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Abstract
Estrogen receptor (ER) binds to estrogen response elements in target genes and recruits a coactivator complex of CBP-pl60 that
mediates stimulation of transcription. ER also activates transcription at AP-1 sites that bind the Jun/Fos transcription factors, but
not ER. We review the evidence regarding mechanisms whereby ER increases the activity of Jun/Fos and propose two pathways
of ER action depending on the ER (a or b) and on the ligand. We propose that estrogen-ERa complexes use their activation
functions (AF-1 and AF-2) to bind to the p 160 component of the coactivator complex recruited by Jun/Fos and trigger the
coactivator to a higher state of activity. We propose that selective estrogen receptor modulator (SERM) complexes with ERb and
with truncated ERa derivatives use their DNA binding domain to titrate histone deacetylase (HDAC)-repressor complexes away
from the Jun/Fos coactivator complex, thereby allowing unfettered activity of the coactivators. Finally, we consider the possible
physiological significance of ER action at AP-1 sites. © 2000 Published by Elsevier Science Ltd.
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1. Introduction
The estrogen receptor (ER) activates transcription
both from classical hormone response elements (EREs),
to which the ER binds directly, and from various
alternative response elements, to which the ER does not
bind. ER action upon the ovalbumin proximal promoter and the collagenase and IGF-1 genes traces to
AP-1 sites that bind members of the Jun/Fos family of
transcription factors [1 – 11]. ER action upon the quinone reductase gene traces to an electrophile response
element, and these have been reported to bind ATF
transcription factors, which are potential dimerization
partners with Jun [12]. ER action upon the cyclin D
gene traces to a CRE-like element that also binds
Jun/ATF [13,14]. ER also enhances the activity of
promoters that are regulated by other factors. ER
action at the E2F gene traces to a GC rich site and an
adjacent CCAAAT site that bind SP1 and NF-Y, re* Corresponding author. Tel.: + 1 415 476 6790; fax: +1 415 476
1660.
E-mail address: kushner@itsa.ucsf.edu (P.J. Kushner).

spectively ([15] and references therein) and ER action at
the Cathepsin D gene traces to a USF site [16]. Furthermore, ER action at the Myc, TGF beta 3, brain creatine kinase, EBBP and retinoic acid beta genes traces
to discrete non-ERE sites whose binding proteins are
not yet identified [17–21]. Thus, the ER has the potential to enhance the activities of a wide range of heterologous transcription factors.
While the relative significance of ER activation at
heterologous response element is not yet clear, there are
indications that such activation be as important as
activation at EREs. Tamoxifen, a selective estrogen
receptor modulator (SERM) that has been used extensively as an antiestrogen in breast cancer treatment,
activates AP-1 target genes in uterine cells but not in
breast tumor cells [6]. This cell specific effect parallels
the effects of tamoxifen upon the growth of these cell
types. Moreover, raloxifene, another SERM, lacks estrogen-like effects on AP-1 targets in uterine cells [9]
and does not exert estrogen-like effects on cell proliferation. Extending the parallel, estrogen-liganded ER enhances AP-1 target genes in some breast cell lines but
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represses AP-1 target genes in others, perhaps because
of the specific composition of AP-1 proteins present in
those cell lines (Jun/Fra-1 rather than Jun/Fos) [22].
Where ER stimulates transcription of AP-1 targets it
stimulates proliferation, and where it represses AP-1
transcription it represses proliferation. Thus, ER action
at AP-1 sites may reflect some of the mechanisms that
ER uses to regulate genes that are involved in cellular
growth response. Here, we review how ER works at
classical response elements and our recent findings on
ER action at AP-1 sites, and draw parallels between ER
action at these two types of response element.

