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Multiple factors influence estrogen receptor o (ER«) transcriptional activity. Current models suggest that
the silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) corepressor functions within a
histone deactylase-containing protein complex that binds to antiestrogen-bound ERa and contributes to
negative regulation of gene expression. In this report, we demonstrate that SMRT is required for full agonist-
dependent ER« activation. Chromatin immunoprecipitation assays demonstrate that SMRT, like ER« and the
SRC-3 coactivator, is recruited to an estrogen-responsive promoter in estrogen-treated MCF-7 cells. Depletion
of SMRT, but not histone deacetylases 1 or 3, negatively impacts estradiol-stimulated ER« transcriptional
activity, while exogenous expression of SMRT’s receptor interaction domains blocks ER«a activity, indicating
a functional interaction between this corepressor and agonist-bound ERa. Stimulation of estradiol-induced
ERa activity by SMRT overexpression occurred in HeLa and MCF-7 cells, but not HepG2 cells, indicating that
these positive effects are cell type specific. Similarly, the ability of SMRT depletion to promote the agonist
activity of tamoxifen was observed for HeLa but not MCF-7 cells. Furthermore, impairment of agonist-
stimulated activity by SMRT depletion is specific to ERa and not observed for receptors for vitamin D,
androgen, or thyroid hormone. Nuclear receptor corepressor (N-CoR) depletion increased the transcriptional
activity of all four tested receptors. SMRT is required for full expression of the ER« target genes cyclin D1,
BCL-2, and progesterone receptor but not pS2, and its depletion significantly attenuated estrogen-dependent
proliferation of MCF-7 cells. Taken together, these data indicate that SMRT, in conjunction with gene-specific
and cell-dependent factors, is required for positively regulating agonist-dependent ERa transcriptional

activity.

Estrogens are potent mitogens in a number of target tissues,
including the mammary gland, where they play a pivotal role in
the development and progression of breast tumorigenesis. The
effects of estrogen are mediated via estrogen receptor a (ERa)
and ERp, which are nuclear receptors that belong to a super-
family of ligand-regulated transcription factors (61). Subse-
quent to estradiol (E2) binding to ERa, the receptor under-
goes a conformational change, dimerizes, and either binds
directly to DNA via estrogen response elements (EREs) or
indirectly binds DNA via interactions with other DNA-bound
transcription factors, such as Spl or AP-1 (41, 61, 68). Al-
though ER« binds within the promoter regions of some estro-
gen-sensitive target genes, it has been estimated that only ~4%
of ERa binding sites lie within 1 kb of proximal promoter
regions, and the good correlation of ERa binding sites within
50 kb of the transcriptional start sites of estrogen-induced
genes suggests that ERa can regulate the expression of these
genes from a substantial distance (7-9, 42). The central in-
volvement of estrogens in the genesis and progression of breast
cancer has led to the identification and characterization of a
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number of ERa target genes, including c-myc, pS2, cathepsin
D, and cyclin D1 (2, 10, 20, 66). Ultimately, multiple factors
influence the ability of ERa to activate transcription of target
genes, including the expression and recruitment of coregula-
tory molecules, ligand binding, nongenomic signaling path-
ways, the cellular environment, and the anatomy of the ERE
present within target genes (44, 50, 61, 72).

Two distinct regions within the ERa contribute to transcrip-
tional activity: the constitutively active activation function 1
(AF1), located in the N terminus (A/B domain), and ligand-
regulatable AF2 in the C terminus (E domain). The ERa binds
a variety of ligands, including agonists such as E2, selective
estrogen receptor modulators (SERMs) such as 4-hydroxyta-
moxifen (4HT) and raloxifene, and pure antiestrogens, such as
ICI 182,780 (ICI). In each case, the receptor undergoes distinct
structural changes that influence the extent to which ERa
interacts with coactivators or corepressors, resulting in pro-
found effects on whether gene expression is stimulated or re-
pressed (60). Agonist-bound ERa allows for correct exposure
of AF2 and subsequent interactions with coactivator proteins
to form a multiprotein complex that contacts the general tran-
scriptional machinery and increases expression of target genes
via processes involving chromatin remodeling, formation of
preinitiation complexes, and an enhanced rate of RNA poly-
merase II reinitiation (23, 49). The ability of a number of
coactivators to exert transcriptional control is influenced by
intracellular signaling mediated via alterations in their post-
translational modifications, including acetylation, sumoylation,
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ubiquitination, phosphorylation, and methylation, that influ-
ence coactivator subcellular localization, protein-protein inter-
actions, and protein stability (49, 67, 72).

In contrast, ERa antiestrogens with their bulky side chains
render AF2 inaccessible to coactivators and disrupt transcrip-
tional activation (60). The prevailing model suggests that the
SERM-bound ERa complexes recruit corepressors and their
associated histone deacetylases (HDACs) to target genes,
which results in the removal of acetyl groups from histones, a
more compact chromatin structure and, consequently, inhibi-
tion of gene expression (65). Although the corepressors N-
CoR and SMRT were originally characterized by their ability
to bind and repress unliganded RAR and TR (14, 29), the
biological importance of these corepressors for unliganded
ERa is less certain, and this has led to the widely accepted view
that corepressors regulate ERa when it is bound to pharma-
cological antiestrogens. Indeed, several studies have demon-
strated that N-CoR and/or SMRT interacts with ERa in the
presence of 4HT and represses the weak agonistic activity of
this antiestrogen (33, 43, 71, 83), and both 4HT and raloxifene
have been shown to recruit N-CoR and SMRT to ER« target
genes (48, 69, 70). More recently, unliganded ERa has been
shown to bind to these corepressors (54, 76), and mapping
experiments reveal that removal of the receptor’s A domain or
helix 12 improves apo-ERa binding to corepressors and sug-
gests that the deleted regions normally compete with corepres-
sors for binding to the same region of the ligand binding
domain (36, 55). Cumulatively, these data are consistent with a
role for N-CoR and/or SMRT in regulating the activities of
antiestrogen bound and possibly unliganded receptor.

The molecular mechanisms by which SMRT/N-CoR repress
gene expression appear quite complex. Early studies suggested
that SMRT and/or N-CoR interacted with the mSin3A-
HDAC1/2 complex, while subsequent data contradicted these
findings and revealed that these corepressors associate with
HDAC3 as well as GPS2 (25, 27, 31, 45, 58, 82). SMRT and/or
N-CoR complexes were also found to contain transducin-3-
like 1 (TBL1) and TBL1-related (TBLR1) proteins, and sev-
eral studies indicate that these proteins contribute to inhibition
of gene expression (26, 45, 77, 78, 82). However, these mole-
cules also have been implicated in stimulating gene expression
via their ability to promote exchange of cofactors on the pro-
moters of target genes (63), and this suggests that they may
play diverse and possibly context-dependent biological roles. In
addition to the role of SMRT and N-CoR in inhibiting the
activity of antagonist-bound steroid receptors, they also can
modulate the ability of agonists to stimulate receptor transcrip-
tional activity. For instance, N-CoR and SMRT suppress ago-
nist-dependent activation of androgen receptor (AR) target
genes (1, 6, 15, 28, 47, 79), and small interfering RNA
(siRNA)-mediated inhibition of N-CoR expression enhances
E2 induction of ERa transcriptional activity (35). Overlapping
surfaces within NR ligand binding domains are utilized for
association with SMRT/N-CoR and LXXLL-containing coac-
tivators, and corepressor inhibition of agonist-stimulated re-
ceptor transcriptional activity likely reflects corepressor com-
petition with coactivators for binding to this overlapping
binding surface (30, 57). There are, however, limited data
suggesting that coactivators and corepressors can simulta-
neously interact with nuclear receptors (19, 46). For instance,
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N-CoR binds directly to the p160 coactivator ACTR (AIB1/
SRC-3/RAC3) and appears to facilitate recruitment of coacti-
vator to unliganded thyroid hormone receptor B (TRB) (46).
Using chromatin immunoprecipitation (ChIP) assays, another
study demonstrated concurrent binding of N-CoR, the coacti-
vators SRC-1 and PCAF, and RNA polymerase II to the pro-
moter of the androgen-regulated prostate-specific antigen
gene in antiandrogen-resistant LNCaP prostate cancer cells
treated with the AR antagonist bicalutamide (12). These in-
triguing, and incompletely understood, interactions suggest
that coactivator function may not be independent of corepres-
sors and vice versa.

In this study, we investigated the ability of SMRT to mod-
ulate ERa transcriptional activity in the presence of estrogen
and antiestrogen and determined the regulatory contribution
of SMRT to the expression of specific ER-responsive genes
associated with cellular proliferation in breast cancer. Taken
together, our data demonstrate a cell-type-specific role for
SMRT in positively regulating agonist-ERa transcriptional ac-
tivity via interaction with the receptor’s AF2 domain. In con-
trast, N-CoR suppresses estrogen-stimulated ERa activity, and
this highlights functional differences between these corepres-
sor paralogs. The positive role of SMRT in regulating gene
expression was specific to ERa, since the agonist-dependent
activities of several other members of the nuclear receptor
superfamily were negatively regulated by this corepressor. Fi-
nally, we demonstrate that the requirement of SMRT for max-
imal expression of ER« target genes is gene selective and that
SMRT positively contributes to proliferation of ERa-positive
breast cancer cells.

