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A yeast two-hybrid assay has identified an androgen-dependent interaction of androgen receptor (AR) with
amino-terminal enhancer of split (AES), a member of the highly conserved Groucho/TLE family of corepres-
sors. Full-length AR, as well as the N-terminal fragment of AR, showed direct interactions with AES in in vitro
protein-protein interaction assays. AES specifically inhibited AR-mediated transcription in a well-defined
cell-free transcription system and interacted specifically with the basal transcription factor (TFIIE) in HeLa
nuclear extract. These observations implicate AES as a selective repressor of ligand-dependent AR-mediated
transcription that acts by directly interacting with AR and by targeting the basal transcription machinery.

Androgen receptor (AR) is a member of the superfamily of
ligand-inducible transcription factors and mediates the biolog-
ical actions of androgens (19). Like other superfamily mem-
bers, AR contains a central DNA-binding domain, a C-termi-
nal ligand-binding domain with an associated AF-2 activation
domain, and a large N-terminal region containing the AF-1
activation domain (4, 26). Nuclear receptors regulate the tran-
scription of their target genes through the agency of various
coactivators and corepressors that are recruited to target genes
through interactions with promoter-bound receptors (56).
Many of the known coactivators for nuclear receptors contain
histone acetyltransferase activities and are thought to act
mainly through targeted chromatin structural perturbations
that facilitate the subsequent recruitment (to the promoter)
and function of other transcriptional coactivators and basal
transcriptional factors (3). Transcriptional corepressors, by
contrast, mediate repression by various nuclear receptors.
Some nuclear receptors (including retinoid receptor, thyroid
hormone receptor, vitamin D receptor, and certain orphan
receptors) that are not associated with heat shock proteins in
their unliganded state repress transcription by recruitment of
corepressor complexes (15, 35). Corepressor complexes con-
tain histone deacetylase (HDAC) activities that maintain chro-
matin in a configuration that excludes functional interactions
of the general transcriptional machinery with the promoter. In
contrast, unliganded steroid receptors (including AR) gener-
ally associate with heat shock proteins and, upon ligand bind-
ing, dissociate from the heat shock proteins, translocate to the
nucleus, and associate with coactivators to activate or repress
target genes (30).

Another type of corepressor, implicated in the function of
other types of repressors, is the Groucho/TLE family (see Fig.
1D) (5, 11). The larger family members such as Drosophila
Groucho and its mammalian homologues, the TLE proteins
(transducin-like enhancer of split [TLE1-3]), share five do-
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mains. A carboxyl-terminal WD-40 repeat domain (WD-40)
and an amino-terminal glutamine-rich domain (Q) are highly
conserved. In the much less well-conserved central region,
there is a loosely conserved CcN motif (CcN), consisting of
putative cdc2 kinase and casein kinase II phosphorylation sites,
and two poorly conserved regions (GP and SP) that are char-
acteristically rich in either glycine and proline (GP) or serine
and proline (SP) residues. A shorter family member, human
TLEA4, is similar except for the absence of the amino-terminal
Q and GP domains. The shortest family member, amino-ter-
minal enhancer of split (AES), shares only the first two regions
of the amino terminus.

The Q domain mediates both homo- and hetero-oligomer-
ization between Groucho/TLE family proteins, whereas the
WD-40 repeats appear to mediate protein-protein interactions
with relevant DNA-binding activators and repressors. Grou-
cho/TLE proteins do not have recognizable DNA-binding do-
mains but can repress transcription directly if tethered to DNA
through a Gal4 DNA-binding domain or if recruited to DNA
through interactions with other DNA-binding activators and
repressors. The function of AES remains controversial. It was
suggested that AES might act as an inhibitor of Groucho/TLE
corepressors by dominant negative mechanisms (28, 45). On
the other hand, AES has been shown to mediate Blimp-1-
dependent repression of the beta interferon gene (41) and to
repress NF-kB-driven gene expression (51) in vivo.

Here we demonstrate that AES physically interacts with
human AR both in vivo and in vitro and that it represses
AR-dependent transcription both in transient-transfection as-
says and in a purified cell-free transcription system. In addi-
tion, we find that AES interacts selectively with the basal tran-
scription factor TFIIE. These observations indicate that AES
represses AR-driven transcription by directly targeting the
basal transcription machinery.

MATERIALS AND METHODS

Yeast screening. The yeast two-hybrid screening was performed as previously
described with minor modifications (57). Briefly, an expression plasmid encoding
the Cyto-trap bait was generated by inserting the cDNA sequences of human AR
into pSos, a yeast shuttle vector. Saccharomyces cerevisiae strain cdc25H was
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transformed sequentially with pSos-AR and human prostate cDNA library ex-
pression plasmids (Stratagene). The positive clones were those that grow on the
plates with galactose and 100 nM R1881 at 37°C but not on galactose plates in
the absence of R1881. Plasmids were rescued from each of these positive colo-
nies and identified by nucleotide sequencing.

