [7,8,34]. Although ERb lacks a func-
tional AF1 similar to that found in ERa, consistent
with the lack of sequence homology in this region of
the two receptors it does, however, contain a MAPK
phosphorylation site. That this is functional is sup-
ported by the observation that expression of H-RasV12

potentiates the transcriptional activity of ERb and this

Fig. 6. Mutations in helix 12 of ERa and ERb di�erentially e�ect their ability to bind SRC1. COS cell extracts, expressing either Gal4AF2a or

Gal4AF2b, or mutant versions thereof, were prebound to a consensus Gal4RE and incubated with GST-SRC1(570±780) in the presence or

absence of 2.5� 10ÿ7 M 17b-estradiol. The predicted position of DNA-bound complexes is shown on the right hand side.
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e�ect is abolished by mutation of the site [21,35].
Whether there is any synergy or functional interaction
between the N-terminal domain and the ligand binding
domain in ERb remains to be determined.

The transcriptional activity of AF2 in ERa and
ERb, tested in the context of a heterologous DNA
binding domain, and their ability to bind the coactiva-
tor SRC1 are very similar. This is consistent with the
observation that residues required for AF2 in ERa,
namely, a lys residue in helix 3 [36] and hydrophobic
residues in helices 3, 5 and 12 ([11] and Ho Yi Mak,
data not shown) are conserved in ERb. It seems likely
that these residues are induced to form a surface upon
ligand binding [13] which contacts the conserved
LXXLL helices that mediate the binding of coactiva-
tors to nuclear receptors [18,37]. One potential di�er-
ence in the surface of the two receptors is the
contribution of the highly conserved Glu residue in
helix 12. It seems to play a more important role in
coactivator binding and AF2 activity in ERb than in
ERa, which also seems to be the case in other nuclear
receptors [38±41].

Acknowledgements

We thank S. Mosselman (Organon) for the hERb
cDNA, H.Y Mak for construction of pSG5.Gal4, I.
Goldsmith for oligonucleotide synthesis and A.
Wakling (Zeneca Pharmaceuticals) for 4-hydroxyta-
moxifen. We are also extremely grateful to R. White
and members of the Molecular Endocrinology
Laboratory for discussions and comments on the
manuscript. We also thank Dr B. van der Burg and
Dr B. Katzenellenbogen for the reporter plasmids
3ERE-TATA-luc and 2ERE-PS2-CAT respectively.

References

[1] S. Mosselman, J. Polman, R. Dijkema, ERb: identi®cation and

characterization of a novel human estrogen receptor, FEBS

Letters 392 (1996) 49±53.

[2] G.G.J.M. Kuiper, E. Enmark, M. Pelto-Huikko, S. Nilsson, J-

A. Gustafsson, Cloning of a novel estrogen receptor expressed

in rat prostate and ovary, Proc. Natl Acad. Sci. USA 93 (1996)

5925±5930.

[3] S. Cowley, S. Hoare, S. Mosselman, M.G. Parker, ERa and

ERb form heterodimers on DNA, J. Biol. Chem. 272 (1997)

19,858±19,862.

[4] K. Pettersson, K. Grandien, G.G.J.M. Kuiper, J-A.

Gustafsson, Mouse estrogen receptor b forms estrogen re-

sponse element-binding heterodimers with estrogen receptor a,
Mol. End. 11 (1997) 1486±1496.

[5] L. Tora, J. White, C. Brou, D. Tasset, N. Webster, E. Scheer,

P. Chambon, The human estrogen receptor has two indepen-

dent nonacidic transcriptional activation functions, Cell 59

(1989) 477±487.

[6] J.A. Lees, S.E. Fawell, M.G. Parker, Identi®cation of two

transactivation domains in the mouse oestrogen receptor,

Nucleic Acids Res 17 (1989) 5477±5488.

[7] G. Bunone, P-A. Briand, R.J. Miksicek, D. Picard, Activation

of the unliganded estrogen receptor by EGF involves the MAP

kinase pathway and direct phosphorylation, EMBO J. 15

(1996) 2174±2183.

[8] S. Kato, H. Endoh, Y. Masuhiro, T. Kitamoto, S. Uchiyama,

H. Sasaki, S. Masushige, Y. Gotoh, E. Nishida, H.

Kawashima, D. Metzger, P. Chambon, Activation of the estro-

gen-receptor through phosphorylation by mitogen-activated

protein-kinase, Science 270 (1995) 1491±1494.

[9] D.M. Ignar-Trowbridge, C.T. Teng, K.A. Ross, M.G. Parker,

K.S. Korach, J.A. McLachlan, Peptide growth factors elicit es-

trogen receptor-dependent transcriptional activation of an es-

trogen-responsive element, Mol. Endocrinol. 7 (1993) 992±998.

[10] D.M. Ignar-Trowbridge, M. Pimentel, M.G. Parker, J.A.