MATERIALS AND METHODS

Chemicals. 17B-Estradiol and the partial antiestrogen 4-hydroxytamoxifen
were obtained from Sigma Chemical Company (St. Louis, MO). The pure an-
tiestrogen ICI 182,780 was obtained from Tocris (Ellisville, MO).

Plasmids and siRNAs. The mammalian expression construct for full-length
human ERa (pCR3.1-hERa) and ERa lacking the A/B domain [pCR3.1-
hER«a(179C)] have been described previously (16, 59). The pBIND-AB« expres-
sion vector encodes the GAL4 DNA binding domain (DBD; amino acids 1 to
147) linked to the A/B domain of hERa (21). The ERE-E1b-Luc and pC3-Luc
reporter constructs have been described previously (59, 74), while pG5-Luc is
commercially available (Promega, Madison, WI). The expression vectors for
mouse SMRTa (pCMX-SMRTa) and SMRTB (pCMX-SMRTp) have been
described previously (38, 62), as has the expression vector for the first form of
cloned SMRT, which encodes amino acids 1032 to 2517 (14). All constructs were
sequenced and found to possess the 7 deletion (24), and pCMX-SMRTa is
therefore referred to as pCMX-SMRT~ in this report. Expression vectors for
VDR (pAd-hVDR [53]) and AR (pCR3.1-hAR [1]), as well as the reporter genes
VDRE-tk-LUC (84), ARE-E1b-Luc (59), and 28TRE-tk-Luc (77), have been
described previously. The pCR3.1-TRB expression plasmid was generated by
inserting the TRB ¢cDNA isolated from pRST,-hTRp (4) into the EcoRI site of
pCR3.1 (Invitrogen). To generate the pBIND-ID1+2 mammalian expression
vector for the GAL4 DBD fused to the region of SMRTa (amino acids 2059 to
2352) that encompasses its receptor interaction domains (IDs), pCMX-SMRTa
was used as template for PCR amplification with the 5" and 3’ primers 5'-TCT
CCCACATCTGCGGCCA-3' and 5'-GAGGTGAGTGCGTGGTCAC-3', re-
spectively, and the resulting PCR product was subcloned into a pCR2.1 vector
using a TA cloning kit (Invitrogen, Carlsbad, CA) and sequenced. From this
plasmid, an EcoRV-Kpnl restriction enzyme fragment was purified and subse-
quently subcloned into the corresponding sites of pBIND (Promega), such that
the IDs were in frame with and downstream of the GAL4 DBD.

All siRNAs were chemically synthesized by Ambion (Austin, TX) as oligonu-
cleotide duplexes. siRNA target sequences for SMRT were directed at regions
common to both SMRTa and SMRT (panSMRT, 5'-GGGTATCATCACCG
CTGTG-3' [77]; Sep?, 5'-CAGCCUUUCCUACCCAGUG-3'), or only SMRT«
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(5'-GGAGGAGCTGATCCAGAAC-3'; Ambion predesigned siRNA ID
17668). The N1 target sequence for N-CoR (5'-TGCTACTTCTCGAGGAAA
CA-3") was published previously (77), as were sequences for HDAC1 (GCAG
ATGCAGAGATTCAAC [31]) and HDAC3 (TATCCCTCTACTCGTGCTGA
[77]). The N2 target sequence for N-CoR (5'-GGCCTCAAGAAAGGAGAAC-
3") was a predesigned siRNA (ID 17761; Ambion). As nonspecific siRNA con-
trols, an siRNA sequence targeting luciferase (5'-CGTACGCGGAATACTTC
GA-3") or Ambion’s Silencer 2 negative control were used. Experiments
measuring luciferase as an end point always employed the Silencer control
siRNA.

Cell culture. MCF-7 human breast cancer cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). The MCF7-XVA2-Luc cell line (a kind gift of Steffi Oesterrich) is derived
from MCF-7 cells stably cotransfected with pSV-neomycin and an ERE-MAR-
Luc reporter gene and was grown in DMEM with 10% FBS. ERE-MAR-Luc
consists of a region of the Xenopus laevis vitellogenin A2 gene containing an
ERE and scaffold/matrix attachment regions (MAR) and was inserted into the
BamHI and Ncol sites of pGL3 basic (35). HeLa human cervical carcinoma cells
were maintained in DMEM supplemented with 10% FBS. HepG2 human hep-
atoma cells were maintained in minimum essential medium supplemented with
10% FBS.

Growth assays. MCF-7 cells were plated in six-well culture dishes at 2 X 10°
cells/well 24 h prior to transfection, in phenol red-free DMEM containing either
10% FBS or charcoal-stripped FBS (sFBS). HeLa cells were plated in six-well
culture dishes in phenol red-free DMEM containing 5% sFBS. On day 1, cells
were transfected with siRNA targeting luciferase, SMRTa and SMRTR (panS),
or only SMRTa (Sa) using 3 nl Oligofectamine reagent per well (Invitrogen)
according to the manufacturer’s recommendations. After 4 hours, cells were
treated with vehicle (0.1% ethanol), 1 nM E2, 100 nM 4HT, or 100 nM ICI. On
day 3, fresh hormone and medium were added. On day 6, cells from duplicate
wells were harvested with 0.25% trypsin-EDTA (Invitrogen), and cell number
was determined with a Beckman Z1 dual Coulter Counter (Beckman Coulter,
Fullerton, CA). A third well was harvested for protein to verify depletion of
corepressor levels by Western blot analysis.

trans-activation assays for ERa activity. For assays employing siRNA tech-
nologies, cells were plated in six-well culture dishes 24 h prior to transfection. At
that time they were transfected with 30 pmol/well of the indicated siRNA by
using Oligofectamine with Ambion’s Silencer 2 as a negative control. Twenty-four
hours thereafter, cells were transfected with the indicated type and amount of
plasmid DNAs using TransIT-LT1 per the manufacturer’s instructions (Mirus,
Madison, WI). Thereafter, cells were treated with vehicle (0.1% ethanol) or the
indicated ligands for 24 h. Duplicate wells were harvested, and cell extracts were
prepared for luciferase activity determinations using a luciferase assay system kit
(Promega) and a Luminoskan Ascent Thermo Labsystems apparatus (Thermo
Electron Corporation, Milford, MA). Relative luciferase units were normalized
to total cellular protein as measured in a Bio-Rad protein assay (Bio-Rad,
Hercules, CA). A third well was harvested to verify corepressor downregulation
in cell lysates by Western blot analysis. Duplicate samples were measured in each
assay, and data are presented as the mean *+ standard error of the mean (SEM)
of at least three experiments.

For SMRT overexpression experiments, cells were plated in phenol red-free
medium containing 10% sFBS and transfected with the indicated DNAs using
Lipofectamine (Invitrogen) for HeLa cells, Lipofectamine 2000 (Invitrogen) for
HepG2 cells, or TransIT-LT1 for MCF-7 cells. The total amount of DNA in each
transfection experiment was kept constant by balancing DNA amounts with the
empty pCMX vector. Thereafter, cells were treated with vehicle or the indicated
ligands. Twenty-four hours later cells were harvested and assayed for luciferase
activity. Duplicate samples were measured in each assay, and data are presented
as the mean = SEM of at least three experiments.

Western blot analyses. Cells were harvested and then incubated for 20 min at
4°C in lysis buffer (50 mM Tris [pH 7.4] containing 150 mM NaCl, 5 mM EDTA,
and 0.5% Nonidet P-40 supplemented with Complete Mini-Tablets protease
inhibitors [Roche Applied Sciences, Indianapolis, IN]). The protein content of
the cell lysate was determined using protein assay reagent (Bio-Rad, Hercules,
CA), and equal levels of protein were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis on precast NuPAGE Novex 3 to 8% or
7% Tris-acetate gels (Invitrogen) and transferred to nitrocellulose membranes
(Osmonics Inc., Gloucester, MA) by electrotransfer. Nonspecific sites were sat-
urated by incubating the blots in blocking buffer (phosphate-buffered saline
containing 0.5% Tween 20 [PBS-T] and 5% dried nonfat milk powder) for 1 h at
room temperature. Blots were probed with primary antibodies (listed below) in
PBS-T containing 5% nonfat dry milk overnight at 4°C. After washing, blots were
incubated with the appropriate horseradish peroxidase-conjugated anti-rabbit or
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anti-mouse antibody (Amersham Biosciences, Piscataway, NJ) for 1 h at room
temperature. The primary antibodies were as follows: anti-SMRT antibody
(611386; BD Biosciences, San Jose, CA), anti-N-CoR antibody (06-892; Upstate
Biotechnology, Lake Placid, NY), anti-ERa (Cell Signaling, Beverly, MA), anti-
cyclin D1 (554180; BD Biosciences), anti-Bcl-2 (610538; BD Biosciences), anti-
Flag M2 antibody (Sigma), or antiactin antibody (MAB1501R; Chemicon, Tem-
icula, CA). Detection of specifically bound proteins was carried out by using ECL
Plus according to the manufacturer’s protocol (Amersham Pharmacia Biotech,
Arlington Heights, IL) using XL-1 Blue film (Kodak, Branchburg, NJ).

