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CBP-mediated acetylation of histone H3 lysine 27
antagonizes Drosophila Polycomb silencing
Feng Tie1,*, Rakhee Banerjee1, Carl A. Stratton1,†, Jayashree Prasad-Sinha1, Vincent Stepanik1, Andrei Zlobin2,
Manuel O. Diaz2, Peter C. Scacheri1 and Peter J. Harte1,*
Trimethylation of histone H3 lysine 27 (H3K27me3) by Polycomb repressive complex 2 (PRC2) is essential for transcriptional silencing
of Polycomb target genes, whereas acetylation of H3K27 (H3K27ac) has recently been shown to be associated with many active
mammalian genes. The Trithorax protein (TRX), which associates with the histone acetyltransferase CBP, is required for maintenance
of transcriptionally active states and antagonizes Polycomb silencing, although the mechanism underlying this antagonism is
unknown. Here we show that H3K27 is specifically acetylated by Drosophila CBP and its deacetylation involves RPD3. H3K27ac is
present at high levels in early embryos and declines after 4 hours as H3K27me3 increases. Knockdown of E(Z) decreases H3K27me3
and increases H3K27ac in bulk histones and at the promoter of the repressed Polycomb target gene abd-A, suggesting that these
indeed constitute alternative modifications at some H3K27 sites. Moderate overexpression of CBP in vivo causes a global increase in
H3K27ac and a decrease in H3K27me3, and strongly enhances Polycomb mutant phenotypes. We also show that TRX is required for
H3K27 acetylation. TRX overexpression also causes an increase in H3K27ac and a concomitant decrease in H3K27me3 and leads to
defects in Polycomb silencing. Chromatin immunoprecipitation coupled with DNA microarray (ChIP-chip) analysis reveals that
H3K27ac and H3K27me3 are mutually exclusive and that H3K27ac and H3K4me3 signals coincide at most sites. We propose that
TRX-dependent acetylation of H3K27 by CBP prevents H3K27me3 at Polycomb target genes and constitutes a key part of the
molecular mechanism by which TRX antagonizes or prevents Polycomb silencing.

INTRODUCTION
The evolutionarily conserved Polycomb group (PcG) proteins,
acting together in several complexes, are required for silencing of
the homeotic genes and many other genes (Schwartz and Pirrotta,
2007). Polycomb repressive complex 2 (PRC2), which contains the
H3K27-specific histone methyltransferase (HMTase) E(Z) and the
other PcG proteins SU(Z)12 and ESC (or ESCL), as well as the
histone H4-binding protein p55, is responsible for mono-, di- and
trimethylation at histone H3K27 (H3K27me1/2/3). Only
H3K27me3 is known to be required for Polycomb silencing and has
a genome-wide distribution pattern distinct from that of
H3K27me1/2 in human T cells (Wang et al., 2008).
PRC2 functions together with the PRC1 complex, which binds
sites containing H3K27me3 via the chromodomain of its Polycomb
(PC) subunit, and mono-ubiquitylates histone H2AK119 via its
RING (also known as SCE) subunit (Cao et al., 2005; Wang et al.,
2004). Both PRC2 and PRC1 associate, perhaps transiently, with the
histone deacetylase RPD3, which is also required for Polycomb
silencing (Chang et al., 2001; Tie et al., 2001; van der Vlag and Otte,
1999).
Polycomb silencing is antagonized by Trithorax group (TrxG)
proteins (Klymenko and Muller, 2004; Poux et al., 2002; Ringrose
and Paro, 2004), which are required for maintenance of active
transcriptional states. Members of the TrxG are involved in
chromatin remodeling, transcription initiation and elongation, and
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in post-translational modification of histones. TRX itself is a
HMTase that specifically trimethylates histone H3 on lysine 4
(H3K4me3) (Smith et al., 2004), a modification generally associated
with the promoter regions of active genes (Barski et al., 2007;
Bernstein et al., 2005; Kim et al., 2005). Expression of the homeotic
genes is greatly reduced in trx mutants (Breen and Harte, 1993;
Mazo et al., 1990), but is less affected in trx PcG double mutants
(Klymenko and Muller, 2004; Saleh et al., 2007), suggesting that
Polycomb silencing occurs by default in the absence of TRX and
thus that TRX is not simply a coactivator, but also an anti-silencer,
actively preventing the silencing of Polycomb target genes in cells
in which they must be expressed (Klymenko and Muller, 2004).
A TRX complex purified from Drosophila embryos contains the
CREB-binding protein (CBP, encoded by nej) (Petruk et al., 2001),
a conserved histone acetyltransferase (HAT) that is involved in
many developmental processes (Goodman and Smolik, 2000;
Smolik and Jones, 2007). This complex exhibits HAT activity in
vitro, although the specific histone H3 residues targeted for
acetylation and its functional consequences remain to be determined.
Genetic studies suggest that CBP and TRX collaborate in preventing
Polycomb silencing and in maintaining the expression of Polycomb
target genes. Mutations in trx and nej (CBP) cause a similar loss of
Ubx expression at the onset of Polycomb silencing (Petruk et al.,
2001). Like TRX, CBP is recruited to the bxd PRE (Polycombresponse element) of the Ubx gene, and antagonizes Polycomb
silencing of bxd PRE-mini-white reporter transgenes (Petruk et al.,
2001).
The molecular basis of this antagonism is unknown, but is often
assumed to involve the H3K4 methylation activity of TRX.
However, recent evidence from genome-wide mapping of the sites
of various histone modifications indicates that although H3K4me3
is widely associated with active promoters, a subset of
transcriptionally inactive genes in human embryonic stem (ES) cells

DEVELOPMENT

KEY WORDS: CBP (NEJ), Histone H3K27, Acetylation, Trimethylation, Polycomb silencing, Drosophila

3132 RESEARCH ARTICLE

MATERIALS AND METHODS
Antibodies

Guinea pig anti-CBP antibodies were generated against six-histidine-tagged
CBP (residues 1-287) and were purified on Protein A Sepharose. Rabbit antiH3K27ac (ab4729) and goat anti-H3 antibody (ab12079) against a Cterminal peptide of H3 were from Abcam. Rabbit anti-H3K27me3 antibody
was a generous gift from Thomas Jenuwein (Peters et al., 2003) or purchased
from Upstate (07-449). Rabbit anti-acetyl-H3K18 (ab1191), anti-acetylH3K23 (ab46982) and anti-trimethyl-H3K4 (ab8580) antibodies were from
Abcam. Rabbit anti-acetyl-H3K9 (07-352) and anti-acetyl-H3K14 (06-911)
antibodies were from Upstate. Goat anti-GST antibody was from
Amersham. Rabbit anti-E(Z), anti-ESC and anti-RPD3 antibodies, and
guinea pig anti-SU(Z)12 and anti-ESCL antibodies were described
previously (Tie et al., 2001; Tie et al., 2003; Tie et al., 2005; Tie et al., 2007).
Rabbit anti-GCN5 antibody was kindly provided by Jerry Workman (Kusch
et al., 2003). Anti-β-tubulin monoclonal antibodies were obtained from the
Developmental Studies Hybridoma Bank at the University of Iowa.
Constructs

A PCR product encoding CBP residues 1-287 was inserted into a modified
pET-11d vector at NdeI and NsiI sites to yield pET-CBP(1-287)-H6. A 5.2
kb CBP cDNA fragment (cut by NheI and NsiI), encoding C-terminal
residues 1476-3222, was inserted into the pMT-FLAG vector to yield pMTFLAG-CBPΔN. An EcoRV fragment (encoding residues 1566-2142), which
contains a portion of the HAT domain, was removed from this plasmid to
yield pMT-FLAG-CBPΔ(N+HAT). A PCR product encoding GST-H3 was
digested with SalI and partially digested with SacI (to avoid cutting at the
SacI site in the H3 cDNA) and was inserted into a modified pAct-5c vector
to generate pAct-GST-H3. pAct-GST-H3(K27Q), containing a K27Q point
mutation (AAG/CAG), was generated using the QuikChange Site-Directed
Mutagenesis Kit from Stratagene. The plasmid pMT-CBP (full length) was
kindly provided by S. M. Smolik (Ludlam et al., 2002).

Preparation of protein and histone extracts

Adult flies (0.2-0.3 g) were placed in a 1.5-ml tube, frozen in liquid nitrogen
and then ground. For histone extraction, 0.2 M H2SO4 was used. For protein
extraction, 0.4-0.6 ml of nuclear extraction buffer (containing 0.25 M NaCl,
0.11 M KCl, protease inhibitors and 10 mM sodium butyrate) was used.
Supernatants (protein extracts) were collected after centrifugation (30,000
g for 1 hour at 4°C). Histone extractions in acid or high salt buffer from
embryos were carried out as described (Shechter et al., 2007). Briefly, after
preparation of embryo nuclear extracts (Tie et al., 2001), nuclear pellets were
washed once in nuclear extraction buffer and then resuspended in 0.2 M
H2SO4 or high salt buffer (50 mM Tris-HCl pH 8.0, 2.6 M NaCl, 0.05%
NP40). Supernatants were collected by centrifugation. Histones were
precipitated from acid extracts with acetone (5⫻ volume). High salt extracts
were desalted by Centrifugal Filter Tube (4 ml) with a 5-kDa nominal
molecular weight limit (Millipore). Recombinant Drosophila histone H3
was expressed in BL-21 cells from pET-H3-H4 [from Jim Kadonaga
(Levenstein and Kadonaga, 2002)] and extracted in high salt buffer.
Western analysis of histones in whole-cell extracts

