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ABSTRACT Several lines of evidence indicate that the
nuclear receptor corepressor (N-CoR) complex imposes li-
gand dependence on transcriptional activation by the retinoic
acid receptor and mediates the inhibitory effects of estrogen
receptor antagonists, such as tamoxifen, suppressing a con-
stitutive N-terminal, Creb-binding protein/coactivator com-
plex-dependent activation domain. Functional interactions
between specific receptors and N-CoR or SMRT corepressor
complexes are regulated, positively or negatively, by diverse
signal transduction pathways. Decreased levels of N-CoR
correlate with the acquisition of tamoxifen resistance in a
mouse model system for human breast cancer. Our data
suggest that N-CoR- and SMRT-containing complexes act as
rate-limiting components in the actions of specific nuclear
receptors, and that their actions are regulated by multiple
signal transduction pathways.

Nuclear receptors are structurally related, ligand-activated
regulators of a complex array of genes involved in cell prolif-
eration, differentiation, morphogenesis, and homeostasis (1,
2). In the absence of ligand, several nuclear receptors associate
with a nuclear receptor corepressor (N-CoR) (3-6) or the
related factor SMRT (silencing mediator of retinoid and
thyroid receptors) (7) to mediate repression. Their regulatory
function is further modulated by both physiologic and phar-
macologic ligands and by the actions of various signal trans-
duction pathways that result in ligand-independent gene acti-
vation of diverse nuclear receptor family members (8-10).

N-CoR and SMRT appear to be components of cellular
complexes (4, 11, 12) containing histone deacetylases
(HDACG:S) (13, 14) and homologs of the yeast repressor Sin3
(15, 16), which are recruited to DNA via targeting by diverse
DNA-binding, site-specific transcription factors (reviewed in
refs. 17 and 18). Conversely, transcriptional activation by
nuclear hormone receptors requires the ligand-dependent
association of a coactivator complex that includes a family of
nuclear receptor coactivators (NCoAs) (19-23) and also in-
cludes the histone acetylases Creb-binding protein (CBP)/
p300 (24-28) and P/CAF (29, 50).

The development of inhibitory ligands for the nuclear
receptors has yielded important therapeutic treatments,
among them the use of tamoxifen for endocrine therapy of
breast cancer (reviewed in refs. 10 and 30). However, in certain
tissues such as uterus and bone, and after long-term treatment
in patients with breast cancer, tamoxifen exhibits unexplained
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partial agonistic activity (31). Various agents that raise intra-
cellular cAMP levels or stimulate the ras/MAP kinase path-
way can similarly cause estrogen receptor (ER) activation in
the presence of tamoxifen or the absence of any activating
ligand (9, 32-35). In this manuscript we show that diverse
molecular strategies regulate the association of N-CoR- or
SMRT-containing complexes with specific nuclear receptors,
including the nature of the ligand, the levels of available
N-CoR/SMRT, and the action of diverse protein kinase-
dependent signaling cascades, that modulate the switch from
transcriptional repression to activation.

MATERIALS AND METHODS

Protein-Interaction Assays and Cell Culture. GST interac-
tion assays and cell extracts were performed as previously
described (4) with 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) detergent instead of Nonidet
P-40 for ER studies. MCF-7 cells were starved overnight in
medium containing charcoal-stripped serum, treated with
107 M trans-hydroxytamoxifen (TOT; gift of W. Lee Kraus
and Benita Katzenellenbogen), 1077 M 17B-estradiol, or no
ligand for 4 hr, and subsequently treated with 10 uM forskolin,
0.1 mM 8-Br-cAMP, or 50 ng/ml epidermal growth factor
(EGF) for 15-30 min and lysed in CHAPS. HeLa cells were
incubated in stripped medium for 6 hr before transfection with
12 pg RSV-ER or RSV-ER:S118A expression plasmid/
150-mm plate. Peroxisome proliferator-activated receptor y
(PPARYy) immunoprecipitations in CV-1 cells were treated for
20 min with either EGF (50-250 ng/ml final concentration),
200 uM dopamine, or 0.1 uM phorbol 12-myristate 13-acetate,
and lysed in NETN (150 mM NaCl/2 mM EDTA/20 mM
Tris'HCl, pH 7.4/0.5% Nonidet P-40). Detection was per-
formed with anti-PPARy2 (Affinity BioReagents, Neshanic
Station, NJ).

Nuclear Microinjection, Staining, and Fluorescence Mi-
croscopy. Each experiment was performed on three indepen-
dent coverslips totaling approximately 1,000 cells, in triplicate.
Where no experimental antibody was used, preimmune rabbit
or guinea pig IgG was coinjected, allowing the unambiguous
identification of injected cells in addition to serving as a
preimmune control. Experimental protocol was described
previously (36).