[*H]estradiol binding assays. The binding capacity of ERa expressed in
MCF-7 cells was determined in vivo as previously described (75). Briefly, cells
were plated in DMEM containing 10% sFBS and transfected as described above
with Silencer 2 negative control or Saf siRNAs. Twenty-four hours thereafter,
medium was aspirated from wells and replaced with phenol red-free DMEM
containing 5% sFBS, ~1.5 pmol [*H]estradiol (250 mCi; Perkin-Elmer Life
Sciences, Wellesley, MA), with or without 1073 M unlabeled E2. After incuba-
tion for 2 h at 37°C medium was aspirated, and cells were washed three times
with ice-cold PBS and incubated in 100% ethanol for 10 min at room tempera-
ture to extract bound steroid. The amount of ER-bound [*H]E2 in the ethanol
extract was quantified with a Beckman LS 6500 scintillation counter I (Beckman
Instruments, Fullerton, CA) and biodegradable counting scintillant (Amersham
Biosciences). The binding capacity in untransfected cells (100%) was compared
to values obtained for cells transfected with siRNA to either luciferase or
SMRTa and SMRTB (Sap).

ChIP assay. Chromatin immunoprecipitation was performed as described
earlier with minor modifications (32). MCF-XVA2-Luc cells (9 X 10° cells/
150-mm plate) were maintained in phenol red-free DMEM supplemented with
sFBS for 48 h prior to hormone treatment. Thereafter, cells were treated with 2.5
M a-amanitin for 90 min, washed twice with PBS, and treated with vehicle or
estradiol (10 nM) for 45 min, followed by cross-linking with 1% formaldehyde for
10 min at room temperature. Cross-linking was terminated with 0.125 M glycine
for 5 min at room temperature, and cells were harvested by scraping in PBS
containing protease inhibitor. Nuclei were isolated using nuclei preparation
buffer [S mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 8.0), 85
mM KCl, 0.5% NP-40, and protease inhibitor] and then resuspended in TE
buffer (10 mM EDTA, 50 mM Tris-HCI [pH 8.1], and protease inhibitor) con-
taining 1% SDS and sonicated (10-s pulses repeated eight times). Chromatin
thus prepared was diluted 10 times with TSE1 (1% Triton X-100, 2 mM EDTA,
150 mM NaCl, 20 mM Tris-HCI [pH 8.1]) containing protease inhibitor, pre-
cleared by normal rabbit immunoglobulin G (IgG) and protein A/G agarose
beads containing salmon sperm DNA (Upstate) and immunoprecipitated over-
night at 4°C with specific antibodies (ERa with HC20 and H184, SRC-3 with
C-20, and SMRT with H-300; Santa Cruz Biotechnology, Santa Cruz, CA) or
rabbit IgG control. Immune complexes were then precipitated with protein A/G
agarose beads, serially washed once with TSE1 containing 0.1% SDS, twice with
TSE2 (1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris-HCI [pH 8.1],
0.1% SDS), once with buffer IIT (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1
mM EDTA, 10 mM Tris-HCI [pH 8.1]), and thrice with TE and then eluted with
freshly prepared elution buffer (1% SDS, 100 mM NaHCO;). Formaldehyde
cross-links were then reversed by incubating samples for ~16 h at 65°C, and
DNA was then purified by using a QTAGEN column. Purified DNA was quan-
titated by quantitative PCR (qPCR), using SYBR green chemistry and normal-
ized against input chromatin. Primer sequences were as follows: Fwd, 5'-TTTG
TTCATAAAATAGTTTTCTGCATAGC-3'; Rev, 5'-AGGTTGAGGTTACAT
TAACTTTGATCAG.

Endogenous gene expression. For monitoring endogenous ER-responsive
genes, cells were grown in phenol red-free DMEM supplemented with 2.5%
sFBS for 24 h. Cells were then transfected as described above with the
specified siRNAs and 48 h later were treated with appropriate hormones for
1.5 to 24 h. The effects of SMRT depletion on endogenous gene expression
were assessed by reverse transcription and real-time quantitative PCR (RT-
qPCR) or Western blot analysis (see above). For nRNA measurements total
RNA was isolated by TRIzol (Invitrogen) according to the manufacturer’s
instructions and analyzed by real-time RT-qPCR using the ABI Prism 7700
sequence analyzer (PE Applied Biosystems, Foster City, CA) in conjunction
with TagMan or SYBR green chemistry. Primer and probe sequences for
measurement of pS2 mRNA levels were described previously (11). For
BCL-2, 20X primer and probe mix were purchased from Applied Biosystems
(Assay on Demand; assay Hs00608023_m1). Primer and probe sequences for
PR were designed using Primer Express software (PE Applied Biosystems)
(forward, 5'-AGAAATGACTGCATCGTTGATAAAATC-3'; reverse, 5'-G
GACCATGCCAGCCTGAC-3'; probe, 5'-6-carboxyfluorescein-CTGCCCA
GCATGTCGCCTTAGAAAGTG-3'-6-carboxytetramethylrhodamine). Cyclin D1
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was quantitated by SYBR green chemistry using the following primer sequences:
forward, 5'-TGGAGGTCTGCGAGGAACAGAA-3'; reverse, 5'-TGCAGGCG
GCTCTTTTTCA-3'. Target transcript quantities were normalized against 18S
rRNA using a primer/probe set purchased from PE Applied Biosystems. Assays
were performed as 25-pl reaction mixtures using TagMan One-Step RT-PCR
Master Mix reagents in MicroAmp 96-well plates (PE Applied Biosystems). Five
microliters of MCF-7 total RNA (~100 ng) was analyzed for pS2 and PR mRNA
transcripts. For normalization against the 18S transcript, each sample was diluted
100-fold so that approximately 1 ng of total RNA was analyzed in a separate well.
The RT reaction mixture was incubated at 48°C for 30 min to allow cDNA
synthesis and terminated by heating for 10 min at 95°C. The reaction was then
PCR amplified for 40 cycles consisting of 25 s at 95°C and 1 min at 60°C. Cycle
threshold values for each reaction were determined using TagMan SDS analysis
software and standardized against a common total RNA sample obtained from
MCEF-7 cells grown in the presence of 10% sFBS. For two-step assays, RNA (~5
ng) was reverse transcribed with SuperScript RNase H™ reverse transcriptase
(Invitrogen) followed by real-time quantitative PCR with SYBR green as the
fluorescent dye. Cycling conditions were 50°C for 2 min and 95°C for 10 min
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.

RESULTS

Inhibition of SMRT and N-CoR expression by siRNA tech-
nology. The SMRT and N-CoR corepressors, which possess
N-terminal repression domains (RDs) and C-terminal nuclear
receptor IDs, are represented schematically in Fig. 1A. Previ-
ously, two distinct cDNA clones were identified while screen-
ing for the N-terminal region of mouse SMRT that repre-
sented products generated via an alternative splicing event
(62). Full-length SMRT is encoded by an ~10-kb mRNA iso-
form and is denoted SMRTa, whereas the translation of the
shorter 8.5-kb message yields SMRTB. As indicated in the
schematic, the smaller SMRTR harbors a deletion of amino
acids 34 to 254 (62), and based on sequence similarity to
N-CoR, this deletion removes a majority of RD1, including
TBL1/TBLR1 and GPS2 binding regions. Expression of
SMRTa and SMRTR has been demonstrated for several non-
hematopoietic cell lines, including HelLa, Cos-1, Jurkat, and
T47D cells (17), and Western blot analysis of whole-cell lysates
of MCF-7 breast cancer cells revealed relatively equal levels of
both SMRT isoforms (Fig. 1B). Western blots indicated the
presence of a single N-CoR species. siRNAs are widely used to
inhibit the expression of specific mRNAs, and the locations of
sequences targeted by the siRNAs utilized in our studies are
indicated in Fig. 1A. The panSMRT siRNA inhibited the ex-
pression of both SMRTa and SMRTR, while the Sa siRNA,
which recognizes a sequence spliced out of the SMRTf
mRNA, inhibits the expression of only SMRT« (Fig. 1B). Both
siRNAs targeting N-CoR (N1 and N2) effectively inhibited the
expression of this corepressor. These results demonstrate the
ability of these siRNAs to effectively reduce expression of their
respective corepressors.

