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Ligand-bound nuclear receptors (NR) activate transcription of the target genes. This activation is coupled
with histone modifications and chromatin remodeling through the function of various coregulators. However,
the nature of the dependence of a NR coregulator action on the presence of the chromatin environment at the
target genes is unclear. To address this issue, we have developed a modified position effect variegation
experimental model system that includes an androgen-dependent reporter transgene inserted into either a
pericentric heterochromatin region or a euchromatic region of Drosophila chromosome. Human androgen
receptor (AR) and its constitutively active truncation mutant (AR AF-1) were transcriptionally functional in
both chromosomal regions. Predictably, the level of AR-induced transactivation was lower in the pericentric
heterochromatin. In genetic screening for AR AF-1 coregulators, Drosophila CREB binding protein (dCBP) was
found to corepress AR transactivation at the pericentric region whereas it led to coactivation in the euchro-
matic area. Mutations of Sir2 acetylation sites or deletion of the CBP acetyltransferase domain abrogated
dCBP corepressive action for AR at heterochromatic areas in vivo. Such a CBP corepressor function for AR was
observed in the transcriptionally silent promoter of an AR target gene in cultured mammalian cells. Thus, our
findings suggest that the action of NR coregulators may depend on the state of chromatin at the target loci.

Sex steroid hormones exert a wide variety of biological ac-
tions through the transcriptional control of a particular set of
target genes. This transcriptional control is mediated by nu-
clear steroid hormone receptors that act as hormone-depen-
dent transcription factors. These hormone receptors are mem-
bers of the nuclear receptor (NR) gene superfamily (36, 48).
The NR is functionally and structurally divided into domains A
through E. The C-terminal E domain encompasses the ligand
binding domain (LBD) and the ligand-dependent transactiva-
tion function mutant AF-2. The N-terminal A/B domain har-
bors a ligand-independent activation function mutant (AF-1).
Both AF-1 and AF-2 serve as docking sites for transcriptional
coregulators (34, 41). For hormone-induced transcriptional
regulation by NRs, a number of coregulators/coregulator com-
plexes are required in addition to the basic transcriptional
machinery. The two major functions of NR coregulators/co-
regulator complexes are chromatin remodeling (3, 30, 35) and
histone modifications (15). Each of the nuclear events involv-
ing NR-mediated gene regulation appears to be facilitated by
several classes of coregulator complexes (19, 36, 48). Particu-
larly, histone-modifying enzyme coregulator complexes are di-

verse in terms of covalent modifications of histone proteins.
The histone acetyltransferases (HATs), such as CREB-binding
protein (CBP) and p160 member proteins, in their cognate
complexes were the first major NR coactivators identified (41).
Consequently, these HAT coactivators were shown to be
global coactivators that activated chromatin through hyper-
acetylation of histones (36, 48). In addition, it has been re-
ported that Drosophila CBP (dCBP) may regulate the forma-
tion of the chromatin state through interactions with some
chromatin-associated factors (4, 5) and through functions in
DNA metabolic events (54). On the other hand, the complexes
containing histone deacetylase (HDAC) are known to core-
press non-ligand-bound NRs through hypoacetylation of chro-
matin areas around NR binding sites (45, 67). Histone meth-
ylases/demethylases also appear for the other classes of major
coregulators as nuclear complexes for NRs (22, 37). Together
with histone acetylation, histone methylation and demethyla-
tion at specific sites in the histone molecules constitute a sig-
nificant part of the “histone code.” Histone modifications de-
fine the state of chromatin (32). Methylation of histone H3-K4
triggers activation of the chromatin state into the euchromatin
state, while histone H3-K9 methylation evokes a transition of
the chromatin state from euchromatin into inactive chromatin
(7, 24). During chromatin silencing induced by H3-K9 meth-
ylation, HP1 is recruited as a component to establish hetero-
chromatin (14, 25). Nucleosome arrays are rearranged through
ATP-dependent chromatin remodeling in response to histone
modifications. The roles of each of the histone-modifying en-
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zymes in chromatin remodeling and how the various chromatin
states affect histone modifications are not completely under-
stood.

To study the function of histone-modifying coregulators in
modulation of sex hormone receptor transactivation during the
chromatin state transition, we have developed a modified po-
sition effect variegation (PEV) experimental system associated
with an androgen-dependent reporter transgene (ARE-GFP-
white) inserted into the pericentric heterochromatin or euchro-
matic loci in Drosophila melanogaster flies by use of a genetic
approach. In this PEV system, the inserted reporter transgene
encodes the green fluorescence protein (GFP) controlled by a
basal promoter linked with eight upstream copies of consensus
sequences of androgen receptor (AR) response elements
(ARE) and the white protein driven by its endogenous pro-
moter. We demonstrated that dCBP corepressed AR- or AR
AF-1-mediated transactivation at the pericentric region. Using
truncation mutants and dCBP strategies, we determined that
the C terminus of dCBP, including the HAT domain, was
required for its repressive function. In vitro and in vivo acet-
ylation assays showed that Drosophila Sir2 (dSir2) was acety-
lated by CBP. In transgenic flies, mutations of Sir2 acetylation
sites or deletion of the dCBP HAT domain abrogated dCBP
corepression action in the AR transactivation at heterochro-
matic area in vivo. Furthermore, a corepressive function of
CBP for AR was also observed together with SIRT1 recruit-
ment in the transcriptionally silent AR target gene promoter in
MCF-7 cells. Taken together, these results demonstrate that
CBP represses transcription of genes inserted in heterochro-
matin regions through its interaction with and acetylation of
Sir2. Our findings suggest that the roles of NR coregulators are
distinct and dependent on chromatin state.

MATERIALS AND METHODS

Drosophila stocks, P-element mobilization, and genetics. All Drosophila stocks
were raised on cornmeal sucrose-based media. The nej3/FM7C and UAS-dCBP/
TM3 strains were provided by S. Ishii (Institute of Physical and Chemical Re-
search, Tsukuba Life Science Center, Japan). UAS-dCBP � HQ/TM3 and UAS-
dCBP � BHQ/CyO fly strains were kindly provided by J. P. Kumar (Department
of Biology, Indiana University, Bloomington, IN). Other fly stocks were obtained
from the Bloomington Stock Center. All crosses were performed at 25°C. Flies
of similar ages were used for all comparisons.

The AR expression and ARE-GFP-white reporter constructs made for trans-
genic flies were previously reported (57). Flies with a P-element construct car-
rying the ARE-GFP-white reporter gene inserted into the euchromatin of the
third chromosome were used as the starting line for the P-element mobilization
scheme (63). Homozygous females from the starting line were crossed to w/Y,
Sb�2-3/TM6 males, with �2-3 serving as a genomic source of transposase (31).
The male progeny containing the Sb�2-3 chromosome were crossed to females
of the white mutant host stock yw. Male progeny showing PEV of white expres-
sion and lacking the Sb�2-3 chromosome potentially had insertions into hetero-
chromatin. Most of the flies showing a uniform red eye phenotype had insertions
into euchromatin. Fly lines carrying the reporter gene at euchromatic or hetero-
chromatic loci were crossed to make homozygous lines or stable lines. The sites
of insertion were determined by inverse PCR experiments.

Antibodies. To produce an antibody against dCBP, the dCBP CREB binding
domain (amino acids [aa] 825 to 1043) amplified by PCR was subcloned into the
pET-29a protein expression plasmid. The His6-tagged recombinant dCBP pro-
tein (aa 825 to 1046) was expressed in Escherichia coli. The protein purified by
using nickel-nitrilotriacetic spin columns (Qiagen, Chatsworth, CA) and con-
firmed by CBB staining was used as an immunogen in rats. Antibodies from the
rat serum samples were affinity purified by using the purified dCBP protein (aa
825 to 1043). The specificity of antibodies against dCBP was confirmed by
detecting the corresponding ectopically expressed proteins in fly or S2 cells (see
Fig. 2B).

The other antibodies used in this study were anti-FLAG (M2 and rabbit;
Sigma) and anti-acetyl-lysine (Ac-K103 [catalog no. 9681]; Cell Signaling Tech-
nology), anti-trimethyl H3-K9, anti-AcH3, anti-trimethyl H3-K27, anti-dimethyl
H4-K20, anti-AcH4-K12, anti-AcH4-K16, and anti-AcH4 (Upstate Biotechnol-
ogy), anti-HP1 C1A9 (Developmental Studies Hybridoma Bank at the University
of Iowa), anti-Polycomb (d-220), anti-�-tubulin (dN-17), anti-dSir2 (dF-16), and
anti-dSir2 (dC-16) (Santa Cruz Biotechnology), anti-AR (N-20 and 441) (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-CBP (CBP 5I001 and AC238; Ab-
cam), and anti-SIRT1 (E54; Abcam).

