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A yeast two-hybrid screen using the conserved carboxyl terminus of the nuclear receptor corepressor SMRT as
a bait led to the isolation of a novel human gene termed SHARP (SMRT/HDAC1 Associated Repressor
Protein). SHARP is a potent transcriptional repressor whose repression domain (RD) interacts directly with
SMRT and at least five members of the NuRD complex including HDAC1 and HDAC2. In addition, SHARP
binds to the steroid receptor RNA coactivator SRA via an intrinsic RNA binding domain and suppresses
SRA-potentiated steroid receptor transcription activity. Accordingly, SHARP has the capacity to modulate
both liganded and nonliganded nuclear receptors. Surprisingly, the expression of SHARP is itself steroid
inducible, suggesting a simple feedback mechanism for attenuation of the hormonal response.
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The transcription action of steroids, retinoids, and thy-
roid hormone and their cognate receptors (NRs) (Man-
gelsdorf and Evans 1995; Mangelsdorf et al. 1995) are
modulated by an extensive set of nuclear receptor cofac-
tors (McKenna et al. 1999; Glass and Rosenfeld 2000;
Westin et al. 2000). A great deal of effort has focused on
the identification and characterization of the constitu-
ents of these complexes to understand the mechanistic
basis of the regulated events. The recruitment of coacti-
vator complexes is a critical step in hormone induction,
whereas the recruitment of corepressor complexes me-
diates active repression of unliganded nuclear receptors.
SMRT and N-CoR have been identified as nuclear recep-
tor corepressors (Chen and Evans 1995; Horlein et al.
1995; Ordentlich et al. 1999). Various lines of evidence
suggest that at least one mechanism underlying the re-
pression activity of SMRT and N-CoR is through their
recruitment of a histone deacetylase complex containing
mSin3A and HDAC1 (Alland et al. 1997; Hassig et al.
1997; Heinzel et al. 1997; Laherty et al. 1997; Nagy et al.
1997; Zhang et al. 1997). Direct interaction of SMRT
with the class II histone deacetylase (HDAC 4–7) inde-

pendent of Sin3A provides yet another mechanism for
SMRT-mediated transcriptional repression (Huang et al.
2000; Kao et al. 2000). Recruitment of histone deacety-
lase complexes by corepressors has been proposed to
cause a local change in the chromatin structure, there-
fore resulting in transcriptional repression (Knoepfler
and Eisenman 1999).

A search for cofactors that mediate ligand-dependent
transactivation by nuclear receptors led to the identifi-
cation of coactivators such as CBP/p300, PCAF, and the
p160 family members including SRC-1, GRIP1/TIF2, and
ACTR/RAC3/p/CIP (Onate et al. 1995; Hong et al. 1996;
Kamei et al. 1996; Yao et al. 1996; Chen et al. 1997;
Torchia et al. 1997; Blanco et al. 1998). Among these
factors, CBP, PCAF, SRC-1, and ACTR have been shown
to possess intrinsic histone acetyltransferase activity,
consistent with a role for induced histone acetylation in
transcriptional activation (Bannister and Kouzarides
1996; Ogryzko et al. 1996; Yang et al. 1996; Chen et al.
1997; Spencer et al. 1997). Targeted deletion of SRC-1 or
p/CIP causes partial hormone insensitivity, suggesting a
critical physiological role of coactivators (Xu et al. 1998,
2000). More recently, SRA has been identified as an RNA
cofactor (Lanz et al. 1999), associating with activator
complexes to potentiate steroid hormone action.

Kinetic studies have revealed that transcriptional re-
sponses to stimulation by steroid hormones are often
attenuated after an initial activation (Brown et al. 1984;
Sasaki et al. 1984; Cavailles et al. 1988; Dubik and Shiu
1988). In the case of the estrogen receptor, it has been
proposed that attenuation of the hormonal response is
caused by a rapid, yet transient, increase of histone
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acetylation, followed by a prolonged decrease of histone
acetylation, despite the continuous presence of hormone
stimuli (Chen et al. 1999). The molecular mechanism
sustaining this repression remains largely unclear.

We identified a novel SMRT-interacting protein termed
SHARP. SHARP is an unusual transcriptional repressor,
which recruits histone deacetylase activity and also in-
teracts with the RNA coactivator SRA through three
conserved RNA recognition motifs. Overexpression of
SHARP compromises SRA-potentiated transactivation
by ER and GR, presumably by competition for a limiting
amount of SRA transcripts. Moreover, SHARP is estro-
gen-inducible, providing a potential autoregulatory mecha-
nism to attenuate the hormonal response.