McLachlan, K.S. Korach, Peptide growth factor cross-talk

with the estrogen receptor requires the A/B domain and occurs

independently of protein kinase C or estradiol, Endocrinology

137 (1996) 1735±1744.

[11] P.S. Danielian, R. White, J.A. Lees, M.G. Parker,

Identi®cation of a conserved region required for hormone

dependent transcriptional activation by steroid hormone recep-

tors, EMBO J. 11 (1992) 1025±1033.

[12] J-M. Wurtz, W. Bourguet, J-P. Renaud, V. Vivat, P.

Chambon, D. Moras, H. Gronemeyer, A canonical structure

for the ligand-binding domain of nuclear receptors, Nature

Structural Biology 3 (1996) 87±94.

[13] A.M. Brzozowski, A.C.W. Pike, Z. Dauter, R.E. Hubbard, T.

Bonn, O. Engstrom, L. Ohman, G.L. Greene, J-A. Gustafsson,

M. Carlquist, Molecular basis of agonism and antagonism in

the oestrogen receptor, Nature 389 (1997) 753±758.

[14] S.A. Onate, S.Y. Tsai, M-J. Tsai, B.W. O'Malley, Sequence

and characterization of a coactivator for the steroid hormone

receptor superfamily, Science 270 (1995) 1354±1357.

[15] Y. Kamei, L. Xu, T. Heinzel, J. Torchia, R. Kurokawa, B.

Gloss, S-C. Lin, R.A. Heyman, D.W. Rose, C.K. Glass, M.G.

Rosenfeld, A CBP integrator complex mediates transcriptional

activation and AP-1 inhibition by nuclear receptors, Cell 85

(1996) 403±414.

[16] J.J. Voegel, M.J.S. Heine, C. Zechel, P. Chambon, H.

Gronemeyer, TIF2, a 160 kDa transcriptional mediator for the

ligand-dependent activation function AF-2 of nuclear recep-

tors, EMBO J. 15 (1996) 101±108.

[17] H. Hong, K. Kohli, A. Trivedi, D.L. Johnson, M.R. Stallcup,

Grip1, a novel mouse protein that serves as a transcriptional

coactivator in yeast for the hormone-binding domains of ster-

oid-receptors, Proc. Natl Acad. Sci. USA 93 (1996) 4948±4952.

[18] J. Torchia, D.W. Rose, J. Inostroza, Y. Kamei, S. Westin,

C.K. Glass, M.G. Rosenfeld, The transcriptional co-activator

p/CIP binds CBP and mediates nuclear-receptor function,

Nature 387 (1997) 677±684.

[19] B. Hanstein, R. Eckner, J. DiRenzo, S. Halachmi, H. Liu, B.

Searcy, R. Kurokawa, M. Brown, p300 is a component of an

estrogen receptor coactivator complex, Proc. Natl Acad. Sci,

USA 93 (1996) 11,540±11,545.

[20] T-P. Yao, G. Ku, N. Zhou, R. Scully, D.M. Livingston, The

nuclear hormone receptor coactivator SRC-1 is a speci®c target

of p300, Proc. Natl Acad. Sci. USA 93 (1996) 10,626±10,631.

[21] G.B. Tremblay, A. Tremblay, N.G. Copeland, D.J. Gilbert,

N.A. Jenkins, F. Labrie, V. Giguere, Cloning, chromosomal

localization, and functional analysis of the murine estrogen

receptor b, Molecular Endocrinology 11 (1997) 353±365.

[22] G.G.J.M. Kuiper, B. Carlsson, K. Grandien, E. Enmark, J.

Haggblad, S. Nilsson, J-A. Gustafsson, Comparison of the

ligand binding speci®city and transcript tissue distribution of

estrogen receptors a and b, Endocrinology 183 (1997) 863±870.

S.M. Cowley, M.G. Parker / Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 165±175174



[23] R. White, J.A. Lees, M. Needham, J. Ham, M. Parker,

Structural organization and expression of the mouse estrogen

receptor, Mol. Endocrinol. 1 (1987) 735±744.

[24] V. CavailleÁ s, S. Dauvois, P.S. Danielian, M.G. Parker,

Interaction of proteins with transcriptionally active estrogen

receptors, Proc. Natl Acad. Sci. USA 91 (1994) 10,009±10,013.

[25] E. Kalkhoven, J.E. Valentine, D.M. Heery, M.G. Parker,

Isoforms of steroid receptor coactivator 1 di�er in their ability

to potentiate transcription by the oestrogen receptor, EMBO J.

17 (1998) 232±243.

[26] V. CavailleÁ s, S. Dauvois, F. L'Horset, G. Lopez, S. Hoare, P.J.

Kushner, M.G. Parker, Nuclear factor RIP140 modulates tran-

scriptional activation by the estrogen receptor, EMBO J. 14

(1995) 3741±3751.