Drosophila S2 cells were collected and resuspended in one volume of
extraction buffer (8 M urea, 4.0% CHAPS, 40 mM Tris pH 7.4) and one
volume of 2⫻ SDS sample buffer at a final concentration of ~0.5-1.0⫻105
cells/µl. The mixture was heated to 95°C for 5-10 minutes and 5-10 µl was
electrophoresed in a 15% SDS-PAGE gel followed by western analysis
using a 0.2 µm pore size nitrocellulose membrane. Various anti-H3
antibodies were used at dilutions ranging from 1:500 to 1:2000. Enhanced
chemiluminescent (ECL) detection and West Dura Extended Duration
Substrate (Pierce) were used.
Transient transfection assay

Drosophila S2 Cells were transiently transfected with plasmid DNA (pMTCBP and pAct-GST-H3) using SuperFect Transfection Reagent (Qiagen) as
described (Tie et al., 2005). After a 24-hour transfection, cells were treated
with a final concentration of 0.5 mM CuSO4 and 5 mM sodium butyrate for
2 days, then whole-cell extracts were prepared for western analysis.
Purification of FLAG-CBPΔN from S2 cells

S2 cells (from the Drosophila Genomics Resource Center) in six 60-mm
dishes were transiently transfected with pMT-FLAG-CBPΔN. To induce
overexpression of FLAG-CBPΔN, a final concentration of 0.4 mM CuSO4
and 0.04 mM ZnSO4 was added to the medium for 1-2 days at 25°C. Protein
extracts from control and FLAG-CBPΔN-expressing S2 cells were prepared
in 1 ml 50 mM Tris-HCl pH 7.4, 0.1 M NaCl, 10 mM KCl, 5% glycerol, 1
mM PMSF, and were incubated with 0.1 ml anti-FLAG M2 Agarose for 2
hours at 4°C. The beads were then washed extensively in 50 mM Tris-HCl
(pH 7.4) buffer containing 0.3 M NaCl. Ten microliters of 2⫻ SDS sample
buffer was added to 5 µl of beads and used for western analysis with antiFLAG M5 monoclonal antibodies (for FLAG-CBPΔN) and anti-GCN5
antibodies (negative control) (see Fig. S1A in the supplementary material).
Thirty microliters of beads was used for SDS-PAGE when Coomassie Blue
staining was performed (see Fig. S1B in the supplementary material).
In vitro acetylation assay

FLAG-CBPΔN was purified from transiently transfected S2 cells with antiFLAG M2 Agarose (see Fig. S1 in the supplementary material). The
acetylation reaction was initiated by mixing 30 μl FLAG-CBPΔN, bound to
agarose beads, with 30 μl acetylation buffer (40 mM Tris-HCl pH 8.0, 0.1
M NaCl, 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 5 mM
sodium butyrate, 0.1 mM acetyl-CoA) and 10 μl (~10 μg) recombinant
histone H3 (from E. coli). After a 1.5-hour incubation at 30°C, the reaction
was quenched by adding 40 μl 2⫻ SDS sample buffer. Samples were boiled
and 10 μl of each was electrophoresed in a 15% SDS-PAGE gel followed by
western analysis with anti-acetyl-H3 antibodies.
Human p300, purified from Sf9 insect cells infected with a recombinant
baculovirus expressing FLAG-tagged p300, was a generous gift from
Cheng-Ming Chiang (Thomas and Chiang, 2005). Ten or 20 ng of p300 was
used in an in vitro acetylation reaction as above.
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and various differentiated cells (Barski et al., 2007; Bernstein et al.,
2005; Kim et al., 2005; Roh et al., 2006; Wang et al., 2008) contain
both H3K27me3 and H3K4me3 in their promoter regions,
indicating that the presence of H3K4me3 is not incompatible with
H3K27me3 or silencing. This suggests that some other
activity/function associated with TRX might be primarily
responsible for preventing trimethylation of H3K27 sites targeted
by PRC2 and thereby for antagonizing Polycomb silencing. One
possibility is acetylation of H3K27 (H3K27ac), as acetylation and
trimethylation of the same lysine are mutually exclusive.
H3K27ac was first identified in yeast (Suka et al., 2001) and more
recently in mouse and human cells (Garcia et al., 2007). A recent
genome-wide survey of 18 different acetyl-histone modifications in
human T cells reported that H3K27ac is highly enriched at promoter
regions of transcriptionally active genes (Wang et al., 2008),
including Polycomb target genes (see Fig. S9A in the supplementary
material). Here we show that the H3K27ac modification also occurs
in Drosophila and that CBP is responsible for acetylation of H3K27.
We provide evidence that at least a subpopulation of the H3K27 sites
that are trimethylated by PRC2 are also alternatively acetylated,
indicating that H3K27ac prevents trimethylation of H3K27 at sites
in Polycomb target genes. Consistent with this, we find that
H3K27ac and H3K27me3 have dynamic and complementary
temporal profiles during embryogenesis: H3K27ac is present at high
levels in early embryos and decreases as H3K27me3 increases after
4 hours (the onset of Polycomb silencing). Importantly, we show that
TRX is also required for normal H3K27ac levels, suggesting that the
anti-silencing function of TRX depends on its ability to promote
and/or maintain H3K27 acetylation.
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Nuclei were isolated from 0-18 hour embryos and washed in nuclear
extraction buffer (plus protease inhibitors and 10 mM sodium butyrate).
Drosophila histones were extracted from nuclei by high salt buffer and were
separated on a 15% SDS-PAGE gel (12 cm length) and stained with
Coomassie Blue. The 17 kDa H3 band (~10 µg) was excised and washed,
and then subjected to propionylation (of monomethylated and unmodified
lysines) and digestion with trypsin (Peters et al., 2003), which cleaves on the
C-terminal side of lysines that have been propionylated. Peptides were
processed using LC-MS/MS on an Orbitrap XL platform. Two different
queries (with ion scores over 30) identified H3 peptides corresponding to
27-KSAPATGGVKKPHR-40 and containing acetyl-K27. MS/MS
fragmentation spectra of acetyl-K27 peptides were further manually
validated (see Fig. S3 in the supplementary material).
Quantitative western analysis using Li-Cor imager

For quantitative western analysis, blots were blocked for 1 hour at room
temperature using a solution of 1.5% cold water fish skin gelatin (Sigma)
and then incubated overnight at 4°C with antibodies against specific histone
H3 modifications. Following incubation with primary antibody, blots were
washed and incubated with goat anti-rabbit IRDYE 680CW (Li-Cor)
secondary antibody (1:20,000) for 1 hour at room temperature. Blots were
washed and scanned using the Odyssey Infrared Imager (Li-Cor). After
scanning, blots were stripped using 0.1 M NaOH, blocked as above and
incubated with goat anti-H3 primary antibody overnight at 4°C. Blots were
then incubated with donkey anti-goat IRDYE 800CW (Li-Cor) secondary
antibodies (1:20,000), washed and scanned as above. Integrated signal
intensity for histone modifications and total H3 was acquired using Odyssey
Software. Data were exported to Excel and the ratios of signals from
different histone modifications to total H3 obtained. This ratio was set to 1
for each control. Data displayed are the means and standard deviations from
three independent samples (see Fig. S5 in the supplementary material).
Double-stranded RNA (dsRNA) and RNA interference (RNAi)

dsRNAs corresponding to portions of the E(z) (700 bp), esc (490 bp) and
escl (619 bp) mRNA sequences were previously described (Kurzhals et al.,
2008). Similarly, dsRNAs of Su(z)12 (700 bp), Rpd3 (950 bp, containing 223
bp of 5⬘ untranslated region and 727 bp of 5⬘ coding region), CBP (739 bp
of 5⬘ coding region), Sir2 (702 bp of coding region), Gcn5 (662 bp of coding
region), Creb2 (759 bp of 5⬘ coding region) and GFP (green fluorescent
protein) (700 bp of coding region) were synthesized and used for treatment
of Drosophila S2 cells (Tie et al., 2007). For knockdown of E(Z) (or other
PRC2 subunits), S2 cells were treated with dsRNA (15 µg/ml) for 7-8 days
with addition of dsRNA four or five times for efficient knockdown, but only
three times in 8 days for partial knockdown of E(Z). Cells were collected
after RNAi. Whole-cell extracts were used for western analysis as described
above. At least two separate RNAi treatments and western blots were carried
out to confirm knockdown effects. S2 cells treated with dsRNA for Su(z)12,
CBP and Rpd3 appeared to grow slowly, yielding about a third as many cells
as control S2 cells (either untreated or treated with GFP dsRNA).
Chromatin immunoprecipitation (ChIP) and real-time PCR analysis

ChIP was performed as described (Tie et al., 2007) using S2 cells with or
without E(z) dsRNA treatment for 8 days. Protein G and A beads, 3 µg of
rabbit anti-H3K27ac (ab4729) and anti-H3K27me3 (07-449), 8 µl of preimmune, anti-E(Z) and anti-CBP sera were used for immunoprecipitations.
Real-time PCR reactions were performed on a 7300 Real-Time PCR System
(Applied Biosystems) with SYBR Green and 125 nM primers for abd-A.
PCR products (93 or 106 bp) were obtained from two pairs of primers
(sequences available upon request) located at the abd-A promoter and
transcribed region (spanning 232-325 bp upstream or 329-435 bp
downstream of the abd-A transcription start site). Each primer pair yielded
a single peak in the dissociation curve, a slope of –3.5 and an R2 value of
0.99 from the six-point standard curve.
ChIP coupled with DNA microarray (ChIP-chip) analysis