Mammalian two-hybrid analysis. Expression vectors that encode hybrid
polypeptides were produced by inserting AES cDNA sequences into the pCMV-
GALA4 vector or by inserting AR ¢cDNA sequences into the pVP-FLAG7 vector
(57). A mammalian two-hybrid assay was conducted in 293T cells as described
previously (52), except that when indicated, transfected cells were incubated for
40 h with medium containing 100 nM R1881. The pRL-LUC plasmid was in-
cluded in each culture of transfected cells as an internal control. The luciferase
activity was determined using the Dual-luciferase assay system (Promega).

Transient transfection. The AR and AES expression vectors for transfection
assays were constructed by inserting their corresponding cDNA sequences into
pcDNA3.1. The AR-responsive reporter gene ARE4-LUC contains four AR-
responsive elements ahead of the E4 basal promoter and the luciferase gene.
HeLa Z cells were maintained in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum. Transfections were performed using SuperFect reagent (Qia-
gen). Briefly, 10° cells were plated onto 24-well plates approximately 24 h before
transfection. After the plates were washed with phosphate-buffered saline, cells
in each well were transfected with 50 ng of an expression vector (AR, estrogen
receptor [ER], or thyroid hormone receptor [TR]), 100 ng of the reporter
plasmid, 5 ng of the pRL-LUC internal control plasmid, and the indicated
amount of the AES expression vector. The total amount of DNA was adjusted to
1 pg with pcDNA3.1. Transfections were conducted in phenol red-free RPMI
1640 medium, and 2 h later the medium was changed either to phenol red-free
RPMI 1640 medium plus 10% charcoal dextran-stripped fetal bovine serum or to
regular medium containing 100 nM R1881, 1 uM B-estradiol, or 10 nM T3. The
cells were cultured for another 48 h and harvested for luciferase assays (Pro-
mega). For trichostatin A (TSA) treatment, 10 ng of TSA per ml was added to
transfected cells 24 h before harvest. Three independent experiments were car-
ried out in each case for statistical analysis.

Purification of transcription factors. Histidine-tagged TFIIAa and TFIIA+y
were expressed in bacteria via the pRSET vector and purified on Ni-nitritotri-
acetic acid (NTA)-agarose in the presence of 6 M urea (8). TFIIAay was
reconstituted with a combination of equimolar amounts of purified TFIIAa and
TFITAy and dialyzed against BC300-0.1% NP-40. The FLAG-tagged TFIIAB
was expressed via vector pET15d and purified on M2 agarose. TFIIA was re-
constituted with a combination of equal amounts of TFIIAay and TFIIAR.
Bacterially expressed histidine-tagged TFIIB was purified on Ni-NTA-agarose
and phosphocellulose. Histidine-tagged TFIIEa and FLAG-tagged TFIIEB were
expressed in bacteria and purified on Ni-NTA-agarose and M2 agarose, respec-
tively, and TFIIE was reconstituted with a combination of two subunits and
further purified through M2 agarose. TFIIF was expressed and reconstituted as
reported previously (53). Bacterially expressed untagged PC4 was purified
through heparin-Sepharose and phosphocellulose (13). Histidine-tagged GAL4-
VP16 was expressed in bacteria and purified through Ni-NTA-agarose and S-
Sepharose.

Nuclear extract was made from the FLAG-tagged TAF135 cell line (31) and
further fractionated by phosphocellulose and DEAE cellulose (DE52) chroma-
tography. FLAG-tagged TFIID (f:TFIID) was isolated from the 0.3 M KCl
fraction of a DE52 column by M2 agarose affinity purification. HeLa cell lines
stably expressing FLAG-tagged RPB9 and FLAG-tagged XRB1 were estab-
lished, and FLAG-tagged RNA polymerase II (f:Polll) and TFIIH (f: TFITH)
were purified from these cell lines by described procedures (54). Recombinant
human androgen receptor was expressed in Sf9 cells via a baculovirus vector as
a FLAG-tagged fusion protein and purified on M2 agarose.

In vitro transcription and primer extension. To create the template pARE-
E4, a DNA fragment containing four copies of the androgen-responsive element
(AGAACAGCAAGTGCT) from the PSA promoter was inserted into SphI and
Xbal sites of the vector pG5E4. Transcription reactions were carried out in a
final volume of 25 pl, and the reaction mixtures contained 90 fmol of supercoiled
plasmid DNA template, 20 mM HEPES (pH 7.9), 12% glycerol, 6 mM MgCl,,
70 mM KCI, 5 mM dithiothreitol (DTT), 600 pM each ATP, UTP, CTP, and
GTP, 40 U of recombinant RNasin, 0.5 mg of bovine serum albumin per ml, 12
ng of TFIIA, 30 ng of TFIIB, 2 l of £:TFIID, 0.5 wl of f:TFITH, 12 ng of TFIIF,
6 ng of TFIIE, 150 ng of PC4, 1 wl of f:PolIl, 30 ng of human AR, and various
amounts of different cofactors. After a 60-min incubation at 30°C, the transcrip-
tion reactions were stopped by adding 175 wl of stop solution (1% sodium
dodecyl sulfate, 5 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI [pH 7.5], 20 pg
of glycogen, 40 pg of proteinase K) and incubating the mixture for 20 min at
37°C. RNA was extracted with phenol-chloroform and precipitated with ethanol.
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It was then hybridized with the kinase 3?P-labeled primer CGCCAAGCTATT
TAGGTGACACTAT (5' end labeled; 1 X 10° to 2 X 10° cpm) in 20 pl of
hybridization buffer (10 mM Tris-HCI [pH 7.5], 250 mM KCl, 1 mM EDTA) for
90 min at 37°C. The primer extension reaction was started by adding 40 pl of
extension reaction solution (75 mM Tris-HCl [pH 8.0], 15 mM DTT, 12 mM
MgCl,, 75 pg of actinomycin D per ml, 12 U of recombinant RNasin, 750 pM
each dATP, dTTP, dCTP, and dGTP, 100 U of SuperScript RNase H reverse
transcriptase), and the reaction mixture was incubated for 90 min at 37°C. The
c¢DNA products were extracted with phenol-chloroform; precipitated with etha-
nol; dissolved, and denatured (100°C for 3 min) in 10 pl of 95% formamide
containing 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol
FF; and finally analyzed on a 6% polyacrylamide—7 M urea gel.