Inhibition of SMRT expression decreases ERa-mediated
transcriptional activity. Previous data indicate that the SMRT
corepressor interacts with ERa in the presence of tamoxifen as
well as in the presence of estrogen or the absence of ligand (56,
71, 76). To assess the contribution of SMRT to ERa transcrip-
tional activity under various hormonal conditions, MCF-7 cells
were transfected with siRNAs for SMRTa and SMRT (pan-
SMRT), only SMRTa (Sa), or a nonspecific control followed
by the ERE-E1b-Luc reporter construct and treatment with
vehicle, E2, or 4HT for 24 h. Depletion of both SMRTa and
SMRTP significantly attenuated the ability of E2 to stimulate
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FIG. 1. Inhibition of SMRT and N-CoR corepressor expression by
siRNA. (A) Representation of functional domains of SMRT and N-
CoR and the location of target sequences for siRNA specific for
SMRTua (Sa), both forms of SMRT (panSMRT or panS), and N-CoR
(N1 and N2). The region within RD1 deleted in SMRTR is represented
as a short horizontal line. (B) Western blot analysis of MCF-7 lysates
for SMRT (left), N-CoR (right), and actin loading controls demon-
strate the ability of the siRNAs (30 pmol/well for SMRT and 40
pmol/well for N-CoR) to reduce expression of their respective core-
pressors in comparison to the Silencer negative control (Con) siRNA.
Note the Sa siRNA does not reduce SMRTR expression.

ERa transcriptional activity, while inhibition of only SMRTa
tended to diminish ERa-dependent gene expression (Fig. 2A).
The inability of SMRTa depletion to significantly decrease
ERa activity suggests that a reduction in total cellular levels of
SMRT may be required to alter ERa-dependent gene expres-
sion. A change in the relative agonistic properties of 4HT was
not observed. Immunoblot analysis of whole-cell lysates pre-
pared from MCF-7 cells transfected in parallel demonstrated
that the panSMRT siRNA did not alter basal expression levels
of ERa or the ability of ligands to affect ERa protein levels
(Fig. 2B). The expected downregulation of ERa was consis-
tently observed in the presence of E2 or ICI, and receptor
expression was stabilized in the presence of 4HT regardless of
decreased SMRT protein levels. It was also noted that decreas-
ing SMRT expression did not affect N-CoR expression. To rule
out the possibility that the impact of the panSMRT siRNA on
ERa transcriptional activity was due to an off-target effect, we
designed a second siRNA, Saf?, which recognizes a sequence
in the first coding exon of SMRTa and SMRTR. This siRNA
effectively reduces the expression of both SMRTa and SMRTR
in MCF-7 cells (Fig. 2C) and also was able to effectively inhibit
ERa activity measured with an ERE-E1b-Luc reporter gene,
confirming that depletion of SMRTa and SMRT significantly
inhibits ERa function in MCF-7 cells (Fig. 2D).

To determine whether altered SMRT expression could in-
fluence the ability of ERa to bind to its cognate ligand, MCF-7
cells were transfected with no, control, or panSMRT siRNAs
and 24 h thereafter incubated with [*H]estradiol in the pres-
ence and absence of cold competitor to measure ligand binding
capacity. The level of specific E2 binding within the cells was
not significantly altered under any of the tested conditions,
and taking this into account with the comparable expression
of ERa demonstrated above, it was concluded that inhibi-
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FIG. 2. Effect of SMRT depletion on ERa transcriptional activity in MCF-7 cells. (A) MCF-7 cells were transfected with Silencer negative
control siRNA (Con) or siRNAs for SMRTa and SMRTR (panSMRT or panS) or only SMRTa (Sa). Subsequently, cells were transfected with
1 ug ERE-Elb-Luc reporter gene and treated with 0.1% ethanol (Veh), 1 nM E2, or 100 nM 4HT for 24 h. (B) Corresponding Western blot
analyses of lysates prepared from MCF-7 cells transfected with siRNAs and treated with ligands as for panel A. (C) Schematic representation of
SMRT functional domains and the location of the target sequence for a second siRNA specific for SMRTa and SMRTB (SaB?). Corresponding
Western blot analyses are of lysates prepared from MCF-7 cells transfected with siRNAs as for panel D. (D) MCF-7 cells were transfected with
Silencer negative control siRNA (Con) or Sa* siRNA followed 24 h later by transfection with 1 g ERE-E1b-Luc and treatment with 0.1% ethanol
(Veh) or 1 nM E2 for 24 h. (E) [*H]estradiol binding capacity assay of MCF-7 cells transfected with no siRNA (none) or Silencer negative control
or panSMRT siRNAs. (F) MCF7-XVA2-Luc cells were transfected with Silencer negative control, panSMRT, or the N1 N-CoR siRNAs and 24 h
thereafter treated with either vehicle or 1 nM E2 for 24 h. Values for panels A, D, E, and F represent the average = SEM of three experiments.

*, P < (.05 in comparison to control E2 values.

tion of SMRT does not impair the E2 binding capacity of
ERa (Fig. 2E).

Finally, to assess whether these results reflected an activity
of SMRT dependent on a transiently transfected (i.e., non-
chromatin) target gene, similar studies were conducted in a cell
line derived from MCF-7 cells, MCF7-XVA2-Luc, in which the
ERE-MAR-Luc estrogen-responsive reporter gene has been
stably integrated (35). The ability of E2 to stimulate expression
of the luciferase gene was significantly inhibited in cells trans-
fected with the panSMRT siRNA (Fig. 2F). In contrast, siRNA
for N-CoR had no effect on ERa transcriptional activity. A
previous report demonstrated that siRNA-mediated depletion

of NCoR modestly increased E2-induced ERa activity as mea-
sured with transiently transfected reporter genes (35). The lack
of a positive response in our experiments may reflect differ-
ences between the transient templates utilized in previous ex-
periments (35) and the integrated reporter gene employed in
this study. Taken together, these data indicate that the nega-
tive effect of SMRT depletion on ERa transcriptional activity
is specific for SMRT and that reduced ERa activity is not due
either to the disruption of ERa or N-CoR expression or to the
ability of the receptor to bind to its ligand.
Estrogen-dependent recruitment of SMRT to an ER target
gene promoter. To gain insight into the role of SMRT in ERa
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FIG. 3. Estrogen-induced recruitment of ERa, SMRT, and SRC3
to an ER target gene. (A) Schematic of the promoter region of the
ERE-MAR-Luc reporter gene integrated in the MCF7-XVA2-Luc cell
line. The positions of the primers used in the qPCRs are indicated by
arrows. (B) MCF7-XVA2-Luc cells were treated with either vehicle
(Veh; 0.1% ethanol) or 10 nM E2 for 45 min and subjected to ChIP
assay using antibodies for ERa, SMRT, or SRC3, or rabbit IgG as a
negative control. Immunoprecipitated DNA was quantitated by real-
time qPCR and is expressed as a percentage of total input DNA.
Values represent the average = SEM of three to four independent
experiments.

transcriptional activity, the interaction of SMRT with an ER-
responsive promoter was investigated using the MCF7-XVA2-
Luc cells. This model system was used since the results above
indicated that estrogen-induced luciferase expression was sen-
sitive to SMRT depletion. Chromatin prepared from vehicle-
or E2-treated cells was subjected to immunoprecipitation using
specific antibodies directed against ERa, SMRT, and SRC-3 as
well as normal rabbit IgG as a negative control. The positions
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of the primers used to quantitate chromatin are indicated in
the schematic of the reporter’s promoter region (Fig. 3A). As
expected, ERa interaction with the promoter was strongly in-
duced in E2-treated cells (Fig. 3B). Basal and estrogen-in-
duced interaction of SMRT with the promoter region was also
observed, and the extent of this interaction was similar to that
observed for the SRC-3 coactivator. Moreover, levels of all
three targets were clearly distinguishable from the minimal
levels of chromatin immunoprecipitated with the normal IgG
which were not affected by E2 treatment. The estrogen-depen-
dent recruitment of SMRT to an estrogen-responsive pro-
moter suggests that this coregulator contributes directly to
stimulation of gene expression. The presence of SMRT in
vehicle-treated cells indicates that this coregulator also may
influence basal gene expression. This is consistent with the
ability of SMRT depletion to reduce reporter gene expression
under basal conditions (e.g., Fig. 2A), as well as our previous
demonstration that depleting the expression of a positive-act-
ing factor, the TIF2/SRC-2 coactivator, reduces basal expres-
sion of the pS2 gene (21).

SMRT influences estrogen and antiestrogen regulation of
ERa activity in HeLa cells. To determine whether SMRT
promotion of ERa transcriptional activity was restricted to
MCEF-7 cells, similar ERa trans-activation assays were per-
formed in an unrelated cell type (Fig. 4A). HeLa cells were
first transfected with control, panSMRT, or Sa siRNAs fol-
lowed by cotransfection with an expression vector for human
ERa and the ERE-E1b-Luc reporter gene. Use of the pan-
SMRT siRNA significantly decreased E2-induced ERa tran-
scriptional activity, while SMRT inhibition achieved with pan-
SMRT or Sa siRNAs promoted the agonistic activity of 4HT in
HeLa cells, resulting in SERM stimulation of ERa transcrip-
tional activity rather than repression of luciferase gene expres-
sion.