The ChIP-chip experiment described here was adapted from previous studies
(Odom et al., 2004; Scacheri et al., 2006). Briefly, 1-2⫻108 human HEK293
cells were cross-linked with 1% formaldehyde for 10 minutes at room

temperature. Cell nuclei were isolated and sonicated. DNA fragments were
enriched by immunoprecipitation with antibodies against H3K4me3,
H3K27ac or H3K27me3. After heat reversal of the cross-links, the enriched
DNA was amplified by ligation-mediated PCR (LM-PCR) and then
fluorescently labeled with Cy5 dUTP (Amersham). A sample of DNA (input)
that was not enriched by immunoprecipitation was subjected to LM-PCR and
labeled with Cy3 dUTP. ChIP-enriched and unenriched (input) labeled
samples were co-hybridized to ENCODE microarrays (NimbleGen). Raw
array data from the NimbleGen arrays were normalized using bi-weight mean
using the NimbleGen software (version 2.3). Log2 ratios corresponding to
ChIP DNA/total genomic DNA were calculated. Ratio data from individual
ChIP-chip experiments were quantile normalized and median smoothed.
ChIP-chip experiments using Drosophila S2 cells (cultured at 25°C in
Schneider’s Drosophila medium supplemented with 10% FBS) were carried
out similarly, with minor modifications. Cy3 and Cy5 random primer labeling
for input and ChIP-enriched samples was carried out using a CGH Labeling
Kit for Oligo Arrays (Enzo, 42671). Labeled samples were purified using
Centrisep spin columns (Princeton Separations, CS-901) and co-hybridized to
2.1 M feature Drosophila melanogaster tiling microarrays (NimbleGen,
DM_5_Catolog_tiling_HX1) in a MAUI Hybridization System at 42°C for
18-20 hours. Sonicated salmon sperm DNA (20 µg) instead of human Cot-1
DNA was used for blocking during hybridization. NimbleScan software and
Integrated Genome Browser (1.5 GB; Affymetrix) were used for analysis. Two
separate ChIP-chip experiments were performed for confirmation.
Genetic crosses

For CBP overexpression, UAS-CBP flies (Kumar et al., 2004) were crossed
to hsp70-GAL4 and maintained continuously at 29°C to increase GAL4
expression from the leaky hsp70 promoter. The hsp70-GAL4 and UAS-CBP
adults served as controls. Temperature-sensitive trx1 (Breen, 1999)
homozygotes were raised at 18°C (permissive temperature) and adults
shifted to 29°C (restrictive temperature) for 4 days before collecting eggs
and allowing progeny to develop at 29°C.
To moderately knock down CBP, hsp70-GAL4/CyO flies were crossed to
the UAS-CBP RNAi line (Kumar et al., 2004) and progeny allowed to
develop at 29°C.
A homozygous UAS-CBP transgenic line was crossed to a homozygous
GMR-GAL4 driver to overexpress CBP in the eye, which causes a small, rough
eye phenotype (Kumar et al., 2004). For simultaneous overexpression of CBP
and E(Z), GMR-GAL4/CyO; UAS-CBP/TM3 was crossed to homozygous hsE(z) (Laible et al., 1997) and progeny raised continuously at either 29°C,
which promotes a moderate increase in E(z) expression from the leaky hsp70
promoter (and also enhances GAL4-induced activation of UAS-CBP), or at
18°C as a control, which allows little, if any, E(z) expression from the hsp70
promoter (and also somewhat reduces GAL4 activation activity, causing a
slightly weaker CBP overexpression phenotype).
To examine whether CBP overexpression enhances Polycomb
phenotypes, hsp70-GAL4/CyO; UAS-CBP/UAS-CBP was crossed to
Pc3/TM3 at 29°C and scored for extra sex combs on T2 and T3 legs of male
progeny of genotype hsp70-GAL4/+; UAS-CBP/Pc3. Controls included the
CyO/+; UAS-CBP/Pc3 siblings from the same cross and hsp-GAL4/+;
Pc3/+.
For TRX overexpression, EP3541 flies (from the Szeged Stock Center)
were crossed to a da-GAL4 line or hsp70-GAL4/CyO.
Immunostaining of polytene chromosomes

Polytene chromosomes from wandering third instar larvae were
immunostained with primary antibodies (anti-CBP, anti-TRX, antiH3K4me3 and anti-H3K27ac), and FITC-labeled or Texas Red-labeled
secondary antibodies as described (Tie et al., 2001; Tie et al., 2003).
Chromosomes from homozygous trx1 mutants were co-stained with antiCBP (guinea pig) and anti-H3K27ac (rabbit) antibodies.

RESULTS
Histone H3K27 is acetylated by CBP in Drosophila
The H3K27ac modification has been found in yeast and
mammals. As shown in Fig. 1A, it is also detected by western
analysis in Drosophila embryos (lanes 3 and 4), but not in
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Fig. 1. H3K27 is acetylated by Drosophila CBP. (A) Western blots
(top two panels) and Coomassie Blue staining (bottom) of calf thymus
histones (lane 1), recombinant Drosophila H3 and H4 from E. coli (lane
2) and Drosophila embryo histones (0-22 hour, lanes 3 and 4) extracted
with acid (a) or high salt (s). The asterisk marks N-terminally degraded
H3. (B) Western blots of whole S2 cell extracts after a 5-day treatment
with CBP or GCN5 dsRNAs (lanes 3 and 4). Recombinant (unmodified)
H3 from E. coli in lane 5 serves as a general control for the
modification-specific antibodies used. β-tubulin and histone H3 (c and
h) serve as loading controls. (C,D) Western blots of whole S2 cell
extracts after transient transfection to co-express (C) full-length CBP
and GST-H3 (wild-type or K27Q mutant) or (D) truncated FLAG-CBP
[CBPΔN and CBPΔ(N+HAT)] and GST-H3. Endogenous H3K27ac was
strongly detected in lanes 1-4 (not shown). (E) Immunoblots of in vitro
acetylation assays using purified FLAG-CBPΔN (lane 3) and FLAG-p300
(lanes 6 and 7). Lane 1 is input substrate (unmodified H3 from E. coli)
and lane 2 is a parallel control using an anti-FLAG-purified fraction from
non-transfected S2 cells. Lane 4 (embryo histones) serves as a positive
control. The two asterisks mark a C-terminally degraded H3.

To identify the Drosophila HAT responsible for the acetylation of
H3K27, we used RNA interference (RNAi) in S2 cells to knock
down CBP (the ortholog of mammalian CBP and p300) and also
GCN5 (encoded by Pcaf) (the ortholog of mammalian GCN5 and
PCAF), which has been reported to be required for H3K27 (and
H3K14) acetylation in yeast (Suka et al., 2001) and plants
(Benhamed et al., 2006). As shown in Fig. 1B, knockdown of CBP
resulted in a substantial reduction in K27ac and K18ac (lane 3,
panels d and g), indicating that CBP is required for the acetylation
of H3 on K27 and K18 in S2 cells. Knockdown of GCN5 decreased
K14ac as expected (lane 4, panel e), but had little if any effect on
K27ac (lane 4, panel d).
To further confirm that CBP acetylates H3K27, we used a
transient co-transfection assay in S2 cells. As shown in Fig. 1C,
acetylation of GST-H3 on K27 was readily detected by western
analysis with anti-H3K27ac antibodies when cells expressed both
GST-H3 and CBP (lane 2, top panel), but was barely detectable
when cells expressed GST-H3 alone (lane 1). Substitution of a
glutamine for K27 (H3K27Q) in GST-H3 abolished the H3K27ac
signal (lane 3, top panel). Acetylation of GST-H3 on K18 was also
detected in cells co-transfected with CBP (lanes 2 and 3, second
panel), but acetylation of K14 (third panel), K9 and K23 (data not
shown) was not. CBP lacking the N-terminal 1475 residues
(CBPΔN) retained the H3K27 acetylation activity, but further
deletion of residues 1652-2232 from CBPΔN, which removes part
of the HAT domain, resulted in loss of GST-H3K27 acetylation (Fig.
1D, lanes 2 and 3, top panel). These data strongly suggest that CBP
acetylates H3K27 and that its HAT domain is required.
To determine whether CBP directly acetylates H3K27, we used
recombinant Drosophila CBP and unmodified H3 as a substrate in
an in vitro acetylation assay. Consistent with the in vivo results
above, K27 and K18 (but not K9 or K14) were selectively acetylated
by purified FLAG-CBPΔN (Fig. 1E, lane 3). A weak signal was
detected with an H3K23ac-specific antibody. This could be due to a
non-specific activity of CBP in vitro, as H3K23ac was readily
detected in S2 cells after CBP knockdown (see lane 2 in Fig. 2B), or
might reflect weak CBP HAT activity on K23 in vivo. Thus, results
from CBP knockdown, S2 cell transfection and the in vitro enzyme
assay indicate that Drosophila CBP directly and selectively
acetylates H3K27 and H3K18.
To determine whether the H3K27 acetylation activity of
Drosophila CBP has been evolutionarily conserved in humans, we
also carried out in vitro acetylation using purified recombinant
human p300, one of two closely related human homologs of
Drosophila CBP. As shown in Fig. 1E (lanes 6 and 7), human p300
also selectively acetylates H3 on K27 and K18, and also on K23, but
not on K9 or K14 (not shown).

recombinant (unmodified) H3 (lane 2). These signals were
completely abolished by pre-incubation of anti-H3K27ac
antibodies with an H3K27ac peptide, but not with an H3K9ac or
H3K14ac peptide (see Fig. S2 in the supplementary material),
confirming that these antibodies are highly specific for H3K27ac.
The relative amount of H3K27ac was much higher in Drosophila
embryos than in calf thymus histones (lane 1) or in human
HEK293 cells (not shown). To confirm the presence of H3K27ac
in Drosophila, we analyzed histone H3 isolated from embryos by
mass spectrometry. Acetyl-K27 was unequivocally identified in
two peptides corresponding to H3 residues 27-40 (see Fig. S3 in
the supplementary material).