Protein-protein interaction assay. Recombinant glutathione S-transferase
(GST) fusion (expressed in bacterial cells) or FLAG-tagged (expressed in insect
cells) proteins (1 pg) were immobilized on 10 pl of glutathione or M2 agarose
beads, respectively. Then 10 pl of beads was incubated for 2 h at 4°C with 5 pl
of rabbit reticulocyte lysate containing [>*S]Met-labeled proteins or 100 ul of
HeLa nuclear extract (60 pg proteins) in a final volume of 200 pl containing 20
mM HEPES (pH 7.9), 0.2 mM EDTA, 20% glycerol, 2 mM DTT, 150 mM KCl,
0.1% NP-40 and 0.5 mg of BSA per ml. The beads were washed five times (1 ml
each) with the incubation buffer, boiled in 10 pl of the 2x SDS gel sample buffer,
and analyzed by autoradiography or Western blot analysis. For the coimmuno-
precipitation assay, 10 ul of M2 agarose beads was incubated with 250 pl of
whole-cell extract from transfected 293T cells in BC150-0.1% NP-40 for 2 h. The
beads were washed with the incubation buffer and analyzed by Western blotting.

In situ hybridization. The archival normal prostate tissues were obtained
during radical prostatectomy of prostate cancer patients at New York University
Medical Center under an Institutional Review Board-approved protocol. The
procedure for in situ hybridization was as described previously (29). Briefly, the
sections (4 um) of prostate tissues were hydrated, postfixed in 4% paraformal-
dehyde, treated with proteinase K, and deacetylated. The prehybridization and
hybridization were performed at 68°C. The 536-bp AR (nucleotides 2224 to
2716) and the 648-bp AES (nucleotides 353 to 957) cDNA fragments containing
T7 and T3 promoters at each end was generated by PCR. The 3*P-labeled probe
RNAs (sense and antisense) were generated by in vitro transcription with T7 and
T3 RNA polymerases, respectively, and hybridized to the slides containing pros-
tate tissue specimens. After being washed, the slides were exposed for 2 to 3
weeks and then counterstained with hematoxylin and eosin.

RESULTS

N-terminal domain of AR interacts with the Groucho/TLE
family protein AES. Various coactivators and corepressors
have been shown to play a critical role in mediating the func-
tions of nuclear receptors (56). Although a number of AR-
interacting coactivators have been identified (reviewed in ref-
erences 4 and 19), we have used a yeast two-hybrid screening
method to search for additional AR-interacting proteins. For
this assay, full-length human AR (residues 2 to 919) was fused
to human Sos (hSos) as a bait (Fig. 1A). The temperature-
sensitive mutant S. cerevisiae strain cdc25H, which contains a
point mutation in the yeast homolog (cdc25) of the hSos gene,
cannot grow at 37°C but can grow at the permissive tempera-
ture (25°C). This yeast strain was used to screen a human
prostate cDNA expression library fused to the v-Src myristy-
lation sequence, which anchors the fusion protein to the
plasma membrane. If the bait and target proteins physically
interact, the hSos protein is recruited to the membrane,
thereby activating the Ras signaling pathway and allowing the
cdc25H yeast strain to grow at 37°C.

Approximately 2 million transformants from the prostate
cDNA library were screened, and 35 positive clones were ob-
tained. Nucleotide sequence determination and comparison
with GenBank databases (National Center for Biotechnology
Information) revealed seven clones that encoded the human
AES (5, 11). To confirm that the interactions between AR and
AES are specific, human AES was fused to the Gal4 DNA-



4616 YU ET AL. MoL. CELL. BIOL.
A B
|— cell membrane I
v-Src
myristylation
signal GDP =
o
A 2
=]
GTP e
hSos-AR
C - AR-VP16
3& Gal4-AES + + + + - - - -
g VP16 - - + + - =+ +
}‘EE Gald-DBD - - - - ++ ++
g < R1881 + - + - + -  + -
kD
203 —
M6— 0 & <«ar
33 —_—
12 3
D
Q GP/CcN SP WD-40
Groucho I I
TLE
Q
AES | l
TLE4