Abbreviations: ER, estrogen receptor; TOT, trans-hydroxytamoxifen;
EGF, epidermal growth factor; RAR, retinoic acid receptor; PPARY,
peroxisome proliferator-activated receptor y; CBP, Creb-binding pro-
tein.
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Mouse Model of Tamoxifen Resistance/Tamoxifen-
Stimulated Growth. MCF-7 human breast cancer cells were
subcutaneously implanted into estrogen-supplemented, ovar-
ectomized, athymic nude mice and allowed to develop as
described previously (37, 38). Animal care was in accordance
with institutional guidelines. Tissue was solubilized in 50 mM
Tris, pH 7.8/0.2 mM EGTA/0.4 M NaCl/1 mM DTT/10%
glycerol/0.1% Nonidet P-40, incubated 30 min at 4°C, and
clarified by centrifugation for Western blot with anti-N-CoR
(amino acids 2239-2453) using ECL (Amersham). Blots were
quantitated by densitometry (Beckman DU 7 spectrophotom-
eter) and normalized to an internal standard (MCF-7 cell

Fic. 1. (4) MCEF-7 cells were grown in the pres-
ence or absence (O) of TOT and forskolin, and
whole-cell extracts were immunoprecipitated with an-
ti-N-CoR IgG and detected by using antibodies against
the estrogen receptor (Left). ER-transfected HeLa
cells were cotreated with EGF and TOT, followed by
immunoprecipitation with anti-N-CoR as above. For-
skolin treatment for HeLa cells is shown as a control
(Lower Right). HeLa cells were transfected with a
mutant estrogen receptor (Ser-118 — Ala), treated
with the indicated combination of agents, and immu-
noprecipitations with N-CoR were performed as
above (Right). (B) Microinjection of anti-N-CoR, anti-
Sin3 (A+B), and anti-HDAC2 IgG (aN-CoR,
aSin3A/B, aHDAC2) into MCF-7 cells with a LacZ
reporter containing two estrogen receptor-binding el-
ements controlling a minimal p36 promoter, in the
presence or absence of 17B-estradiol or TOT. The last
two columns compare these effects with those of
forskolin and EGF.

extract) on each gel. Anti-actin (Chemicon) detection was
performed on 1:100 dilution of extract.

RESULTS

Based on our finding that retinoic acid receptor (RAR)
interacted with N-COR more strongly in the presence of
antagonists (3), we tested whether ER «, which only weakly
coimmunoprecipitated with N-CoR in the absence of ligand,
might interact with N-CoR in the presence of an antagonist
ligand. N-CoR was strongly immunoprecipitated from whole-
cell extracts of MCF-7 cells (containing endogenous ER)
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F1G. 2. A decrease in N-CoR levels correlates with the acquisition of resistance to tamoxifen by human MCF-7 breast cancer cells in a mouse
model. (4) Western blots of whole-cell extracts from mouse tumors were normalized for total protein and probed with a-N-CoR and a-actin
antibodies. Two independent sets of tumors and extracts were used. (B) N-CoR expression levels were quantitated by Western blot densitometry
and analyzed by the Wilcoxon rank-sum test. The black circle represents the mean within each data set. The box indicates the 25th—75th percentiles;

the mean (®) and median (middle line) are also shown.
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FiG. 3. TOT-bound estrogen receptor induces recruitment of the
CBP coactivator complex to the N-terminal AF-1 domain. (4) The
indicated antisera against CBP, p/CIP, or SRC-1/NCOA-1, or an
expression vector for N-CoR, was microinjected as indicated into
HepG2 cells with a reporter containing two estrogen response ele-
ments in front of the p36 minimal promoter. Inset shows Western
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treated with the mixed anti-estrogen, TOT (Fig. 14), requiring
the region of N-CoR previously shown to mediate interactions
with other receptors (refs. 3-7 and 39; data not shown). These
ligand-specific interactions are in marked contrast to in vitro
assays that used bacterially expressed glutathione S-
transferase (GST) receptor and 3S-labeled corepressor, in
which observed ER/corepressor interactions were ligand-
independent (40).

As shown in Fig. 14, brief exposure of MCF7 or HeLa cells
to forskolin or epidermal growth factor (EGF), agents that can
switch TOT from antagonist to an agonist function (34, 41),
decreased the ER/N-CoR interactions. Consistent with the
observation that EGF-induced activation of the ER depends
on direct phosphorylation of serine 118 (32, 35), a nonphos-
phorylatable mutant of ER (S118A) proved resistant to the
effect of EGF on ER/N-CoR interaction (Fig. 14 Lower
Right). Microinjection of purified IgG against N-CoR, mSin3
A/B, or HDAC2 converted TOT into an agonist in MCF-7 and
Rat-1 cells (Fig. 1B) while exerting little effect on activity of the
unliganded ER (data not shown). In the microinjection assay,
treatment with forskolin or EGF also prevented the inhibitory
effects of TOT.