Immunostaining of polytene chromosomes and Eye disc histology analysis.
Wandering third instar larvae of D. melanogaster were collected, and salivary
glands were dissected and fixed in 3.7% formaldehyde–50% acetic acid for 2 min
and squashed in 45% acetic acid on subbed slides (42). The slides were frozen in
liquid nitrogen and blocked in blocking buffer (1� phosphate-buffered saline
[PBS], 5% nonfat dry milk, 0.1% Tween 20) and were then incubated in blocking
buffer containing primary antibodies at 4°C overnight. The primary antibodies
used were rat polyclonal anti-dCBP (1:80), purified murine A6 (Covance) (1:80),
rabbit polyclonal anti-FLAG (Sigma) (1:80), mouse polyclonal anti-HP1 C1A9
(University of Iowa) (1:70), and rabbit polyclonal anti-AR (N-20) (Santa Cruz
Biotechnology, Santa Cruz, CA) (1:100). Incubation was followed by washing in
wash buffer (1� PBS, 0.1% Tween 20) three times. The slides were then incu-
bated with secondary fluorescein isothiocyanate-, Cy3-, or Cy5-conjugated anti-
bodies (Jackson Immunoresearch Laboratories Inc.) (1:1,000) together with
DAPI (4�,6-diamidino-2-phenylindole) (Roche) (1:5,000 in PBS) for 2 h at room
temperature. Slides were again washed in wash buffer three times and mounted
in Vectashield antifade mounting medium (Vector Laboratories). Confocal mi-
croscopy was carried out on a Zeiss 510 confocal laser scanning system, and
results were assessed with Adobe Photoshop 5.0 software (Adobe).

Eye disc histology analysis was performed as previously described (27, 57).
Plasmids. A dSir2 cDNA clone was produced by use of an Open biosystem.

Murine Sir2� (mSir2) cDNA in the pUSEamp vector was provided by A. Fuka-
mizu (Center for Tsukuba Advanced Research Alliance, University of Tsukuba,
Japan). For the production of Sir2 expression constructs, cDNA sequences
encoding mSir2 or dSir2 were amplified by PCR. The PCR products were cloned
into a pcDNA3.1 (Invitrogen) or a pcDNA3.1 derivate containing a sequence
encoding a FLAG epitope upstream of the multiple cloning sites to generate
pcDNA3-mSir2 and pcDNA3-FLAG-dSir2. To make a UAS-FLAG-dSir2 con-
struct, a PCR product of dSir2 cDNA was cloned into a pCaSpeR3 derivate
containing a sequence encoding a FLAG epitope upstream of the cloning sites.
The dSir2 acetylation site mutations and a catalytically inactive mutation of dSir2
(H331Y) were generated by site-directed mutagenesis. The constructs of gluta-
thione S-transferase (GST)–p300–HAT, GST-Pcaf-HAT, and pAct5C-dCBP
were described previously (28, 60).

IP and Western blot analysis. For immunoprecipitation (IP) experiments, the
expression plasmid encoding AR was transiently transfected into LNCaP cells
and MCF-7 cells by use of Lipofectamine (Invitrogen) and whole-cell extracts
were prepared 48 h after transfection as described previously (30) and were
immunoprecipitated using mouse monoclonal anti-AR (441; Santa Cruz) and
protein G-Sepharose (GE Healthcare). Antibody–protein G-Sepharose-bound
protein complexes were washed three times with IP buffer (25 mM Tris-HCl [pH
8.0], 10% glycerol, 0.1% NP-40, 0.5 mM dithiothreitol [DTT], 5 mM MgCl2 and
protease inhibitor) containing 0.5 M KCl and twice with IP buffer containing 100
mM KCl. Immune complexes were analyzed by Western blotting using the
indicated primary antibodies, and chemiluminescence detection was performed
according to the instructions of the manufacturer (GE Healthcare). Eye discs
dissected from the third instar larvae were homogenized in TNE buffer (10 mM
Tris-HCl [pH 7.5], 0.1% NP-40, 150 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA, 1
mM DTT, 10% glycerol, 10 mM �-glycerophosphate and protein inhibitors). The
protein concentrations of the whole-cell extracts were determined using standard
Bradford assays. Equal protein amounts were immunoprecipitated using poly-
clonal anti-dCBP antibody (29, 58). The crude extracts and immunoprecipitated
proteins were loaded onto two separate gels, and Western blot analysis was
performed by probing with anti-AR (N-20), anti-dSir2 (dF-16), and anti-dCBP
antibodies.

Cell culture, transfections, and luciferase assay. LNCaP cells were grown in
phenol-red-free RPMI 1640 medium (Gibco-BRL) supplemented with 5% char-
coal-treated fetal bovine serum. MCF-7 cells and HEK293T cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum–2 mM glutamine–streptomycin and penicillin (10 g/liter). 293T cells were
cotransfected with AR or dSir2 wild type (wt) or with a series of mutation
expression plasmids and with the reporter gene carrying a mouse mammary
tumor virus promoter by using SuperFect (Qiagen). pRL-CMV vector was used
as the internal control. At 3 h posttransfection, the cells were rinsed and incu-
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bated in Dulbecco’s modified Eagle’s medium supplemented with 5% coal-
treated fetal bovine serum in the absence or presence of AR ligand (dehydrotes-
tosterone [DHT] at 10�8 M). After an additional 21 h, the cells were harvested
and assayed for luciferase activities by use of a dual-luciferase reporter assay
system (Promega) as described previously (70).

ChIP. Chromatin IP (ChIP) was performed as previously described (65).
LNCaP cells and MCF-7 cells were treated for 4 h in the presence or absence of
DHT (10�8 M). Cells were cross-linked with 1% formaldehyde at room temper-
ature for 10 min, resuspended in lysis buffer (1% sodium dodecyl sulfate [SDS],
10 mM EDTA, 50 mM Tris-HCl [pH 8.1], 1� protease inhibitor cocktail [Roche
Molecular Biochemicals]), and sonicated (model UR-20P Handy Sonic) three
times for 10 s each time at the maximum setting followed by centrifugation for
10 min. Supernatants were collected and diluted in buffer (1% Triton X-100, 2
mM EDTA, 150 mM NaCl, 20 mM Tris-HCl [pH 8.1]) followed by immuno-
clearing with 2 �g of sheared salmon sperm DNA–20 �l of preimmune serum–
protein A-Sepharose (45 �l of a 50% slurry in 10 mM Tris-HCl [pH 8.1]–1 mM
EDTA) for 2 h at 4°C. IPs were performed overnight at 4°C with specific
antibodies. Protein A-Sepharose beads were added and then washed sequentially
with low-salt buffer, high-salt buffer, LiCl buffer, and Tris-EDTA buffer. The
protein-DNA complexes were eluted, and the cross-linking was reversed at 65°C
for 6 h. DNA fragments were purified with a DNA purification kit (DIAquick;
Qiagen) and analyzed by regular PCR. Primer sequences for the KLK2 promoter
region (�343 to �90) were previously described (66). For PCR, 2 �l from a 50-�l
DNA extraction mixture and 21 to 25 cycles of amplification were used.

An in-fly ChIP assay was performed as described above with a few modifica-
tions. Specific flies as indicated were crossed to a UAS-dCBP/TM3 mutant or a
dCBP mutant (nej3/FM7C). A white mutant host line (yw) was used as the
control. Eye discs dissected from the third instar larvae were cross-linked in 1%
formaldehyde for 20 min at room temperature, washed twice with cold PBS, and
resuspended in IP buffer (50 mM Tris-HCl [PH 8.0], 0.3% Triton X-100, 150 mM
NaCl, 10% glycerol, and protease inhibitors) and sonicated (model UR-20P
Handy Sonic) until an average DNA fragment size of 200 to 500 bp was achieved
(40). IPs were performed using specific antibodies and protein A-Sepharose.
After reversing cross-links, DNA fragments were purified with a DNA purifica-
tion kit and analyzed by regular PCR. Primer sequences for the promoter region
of the ARE-GFP-white reporter gene were as follows: 5�-TTCTAGTGGATCT
CTCTAGA-3� and 5�-TCACCATCTAATTCAACAAG-3�. Primer sequences
for the insertion regions (66E7 and 79E5) in the Drosophila chromosome were as
follows: 5�-AAGGTTAGATCGTCTAGTGG-3� and 5�-TTATTTCTGTTGAC
GGCTCC-3� (66E7 region); 5�-TGGTCGGCTGTCATCGCACC-3� and 5�-CT
CACTCGGGTGACCTGCAC-3� (79E5); and 5�-CGGATCGATATGCTAAG
CTG-3� and 5�-GAACGCAGGCGACCGTTGGGG-3� (rp49). For PCR, 2 �l
from 50 �l of DNA extraction and 30 to 35 cycles of amplification was used.