Results

Isolation of SHARP as a SMRT-interacting protein

Previous studies have shown that the repression do-
mains (RDs) of SMRT reside in the amino-terminal half

of the protein, whereas the receptor interaction domain
(RID) in the carboxy-terminal half. However, sequence
comparison revealed that the extreme carboxyl terminus
of SMRT contains an LSD (lysine-serine-aspartic acid)
motif (Fig. 1A), which is conserved among mammalian
SMRT and N-CoR, and Drosophila SMRTER (Tsai et al.
1999). To examine the potential function of this domain,
we fused amino acid residues 2356 to 2473 of mSMRT
containing the LSD motif to the GAL4 DNA binding
domain (DBD). The GAL4–SMRT LSD construct was
transfected into CV-1 cells along with MH100-tk-luc
containing five copies of GAL4 DNA binding sites up-
stream of a luciferase reporter gene. Activity of the
GAL4 fusions was measured relative to the activity of
the GAL4 DBD alone (Fig. 1B). The SMRT LSD domain
represses the GAL4 DBD-mediated transcription by 3- to
4-fold, as compared to a 12-fold repression by the full-
length SMRT. Similar transcriptional repression was ob-
served when the LSD domain of N-CoR (amino acid [aa]
2446 to 2511) was used (data not shown), thus revealing

Figure 1. Isolation of SHARP as a SMRT-
interacting protein. (A) Schematic repre-
sentation of SMRT domain structure and
the LSD motif sequences. (B) The SMRT
LSD domain represses basal transcription.
CV-1 cells were transfected with GAL4
DBD or GAL4-fusion constructs, together
with MH100-tk-luc reporter and CMX-�-
gal. The reporter luciferase activity was
normalized with the internal control �-ga-
lactosidase activity. The results represent
the average of triplicate assays. (C) SHARP
interacts with the LSD domain of SMRT
and N-CoR. GAL4 fusion of SMRT LSD
(residues 2356–2473), N-CoR LSD (resi-
dues 2331–2453), or the SMRT LSD dele-
tion mutants were transformed into yeast
cells along with an activation domain
(AD) fusion of various SHARP fragments (I
to IV), followed by a liquid �-galactosidase
assay. Two viable transformants were
picked for each assay. (D) SMRT–SHARP
interaction in mammalian two-hybrid as-
say. CV-1 cells were cotransfected with
GAL4–SHARP I and VP alone or VP-C-
SMRT with the indicated amounts of
CMX-SHARP III, together with MH100-
tk-luc and CMX-�-gal. Fold activation is
determined by the relative reporter lucif-
erase activity normalized with the �-galac-
tosidase activity and represents an average
of three independent experiments. (E) Full-
length SHARP interacts with SMRT. 35S-
labeled in vitro translated full-length
SHARP was incubated with purified GST
or GST–SMRT LSD fusion on glutathione
beads. The bound proteins were analyzed
by SDS-PAGE and visualized by fluorogra-
phy. Lower panel is the Coomassie stain-
ing of GST and GST–SMRT LSD fusion
protein.
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the presence of an additional repression domain at the
extreme carboxyl terminus of SMRT and N-CoR.

To investigate the properties of the LSD domain, a
yeast two hybrid screen was employed to identify puta-
tive LSD interacting proteins. SHARP was pulled out
repeatedly with the SMRT LSD domain as a bait. One
cDNA clone isolated encodes a 676 aa protein (I), which
interacts strongly with the SMRT LSD domain as shown
in a liquid �-galactosidase assay in yeast (Fig. 1C). A
similar interaction of SHARP with the N-CoR LSD do-
main (aa 2331–2453) was also observed in the same assay
(Fig. 1C). Fragments II and III encoded by two shorter
cDNA clones retain strong interaction with the SMRT
LSD domain, whereas a smaller fragment (IV) has much
weaker interaction, suggesting SHARP III spans the
minimal SMRT interaction domain (SID). To examine
whether the conserved LSD motif of SMRT is important
for its interaction with SHARP, we generated a SMRT
LSD mutant in which the last 17 amino acids (aa 2457–
2473) were deleted. This deletion mutant loses the abil-
ity to interact with SHARP (Fig. 1C). Further deletion to
residue 2417 results in a similar loss of the interaction,
demonstrating that the LSD motif is necessary for its
interaction with SHARP.

The interaction between SMRT and SHARP was fur-
ther examined in a mammalian two hybrid assay (Fig.
1D). GAL4–SHARP I (aa 2976–3651) was transfected into
CV-1 cells together with a VP16 activation domain con-
struct (VP) or a carboxy-terminal SMRT fused to the
VP16 activation domain (VP-C-SMRT), along with the
MH100-luc reporter. As shown in Figure 1D, transfec-
tion of VP-C-SMRT but not VP alone led to a significant
increase of the reporter activity due to the interaction of
SHARP with C-SMRT. Overexpression of increasing
amount of SHARP III (aa 3418–3651) resulted in a
dose-dependent decrease in reporter activity, presumably
by sequestering VP-C-SMRT from binding to GAL4–
SHARP I, further supporting the association between
SHARP and SMRT. The interaction of full-length SHARP
with SMRT was also demonstrated in a GST-pull
down assay (Fig. 1E). Full-length SHARP was specifically
bound to GST–SMRT LSD, but not to GST alone. These
data together demonstrate that SHARP interacts directly
with SMRT both in vivo and in vitro.