Previous studies indicated that SMRT/N-CoR can be de-
tected within at least three different transcriptional complexes
(27, 45, 58, 82). One complex contains HDAC3; a second, the
NURD complex, contains HDACI; and a third, the Sin3A
complex, contains both HDACT1 and Sin3A. Taking advantage
of previously published siRNA target sequences specific for
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FIG. 4. Effects of SMRT and HDAC depletion on ERa transcriptional activity in HeLa cells. HeLa cells were transfected with Silencer negative
control (Con), panSMRT, or Sa siRNAs (A) or siRNA to Silencer negative control (Con), HDAC1, or HDAC3 (B). Subsequently, 10 ng of ERa
expression vector and 1 pg of ERE-E1b-Luc reporter were transfected into cells, which were then treated with vehicle (Veh; 0.1% ethanol), 1 nM
E2, or 100 nM 4HT for 24 h. Values represent the average = SEM of three experiments. *, P < 0.05 versus control E2; °, P < 0.05 versus control

vehicle.
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HDACI (31) and HDAC3 (77), we depleted the expression of
these deacetylases to determine their contribution to the reg-
ulation of ERa activity. Depletion of neither HDAC1 nor
HDACS significantly altered the ability of E2 to stimulate ERa
transcriptional activity, indicating that the ability of SMRT to
stimulate ERa-dependent gene expression is independent of
the tested HDAC:s (Fig. 4B). In contrast, inhibition of HDAC3
expression resulted in a significant increase in the ability of
4HT to stimulate the expression of the reporter gene, suggest-
ing that both SMRT and HDACS3, but not HDACI, restrain
the agonistic potential of 4HT in HeLa cells.

The data in Fig. 2 and 4 reveal that depletion of SMRTa and
SMRT?P significantly decreases ERa transcriptional activity in
both MCF-7 cells and HeLa cells. To further test whether the
effect of the SMRT siRNA on ERa activity was due to SMRT
depletion, a rescue experiment was performed in which endog-
enous SMRT was depleted by the panSMRT siRNA followed
by transfection of an siRNA-insensitive SMRT expression vec-
tor. The full-length mouse SMRT cDNA (38) was selected for
this purpose because it has poor homology with human SMRT
in the region targeted by the siRNA and was therefore ex-
pected to be insensitive to the panSMRT siRNA. When the
sequence of the full-length SMRT c¢cDNA was compared to
genomic sequence, it was found to possess a deletion 3’ to the
exon encoding ID1. This deletion arises from an alternative
splicing event that removes the 3’ portion of exon 44 (exon
44b), which encodes 47 amino acids (24); this form of the
corepressor has been termed SMRT+. Since the cDNA em-
ployed in our studies lacks exon 44b, we refer to the form of
SMRT utilized in our overexpression experiments as SMRTr
(Fig. 5A).

HelLa cells were first transfected with control or panSMRT
siRNAs followed by cotransfection with expression vectors for
FLAG-tagged SMRTr and ERa and the ERE-Elb-Luc re-
porter gene. As shown in Fig. 5B, reduction of endogenous
SMRT expression reduced E2-induced luciferase gene expres-
sion by more than 50%. When exogenous SMRTt was added
back to the panSMRT siRNA-treated cells, ERa-mediated
gene expression was restored. Expression of SMRTr in control
siRNA-treated cells resulted in a strong stimulation of lucifer-
ase activity, indicating that exogenous expression of SMRTT
could further stimulate ERa activity in cells maintaining en-
dogenous SMRT expression. Immunoblot analysis of whole-
cell lysates of parallel cultures with a human-specific SMRT
antibody demonstrated effective depletion of endogenous
SMRT levels, while Flag M2 antibody revealed the expected
overexpression of FLAG epitope-tagged SMRTt in these cells
(Fig. 5C).

To confirm that SMRT can interact with ERa and contrib-
ute to the receptor’s transcriptional activity, a plasmid encod-
ing the SMRT receptor interaction domains 1 and 2 (ID1+2)
(Fig. 6A) was cotransfected into HeLa cells along with the
ERE-E1b-Luc reporter and a human ERa expression vector.
As the level of ID1+2 expressed in the cells was increased, the
ability of E2 to stimulate reporter gene expression was reduced
in a dose-dependent manner (Fig. 6B), indicating that this
fragment inhibits E2-stimulated ERa transcriptional activity,
possibly by blocking the interaction of endogenous SMRT and
other factors, such as coactivators, with ERa. Indeed, a recent
report demonstrating the binding of a CoRNR box motif with
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FIG. 5. Rescue of endogenous SMRT depletion. (A) Schematic
representation of SMRTa and SMRTT and their functional domains.
The 47-amino-acid splice deletion in the C-terminal region of SMRT~
is represented as a short horizontal line. (B) HeLa cells were trans-
fected with Silencer negative control siRNA (Con) or panSMRT
siRNA, and 24 h later cells were transfected with 1 pg ERE-E1b-Luc
reporter, 2.5 ng pCR3.1-ERq, and either 500 ng of mouse Flag-
SMRTt (+) or its corresponding parent (-) expression vector. Cells
were subsequently treated with 0.1% ethanol (Veh) or 1 nM E2 for
24 h. (C) Corresponding Western blot analyses of lysates for endoge-
nous SMRT (top), Flag epitope-tagged SMRTt (middle), or actin
(bottom) prepared from HeLa cells transfected with siRNAs as for
panel B. For the Flag antibody blot, a nonspecific band is present in all
lanes. Values for panel B represent the average = SEM of three
experiments. *, P < 0.05 in comparison to control E2 values.

the coactivator binding groove within the ER«a ligand binding
domain (73) suggests that the ID1+2 fragment may block
coactivator interaction with ERa. This experiment also indi-
cates that a region(s) N-terminal to the ID2 site is required for
SMRT to stimulate E2-dependent ER« activity.

SMRT7 overexpression increases ERa transcriptional ac-
tivity in a cell-specific manner. To substantiate the above data,
overexpression experiments were conducted in MCF-7, Hela,
and HepG2 cells using the expression construct pCMX-
mSMRTT~ in the presence of vehicle, E2, or 4HT. HeLa cells
were transiently cotransfected with the ERE-E1b-Luc reporter
and expression vectors for ERa and increasing amounts of
SMRTr. Figure 7A demonstrates that SMRTt overexpression
significantly increased E2-stimulated reporter gene activity in a
dose-dependent manner, while basal and 4HT-stimulated tran-
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FIG. 6. Effect of expression of the receptor interaction domain of
SMRT (ID1+2) on ER transcriptional activity in HeLa cells. (A) Sche-
matic representation of full-length SMRT« and the location of its two
nuclear receptor interaction domains (ID1+2). (B) HeLa cells were
transfected with increasing amounts of expression vector for the
SMRT receptor interaction domain (pBIND-ID1+2) along with 1 pg
ERE-E1b-Luc reporter and 10 ng human ERa expression plasmid.
The total amount of DNA was kept constant with pBIND parent
vector. Twenty-four h after transfection cells were treated with 0.1%
ethanol (Veh) or 1 nM E2 for 24 h and subsequently assayed for
luciferase activity. Values are normalized to that obtained for the
empty vector pBIND in the presence of E2, which was defined as 100.
Bars represent the average + SEM of three experiments. *, P < 0.05
versus control E2.

scriptional activities were unaffected. The effect of SMRT~
overexpression on reporter gene activity was dependent on
ERa expression, as no increase in luciferase activity was de-
tected for cells transfected with the control vector lacking the
ERa cDNA (Fig. 7B). To test whether the absence of the RD1
region affected SMRT stimulation of ERa transcriptional ac-
tivity, experiments were conducted with overexpressed SMRT~
or SMRTB in HeLa cells. Both forms of SMRT stimulated
ERa-dependent gene expression (Fig. 7C). Similar stimulation
of reporter gene expression was obtained for ERa-positive
MCEF-7 cells transiently transfected with the ERE-E1b-Luc
reporter and SMRTr expression vector, demonstrating that
SMRTr7 stimulation of E2-dependent ERa transcriptional ac-
tivity can be observed in cells with endogenous ERa expression
(Fig. 7D). Overexpression of SMRT+ did not alter the ability of
4HT to block ERa-dependent gene expression.

To further examine whether the cell environment plays a
role in SMRTr regulation of ERa activity, SMRTT was over-
expressed in HepG2 hepatocarcinoma cells, where both E2
and 4HT function as ERa agonists and ERa transcriptional
activity is predominately mediated by the ligand-independent
AF1 domain, as opposed to HeLa and MCF-7 cells, which
require AF2 function for robust ERa transcriptional activity
(52, 74). HepG2 cells were transiently transfected with ERa
expression vectors and pC3-Luc reporter along with expression
vector for SMRT+ or the first isolated, but incomplete, SMRT,

short

c¢DNA which corresponds to amino acids 1032 to 2517 and
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therefore lacks RD1 and RD2. This form of SMRT is not
known to exist in nature. Overexpression of mSMRTr in
HepG?2 cells had no effect on basal or ligand-stimulated ERa
activity, while overexpression of SMRTy,,, significantly de-
creased basal and ligand-stimulated ERa activity (Fig. 7E).
The results of the SMRT,,,,, overexpression are similar to a
previous report (71) and confirm that this artificial form of
SMRT represses ERa transcriptional activity. Taking the re-
sults from three cell lines together, our data suggest that cell-
dependent factors influence the ability of SMRT to regulate
ERa transcriptional activity, possibly reflecting differences be-
tween the receptor’s requirements for AF1 versus AF2 activity.

