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Histone acetyltransferases (HATs) GCN5 and PCAF (GCN5/

PCAF) and CBP and p300 (CBP/p300) are transcription co-

activators. However, how these two distinct families of

HATs regulate gene activation remains unclear. Here, we

show deletion of GCN5/PCAF in cells specifically and

dramatically reduces acetylation on histone H3K9

(H3K9ac) while deletion of CBP/p300 specifically and

dramatically reduces acetylations on H3K18 and H3K27

(H3K18/27ac). A ligand for nuclear receptor (NR) PPARd

induces sequential enrichment of H3K18/27ac, RNA poly-

merase II (Pol II) and H3K9ac on PPARd target gene

Angptl4 promoter, which correlates with a robust

Angptl4 expression. Inhibiting transcription elongation

blocks ligand-induced H3K9ac, but not H3K18/27ac, on

the Angptl4 promoter. Finally, we show GCN5/PCAF and

GCN5/PCAF-mediated H3K9ac correlate with, but are sur-

prisingly dispensable for, NR target gene activation. In

contrast, CBP/p300 and their HATactivities are essential for

ligand-induced Pol II recruitment on, and activation of, NR

target genes. These results highlight the substrate and

site specificities of HATs in cells, demonstrate the distinct

roles of GCN5/PCAF- and CBP/p300-mediated histone

acetylations in gene activation, and suggest an important

role of CBP/p300-mediated H3K18/27ac in NR-dependent

transcription.
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Introduction

Histone modifications, in particular methylation (me) and

acetylation (ac) on the lysine residues of core histones, have

been implicated in regulating both global and inducible gene

expression (Kouzarides, 2007; Li et al, 2007). Histone methy-

lation associates with both gene activation and repression,

depending on the specific lysine (K) residue that gets methy-

lated and the state of methylation (me1, me2 or me3) (Barski

et al, 2007; Kouzarides, 2007). For example, tri-methylations

on K4 and K36 of histone H3 (H3K4me3 and H3K36me3)

associate with gene activation. H3K4me3 is enriched around

the transcription start sites (TSSs) and associates with serine

5-phosphorylated initiating RNA polymerase II (S5P Pol II).

H3K36me3 is enriched at the 30 end of transcribed regions

and associates with serine 2-phosphorylated elongating RNA

Pol II (S2P Pol II). In contrast, both di-methylation on K9

of histone H3 (H3K9me2) and tri-methylation on K27 of

histone H3 (H3K27me3) are associated with gene silencing

(Kouzarides, 2007).

Histone acetylation generally correlates with gene activa-

tion, although the molecular mechanisms by which histone

acetylation regulates transcription remain largely undeter-

mined. Histone acetyltransferases (HATs) often are capable

of acetylating multiple lysine (K) residues in vitro. Thus, the

biological functions of histone acetylation are believed to

largely rely on the cumulative effects (Li et al, 2007).

Genome-wide analyses of histone acetylation patterns in

mammalian cells have confirmed the correlation between

histone acetylation and gene activation. For example,

H3K9ac, H3K18ac and H3K27ac are enriched around the

TSSs while acetylations on histone H4 are enriched in both

the promoters and the transcribed regions of active genes

(Wang et al, 2008b). However, it remains to be established

whether the increased histone acetylations are a cause or a

consequence of the increased transcription in mammalian

cells (Roth et al, 2001).

The identification of yeast GCN5 protein as the first

transcription-related HAT provides strong molecular evidence

to directly link histone acetylation and gene activation

(Brownell et al, 1996). Yeast GCN5 is the enzymatic subunit

of the SAGA complex that is capable of acetylating multiple K

residues on histone H3 in vitro, including H3K9, H3K14,

H3K18 and H3K23 (Grant et al, 1999). In contrast, the yeast

NuA3 complex preferentially acetylates H3K14 (Lee and

Workman, 2007). Mammals express two highly homologous

GCN5-like paralogues: GCN5 and PCAF. Deletion of mouse

GCN5 leads to early embryonic lethality, while PCAF knock-

out mice show no obvious phenotype. Combined loss of

GCN5 and PCAF in mice leads to more severe developmental

defects, suggesting a partial functional redundancy between

GCN5 and PCAF in vivo (Roth et al, 2001). GCN5 and PCAF

exist, in a mutually exclusive manner, in the multi-subunit

mammalian SAGA (also known as STAGA and TFTC) and
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ATAC complexes. These two HAT complexes use GCN5

or PCAF as the acetyltransferase to specifically acetylate

nucleosomal histone H3 in vitro (Wang et al, 2008a).

The mammalian CBP and p300 are another pair of ubiqui-

tously expressed, paralogous proteins that belong to a distinct

family of HATs (Bedford et al, 2010). CBP and p300 are both

essential for animal development as deletion of either one in

mice leads to early embryonic lethality. These two HATs have

been shown to function as transcription co-activators for

hundreds of transcription factors including nuclear receptors

(NRs) (Kraus and Wong, 2002; Bedford et al, 2010). CBP and

p300 are largely functionally interchangeable in vitro and

in cultured cells, but they also display unique properties

in vivo (Kasper et al, 2006). In vitro, CBP/p300 are capable

of acetylating multiple K residues on core histones

(Kouzarides, 2007).

Genome-wide mapping of HATs in human cells shows that

consistent with their roles as transcription co-activators, both

the GCN5/PCAF and the CBP/p300 pairs of HATs correlate

with gene activation and are recruited to regions surrounding

the TSSs (Wang et al, 2009). However, the substrate and site

specificities of mammalian GCN5/PCAF and CBP/p300

in vivo, as well as the roles of GCN5/PCAF- and CBP/p300-

mediated histone acetylations in gene activation, remain

largely unclear.

Ligand-induced activation of NR target genes provides a

robust model system to study the molecular mechanisms

underlying transcription regulation (Rosenfeld and Glass,

2001; Kraus and Wong, 2002). GCN5 has been shown to

function as a transcription co-activator for several NRs such

as androgen receptor, estrogen receptor a (ERa) and PPARg

(Yanagisawa et al, 2002; Zhao et al, 2008). Similarly, PCAF

has been shown to function as a co-activator for ERa, retinoic

acid receptor (RAR) and thyroid hormone receptor (TR)

on reporter genes (Blanco et al, 1998; Korzus et al, 1998).

GCN5 and PCAF are enriched on ERa target gene promoters

upon ligand treatment (Metivier et al, 2003). However, the

data that implicate GCN5/PCAF as NR co-activators were

mostly obtained from ectopic expression of GCN5/PCAF

in reporter assays. It remains to be determined whether

GCN5/PCAF are required for activation of endogenous NR

target genes. More importantly, the role of GCN5/PCAF-

mediated histone acetylation in NR-dependent transcription

is largely unclear.