ChIP re-IP. ChIP re-IP experiments were performed essentially as described
previously (51). Complexes were eluted from the primary IP by incubation with
10 mM DTT at 37°C for 30 min and diluted 1:50 in buffer (1% Triton X-100, 2
mM EDTA, 150 mM NaCl, 20 mM Tris-HCl [pH 8.1]) followed by re-IP with the
second antibodies. For regular PCR detection, primer sequences for the pro-
moter region of ARE-GFP-white reporter gene were the same as those used in
the ChIP assay.

siRNA transfection, RNA isolation, RT, quantitative PCR. On-Target Plus
Smart Pool small interfering RNA (siRNA) against CBP, SIRT1 (Dharmacon),
and a control siRNA (Ambion) were transfected in MCF-7 cells and LNCaP cells
by use of Lipofectamine 2000 (Invitrogen) following the manufacturer’s instruc-
tions. Total RNA was isolated using Trizol reagent (Invitrogen). Reverse tran-
scription (RT) was performed using SuperScript II (Invitrogen) and random
hexamers according to the manufacturer’s instructions. cDNAs were quantified
by real-time PCR using SYBR green PCR master mix (Qiagen) and a Light-
Cycler 480 instrument (Roche). The primers used to quantify mRNA from cells
were as follows: for AR, 5�-CTCTCACTGTGGAAGCTGCAAG-3� and 5�-TT
TCCGAAGACGACAAGATGGAC-3�; for KLK2, 5�-GCGGGTTCTGACTCT
TATGCT-3� and 5�-AGTGTGGGCATGAGGACTATT-3�; and for GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), 5�-GCACCGTCAAGGCTGAG
AAC-3� and 5�-TGGTGAAGACGCCAGTGGA-3�. The primers used to quan-
tify mRNA from flies carrying the flanking genes at the 66E7 and 79E5 regions
were as follows: for UGP, 5�-CACTTGACCGTGAGCGGAGA-3� and 5�-AG
ATGCGCATATTGCCAGATACA-3�; for PGRP-LF, 5�-GCAGCTGGCTATT
TCATGTGG-3� and 5�-AAGCTTAAGGTGCGGGTACTTC-3�; for PGRP-
LC, 5�-AATGGTGGTCCCAGCACGA-3� and 5�-GTCCGACAGTGTTGGGC
AGA-3�; for SPoCK, 5�-CGGCTGATATGATCCTGGTCAA-3� and 5�-AAGC
GCACGAAGTTTCGAATG-3�; and for rp49, 5�-CCCAAGGGTATCGACAA
CAG-3� and 5�-CAATCTCCTTGCGCTTCTTG-3�.

The primers used to quantify mRNA from flies carrying the white gene were

as follows: 5�-TGCACATCGTCGAACACCAC-3� and 5�-GAGAATGGCCAG
ACCCACGTA-3�.

In vitro and in vivo acetylation assays. In vitro acetylation assays were per-
formed as described previously (8) with some modifications. The 30-�l reaction
mixtures containing HAT buffer (50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 10%
glycerol, 0.1 mM EDTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and
10 mM sodium butyrate), 1 �l of [14C]acetyl coenzyme A ([14C]acetyl-CoA)
(Amersham) (55 mCi/mmol), 2 �l of substrate proteins, and the recombinant
proteins (100 ng of p300 and 2.5 �g of GST-p300 HAT or GST-PCAF-HAT)
were incubated at 30°C for 1 h. The substrate proteins, mSir2, human HP1�, and
SUV39H1, were synthesized by use of an in vitro transcription/translation kit
following the manufacturer’s instructions. GST fusion proteins were expressed in
E. coli and extracted with BC500 buffer (20 mM Tris-HCl [pH 8.0], 0.5 mM
EDTA, 500 mM KCl, 20% glycerol, 1 mM DTT, 1 mM phenylmethylsulfonyl
fluoride) containing 1% NP-40 and purified on glutathione-Sepharose (Pharma-
cia). Full-length p300 protein was purified from Sf9 insect cells as previously
described (30). For electrophoretic assays, the reaction mixture was subjected to
the use of SDS-polyacrylamide gel electrophoresis and autoradiography (20, 39).
Gels containing [14C]acetyl-labeled proteins were fixed with 10% glacial acetic
acid and 40% methanol for 1 h and were enhanced by impregnation with a
commercial fluorography-enhancing solution (Amplify; Amersham) for 30 min.
Gels were then dried, and autoradiography was performed at �70°C for 3 days.
[35S]-labeled synthesized substrate proteins were used as the inputs in the assays.

In vivo acetylation assays were performed using transfected HEK293T cells
with an expression vector encoding dSir2 wt or a series of dSir2 mutation
proteins together with CBP expression vector. The cell lysates were harvested
and immunoprecipitated with anti-acetylated lysine antibody (Ac-K103 [catalog
no. 9681[; Cell Signaling Technology).

The immunoprecipitates were separated by SDS-polyacrylamide gel electro-
phoresis and blotted with rabbit anti-FLAG antibody (Sigma).

SIRT1/Sir2 deacetylase fluorometric assay (HDAC assay). SIRT/Sir2 NAD�-
dependent HDAC assays were carried out as indicated in the manufacturer’s
protocol (Cyclex Co., Ltd.) and as previously described (13). The assay was
performed with 100 �l of NAD� HDAC buffer containing 50 mM Tris-HCl (pH
8.8), 4 mM MgCl2, and 0.5 mM DTT combined with 20 �M of a fluorescent-
labeled acetylated lysine (substrate). NAD� (Sigma) (250 �M) was added to
each reaction as indicated. For inhibition experiments, 5 mM nicotinamide
(Sigma) was added to the reactions. HDAC activity was obtained by measuring
the fluorescence intensity emitted from a fluorescence-labeled acetylated lysine
substrate with a fluorescence reader for microtiter plates. Assays were performed
in triplicate.

RESULTS

dCBP corepresses AR or AR AF-1 at the pericentric hetero-
chromatin. To evaluate AR function in the euchromatic and
heterochromatic areas, we have developed two transgenic fly
models expressing human AR or its constitutively active acti-
vation function (AF-1) domain (AR AF-1) proteins in the
Drosophila eye together with an AR-dependent reporter gene
(ARE-GFP-white) at euchromatic or pericentric loci (Fig. 1A).
The expression constructs included AR or ARAF-1 driven by
a UAS promoter. The reporter construct harbors a GFP re-
porter gene controlled by eight copies of AREs and a white
reporter gene driven by its endogenous promoter (57). The
reporter gene was randomly integrated in the various chroma-
tin regions by a P-element mobilization scheme using the fly
line carrying the reporter gene inserted in the euchromatin
region as the starting line. When the reporter transgene was
inserted at the pericentric region (79E5), the fly displayed a
“mosaic red eye” phenotype, defined as a PEV (10, 63),
whereas the control fly carrying the reporter transgene inserted
in the euchromatic region (66E7) showed a uniform red eye
phenotype (Fig. 1B). Inverse PCR was performed to verify the
localization of the chromosomal locus of the reporter gene
(see Fig. S1A in the supplemental material). Expression of a
human AR or AR AF-1 was controlled by a GMR-GAL4 driver
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FIG. 1. dCBP corepresses AR AF-1-induced transactivation at the pericentric region. (A) Schematic representation of the expression and
reporter constructs and cytogenetic location of the integrated reporter gene in the chromosome in newly generated PEV fly lines. The expression
constructs include the human AR or ARAF-1 driven by a UAS promoter. The reporter construct harbors the GFP reporter gene controlled by eight
ARE copies and the white reporter gene driven by its endogenous promoter. (B) The eye of a novel PEV fly carrying the reporter transgene
(ARE-GFP-white) inserted at a pericentric region by P-element mobilization and indicated as a filled arrow in panel A (79E5) shows a mosaic
phenotype (right panel). In contrast, the control fly carrying a euchromatic transgene, indicated as an open arrow in panel A (66E7), has a
uniformly red eye (left panel). The insertion sites were confirmed by inverse PCR. (C) Diagram of constructs for the full-length dCBP (dCBP FL)
and dCBP truncation mutants. dCBP �HQ was used to produce the truncated HAT domain and mutations lacking a glutamine-rich stretch; dCBP
�BHQ was used to produce the truncated bromodomain, HAT domain, and mutations lacking a glutamine-rich stretch. Each dCBP mutant was
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in a UAS-GAL4 misexpression system. AR or AR AF-1 was
expressed in the PEV fly (pericentric model) and in the control
fly (euchromatic model) (Fig. 1D). AR-induced GFP expres-
sion in the eye disc of the third instar larvae is ligand depen-
dent (see Fig. S2 in the supplemental material). Since AR
AF-1 constitutively activated the reporter gene in a ligand-
independent manner, it was consequently used to analyze the
modulation of AR-dependent transcriptional activity in differ-
ent chromatin contexts (69).

The expression of GFP induced by AR AF-1 was clearly
lower at the pericentric region (79E5) than at the euchromatic
region (66E7) (Fig. 1D), suggesting that the AR AF-1 trans-
activation was influenced by heterochromatin-mediated silenc-
ing at the pericentric region (63). To investigate the local
chromatin structure at the intact areas (66E7 and 79E5) prior
to the insertion of the reporter gene, ChIP assays were per-
formed to show an active chromatin state at the 66E7 locus and
a condensed chromatin state at the 79E5 area. Our data
showed that dCBP was not recruited to either area whereas
dSir2 was present at the 79E5 region (see Fig. S1B in the
supplemental material). We investigated whether the reporter
gene insertion affected the neighboring endogenous genes
flanking the transgene P elements. We analyzed expression of
the genes adjacent to the 66E7 (PGRP-LC, PGRP-LF, and
UGP) and 79E5 (SPoCK-RA) areas (see Fig. S1A in the sup-
plemental material) by real-time RT-PCR experiments. The
results showed that the reporter gene insertions at the 66E7 or
79E5 locus did not affect expression of the tested endogenous
genes (see Fig. S1C in the supplemental material).