In a mouse model system for human breast cancer that uses
human MCF-7 cells growing in athymic nude mice (37, 38),
prolonged treatment with tamoxifen consistently results in a
transition to tamoxifen-induced tumor progression. Similarly,
although tamoxifen is the most prescribed drug for the treat-
ment of human breast cancer, all patients eventually develop
drug resistance (30). Western blot densitometry analyses per-
formed on whole-cell extracts of these tumors, normalized for
total protein content and for expression levels of actin, reveal
that N-CoR levels (internally normalized on each gel to
identical MCF-7 control samples) declined in many of the
tumors that acquired resistance to the antiproliferative effects
of tamoxifen, relative to tumors retaining a response to the
drug (Fig. 24), whereas levels of RXR were constant between
samples (data not shown). It was previously shown that the loss
of tamoxifen antagonism over time is not a result of a net
increase in ER levels (37). The Wilcoxon rank-sum test was
used to generate a statistical summary of the results (Fig. 2B;
P = 0.005 and P = 0.02 in two independent experiments).
Because N-CoR levels were intermediate in the rapidly grow-
ing tumors from mice treated with estrogen (data not shown),
the change in N-CoR protein level is not likely to be a result
of cell cycle alterations accompanying the treatments.

Based on microinjection experiments using anti-CBP,
p/CIP, and SRC-1/NCOA-1 IgGs, TOT-induced gene activa-
tion was found to depend on components of the coactivator
complex in HepG2 cells, where TOT is a potent agonist of ER
(Fig. 34). Microinjection of N-CoR expression plasmid into
HepG2 cells reversed TOT-induced activation, apparently
overcoming an as yet unidentified mechanism that decreases
binding of corepressors to TOT-bound ER.

Deletion of the N-terminal AF-1 domain of ER (AN75)
diminished the stimulatory effect of TOT, but not 178-
estradiol, in Rat-1 cells, consistent with previously published
experiments (32, 42, 43) (Fig. 3B), and microinjection of
antibodies against N-CoR failed to activate either AF-1- or
AF-2-deleted receptors (44, 45) (Fig. 3B). Antibodies against

analysis of expression levels of N-CoR and SMRT in HepG2 and
MCF-7 whole-cell extract balanced for total protein loading. (B)
Plasmids expressing mutant estrogen receptors were microinjected
into Rat-1 cells with a-N-CoR IgG and a reporter containing a
minimal promoter (2xEREp36LacZ). (C) A plasmid expressing
GAL4/estrogen receptor (amino acids 1-182) was microinjected into
Rat-1 cells and tested for dependence on the indicated SRC-1/
NCOA-1 family members for constitutive activity. (D) Interaction of
33S-radiolabeled proteins with GST-ER (amino acids 1-182) is shown
in comparison to GST-only control lanes.
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FiG.4. N-CoR and SMRT complexes have receptor-specific roles. (4) A reporter under the control of retinoic acid receptor response elements
was microinjected into Rat-1 cells, and effects of a-N-CoR or a-SMRT IgG were tested in the presence or absence of retinoic acid (RA) or the
antagonist LG629. (B) A GAL fusion to the thyroid hormone receptor C terminus was microinjected, and effects of a-N-CoR or a-SMRT IgG
were analyzed. (C) After microinjection of a-N-CoR, plasmid rescue experiments were performed as indicated. (D) CV-1 cells were injected with
a plasmid encoding activated H-ras (vall2), the indicated antisera, and a PPARy (DR+1 site)-dependent TK promoter and treated with 1 uM
troglitizone (TGZ) as indicated (Left). CV-1 cells were treated with increasing concentrations of EGF to stimulate MAP kinases (Right), and
a-SMRT immunoprecipitations were performed from whole-cell extracts. Interactions were detected with antibodies against PPARYy2. (E) Model
of regulation of nuclear receptor association with corepressor complexes. Both ligands and external signaling pathways regulate the association of
specific corepressor and coactivator complexes with nuclear receptors. At least one member of a receptor homo- or heterodimer binds strongly,
in the absence of ligand (or in the presence of antagonist for ER/PR), to the corepressor complex, localizing histone deacetylase activity to the
promoter. This complex suppresses a constitutive N-terminal activation domain of the receptor. The corepressor complex is dismissed by agonist
ligands, which allows recruitment of an acetylase-containing coactivator complex that interacts with both the receptor C-terminal AF-2 and the
N-terminal AF-1 activation domains. Phosphorylation-dependent signaling pathways, initiated at the cell membrane, influence receptor activity
by inhibiting the recruitment of the corepressor complex to steroid (ER/PR) and retinoid (RAR) receptors or, conversely, by stimulating its

recruitment to peroxisome proliferator-activated receptor y (PPARY), increasing the recruitment of the coactivator complex.