FIG. 1. AR interacts with AES in vivo. (A) Schematic diagram of the Ras signaling pathway utilized in the yeast two-hybrid system. (B)
Mammalian two-hybrid assay with Gal4-AES and AR-VP16 fusion proteins in 293T cells. 293T cells were cotransfected with 1 pg of either
AR-VP16, Gal4-AES, VP16, or Gal4-DBD in the presence or absence of R1881 (100 nM), along with 100 ng of pG5-Luc reporter plasmid. A
significant interaction was detected only between AR and AES. (C) AR was coimmunoprecipitated with AES. 293T cells were transfected with AR
(lane 1) or AR and FLAG-tagged AES (lanes 2 and 3) in the presence (lanes 1 and 3) or absence (lane 2) of R1881 (100 nM). Whole-cell extracts
were made from the transfected cells and incubated with M2 agarose beads. The immunoprecipitated proteins were analyzed by Western blotting
with an anti-AR antibody. (D) Domain structures of three forms of the Groucho/TLE family proteins.

binding domain and AR was fused to the VP16 transcriptional
activation domain. These constructs were transfected into
293T cells with a reporter containing five Gal4-binding sites
and the E1b core promoter fused to the luciferase gene, and
activation of luciferase reporter was measured in the absence
and presence of ligand (R1881). A sevenfold activation of the
reporter gene was observed in the presence of androgen but
not in its absence, indicating that AR-AES interactions are
hormone-dependent in vivo (Fig. 1B). As negative controls,
neither coexpression of AR-VP16 with Gal4-DBD nor coex-

pression of Gal4-AES with VP16 resulted in significant ligand-
dependent activation of the reporter (Fig. 1B). To further
confirm the interaction of AR with AES in mammalian cells,
we performed a coimmunoprecipitation using immobilized an-
ti-FLAG monoclonal antibody (M2 agarose). AR was coim-
munoprecipitated with AES from the whole-cell extract made
from cells transfected with AR and FLAG-tagged AES in the
presence of 100 nM ligand (R1881) (Fig. 1C, lane 3). In the
absence of ligand, only trace amounts of AR were coimmuno-
precipitated (lane 2). As a negative control, no AR was immu-
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FIG. 2. The N-terminal part of AR directly interacts with AES in vitro. (A) SDS-PAGE (12% polyacrylamide) analysis of the M2 agarose-
bound recombinant AR (lane 2), bacterially expressed and purified GST (lane 3), and GST-AES (lane 4) proteins. Standard molecular mass
markers (M) (in kilodaltons) are shown in lane 1. IgG light (IgG-L) and heavy (IgG-H) chains of monoclonal antibody (M2) that dissociated from
agarose beads by boiling with SDS sample buffer are indicated on the right. (B) AR interacts with AES in vitro independently of the ligand.
Radiolabeled AES was incubated with M2 (lanes 2 and 4) or FLAG-tagged AR immobilized on M2 agarose beads (lanes 3 and 5) in the absence
(lane 2 and 3) or presence (lanes 4 and 5) of 100 nM R1881. After the beads were washed, bound AES and 5% of the input (IP) (lane 1) were
analyzed on by SDS-PAGE (12% polyacrylamide) and visualized by autoradiography. (C) The N-terminal part of AR is sufficient to bind to AES.
GST (lanes 4, 6, and 8) or GST-AES (lanes 5, 7, and 9) proteins, immobilized on beads, were mixed with 5 pl of in vitro labeled N-terminal (AR-N)
(lanes 4 and 5), DNA-binding (AR-DBD) (lanes 6 and 7), and ligand-binding (AR LBD) (lanes 8 and 9) domains of AR. After the beads were
washed, the bound proteins and 5% of the input (IP) (lanes 1 to 3) were analyzed by SDS-PAGE (12% polyacrylamide) and visualized by

autoradiography. (D) Diagram of AR, AR DNA-binding domain, and AR ligand-binding domain.

noprecipitated by M2 agarose when the cell was transfected
with AR alone (lane 1).

To further investigate the interactions of AES with AR, we
performed in vitro protein-protein pull-down assays. In vitro-
translated [*>S]AES was incubated with FLAG-tagged AR that

had been expressed in Sf9 cells and immobilized on M2 aga-
rose beads (Fig. 2A, lane 2). Figure 2B shows that AES bound
to AR-M2 (lanes 3 and 5) but not to unliganded M2 agarose
beads (lanes 2 and 4). These interactions were found to be
ligand independent (Fig. 2B, compare lane 5 with lane 3), a
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FIG. 3. AES inhibits AR-mediated transcription in vivo. (A) AES represses AR-dependent luciferase gene expression induced by AR in the
presence of R1881. HeLa cells were transfected with 500 ng of 4X ARE-E4-luc reporter plasmid, 30 ng of pCMV-AR, and the indicated amounts
of pCMV-AES expression plasmids. Cells were grown in the absence or presence of 100 nM R1881 for 48 h after transfection and then harvested
for luciferase activity assays. (B) TR-mediated T3-dependent luciferase gene expression is not suppressed by AES. The reporter construct contains
2XTRE, the E4 core promoter, and the luciferase gene. After transfection, HeLa cells were grown for 48 h in the absence or presence of 10 nM
T3 before being harvested for luciferase assays. (C) ER-mediated estradiol-dependent luciferase gene expression is not suppressed by AES. The
reporter construct contains 3XERE, the E4 core promoter, and the luciferase gene. After transfection, HeLa cells were grown for 48 h in the
absence or presence of 1 uM estradiol before the luciferase assays were performed.