The transactivation function of NRs is mediated by a num-
ber of coregulators and coregulator complexes (19, 68). Some
fly homologues of human NR coregulators are functionally
conserved across species and share properties such as histone-
modifying enzyme activity (53). Consequently, we genetically
screened the coregulators to identify those modulating AR
function in Drosophila flies. As expected, ectopic expression of
dCBP (GMR-G4/�; UAS-dCBP/�) coactivated transcriptional
activity of the AR AF-1 at the euchromatic locus. However,
unexpectedly, in the pericentric area, dCBP acted as a core-
pressor of AR AF-1 (Fig. 1D, right panel). The similar effects
of dCBP on AR-induced GFP expression were observed to
occur in a ligand-dependent manner (see Fig. S2 in the sup-
plemental material).

The transrepressive function of dCBP for AR AF-1 at the
pericentric area is mediated by its C terminus, including the
HAT domain. CBP contains several functional domains, in-

cluding a region that binds hormone receptors and a domain
(KIX) that binds the CREB transcription factor in the N ter-
minus. The C-terminal region harbors a bromodomain, a HAT
domain, and a glutamine-rich stretch (Fig. 1C). The presence
of multiple functional domains attests to the numerous mech-
anisms of CBP-mediated gene regulation (2).

We searched for domains that enable dCBP to transrepress
AR or AR AF-1 in pericentric heterochromatin. dCBP full-
length mutations (FL) and dCBP truncation mutations (dCBP
�HQ or �\’42HQ) were individually introduced into the peri-
centric fly model. Compared with the dCBP FL, the mutations
(dCBP �HQ or �\’42HQ) lacking the C terminus containing
the HAT domain significantly impaired the transrepressive
function of dCBP on AR AF-1 (Fig. 1D, right panel), whereas
these domains appeared to mediate the dCBP coactivator
function at the euchromatic locus (Fig. 1D, left panel). The
C-terminal region of dCBP is therefore indispensable for tran-
scriptional repression of AR AF-1 at the pericentric hetero-
chromatin site in vivo.

To confirm the unexpected corepressive effect of dCBP on
AR- or AR AF-1-induced transactivation, we then examined
the endogenous dCBP localization on the polytene chromo-
some by use of immunostaining (Fig. 1F). In good agreement
with a previous report (38), we observed that dCBP presented
throughout the polytene chromosome, though it was less
stained in the centromere. Phosphorylation of the C-terminal
domain of the largest subunit of RNA polymerase II at Ser5
was proposed to occur early in the transcription cycle. Our data
showed that dCBP also localized in some regions where
RNAPII Ser5 was absent (Fig. 1H), suggesting that dCBP is
also involved in additional processes regulating the tran-
scription other than the initiation of transcription in active
chromatin. The specificity of this antibody against dCBP
could be confirmed by detecting the endogenous and exog-
enous dCBP (Fig. 2B).

The dCBP repression effect on heterochromatin was then an-
alyzed by monitoring the expression levels of several heterochro-
matin proteins, including HP1, dSir2, and Polycomb, by Western
blotting. However, the expression levels of HP1, dSir2, and Poly-
comb for both the wt and nej3/� fly lines looked similar (Fig. 2A).
These results suggest that the AR repression effect of dCBP for
heterochromatin is not through affecting transcription levels of
proteins such as HP1, dSir2, and Polycomb.

The presence of dCBP in pericentric heterochromatin asso-
ciates with histone H3K9 methylation and histone H4K16
hypoacetylation. To test whether AR AF-1 indeed binds to the

expressed within the developing eye by the use of a UAS-GAL4 misexpression system. (D) dCBP corepresses AR AF-1-induced transactivation at
the pericentric area. Fly lines carrying a gain-of-function mutation of dCBP (GMR-G4/�; UAS-dCBP FL/�), truncation mutations (GMR-G4/�;
UAS-dCBP �HQ/� and GMR-G4/UAS-dCBP �BHQ), or a loss-of-function mutation (nej3/�) were crossed to two fly models expressing AR AF-1
proteins and harboring a ARE-GFP-white reporter gene in the euchromatic or pericentric region. Expression of the AR AF-1 controlled by a
GMR-GAL4 (GMR-G4) driver in the UAS-GAL4 system in the third instar larvae eye imaginala discs was assessed by immunostaining using an
anti-AR antibody (upper panels). The effects of dCBP and dCBP mutations on AR AF-1-mediated transactivation were assessed by examination
of GFP expression (middle panels). Merged images are shown in the lower panels. Quantification of GFP expression revealed by color intensity
gradations with Adobe Photoshop (histogram) is shown at the bottom. Error bars indicate standard deviations. (E to H) Polytene chromosomes
from the third instar larvae of wt flies were dissected and stained with rat polyclonal anti-dCBP antibodies (red [F]) and mouse immunoglobulin
M anti-RNAPII ser5 antibodies (yellow [G]) and with DAPI to visualize DNA (blue [E]). H, merged images. dCBP is ubiquitously present on the
polytene chromosome, though it is weakly stained at the centromere. RNAPII ser5 and dCBP only partially merge, revealing the presence of dCBP
in nontranscribed regions.
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ARE-GFP-white reporter gene at both areas, immunostaining
of polytene chromosome was performed. The AR AF-1 pro-
teins localized at the pericentric region (79E5) (Fig. 3B) or the
euchromatic (66E7) region (Fig. 3G). We then analyzed
whether AR AF-1 was recruited to the promoter region of the
reporter gene. A ChIP assay using anti-AR (N-20) showed that
AR AF-1 was recruited to the promoters of the AR-dependent
reporter gene (Fig. 3K). These results suggest that dCBP core-
presses AR or AR AF-1 at the pericentric area.

We then asked how dCBP influences histone modifications
at pericentric heterochromatin. To this end, we first examined
the acetylation level of histone H3 on the reporter (ARE-GFP-
white) transgene inserted in different chromatin contexts by use
of a ChIP assay. As shown in Fig. 3K, acetylation of histone H3
was detected on the reporter transgene located at the euchro-
matic locus (66E7). The acetylation was enhanced with binding
of AR AF-1 (Fig. 3K, lanes 1 and 2). In contrast, the histone
H3 was hypoacetylated at the pericentric area (79E5). Binding
of AR AF-1 nevertheless slightly increased the level of acety-
lation even in the heterochromatic locus (Fig. 3K, lanes 3 and
4). These results are in good agreement with the finding that

AR AF-1 transactivation was lower at the pericentric area than
that seen at the euchromatic locus.

Next, we analyzed the effect of dCBP on histone modifica-
tions by use of GMR-G4/�; UAS-dCBP/� and dCBP (nej3/�)
mutants (1, 64) in our euchromatic and pericentric models
(Fig. 3L). Although H3K27 trimethylation (46), H4K20 di-
methylation (50), and H4K12 acetylation (56) in GMR-G4/�;
UAS-dCBP/� or nej3/� did not differ from the results seen
with the wt flies (�/�) at both chromatin sites, H3K9 tri-
methylation was prominently increased in GMR-G4/�; UAS-
dCBP/� mutants and decreased in nej3/� mutants at the peri-
centric area (79E5) but not at the euchromatic region (66E7).

Though acetylation of histone H4K16 in GMR-G4/�; UAS-
dCBP/� mutants was enhanced and in nej3/� mutants was
decreased at the euchromatic area as expected (33), interest-
ingly, H4K16 acetylation (47) was significantly decreased in
GMR-G4/�; UAS-dCBP/� mutants and increased in nej3/�
mutants at the 79E5 locus. From these results, it seems likely
that dCBP induces gene silencing through stimulation of his-
tone modifications characteristic of repressed chromatin.

A ChIP assay was then performed to confirm that dCBP was
recruited to the AR-dependent reporter gene at both the eu-
chromatic and pericentric loci (Fig. 3L). Immunostaining in
polytene chromosome experiments further showed that dCBP
located together with AR AF-1 at the pericentric region
(79E5) (Fig. 3M to P).

dCBP genetically interacts with dSir2 in Drosophila flies; the
transrepressive function of dCBP at the pericentric locus re-
quires dSir2 activity. The fact that dCBP has been implicated
as a cofactor for repression of transcription in pericentric het-
erochromatin suggests that dCBP may play a corepressor role
for NR by associating with other proteins important for tran-
scription repression. Our data further showed that the inhibi-
tory effects of dCBP on AR AF-1-induced transactivation at
the pericentric heterochromatin were coupled with increased
trimethylation of histone H3K9 (52) and deacetylation of his-
tone H4K16 (9) (Fig. 3L), and these histone modifications
have been reported to be modulated by SIRT1 in human cells
(62). The members of Sir2 family are conserved from Saccha-
romyces species to humans (17). dSir2 is a NAD�-dependent
HDAC and plays a role in heterochromatic silencing as a
suppressor of PEV (6, 38, 43, 47). By two-hybrid screening, it
has been previously shown that dSir2 interacts with dCBP (38).
Thus, we tested whether there was a genetic interaction be-
tween dCBP and dSir2 in Drosophila flies. The notum of the
adult fly contains a regular pattern of small (microchaetae) and
large (macrochaetae) dorsal bristles (Fig. 4A). Overexpression
of the dSir2 transgene (UAS-dSir2) in the developing notum by
use of a GAL4 insertion in the pannier (pnr) gene (44) resulted
in a dominant alteration of bristle formation. dSir2 altered the
distribution of both micro- and macrochaetae and caused de-
fects in the midline of the notum, scutellum, and abdomen
(Fig. 4B). Expression of UAS-dSir2 with the same GAL4 driver
in nej3/� mutants induced a severe phenotype (Fig. 4C),
whereas pnr-GAL4 alone in nej3/� mutants had no effect on
the notum (Fig. 4D). This supports a potentially genetic inter-
action of dCBP with dSir2 in Drosophila flies.