2. ER action at classical EREs
ER action at classical EREs is relatively well understood (Fig. 1). The ER first binds as a homodimer to
specific estrogen response elements that are found
within the promoters of target genes. The ER then uses
two separate transactivation functions to bind coactivator proteins. AF-2, which lies within the ER-ligand
binding domain (LBD), is the strongest transactivation
function. It works by binding to short motifs (nuclear
receptor boxes, NR boxes, consensus LXXLL) that are
found repeated three or four times within the p160s.
AF-2/p160 contacts are estrogen dependent and
SERMs (such as tamoxifen and raloxifene) completely
block these AF-2/p160 contacts. AF-1, which lies
within the ER aminoterminal domain (NTD), generally
shows very little independent activity, and serves only
to synergize with AF-2. It works by binding to the
C-terminus of p160 coactivators such as GRIP1 [23].
After growth factor stimulation, and the subsequent
NTD phosphorylation at serine 118, there is also a
further interaction with p68 RNA helicase [24–26].
Both the p160s, and the p68 RNA helicase, are components of a large coactivator complex that also includes
the integrator molecule, CBP/p300. Thus, ER action at

Fig. 1. ER acts at an ERE by binding both DNA and coactivators.

Fig. 2. Atomic structures of ER bound to the agonist DES and the
NR box2 of GRIP1 (A and C) and of ER bound to tamoxifen (B and
D). Top panels: the hydrophobic cleft of the ER depicted as a purple
ribbon, with the coactivator in gold (A) or helix 12 in dark purple
(B); bottom panels: the same views with the ER depicted as a surface.

classical EREs may be compared to that of a molecular
tether, with the DBD bound to EREs and AF-1 and
AF-2 bound to p160s, which serves as the ER contact
point within a large coactivator complex.
Our recent structural studies have provided satisfying
explanations for AF-2/p160 interactions and for the
ability of tamoxifen to block the ligand dependent
AF-2 activity (Fig. 2). Using the crystal structures of
the ER-LBD and the closely related thyroid receptor
LBD as a guide [27,28], we systematically mutated
residues that were exposed upon the LBD surface and
asked whether they were required for AF-2 activity. We
found that key AF-2 residues mapped to a small hydrophobic cleft comprised of helices 3,4,5 and 12, and
mutations within the cleft diminished both AF-2 function and p160 binding in parallel [28–30]. Subsequently, we obtained cocrystals of the ER bound to the
agonist DES and a GRIP1 NR box2 peptide. This
structure revealed that the NR box forms a two-turn
amphipathic helix, with the three NR box leucines
projecting down into the hydrophobic cleft on the
surface of the receptor. Key AF-2 residues either directly contact the NR box leucines or form a charge
clamp that stabilizes formation of the NR box amphipathic helix [28]. Crystal structures of the ER bound
to either tarnoxifen, or raloxifene reveal that the
SERMs prevent p160 binding by displacing helix 12
and rotating it 110 degrees so that it sits within the
hydrophobic cleft, thereby occluding the p160 binding
cleft [28,31]. Remarkably, helix 12 recognizes the hydrophobic cleft through a sequence that mimics the NR
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box, LXXML, with the helix 12 leucines and methionine almost superimposable with the three leucines of the
NR box. Thus, our understanding of classical estrogen
response now reaches to the atomic level and sets the
criterion for understanding of ER action at alternative
response elements.