somewhat surprising observation in view of the observed li-
gand-dependent interactions in vivo (Fig. 1B). This discrep-
ancy is probably because AR associates with heat shock pro-
teins and other chaperones in vivo in the absence of androgen
(30), thereby preventing its interactions with AES as well as
other cofactors. To identify the AR domain that interacts with
AES, the N-terminal, DNA-binding, and ligand-binding do-
mains of AR (Fig. 2D) were expressed as *°S-labeled proteins
and incubated with GST and GST-AES fusion protein immo-
bilized on glutathione-agarose beads (Fig. 2A, lanes 3 and 4).
As shown in Fig. 2C, the N-terminal part bound to GST-AES
(lane 5) but not to GST alone (lane 4) whereas the DNA-
binding and ligand-binding domains failed to interact (lanes 7
and 9). This demonstration that AES interacts with the AR
N-terminal region is interesting in light of the significant role
of this region in target gene activation by liganded AR (26).
AES represses AR-dependent gene expression. We then in-
vestigated the effect of AES on AR-dependent transcription by
performing transient-transfection assays. The luciferase re-

porter plasmid containing four tandem copies of the PSA gene
androgen-responsive elements (7) upstream of the minimal
adenovirus E4 promoter (see Fig. 5C) was cotransfected with
expression vectors for AR and/or AES into HeLa Z cells in the
absence or presence of ligand (R1881). As shown in Fig. 3A,
AR activated the reporter gene about fourfold in the presence
of androgen, and coexpressed AES completely blocked this
AR-dependent transactivation in a dose-dependent manner. In
the absence of cotransfected AR or ligand (R1881), AES did
not influence reporter gene activity, indicating that the inhib-
itory effect of AES on AR-dependent gene expression was not
due to an effect on the E4 promoter. Similar results were
obtained with the LNCaP prostate cancer cell line (data not
shown).

To further examine whether the inhibitory effect of AES is
specific for AR, we compared the effects of AES on the tran-
scription of reporters containing the same E4 promoter under
the control of TR and ER. As shown in Fig. 3B and C, TR and
ER activated the reporter genes about 17- and 35-fold, respec-
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FIG. 4. Transcription activation by a model activator in a cell-free system reconstituted with purified factors. (A) SDS-PAGE analysis of
purified factors. Coomassie blue R250 staining of purified recombinant activator GAL4-VP16 (lane 11), the general coactivator PC4 (lane 10), and
the general initiation factors TFIIA, TFIIB, TFIIE, TFIIF, and TBP (lanes 2 to 6) was performed. Silver staining of the immunopurified
FLAG-tagged multisubunit general initiation factors TFIID and TFIIH and RNA polymerase II (lanes 7 to 9) was performed. The subunits
identified as integral subunits are indicated by size (in kilodaltons) or by name on the right. Some bands are difficult to visualize because of weak
or negative staining. Unmarked bands represent either degradation products or contaminants that can be removed by further purification. Lane
1 shows molecular weight markers (M), (B) Activator-dependent transcription. Transcription was conducted with the purified components shown
in panel A and the DNA template indicated in panel C. The two arrows show specifically initiated transcripts assayed by primer extension. A
complete reaction with all factors is shown in lane 1, whereas reactions with single-factor omissions (indicated at the top) are shown in lanes 2 to
10. Fold activation above the basal level (-GAL4-VP16, lane 2) is indicated at the bottom. (C) Diagram of the model template. The template
contains five tandem GALA4 sites adjacent to the adenovirus E4 core promoter.

tively, in the presence of their cognate ligands (T3 and estra-
diol). In contrast to its dramatic effect on AR-mediated trans-
activation, AES showed no effect on TR- or ER-mediated
transcription. Western blot analysis revealed that the expres-
sion levels of ER were comparable to those of AR (data not
shown). Hence, AES shows nuclear receptor-specific inhibitory
effects in vivo.