SMRT enhancement of nuclear receptor transcriptional ac-
tivity is ERa specific. To ascertain whether the ability of
SMRT to stimulate nuclear receptor transcriptional activity is
specific for ERa or is common to other members of the nu-
clear receptor superfamily, such as the vitamin D receptor
(VDR), AR, or TRB, HeLa cells, which are deficient for many
NRs, were chosen as an amenable model in which to test the
specificity of corepressor depletion. Tests were also conducted
to determine whether SMRT and its paralog, N-CoR, exerted
similar effects on the activities of these receptors. HeLa cells
were transfected with siRNA against all forms of SMRT (pan-
SMRT) or N-CoR (N1) and subsequently cotransfected with
different NR expression plasmids and their corresponding lu-
ciferase reporter genes followed by treatment with appropriate
agonistic ligands. As expected, SMRT depletion in ERa/ERE-
transfected cells resulted in a significant decrease in E2-in-
duced luciferase activity (Fig. 8A). However, the opposite re-
sult was obtained for VDR-, AR-, or TR-transfected and
hormone-treated cells (Fig. 8B to D). Silencing of SMRT ex-
pression increased luciferase activity, which was consistent with
previous studies for AR and VDR (40, 79). This demonstrates
that SMRT stimulation of receptor-dependent gene expression
is specific for ERa. Furthermore, N-CoR depletion increased
the transcriptional activity of all the tested NRs, including
ERa, which is consistent with the results of other AR and ERa
experiments employing transient reporter genes (35, 79). Sim-
ilar experiments conducted with the N2 siRNA for ERa activ-
ity also increased luciferase expression (data not shown). West-
ern blot analyses revealed that the panSMRT and N1 siRNAs
effectively reduced SMRTa and N-CoR protein levels, respec-
tively (Fig. 8E and F), and confirmed that the predominant
form of SMRT expression in HeLa cells is SMRTa (17). Taken
together, these results support the finding that SMRT deple-
tion and the ensuing impairment of agonist-dependent NR
transcriptional activity is ERa specific and that SMRT and
N-CoR are not functional homologs in this regard.

SMRT= stimulates the AF2 activity of ERa. To elucidate
whether SMRTT mediates ERa transcriptional activity via the
constitutively active AF1 and/or the ligand-regulatable AF2
regions, functional interaction assays were performed in the
HeLa cell line. To first examine the effect of SMRTT expres-
sion on ERa-AF1 activity, HeLa cells were transiently cotrans-
fected with pBIND-ABa, which encodes the GAL4 DNA bind-
ing domain fused to the A/B domains of ERa, which
encompass the ligand-independent AF1 region, and the pG5-
Luc reporter gene with either the SMRTT expression plasmid
or its corresponding parental control. Coexpression of SMRT~
significantly reduced the hormone-independent transcriptional
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FIG. 7. Effect of SMRT overexpression on ERa transcriptional activity is cell type dependent. (A) HeLa cells were transfected with expression
vectors for ERa (10 ng), SMRT7 (0 to 500 ng), and 1 ng ERE-E1b-Luc. (B) HeLa cells were transfected with expression vectors for ERa and/or
SMRTt (+) or their respective empty control vectors (—) in addition to 1 ug ERE-E1b-Luc. (C) HeLa cells were transfected with 500 ng
expression vector for SMRTt, SMRTR, or the pCMX control vector, as well as constructs for ERa and the ERE-E1b-Luc reporter gene.
(D) MCEF-7 cells were transfected with an expression vector for SMRTT (500 ng) and 1 wg ERE-E1b-Luc. (E) HepG2 cells were transfected with
expression vectors for ERa (50 ng) or SMRTy,,. or SMRT7 (500 ng) and 1 g of the pC3-Luc reporter gene. The total amount of DNA transfected
into each well was balanced with pCMX empty vector. Cells were treated with vehicle (0.1% ethanol, white boxes), 1 nM (HeLa and MCF-7) or
10 nM (HepG2) E2 (black boxes), or 100 nM 4HT (gray boxes) and harvested 24 h thereafter for luciferase measurements. Data represent the
average = SEM of three to four experiments. *, P < 0.05 compared to the corresponding pCMX-alone groups.

activity of pBIND-ABa (Fig. 9A). Next, SMRT was tested in
HeLa cells transiently transfected with an expression construct
for full-length human ERa or an ERa construct encoding
amino acids 179 to 595 (encompassing the DNA and ligand
binding domains and the ligand-dependent AF2 region) and
the ERE-E1b-Luc reporter gene. Overexpression of SMRT~
stimulated the E2-dependent activity of the full-length ER« as
well as the N-terminally truncated 179C construct (Fig. 9B).
Coexpression of SMRTr had no effect on 4HT-stimulated
transcriptional activity. Thus, SMRTr positively regulates ERa
transcriptional activity via the receptor’s AF2 domain.

Effects of SMRT depletion on endogenous ERa target gene
transcription are gene specific. To understand the biological
ramifications of the positive role that SMRT plays in promot-
ing estrogen/ERa activities, the expression of endogenous es-
trogen target genes was assessed after depletion of SMRT
protein levels. MCF-7 cells were transfected with Sa or pan-
SMRT siRNAs for 48 h and subsequently treated with vehicle,
E2, or ICI 182,780, and the expression levels of the estrogen-
inducible genes for BCL-2, cyclin D1, PR, and pS2 were ana-
lyzed. As expected, transfection with panSMRT siRNA signif-
icantly reduced expression of both SMRT isoforms, whereas
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FIG. 8. Effect of SMRT or N-CoR depletion on ERa, VDR, AR, and TR transcriptional activity. HeLa cells were transfected with siRNAs
for Silencer negative control (Con), SMRTa and SMRT (panSMRT), or N-CoR (N1). After 24 h, cells were transfected with expression vectors
for ERa (A), VDR (B), AR (C), or TRB (D) and the respective response element containing luciferase reporter genes and treated with vehicle
(0.1% ethanol) or 1 nM of the corresponding hormone for 24 h. Data are the mean = SEM of three experiments. *, P < 0.05 in comparison to
the corresponding vehicle or ligand control; a, P = 0.071; b, P = 0.054; ¢, P = 0.066. Expression levels of SMRT (E) and N-CoR (F) were
monitored by Western blotting for a parallel set of cells transfected with the indicated siRNAs and plasmids.

Sa only reduced SMRTa protein levels (Fig. 10A). Western
blot analysis showed that reducing levels of both SMRT iso-
forms resulted in decreased cyclin D1 and Bcl-2 protein levels.
This reduction was not seen after depletion of only SMRTa.
Quantitative RT-PCR revealed that panSMRT siRNA treat-
ment also reduced expression of mRNAs for cyclin D1 and
BCL-2, indicating that loss of all SMRT expression compro-
mised the expression of these genes (Fig. 10B and C). A similar
pattern was observed for PR mRNA transcripts. Knockdown
of both SMRTa and SMRT expression reduced PR transcript
levels by ~30%, while inhibition of only SMRTa expression
had no effect (Fig. 10D). The ability of SMRT to positively
affect estrogen-regulated mRNA expression is not universal, as
our data demonstrated that reducing levels of SMRT increases
pS2 mRNA levels by up to twofold (Fig. 10E).

Inhibition of SMRT expression decreases proliferation of
MCF-7 breast cancer cells. Most data imply a role for SMRT
in inhibiting the activity of tamoxifen-bound ERa (33, 43, 70,
71). The growth of MCF-7 breast cancer cells is estrogen and
ERa dependent, and cell growth assays were therefore utilized
as an efficient method for monitoring cellular responses to
SMRT depletion. MCF-7 cells transfected with control siRNA
responded appropriately to hormone treatment; cells grown in

stripped serum did not proliferate significantly until treated
with E2 (Fig. 11A), whereas MCF-7 cells maintained in full
serum grew similarly in the presence or absence of E2 (Fig.
11B). Furthermore, these MCF-7 cells were growth inhibited
by the antiestrogens 4HT and ICI. To examine whether reduc-
ing SMRT expression alters biological responses, panSMRT
siRNA targeting both SMRT isoforms was transfected into
cells which were subsequently treated with estrogen or anties-
trogen. Consistent with the results of the frans-activation as-
says, depletion of both SMRTa and SMRTR expression abro-
gated cell growth in MCF-7 cells grown in stripped serum by
50% in the absence of ligand and by 57% in the presence of
agonist. The ability of SMRT knockdown to reduce prolifera-
tion of vehicle-treated cells is consistent with SMRT siRNA-
mediated reductions in basal ERa activity (Fig. 2). SMRT
depletion in MCF-7 cells grown in full serum resulted in
growth inhibition of 66% in the absence of ligand and 78% in
the presence of E2. Western blot analysis of whole-cell extracts
prepared from MCF-7 cells indicated that the siRNA reduced
both SMRT isoforms (Fig. 11D). To determine whether the
observed reduction in cell number resulting from SMRT si-
lencing would be observed in an ERa-negative cell line, similar
cell growth experiments were conducted in ER-negative HeLa
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(A) HeLa cells were transfected with 50 ng expression vector for
GAL4 DNA binding domain linked to the ERa AB domain and a
pG5-Luc reporter gene along with either 500 ng of pCMX empty
vector or SMRTT expression vector. Cells were harvested 48 h after
transfection and luciferase activity measured. ABa transcriptional ac-
tivity in the presence of pCMX was defined as 100. Data represent the
averages = SEM of three experiments. (B) HeLa cells were trans-
fected with 10 ng expression vector for wild-type ERa or an ER«a
mutant consisting of amino acids 179 to 595 along with 1 pg ERE-
E1b-Luc reporter gene and either 500 ng of pCMX empty vector or
SMRTr expression vector. Cells were treated with 0.1% ethanol
(Veh), 1 nM E2, or 100 nM 4HT and harvested for luciferase activity
measurements 24 h later. The activity for each form of ERa in the
presence of pCMX was defined as 100. Data represent the average *
SEM of three experiments. *, P < 0.05 compared to the corresponding
pCMX control treatment.