3. How does ER work at AP-1 sites? – Two distinct
pathways to AP-1
The fundamental facts of ER action at AP-1 have
been confirmed by several labs. First, binding of Jun
and Fos to the AP-1 site is needed for ER action, and
ER appears to increase the intrinsic transcriptional
activity of Jun/Fos when bound to the site
[1,3,6,11,22,32]. Second, tamoxifen, and other SERMs
are able to activate AP-1 target genes. The stimulation
of AP-1 targets by SERMs is especially evident with
ERb. For example, with raloxifene ERb is 10-fold more
efficient in activating AP-1 targets than ERa with estrogen. A complete description of ER action at AP-1 sites
must therefore answer two questions. How does ERa
act at AP-1 sites, since it cannot bind to the DNA of
those sites. Moreover, how can SERMs allow ERb to
activate AP-1 targets so efficiently?
Our first clues to the mechanism of ER action at
AP-1 sites were suggested by the genetic dissection of
ERa domains that are needed for activation of AP-1
targets. These explorations showed that the activation
functions of ERa, AF-1 and AF-2, are needed for
action at AP-1 in the presence of estrogen [11]. Indeed,
the isolated LBD is a strong estrogen-dependent activator of AP-1 target genes, and this activation requires
the integrity of AF-2 functions (Fig. 3A). In the context
of full length ERa mutations in AF-1 also severely
compromise estrogen activation of AP-1. These observations suggest that the ERa-estrogen complex stimulates AP-1 by using the AF-1 and AF-2 surfaces.
As mentioned above ERb is a potent activator at
AP-1 in the presence of SERMs. This action is completely independent of the AF-2 function of ERb [11].
Since ERb, unlike ERa, has no constitutive AF-1 function [11,23,33–36], this suggests that SERM-ERb complexes activate AP-1 by an AF-independent pathway.
Indeed, the absence of an ERb AF-1 led us to test the
behavior of ERa derivatives that had deletions of AF-1.
Shockingly, ERa truncations of AF-1, like ERb, efficiently activate AP-1 targets with SERMs (Fig. 3B).
Moreover, ERaDAF-1 does not show the restricted cell
specificity of full length ERa, it allowed potent SERM
activation at AP-1 sites in a wide range of cell types.
The ligand preference for AP-1 activation by ERaDAF1 perfectly mimicked the preference of ERb. As for
ERb, ICI 182,780, and raloxifene were most potent
followed by tamoxifen. Estrogen and DES have almost
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no effect. Thus, both ERb and ERa derivatives have an
efficient pathway to AP-1 activation in the presence of
SERMs that is AF independent.
To explain these findings we suggested that ERs can
enhance AP-1 activity through two entirely separate
mechanisms (Fig. 3C). As proposed in Fig. 4, ERa
enhances AP-1 responsive transcription in a manner
that requires ER transactivation functions, but not the
ER-DBD. This pathway is activated by estrogens (and
perhaps by tamoxifen in conditions in which AF-1
activity is high), but not by raloxifene or ICI. Second,
ERb and AF-1 deleted ERa enhance AP-1 responsive
transcription in a manner that is independent of ER
activation functions, but does require the ER-DBD.

Fig. 3. (A) Isolated ER AF-2 activates at AP-1. (B) ERb and AF-1
deleted ERa are potent activators with SERMs at AP-1. (C) The NR
boxes and Nid AF-1 of p160s participate in estrogen-ER action at
AP-1.
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Fig. 4. ERs use two separate pathways to AP-1. ERa with estrogen or
with tamoxifen activate AP-1 through an AF mediated pathway. ERb
and AF-1 deleted ERa potently activate AP-1 through an AF independent pathway in the presence of the SERMs, raloxifene and ICI
182,780.

This AF-1 independent pathway is activated by
SERMs, especially those with high antiestrogenic potential (ICI 182,780, raloxifene).

4. Mechanisms of the ER action at AP-1 sites
What can we say about the molecular mechanisms of
the two pathways of ER action at AP-1 sites? For
convenience, we will deal with the AF mediated and
AF independent pathways separately.

marily the p160 component. This means that the ER
binding contacts are still accessible when the complex
has been recruited to Jun/Fos. ER could thus join the
pre-existing Jun/Fos/Coactivator complex at the promoter via contacts with p160s. We thus propose that
ER binds to p160s that have been recruited by Jun/Fos
and in doing so ‘‘triggers’’ the coactivators into a
higher state of activity (Fig. 5A). Considering the relationship of the coactivators to ER at the ERE (Fig. 1)
and the AP-1 site (Fig. 5A) this might be called the
‘‘flip horizontal’’ model because it can be made by
hitting the ‘‘flip horizontal’’ key on one’s favorite drawing program.
Whereas the triggering model is abstract in that no
mechanism of triggering is yet specified, it does make
some striking predictions. The ability of ER to activate
at AP-1 should be independent of Jun/Fos themselves,
which are only serving to recruit the coactivators that
are the true target of ER. We tested this prediction with
a fusion of CBP to yeast GAL4 DBD, which was
directly tethered to the promoter, thus obviating the
need for Jun/Fos. The free ER or free ER LBD, neither
of which can bind to the promoter, are each able to
trigger tethered CBP into full activity in the presence of
estrogen (P. Webb and P.J. Kushner, in preparation).
Thus, ER can itself serve the function of the coactivator
when the coactivator is directly tethered to DNA! Our
explorations of the mechanisms of ER action at teth-