Expression pattern of SHARP

The cDNAs obtained from the yeast two hybrid screen
were used as probes to screen for the full-length SHARP
from a human pituitary cDNA library and a human liver
cDNA library. The surprisingly large clone contains an
in-frame stop codon upstream of its first methionine pro-
ceeded by a consensus Kozak sequence. The deduced
amino acid sequence of SHARP is shown in Figure 2A.
This 3651 amino acid polypeptide is predicted as a 400-
kD protein rich in proline and serine residues. The
SMRT interaction domain (SID), which is also the RD,
(see below), is located at the most carboxy-terminal end
of the protein (Fig. 2B). An RNA-binding domain with
three RNA recognition motifs (RRMs) was predicted at

its amino terminus. In addition, there are four consensus
nuclear localization signals (NLSs), suggesting that
SHARP is a nuclear protein. Indeed, the nuclear local-
ization of SHARP is confirmed by an immunofluores-
cence assay, revealing a broad, granular staining pattern
(Fig. 2C). Blast search revealed that Mint (Newberry et al.
1999), a homeodomain repressor Msx2 interacting pro-
tein, is likely a mouse homolog of SHARP. The region
homologous to the Mint Msx2-interaction domain (MID)
is located towards the center of the protein, correspond-
ing to SHARP amino acid residues 2117–2451.

Northern blot analysis revealed that SHARP is ex-
pressed as a >12-kb transcript at relatively high levels in
brain, testis, spleen, and thymus and lower levels in kid-
ney, liver, mammary gland, and skin (Fig. 2D). SHARP
was also detected in a variety of human tumor cells ex-
amined, including 293 cells (kidney), HeLa cells (cervix),
MCF-7 cells (breast), and HepG2 cells (liver).

SHARP recruits histone deacetylase activity

The interaction of SHARP with SMRT prompted us to
examine whether SHARP is involved in transcriptional
repression. We first fused the SHARP SID to the GAL4
DBD and analyzed its effect on the basal activity of the
GAL4-dependent reporter in a transient transfection as-
say in CV-1 cells. Increasing amounts of the SHARP SID
result in robust repression of basal activity (Fig. 3A). The
full-length SHARP exhibits similar repression activity
(Fig. 3B). In contrast, transfection of increasing amounts
of GAL4-VP leads to transcriptional activation (Fig. 3C).
Together these data suggest that SHARP is a potent tran-
scriptional repressor and an RD resides in its carboxy-
terminal SID.

Having established that SHARP represses basal tran-
scription in a GAL4 system, we next examined whether
SHARP regulates nuclear receptor-mediated transcrip-
tion. GAL4–RAR was transfected into CV-1 cells along
with v-erbA and SHARP (Fig. 3D). GAL4–RAR represses
transcription (Fig. 3D, lane 2) as expected (Chen and
Evans 1995). Expression of an excess amount of v-erbA
fully relieved RAR repression (Fig. 3D, lane 3), presum-
ably by titrating out a limiting amount of free corepres-
sors (Chen and Evans 1995). In contrast, overexpression
of the full-length SHARP substantially restores RAR
repression activity (Fig. 3D, lane 4), suggesting that
SHARP may be present in limiting concentration. Be-
cause the SMRT interaction domain of SHARP is a po-
tent transcriptional repressor itself, SMRT binding pre-
sumably contributes to SHARP repression.

Sequence analysis of SHARP revealed that there are
several conserved IXXI/V motifs that have been shown
to be receptor-interaction domains for SMRT and
N-CoR. We therefore examined whether the IXXI/V mo-
tifs-containing region in SHARP (aa 2201–2707, referred
to as RID) interact with the nuclear receptor RAR. Ly-
sates from cells cotransfected with CMX-HA-SHARP
RID and CMX-Flag-RAR were immunoprecipitated with
an anti-Flag antibody, and analyzed for the presence of
HA-SHARP in the RAR immunocomplex by Western
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Figure 2. The amino acid sequence and expression pattern of SHARP. (A) The amino acid sequence of SHARP predicted from the
cDNA sequence. The amino-terminal three RRMs, the receptor interaction domain (RID, aa 2201–2707), and the carboxy-terminal
SID/RD are boxed and shaded individually. The IXXI/V motifs (or its variants) in the RID are underlined. (B) Schematic representation
of the SHARP functional domains. (C) Nuclear-localization of SHARP. CMX-HA-SHARP was transfected into 293 cells. The trans-
fected cells were immuno-stained with HA-specific antibody and FITC-conjugated secondary antibody. Also shown are nuclear
staining by DAPI and merged FITC and DAPI staining. No FITC staining was seen in HA antibody-incubated nontransfected cells. (D)
Expression pattern of SHARP. (a) Mouse tissue Northern blots were probed with a SHARP cDNA probe. (b) Expression of SHARP in
human tumor cells.
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blot analysis with an anti-HA antibody. SHARP associ-
ates with RAR in the absence of ligand, whereas addition
of the RAR ligand ATRA (all-trans retinoic acid) disrupts
the interaction (Fig. 3E). This result provides a molecular
explanation for the rescue of RAR repression by SHARP.