Immunostaining of polytene chromosomes from the third
instar larvae carrying the UAS-FLAG-dSir2 transgene showed
that endogenous dCBP ubiquitously diffused in active or con-

FIG. 2. The expression levels of proteins involved in heterochro-
matin silencing are not affected in dCBP mutant lines. (A) Whole-cell
extracts were made from wt (�/�) and dCBP mutant (nej3/�) third
instar larva eye discs. A fraction (2%) of whole-cell extracts was ana-
lyzed by immunoblotting using the indicated antibodies. WB, Western
blot. (B) Antibodies generated against dCBP peptides specifically rec-
ognized by detecting the endogenous and exogenous proteins in flies or
S2 cells. Whole-cell extracts from a wt fly (�/�) (lane 1), a dCBP
mutant (nej3/�) (lane 2), gain-of-function dCBP mutant flies express-
ing dCBP in the developing eye by the use of the UAS-GAL4 misex-
pression system (lane 3), and cultured S2 cells transfected with a
pAct5C-dCBP expression construct (lane 4) were analyzed by Western
blotting. Specific signals corresponding to full-length dCBP proteins
were obtained using a polyclonal antibody against dCBP. �-Tubulin
was used as the control. IB, immunoblot.
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FIG. 3. dCBP in pericentric heterochromatin stimulates histone H3K9 methylation and deacetylation of histone H4K16. (A to J) Polytene
chromosomes from the third instar larvae of pericentric (A to E) or euchromatic (F to J) models using flies carrying a UAS-AR AF-1
expression plasmid, a Blk-GAL4 driver gene, and the reporter transgene were dissected and stained with mouse polyclonal anti-HP1
antibodies (green [A and F]) and rabbit polyclonal anti-AR (N-20) antibodies (red [B and G]) and with DAPI to visualize DNA (blue [C
and H]). In the pericentric fly model, the AR AF-1 protein was detected at the 79E5 locus, which was adjacent to the pericentric region
stained by HP1 (B and D), whereas in the euchromatic fly model, the localization of the AR AF-1 protein is at the 66E7 locus, exactly at
the insertion location of ARE-GFP-white reporter gene (G and J). The localization of AR AF-1 at the 79E5 area is indicated with open
arrowheads, and, for the 66E7 area, with filled arrows. (K and L) A ChIP assay was performed using eye discs from the third instar larvae
of the progeny with the indicated antibodies. The precipitated chromatin was amplified by PCR using primers flanking the promoter region
of the reporter gene as indicated (K, upper left panel). (K) Flies carrying the ARE-GFP-white reporter gene inserted in different chromatin
regions (66E7 or 79E5) were crossed to a wt fly (�/�) or to flies carrying a UAS-AR AF-1 expression construct. A ChIP assay was performed
using the progeny. IgG, immunoglobulin G. (L) The flies used for the euchromatic and pericentric models represented in Fig. 1D were
crossed to wt (�/�), UAS-dCBP/�, or nej3/� flies. A ChIP assay was performed using progeny with the antibodies as indicated. (M to P)
Polytene chromosomes from the third instar larvae of the pericentric fly line were dissected and stained with DAPI to visualize DNA (blue
[M]) or with rabbit polyclonal anti-AR (N-20) antibodies (green [N]) or newly generated rat polyclonal anti-dCBP antibodies (yellow [O]).
In the pericentric fly line, dCBP colocalizes with AR AF-1 at the 79E5 locus.
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FIG. 4. Transrepressive action of dCBP at the pericentric locus requires dSir2. (A to D) Photomicrographs of the adult dorsal thorax from wt (A),
UAS-dSir2/�; pnr-GAL4/� (B), nej3/�; UAS-dSir2/�; pnr-GAL4/� (C), and nej3/�; pnr-GAL4/� (D) flies. (B) Ectopic expression of UAS-dSir2 with the
pnr-GAL4 driver induced an alteration in the distribution of microchaetae (small bristles) and macrochaetae (large bristles), particularly the dorsocentrals
and scutellars. (C) Expression of UAS-dSir2 with the pnr-GAL4 in nej3/� mutants induced a stronger phenotype than that of either alone. (D) nej3/�
mutants with pnr-GAL4 did not show an alteration in the distribution of micro- and macrochaetae. The red dashed lines in panel A show the approximate
area where the phenotype is located in panels A to D. (E to J) Polytene chromosomes from the third instar larvae of flies carrying a UAS-FLAG-dSir2
transgene with a BLK-GAL4 driver were dissected and stained with DAPI to visualize DNA (blue [E]) or with rat polyclonal anti-dCBP antibodies (red
[F]) or rabbit polyclonal anti-FLAG antibodies (green [H]) to visualize dSir2 tagged with FLAG. (J) The regions in chromosomes showing the
colocalization of dCBP and FLAG-dSir2 are indicated with open arrowheads. (K) dCBP physically interacts with both dSir2 and AR AF-1 in flies carrying
the reporter gene at the pericentric region. Whole-cell protein extracts from flies expressing AR AF-1 in the eye by the use of a UAS-GAL4 system and
carrying an ARE-GFP-white reporter in the pericentric heterochromatin (pericentric fly model) were immunoprecipitated (IP) with antibody against
dCBP or control preimmune immunoglobulin G (IgG). Fractions (5%) of the input material (lower panels) and the precipitated proteins (upper panels)
were analyzed by Western blotting using anti-dSir2 (dF-16), anti-AR (N-20), and anti-dCBP antibodies as indicated. IB, immunoblot. (L) Flies from the
pericentric fly model line expressing ARAF-1 proteins and carrying an ARE-GFP-white reporter gene in the pericentric region were crossed to flies
carrying UAS-dCBP alone or together with a dSir2 loss-of-function mutation (dSir205327a/�) as indicated. Overexpression of AR AF-1 in the eye disc of
the third instar larvae was assessed by immunostaining using an anti-AR antibody (upper panels). The effect of dCBP or loss of function of dSir2 on AR
AF-1-mediated transactivation was assessed by examination of GFP expression (middle panels). Merged images are shown in the lower panels. The effect
of dSir205327a was further confirmed by treatment with nicotinamide (Sir2 inhibitor) (20 mM).
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densed chromatin regions (Fig. 4E to G). dCBP and overex-
pressed dSir2 colocalized in parts of polytene chromosomes,
including the pericentric regions (Fig. 4I and J). To examine
the physical association of dCBP with dSir2 and AR AF-1, we
performed IP experiments using the pericentric fly model. As
shown in Fig. 4K, both the AR AF-1 and dSir2 proteins were
detected in the dCBP precipitate, suggesting that dCBP phys-
ically associates with dSir2 and AR AF-1.

We then set out to investigate whether dSir2 activity is nec-
essary for the dCBP function that is repressive for AR AF-1.
To this end, we examined how a loss-of-function mutation of
dSir2 affects dCBP-mediated AR AF-1 transrepression in vivo
by use of the pericentric model. The dSir2 locus is located on
the second chromosome (2L) at cytological position 34A and
encodes a single transcript with one intron (47). dSir205327a is
the result of a PZ element insertion within the dSir2 mRNA at
position �14 (47). In good agreement with our ChIP assay
results (Fig. 3L) and genetic and biochemical interaction stud-

ies (Fig. 4C and K), dSir2 mutation (dSir205327a/�) or nicotin-
amide (dSir2 inhibitor) treatment blocked the corepressive ac-
tivity of dCBP (Fig. 4L; also see Fig. S3A in the supplemental
material). From these results, it appears that dCBP overex-
pression in the setting of a dSir2 mutation failed to transre-
press AR AF-1- or AR-mediated transactivation, indicating
that dSir2 is required for the transrepressive function of dCBP
at pericentric loci.