4.1. The AF dependent pathway – ER interactions with
coacti6ators at the AP-1 site
The mutational analysis of estrogen-ER action at
AP-1 sites points to a role for ER-p160 contact in the
activation. Moreover, mammalian one hybrid assays, in
which a Herpes Virus VP16 activation function was
fused to either full length ER, or an ER devoid of its
DBD, revealed that the VP16 activation function
strongly potentiated estrogen responses at AP-1 sites
[6]. This observation suggests that the estrogen-liganded
ER is present within the complex of proteins at the
AP-1 regulated promoter. We do not believe that the
ER is held at the promoter by contacts with Jun/Fos
because the LBD does not bind to these proteins, yet
can activate AP-1. Instead, we propose another point of
contact. The Jun/Fos heterodimer stimulates transcription by recruiting CBP/p300 and associated proteins
[37]. These associated proteins may include p160 coactivators since these are known to both bind CBP in vivo
and to potentate AP-1 activity when elevated (see Fig.
5A). Thus, the very same coactivator complex of CBP
and p160 that is recruited by ER at an ERE is recruited
by Jun/Fos at an AP-1 site. The contacts with the
coactivator complex are different, however. Jun/Fos
contact the CBP component, whereas ER contacts pri-

Fig. 5. (A) Model of estrogen-ERa activation of AP-1. Jun/Fos
recruit CBP-p160s, and ER binds to the coactivators and triggers
them to higher activity. (B) Potential role of triggering at complex
promoters. Heterologous transcription factors recruit coactivators
and the ER triggers the coactivators through AF-1.
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ered CBP reveal that, in many ways, it is similar to
ER action at AP-1 sites. Thus ER utilized AF-1 and
AF-2 to enhance CBP activity, just as it utilizes the
AF functions to activate AP-1. A second prediction of
the triggering model is that p160s should be required
for triggering. The surfaces that contact ER AF-1 and
ER AF-2, the Nid-AF-1 and the NR boxes, should
also be required. Indeed, in accordance with this prediction, elevation of GRIP1 potentiated estrogen action at AP-1 sites, and this effect required the cognate
AF-1 and AF-2 binding sites upon GRIP1 (Nid-AT-1
and NR boxes) (Fig. 3C).
We think that the triggering model has the potential
to explain the long-standing observation that ER AF-1
has promoter specific activity. The general observation
has been that AF-1 is quite weak on promoters with
only a simple TATA box and ERE, but can be much
stronger on complex promoters with binding sites for
other transcription factors. Examples are the C3 complement promoter and PS2 promoters, in which the
estrogen response is spread through cooperating elements that bind ER and other proteins. We propose
that ER AF-1 has too little affinity to p160s to recruit
them to simple promoters, and hence shows little independent activity at a simple promoter. With a complex
promoter, the non-ER transcription factors pre-recruit
CBP-p160 coactivators and thereby relieve ER of the
job. The ER AF-1, while weak in recruiting, is strong
in triggering (P. Webb and P.J. Kushner, in preparation) and can now trigger the coactivator complex that
has been recruited by the other transcription factors
(Fig. 5B). Thus, triggering may be an important component of ER action at both alternate and classical
response elements, and may explain some of the estrogen-like effects of tamoxifen, which allows strong AF1 triggering.

4.2. The AF independent pathway – titration of
repressors from the AP-1 regulated promoter?
The AF independent pathway is completely different
from the AF dependent pathway. First, it does not
rely on ER transactivation functions. In fact, ER activation functions strongly suppress the AF independent
pathway, indicating that the two pathways must show
at least some degree of mutual exclusivity. Second,
unlike the estrogen-liganded ER, the SERM-liganded
ER seemed to activate AP-1 responsive transcription
without even directly participating in the AP-1 complex!
If the SERM-ER is not present within the AP-1
transcription complex then how can it activate AP-1
responsive transcription? The first explanation that we
considered centered upon recent observations, which
indicated that estrogens initiate MAP kinase cascades
in some cell types. We therefore wondered whether the
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Fig. 6. Model of ER-SERM action at AP-1 by titration of repressors.
ER-SERM located away from the AP-1 site (for example, on nonspecific DNA) binds a complex of N-CoR and HDACs through the
DBD-hinge-LBD. This draws away HDACs that are associated with
the AP-1 site and allows unopposed activity of HATs in coactivators
recruited by Jun/Fos.