Recruitment of HDACs has been proposed to be re-
sponsible for the repression activity of SMRT (Alland et
al. 1997; Hassig et al. 1997; Heinzel et al. 1997; Laherty
et al. 1997; Nagy et al. 1997; Zhang et al. 1997; Huang et
al. 2000; Kao et al. 2000). By analogy, we wish to deter-
mine if SHARP also associates with HDACs. Flag-tagged
HDAC1, HDAC3, and HDAC7, members of two distinct
HDAC families, were cotransfected with HA-tagged
SHARP RD into human 293 cells. Cell lysates of the
transfected cells were immunoprecipitated with HA-spe-
cific antibody and subjected to Western blot analysis for
HDACs. As shown in Figure 4A, HDAC1 was readily
coimmunoprecipitated with SHARP although no asso-
ciation with HDAC3 and HDAC7 was found. Further-
more, the same result was obtained in a reciprocal co-

immunoprecipitation assay (Fig. 4A), indicating that
SHARP interacts with HDAC1 specifically.

To examine if SHARP interacts with other proteins,
Flag-tagged HDAC1, HDAC2, MTA2, MBD3, and
RbAp48, members of the NuRD complex (Zhang et al.
1999), and Flag-Sin3A were individually transfected into
293 cells along with HA-tagged SHARP RD. Flag-SMRT
is included as a positive control. The cell lysates were
immunoprecipitated with an anti-Flag antibody and im-
munoblotted with anti-HA antisera to test the presence
of SHARP RD in the immuno-complex. SHARP appears
to coimmunoprecipitate with at least five members of
the NuRD complex (HDAC1, HDAC2, MTA2, MBD3,
and RbAp48) (Fig. 4B). SMRT also interacts with SHARP
as expected, although no association was detected be-
tween SHARP and Sin3A.

The interaction of SHARP with HDAC1 was further
demonstrated in a GST-pull down assay (Fig. 4C). Both
SMRT and HDAC1 could bind directly to the SHARP
RD, either individually or together, whereas none of

Figure 2. (Continued.)
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them bind to the SHARP RRMs (Fig. 4C). Based on its
associated proteins in Figure 4A–C, the SHARP immu-
nocomplex should possess histone deacetylase activity.
Accordingly, HA-tagged SHARP RD was expressed in
293 cells, immunoprecipitated, and assayed for histone
deacetylase enzymatic activity with purified 3H-labeled
acetate histones. The immunocomplex displays histone
deacetylase activity as measured by the release of 3H-
labeled acetate (Fig. 4D), further strengthening the asso-
ciation with HDACs and SHARP repression.

SHARP binds the RNA coactivator SRA

In addition to the repression domain, SHARP also con-
tains three RNA recognition motifs (RRMs), prompting
us to examine whether SHARP could interact with the
steroid receptor RNA cofactor SRA (Lanz et al. 1999).
SRA has been shown to potentiate steroid hormone re-
ceptor transcriptional activity as an RNA transcript. The
interaction of SHARP and SRA was first examined in a
GST-pull down assay. In vitro-transcribed SRA mRNA
was incubated with GST–SHARP RRMs (aa 1–608) on
glutathione beads. After extensive washes, the beads

were added to an RT–PCR reaction using SRA-specific
primers. The presence of SRA transcript on the GST–
SHARP RRM beads was revealed by the production of an
SRA DNA fragment on RT–PCR (Fig. 5A). No SRA tran-
scripts were bound to GST alone or to the GST–SHARP
RD fusion, despite a similar amount of proteins used in
the binding assay. As controls, a no-RT–PCR reaction
lacks to produce any complementary SRA DNA (Fig. 5B,
left panel). Similarly, prior RNase treatment obliterates
the SRA RT–PCR signal, again indicating that SHARP
directly binds SRA RNA. To demonstrate the specificity
of the SHARP–SRA interaction, in vitro-transcribed
SRC-1 mRNA was included in a parallel GST-pull down
assay followed by an RT–PCR reaction. No SRC-1
mRNA was associated with GST–SHARP RRMs even
though the input RNA produces a strong RT–PCR signal
(Fig. 5B, right panel). No interaction was detected be-
tween the SHARP RRMs and synthetic RNAs polyU and
poly(CUG) either (data not shown). These data together
suggest that the interaction of SHARP with SRA appears
to be specific. The interaction of SHARP with SRA was
further substantiated by an immunoprecipitation assay
(Fig. 5C,D). CMX-HA-SHARP RRMs, SHARP RD, or