cervical carcinoma cells (Fig. 11C). HeLa cells treated with
hormone grew similarly to vehicle-treated cells, consistent
with the lack of ERa expression. Additionally, transfection
with panSMRT siRNA did not alter proliferation of these
ERa-negative cells. Growth assays were repeated in both cell
lines with siRNA targeting the SMRTa isoform, and similar
results were obtained (data not shown). Taken together, these
results indicate that the ability of SMRT depletion to inhibit
cell proliferation is not a general response of all cells and
suggest that the observed growth-inhibitory effects in MCF-7
cells are the result of reduced SMRT stimulation of ERa
activity in these cells.

DISCUSSION

SMRT and N-CoR are related corepressors that influence
the transcriptional activity of many members of the nuclear
receptor superfamily. Current working models suggest that in
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the presence of a SERM such as 4HT, SMRT and N-CoR and
their associated inhibitory molecules are recruited to ERa and
block its activation of receptor-dependent gene expression.
However, the data presented in this report clearly indicate that
SMRT plays a positive role in regulating ERa transcriptional
activity. Inhibition of SMRT expression by siRNA significantly
abrogated agonist-induced ERa transcriptional activity in
HeLa and MCF-7 breast cancer cells. This effect is specific, as
evidenced by the inability of N-CoR depletion to repress ERa-
dependent gene expression. In addition, our data demonstrate
that overexpression of SMRTa potentiates ERa activity in
both MCF-7 and HeLa cells, but not HepG2 cells. Taken
together with the ability of the receptor interaction domain of
SMRT (ID1+2) to act as an inhibitor of receptor-dependent
gene expression, these data indicate that SMRT is a cell-type-
specific coactivator of ERe, contrary to its assumed role as an
obligatory corepressor. We therefore conclude that SMRT is
required for full estrogen-dependent ERa transcriptional ac-
tivity in a cell-specific manner.

The first cDNA published for SMRT (14), which lacked a
significant portion of the N terminus of full-length SMRT
(~1,031 amino acids [62]), has been widely used to test the
effects of SMRT overexpression on the transcriptional activity
of nuclear receptors. Our current results confirm the ability of
the truncated SMRT (i.e., SMRT,, ) to inhibit ERa tran-
scriptional activity in HepG2 cells (71) and further demon-
strate functional differences between SMRT with a complete N
terminus (SMRT7) and SMRT,,,, in this cell environment.
More importantly, SMRT= stimulation of ERa activity in
HeLa and MCF-7 cells reveals that its activation of ERa is cell
type specific. The transcriptional activity of ERa in HepG2
cells on the C3 promoter is largely AF1 dependent (74), and
the ability of SMRTT to repress the transcriptional activity of
this activation domain is consistent with the lack of SMRT~
stimulation of full-length ER« in these cells. There are no
known binding sites for SMRT within the A/B domain of ERq,
and it is possible that this inhibition occurs via an indirect
mechanism. In contrast, SMRTr stimulated AF2 activity, and
this region is important for ERa-dependent gene expression in
HeLa and MCF-7 cells.

MCEF-7 cells express both full-length SMRTa as well as the
SMRTQR splice variant lacking RD1. In general, depletion of
both SMRTa and SMRTR with the panSMRT siRNA reduced
ERa transcriptional activity to a greater extent than depletion
of just SMRTa. Although our transient SMRT overexpression
experiments suggest that full-length SMRT and SMRT@ do
not differ in their ability to stimulate the transcriptional activity
of E2-bound ERaq, at present we are unable to conclusively
discern whether this is the case. The inability of the SMRTa
siRNA to significantly reduce ERa activity may reflect the
consequences of partial SMRT depletion and suggest that a
reduction in total SMRT levels is required for a significant
impact on ERa transcriptional activity to be obtained. Efforts
to generate a SMRT-specific sSiRNA have not been success-
ful, and we are therefore unable to test the effects of depleting
only SMRTB on ERa-dependent gene expression. It is, how-
ever, possible that variable expression of alternatively spliced
forms of SMRT may differ significantly in their biological po-
tential, as has been observed for SMRT expression during
Xenopus development (51). In a mammalian system, Cote et al.
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FIG. 10. SMRT regulation of ERa target genes is gene specific. (A) Western blot analyses of SMRT, cyclin D1, and Bcl-2 protein levels from
MCEF-7 whole-cell lysates. MCF-7 cells were transfected with siRNA against both SMRT isoforms (panS), only SMRTa (Sa), or luciferase (c).
After 48 h, cells were treated with 0.1% ethanol (Veh), 1 nM E2, or 100 nM ICI for 3 h for cyclin D1 or 1.5 h for Bcl-2 measurements. Actin was
used as a loading control. (B and C) MCF-7 cells were transfected with siRNAs for Silencer control (Con) or SMRTa and SMRTR (panSMRT)
for 48 h and subsequently treated with vehicle (0.1% ethanol; white bars), 1 nM E2 (black bars), or 100 nM ICI (gray bars) for 3 h (cyclin D1)
or 24 h (Bcl-2). (D and E) MCF-7 cells were transfected with siRNAs for luciferase (Con), SMRTa and SMRTR (panSMRT), or only SMRTa
(Sa) for 48 h and subsequently treated with vehicle (0.1% ethanol; white bars), 1 nM E2 (black bars), or 100 nM ICI (gray bars) for 24 h (PR)
or 8 h (pS2). For panels B to E, RNA was isolated and the indicated mRNAs were quantitated by RT-qPCR and normalized to signals obtained
for 18S RNA. Values are the averages of up to eight replicates and are normalized to those obtained for control cells in the presence of E2. *,
P < 0.05 in comparison to the corresponding group for the control siRNA.

recently showed that overexpression of SMRTP increased li-
gand binding to and transcriptional activity of a PML/RARa-
1410T mutant while overexpression of SMRTa repressed the
activity of this mutant fusion protein (17), and this suggests a
functional difference between these two forms of SMRT. Con-
sistent with the fusion protein effects, it was also demonstrated
that SMRTR overexpression increased the transcriptional ac-
tivity of wild-type RARa« in Jurkat cells (17). Ongoing inves-
tigations in this laboratory are examining the abilities of
SMRTa versus SMRT to regulate ERa activity.

The ability to stimulate agonist-dependent transcriptional
activity was selective for ERa and was not observed for AR,
VDR, or TRB. Indeed, the increased expression of the re-

porter genes for these receptors in cells depleted of N-CoR or
SMRT by siRNA is consistent with the previously demon-
strated abilities of both N-CoR and SMRT to repress their
transcriptional activity (40, 77, 79). Depletion of N-CoR stim-
ulated ERa transcriptional activity in HeLa cells, which also
highlights the specificity of ERa-SMRT stimulation of agonist-
induced gene expression. N-CoR and SMRT are large proteins
(>2,400 amino acids) that only share ~37% sequence identity
(13, 62), and several biological systems reveal functional dif-
ferences between these molecules. For instance, while SMRT
and N-CoR bind to a common group of proteins, each core-
pressor also makes specific protein contacts (e.g., only SMRT
interacts with Ku70, while interaction with JMJD2A is unique



VoL. 27, 2007

254

>

2.0 4

Cells (105)
*

051 1= & *
*
0.0 J:L

Veh E2 4HT ICI

(@)

25 4

2.0 4

Cells (109)