SERMs might initiate second messenger cascades that
would result in AP-1 activation. Despite the appeal of
this explanation, we found that SERMs (and estrogens) failed to activate MAP or JNK kinases in our
experimental conditions, even when these ligands
strongly activated AP-1 responsive transcription.
The explanation we instead favor is shown in Fig. 6.
It exploits the recent and striking finding that ER can
bind corepressors such as N-CoR, but only in the
presence of SERMs [38,39]. We propose that the
SERM-ER complex at some site away from the AP-1
promoter, such as non-specific DNA, bind N-CoR and
similar corepressors. The SERM-ER-N-CoR complex
then binds other repressor components such as histone
deacetylases (HDACs). The net effect of this binding
is to sequester HDACs away from promoters regulated by AP-1 site. This allows histone acetylases
(HATs) in the coactivator complex that has been recruited by Jun/Fos free to act without opposition of
HDACs. Notice that this model would, if correct,
explain why SERM effects at AP-1 sites are independent of ER transactivation functions. SERM ER AP-1
pathways require ER/corepressor binding surfaces, not
ER/coactivator surfaces. The model would also explain how ER could enhance AP-1 activity without
participating in the AP-1 transcription complex, it
would work by pulling repressors away from the complex and by definition, must be away from the complex to function.
This model makes some specific predictions that we
are beginning to test. HDAC inhibitors should induce
AP-1 regulated promoters and block further induction
by SERM-ER combinations. Preliminary results suggest that this prediction is fulfilled (R. Uht and P.J.
Kushner, in preparation). The model also predicts that
mutations that disrupt the hypothetical interface between ER and the corepressor complex should block
the ability of SERMs to activate at AP-1. We have
several candidates for such mutations including a potent point mutation in the DNA binding domain,
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K206A. We believe that the K206A ER is deficient in
binding a component of the putative HDAC repression complex. Whereas we do not as yet have direct
biochemical evidence for a specific deficiency, we have
indirect evidence for such a deficiency using the repressor titration assay developed by Milan Bagchi
and his colleagues (Uht et al., in preparation). In this
assay, the transcriptional activity of the progesterone
receptor (PR) liganded to the partial agonist RU486
is potentiated by the presence of ER-antiestrogen or
by unliganded thyroid hormone receptor (TR). The
K206A ER (and a similar mutation in TR) is unable
to potentiate PR in this repressor titration assay (Uht
et al.). Amazingly, the K206A mutant is completely
deficient in AP-1 activation with tamoxifen, raloxifene, or ICI 182,780. The K206A mutant bound to
estrogen, in contrast, is a very potent activator of
AP-1, often 10 to 100 times as potent as the wild
type ER. We interpret this as indicating that the mutation blocks interaction with a critical component of
the corepressor complex. This prevents the mutant
from titrating HDACs when bound to SERMs. Conversely, the mutation prevents HDACs from accompanying the estrogen-ER when engaged in triggering
and thus allows for super-normal activation.

4.2.1. Physiology of ER action at AP-1 sites
We have presented evidence that ER action at AP1 sites is mediated by two pathways and that these
pathways involve ER interactions with coactivators
and corepressors. The reader may wonder about an
obvious implication of this model. In neither case is a
key interaction between ER and the Jun/Fos proteins
needed. Could ER interactions with such relatively
general cellular components really be responsible for
specific ER regulation of genes with alternate response elements in vivo? We believe so. Many of the
diverse ER regulated transcription factors that we detailed in the Section 1 (Jun/Fos, ATF, NF-Y, etc.)
work by binding CBP, the target molecule for triggering. We suspect that the coactivator and corepressor
complexes that are associated with certain genes could
be specifically ‘‘poised’’ for ER action, perhaps by
differences in their composition or modification state.
To confirm that ER action at alternate response elements is an important component of ER action in
vivo, we are currently generating transgenic mice that
express mutant ERs which superactivate at AP-1
sites, but are relatively unaffected in their ability to
mount a classical response. If ER action at AP-1 sites
is indeed, an important physiological process, then
the mutant ERs should enhance the estrogen responses in ER target tissues, if ER action at AP-1
sites is unimportant then we could see nothing. We
expect results from such animals shortly.
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