The pattern of recruitment of AR, dCBP, and dSir2 on the
promoter of AR-dependent reporter gene at euchromatic and
heterochromatic loci. The results detailed above showed that
dCBP genetically and physically interacted with dSir2 in vivo.
We next asked whether dCBP, dSir2, and AR form a complex
in different chromatin contexts. Double consecutive ChIP as-
says were performed in eye discs of third instar larvae from
euchromatic or pericentric fly models. To investigate whether
dCBP, dSir2, and AR are recruited to the promoter of a AR-
dependent reporter gene inserted into euchromatic or hetero-

FIG. 5. AR, dCBP, and dSir2 are predominantly recruited to the ARE at heterochromatic loci in the presence of androgen. Larvae from flies
expressing AR protein and harboring an ARE-GFP-white reporter transgene at heterochromatic loci (A) or euchromatic loci (B) were grown on
the media with vehicle or DHT (10�5 M) for 5 days. ChIP assays and ChIP/re-IP experiments were performed using specific antibodies against
AR, dCBP, and dSir2 as indicated.
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FIG. 6. dSir2 is acetylated by dCBP in vivo and in vitro at its conserved HDAC catalytic core region. (A and B) dCBP human homologue (p300)
or p300/CBP HAT acetylates Sir2 in vitro. The p300, GST-P300/CBP HAT, and GST-PCAF HAT proteins were subjected to in vitro acetylation
assays with in vitro-synthesized substrate proteins, including mSir2, human HP1�, and SUV39H1. Reaction products were analyzed by autora-
diography (14C). The autoacetylated p300 or p300/CBP HAT is indicated with a star. Fractions of 35S-labeled in vitro-synthesized substrate proteins
(2.5%) were used as the input (panel A, lane 1; panel B, lanes 1 and 5). (C) (Upper panel) Schematic representation of Sir2 orthologues in
Drosophila flies (dSir2); the conserved lysine sites at its catalytic core regions (SIRT1 domain) are indicated with stars. H331 is a well-defined
catalytic site of dSir2 (open arrowhead). (Lower panel) Sequence alignment of the conserved core region with the SIRT domains from several
species as indicated. Conserved residues with 100% identity are indicated with red characters. Below the alignment, conserved lysine (K) residues
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chromatic loci, ChIP assays were first performed with antibod-
ies against one of the proteins in the soluble chromatin derived
from DHT-treated or untreated flies. Then, the precipitates
from ChIP with anti-AR or -dCBP antibodies were subjected
to re-IP (via ChIP) with antibodies against a second protein.

As shown in Fig. 5, the presence of all three proteins (dCBP,
dSir2, and AR) at the promoter of the ARE-dependent re-
porter gene was detected at the heterochromatic locus (Fig. 5A
upper panel), whereas dSir2 was absent at the promoter at the
euchromatic area (Fig. 5B). Consistently, dSir2 was found in
the secondary ChIP immunocomplexes in experiments using
the heterochromatin model flies (Fig. 5A, lower panel). These
results suggest that dCBP, dSir2, and AR might form a func-
tional unit in the condensed chromatin context in the presence
of DHT. However, because our system carries an AR-respon-
sive reporter gene artificially inserted in the heterochromatic
region, these findings could not exclude the possibility that this
may also take place at euchromatic loci.

CBP acetylates Sir2 in vitro and in vivo at the conserved
HDAC catalytic domain of Sir2. Since the C-terminal dCBP
region harboring the HAT domain was necessary to suppress
AR AF-1 transactivation at the pericentric site (Fig. 1D), we
reasoned that dCBP facilitated repression of transcription of
genes inserted in heterochromatin regions through acetylation
of the proteins. We performed an in vitro histone acetylation
assay using recombinant dCBP human homologue (p300),
p300/CBP (HAT), or PCAF (HAT) proteins and synthesized
mSir2, HP1�, or Suv39H1 substrate proteins (Fig. 6A and B).
These substrate proteins are thought to play key roles in the
maintenance of heterochromatin structure. Nicotinamide was
added to the acetylation reaction to prevent possible auto-
deacetylation. As is consistent with the results showing that
dCBP interacts with dSir2 (Fig. 4C and K), p300 or p300/CBP
(HAT) clearly acetylated Sir2 protein (Fig. 6A) but not HP1�
and Suv39H1 protein (Fig. 6B). Thus, Sir2 appeared to be an
acetylation substrate for p300/CBP in vitro.

To map the acetylation sites on dSir2 protein, we generated
a series of dSir2 mutants. dSir2 encompasses seven lysine res-
idues within its highly conserved catalytic HDAC core region.
We then point mutated these lysine residues to arginine (Fig.
6C). Luciferase assays were performed to test the corepressive
effect of FLAG-dSir2 mutants on AR-induced transactivation.
Since the mutants (K223R, K279R, and K395R) showed sim-
ilar corepressive effects to that seen with wt dSir2 (data not
shown), these mutants were not used for the additional exper-
iments.

In vivo acetylation assays were performed using 293T cells to
identify the acetylation sites in dSir2. Cells were transfected
with FLAG-dSir2 wt or a series of FLAG-dSir2 mutant expres-
sion plasmids together with CBP expression vector. In anti-
acetylated lysine IP experiments, we showed that dCBP was
able to acetylate dSir2 in vivo (Fig. 6D, lane 2) and that the

acetylation of dSir2 by CBP was slightly reduced with the dSir2
K345R mutation (Fig. 6D, lane 2 and 4) and severely reduced
with either the dSir2 K416R or the K431R mutation (Fig. 6D,
lanes 2, 5, and 6) but did not change with the dSir2 K306R
mutation. Moreover, a double mutation, dSir2 K416R/K431R,
resulted in the loss of acetylation of dSir2 by CBP (Fig. 6D,
lane 7). These results show that dSir2 is acetylated by dCBP in
vivo at its HDAC catalytic core region, suggesting that acety-
lation of Sir2 by CBP may be important for Sir2-mediated
HDAC activity.

Acetylation of dSir2 by dCBP influences dSir2 HDAC func-
tion, and dCBP corepressive action requires acetylation of
dSir2. To test this activity, we constructed an expression vector
encoding a dSir2 mutation in which a conserved histidine
(H331) residue in the catalytic domain was mutated into ty-
rosine (H331Y) (Fig. 6C). Such a mutation in the catalytic
domain of mSir2 has been shown to abolish the HDAC activity
(12). This inactive dSir2 mutation did not show NAD�-depen-
dent dSir2 HDAC activity (Fig. 7A, lane 10). We further mea-
sured the HDAC activity of a series of dSir2 mutants (K306R,
K345R, K306R/K345R, K416R, K431R, and K416R/K431R).
In similarity to the effect seen with the recombinant SIRT1
(dSir2 human homologue), nuclear extracts from the cells ex-
pressing wt dSir2 showed a prominent enhancement of a
NAD�-dependent HDAC activity, and such activity was inhib-
ited by nicotinamide (SIR2 inhibitor) (Fig. 7A, lanes 1 to 3).
Significantly, dSir2 HDAC activity was clearly impaired by the
acetylation site mutations of dSir2 at K416 or K431 or at both
lysines (K416/K431) (Fig. 7A, lanes 3 and 7 to 9) but not at
K306, K345, or K306/K345 (Fig. 7A, lanes 3 to 6). Further-
more, the attenuation of the HDAC activity in dSir2 acetyla-
tion site mutants (K416R, K431R, or K416R/K431R) was sim-
ilar to that seen with the inactive dSir2 catalytic mutant
(H331Y). Taken together, these results demonstrate that acet-
ylation of dSir2 at K416 and K431 by CBP is required for the
HDAC domain catalytic activity of dSir2.

We then asked whether the acetylation of dSir2 is required
for repression of transcription. To this end, we examined how
mutations of dSir2 in its acetylation sites affect AR-mediated
transactivation in 293T cells. As shown in Fig. 7B, dSir2 wt
suppressed ligand-induced AR transactivation (lane 1 and 2).
In good agreement with our HDAC assay experiments per-
formed using 293T cells (Fig. 7A), mutations of dSir2 at K416
or K431 or at both lysines (K416/K431) significantly abrogated
the repressive action of dSir2. As is consistent with these re-
sults, we also showed that acetylation site mutations of dSir2
(K416R, K431R, or K416R/K431R) abolished the repressive
action of dSir2 for general transcriptional machinery-mediated
transactivation (Gal4-VP16 system) (Fig. 7C, lanes 4, 7, 8, and
10). These results suggest that acetylation of dSir2 is indispens-
able for dSir2 HDAC activity.

In order to further determine whether the acetylation of

are labeled (stars); histidine (H) residues (marked with an open arrowhead) represent a well-defined catalytic site of Sir2. (D) 293T cells were
transfected with FLAG-dSir2 wt or a series of FLAG-dSir2 mutation expression plasmids together with CBP expression vector as indicated. The
cell lysates were immunoprecipitated (IP) with anti-acetylated lysine antibody (�-Ac-K [mouse monoclonal]) or with control preimmune mouse
immunoglobulin G (IgG). Precipitated proteins and fractions (5%) of the input cell lysates were analyzed by immunoblotting (IB) with anti-FLAG
antibody.
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dSir2 is necessary for the repressive function of CBP in AR
transactivation in vivo, we generated transgenic flies expressing
a wt dSir2 (dSir2 wt) or dSir2 K416R/K431R (dSir2 KK/RR)
mutation lacking HDAC activity (Fig. 7D). In agreement with
our results obtained with luciferase reporter assays, overex-
pression of dSir2 alone suppressed AR AF-1 transactivation in
the pericentric fly model (Fig. 7B and C), and the dSir2 KK/RR
mutation alone impaired the repression activity of dSir2. In
addition, dSir2 KK/RR in the setting of GMR-G4/�; UAS-
dCBP abolished the dCBP transrepressive function for the AR
AF-1 transactivation (Fig. 7D) or AR transactivation (see Fig.
S3B in the supplemental material). Taken together, these find-
ings demonstrate that dSir2 may act as a mediator of the dCBP
corepressor function for pericentric heterochromatin.