Establishment of a highly purified in vitro transcription
system for activator function. To study the mechanism of basal

and activator-dependent transcription, we established an acti-
vator-responsive complementation assay involving homoge-
nous recombinant and FLAG-tagged immunopurified natural
general initiation factors (TFIIs) and positive cofactors (PCs)
(43, 44). The recombinant factors expressed in and purified
from bacteria included TFIIA (three subunits [Fig. 4A, lane
6]), TFIIB (one subunit [lane 2]), TFIIE (two subunits [lane
4]), TFIIF (two subunits [lane 5]), and PC4 (1 subunit [lane
10]). The multisubunit components purified from cell lines
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FIG. 5. AES represses AR-driven transcription in vitro. (A) SDS-PAGE analysis of recombinant AES and AR proteins. Portions of 50 (lane
2) and 200 (lane 3) ng of purified recombinant 6His-tagged AES expressed in bacteria and 100 ng of purified recombinant human AR (lane 4)
expressed in Sf9 cells were subjected to SDS-PAGE with Coomassie blue R250 staining. (B) AES inhibition of AR-dependent transcription. A
synthetic template containing four ARE elements (pPARE-E4) was transcribed in a system reconstituted with the purified factors (TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, Pol 11, and PC4) as shown in Fig. 1, panel A, and 10 ng of affinity-purified (via f:Nut2) TRAP/Mediator complex (27). Other
additions included 30 ng of rAR (lanes 2 to 6); 10 (lane 4), 30 (lane 5) or 100 (lanes 6 and 9) ng of rAES; 100 ng of tNAP1 (lane 3); and 30 ng
of Gal4-VP16 (lanes 8 and 9). The specifically initiated transcript is indicated by an arrow and was monitored by primer extension. (C) Diagram
of the synthetic ARE-containing promoter. The template (PARE-E4) contains four tandem copies of the ARE from the PSA promoter positioned

upstream of the adenovirus E4 promoter.

expressing FLAG-tagged subunits included f:TFIID (~15 sub-
units [Fig. 4A, lane 7]), f:TFIIH (9 subunits [lane 8]), and f:Pol
II (12 subunits [lane 9]). Recombinant GAL4-VP16 (lane 11)
was used as an activator to establish the functionality of this
particular assay system. The GAL4-VP16-responsive template
pGS5E4 (Fig. 4C) contains five Gal4-binding sites preceding the
adenovirus E4 core promoter (from —38 to +93) (36). To
determine whether all purified factors are required for tran-
scription in our highly purified transcription system, we first
tested a complete mixture of all GTFs, Pol 11, Gal4-VP16, and
PC4 with supercoiled DNA template (pG5E4) and then omit-
ted individual factors. As shown in Fig. 4B, basal (activator-
independent) transcription (lane 2) is completely dependent
on TFIID (lane 8), TFIIB (lane 9), TFIIE (lane 7), TFIIF (lane
6), and Pol II (lane 4) whereas activation (up to 25-fold) by
GALA4-VP16 (lane 1) absolutely requires Pol II and all initia-
tion factors other than TFIIA.

AES represses AR-driven transcription in vitro. For initial
tests of AR function, we constructed a synthetic hybrid pro-
moter (pARE-E4) containing four copies of an androgen re-
sponse element (ARE) from the PSA promoter (7, 42) just
upstream of the adenovirus E4 core promoter (Fig. 5C). This
template was assayed in the above-described purified system
supplemented with an affinity-purified TRAP complex previ-
ously shown to facilitate transcription by other nuclear recep-
tors (12, 17, 58). In this system, the purified baculovirus-ex-
pressed recombinant AR (Fig. 5A, lane 4) activated
transcription threefold (Fig. 4B, compare lane 2 with lane 1).
To test its effect on AR-dependent transcription in this system,

human AES was expressed in and purified from bacteria (Fig.
5A, lanes 1 and 2). Addition of recombinant AES inhibited
AR-dependent transcription in a dose-dependent manner and,
at the highest level (100 ng), reduced it to the basal level
(compare lane 6 and lane 1). As negative controls, 100 ng of
recombinant mouse NAP1 expressed and purified in a manner
identical to that for AES had no detectable effect on the
AR-driven transcription (compare lane 3 and lane 2) and re-
combinant AES did not repress but slightly (1.5-fold) en-
hanced Gal4-VP16-driven transactivation (compare lane 9 and
lane 8) in the same reconstituted system. These results suggest
that AES specifically and directly represses AR-driven tran-
scription in vitro.

AES interacts with TFIIE. The structural resemblance of
Groucho/TLE proteins to Tupl (21), a general transcription
repressor in yeast, suggested that the two proteins may func-
tion by a similar mechanism. More recently, Gromoller and
Lehming (14) reported TUP1-mediated repression through
physical interaction with the SRB7 subunit of the yeast Medi-
ator complex. To test whether human AES uses a similar
mechanism to repress transcription, we performed protein-
protein pull-down assays. GST-AES failed to bind the human
homolog (TRAP-Mediator complex, detected by anti-TRAP9S5
antibodies) of the yeast Mediator complex (27) in HeLa nu-
clear extract (Fig. 6A), as well as the independently expressed
SRB7 and MED?7 subunits of the human TRAP-Mediator
complex (Fig. 6B, lanes 4 and 6). These results suggest that
human AES, unlike yeast Tupl, may not directly interact with
the Mediator complex.
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FIG. 6. AES interacts with TFIIE and represses AR-dependent transcription in the presence of TSA. (A) GST (lane 2) and GST-AES (lane
3), immobilized on agarose beads, were incubated with HeLa nuclear extract. The bound proteins (lanes 2 and 3) and 10% of the input (IP) were
analyzed by Western blot assays with the corresponding antibodies indicated on the left. (B) AES does not interact with MED7 and SRB7. GST
(lanes 3 and 5) or GST-AES (lanes 4 and 6) proteins, immobilized on beads, were mixed with 5 pl of in vitro-labeled SRB7 (lanes 3 and 4) and
MED?7 (lanes 5 and 6). After the beads were washed, the bound proteins and 10% of the inputs (IP) (lanes 1 and 2) were analyzed by SDS-PAGE
(15% polyacrylamide) and visualized by autoradiography. (C) AES inhibits AR-dependent transcription in the presence of TSA. HeLa cells were
transfected with 100 ng of 4 X ARE-E4-luc reporter plasmid, 50 ng of pPCMV-AR, and 100 ng of pCMV-AES expression plasmid. Cells were grown
in the absence or presence of 100 nM R1881 and 10 ng of TSA per ml for 48 h after transfection and then were harvested for luciferase activity assays.