The roles of CBP/p300 as NR co-activators are better

characterized. CBP/p300 were initially shown to function as

transcription co-activators for glucocorticoid receptor, RAR

and TR on reporter genes in cells (Chakravarti et al, 1996;

Kamei et al, 1996). p300 acts synergistically with ligand-

activated ERa and RAR to enhance transcription initiation on

chromatin templates in vitro (Kraus and Kadonaga, 1998;

Dilworth et al, 2000). Further, p300 requires its HAT activity

to function as a co-activator for ERa and TR (Kraus et al,

1999; Li et al, 2000). CBP/p300 are also enriched on ERa

target gene promoters upon ligand treatment (Metivier et al,

2003). In both primary CBPþ /� cells and primary p300�/�

cells, NRs show reduced transcriptional activities on reporter

genes (Yao et al, 1998; Yamauchi et al, 2002). These results

indicate that CBP/p300 are important for ligand-induced NR

target gene activation. However, likely due to the early

embryonic lethality of both CBP�/� and p300�/� mice as

well as the potential functional redundancy between CBP and

p300 in cells, the roles of CBP/p300 in expression of endo-

genous NR target genes were incompletely understood. More

importantly, because the substrate and site specificities of

CBP/p300 in vivo were not determined, the molecular me-

chanisms by which CBP/p300-mediated histone acetylations

regulate NR-dependent transcription have remained largely

unclear.

PPARd is a ubiquitously expressed NR. Activation of

PPARd promotes fat burning. Highly specific synthetic

PPARd ligands (agonists) such as GW501516 (GW), are

promising drug candidates for obesity and diabetes (Evans

et al, 2004). Endogenous PPARd is abundantly expressed in

mouse embryonic fibroblasts (MEFs), but associates with

histone deacetylases and behaves as a transcriptional repres-

sor in the absence of ligand. Upon ligand treatment, endo-

genous PPARd switches from a repressor to an activator,

which leads to a robust activation of target genes (Shi et al,

2002). Angiopoietin-like 4 (Angptl4, also known as PGAR and

FIAF) is a direct target gene of PPARd, with the PPAR

response element (PPRE) being located at 2.3 kb downstream

of the TSS in intron 3 (Mandard et al, 2004). Treating MEFs

with 100 nM GW selectively activates PPARd target genes in

MEFs, with Angptl4 being the most significantly induced one

(Oliver et al, 2001; Hummasti and Tontonoz, 2006).

In this paper, we use the GW-induced Angptl4 expression

in MEFs as a model system to initiate the investigation on the

roles of GCN5/PCAF- and CBP/p300-mediated histone acet-

ylations in NR target gene activation. We found that GW

induces sequential enrichment of H3K18/27ac, Pol II,

H3K9ac, and several histone methylations on the Angptl4

promoter. Using GCN5/PCAF double knockout (DKO) cells

and CBP/p300 DKO cells, we determined the substrate and

site specificities of these two distinct families of HATs in cells

and show that GCN5/PCAF and CBP/p300 are specifically

required for H3K9ac and H3K18/27ac, respectively.

Surprisingly, GCN5/PCAF-mediated H3K9ac correlates with,

but is dispensable for, GW-induced Angptl4 expression. In

contrast, CBP/p300 and their HAT activities are essential for

both GW-induced enrichment of histone modifications and

Pol II on the Angptl4 promoter and GW-induced Angptl4

expression. Examination of several other endogenous NR

target genes obtained similar results.

Results

PPARd ligand-induced histone modifications on

Angptl4 gene

By quantitative reverse transcriptase–PCR (qRT–PCR) analy-

sis of gene expression, we confirmed the PPARd ligand GW-

dependent activation of known direct PPARd target genes

Angptl4 and PDK4 in MEFs, with Angptl4 being more sig-

nificantly induced (Figure 1A; Supplementary Figure S1A).

Consistent with the previous report that PPARd functions as a

transcriptional repressor in the absence of ligand (Shi et al,

2002), deletion of PPARd by retroviral Cre expression in

PPARdflox/flox MEFs led to a moderate increase of the basal

level of Angptl4. However, deletion of PPARd in MEFs

completely prevented the GW-induced Angptl4 and PDK4

expression, indicating that ligand-induced expression of

endogenous Angptl4 and PDK4 is strictly dependent on

PPARd (Supplementary Figure S1A). Consistent with

Angptl4 and PDK4 being direct target genes of PPARd, protein

Histone acetylation and gene activation
Q Jin et al

The EMBO Journal VOL 30 | NO 2 | 2011 &2011 European Molecular Biology Organization250



synthesis inhibitor cycloheximide failed to inhibit GW-induced

Angptl4 and PDK4 expression in MEFs (Supplementary

Figure S1B).

As the first step towards understanding the roles of histone

modifications in regulating ligand-induced NR target gene

expression, MEFs were treated with GW for 24 h, followed by

chromatin immunoprecipitation (ChIP) analyses of histone

modifications on the Angptl4 gene. As shown in Figure 1B,

GW treatment had little effect on the levels of H3K9me2 and

H3K27me3 but increased H3K4me3, H3K36me3 and

H3K79me2 signals on Angptl4 gene, which correlated with

the GW-induced Angptl4 expression. GW-induced H3K4me3

and H3K79me2 were enriched around the TSS while

GW-induced H3K36me3 was enriched at the 30 end of the

transcribed region.

GW treatment increased the levels of all histone acetyla-

tions that we have examined on Angptl4 gene, including

H3K9ac, H3K14ac, H3K18ac, H3K27ac and histone H4

acetylation (H4ac), with the signals peaked around the TSS

(Figure 1C). The GW-induced histone methylations and acet-

ylations were not due to change in nucleosome occupancy, as

the histone H3 signal on Angptl4 gene was not affected by

GW treatment (Figure 1D).

We next examined the Pol II recruitment on Angptl4 gene

in GW-treated MEFs (Figure 1E). In the absence of GW, the

signals of total Pol II, serine 5-phosphorylated initiating Pol II

(S5P Pol II) and serine 2-phosphorylated elongating Pol II

(S2P Pol II) were all very low on Angptl4 gene. GW treatment

led to markedly increased enrichment of all three types of Pol

II on Angptl4 gene. The signal of S5P Pol II peaked around the

TSS while the signal of S2P Pol II peaked at the 30 end of the

transcribed region. These results indicate that Pol II recruit-

ment is a major regulatory step for PPARd ligand-induced

Angptl4 expression.

Figure 1 PPARd ligand-induced histone modifications on Angptl4 gene. (A) Ligand-dependent activation of PPARd target gene Angptl4 in
MEFs. Wild-type MEFs were treated with 100 nM PPARd-specific ligand GW501516 (GW). Samples were collected at indicated time points for
analysis of Angptl4 expression by qRT–PCR. (B–E) MEFs were treated with GWor DMSO for 24 h, followed by chromatin immunoprecipitation
(ChIP) analyses on Angptl4 gene. The intron/exon organization of the 6.6-kb Angptl4 gene is shown at the bottom with an arrow indicating the
transcription start site. (B) ChIP of histone methylations using antibodies against H3K4me3, H3K9me2, H3K27me3, H3K36me3 and H3K79me2,
respectively. (C) ChIP of histone acetylations using antibodies against H3K9ac, H3K14ac, H3K18ac, H3K27ac and H4ac, respectively. (D) ChIP
of histone H3. (E) ChIP of total RNA polymerase II (Pol II), serine 5-phosphorylated initiating Pol II (S5P Pol II) and serine 2-phosphorylated
elongating Pol II (S2P Pol II). All results are representative of two to four independent experiments. Quantitative PCR data in all figures are
presented as mean values±s.d.
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PPARd ligand induces sequential histone modifications

on Angptl4 gene

Next, we examined the time course of PPARd ligand-induced

histone modifications and Pol II recruitment on Angptl4 gene.