We then asked whether the acetylation of Sir2 by CBP is
mediated by the interaction between CBP and Sir2. To address
this issue, we made a series of mSir2 truncation mutants and
performed IP experiments and an in vivo acetylation assay in
parallel (Fig. 8A to C). The results showed that both the N and
C termini of mSir2 appeared to be required for the association
of mSir2 and CBP and that the acetylation of mSir2 by CBP
was decreased when both the N-terminal mSir2 and the C-
terminal mSir2 were truncated (Fig. 8C, lane 6). Thus, these
data suggest that the interaction between CBP and Sir2 is
necessary for the acetylation of Sir2 by CBP.

Having established that the functional association between
dSir2 and dCBP is required for suppression of AR AF-1 trans-
activation in pericentric heterochromatin, we investigated
whether this association also plays a role in dorsal bristle for-
mation of Drosophila flies. As shown in Fig. 4C, overexpression
of UAS-dSir2 wt with the pnr-GAL4 driver in the setting of the
nej3/� mutation induced a severe alteration of dorsal bristle
formation. We further examined the effect of dSir2 KK/RR in
nej3/� on the developing notum. Supporting these observa-
tions, overexpression of UAS-dSir2 KK/RR in nej3/� mutants
did not alter dorsal bristle formation on developing notum
(Fig. 7E). These in vivo data strongly suggest that the biolog-
ical function of dSir2 might be mediated through its K416/
K431 acetylation by CBP.

To investigate the role of dSir2 acetylation in the accumu-
lation of dSir2 on the polytene chromosome, immunostaining

experiments were performed using transgenic flies harboring
UAS-FLAG-dSir2 or UAS-FLAG-dSir2 KK/RR (KK/RR) with a
BLK-GAL4 driver. The staining of ectopically expressed dSir2
showed that dSir2 was predominantly localized in the hetero-
chromatic areas, although dSir2 was also present in some eu-
chromatic regions (Fig. 7G). The accumulation of dSir2 on the
polytene chromosome was defective in the KK/RR mutant (Fig.
7G�), suggesting that acetylation of dSir2 is potentially essen-
tial for the localization of dSir2 on the chromosomes. Impor-
tantly, the localization of dCBP was not altered in flies carrying
dSir2 KK/RR mutations (Fig. 7H�).

Involvement of CBP or SIRT1 in regulation of endogenous
AR target gene expression. Having shown in our Drosophila
model system that dCBP exerts its corepressive function on
AR- or AR AF-1-induced transactivation at the pericentric
locus, next we set out to confirm its transrepressive function in
a mammalian experimental cell model. After searching the cell
lines in which AR target gene promoters were in an inactive
chromatin state, we chose the MCF-7 cell line (human breast
cancer cell line) as a model with an AR-dependent gene
(KLK2) in an apparently repressed state. Real-time RT-PCR
experiments showed that in MCF-7 cells, AR and KLK2 genes
were expressed at low levels, but their expression was not
altered in response to the stimulation by DHT, whereas ex-
pression of the KLK2 gene was strongly induced by the treat-
ment with DHT in LNCaP cells (see Fig. S4A in the supple-
mental material). We then asked how the chromatin structure
is situated on the promoter of the endogenous AR target gene
(KLK2 promoter) in both MCF-7 and LNCaP cell lines. ChIP
assays were performed with antibodies recognizing chromatin
state markers (Fig. 9A). The results showed an inactive chro-
matin state at the KLK2 promoter in MCF-7 cells, whereas in
LNCaP cells, the chromatin state of the KLK2 promoter ap-
peared to be in an active state. Furthermore, in agreement with
the ChIP re-IP results presented in Fig. 5, CBP, SIRT1, and
AR were recruited to the KLK2 promoter in MCF-7 cells (Fig.
9A). However, such DHT-induced SIRT1 recruitment was not
clearly observed in the KLK2 promoter in LNCaP cells treated
with DHT.

We next examined whether endogenous CBP or SIRT1 is
required for the AR-dependent gene activation in vivo. For

FIG. 7. dCBP corepressor function requires acetylation of dSir2. (A) 293T cells were transfected with equivalent amounts of wt dSir2 and dSir2
mutant expression constructs as indicated. The nuclear extracts from the transfected cells were tested for Sir2 NAD�-dependent HDAC activity
in the absence (open columns) or presence (filled columns) of 5 mM nicotinamide. (B and C) dSir2 suppresses Gal4-VP16- and AR-mediated
transactivation, and defective acetylation of dSir2 impairs its repression activity. pcDNA3-dSir2 H331Y represents an inactive catalytic mutation.
The relative luciferase units shown represent the mean values of the results of triplicate experiments. (B) 293T cells were cotransfected with
plasmids expressing the AR together with dSir2 wt or dSir2 mutations as indicated. (C) 293T cells were cotransfected with a series of plasmids,
including 0.2 �g of 17M2Gluc (lanes 1 to 11), 0.02 �g of pPM containing Gal4-DBD (Gal4) (lanes 1 and 2), 0.02 �g of pPM-VP16 containing
Gal4-DBD-VP16 (Gal4-VP16) (lanes 3 to 11), 0.1 �g of pcDNA3 (lanes 1 and 3), and 0.1 �g of pcDNA3-dSir2 (wt) or pcDNA3-dSir2 mutants
as indicated. (D) The dCBP corepressive function requires the acetylation of dSir2. Flies of the pericentric model used as described for Fig. 3L
were individually crossed to GMR-G4/�; UAS-dCBP/� or GMR-G4/�; UAS-dSir2 (wt)/� or GMR-G4/�; UAS-dSir2 K416R/K431R/� fly lines as
indicated. Analysis of AR AF-1 transactivation was performed on the eye disc of the third instar larvae from the progeny as described for Fig. 3L.
(E) Photomicrographs of the adult dorsal thorax from nej3/�; UAS-dSir2/�; pnr-GAL4/� flies (upper panel) and nej3/�; UAS-dSir2KK/RR/�;
pnr-GAL4/� flies (lower panel). Ectopic expression of UAS-dSir2 with the pnr-GAL4 driver in nej3/� flies induced a severe alteration in the
distribution of microchaetae (small bristles) and macrochaetae (large bristles), particularly the dorsocentrals and scutellars (upper panel).
Overexpression of UAS-dSir2KK/RR in nej3/� flies did not alter the phenotype of bristle formation on the developing notum (lower panel). (F to
I�) The acetylation sites of dSir2 are required for dSir2 localization in polytene chromosomes. Polytene chromosomes from the third instar larvae
of flies carrying a UAS-FLAG-dSir2 or UAS-FLAG-dSir2KK/RR (KK/RR) transgene with the BLK-GAL4 driver were dissected and stained with
DAPI (blue) (F and F�), with rabbit polyclonal anti-FLAG to visualize dSir2 tagged with FLAG (green) (G and G�), or with rat polyclonal
anti-dCBP (red) (H and H�). Merged images, I and I�.
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this, we analyzed the androgen-induced expression of the en-
dogenous AR target gene (KLK2) after knockdown of CBP or
SIRT1 by siRNA assays using MCF-7 or LNCaP cells (Fig.
9B). The increase in induction of the KLK2 gene by DHT
treatment of MCF-7 cells transfected with control siRNA was
only marginal at 1.2-fold but was significantly enhanced when
CBP (2.9-fold) or SIRT1 (3.3-fold) (Fig. 9C) was knocked
down. On the other hand, in LNCaP cells, the increase in
induction of KLK2 expression by DHT induction was 3.2-fold
(siRNA) but was significantly (1.3-fold) reduced by CBP
knockdown. SIRT1 knockdown enhanced the induction of
KLK2 expression by the DHT treatment (5.3-fold) (Fig. 9D).
These results again supported the idea that CBP and SIRT1

are recruited together to the promoters of AR target genes in
response to the presence of androgen.