HDAC-containing complexes mediate the function of vari-
ous corepressors in vivo (15, 35). To investigate whether AES
also functions through these complexes, we performed tran-
sient-transfection assays in the presence of the general
deacetylase inhibitor TSA. Figure 6C shows that AES still
actively inhibits AR-dependent transcription in the presence of
TSA and at a level similar to that observed in the absence of
TSA. These results suggest that AES represses AR-dependent
transcription by directly targeting the basal transcriptional ma-
chinery rather than through chromatin modifications involving
recruitment of HDAC-containing corepressor complexes. This
conclusion is further supported by the absence of demonstra-

ble interactions of AES with HDAC1- and HDAC3-containing
complexes (16, 25) in HeLa nuclear extract (Fig. 6A). How-
ever, since the reporter gene in the transient-transfection assay
may not be packaged appropriately into chromatin, we cannot
rule out the possibility of the involvement of HDACs in AES
function on endogenous genes within chromatin.

To further study the mechanism of action of AES, we per-
formed additional protein-protein pull-down assays to assess
possible interactions of AES with components of the basal
transcriptional machinery. GST and GST-AES agarose beads
were incubated with HelLa nuclear extract, and the bound
proteins were analyzed by Western blot assays with polyclonal
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FIG. 7. AES expressed in the epithelial cells of the prostate. The slides containing sections of prostate tissues were hybridized with antisense
AR (A and B) or AES (C and D) RNA probes. The emulsion-coated slides were exposed and evaluated under a Nikon microscope with a digital
camera interfaced to a computer. The left and right panels show bright-field and dark-field images of the same area of the slides.

e !

antibodies against subunits of RNA polymerase II and basal
transcription factors. As shown in Fig. 6A, TFIIE (detected by
antibodies against TFIIE«) was specifically retained by GST-
AES, relative to GST alone, whereas other basal transcription
factors (TFIIA, TFIIB, TFIID, TFIIF, and TFIIH) and RNA
polymerase II failed to be bound. These observations implicate
TFIIE as a possible target for AES.

AES is highly expressed, along with AR, in prostate epithe-
lial cells. To determine whether AES and AR are expressed in
the same cells in humans, we investigated the expression levels
of AES and AR in normal prostate tissues by in situ RNA
hybridization. Consistent with previous observations (32), the

MoL. CELL. BIOL.

expression levels of AR were high in the epithelial cells of the
prostate (Fig. 7A and B). Expression of AES was also evident
in the epithelial cells (Fig. 7C and D). As negative controls, no
hybridization signals above the background levels were de-
tected with the sense RNA probes, thus indicating that the
signals obtained with the antisense probe are specific (data not
shown).

DISCUSSION

Various cofactors that have been implicated in the function
of AR, as well as a number of other nuclear receptors, include
p300/CBP, p160 family proteins, the ARA group (ARA24,
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ARAA45, ARA54, ARASS5, ARA70, and ARA160), ARIP3,
SNUREF, and BAG-1L (18, 19, 46). All of these enhance AR-
mediated transcription in vivo, although there is not a clear
mechanistic understanding of the function of these factors.
The results described here demonstrate (i) that AES is a se-
lective repressor of ligand-dependent AR-mediated transcrip-
tion and (ii) that AES physically interacts with the N-terminal
region of AR and represses AR-driven transcription by target-
ing the basal transcriptional machinery (possibly TFIIE).
These observations thus reveal a new negative regulatory path-
way for AR function, as well as new insights into the mecha-
nism of action of mammalian Groucho/TLE proteins.

AES represses AR-dependent transcription. A number of
proteins have been demonstrated to repress AR-dependent
transcription in vivo. These include AP-1 (34, 47), NF-kB (39),
TR4 (testicular orphan receptor 4) (24) and HBOI1 (histone
acetyl transferase binding to origin recognition complex 1)
(49). AP-1, NF-kB, and TR4 appear to inhibit AR-dependent
transcription by mutual transcriptional interference (unexpect-
ed interactions of distinct transcription factors). Although the
molecular mechanisms that underlie this phenomenon have
remained mostly elusive, this may involve competition for a
coactivator commonly required by both activators (1).