MEFs were treated with GW for 0, 10, 30min, 1, 4 and 24 h,

followed by ChIP assays. Based on Figure 1 results, we chose

the þ 3.7- and þ 6.5-kb regions on Angptl4 gene to examine

GW-induced H3K36me3 and S2P Pol II, respectively. Other

histone modifications and Pol II recruitment were examined

at the þ 0.6-kb region on Angptl4 gene. As shown in Figure

2A–C, significantly increased H3K14ac, H3K18ac, H3K27ac

and H4ac signals were observed on Angptl4 gene 10min after

the start of GW treatment. The increased H3K9ac and Pol II

signals were observed after 30min while the increased

H3K4me3, H3K36me3 and H3K79me2 signals observed

after MEFs were treated with GW for 4 h.

To verify the sequential manner of GW-induced histone

modifications on Angptl4 gene, we used DRB, an inhibitor of

transcription elongation (Edmunds et al, 2008). As prolonged

exposure to DRB is toxic to cells, we pre-treated MEFs with

DRB for 30min, followed by GW treatment in the presence of

DRB for 4 h. DRB completely blocked GW-induced Angptl4

expression (Figure 2D). Consistent with its role as an

inhibitor of transcription elongation, DRB blocked enrich-

ment of S2P Pol II to Angptl4 gene (Figure 2E). DRB com-

pletely blocked GW-induced H3K9ac, H3K4me3, H3K36me3

and H3K79me2, and decreased GW-induced H3K14ac and

H4ac, but had no effect on GW-induced H3K18ac and

H3K27ac on Angptl4 gene (Figure 2F and G). Thus, GW-

induced H3K18ac and H3K27ac precede, while GW-induced

H3K9ac, H3K4me3, H3K36me3 and H3K79me2 occur follow-

ing the start of transcription elongation on Angptl4 gene.

GCN5 and PCAF are specifically required for H3K9ac in cells

The dynamic histone H3 methylations and H4ac during gene

induction have been investigated (Edmunds et al, 2008;

Hargreaves et al, 2009). We decided to focus on the role of

histone H3 acetylation in regulating ligand-induced NR target

Figure 2 PPARd ligand induces sequential histone modifications on Angptl4 gene. (A–C) The time courses of GW-induced Pol II recruitment
and histone methylations and acetylations on Angptl4 gene. Wild-type MEFs were treated with GW. Cells were collected at indicated time
points for ChIP analyses of total Pol II (A), histone methylations (B) and acetylations (C) on Angptl4 gene. (D–G) Wild-type MEFs were pre-
treated with DRB for 30min, followed by treatment with GW for 4 h in the presence of DRB. Cells were collected for analysis of Angptl4
expression (D), as well as ChIP analyses of S2P Pol II (E), histone methylations (F) and acetylations (G) on Angptl4 gene. Based on Figure 1, we
chose the þ 3.7-kb and the þ 6.5-kb regions on Angptl4 gene to examine GW-induced H3K36me3 and S2P Pol II, respectively. All other histone
modifications and Pol II recruitment were examined at the þ 0.6-kb region on Angptl4 gene. All results are representative of two to four
independent experiments.
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gene expression. Our approach was to delete the two pairs

of HATs, GCN5/PCAF and CBP/p300, in MEFs, to study

the regulation of endogenous NR target gene activation by

histone acetylation.

Before trying to understand the role of GCN5/PCAF-

mediated histone acetylation in gene activation, we sought

to determine the substrate and site specificities of GCN5/

PCAF in cells. Because of the lack of phenotype in PCAF null

mice (Roth et al, 2001), we started with deletion of GCN5 in

MEFs. Retroviruses expressing Cre were used to infect the

immortalized GCN5flox/D MEFs carrying one floxed and one

null alleles of GCN5 (Atanassov et al, 2009). Deletion of GCN5

by Cre in MEFs had no significant effect on the global levels of

histone acetylations or the GW-induced Angptl4 expression

(Supplementary Figure S2; Figure 3E), suggesting that GCN5

and PCAF could be functionally redundant in MEFs.

Next, we sought to delete both GCN5 and PCAF in MEFs.

Primary MEFs were isolated from PCAF�/�;GCN5flox/D mouse

embryos that carried two null alleles of PCAF and one floxed

and one null alleles of GCN5. After immortalization, PCAF�/�;

GCN5flox/D MEFs were infected with retroviral Cre to generate

GCN5/PCAF DKO cells. Deletion of GCN5/PCAF was con-

firmed at both mRNA and protein levels (Figure 3A and E).

Interestingly, DKO of GCN5 and PCAF in MEFs had no

significant effect on the cell morphology and only slightly

decreased the cell growth rate, indicating that GCN5/PCAF

are largely dispensable for the viability and growth of immor-

talized MEFs (Figure 3B and C). By western blot analysis of

histone acetylations and methylations, we found that deletion

of GCN5/PCAF in MEFs specifically and dramatically reduced

the global level of H3K9ac (Figure 3D). In contrast, single

knockout of either GCN5 or PCAF had no effect on the global

level of H3K9ac in MEFs (Figure 3E). Western blot in a different

type of cells, brown pre-adipocytes, also showed that deletion

of GCN5/PCAF dramatically reduced the global level of H3K9ac

but not H3K14ac (Supplementary Figure S3A). Using anti-

H3K14ac antibodies from two different sources, we confirmed

that deletion of GCN5/PCAF had no effect on the global level of

H3K14ac in MEFs (Supplementary Figure S3B).

The specific loss of H3K9ac but not H3K14ac or other

histone acetylations in GCN5/PCAF DKO cells was surpris-

ing, given that the yeast GCN5 and associated SAGA complex

are capable of acetylating multiple lysine residues on histone

H3 and preferentially acetylate H3K14 over H3K9 in vitro

(Grant et al, 1999). To investigate whether the mammalian

GCN5 and associated HAT complexes are capable of acetylat-

ing H3K14, we purified recombinant mouse GCN5 from

bacteria and affinity-purified GCN5-associated HAT com-

plexes (GCN5.com) from MEFs (Supplementary Figure S4).

In the in vitro HAT assays using recombinant histone H3 as

Figure 3 GCN5 and PCAF are redundant and are specifically required for H3K9ac in cells. Immortalized PCAF�/�;GCN5flox/D MEFs were
infected with retroviruses MSCVpuro expressing Cre or Vec. (A) Confirmation of deletion of GCN5 and PCAF genes by qRT–PCR. Wild-type
MEFs were included as control. (B) Cell morphology under the microscope. (C) Cell growth curves. (D) Deletion of GCN5 and PCAF in MEFs
vastly reduces global level of H3K9ac. Nuclear extracts were prepared for western blot analysis of histone acetylations and methylations using
indicated antibodies. (E) GCN5 and PCAF are redundant and are required for the global level of H3K9ac. GCN5flox/D MEFs and PCAF�/�;
GCN5flox/D MEFs were infected with MSCVpuro expressing Cre. Nuclear extracts were prepared for western blot analysis. (F) In vitro HAT
assays were performed by incubating 1.5mg GST-GCN5 protein purified from bacteria or 1mg GCN5-associated HAT complexes (GCN5.com)
purified from MEFs (Supplementary Figure S4) with 1 mg recombinant histone H3 in the presence of acetyl CoA, followed by western blot
analyses. Control, mock-purified sample from MEFs. The signals in the GSTand the control lanes reflect non-specific detection of recombinant
histone H3 by histone acetylation antibodies. All results are representative of two to four independent experiments.
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substrate, both recombinant mouse GCN5 and GCN5.com

strongly acetylated multiple lysine residues on histone H3,

including H3K9, H3K14, H3K18, H3K23 and H3K56, with

weak acetylations on H3K27 and H3K36 (Figure 3F). These

results suggest that mammalian GCN5 and associated HAT

complexes are capable of acetylating H3K14, but this acetylation

may be compensated by other HATs in GCN5/PCAF DKO cells.