RPD3 is involved in the deacetylation of H3K27ac
To identify the histone deacetylase(s) responsible for deacetylation
of H3K27ac, we used RNAi to knock down two candidates, SIR2
and RPD3, both of which are associated with some PcG protein
complexes and are required for robust Polycomb silencing (Chang
et al., 2001; Furuyama et al., 2004; Tie et al., 2003; van der Vlag and
Otte, 1999). Knockdown of RPD3, but not SIR2, elevated the
H3K27ac level (Fig. 2B, lane 5, top two panels), indicating that
Drosophila RPD3 is involved in the deacetylation of H3K27ac.
Knockdown of RPD3 also increased H3K9ac and H3K14ac and
appeared to slightly elevate H3K18ac and H3K23ac (Fig. 2B, lane
5), indicating that Drosophila RPD3 has broad substrate specificity,
similar to yeast RPD3 (Suka et al., 2001). We cannot rule out the
possibility that there might be additional deacetylases that target
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a relatively low level between 16 and 20 hours (lane 6), and was
maintained at this low level during the rest of embryogenesis (20-24
hours, lane 7). We extended the western analysis to several other
modifications on H3. Interestingly, unlike H3K27me3, H3K27me2
had a similar temporal profile to K27ac, whereas K27me1, K18ac,
K9ac, K36me3 and K4me3 exhibited different patterns that
appeared to be less dynamic (Fig. 3). The remarkably
complementary temporal profiles of H3K27ac and H3K27me3,
which change more than 3-fold, are consistent with the possibility
that they are alternative antagonistic modifications on the same H3
molecules. Furthermore, the presence of substantially greater
amounts of H3K27ac in very early embryos suggests that the
establishment of Polycomb silencing might require deacetylation of
existing H3K27ac.

H3K27ac, but these data raise the possibility that one role of the
RPD3 associated with PcG complexes may be to deacetylate
H3K27ac at Polycomb target genes to allow its subsequent
trimethylation by the E(Z) complex. An analogous role in
deacetylating H3K9 to allow its methylation has been proposed for
the RPD3 present in SU(VAR)3-9 HMTase complexes (Czermin et
al., 2001).
We also examined the effect of CBP knockdown on RPD3 and
SIR2 levels, as elevation of either might account for the observed
decrease in H3K27ac (Fig. 1B, lane 3). The RPD3 level was
unaffected, but the SIR2 level was elevated in CBP-depleted S2 cells
(Fig. 2A, lane 2). However, simultaneous knockdown of CBP and
SIR2, or of CBP alone, reduced H3K27ac to similar extents (Fig.
2B, lanes 2 and 3, top panel), indicating that the decrease in
H3K27ac is due to depletion of CBP itself and not to the elevated
SIR2 level.
The developmental profiles of H3K27me3 and
H3K27ac are dynamic and complementary
Polycomb silencing of the homeotic genes begins after the first 4
hours of embryogenesis, as the transiently expressed transcription
factors encoded by the segmentation genes disappear. To determine
whether the onset of Polycomb silencing is correlated with global
changes in H3K27me3 and H3K27ac levels, we examined their
temporal profiles during embryogenesis by western analysis of bulk
histones. As shown in Fig. 3, relative to later stages, the H3K27me3
level was extremely low in early embryos (0-4 hours). It increased
gradually between 4 and 16 hours (lanes 3-5), reached a plateau at a
relatively high level between 12 and 16 hours, and was maintained
at this level during the rest of embryogenesis (16-24 hours, lanes 6
and 7). H3K27ac exhibited a complementary temporal profile: it
was present at a higher level in early stages, decreased progressively
between 7 and 16 hours (Fig. 3, lanes 4 and 5), reached a plateau at

Fig. 3. Complementary changes in H3K27ac and H3K27me3
during embryogenesis. Western analysis of histone H3 extracted
from Drosophila embryos in high salt as described in Fig. 1B. Embryo
ages (hours after egg lay) are indicated above each lane. The band
below K27me2 and K27me1 in lane 3 is partially degraded H3. In 0-4
hour embryos, H3K27me3 could be detected only in 4⫻ concentrated
extracts (data not shown).
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Fig. 2. RPD3 is involved in deacetylation of histone H3K27ac.
Western analysis of S2 cell extracts, carried out as described in Fig. 1B,
after knockdown of CBP, SIR2, RPD3 and CREB2 (as indicated above
each lane 2-6), demonstrating the effects of each knockdown on (A)
levels of proteins listed on left and (B) levels of histone H3 modifications
listed on right. The top two panels in B show different exposures of the
same anti-H3K27ac western. β-tubulin and H3 serve as loading
controls.

H3K27ac and H3K27me3 are alternative
modifications on Polycomb target genes
To further explore whether H3K27ac and H3K27me3 are indeed
alternative antagonistic modifications on the same H3 molecules,
we examined their genome-wide distributions in Drosophila S2 cells
by ChIP-chip. The results indicated that H3K27ac and H3K27me3
are mutually exclusive genome-wide (see Fig. S8 in the
supplementary material). H3K27ac was absent when H3K27me3
was present on many previously identified Polycomb target genes
(i.e. those marked by H3K27me3 and PC binding) (Schwartz et al.,
2006), including the Antennapedia Complex genes (see Fig. S8A in
the supplementary material) and the Bithorax Complex genes abdA and Ubx (see Fig. S8B in the supplementary material).
Interestingly, although H3K27me3 is absent within the transcribed
region of Abd-B in a different Drosophila cell line (Schwartz et al.,
2006), it was present across the entire Abd-B gene (but H3K27ac
was absent) in the S2 cells used here (see Fig. S8B in the
supplementary material).
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Knockdown or overexpression of E(Z) has
complementary effects on H3K27me3 and
H3K27ac levels
If K27ac and K27me3 are alternative antagonistic modifications on
the same H3 molecules in Polycomb target genes, we would expect
that reducing H3K27me3 would elevate H3K27ac globally. To
determine whether this is the case, we knocked down PRC2 subunits
by RNAi in S2 cells. As expected, depletion of E(Z) by RNAi (Fig.
4A, lanes 4-6) caused a substantial global reduction in H3K27me3
and H3K27me2 levels in bulk histones. In addition, the H3K27ac
level also increased ~3-fold (Fig. 4A, compare H3K27ac in lanes 46 with lanes 1-3), which is somewhat less than the fold change in
H3K27ac levels observed in wild-type embryos between early and
late embryogenesis (Fig. 3). The levels of H3K18ac and of other
histone modifications did not increase. Similar increases in
H3K27ac levels were observed in knockdowns targeting SU(Z)12
or the ESC and ESCL subunits of PRC2 (see Fig. S4 in the
supplementary material), greatly reducing the likelihood that they
are due to RNAi off-target effects. Furthermore, as expected, single
knockdown of ESC or ESCL did not significantly decrease
H3K27me3 or H3K27me2 or increase H3K27ac (see Fig. S4 in the
supplementary material), as ESC and ESCL can substitute for one
another in PRC2 complexes in S2 cells (Kurzhals et al., 2008).
We previously observed that H3K27me3, the least abundant of the
three methyl-K27 isoforms, is the most sensitive to PRC2 subunit
knockdown (Kurzhals et al., 2008; Tie et al., 2007). K27me3 can be
depleted by a partial RNAi knockdown of E(Z) that leaves K27me2
and K27me1 levels unaffected. We took advantage of this to show
that H3K27ac increases predominantly at the expense of H3K27me3
and not H3K27me2 (Fig. 4B). When E(Z) was only partially depleted
in S2 cells (Fig. 4B, lane 3), so that H3K27me3 was dramatically
reduced but the H3K27me2 level remained similar to that in control
cells (lanes 1 and 2), the H3K27ac level still increased ~3-fold, just
as it did following more complete knockdown of E(Z), which
substantially decreased both K27me2 and K27me3 levels (Fig. 4A).
Conversely, moderate overexpression of E(Z) in vivo, which also
increases the SU(Z)12 level (Fig. 4B, lane 5) and presumably the
amount of PRC2 complex, increased H3K27me3 and decreased
H3K27ac (Fig. 4B, top two panels, lanes 4 and 5), but caused no
obvious change in H3K27me2, H3K18ac or H3K4me3. These results
further suggest that a substantial fraction of the H3K27ac and
specifically the H3K27me3 isoform occur as alternative
modifications on the same subpopulation of H3. They thus suggest
that H3K27 acetylation might function as part of a regulatory
mechanism for directly antagonizing or preventing Polycomb
silencing, and may also be required for the developmentally
programmed reversal of silencing. Of course, given the general
association of histone acetylation with active genes, we cannot rule
out the possibility that part of the increase in H3K27ac observed after
E(Z) knockdown might be an indirect effect of activating genes that
are not direct targets of Polycomb silencing.
To determine whether the increase in H3K27ac in E(Z)-depleted
S2 cells (Fig. 4A) reflects acquisition of H3K27ac at the promoters
of Polycomb target genes, we used ChIP to assay the presence of

Fig. 4. Knockdown of E(Z) leads to reciprocal changes in
H3K27me3 and H3K27ac. (A) Western analysis of different numbers
of S2 cells (0.15, 0.3 and 0.45 million cells), either untreated (lanes 1-3)
or after E(Z) knockdown (lanes 4-6). Note the decrease in H3K27me3
and H3K27me2 and the increase in H3K27ac after knockdown. The
two lanes to the right show efficient depletion of E(Z). (B) Western
analysis of whole S2 cell extracts (lanes 1-3) and adult fly extracts from
controls (w1118, lane 4) and flies constitutively overexpressing E(Z) from
a hs-E(z) transgene raised at 29°C (lane 5). Lane 1, untreated cells; lane
2, control knockdown (GFP); lane 3, partial knockdown of E(Z). Note
the residual E(Z) and that H3K27me2 was present at the control level.
(C) Reduction of H3K27me3 and appearance of H3K27ac on the abd-A
promoter after knockdown of E(Z). ChIP efficiency, in terms of the
percentage of input DNA recovered by immunoprecipitation, was
determined by real-time PCR and is shown for E(Z), CBP, H3K27me3
and H3K27ac. Rabbit pre-immune serum was used as a background
control. The ratio of signal to background is indicated at the bottom of
each column (left panel). Means and s.d. from two separate ChIP realtime PCRs are shown. Note that E(Z) and H3K27me3 signals at the abdA promoter (left) were above background (2.6 and 7.6 times,
respectively) in untreated S2 cells (gray), but were decreased to 1.3 and
2.7 times background after E(Z) knockdown (black). In the transcribed
region of abd-A in untreated and E(Z) knockdown S2 cells, signals for
E(Z), CBP and H3K27ac were not significantly above background (righthand panel), indicating their absence.