Figure 3. SHARP represses transcription. (A)
SHARP SID represses basal transcription. In-
creasing amounts of GAL4–SHARP SID were
transfected into CV-1 cells along with MH100-
tk-luc and CMX-�-gal. Fold repression was de-
termined relative to the activity of GAL4 DBD
and represents an average of triplicate assays.
(B) The full-length SHARP represses basal tran-
scription. The experimental procedure was the
same as in A except that the GAL4 fusion of
full-length SHARP was used. (C) GAL4-VP
does not repress basal transcription. The ex-
perimental procedure was the same as in A ex-
cept that the GAL4 fusion of VP16 activation
domain was used. (D) SHARP restores the re-
pression activity of RAR. GAL4–RAR was
transfected into CV-1 cells with v-erbA, a com-
bination of v-erbA and SHARP, or v-erbA and
SMRT, together with MH100-luc and CMX-�-
gal. The transcriptional activity of GAL4–DBD
and GAL4–RAR was determined as relative lu-
ciferase reporter activity and represents an av-
erage of triplicate assays. (E) SHARP interacts
with RAR. 293 cells transfected with CMX-
HA-SHARP RID and CMX-Flag-RAR were
treated with or without ATRA. The cell lysates
were immunoprecipitated with an anti-Flag an-
tibody. The immunoprecipitates (IP) were im-
munoblotted with an anti-HA or an anti-Flag
antibody. Cell lysate inputs were included in
the anti-HA blot.
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full-length SHARP was cotransfected into 293 cells with
CMV-SRA. The cell lysates were immunoprecipitated
with HA-specific antibody. The immuno-complexes of
HA-tagged SHARP were examined for the presence of
SRA mRNA by RT–PCR. Both RRMs and full-length
SHARP bound to the SRA mRNA, whereas no binding
was detected between the SHARP RD and SRA. These
results provide the first example in which a cofactor
binds to both a coactivator and a corepressor.

SHARP represses SRA-potentiated steroid receptor
activity

The dynamic interaction of SHARP with corepressor and
coactivator prompted us to examine whether SHARP ex-
pression could inhibit SRA-stimulated steroid receptor
transcriptional activity. Indeed, the full-length SHARP

but not the RD repressed the SRA-potentiated ER tran-
scriptional activity as demonstrated with an ER-respon-
sive reporter ERE-luc (Fig. 6A,B). In contrast, no effects
were seen on SRC-1-enhanced ER activity (Fig. 6C), in-
dicating that SHARP specifically reversed SRA activa-
tion. Similar repression by SHARP was observed on
SRA-stimulated GR transcriptional activity (Fig. 6D).
Taken together, these results provide an unusual way in
which a repressor that does not directly bind a liganded
receptor may attenuate hormone action.

SHARP expression is hormone inducible

It has been shown that hormone-induced gene expres-
sion is attenuated rapidly, coinciding with a transient
histone hyperacetylation at target genes (Cavailles et al.
1988; Dubik and Shiu 1988; Chen et al. 1999). Chen et al.

Figure 4. SHARP is associated with SMRT and HDAC1. (A)
SHARP interacts with HDAC1. Human 293 cells were transfected
with CMX-Flag, or Flag tagged-HDAC1, HDAC3, and HDAC7,
each along with CMX-HA-SHARP RD. Half of the cell lysates were
immunoprecipitated with anti-HA agarose and the immunoprecipi-
tates were subjected to Western blot analysis with Flag-specific
antibody. Another half of the cell lysates were immunoprecipitated
with anti-Flag agarose and immunoblotted with HA-specific anti-
body. One aliquot of the cell lysates was assayed directly by anti-
Flag Western blot. An aliquot of the cell lysates and anti-HA im-
munoprecipitates were assayed by anti-HA Western blot. (B)
SHARP is associated with components of the NuRD complex. Flag-
tagged Sin3A, SMRT (short version of human SMRT, corresponding
to mSMRT amino acids 1060–2473; Chen and Evans 1995),
HDAC1, HDAC2, MTA2, MBD3, RbAp48, or CMX-Flag were
transfected into 293 cells along with CMX-HA-SHARP RD. The
cell lysates were immunoprecipitated with anti-Flag agarose and
the immunoprecipitates were analyzed by Western blot with HA-
specific antibody. Aliquots of the cell lysates were also assayed
directly by Western blot with HA-specific antibody or Flag-specific
antibody. (C) SHARP interacts with SMRT and HDAC1 in vitro.
35S-labeled in vitro translated HDAC1 and SMRT (residues 1851–
2473) were incubated with purified recombinant GST–SHARP RD
or GST–SHARP RRMs on glutathione beads individually, or to-
gether. The bound proteins were analyzed by SDS-PAGE and fluo-
rography. Lower panel is Coomassie staining of the GST–SHARP
RRMs protein. (D) SHARP is associated with histone deacetylase
activity. Lysates prepared from cells expressing vector alone, HA-
SHARP RD, or Flag-SMRT were immunoprecipitated with anti-HA
or anti-Flag agarose. The immunoprecipitates were resuspended in
deacetylase assay buffer for histone deacetylase assays.
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have proposed recently that the dissociation of a coacti-
vator ACTR from liganded-ER might account for the at-
tenuation of histone hyperacetylation. The ability of
SHARP to interact with the SRA coactivator and re-
press SRA-potentiated ER transcriptional activity shown

above raises the possibility that hormone-induced
SHARP expression could contribute to the attenuated
response. In this view, it is possible that E2 activation
induces the expression of a corepressor such as SHARP
as part of a self-limiting response. To test this hypoth-
esis, MCF-7 cells were treated with estrogen E2 for dif-
ferent time periods up to 24 h. The mRNA level of
SHARP at each time point was analyzed by a Northern
blot analysis. As shown in Figure 7, SHARP mRNA was
induced 3-fold within 1 h following E2 treatment, and
4.2-fold after 6 h, indicating that activated ER induces
SHARP expression. Interestingly, the message level of
SHARP declined after 24 h treatment, suggesting that
SHARP expression also attenuates with decreased E2 ac-
tion. The ability of E2 to induce SHARP suggests a po-
tential mechanism to attenuate the hormonal response.