To confirm the western blot results and more importantly,

to provide direct evidence that mouse GCN5/PCAF are re-

quired for H3K9ac but not H3K14ac in cells, we performed

mass spectrometric analysis of the total levels of H3K9ac and

H3K14ac on histone H3 protein purified from MEFs (Table I).

The data revealed that the total level of H3K14ac (sum of
14Kac in Table I) was over 20-fold more abundant than that of

H3K9ac in MEFs and that H3K9ac always co-existed with

H3K14ac on the same histone H3 molecule to form H3K9/

14ac (di-acetylation on K9 and K14 of histone H3). Thus, the

total H3K9ac level is represented by the H3K9/14ac level in

the mass spectrometry data. Infecting PCAF�/�;GCN5flox/D

MEFs with retroviral Cre led to over 19-fold decrease of

H3K9/14ac level, but had no significant effect on the total

level of H3K14ac (Table I). These results provide direct

evidence to indicate that GCN5/PCAF are required for

H3K9ac, but not H3K14ac in cells. Taken together, western

blot and mass spectrometry data demonstrate that mouse

GCN5 and PCAF are redundant and are specifically required

for the global level of H3K9ac in cells.

GCN5/PCAF and H3K9ac are dispensable for

ligand-induced NR target gene expression

We next examined the effects of deletion of GCN5/PCAF and

thus the dramatic reduction of H3K9ac on gene expression.

Surprisingly, deletion of GCN5/PCAF had little effect on

expression of GAPDH, b-actin and b-catenin, although

H3K9ac was eliminated on the promoters of these house-

keeping genes (Supplementary Figure S3C and D). These

results suggest that GCN5/PCAF-mediated H3K9ac is dispen-

sable for housekeeping gene expression in MEFs.

ChIP assays revealed that deletion of GCN5/PCAF in MEFs

specifically prevented GW-induced H3K9ac, but had little

effect on GW-induced other histone acetylations and methy-

lations on Angptl4 gene (Figure 4A and B). Deletion of GCN5/

PCAF and thus the elimination of GW-induced H3K9ac did

not affect the GW-induced recruitment of Pol II on Angptl4

promoter either (Figure 4C). Consistently, deletion of GCN5/

PCAF had little effect on GW-induced expression of Angptl4

and other PPARd target genes in MEFs (Figure 4D).

Consistent with the pattern of GW-induced H3K9ac on

Angptl4 promoter (Figure 2C and G), GW induced recruit-

ment of GCN5 and PCAF on Angptl4 promoter in wild-type

MEFs (Figure 4E), which could be blocked by the transcrip-

tion elongation inhibitor DRB (Figure 4F). These results

suggest that GCN5/PCAF are directly responsible for GW-

induced H3K9ac on PPARd target gene promoters and that

GCN5/PCAF and GCN5/PCAF-mediated H3K9ac correlate

with, but are dispensable for, ligand-induced PPARd target

gene expression in MEFs.

Activation of PPARd in skeletal muscle induces fat burning

and energy expenditure and attenuates metabolic syndrome

(Tanaka et al, 2003; Evans et al, 2004). To investigate whether

GCN5/PCAF are required for PPARd target gene activation in

myocytes, PCAF�/�;GCN5flox/D MEFs were infected with ret-

rovirus MSCVpuro expressing MyoD. After puromycin selec-

tion, cells were infected with adenoviral Cre, followed by

induction of myogenesis. As shown in Supplementary Figure

S5A and B, GCN5/PCAF were dispensable for MyoD-stimulated

myogenesis and expression of myogenesis markers in MEFs.

Further, deletion of GCN5/PCAF had little effect on ligand-

induced expression of PPARd target genes, which are important

for fat burning in myocytes (Supplementary Figure S5C).

To investigate whether GCN5/PCAF and GCN5/PCAF-

mediated H3K9ac are required for expression of other NR

target genes, we treated MEFs with T0901317 and all-trans-

retinoic acid, specific ligands for NRs liver X receptor a

(LXRa) and retinoic acid receptor a (RARa), respectively

(Khetchoumian et al, 2007; Lee et al, 2008). Deletion of

GCN5/PCAF in MEFs prevented ligand-induced H3K9ac on

LXRa and RARa target gene promoters, but had little effect on

ligand-induced Pol II recruitment to the LXRa and RARa

target gene promoters and expression of these genes

(Supplementary Figure S6). Taken together, these results

suggest that GCN5/PCAF and GCN5/PCAF-mediated

H3K9ac correlate with, but are largely if not entirely dispen-

sable for, ligand-induced NR target gene expression.

CBP and p300 are specifically required for H3K18ac

and H3K27ac in cells

Our results with GCN5/PCAF DKO MEFs suggested that a

different HAT family provides essential co-activator function

for PPARd. We reasoned this might include CBP/p300

Table I Mass spectrometric analysis of the total acetylation levels on H3K9 and H3K14 in retroviral Vec- or Cre-infected PCAF�/�;GCN5flox/D

MEFs

Peptide MH+ DM (p.p.m.) Peak area (� 106) Ratio (Vec/Cre)

Vec Cre

9KSTGG14KacAPR 943.5320 �1.40 534.4 638.6 0.84
9Kme1STGG

14KacAPR 957.5476 �2.06 541.0 548.0 0.99
9Kme2STGG

14KacAPR 971.5633 �0.91 1658.7 1956.8 0.83
9KacSTGG

14KacAPR 985.5425 �2.22 131.5 6.8 19.26
Sum of 14Kac 2865.5 3150.2 0.91

The histone H3 proteins isolated from MEFs were digested with endoproteinase Arg-C to release the 9KSTGG14KAPR peptide encompassing
residues K9–R17 of histone H3. The peak area value represents the abundance of each type of modified peptides determined by mass
spectrometry, with the relative standard deviation of B15%. Note that the peptide with acetylation on K9 alone, 9KacSTGG

14KAPR, was
undetectable. In other words, K9ac was always detected with co-existing K14ac on the same peptide to form 9KacSTGG

14KacAPR (H3K9/14ac).
Therefore, the total level of H3K9 acetylation (H3K9ac) is represented by the H3K9/14ac level. At the shown high mass measurement accuracy
(DM (p.p.m.)), tri-methylated and acetylated lysine residues can be distinguished confidently by the mass spectrometer.
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because they are known NR co-activators. To understand how

CBP/p300-mediated HAT activities regulate gene expression,

we first sought to determine the substrate and site specifi-

cities of CBP/p300 in cells. Single deletion of either CBP or

p300 in MEFs by retroviral Cre had little effect on the global

levels of histone acetylations or the GW-induced Angptl4

expression (Supplementary Figure S7; Figure 5E), suggesting

that CBP and p300 could be functionally redundant.

Next, we immortalized primary CBPflox/flox;p300flox/flox

MEFs that carried two floxed alleles of CBP and two floxed

alleles of p300. The immortalized CBPflox/flox;p300flox/flox

MEFs were infected with adenoviral Cre to generate CBP/

p300 DKO cells. Deletion of CBP/p300 was confirmed at both

mRNA and protein levels (Figure 5A and E). In contrast to the

deletion of GCN5/PCAF, deletion of CBP/p300 caused

marked morphological changes in MEFs. Cells became flat

and ceased proliferation after the deletion of CBP/p300,

although no significant apoptosis was observed (Figure 5B

and C). By western blot, we found that deletion of CBP/p300

in MEFs specifically and dramatically reduced the global

levels of H3K18ac and H3K27ac (Figure 5D and E).