H3K27ac and H3K27me3, as well as CBP and E(Z), at the promoter
of the Bithorax Complex gene abd-A, which is repressed in the S2
cells used [H3K27ac is predominantly located in the promoter
regions of active genes in human cells (Wang et al., 2008),
suggesting that this localization might be the most important for the
active state]. As shown in Fig. 4C, H3K27me3 but not H3K27ac
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Importantly, we identified a group of Polycomb target genes that
contain H3K27me3 in a different Drosophila cell line (Schwartz et
al., 2006), but lacked H3K27me3 in the S2 cells used here and
instead contained H3K27ac (see Fig. S8C in the supplementary
material). These cases strongly suggest that K27me3 and K27ac are
alternative modifications on the same sites in Polycomb target
genes.

was present at the promoter of the repressed abd-A gene. After E(Z)
knockdown, the H3K27me3 signal at the abd-A promoter decreased
(down by ~65%), and H3K27ac was now present (at three times
background level) at the promoter (Fig. 4C, asterisk in left panel) but
not in the transcribed region (right-hand panel) of abd-A. These data
indicate that H3K27ac and H3K27me3 occur as alternative
modifications in the promoter region of abd-A and suggest that
H3K27 acetylation can occur by default upon loss of E(Z).
Interestingly, CBP appeared to be weakly present at the promoter of
abd-A in control (untreated) and E(Z) knockdown S2 cells (Fig. 4C,
left panel), suggesting that its H3K27 acetylation activity at
promoters is likely to be regulated by other factors in vivo.
Altering CBP levels in vivo has complementary
effects on H3K27ac and H3K27me3 levels
To further explore the potential for reciprocal antagonism between
H3K27 acetylation and trimethylation, we examined the effect of
CBP knockdown and overexpression in vivo. Whereas CBP-null
mutants arrest in early embryogenesis (Akimaru et al., 1997), partial
knockdown of CBP in vivo using an hs-GAL4-driven UAS-CBP
RNAi transgene (Kumar et al., 2004) and continuous culture at 29°C
allows survival to adulthood and led to a substantial decrease in
H3K27ac, an increase (by ~49%) in H3K27me3 (Fig. 5A, top two
panels; see quantitative western analysis in Fig. S5 in the

Fig. 5. Knockdown or overexpression of CBP leads to reciprocal
changes in H3K27ac and H3K27me3. (A,B) Western analysis of
histones and proteins from adult flies in which CBP has either been (A)
moderately knocked down by RNAi (hsp70-GAL4/+; UAS-CBP RNAi/+)
or (B) moderately overexpressed (hsp70-GAL4/+; UAS-CBP/+) (lane 2).
Flies expressing GAL4 alone (hsp70-GAL4) serve as a control (lane 1).
The H3K27me3 level (relative to total H3) was decreased by ~30% by
CBP overexpression, as determined by a Li-Cor imager. Consistent with
the CBP knockdown results, moderate CBP overexpression also
increased the level of H3K18ac (lane 2 in B), but not of K23ac, K14ac
or K9ac. (C) The small rough eye phenotype caused by stronger eyespecific overexpression of CBP is suppressed by simultaneous
overexpression of E(Z). Eyes are shown from (a) a wild-type control
(w1118), (b,d) a CBP overexpresser and (c,e) a CBP+E(Z) overexpresser at
29°C and at 18°C as indicated. Homozygous hs-E(z) flies, raised at
29°C, have wild-type eyes (not shown).
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supplementary material), but to no change in H3K4me3 or
H3K27me2 levels in bulk histones. These adults exhibited partial
transformation of abdominal segment A5 to A4 (42%, n=61;
controls 0%, n=68), a characteristic phenotype of trx mutants that is
due to reduced expression in A5 of Abd-B, the homeotic gene most
sensitive to reduced trx function (Breen, 1999; Ingham, 1985). This
suggests that the global reduction in H3K27ac caused by CBP
knockdown leads to the silencing of Abd-B in A5 by allowing its
default trimethylation by PRC2. A similar loss of expression of Ubx,
also characteristic of trx mutants, was previously reported in CBP
null mutant embryos (Petruk et al., 2001). Like trx mutations,
mutations in CBP also act as enhancers of the dominant Ubx and Dfd
mutant phenotypes in adults (Florence and McGinnis, 1998).
Overexpressing CBP ubiquitously at high levels causes lethality
(Ludlam et al., 2002), but overexpressing it constitutively at
moderate levels from a UAS-CBP transgene permits survival to
adulthood and led to an increase in H3K27ac and to a moderate
reduction in H3K27me3 (by ~30%) as compared with controls
expressing GAL4 alone (Fig. 5B, lanes 1 and 2). The reciprocal
decrease in H3K27me3 further suggests that at least some H3K27
acetylation occurs on the same sites that are trimethylated by E(Z)
and could thus antagonize Polycomb silencing (see below).
Although these moderate CBP overexpressers exhibited increased
H3K27ac at the expense of H3K27me3 (Fig. 5B), they did not exhibit
overt Polycomb phenotypes. This is not surprising because their
H3K27me3 level was reduced by only ~30%, similar to that of
heterozygous E(z)63 null mutants (data not shown), which also do not
exhibit any Polycomb phenotypes, suggesting that a greater reduction
is required to detect adult Polycomb phenotypes in a wild-type genetic
background. Nevertheless, this moderate CBP overexpression
strongly enhanced the weak dominant silencing defects of
heterozygous Pc3 mutants, indicating that Polycomb silencing is
indeed perturbed by CBP overexpression. Both the frequency and
severity of the characteristic extra sex combs phenotype seen in Pc3/+
males was enhanced (see Fig. S6 in the supplementary material). For
example, 100% (n=82) of hs-GAL4/+; UAS-CBP/Pc3 males raised at
29°C exhibited sex comb bristles (typically five or six) on their T3
legs, as compared with 36% (n=76) (typically only one or two bristles)
of their CyO/+; UAS-CBP/Pc3 sibling controls and 36% (n=80)
(typically only one or two bristles) of the hs-GAL4/+; +/Pc3 controls
(see Table S1 in the supplementary material). This phenotype results
from derepression in T2 and T3 leg imaginal discs of Scr, a direct
target of Polycomb silencing, the expression of which is normally
restricted to the T1 and cephalic imaginal discs (Pattatucci and
Kaufman, 1991). Thus, CBP overexpression appears to antagonize
silencing of the Scr gene in vivo.
To further explore this antagonism, we also determined whether
simultaneous E(Z) overexpression could compensate for the effects
of CBP overexpression. Although a high level of ubiquitous CBP
overexpression is lethal, when targeted to the eye imaginal disc
using the strong GMR-GAL4 driver it reduces adult eye size and
causes a rough eye phenotype (Kumar et al., 2004), similar to
homozygous E(z) mutant clones in the eye (Janody et al., 2004).
This phenotype is substantially suppressed, although not completely,
if the CBP HAT activity is inactivated by mutation (Kumar et al.,
2004), indicating that some, but not all, effects of CBP
overexpression are dependent on its HAT activity. As shown in Fig.
5C, flies in which CBP and E(Z) were simultaneously overexpressed
at 29°C [GMR-GAL4/+; UAS-CBP/hs-E(z)] had a normal eye size
and a much milder rough eye phenotype (panel c) than their sibling
controls (GMR-GAL4/+; UAS-CBP/TM3) (panel b), similar to that
achieved by deleting or mutating the HAT domain in the UAS-CBP
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transgene (Kumar et al., 2004). However, when expression from the
hs-E(z) transgene was minimized, by culturing the same cross at
18°C, the small rough eye phenotype was not alleviated (Fig. 5C,
panels d and e). This suggests that increased H3K27me3 associated
with E(Z) overexpression antagonizes the increased H3K27ac
caused by CBP overexpression.
TRX is required for normal H3K27ac levels
The functional collaboration between CBP and TRX in maintaining
Ubx expression and antagonizing Polycomb silencing (Petruk et al.,
2001) suggested that TRX might affect H3K27 acetylation. As
shown in Fig. 6A, when the temperature-sensitive trx1 mutant is
grown at a restrictive temperature (29°C), not only is the amount of
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TRX and H3K4me3 detectable on polytene chromosomes
substantially reduced, as expected (Chinwalla et al., 1995), but the
H3K27ac level is also reduced, whereas the CBP level appears
unchanged (right-hand two panels). Western analysis of histones
extracted from trx1 adults confirmed that they have reduced levels
of H3K4me3 and H3K27ac, as well as of H3K18ac. They also had
increased H3K27me3 (Fig. 6B, lane 2). The trx1 mutant thus
exhibits the same changes in H3K27ac and H3K18ac levels as are
caused by CBP knockdown in S2 cells, suggesting that the
acetylation of H3K27 and H3K18 by CBP in vivo requires TRX.
Conversely, TRX overexpression under the control of a daGAL4 driver caused a substantial increase in the H3K27ac level
detected on polytene chromosomes (Fig. 6C). Western analysis of