Discussion

We described the isolation and functional characteriza-
tion of SHARP, a 3651 aa protein, which interacts with

Figure 5. SHARP binds to SRA. (A) SHARP interacts with SRA
in vitro. In vitro-transcribed SRA mRNA was incubated with
GST, GST–SHARP RD, or GST–SHARP RRMs on glutathione
beads. After extensive washes, the beads were added to a RT–
PCR reaction with SRA specific primers. The RT–PCR products
(700 bp) were analyzed with 1% TAE agarose gel. Right panel is
Coomassie staining of an aliquot of the GST proteins. (B) Speci-
ficity of the SHARP–SRA interaction. In vitro-transcribed SRA
mRNA was incubated with GST–SHARP RRMs on glutathione
beads. After extensive washes, the beads were either added to a
RT–PCR reaction, or to a PCR reaction without reverse tran-
scriptase, or incubated with RNase prior to RT–PCR. In a par-
allel experiment, in vitro-transcribed SRC-1 mRNA was incu-
bated with GST–RRMs and subjected to RT–PCR using SRC-1
specific primers. An aliquot of the SRC-1 RNA input was in-
cluded in the RT–PCR reaction. (C) The SHARP RRMs interact
with SRA in vivo. 293 cells were transfected with CMX, CMX-
HA SHARP RRMs, or CMX-HA SHARP RD, along with SCT1–
SRA2 (Lanz et al. 1999). The cell lysates were incubated with
anti-HA agarose and the immunoprecipitates were analyzed by
RT–PCR with SRA specific primers. Right panel is anti-HA
Western blot of the cell lysates. (D) The full-length SHARP
interacts with SRA. The experimental procedure is the same as
in C except that CMX-HA full-length SHARP was transfected.

Figure 6. SHARP represses SRA-potentiated ER and GR activ-
ity. (A–C) SHARP represses SRA- but not SRC-1-potentiated ER
activity. CMX-ER, ERE-luc, and CMX-�-gal were transfected
into CV-1 cells along with SCT1–SRA2 or CMX-SRC-1, and
increasing amount of CMX–SHARP or CMX–SHARP RD
(�RRMs). The transfected cells were treated with 10 nM 17�-
estradiol (E2) for 24 h before luciferase assay. (D) SHARP re-
presses SRA-stimulated GR activity. CMX-GR, MMTV-luc, and
CMX-�-gal were transfected into CV-1 cells along with SCT1–
SRA2 and increasing amount of CMX–SHARP. The transfected
cells were treated with 50 nM dexamethasone (Dex) for 24 h
before luciferase assay.
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both the nuclear receptor corepressor SMRT, HDAC1,
and the coactivator SRA. SHARP exerts repression activ-
ity at least in part by recruitment of HDACs via its car-
boxy-terminal RD. In addition, SHARP interacts with
the RNA coactivator SRA through its RRMs to repress
SRA-potentiated transcriptional activity. By sequester-
ing an activator the repressor acquires a novel means to
repress agonist activation.

SHARP was originally identified as a SMRT-interact-
ing protein in a yeast two hybrid assay. The minimal
SMRT-interaction domain corresponds to the SHARP re-
pression domain, which interacts with HDACs and com-
ponents of the NuRD complex. However, no association
of SHARP with Sin3A was detected in our coimmuno-
precipitation assay, suggesting that the repression by
SHARP is either Sin3A-independent or the interaction is
unstable under our conditions. A Sin3A-independent re-
pression has also been reported for SMRT (Huang et al.
2000; Kao et al. 2000).

Sequence analysis of SHARP revealed that there are
several putative IXXI/VI motifs, the core NR-interaction
sequences found in corepressors SMRT and N-CoR
(Nagy at al. 1999; Perissi et al. 1999). Indeed, these mo-
tifs mediate the interaction of SHARP with unliganded
RAR. The presence of NR-interacting motifs in both
SHARP and SMRT and their ability to interact with each
other is similar to interactions by NR-coactivators such
as CBP and p160. Both CBP and p160 contain the NR-
interacting LXXLL motifs and interact with each other
(Chen et al. 1997; McInerney et al. 1998). Accordingly,
like coactivators, corepressors could achieve a concerted
regulatory effect by mutual recruitment.