To confirm the western blot results and more importantly,

to provide direct evidence that CBP/p300 are required for

H3K18ac and H3K27ac in cells, we performed mass spectro-

metric analysis of total levels of H3K18ac and H3K27ac on

histone H3 protein purified from MEFs (Table II). The data

revealed that the total level of H3K23ac (sum of 23Kac in

Table II) was about five-fold more abundant than that of

H3K18ac in MEFs and that H3K18ac always co-existed with

H3K23ac on the same histone H3 molecule to form H3K18/

23ac (di-acetylation on K18 and K23 of histone H3). Thus, the

total H3K18ac level is represented by the H3K18/23ac level in

the mass spectrometry data. H3K27ac always co-existed with

H3K36me2 on the same histone H3 molecule. Infecting

CBPflox/flox;p300flox/flox MEFs with adenoviral Cre led to 28-

fold decrease of H3K18/23ac level and 15-fold decrease of

H3K27ac, but had no significant effect on the total level of

H3K23ac (Table II). These results provide direct evidence to

indicate that CBP/p300 are responsible for over 90% of

H3K18ac and H3K27ac in MEFs. Taken together, western

blot and mass spectrometry data demonstrate that CBP and

p300 are redundant and are specifically required for the

global levels of H3K18ac and H3K27ac in MEFs.

CBP/p300 and their HAT activities are essential

for ligand-induced NR target gene expression

We next examined the effects of deletion of CBP/p300 and

thus the dramatic decreases of H3K18/27ac on gene expres-

sion. Deletion of CBP/p300 in MEFs decreased b-actin level

by B40%, but had no effect on expression of other

housekeeping genes GAPDH and b-catenin (Supplementary

Figure S8A). Both H3K18ac and H3K27ac levels decreased

Figure 4 GCN5/PCAF and H3K9ac are dispensable for PPARd ligand-induced Angptl4 expression. (A–D) GCN5/PCAF and GCN5/PCAF-
mediated H3K9ac are dispensable for ligand-induced PPARd target gene expression in MEFs. PCAF�/�;GCN5flox/D MEFs infected with retroviral
Vec or Cre were treated with GW for 24 h, followed by ChIP of histone acetylations (A), methylations (B) and Pol II recruitment (C) on Angptl4
gene as described in Figure 2. Gene expression was analysed by qRT–PCR (D). (E) Time course of ligand-induced GCN5 and PCAF recruitment
on Angptl4 promoter. Wild-type MEFs were treated with GW. Cells were collected at indicated time points for ChIP of GCN5 and PCAF at the
þ 0.1-kb region on Angptl4 gene. (F) Wild-type MEFs were pre-treated with DRB for 30min, followed by treatment with GW for 4 h in the
presence of DRB. Cells were collected for ChIP of GCN5 and PCAF at the þ 0.1-kb region on Angptl4 gene. All results are representative of two
to four independent experiments.
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significantly on the three housekeeping gene promoters in

CBP/p300 DKO cells (Supplementary Figure S8B). Deletion of

CBP/p300 had little effect on the heat shock-induced Hsp70

expression and the IL-1b-induced Cxcl1 and Cxcl2 expression

(Figure 5F and G).

ChIP assays revealed that deletion of CBP/p300 in MEFs

prevented GW-induced increases of all histone acetylations

and methylations that we have examined on Angptl4 gene

(Figure 6A and B). Deletion of CBP/p300 and thus the

elimination of GW-induced H3K18/27ac also prevented

Figure 5 CBP and p300 are redundant and are specifically required for H3K18ac and H3K27ac in cells. Immortalized CBPflox/flox;p300flox/flox

MEFs were infected with adenoviruses expressing Cre or GFP control. Two days later, cells were re-plated to remove dead cells. After 24 h, cells
were subjected to the following analyses. (A) Confirmation of deletion of CBP and p300 genes by qRT–PCR using primers located in deleted
regions. (B) Cell morphology under the microscope. (C) Cell growth curves. (D) Deletion of CBP and p300 in MEFs markedly reduces the global
levels of H3K18ac and H3K27ac. Nuclear extracts were prepared for western blot analyses of histone acetylations and methylations. (E) CBP
and p300 are redundant and are required for the global levels of H3K18ac and H3K27ac. Immortalized CBPflox/flox MEFs and p300flox/flox MEFs
were infected with retroviruses MSCVpuro expressing Cre or Vec. Nuclear extracts were prepared for western blot analysis. (F) CBP and p300
are dispensable for heat shock-induced Hsp70 expression. Cells were incubated at 431C for 30min, followed by recovery at 371C for 2 h.
(G) CBP and p300 are dispensable for the cytokine interleukin 1b (IL-1b)-induced Cxcl1 and Cxcl2 expression. Cells were treated with 10 ng/ml
IL-1b for 1 h. All results are representative of two to four independent experiments.

Table II Mass spectrometric analysis of the total acetylation levels on H3K9, H3K14, H3K18, H3K23 and H3K27 in adenoviral GFP- or
Cre-infected CBPflox/flox;p300flox/flox MEFs

Peptide MH+ DM (p.p.m.) Peak area (� 106) Ratio (GFP/Cre)

GFP Cre

9KSTGG14KacAPR 943.5320 1.52 1324.5 1264.1 1.05
9Kme1STGG

14KacAPR 957.5476 0.37 277.4 340.2 0.82
9Kme2STGG

14KacAPR 971.5633 0.14 1389.3 1414.4 0.98
9KacSTGG

14KacAPR 985.5425 0.13 61.5 54.3 1.13
Sum of 14Kac 3052.7 3072.9 0.99
18KQLAT23KacAAR 1028.6211 0.87 4239.5 5058.2 0.84
18Kme1QLAT

23KacAAR 1042.6368 1.19 27.2 48.2 0.56
18KacQLAT

23KacAAR 1070.6317 0.89 1036.9 36.7 28.29
Sum of 23Kac 5303.6 5143.1 1.03
27KacSAPATGGV

36Kme2KPHR 1503.8754 0.24 20.2 1.3 15.23

The histone H3 proteins isolated from MEFs were digested with endoproteinase Arg-C to release three peptides: the 9KSTGG14KAPR
encompassing residues K9–R17, the 18KQLAT23KAAR encompassing K18–R26, and the 27KSAPATGGV36KKPHR encompassing K27–R40. The
peak area value represents the abundance of each type of modified peptides determined by mass spectrometry, with the relative standard
deviation of B15%. Note that K9ac was always detected with co-existing K14ac on the same peptide to form 9KacSTGG

14KacAPR (H3K9/14ac),
that K18ac was always detected with co-existing K23ac on the same peptide to form 18KacQLAT

23KacAAR, that K27ac was always detected with
co-existing K36me2 on the same peptide to form 27KacSAPATGGV

36Kme2KPHR, and that K36ac and K56ac were undetectable.