Fig. 6. TRX is required for H3K27 acetylation. (A) Polytene chromosomes from the temperature-sensitive trx1 mutant grown at permissive (18°C)
or restrictive (29°C) temperature were stained under identical conditions with the antibodies indicated at the top of each panel. DAPI co-staining
(left column) of the chromosomes stained with anti-TRX antibody (second column), indicates that the general chromosome structure appears
unperturbed by the trx1 mutation. The two right-hand panels show simultaneous co-staining with guinea pig anti-CBP and rabbit anti-H3K27ac
antibodies; the two signals appear similar to those in preparations stained with either anti-CBP or anti-H3K27ac alone (data not shown).
(B) Western analysis of histones extracted from adult trx1 flies with antibodies specific for total H3 and post-translationally modified H3 as indicated.
The CBP level appeared unchanged in the trx1 mutant at 29°C (data not shown). (C) Polytene chromosomes from control (top) and TRXoverexpressing (da-GAL4 driver, bottom) larvae stained as in A. (D) Western analysis of histones extracted from control flies (hs-GAL4, lane 1) and
flies overexpressing TRX under control of the hs-GAL4 driver at 29°C (lane 2).
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bulk histones confirmed the increases in H3K27ac and H3K4me3,
and also revealed a corresponding decrease in H3K27me3 (see
similar result in Fig. 6D). These adult TRX overexpressers
exhibited phenotypes that are typically seen in Polycomb mutants
(see Fig. S7 and Table S2 in the supplementary material), clearly
indicating that TRX overexpression antagonizes Polycomb
silencing in vivo.

DISCUSSION
The major findings of this work are: (1) that Drosophila CBP
acetylates H3K27; (2) that this acetylation requires TRX; and (3)
that it prevents H3K27 trimethylation by E(Z) at Polycomb target
genes and antagonizes Polycomb silencing. The remarkably
complementary developmental profiles of H3K27ac and
H3K27me3 (but not H3K27me2) during embryogenesis suggest that
the deposition of H3K27me3, which increases steadily after ~4
hours with the onset of Polycomb silencing, occurs at the expense
of a substantial fraction of the H3K27ac already present. This
suggests that the establishment of Polycomb silencing might require
active deacetylation of this pre-existing H3K27ac. The reciprocal
effects of knockdown and overexpression of CBP and E(Z) on
H3K27 trimethylation and acetylation in bulk chromatin further
suggest that the two modifications constitute alternative chromatin
states associated with active and inactive genes. Consistent with this,
ChIP-chip experiments (see Figs S8 and S9 in the supplementary
material) revealed that H3K27me3 and H3K27ac are mutually
exclusive genome wide. Moreover, in S2 cells, the inactive abd-A

Fig. 7. Model of Polycomb silencing and its dynamic regulation.
(A) Summary of enzymatic reactions on H3K27. (B) PRC2 and RPD3
promote Polycomb silencing by deacetylating H3K27ac and
trimethylating H3K27 (blue oval) at promoter nucleosomes, which are
bound by PC-containing PRC1. TRX, CBP and UTX collaborate to
prevent Polycomb silencing by demethylating and acetylating H3K27
(red square) at promoter nucleosomes and stimulating transcription by
trimethylation of H3K4 (red oval). The five nucleosomes displayed
represent either inactive (left) or active (right) genes.

gene does not have the H3K27ac modification in its promoter
region, but acquires it upon RNAi knockdown of E(Z). It will be
important to determine whether such a modification switch occurs
genome wide after loss of E(Z).
The ability of E(Z) overexpression to suppress the small rough
eye phenotype of CBP overexpressers (Fig. 5C) further supports the
conclusion that H3K27 trimethylation by E(Z) antagonizes H3K27
acetylation by CBP and suggests that deacetylation of H3K27 by
RPD3, and possibly other deacetylases, might be a prerequisite for
subsequent methylation by E(Z) and therefore important for reversal
of an active state. Conversely, the ability of CBP and TRX
overexpression to increase the global H3K27ac level at the expense
of H3K27me3 suggests that either active demethylation of
H3K27me3 by the H3K27-specific demethylase UTX (Agger et al.,
2007; Lee et al., 2007; Smith et al., 2008), or histone replacement
(Ahmad and Henikoff, 2002), might be a prerequisite to acetylation
by CBP. Indeed, depletion of Drosophila UTX in vivo using a
GAL4-inducible UTX RNAi transgene line results in an increase in
H3K27me3, as previously reported (Smith et al., 2008), and in a
marked decrease in H3K27ac (R.B., F.T. and P.J.H., unpublished).
We summarize the enzymatic reactions responsible for depositing
and removing these antagonistic modifications on H3K27 in Fig.
7A. These data, together with the evidence of developmentally
programmed reversal of Polycomb silencing (Chen et al., 2005),
now suggest that the widely accepted stability of Polycomb
silencing during development might be more dynamically regulated
than previously appreciated.
H3K27 acetylation
This is the first report, to our knowledge, that CBP/p300 acetylates
H3K27. We show that recombinant Drosophila CBP acetylates
H3K27 and K18 in vivo and in vitro (Fig. 1C,E). The greatly
reduced H3K27ac levels in CBP-depleted S2 cells (Fig. 1B, Fig. 2B)
also strongly suggest that CBP is the major H3K27 acetylase in
Drosophila. The conservation of H3K27 acetylation by human
p300, together with the reported association of CBP with the TRX
homolog MLL in humans (Ernst et al., 2001), suggest that it is likely
to play a similar role in antagonizing Polycomb silencing in
mammals.
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Co-occurrence of H3K27ac with H3K4me3 in
promoter regions
The above results suggest that the TRX dependence of H3K27
acetylation might reflect the coordinate action of TRX and CBP
to trimethylate H3K4 and acetylate H3K27 at the same specific
sites. Since the human TRX homolog, MLL, is also physically
associated with CBP (Ernst et al., 2001), we carried out ChIP in
human HEK293 cells coupled with a partial human genome tiling
array (ChIP-chip) to determine whether the H3K4me3 and
H3K27ac profiles are similar, and, at same time, to determine
whether the mutually exclusive distributions of K27me3 and
K27ac are conserved in humans. We found that H3K4me3 and
H3K27ac coincide at most sites (see Fig. S9A in the
supplementary material). Both are enriched at the 5⬘ regions of
many genes, but in a subset of genes, including the Hox genes (top
panel in Fig. S9A in the supplementary material), both H3K4me3
and H3K27ac were also present in both the promoter and
transcribed regions. This remarkable similarity in their genomewide profiles is consistent with the possibility that both
modifications result from the coordinated action of TRX and CBP
at the same sites (Jiang et al., 2007; Taverna et al., 2007).
Furthermore, the H3K27ac and H3K27me3 distributions were
also mutually exclusive in human cells (see Fig. S9C in the
supplementary material). This result also indicates that H3K27ac
and H3K27me3 do not occur on adjacent nucleosomes in the
same promoter regions [as is the case for H3K4me3 and H3K4ac
(Wang et al., 2008)], consistent with H3K27ac acting to prevent
H3K27me3 on the same sites at Polycomb target genes. That
deposition of H3K27ac in the promoter region is crucial for
preventing Polycomb silencing is also suggested by the
observation that the H3K27me3 found throughout the large 5⬘
regulatory region of the repressed Ubx gene remains unchanged
when Ubx is active: H3K27me3 is lost only from the promoter
region, where H3K4me3 appears (Papp and Muller, 2006).