[27] M.J. Sleigh, A nonchromatographic assay for expression of the

chloramphenicol acetyltransferase gene in eucaryotic cells,

Anal. Biochem. 156 (1986) 251±256.

[28] M.T. Tzukerman, A. Esty, D. Santisomere, P. Danielian, M.G.

Parker, R.P.J.W. Stein, D.P. McDonnell, Human estrogen-

receptor transactivational capacity is determined by both cellu-

lar and promoter context and mediated by 2 functionally dis-

tinct intramolecular regions, Mol. Endocrinol. 8 (1994) 21±30.

[29] E.M. McInerney, B.S. Katzenellenbogen, Di�erent regions in

activation function-1 of the human estrogen-receptor required

for antiestrogen-dependent and estradiol-dependent transcrip-

tion activation, J. Biol. Chem. 271 (1996) 24,172±24,178.

[30] M. Berry, D. Metzger, P. Chambon, Role of the two activating

domains of the oestrogen receptor in the cell-type and promo-

ter-context dependent agonistic activity of the anti-oestrogen 4-

hydroxytamoxifen, EMBO J. 9 (1990) 2811±2818.

[31] S. Imakado, S. Koike, S. Kondo, M. Sakai, M. Muramatsu,

The N-terminal transactivation domain of rat estrogen receptor

is localized in a hydrophobic domain of eighty amino acids, J.

Biochem. (Tokyo) 109 (1991) 684±689.

[32] D. Metzger, S. Ali, J.M. Bornert, P. Chambon,

Characterization of the amino-terminal transcriptional acti-

vation function of the human estrogen-receptor in animal and

yeast-cells, J. Biol. Chem. 270 (1995) 9535±9542.

[33] E.M. McInerney, M.J. Tsai, B.W. Omalley, B.S.

Katzenellenbogen, Analysis of estrogen-receptor transcriptional

enhancement by a nuclear hormone-receptor coactivator, Proc.

Natl Acad. Sci. USA 93 (1996) 10,069±10,073.

[34] S. Ali, D. Metzger, J-M. Bornert, P. Chambon, Modulation of

transcriptional activation by ligand-dependent phosphorylation

of the human oestrogen receptor A/B region, EMBO J. 12

(1993) 1153±1160.

[35] T. Watanabe, S. Inoue, S. Ogawa, Y. Ishii, H. Hiroi, K. Ikeda,

A. Orimo, M. Muramatsu, Agonistic e�ect of tamoxifen is

dependent on cell type, ERE-promoter context, and estrogen

receptor subtype: functional di�erence between estrogen recep-

tors alpha and beta, Biochem. & Biophys. Res. Commun, 236

(1997) 140±145.

[36] P.M.A. Henttu, E. Kalkhoven, M.G. Parker, AF-2 activity and

recruitment of steroid receptor coactivator 1 to the estrogen

receptor depend on a lysine residue conserved in nuclear recep-

tors, Mol. & Cell. Biol. 17 (1997) 1832±1839.

[37] D.M. Heery, M.G. Parker, Ligand-induced transcription by

nuclear receptors, Retinoids 13 (1997) 26±30.

[38] D. Barettino, M.D.M.V. Ruiz, H.G. Stunnenberg,

Characterization of the ligand-dependent transactivation

domain of thyroid-hormone receptor, EMBO J. 13 (1994)

3039±3049.

[39] B. Durand, M. Saunder, C. Gaudon, B. Roy, R. Losson, P.

Chambon, Activation function 2 (AF-2) of retinoic acid recep-

tor and 9-cis retinoic acid receptor: presence of a conserved

autonomous constitutive activating domain and in¯uence of

the nature of the response element on AF-2 activity, EMBO J.

13 (1994) 5370±5382.

[40] F. Saatcioglu, P. Bartunek, T. Deng, M. Zenke, M. Karin, A

conserved C-terminal sequence that is deleted in v-ErbA is

essential for the biological activities of c-ErbA (the thyroid

hormone receptor), Mol. Cell. Biol. 13 (1993) 3675±3685.

[41] W. Feng, R.C.J. Ribeiro, R.L. Wagner, H. Nguyen, J.W.

Apriletti, R.J. Fletterick, J.D. Baxter, P.J. Kushner, B.L. West,

Hormone-dependent coactivator binding to a hydrophobic cleft

on nuclear receptors, Science 280 (1998) 1747±1749.

[42] K. Paech, P. Webb, G.G.J.M. Kuiper, S. Nilsson, J-A.

Gustafsson, P.J. Kushner, T.S. Scanlan, Di�erential ligand ac-

tivation of estrogen receptors ERa and ERb at AP1 sites,

Science 277 (1997) 1508±1510.

S.M. Cowley, M.G. Parker / Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 165±175 175