Histone acetylation and gene activation
Q Jin et al

The EMBO Journal VOL 30 | NO 2 | 2011 &2011 European Molecular Biology Organization256



Figure 6 CBP/p300 and their HAT activities are essential for ligand-induced PPARd target gene expression. (A, B, C, E) Immortalized CBPflox/flox;
p300flox/flox MEFs were infected with adenoviruses expressing Cre or GFP control. Two days later, cells were re-plated. After 24 h, cells were
treated with GW for 24 h, followed by ChIP assays of histone acetylations (A), methylations (B) and Pol II recruitment (C) on Angptl4 gene as
described in Figure 2, as well as qRT–PCR analysis of gene expression (E). (D) Time course of total Pol II recruitment analysed by ChIP.
Experiment was done as in C except that cells were treated with GW for 0, 1 and 2 h. (F, G) Wild-type MEFs were treated with GW in the
presence of 50mM curcumin for 6 h, followed by qRT–PCR analysis of gene expression (F) and ChIP analyses of histone acetylations and
Pol II recruitment on Angptl4 promoter (G). (H) Time course of ligand-induced CBP and p300 recruitment on Angptl4 gene. Wild-type MEFs
were treated with GW. Cells were collected at indicated time points for ChIP analyses of CBP and p300 at the þ 2.3-kb PPRE on Angptl4 gene.
(I) Wild-type MEFs were pre-treated with DRB for 30min, followed by treatment with GW for 4 h in the presence of DRB. Cells were collected
for ChIP analysis of CBP and p300 at the þ 2.3-kb PPRE on Angptl4 gene. (J) Model depicting the distinct roles of GCN5/PCAF-mediated
H3K9ac and CBP/p300-mediated H3K18/27ac in NR transactivation, using PPARd ligand-induced Angptl4 expression as an example (see
Discussion). All results are representative of two to four independent experiments.
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GW-induced recruitment of Pol II on Angptl4 promoter

(Figure 6C and D). Consistently, deletion of CBP/p300 com-

pletely prevented GW-induced expression of Angptl4 and

other PPARd target genes in MEFs (Figure 6E). Further,

treating wild-type MEFs with curcumin, an inhibitor of

CBP/p300 HAT activities (Balasubramanyam et al, 2004),

inhibited GW-induced H3K18/K27ac and recruitment of Pol

II on Angptl4 promoter, and blocked GW-induced expression

of Angptl4 and other PPARd target genes (Figure 6F and G).

Consistent with the pattern of GW-induced H3K18/27ac on

Angptl4 promoter (Figure 2C and G), GW induced recruit-

ment of CBP and p300 on Angptl4 promoter in wild-type

MEFs (Figure 6H), which could not be blocked by the

transcription elongation inhibitor DRB (Figure 6I). These

results suggest that CBP/p300 are directly responsible for

GW-induced H3K18/27ac on PPARd target gene promoters,

and that CBP/p300 and their HAT activities are essential for

ligand-induced PPARd target gene expression in MEFs.

We also investigated whether CBP/p300 are required for

expression of other NR target genes. Deletion of CBP/p300 in

MEFs not only prevented ligand-induced H3K18/27ac and Pol II

recruitment on promoters of endogenous LXRa and RARa target

genes, but also prevented ligand-induced expression of these

genes (Supplementary Figure S9). Taken together, these results

suggest that CBP/p300 and CBP/p300-mediated H3K18/27ac

are important for ligand-induced NR target gene expression.

Discussion

Histone acetylation generally correlates with gene activation.

However, it has been unclear whether the increased histone

acetylation is a cause or a consequence of the increased

transcription in mammalian cells. Using immortalized GCN5/

PCAF DKO cells and CBP/p300 DKO cells, we provide the first

systematic examination of the substrate and site specificities of

these two distinct families of HATs in mammalian cells. We

show GCN5/PCAF and CBP/p300 display remarkable site

specificities: GCN5 and PCAF are redundant and are specifically

required for over 90% of H3K9ac in cells; CBP and p300 are

redundant and are specifically required for over 90% of

H3K18ac and H3K27ac (H3K18/27ac) in cells. Determination

of the substrate and site specificities of GCN5/PCAF and

CBP/p300 in cells makes it possible to understand the mole-

cular mechanism by which these HATs regulate transcription

through histone acetylation. Although GCN5/PCAF have been

implicated as NR co-activators and H3K9ac is known to corre-

late well with gene activation, we show for the first time that

GCN5/PCAF and H3K9ac are dispensable for ligand-induced

activation of endogenous NR target genes. In contrast, CBP/

p300 and their HAT activities are critical for ligand-induced

histone modifications and Pol II recruitment on NR target gene

promoters and gene activation. Thus, GCN5/PCAF-mediated

H3K9ac and CBP/p300-mediated H3K18/27ac have distinct

roles in NR transactivation. Our data suggest that CBP/p300-

mediated H3K18/27ac is important for recruiting Pol II to NR

target gene promoters to initiate transcription, while GCN5/

PCAF-mediated H3K9ac is dependent on active transcription.

Sequential histone modifications during NR target gene

activation

The robust PPARd ligand-induced Angptl4 expression in

MEFs is accompanied by ligand-induced marked increases

of histone acetylations, as well as histone methylations that

correlate with gene activation such as H3K4me3, H3K36me3

and H3K79me2, on the Angptl4 gene. These results are

consistent with previous genome-wide analyses of histone

modifications and studies on regulation of immediate–early

gene expression by histone modifications (Edmunds et al,

2008; Wang et al, 2008b). H3K9me2 and H3K27me3 generally

correlate with gene repression (Barski et al, 2007). The levels

of H3K9me2 and H3K27me3 on Angptl4 gene are already low

before PPARd ligand treatment and are not affected by ligand

treatment, suggesting that the Angptl4 gene is pre-disposed

for activation and that the two repressive epigenetic marks

are not involved in regulating PPARd ligand-induced Angptl4

expression in MEFs.

There appears to be three temporally distinct phases of

PPARd ligand-induced histone modifications on Angptl4

gene. The early phase precedes Pol II recruitment and is

characterized by rapid increases of H3K14ac, H3K18ac,

H3K27ac and H4ac. The intermediate phase is characterized

by H3K9ac increase, which coincides with Pol II recruitment

and induction of gene expression. The late phase is charac-

terized by increases of H3K4me3, H3K36me3 and H3K79me2

following Pol II recruitment.

The observation that transcription elongation inhibitor

DRB blocks the ligand-induced H3K4me3, H3K36me3 and

H3K79me2 on Angptl4 gene is consistent with previous

reports that phosphorylation of RNA Pol II mediates histone

methylation on H3K4, H3K36 and H3K79 (Hampsey and

Reinberg, 2003). Our data that DRB blocks ligand-induced

H3K9ac on Angptl4 promoter imply that the HATs responsible

for depositing H3K9ac on NR target genes are neither re-

cruited by NRs before transcription initiation nor important

for transcription initiation. Rather, the recruitment of these

HATs is transcription dependent. Consistently, we found DRB

blocks the ligand-induced GCN5/PCAF and H3K9ac on

Angptl4 gene. In contrast, ligand-induced enrichment of

CBP/300, H3K18ac and H3K27ac on Angptl4 gene precedes

Pol II recruitment and is insensitive to DRB, suggesting that

CBP/p300-mediated H3K18ac and/or H3K27ac are important

for Pol II recruitment and transcription initiation on NR target

gene promoters (see below).