Both SMRT and Sin3A are large proteins that can func-
tion as platforms for the recruitment of multi-protein
complexes. By analogy, the large size (400 kD) of SHARP
suggests that it might also act as a scaffold protein to
recruit different protein complexes. The ability of
SHARP to interact with HDACs and components of the
NuRD complex supports such a notion. In addition to
the hormonal response (Heinzel et al. 1997; Nagy et al.
1997), Sin3A has been shown to modulate other signal-
ing pathways such as the Mad/Max transcriptional regu-
lation by associating with HDACs (Ayer et al. 1995; Has-
sig et al. 1997). Whether SHARP is involved in additional
regulatory pathways remains to be examined, but its
large size could encompass many interactions. Indeed, a
mouse homolog (Mint) of SHARP has been shown to
interact with a homeodomain repressor Msx2 (Newberry
et al. 1999). The Msx2 interaction domain (MID) of Mint
is well conserved in SHARP (65% homology in amino
acid sequence). It will be interesting to know whether
SHARP can interact with homeodomain transcription
factors and modulate their activity. Further dissection of
the functional domains of SHARP will facilitate under-
standing of its roles in other regulatory pathways.

Other conserved sequences in SHARP include three
RRMs located at its amino terminus. The RRM motif is
one of the best-studied RNA binding domains, initially
characterized by a 75 aa RNA binding module in proteins
involved in RNA processing (Burd and Dreyfuss 1994;
Siomi and Dreyfuss 1997). SHARP binds to the RNA
cofactor SRA through its RRMs. Deletion mutants of
SHARP lacking the RRMs (Fig. 5; data not shown) lose
the interaction with SRA, suggesting that the RRMs are
necessary for the SHARP-SRA association. Moreover,
the interaction of SHARP and SRA appears to be specific,
as SHARP does not bind to the SRC-1 mRNA.

A distinction of SHARP from other corepressors is its
interaction with the coactivator SRA, independent of its
association with the corepressor SMRT and HDACs. Al-
though SRA does not bind SRC-1, it has been shown to
exist in a SRC-1-containing ribonucleoprotein complex,
which is recruited by steroid receptors following ligand
activation (Lanz et al. 1999). Expression of SRA potenti-
ates steroid receptor-mediated transactivation. The in-
teraction of SHARP with SRA could therefore provide
several possible means to modulate steroid receptor ac-
tivity, in particular, to attenuate the hormonal response.
As shown previously, estrogen-induced gene expression
rapidly attenuates after the initial induction (Brown et
al. 1984; Sasaki et al. 1984; Cavailles et al. 1988; Dubik
and Shiu 1988), which coincides well with a transient
hyperacetylation pattern of nuclear receptor target DNA
(Chen et al. 1999). It has been suggested that acetylation
of the coactivator ACTR leads to disruption of the re-
ceptor-coactivator interaction, which might account for
the attenuation. Our results suggest that the interaction
of SHARP and SRA might contribute to the repression of
steroid receptor transcriptional activity by sequestering
the coactivator SRA and its associated cofactor complex
from the receptors, or via the ability of SHARP to recruit
histone deacetylase activity. This provides an alternative

Figure 7. SHARP expression is estrogen-inducible. (A) MCF-7
cells were treated with E2 for indicated periods of time. North-
ern blot on total RNA was probed for SHARP and GAPDH. (B)
Fold induction of SHARP was determined by PhosphorImager
quantitation of the SHARP message level at each time point and
normalized by the mRNA level of GAPDH.
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but not mutually exclusive explanation for attenuation
of the hormonal response.

Surprisingly, the expression level of SHARP is up-
regulated by E2 treatment (Fig. 7). As shown in Figure 6,
the increased level of SHARP coincided with repression
of the ER promoter. In this view, the inducible expres-
sion of a corepressor might serve as a self-limiting
mechanism to attenuate the hormonal response. An-
other example of inducible expression of a transcrip-
tional repressor is the orphan nuclear receptor SHP. The
increased expression of SHP on bile acid induction effec-
tively inhibits bile acid synthesis by repressing CYP7A1
gene expression (Goodwin et al. 2000; Lu et al. 2000). In
parallel to SHP, which keeps bile acid levels in check,
SHARP might help maintain estrogen homeostasis.

A profound connection has been established between
transcriptional repression and fundamental aspects of
cell biology including proliferation, differentiation, and
cancer. Isolation of SHARP as a novel estrogen-inducible
nuclear receptor corepressor and its ability to modulate
transcriptional activity of liganded ER would provide
more insights into estrogen physiology and potentially
its role in human diseases.

Materials and methods

Yeast two-hybrid and cDNA library screen

Yeast two-hybrid assays were carried out by the lithium acetate
method (Kao et al. 2000). Mouse embryonic 17-day yeast two-
hybrid library (Stratagene) and pGBT9-mSMRT (aa 2356–2473)
were cotransformed into yeast strain Y190. Approximately
5 × 106 yeast transformants were screened and selected on yeast
minimal medium Leu-Trp-His plates containing 40 mM 3-AT
(Sigma). Colonies were picked seven days after transformation
and confirmed by �-galactosidase assays. Plasmids were recov-
ered from yeast and retransformed into yeast along with the bait
construct. Positive clones were subjected to sequencing. Liquid
�-galactosidase assays were carried out as described (Kao et al.
2000). A human pituitary cDNA ZAP II library and a human
liver cDNA ZAP II library (Stratagene) were used to screen for
the full-length SHARP cDNA sequence.