0.5

0.0
Veh E2 4HT ICI

COACTIVATION OF ERa BY SMRT COREPRESSOR 5945

B 304
2.5 4
= 2.0
o
T 154
0 *
o 10/
(8} *
054
0.0 -
Veh E2  4HT  ICI
[] Control siRNA
B -2nSMRT siRNA
D EtOH E2 4HT ICI

siRNA: C panS C panS C panS C panS

SMRT =~ s =
- — -

Actin
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to N-CoR [80, 81]). Furthermore, SMRT is unable to compen-
sate for loss of N-CoR expression in N-CoR null mice, which
are embryonic lethal (34). Thus, regions of sequence diver-
gence likely account for corepressor-specific functions and se-
lective interactions with other cellular factors and are there-
fore candidates for mediating differences in the abilities of
N-CoR and SMRT to regulate agonist-bound ERa activity.
Unexpectedly, depletion of both SMRT isoforms did not
increase the agonist potential of 4HT on ERa activity mea-
sured in a frans-activation assay in MCF-7 breast cancer cells,
and this implies that endogenous SMRT is not a significant
contributor to tamoxifen’s antagonist activity, as measured
with this reporter, in this cell environment. However, knock-
down of SMRT expression in HeLa cells enhanced the ERa
agonist activity of 4HT, and this indicates that endogenous
SMRT contributes to the antagonistic biocharacter of 4HT in
this cell type. Increased 4HT agonist activity in cells depleted
of HDAC3 implicates a SMRT-HDAC3 complex as a media-
tor of 4HT’s antagonist activity in HeLa cells. This is consistent
with the recruitment of HDAC3 to the promoters of genes
inhibited by this antiestrogen (3, 48). A number of other core-
pressors are potential repressors of 4HT-ERa activity, includ-
ing N-CoR and REA (18), and it is possible that one or more
of these molecules maintains the antagonist activity of 4HT in
HeLa cells. In antibody microinjection experiments performed
in Rat-1 cells, inhibiting SMRT or N-CoR revealed 4HT ago-
nist activity measured on an ERE-lacZ reporter (43). Other
investigators also have reported that SMRT depletion by
siRNA enhanced 4HT stimulation of the expression of the
XBP-1 gene, but not three other tested genes (39). These
findings, taken together with our data, lead us to conclude that

the ability of endogenous SMRT to repress 4HT-bound ERa
activity is cell type and gene specific.

The effect of SMRT depletion on the regulation of endog-
enous ERa-responsive genes was examined in MCF-7 cells.
Similar to the frans-activation experiments, reduction of both
SMRT isoforms had a greater impact on expression of endog-
enous ERa target genes than depletion of only SMRTa. More-
over, not all ERa target genes were equally affected by SMRT
depletion, suggesting that SMRT differentially regulates
ERa target genes. Expression of the pS2 gene was enhanced
in SMRT-depleted cells, indicating that this molecule inhib-
its expression of this gene. Chromatin immunoprecipitation
assays have indicated that low levels of SMRT are present
on the promoter of the pS2 gene under basal conditions (54,
70), and it is possible that loss of SMRT binding to basal
promoters increases pS2 expression following E2 stimula-
tion. In contrast, siRNA-mediated depletion of SMRT in-
hibited the expression of Bcl-2, PR, and cyclin D1. We are
not, however, aware of any studies that have examined the
interaction of SMRT with these genes. Estrogen induction
of cyclin D1 has been assessed previously in MCF-7 cells
transfected with a different siRNA for SMRT, and while
there was some decrease in cyclin D1 mRNA levels, this was
not thought to be significant (39). In these experiments,
SMRTR levels were not tested, and our own data clearly
demonstrate that changes in gene expression are more pro-
nounced in cells depleted of SMRTa and SMRTR. The
differential effects of SMRT depletion on gene expression
suggest that differences relating to the structure of the
EREs as well as combinatorial transcription factor networks
between ERa, SMRT, and other transcription factors and/or co-
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regulators may affect the recruitment and/or activity of SMRT
and enable it to exert gene-specific effects.

We also utilized cell growth assays to monitor the effects of
SMRT on an estradiol-stimulated cellular response. Depletion
of SMRT expression inhibited the estrogen-dependent growth
of ERa-positive MCF-7 cells while the growth of ERa-nega-
tive HeLa cells was not altered regardless of ligand exposure,
which indicates that SMRT silencing does not have a general
growth-inhibitory effect. The MCF-7 results are consistent with
SMRT’s role in stimulating ERa activity and expression of
cyclin D1, a protein required for breast cancer cell prolifera-
tion (64). In a previous MCF-7 cell study, simultaneous
siRNA-mediated knockdown of both N-CoR and SMRT did
not affect the ability of E2 to promote cell cycle entry (39). It
is possible that those results differ from our SMRT depletion
studies because the positive effects of N-CoR loss are balanced
by the negative effects of SMRT depletion.

Depletion of SMRT also reduced cellular proliferation in
the absence of ligand or presence of ERa antagonist, indicat-
ing that SMRT can contribute to basal cell growth and is not
required for the antiproliferative activity of tamoxifen in
MCEF-7 cells. The former is likely related to SMRT depletion
effects on basal ER« activity, as suggested by our reporter gene
assay results; however, the possibility of additional SMRT de-
pletion effects on other cell cycle regulators cannot be ruled
out. Earlier studies have explored the role of N-CoR and
SMRT in tamoxifen-stimulated cell cycle entry and prolifera-
tion, with conflicting results (22, 39, 56). While one study found
that overexpressing a dominant negative form of N-CoR
(amino acids 1586 to 2211) did not lead to tamoxifen-stimu-
lated cell cycle entry or increased proliferation (56), another
report demonstrated that expression of a different but over-
lapping C-terminal region of N-CoR (amino acids 1944 to
2453) blocked the inhibitory effect of 4HT on cell growth (22).
The basis for this discrepancy is unknown, but differences in
the region of N-CoR or culture conditions could be contribut-
ing factors. It also is possible that the two different N-CoR
fragments were expressed at different levels and/or their inter-
action with ERa differentially affected ERa binding to other
coregulators required for transcription. Another study re-
ported that individual siRNA silencing of SMRT in MCF-7
cells did not lead to tamoxifen-stimulated cell cycle entry mea-
sured as the percent change in cells in S/G,/M, a finding con-
sistent with our data, but demonstrated that simultaneous si-
lencing of both SMRT and N-CoR led to a significant increase
in cell cycle entry (39). This increase for cells lacking both
N-CoR and SMRT is intriguing, and further studies will be
required to determine whether corepressor depletion effects
on tamoxifen-induced cell cycle entry reflect SMRT and N-
CoR actions at common or unique gene targets that coordi-
nately affect proliferation.

The molecular mechanisms that enable SMRT to stimulate
the transcriptional activity of ER«, and not the activity of the
other nuclear receptors tested, and the basis for its gene-
selective stimulatory activity are not known but could be me-
diated at the level of receptor, coactivators, or chromatin.
Indeed, the ability of SMRT to stimulate the expression of a
gene via unliganded TRa and a negative thyroid hormone
response element (5) suggests that SMRT regulation of gene
expression is highly context dependent. It is possible that
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SMRT plays a role in activation of gene expression prior to E2
stimulation, perhaps through modulation of chromatin struc-
ture (e.g., a priming effect), and there is some evidence that
SMRT binds to target gene promoters under basal conditions
and is released following E2 treatment (54, 69, 70). However,
our ChIP data suggest an alternative possibility in which
SMRT’s stimulatory effects occur in concert with its recruit-
ment to target genes, possibly as a component of a molecular
exchange protein complex or through association with other
factors that positively affect transcription. Perissi et al. have
demonstrated that TBL1 and TBLR1 facilitate exchange of
corepressor molecules for coactivators on a variety of gene
promoters and contribute to activation of ERa-dependent
gene expression (63). However, TBL1 and TBLR1 bind to
SMRT and N-CoR (26, 45, 82), and since the latter does not
stimulate ERa transcriptional activity, additional mechanisms
would be required to distinguish the positive effects of SMRT
from the negative role of N-CoR in ERa-dependent gene
expression. Interactions between SMRT and coactivators, such
as SRC-3 and NCOAG®, have also been demonstrated (37, 46),
and these protein complexes may work in concert to efficiently
activate transcription. Our data demonstrate that estrogen-
induced ERa activity does not require HDACs 1 or 3 and that
SMRT stimulation of ERa is cell and gene specific and there-
fore suggest that a milieu of cellular factors other than these
two deacetylases acts in a selective manner with SMRT to
promote ERa regulation of transcription. We are currently
exploring the role of SMRT in regulating receptor and coac-
tivator association with ERa target genes. It should be noted
that N-CoR also has been shown to stimulate RAR activity on
a DR +1 element (34), which implies there is a larger role for
corepressor activation of gene expression than previously
thought.

Our results show that ERa transcriptional activity and mod-
ulation of estrogen-responsive target genes are positively in-
fluenced by the expression of SMRT and suggest that the role
of SMRT in regulating ER« activity and cell proliferation in
vivo should be carefully considered, for instance, in ERa-pos-
itive breast tumors. In addition, these data demonstrate that
SMRT’s effects on ERa do not necessarily depend on phar-
macological antiestrogens, and this substantially extends the
repertoire of SMRT-ERa-regulated biology. Finally, our re-
sults suggest that the role of SMRT in mediating tamoxifen
antagonist activity in vivo should be considered on a tissue-by-
tissue basis and that cell- and gene-selective SMRT positive or
negative regulation of ERa transcriptional activity may be one
of the mechanisms by which tissue-specific effects of antiestro-
gens are obtained.
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