Substrate and site specificities of GCN5/PCAF

Yeast GCN5 and associated SAGA complex are capable of

acetylating multiple lysine residues on histone H3 in vitro,

including H3K9, H3K14, H3K18 and H3K23 (Grant et al,

1999). Both human GCN5/PCAF-associated SAGA and ATAC

complexes acetylates histone H3, but not histone H4 in vitro

(Wang et al, 2008a). Recombinant human GCN5 acetylates

H3K9 in vitro and knockdown of GCN5 reduced endogenous

H3K9ac in human cancer cells (Tjeertes et al, 2009).

However, it was unclear whether mammalian GCN5/PCAF

are capable of acetylating H3K14ac. Further, the substrate

and site specificities of mammalian GCN5/PCAF in vivo have

not been systematically examined previously.

We show mouse GCN5 and associated HAT complexes are

capable of acetylating multiple lysine residues on histone H3

in vitro, including H3K9, H3K14, H3K18, H3K23 and H3K56.

However, by both western blot and mass spectrometric

analyses, we found that deletion of GCN5/PCAF in mouse

cells specifically and dramatically reduces the global level of

H3K9ac, but has little effect on the global level of H3K14ac or
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any other histone H3 and H4 acetylations that we have

examined. Consistently, deletion of GCN5/PCAF prevents

PPARd ligand-induced H3K9ac but not H3K14ac, H3K18/

27ac or H4ac on Angptl4 promoter. It is clear that GCN5/

PCAF are critical for both the global and the gene-specific

H3K9ac in every species that has been examined. Although

we cannot rule out the possibility that GCN5/PCAF may

regulate H3K14ac in other cell types in mice, our data suggest

that mammalian GCN5/PCAF are capable of acetylating

H3K14, but this acetylation may be compensated by other

HATs in GCN5/PCAF DKO cells. Alternatively, HATs other

than GCN5/PCAF are responsible for H3K14ac in mammalian

cells. A potential mammalian H3K14 acetyltransferase is

MOZ (also known as Myst3), which is the homologue of

the enzymatic Sas3 subunit of the yeast NuA3 complex that

preferentially acetylates H3K14 (Taverna et al, 2006; Lee and

Workman, 2007).

It was recently reported that human GCN5 can acetylate

H3K56 in vitro and in cells (Tjeertes et al, 2009). Mouse

GCN5 and associated HAT complexes strongly acetylate

H3K56 in vitro, but deletion of GCN5/PCAF only leads to

mild decrease of H3K56ac in MEFs (Figure 3D and F). Due to

its low abundance, we failed to detect H3K56ac even in

wild-type MEFs by mass spectrometry. Future work will be

needed to determine whether GCN5/PCAF are required for

H3K56ac in mammalian cells.

GCN5/PCAF and H3K9ac in NR target gene activation

Our results that GCN5/PCAF and GCN5/PCAF-mediated

H3K9ac are dispensable for expression of endogenous NR

target genes are surprising, given that GCN5/PCAF are re-

cruited to NR target gene promoters during gene activation

and that GCN5/PCAF function as co-activators for several

NRs on reporter genes (Blanco et al, 1998; Korzus et al, 1998;

Kraus and Wong, 2002; Metivier et al, 2003; Zhao et al, 2008).

Our study examines the effects of GCN5/PCAF DKO on

expression of endogenous NR target genes. In contrast,

most of the previous studies that implicate GCN5/PCAF as

NR co-activators rely on over-expressing GCN5/PCAF in

reporter assays without addressing the contributions from

the GCN5/PCAF HATactivities. While we cannot rule out the

possibility that GCN5/PCAF may use their HAT activities to

function as NR co-activators in a cell type- and/or receptor-

specific manner, our data suggest that GCN5/PCAF function

as NR co-activators through the associated SAGA and/or

ATAC complexes independent of their HAT activities. Such a

possibility is supported by results from studies in yeast and

Drosophila that the GCN5-associated SAGA complex can

function as a co-activator independent of its enzymatic

activity (Weake et al, 2009).

We show that H3K9ac correlates with, but is dispensable

for, expression of housekeeping genes and NR target genes.

As H3K9ac is a hallmark for gene activation and is enriched

on active gene promoters (Wang et al, 2008b), these results

thus raise an interesting question: what is the role of H3K9ac

in transcriptional regulation? We speculate that H3K9ac may

help maintain chromatin region permissive for gene expres-

sion by preventing the compaction of chromatin, a proposed

function for histone acetylation (Roth et al, 2001; Li et al,

2007). H3K9ac may also be involved in transcriptional

memory, although GCN5 is dispensable for transcriptional

memory at the yeast GAL gene cluster (Kundu et al, 2007).

Finally, there remains a possibility that H3K9ac may be

redundant with acetylations on other histone lysine residues

in regulation of gene expression. Future work will be needed

to identify the role of H3K9ac in transcriptional regulation.

Substrate and site specificities of CBP/p300

Using CBP/p300 DKO cells, we systematically examined the

substrate and site specificities of CBP/p300 in mammalian

cells by western blot and mass spectrometry analyses. We

show CBP and p300 are redundant and are specifically

required for over 90% of H3K18ac and H3K27ac in MEFs.

It has been shown previously that CBP/p300 are capable of

acetylating H3K18 and H3K27 in vitro and that knockdown

of CBP in Drosophila S2 cells results in a substantial reduction

of H3K18ac and H3K27ac, but has little effect on the global

levels of H3K9ac, H3K14ac and H3K23ac (Tie et al, 2009). It

has also been shown that knockdown of CBP/p300 markedly

decreases H3K18ac in human cancer cells and H3K27ac in

mouse embryonic stem cells, respectively (Horwitz et al, 2008;

Pasini et al, 2010). The results obtained from our systematic

analysis of histone acetylations in CBP/p300 DKO cells are

highly consistent with these previous reports.

Depletion of H3K27me2 and H3K27me3 by disrupting the

H3K27 methyltransferase PRC2 complex in cells leads to a

marked increase of H3K27ac but not H3K18ac (Tie et al,

2009; Wang et al, 2010), which not only suggests that CBP/

p300-mediated H3K27ac antagonizes with PRC2-mediated

H3K27me2/3 in regulating polycomb target gene expression,

but also suggests that H3K18ac and H3K27ac have over-

lapping but distinct roles in regulating gene expression.

Notably, depletion of H3K27ac by deletion of CBP/p300 in

cells only leads to a mild increase of the global H3K27me2

level (Figure 5D). This is probably because H3K27ac and

H3K27me2 are mutually exclusive and H3K27ac is enriched

around the TSSs while H3K27me2 is broadly distributed

(Wang et al, 2008b).

It has been reported that CBP/p300 show structural simi-

larity with the yeast H3K56 acetyltransferase Rtt109 and that

CBP/p300 are responsible for H3K56ac in human cells (Das

et al, 2009). By western blot analysis using two different

sources of H3K56ac antibodies described in Das et al (2009),

we found that CBP/p300 are dispensable for H3K56ac in

MEFs (Supplementary Figure S8C). On the other hand, we

cannot rule out the possibility that CBP/p300 may be

required for DNA damage-induced H3K56ac as suggested in

Das et al (2009).

CBP/p300-mediated H3K18ac and H3K27ac in NR target

gene activation

CBP/p300 and their HATactivities are known to be important

for ligand-induced activation of several NR target genes (Li

et al, 2000; Kraus and Wong, 2002). However, due to the

previous lack of conclusive evidence on the substrate and site

specificities of CBP/p300 in cells, it was unclear how the

HATs CBP/p300 regulate NR target gene activation through

histone acetylation.