Plasmids

The plasmids CMX, CMX-GAL4 DBD, MH100-tk-luc, CMX-
mSin3A, CMX-Flag-SMRT�, CMX-Flag-HDAC1, CMX-Flag-
HDAC2, CMX-Flag-HDAC3, CMX-Flag-HDAC7, CMX-Flag-
MBD3, CMX-Flag-MTA2, CMX-Flag-RbAp48, SCT1, SCT1-
SRA2 have been described previously (Lanz et al. 1999; Downes
et al. 2000). GAL4–SHARP I was constructed by subcloning a
EcoRI and SalI fragment of SHARP from the pGAD4–SHARP
obtained from the yeast two-hybrid screen into the same en-
zyme-digested CMX-GAL4 DBD vector. CMX-HA-SHARP RD
was constructed by PCR of SHARP residues 3417–3651 with a
carboxy-terminal HA-epitope tag and cloned into CMX vector.
The full-length SHARP cDNA was assembled in the pBluescript
vector and subsequently cloned into CMX-GAL4 DBD and
CMX vector to get GAL4–SHARP and CMX–SHARP, respec-
tively. To generate the SMRT LSD deletion mutants, PCR prod-
ucts of SMRT aa residues 2356–2456 and SMRT residues 2356–
2417 were cloned into pGBT9 vector. All constructs were veri-
fied by DNA sequencing to confirm identity and reading frame.

Northern blot analysis

Total RNA from mouse tissues or cultured cells was isolated
using Trizol reagent (Life Technology). Northern blot and hy-
bridization were carried out as described (Xie et al. 2000). The
probe for SHARP mRNA detection encompasses SHARP cDNA
from nucleotide 8968 to 10995.

GST pull-down assay

Glutathione S-transferase (GST) fusion proteins were expressed
in Escherichia coli BL21 strain and affinity purified by glutathi-
one-sepharose 4B beads (Pharmacia). Protein–protein interac-
tion assays were carried out by incubating GST fusion proteins
with 35S-labeled in vitro-translated protein products in TEN100
buffer (Shi et al. 1998) at 4°C for 1 h. SHARP–SRA or SRC-1
RNA interaction assays were performed by incubating GST fu-
sion proteins with in vitro-transcribed RNA in RNA binding
buffer (50 mM KCl, 1.5 mM MgCl2) at 4°C for 1 h. After exten-
sive washes, protein samples were analyzed by SDS-PAGE and
visualized by fluorography. RNA samples were used as tem-
plates for RT–PCR assay.

Coimmunoprecipitation assay

Human 293 cells in a 10-cm plate were transfected with 10 µg
of appropriate plasmids with Targefect F1 (Targeting Systems).
Cells were harvested 48 h posttransfection and lysed in RIPA
buffer (Shi et al. 1998). Cell lysates were incubated with either
HA-agarose (Santa Cruz) or M2 (Flag)-agarose (Sigma) at 4°C for
2 h. After extensive washes, the agarose-bound proteins were
analyzed by Western blot analysis using ECL detection system
(Amersham).

Immunofluorescence assay

Human 293 cells in 6-well plates were transfected with 0.5 µg of
CMX-HA-SHARP with Targefect F1. Cells were fixed 24 h post-
transfection and incubated with HA-specific antibody, followed
by a subsequent staining with FITC-conjugated secondary anti-
body.

Histone deacetylase assay

Histone deacetylase assays were performed according to Hein-
zel et al. (1997). Briefly, 60,000 cpm of 3H-labeled histones were
incubated with immunoprecipitates for 2 h at 37°C. Reactions
were stopped by addition of acetic acid/HCl to a final concen-
tration of 0.12/0.72 N and extracted with 2 volume of ethyl
acetate. Samples were centrifuged for 1 min and the supernatant
was counted in a scintillation counter. Each reaction represents
∼1⁄2 of the cells in a 10-cm plate.

In vitro transcription and RT–PCR reaction

In vitro RNA synthesis was performed using T7 RNA polymer-
ase and 2.5 mM rNTPs with linearized CMV-SRA or CMX-
SRC-1 plasmid DNA as template. Following RNA synthesis,
DNase treatment was performed to destroy the template DNA.
RNA was recovered by ethanol precipitation after phenol:chlo-
roform extraction. RT–PCR reaction was performed using Su-
perScript One-Step RT–PCR System (Life Technologies). RNA
was incubated at 45°C for 30 min prior to cDNA amplification.
PCR was performed as following: 2 min at 95°C, 36 cycles of 1
min at 95°C, 2 min at 56°C, and 3 min at 72°C, and a final step
of 10 min at 72°C. PCR products were visualized on 1% TAE
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agarose gel. The SRA specific primers for RT–PCR are SRA RT1:
5�-CGC GGC TGG AAC GAC CCG CCG C-3� and SRA RT2:
5�-AGG AGA TGG TGT CCG GTG AGT CTG-3�. The SRC-1
specific primers for RT–PCR are SRC RT1: 5�-AGA TGA CAC
TAA TTC TGG AAT G-3� and SRC RT2: 5�-CTT TGT TAT
CTT TGG ACT CAG C-3�.
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