the coactivators SRC-1/NCOA-1 and p/CIP abrogated the
constitutive activation function of the ER N terminus, consis-
tent with the observation that a GST/ER N-terminal fusion
protein was capable of specific, but weak, interactions with
SRC-1/NCOA-1, TIF2/NCOA-2, and p/CIP (Fig. 3 C and D)
and a weak interaction between in vitro translated N-CoR and
the ER N terminus.

Receptor-specific effects of N-CoR or SMRT could be
demonstrated by using antibodies exhibiting no detectable
cross-reactivity. Anti-N-CoR IgG, but not anti-SMRT IgG,
relieved both retinoic acid and thyroid hormone receptors
(Fig. 4 A and B). Additionally, anti-N-CoR IgG resulted in
constitutive activation by RAR that apparently utilized the
p/CIP/CBP complex required for ligand-dependent activa-
tion, as it was prevented by a p/CIP domain (amino acids
947-1084) that blocks CBP-dependent transactivation (22)
(Fig. 44). Anti-N-CoR was also capable of converting the
RAR antagonist LG629 into a weak agonist (Fig. 44). Re-
pression by TOT-bound ER (Fig. 4C) and RU486-bound
progesterone receptor (data not shown) was reversed by either

anti-N-CoR or anti-SMRT IgG, thus converting antagonists to
agonists, with either N-CoR or SMRT plasmid capable of
reversing the effect of anti-N-CoR IgG (Fig. 4C). In contrast,
PPARvy-mediated repression, stimulated by activation of the
MAP kinase cascade (46), was blocked only by microinjection
of antisera against SMRT (Fig. 4D), consistent with the
observations that SMRT bound PPARy on DNA (47) and that
EGF enhanced binding of PPARy to SMRT in whole-cell
extract from EGF-treated CV-1 cells that contain endogenous
PPARYy (Fig. 4D).

DISCUSSION

These studies reveal that the corepressor complex actually
serves to impose ligand dependence on RAR, and that the
anti-estrogen TOT is converted into an agonist by anti-N-CoR
IgG. This suggests that either a decreasing level of N-CoR, or
inhibition of corepressor binding to the receptor, might ac-
count for the ability of TOT to induce activation in specific cell
types and in late-stage cancers of the breast. We have provided
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evidence that both types of regulation occur in vivo. Activation
by tamoxifen derivatives is mediated by the ER N-terminal
(AF-1) domain, the function of which appears to depend on
SRC-1/NCOA-1 and the p/CIP/CBP complex. In the case of
ER and progesterone receptor (PR), we hypothesize that both
N-CoR and SMRT complexes bind to the antagonist-bound
ER C terminus and interact weakly with the constitutive ER
N terminus, preventing the association of the coactivator
complex. In contrast, RAR and TR appear to preferentially
require N-CoR, and PPARY selectively utilizes SMRT, per-
haps reflecting preferences that are DNA- and receptor-
dependent. ER and PR appear to utilize and require both
corepressors in the presence of antagonists. Our observations
support the model that the nature of transcriptional response
to specific ligands depends on the ability of diverse signal
transduction pathways to modulate the switch in nuclear
receptors between a coactivator complex with histone acety-
lase activity and a corepressor complex with histone deacety-
lase activity (4, 12, 22) (Fig. 4E). The rate-limiting requirement
of N-CoR/SMRT in estrogen receptor function suggests that
there is a critical intracellular balance between the levels of
N-CoR/SMRT and CBP/p300.

The data predict that a decrease in levels of N-CoR or in the
affinity of the receptor for the corepressor could cause a shift
in tamoxifen from antagonist to agonist, with clear implica-
tions for the use of receptor antagonists in treatment of
cancers. Tamoxifen resistance (30, 31) may also be produced
by decreased levels of N-CoR, overactivation of tyrosine
kinase receptors or of protein kinase A (48), or by an uniden-
tified titratable signaling pathway that regulates recruitment of
N-CoR, as occurs in HepG2 cells. Because both the N-CoR
corepressor complex, which plays a role in repression of
transcription factors other than nuclear receptors (refs. 4, 11,
and 49; R.M.L. and M.G.R., unpublished data; S. Hiebert,
personal communication), and the CBP coactivator complex
appear to be rate-limiting (21, 22), the regulated switch in their
association that we have documented for nuclear receptors is
likely to be prototypic for gene activation and repression events
by many classes of transcription factors.
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