Our determination of the substrate and site specificities of

CBP/p300 in cells makes it possible to investigate how this

family of HATs regulates transcription through histone acet-

ylation. We show PPARd ligand-induced H3K18ac and

H3K27ac on Angptl4 promoter precede Pol II recruitment

and cannot be blocked by transcription elongation inhibitor
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DRB. However, treating cells with an inhibitor of the CBP/

p300 HAT activities block PPARd ligand-induced H3K18ac

and H3K27ac and recruitment of Pol II to Angptl4 promoter.

These results suggest that CBP/p300-mediated H3K18ac and/

or H3K27ac are important for ligand-dependent recruitment

of Pol II to NR target gene promoters, although we cannot

exclude the possibility that CBP/p300 may acetylate other

histone molecules or even non-histone proteins to facilitate

Pol II recruitment. CBP/p300 are dispensable for the heat

shock-induced Hsp70 expression and the IL-1b-induced Cxcl1

and Cxcl2 expression, suggesting that the failure in ligand-

induced NR target gene expression in CBP/p300 DKO cells is

not due to cell growth arrest and that CBP/p300 appear to be

selectively required for ligand-induced NR target expression.

Taken together, our data suggest the following model on

the distinct roles of CBP/p300-mediated H3K18/27ac and

GCN5/PCAF-mediated H3K9ac in NR transactivation, using

PPARd ligand-induced Angptl4 expression as an example

(Figure 6J). In the absence of ligand, PPARd bound on the

PPRE motif of the Angptl4 gene recruits transcription co-

repressors to repress Angptl4 expression (Shi et al, 2002).

Ligand binding leads to a conformational change of PPARd,

which dissociates from co-repressors and associates with

CBP/p300 instead. The recruited CBP/p300 specifically acet-

ylate H3K18 and H3K27 on the Angptl4 promoter. The

resulting H3K18/27ac may be recognized by yet to be identi-

fied effector proteins, which recruit Pol II to initiate transcrip-

tion. The serine 2-phorphorylated (S2P) elongating Pol II

recruits GCN5/PCAF to specifically acetylate H3K9. The

resulting H3K9ac indicates the gene activation status. The

candidates for effector proteins that recognize H3K18/27ac

would include bromodomain-containing non-histone pro-

teins that specifically recognize acetylated lysine (K) residues

(Roth et al, 2001). It remains to be determined whether both

H3K18ac and H3K27ac or only one of them are required for

recruiting Pol II to initiate transcription of PPARd target

genes. If both H3K18ac and H3K27ac are required, the likely

candidates for effector proteins would include the double

bromodomain-containing non-histone proteins (Hargreaves

et al, 2009). It will be particularly interesting to isolate and

determine the identities of effector proteins that recognize

H3K18ac and/or H3K27ac.

Materials and methods

Antibodies and chemicals
All commercial antibodies are listed in Supplementary Table S1
except those indicated specifically in Supplementary Figures S3B
and S8C. Anti-p300 antibody for ChIP was described (Kasper et al,
2010). Anti-Ada2a, -Ada2b and -SPT3 antibodies were described
(Martinez et al, 2001). Anti-FLAG M2-agarose (A2220), curcumin
(C1386) and DRB (D1916) were from Sigma. DRB was dissolved in
DMSO and used at 20mg/ml. GW501516 (Calbiochem) was
dissolved in DMSO and used at 100 nM. IL-1b (401-ML) was from
R&D systems.

Cell culture and virus infection
Cells were routinely cultured in DMEM plus 10% FBS. Primary
MEFs were isolated from E12.5 to E14.5 mouse embryos and were
immortalized by transfection with a SV40T-expressing plasmid as
described (Cho et al, 2007) or by following the 3T3 protocol (Cho
et al, 2009).

Retroviral infection of MEFs and MyoD-stimulated myogenesis of
MEFs were done as described (Ge et al, 2002). Adenoviruses
expressing Cre recombinase and GFP (Ad5CMV-Cre-GFP) or GFP

alone (Ad5CMV-GFP) and adenoviral infection of MEFs was done at
100moi as described (Cho et al, 2009).

Western blot, qRT–PCR, ChIP and in vitro HAT assay
Western blot and qRT–PCR using Taqman or Sybr Green assays
were done as described (Hong et al, 2007; Cho et al, 2009). The
sequences of SYBR Green primers are listed in Supplementary Table
S2. Data are presented as mean values±s.d. ChIP assays of histone
modifications were performed as described (Wang et al, 2010). ChIP
assays of GCN5/PCAF and CBP/p300 were performed as described
in Kasper et al (2010). PCR quantitation of precipitated genomic
DNA relative to inputs was performed in duplicate or triplicate
using SYBR Green kit. For ChIP on the 6.6-kb mouse Angptl4 gene,
we designed 14 pairs of SYBR Green PCR primers to cover from �10
to þ 10 kb of the TSS of Angptl4 gene. The sequences of
quantitative PCR primers are listed in Supplementary Table S2.

In vitro HATassays were performed on 1mg recombinant histone
H3.1 (New England Biolabs, M2503S) in the presence of acetyl CoA
as described (Tie et al, 2009), except that 1.5mg recombinant GST-
GCN5 or 1.0mg GCN5-associated HATcomplexes (GCN5.com) were
used. GST-GCN5 was purified from bacteria and GCN5.com was
purified from nuclear extracts of MEFs expressing FLAG-tagged full-
length mouse GCN5 as described (Cho et al, 2007).

Mass spectrometry
Core histones were purified from MEFs using a histone purification
kit (Active Motif) and were resolved on 15% SDS–PAGE. The gel
was stained with Gelcode Blue Safe Protein Stain (Thermo
Scientific). The histone H3 bands were cut out, de-stained and in-
gel digested with endoproteinase Arg-C (Roche) that cleaves peptide
bonds specifically at the C-terminal side of arginine residues. The
resulting peptides were analysed using nanoflow reversed-phase
liquid chromatographic separation coupled online to an LTQ-
Orbitrap XL mass spectrometer (ThermoFisher) for tandem mass
spectrometry (nanoLC–MS/MS). The peptides were loaded onto the
LC column for 30min and then separated at a flow rate of 250 nl/
min using a step gradient of 2–42% solvent B (0.1% formic acid in
acetonitrile) in 40min, 42–98% solvent B for 10min, while mobile
phase Awas 0.1% formic acid in water. The mass spectrometer was
operated in a data-dependent mode to sequentially acquire MS and
MS/MS spectra with dynamic exclusion. Normalized collision
energy was 35% for MS/MS. The raw MS/MS data were searched
using SEQUEST (ThermoFisher) against a protein database includ-
ing mouse histone H3 with dynamic modifications of Lys
acetylation, Lys mono-/di-/tri-methylation, Arg mono-/di-methyla-
tion and Met oxidation to identify both modified and unmodified
peptides (peptide mass tolerance of 10 p.p.m.). The identified
peptides with modifications were further subjected to manual
inspection of the peptide sequence and the modification sites by
examining the corresponding MS/MS spectra. Extracted chromato-
graphic peak areas of identified peptides were calculated and
normalized by the most abundant non-modification peptides to
compensate the potential sample amount difference between viral
Vec/GFP- and Cre-infected PCAF�/�;GCN5flox/D or CBPflox/flox;
p300flox/flox MEFs. The values of the normalized peak areas
represent the abundance of modified peptides in cells.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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