HBOL1 belongs to the MYST family, which is characterized
by highly conserved C,HC zinc fingers and a putative histone
acetyltransferase domain. HBO1 contains a putative repres-
sion domain, interacts with the DBD-LBD of AR, and inhibits
AR-dependent transcription in vivo, although the exact mech-
anism of HBO1 action remains to be determined (49). Based
on the results presented here, AES represses AR-driven tran-
scription in a manner more like that of HBO1. Like HBOL1,
AES physically interacts with AR and specifically represses
AR-dependent transcription in transient-transfection assays.
Also as reported for HBO1, AES probably does not act
broadly as a nuclear hormone receptor corepressor because it
represses AR-dependent transcription but not TR- or ER-
dependent transcription. These results are consistent with the
fact that AES physically interacts with the N-terminal region of
AR, which is not conserved in the N-terminal regions of TR
and ER (37). Nonetheless, it remains important to determine
whether AES might repress other (as yet untested) nuclear
receptors and, related, whether other members of the Grou-
cho/TLE family can repress the function of AR or other nu-
clear receptors.

Like AR, some of the DNA-binding partners for the Grou-
cho/TLE proteins do not always act as transcriptional repres-
sors, and, in fact, some are better characterized as activators
(11). For the Groucho-interacting Dorsal and Runt domain
proteins (2, 9, 20, 22), the context of the target gene promoter
appears to be critical for determining whether activation or
repression will occur. These observations suggest that the re-
cruitment of Groucho/TLE proteins and/or their repressor ac-
tivities might also be dependent on the nature of the target
gene promoter. It is also possible that Groucho/TLE proteins
might function as coactivators in certain situations. Thus, it will
be important to determine whether AES repression of AR-
driven transcription is dependent on the target gene promoter
context.

Mechanism of AES function. At present, relatively little is
know about the mechanisms by which Groucho/TLE family
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proteins function as eukaryotic (co)repressors. Various repres-
sors and activators recruit the Groucho/TLE proteins through
specific interactions with various regions of Groucho proteins
(11). In the well-defined reconstituted transcription system
utilized here, we observed repression of AR-dependent tran-
scription from DNA templates by recombinant AES. Consis-
tent with the indication from this result that AES may function
through interactions with the basal transcriptional machinery,
a specific interaction of AES with the basal transcription factor
TFIIE was observed. Similarly, previous studies have shown
that the zinc finger protein Kruppel represses transcription
through physical interactions with TFIIE (48). Hence, these
studies suggest that TFIIE may serve as a more general target
for various corepressors and repressors.

TUPI, a general transcriptional corepressor (21, 50), is a
yeast analog of the Groucho/TLE proteins. Gromoller and
Lehming (14) demonstrated that the essential holoenzyme
component SRB7 is a physical and functional target of TUP1.
In addition, genetic interactions between Cyc8-Tupl and a
variety of Pol II holoenzyme components (SRB8, SRBI10,
SRBI11, Sin4, Rgrl, Rox3, and Hrs1) have been reported (23).
However, we failed to detect direct interactions of AES with
human SRB7 or the SRB7-containing TRAP/Mediator com-
plex in protein-protein pull-down assays, indicating that human
AES may not directly target human SRB7 or the TRAP/Me-
diator complex. This observation may reflect the fact that Tupl
and Groucho/TLE proteins show poor sequence conservation
(at the amino acid level) in both repression domains and
WD-40 repeats. Similar to AES and suggesting a chromatin-
independent mechanism, the purified Tupl-containing com-
plex directly represses transcription in a crude yeast extract in
vitro (40).

Many corepressor complexes contain HDAC enzymes. The
Drosophila HDAC Rpd3 has been identified as a Groucho-
interacting protein (6), and, possibly related, Groucho proteins
also interact with histone H3 (38). Yeast Tupl similarly inter-
acts directly and genetically with histones H3 and H4 (10, 38),
and mutations in genes encoding the HDACs abolish Tupl-
mediated repression (55). These findings have led to a repres-
sion model, possibly complementing the more direct mecha-
nisms indicated above, involving Groucho/Tup1 recruitment by
promoter-bound factors, HDAC recruitment by Groucho/
Tupl, and subsequent function of HDAC to establish and/or
maintain a transcriptionally silenced chromatin structure. Our
results do not support this model for AES. First, we failed to
detect interactions between AES and HDACI1- or HDAC3-
containing complexes. Second, the deacetylase inhibitor TSA
did not affect AES-mediated inhibition of AR-dependent tran-
scription in transient-transfection assays. Third, we observed a
direct inhibition of AR-dependent transcription by recombi-
nant AES in a highly purified reconstituted transcription sys-
tem on a naked DNA template.

In summary, our results point both to a novel function for
AES in mediating repression of AR-dependent transcription
and to a mechanism involving direct interactions both with AR
and with the basal transcription machinery. AR is an important
regulatory factor in the development, differentiation, and
maintenance of male reproductive functions, as well as in the
regulation of other sexually dimorphic processes ranging from
the development of neural tissues to the modulation of im-
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mune function (33). Thus, the mammalian Groucho-related
protein AES, and possible other family members, may play a
pivotal role in these biological processes by modulating the
transcriptional activity of AR.
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