We further analyzed the alteration of histone modification
with the recruitment of each protein (AR, CBP, or Sir2) in the
silent and active chromatin context by means of ChIP assay
experiments using cultured mammalian cells (MCF-7 and
LNCaP cells) and flies (see Fig. S5A and B in the supplemental
material). From the results of the knockdown assay using
siRNA in the transcriptionally silent AR target gene (KLK2)
promoter in MCF-7 cells (see Fig. S5A in the supplemental
material), Sir2 and CBP appeared to be required for chromatin
inactivation, as indicated by enhanced histone H3 K9 methyl-
ation and deacetylation of histone H4 K16. On the other hand,

FIG. 8. The acetylation of mSir2 by CBP is mediated by the association between mSir2 and CBP. (A) Schematic representation of mSir2 and
its truncation mutations. (B) Anti-FLAG IP was performed on extracts from 293T cells expressing FLAG-HA-mSir2 or its truncation mutations.
Immunoprecipates (IP) prepared using anti-FLAG and whole-cell extracts (Input) were analyzed by immunoblotting using the indicated anti-
bodies. Binding of CBP to mSir2 fragments is lost when both the N and C termini of mSir2 are truncated (SIRT) (lane 6), suggesting that both
the N and C termini of mSir2 are required for the association between mSir2 and CBP. (C) 293T cells were cotransfected with FLAG-HA-mSir2
wt or a series of truncation mutation expression plasmids together with CBP expression vector as indicated. The whole-cell lysates were
immunoprecipitated with anti-acetylated lysine antibody (�-Ac-K). Precipitated proteins and fractions (5%) of the input cell lysates were analyzed
by immunoblotting (IB) with anti-FLAG or anti-HA antibodies.
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CBP was indispensable for activating histone modification in
the transcriptionally active gene promoter in LNCaP cells (see
Fig. S5A in the supplemental material). Similar roles of dCBP
and dSir2 in epigenetic alteration were observed in the results
obtained with flies (see Fig. S5B in the supplemental material).

DISCUSSION

The AR or AR AF-1 is transcriptionally functional at a
pericentric heterochromatic site. We established a Drosophila
experimental system by introducing the AR-dependent re-
porter gene carrying the ARE at the euchromatic or pericen-
tric locus. The AR or AR AF-1 potently activated transcription
through the ARE in the both regions. The integrated ARE is
composed of a palindromic element of the two 5�-AGGTCA-3�

core motifs. It binds the AR or AR AF-1 homodimer. It is
unlikely that endogenous fly NRs activate transcription
through the ARE, since insect endogenous NRs bind to di-
rectly repeated motifs as heterodimers (59). AR AF-1 effec-
tively activated transcription through the ARE at the euchro-
matic locus, suggesting that endogenous fly coregulators
facilitate its transcriptional activation. At the pericentric het-
erochromatin site, AR AF-1 was also transcriptionally active
but its transcriptional activity was lower. Apparently, given the
observed transcriptional activity, AR AF-1 potently bound to
the ARE, conceivably through chromatin reorganization.
Thus, the AR DBD recognizes and stably binds to the ARE
even when it is located within a heterochromatic region. The
classes of ATP-dependent chromatin remodeling complexes
that assist this binding remain to be identified. These findings

FIG. 9. Expression of endogenous AR target genes is regulated by CBP and Sir2. (A) ChIP assays with the indicated antibodies and PCR at
the promoter of KLK2 gene were performed using MCF-7 and LNCaP cells treated with DHT for 4 h or left untreated. IgG, immunoglobulin G.
(B) Western blotting measurement of the expression levels of CBP and SIRT1 in MCF-7 and LNCaP cells after transfection with the indicated
siRNA. (C and D) MCF-7 (C) and LNCaP (D) cells were transfected with the indicated siRNA and treated with DHT (10�8 M) or left untreated.
Induction of KLK2 expression is expressed as the ratio of KLK2 mRNA levels normalized to GAPDH levels between cells treated with vehicle or
DHT. (E) Schematic illustration of CBP coregulator functions depending on the chromatin contexts. Based on the chromatin states, various
transcription factors or coregulator complexes may be recruited to perform different functions in the euchromatic and pericentric regions. In the
heterochromatic context, CBP and Sir2 recruited to AR target genes suppress the AR-mediated transactivation. A possible explanation for the
repressive effect of CBP at the condensed environment is that CBP contributes to epigenetic silencing by acetylating chromatin proteins, such as
Sir2, rather than histone. The CBP-mediated acetylation enhanced Sir2 HDAC activity and led to consecutive histone deacetylation.
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confirm that AR is able to reach and anchor to its specific
target DNA sequences even in the inactive areas of chromatin.

Sir2 HDAC activity is required for the transrepressive func-
tion of dCBP on AR-mediated transactivation at the pericen-
tric heterochromatin site. Sir2 is the most evolutionarily con-
served HDAC, with homologs in animals, plants, fungi, and
bacteria. Sir2 is a NAD�-dependent deacetylase that targets
histone H4 at lysine 16 (62) and facilitates increases in levels of
histone H3K9me3 (52, 61). dSir2 mutations have been shown
to be required for heterochromatic silencing (47), to perturb
PEV (38), and to disrupt silencing of a mini-white reporter
transgene mediated by a Polycomb response element (21). We
have demonstrated here that the recruitment of dCBP to the
promoter region of the transgenic AR reporter gene at the
pericentric locus leads to hypoacetylation of histone H4K16
and hypermethylation of histone H3K9 at the same chromatin
area. Since dSir2 has been identified as a dCBP-interacting
protein (38), it was tempting to speculate that a functional link
between dSir2 and dCBP may exist.

In the present study, we detected dSir2 in the dCBP immu-
nocomplexes precipitated from Drosophila tissues. A potential
genetic interaction between dCBP and dSir2 in the developing
notum was also detected using a pnr-GAL4 driver. Moreover,
we showed that acetylation of Sir2 by CBP was necessary for
Sir2 HDAC activity and the accumulation of dSir2 on the
polytene chromosome. In the dSir2 acetylation site mutant
(dSir2 K416R/K431R) lacking dSir2 HDAC activity, the dCBP
corepressor activity at the pericentric site was lost. The coac-
tivator activity of dCBP at the euchromatic site, however, was
unaltered. Thus, the corepressor function of dCBP for AR-
dependent transactivation at the pericentric locus appears to
be dependent on its HAT activity and associates with dSir2
HDAC activity. However, it is unclear how dSir2 is recruited to
dCBP at the pericentric heterochromatin area, and the medi-
ators between dSir2 and dCBP at the pericentric site need to
be further identified.

SIRT1, a human homologue of Sir2, has been identified as a
DHT-dependent corepressor of AR, and SIRT1 repression of
DHT-induced AR transactivation requires the deacetylation of
AR by SIRT1 on the LBD of AR (18). In the present study,
however, we used a constitutively active AR AF-1 mutant
lacking the LBD, and in in vitro assays, deacetylation of the
AR AF-1 by Sir2 was not seen in our study (data not shown),
suggesting that the deacetylation of histones rather than of AR
AF-1 is necessary for the repressive effect of dSir2 on AR AF-1
in our Drosophila experimental system.

Moreover, in our Drosophila experimental models carrying
the reporter gene at euchromatic or heterochromatic loci, the
results obtained in double ChIP assays suggest that AR, dCBP,
and dSir2 mainly form a functional unit at the heterochromatic
area, though these results do not exclude the possibility that
this may also take place at euchromatic loci. To test whether
such association occurs in mammalian cells, we set out to look
for the cell lines with silent AR-responsive genes. We chose the
MCF-7 cell line as a cell model in which AR target genes are
in an inactive chromatin state even in the presence of andro-
gen. Conversely, the LNCaP cell line was taken as a cell model
in which AR target genes are in an active chromatin confor-
mation. Using these two cell lines with functionally different
states of ARE-dependent genes, we showed, following the

treatment with DHT, that AR, CBP, and SIRT1 were predom-
inantly recruited to the promoter of transcriptionally silent
AR-responsive genes in MCF-7 cells, whereas SIRT1 did not
occupy the ARE on the promoter of AR target genes in
LNCaP cells. These observations support the recent report
that the function of AR in the form of the binding of an AR
antagonist mediates transrepression of SIRT1 and NCoR
through an AR-responsive promoter in LNCaP cells (11).
Thus, it appears that in addition to the results seen with the
Drosophila experimental system, the functional link between
AR, CBP repression function, and SIRT1 activity is present in
mammalian cells.

Dual actions of CBP in transcriptional regulation. CBP/
p300 is a well-established coactivator for several classes of
sequence-specific transcriptional factors, including NRs. How-
ever, CBP/p300 also transrepresses transcription through pro-
tein acetylation by CBP/p300 (16, 26). As is consistent with
previous findings (55), a molecular dissection of p300 recov-
ered the presence of a transrepressive domain. This domain is
sumoylated to associate with HDAC6 for transrepression (23).
In an elegant approach using in vitro chromatin transcription
with reconstituted factors, p300 was found to have a chroma-
tin-specific, transcriptional repression activity (49). Interest-
ingly, in the reconstituted system, an additional acetyl-CoA
converted the p300 corepressive activity into a coactivator
function. Irrespective of the key role of acetyl-CoA in the p300
coregulator function, the acetyltransferase region of p300 was
not required for the p300-mediated transrepressive function.
Instead, the p300 bromodomain mediated the transrepression.
Thus, it has been proposed that p300-mediated repression is
distinct from that mediated by condensing chromatin (49).
These findings clearly suggest that the coregulator activities of
p300/CBP are reversible, depending on the promoter context
and the cellular conditions. This is a reflection of the multiple
function domains of p300/CBP. In this study, we have created
a Drosophila experimental system with which we can look at
dCBP activity in heterochromatin. In a suppressive environ-
ment, dCBP acts as a repressor. Thus, the results of our study
suggest that the action of CBP/p300 may depend on the state
of chromatin at the target loci.
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