The genome-wide distribution of H3K27ac, as estimated from our
human ChIP-chip experiments, appears very similar to that of
H3K4me3. This suggests that H3K27ac is much more widely
distributed than just at Polycomb target genes, which are estimated
to number several thousand in mammalian cells and hundreds in
Drosophila. Although these numbers could grow with the
identification of additional Polycomb-silenced genes in additional
cell types, the recently reported strong correlation of H3K27ac with
active genes (Wang et al., 2008) suggests that it plays an additional
role(s) in promoting the transcription of active genes, including
those that are never targets of Polycomb silencing. (Note that the
H3K27ac at non-Polycomb target genes will not be directly affected
by global changes in H3K27me3.) Interestingly, like H3K27me3,
H3K27ac appears on the transcribed regions of Polycomb target
genes (see Fig. S8C,D and Fig. S9A, top panel, in the supplementary
material), which might reflect a role for H3K27ac in facilitating
transcriptional elongation, and, conversely, a role for H3K27me3 in
inhibiting elongation. In addition to its anti-silencing role in
preventing H3K27 trimethylation, H3K27ac may also serve as a
signal for recruitment of other proteins with additional enzyme
activities that alter local chromatin structure further to facilitate or
promote transcription. Prime candidates are those containing a
bromodomain, a conserved acetyl-lysine-binding module present in
several dozen chromatin-associated proteins, including a number of
TrxG proteins that also antagonize Polycomb silencing.
TRX dependence of H3K27 acetylation
The results presented here provide new insight into how TRX and
CBP function together to antagonize Polycomb silencing. Robust
H3K27 acetylation by CBP is dependent on TRX (Fig. 6A,B),
suggesting that H3K27ac plays a crucial role in the anti-silencing
activity of TRX. Consistent with this, preliminary genetic evidence
suggests that the Polycomb phenotypes caused by TRX
overexpression are dependent on CBP, as they are suppressed by
RNAi knockdown of CBP (R.B. and P.J.H., unpublished). The
nature of this dependence is currently unknown, but could involve
targeting of CBP by TRX or regulation of the H3K27 acetylation
activity of CBP by TRX.
The physical association of TRX and CBP and the widespread
coincidence of H3K27ac and H3K4me3 sites in the human ChIPchip data further suggest that the two modifications might be
coordinately executed by TRX and CBP. However, our results also
raise the possibility that H3K4 trimethylation by TRX itself might
be less important for antagonizing Polycomb silencing than H3K27
acetylation. This possibility is also suggested by the discovery of
Polycomb-silenced genes in ES and human T cells that contain
‘bivalent’ marks (both H3K4me3 and H3K27me3) in their promoter
regions (Bernstein et al., 2006; Wang et al., 2008) [although the
H3K4me3 levels at these inactive genes are typically lower, on
average, than they are at active genes (Guenther et al., 2007), hinting
at the possible importance of quantitative effects of the two marks
(Papp and Muller, 2006)].
We propose a speculative model for the regulation of Polycomb
silencing (Fig. 7B) that incorporates the activities of TRX, CBP,
E(Z), RPD3 and UTX. Repressed genes are marked with
H3K27me3. H3K27 trimethylation by PRC2 [which can also
control DNA methylation in mammals (Vire et al., 2006)] requires
RPD3 (and possibly other histone deacetylases) to deacetylate any
pre-existing H3K27ac. H3K27me3 promotes binding of PCcontaining PRC1 complexes, which may inhibit H3K27 acetylation
and maintain silencing through ‘downstream’ events, including
those promoted by the H2AK119 mono-ubiquitylation mediated by
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its RING subunit (Cao et al., 2005; Wang et al., 2004). Conversely,
active genes are marked with H3K4me3 and H3K27ac. H3K27
acetylation by CBP is dependent on TRX and possibly other TrxG
proteins, as suggested by a recent report that H3K27me3 levels are
significantly increased on salivary gland polytene chromosomes
from trx, ash1 and kis mutants (Srinivasan et al., 2008). Our results
predict that this increase will be accompanied by a decrease in
H3K27ac. Interestingly, ash1 encodes another HMTase that also
interacts with CBP and antagonizes Polycomb silencing.
Acetylation of H3K27 is likely to also require the K27-specific
demethylase UTX when removal of pre-existing H3K27me3 is a
prerequisite for acetylation, e.g. for developmentally regulated
reversal of Polycomb silencing at the onset of differentiation.
H3K27ac prevents H3K27 trimethylation and might also serve as a
signal for recruitment of other TrxG proteins with additional
chromatin-modifying activities that may protect the H3K27ac
modification and also alter local chromatin structure to promote
transcription and further inhibit Polycomb silencing.
Acknowledgements
We thank Sarah Smolik for plasmid pMT-CBP, Cheng-Ming Chiang for purified
human p300, Thomas Jenuwein for rabbit anti-trimethyl H3K27 antibody and
Jerry Workman for rabbit anti-GCN5 antibody. Transgenic flies were kindly
provided by J. P. Kumar (UAS-CBP and UAS-CBP-RNAi) and G. Reuter [hs-E(z)].
The EP3541 flies were from the Szeged Stock Center. Mass spectrometric
analysis was performed by Giridharan Gokulrangan and Mark Chance at the
Case Center for Proteomics. We thank Alex Siebold for technical support in
real-time PCR. This work was supported by grants from the National Institutes
of Health to P.J.H. (R01 GM39255). Microscope images were acquired with the
equipment purchased with NIH and NCRR shared instrumentation grants (RR021228-01 and RR-017980-01). Deposited in PMC for release after 12 months.
Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/136/18/3131/DC1
References
Agger, K., Cloos, P. A., Christensen, J., Pasini, D., Rose, S., Rappsilber, J.,
Issaeva, I., Canaani, E., Salcini, A. E. and Helin, K. (2007). UTX and JMJD3
are histone H3K27 demethylases involved in HOX gene regulation and
development. Nature 449, 731-734.
Ahmad, K. and Henikoff, S. (2002). The histone variant H3.3 marks active
chromatin by replication-independent nucleosome assembly. Mol. Cell 9, 11911200.
Akimaru, H., Chen, Y., Dai, P., Hou, D. X., Nonaka, M., Smolik, S. M.,
Armstrong, S., Goodman, R. H. and Ishii, S. (1997). Drosophila CBP is a
co-activator of cubitus interruptus in hedgehog signalling. Nature 386, 735738.
Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei, G.,
Chepelev, I. and Zhao, K. (2007). High-resolution profiling of histone
methylations in the human genome. Cell 129, 823-837.
Benhamed, M., Bertrand, C., Servet, C. and Zhou, D. X. (2006). Arabidopsis
GCN5, HD1, and TAF1/HAF2 interact to regulate histone acetylation required for
light-responsive gene expression. Plant Cell 18, 2893-2903.
Bernstein, B. E., Kamal, M., Lindblad-Toh, K., Bekiranov, S., Bailey, D. K.,
Huebert, D. J., McMahon, S., Karlsson, E. K., Kulbokas, E. J., Gingeras, T.
R. et al. (2005). Genomic maps and comparative analysis of histone
modifications in human and mouse. Cell 120, 169-181.
Bernstein, B. E., Mikkelsen, T. S., Xie, X., Kamal, M., Huebert, D. J., Cuff, J.,
Fry, B., Meissner, A., Wernig, M., Plath, K. et al. (2006). A bivalent chromatin
structure marks key developmental genes in embryonic stem cells. Cell 125,
315-326.
Breen, T. R. (1999). Mutant alleles of the Drosophila trithorax gene produce
common and unusual homeotic and other developmental phenotypes. Genetics
152, 319-344.
Breen, T. R. and Harte, P. J. (1993). Trithorax regulates multiple homeotic genes
in the Bithorax and Antennapedia complexes and exerts different tissue-specific,
parasegment-specific and promoter-specific effects on each. Development 117,
119-134.
Cao, R., Tsukada, Y. I. and Zhang, Y. (2005). Role of Bmi-1 and Ring1A in H2A
ubiquitylation and Hox gene silencing. Mol. Cell 20, 845-854.
Chang, Y. L., Peng, Y. H., Pan, I. C., Sun, D. S., King, B. and Huang, D. H.
(2001). Essential role of Drosophila HDAC1 in homeotic gene silencing. Proc.
Natl. Acad. Sci. USA 98, 9730-9735.

DEVELOPMENT

3140 RESEARCH ARTICLE

Chen, X., Hiller, M., Sancak, Y. and Fuller, M. T. (2005). Tissue-specific TAFs
counteract Polycomb to turn on terminal differentiation. Science 310, 869-872.
Chinwalla, V., Jane, E. P. and Harte, P. J. (1995). The Drosophila trithorax protein
binds to specific chromosomal sites and is co-localized with Polycomb at many
sites. EMBO J. 14, 2056-2065.
Czermin, B., Schotta, G., Hulsmann, B. B., Brehm, A., Becker, P. B., Reuter, G.
and Imhof, A. (2001). Physical and functional association of SU(VAR)3-9 and
HDAC1 in Drosophila. EMBO Rep. 2, 915-919.
Ernst, P., Wang, J., Huang, M., Goodman, R. H. and Korsmeyer, S. J. (2001).
MLL and CREB bind cooperatively to the nuclear coactivator CREB-binding
protein. Mol. Cell. Biol. 21, 2249-2258.
Florence, B. and McGinnis, W. (1998). A genetic screen of the Drosophila X
chromosome for mutations that modify Deformed function. Genetics 150,
1497-1511.
Furuyama, T., Banerjee, R., Breen, T. R. and Harte, P. J. (2004). SIR2 is required
for Polycomb silencing and is associated with an E(Z) histone methyltransferase
complex. Curr. Biol. 14, 1812-1821.
Garcia, B. A., Hake, S. B., Diaz, R. L., Kauer, M., Morris, S. A., Recht, J.,
Shabanowitz, J., Mishra, N., Strahl, B. D., Allis, C. D. et al. (2007).
Organismal differences in post-translational modifications in histones H3 and
H4. J. Biol. Chem. 282, 7641-7655.
Goodman, R. H. and Smolik, S. (2000). CBP/p300 in cell growth, transformation,
and development. Genes Dev. 14, 1553-1577.
Guenther, M. G., Levine, S. S., Boyer, L. A., Jaenisch, R. and Young, R. A.
(2007). A chromatin landmark and transcription initiation at most promoters in
human cells. Cell 130, 77-88.
Ingham, P. W. (1985). Genetic control of the spatial pattern of selector gene
expression in Drosophila. Cold Spring Harb. Symp. Quant. Biol. 50, 201-208.
Janody, F., Lee, J. D., Jahren, N., Hazelett, D. J., Benlali, A., Miura, G. I.,
Draskovic, I. and Treisman, J. E. (2004). A mosaic genetic screen reveals
distinct roles for trithorax and polycomb group genes in Drosophila eye
development. Genetics 166, 187-200.
Jiang, L., Smith, J. N., Anderson, S. L., Ma, P., Mizzen, C. A. and Kelleher, N.
L. (2007). Global assessment of combinatorial post-translational modification of
core histones in yeast using contemporary mass spectrometry: LYS4
trimethylation correlates with degree of acetylation on the same H3 tail. J. Biol.
Chem. 282, 27923-27934.
Kim, T. H., Barrera, L. O., Zheng, M., Qu, C., Singer, M. A., Richmond, T. A.,
Wu, Y., Green, R. D. and Ren, B. (2005). A high-resolution map of active
promoters in the human genome. Nature 436, 876-880.
Klymenko, T. and Muller, J. (2004). The histone methyltransferases Trithorax and
Ash1 prevent transcriptional silencing by Polycomb group proteins. EMBO Rep.
5, 373-377.
Kumar, J. P., Jamal, T., Doetsch, A., Turner, F. R. and Duffy, J. B. (2004). CREB
binding protein functions during successive stages of eye development in
Drosophila. Genetics 168, 877-893.
Kurzhals, R. L., Tie, F., Stratton, C. A. and Harte, P. J. (2008). Drosophila ESCLike can substitute for ESC and becomes required for Polycomb silencing if ESC
is absent. Dev. Biol. 313, 293-306.
Kusch, T., Guelman, S., Abmayr, S. M. and Workman, J. L. (2003). Two
Drosophila Ada2 homologues function in different multiprotein complexes. Mol.
Cell. Biol. 23, 3305-3319.
Laible, G., Wolf, A., Dorn, R., Reuter, G., Nislow, C., Lebersorger, A., Popkin,
D., Pillus, L. and Jenuwein, T. (1997). Mammalian homologues of the
Polycomb-group gene Enhancer of zeste mediate gene silencing in Drosophila
heterochromatin and at S. cerevisiae telomeres. EMBO J. 16, 3219-3232.
Lee, M. G., Villa, R., Trojer, P., Norman, J., Yan, K. P., Reinberg, D., Di Croce, L.
and Shiekhattar, R. (2007). Demethylation of H3K27 regulates Polycomb
recruitment and H2A ubiquitination Science 318, 447-450.
Levenstein, M. E. and Kadonaga, J. T. (2002). Biochemical analysis of chromatin
containing recombinant Drosophila core histones. J. Biol. Chem. 277, 87498754.
Ludlam, W. H., Taylor, M. H., Tanner, K. G., Denu, J. M., Goodman, R. H. and
Smolik, S. M. (2002). The acetyltransferase activity of CBP is required for
wingless activation and H4 acetylation in Drosophila melanogaster. Mol. Cell.
Biol. 22, 3832-3841.
Mazo, A. M., Huang, D. H., Mozer, B. A. and Dawid, I. B. (1990). The trithorax
gene, a trans-acting regulator of the bithorax complex in Drosophila, encodes a
protein with zinc-binding domains. Proc. Natl. Acad. Sci. USA 87, 2112-2116.
Odom, D. T., Zizlsperger, N., Gordon, D. B., Bell, G. W., Rinaldi, N. J., Murray,
H. L., Volkert, T. L., Schreiber, J., Rolfe, P. A., Gifford, D. K. et al. (2004).
Control of pancreas and liver gene expression by HNF transcription factors.
Science 303, 1378-1381.
Papp, B. and Muller, J. (2006). Histone trimethylation and the maintenance of
transcriptional ON and OFF states by trxg and pcG proteins. Genes Dev. 20,
2041-2054.
Pattatucci, A. M. and Kaufman, T. C. (1991). The homeotic gene Sex combs
reduced of Drosophila melanogaster is differentially regulated in the embryonic
and imaginal stages of development. Genetics 129, 443-461.

RESEARCH ARTICLE 3141
Peters, A. H., Kubicek, S., Mechtler, K., O’Sullivan, R. J., Derijck, A. A., PerezBurgos, L., Kohlmaier, A., Opravil, S., Tachibana, M., Shinkai, Y. et al.
(2003). Partitioning and plasticity of repressive histone methylation states in
mammalian chromatin. Mol. Cell 12, 1577-1589.
Petruk, S., Sedkov, Y., Smith, S., Tillib, S., Kraevski, V., Nakamura, T.,
Canaani, E., Croce, C. M. and Mazo, A. (2001). Trithorax and dCBP acting in
a complex to maintain expression of a homeotic gene. Science 294, 13311334.
Poux, S., Horard, B., Sigrist, C. J. and Pirrotta, V. (2002). The Drosophila
Trithorax protein is a coactivator required to prevent re-establishment of
Polycomb silencing. Development 129, 2483-2493.
Ringrose, L. and Paro, R. (2004). Epigenetic regulation of cellular memory by the
Polycomb and Trithorax group proteins. Annu. Rev. Genet. 38, 413-443.
Roh, T. Y., Cuddapah, S., Cui, K. and Zhao, K. (2006). The genomic landscape
of histone modifications in human T cells. Proc. Natl. Acad. Sci. USA 103,
15782-15787.
Saleh, A., Al-Abdallat, A., Ndamukong, I., Alvarez-Venegas, R. and
Avramova, Z. (2007). The Arabidopsis homologs of trithorax (ATX1) and
enhancer of zeste (CLF) establish ‘bivalent chromatin marks’ at the silent
AGAMOUS locus. Nucleic Acids Res. 35, 6290-6296.
Scacheri, P. C., Davis, S., Odom, D. T., Crawford, G. E., Perkins, S., Halawi, M.
J., Agarwal, S. K., Marx, S. J., Spiegel, A. M., Meltzer, P. S. et al. (2006).
Genome-wide analysis of menin binding provides insights into MEN1
tumorigenesis. PLoS Genet. 2, e51.
Schwartz, Y. B. and Pirrotta, V. (2007). Polycomb silencing mechanisms and the
management of genomic programmes. Nat. Rev. Genet. 8, 9-22.
Schwartz, Y. B., Kahn, T. G., Nix, D. A., Li, X. Y., Bourgon, R., Biggin, M. and
Pirrotta, V. (2006). Genome-wide analysis of Polycomb targets in Drosophila
melanogaster Nat. Genet. 38, 700-705.
Shechter, D., Dormann, H. L., Allis, C. D. and Hake, S. B. (2007). Extraction,
purification and analysis of histones. Nat. Protoc. 2, 1445-1457.
Smith, E. R., Lee, M. G., Winter, B., Droz, N. M., Eissenberg, J. C.,
Shiekhattar, R. and Shilatifard, A. (2008). Drosophila UTX is a histone H3
Lys27 demethylase that colocalizes with the elongating form of RNA polymerase
II. Mol. Cell. Biol. 28, 1041-1046.
Smith, S. T., Petruk, S., Sedkov, Y., Cho, E., Tillib, S., Canaani, E. and Mazo,
A. (2004). Modulation of heat shock gene expression by the TAC1 chromatinmodifying complex. Nat. Cell Biol. 6, 162-167.
Smolik, S. and Jones, K. (2007). Drosophila dCBP is involved in establishing the
DNA replication checkpoint. Mol. Cell. Biol. 27, 135-146.
Srinivasan, S., Dorighi, K. M. and Tamkun, J. W. (2008). Drosophila Kismet
regulates histone H3 lysine 27 methylation and early elongation by RNA
polymerase II. PLoS Genet. 4, e1000217.
Suka, N., Suka, Y., Carmen, A. A., Wu, J. and Grunstein, M. (2001). Highly
specific antibodies determine histone acetylation site usage in yeast
heterochromatin and euchromatin. Mol. Cell 8, 473-479.
Taverna, S. D., Ueberheide, B. M., Liu, Y., Tackett, A. J., Diaz, R. L.,
Shabanowitz, J., Chait, B. T., Hunt, D. F. and Allis, C. D. (2007). Longdistance combinatorial linkage between methylation and acetylation on histone
H3 N termini. Proc. Natl. Acad. Sci. USA 104, 2086-2091.
Thomas, M. C. and Chiang, C. M. (2005). E6 oncoprotein represses p53dependent gene activation via inhibition of protein acetylation independently of
inducing p53 degradation. Mol. Cell 17, 251-264.
Tie, F., Furuyama, T., Prasad-Sinha, J., Jane, E. P. and Harte, P. J. (2001). The
Drosophila Polycomb Group proteins ESC and E(Z) are present in a complex
containing the histone-binding protein p55 and the histone deacetylase RPD3.
Development 128, 275-286.
Tie, F., Prasad-Sinha, J., Birve, A., Rasmuson-Lestander, A. and Harte, P. J.
(2003). A 1 MDa ESC/E(Z) complex from Drosophila that contains Polycomb like
and RPD3. Mol. Cell. Biol. 23, 3352-3362.
Tie, F., Siebold, A. P. and Harte, P. J. (2005). The N-terminus of Drosophila ESC
mediates its phosphorylation and dimerization. Biochem. Biophys. Res.
Commun. 332, 622-632.
Tie, F., Stratton, C. A., Kurzhals, R. L. and Harte, P. J. (2007). The N terminus of
Drosophila ESC binds directly to histone H3 and is required for E(Z)-dependent
trimethylation of H3 lysine 27. Mol. Cell. Biol. 27, 2014-2026.
van der Vlag, J. and Otte, A. P. (1999). Transcriptional repression mediated by
the human Polycomb-Group protein EED involves histone deacetylation. Nat.
Genet. 23, 474-478.
Vire, E., Brenner, C., Deplus, R., Blanchon, L., Fraga, M., Didelot, C., Morey, L.,
Van Eynde, A., Bernard, D., Vanderwinden, J. M. et al. (2006). The Polycomb
group protein EZH2 directly controls DNA methylation. Nature 439, 871-874.
Wang, H., Wang, L., Erdjument-Bromage, H., Vidal, M., Tempst, P., Jones, R.
S. and Zhang, Y. (2004). Role of histone H2A ubiquitination in Polycomb
silencing. Nature 431, 873-878.
Wang, Z., Zang, C., Rosenfeld, J. A., Schones, D., Barski, A., Cuddapah, S.,
Cui, K., Roh, T. Y., Peng, W., Zhang, M. Q. et al. (2008). Combinatorial
patterns of histone acetylations and methylations in the human genome. Nat.
Genet. 40, 897-903.

DEVELOPMENT

CBP-mediated acetylation of histone H3K27

