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Background:p300 andCBPhave overlapping functions, but p300 is required for advanced prostate cancer cell proliferation.
Results: p300, not CBP, is widely required for androgen-induced gene regulation and histone acetylation and methylation.
Conclusion: p300 is dominant over CBP in advanced prostate cancer cells and required for early steps in transcriptional
activation.
Significance: Genes controlled by p300 are critical for prostate cancer proliferation.

The protein acetyltransferases p300 and cAMP response ele-
ment-binding protein binding protein (CBP) are homologous,
ubiquitously expressed proteins that interact with hundreds of
proteins involved in transcriptional regulation and are involved
globally as transcriptional coregulators. Although these two
proteins acetylate and interactwith overlapping sets of proteins,
we found that p300 and CBP contribute to androgen-induced
regulation of distinct sets of genes in C4-2B prostate cancer
cells, amodel of advancedprostate cancer. CBPcannot compen-
sate for the loss of p300 to support androgen-induced expres-
sion of many genes, such as TMPRSS2 and PSA. Global gene
expression analysis indicated that 47% of androgen-regulated
genes are p300-dependent in these cells, whereas, surprisingly,
only 0.3% of them are CBP-dependent. Chromatin immunopre-
cipitation analysis after depletion of cellular p300 indicated that
p300 is required for androgen-induced acetylation of histones H3
and H4, methylation of histone H3 at Lys-4, and recruitment of
TATAbox binding protein (TBP) andRNApolymerase II, but not
recruitment of the androgen receptor, on the TMPRSS2 gene in
response to androgen. Thus, p300 is the dominant coregulator of
the CBP/p300 pair for androgen-regulated gene expression in
C4-2B cells. p300 is required at an early stage of chromatin remod-
eling and transcription complex assembly after binding of andro-
gen receptor to the genebut beforemany critical histonemodifica-
tions occur.

The androgen receptor (AR)2 is a ligand-activated transcrip-
tion factor belonging to the nuclear receptor superfamily which
regulates the expression of hundreds of different genes in any
given cell type in response to its cognate hormone, dihydrotes-
tosterone (DHT). Upon binding of the ligand, the AR translo-
cates to the nucleus where it binds directly to DNA sequences
known as androgen-responsive elements (AREs), which serve
as regulatory (enhancer and silencer) elements for associated
genes (1, 2). The DNA-bound AR recruits coregulators (coacti-
vators and/or corepressors) that remodel chromatin conforma-
tion around the ARE and the associated transcription start site
(TSS) and regulate the assembly or disassembly of an active
transcription complex on the TSS.
AR plays important roles in male reproductive system devel-

opment, including the development of the prostate gland and in
the onset and progression of prostate cancer (3). Initially, pros-
tate adenocarcinoma cells depend on androgens to drive their
proliferation by regulating genes that control that process. This
dependence on the hormone-stimulated actions of AR makes
therapy possible by interfering with the physiological levels or
actions of androgens either by chemical or physical castration.
Androgen ablation therapy of early-stage tumors is generally
successful, leading to a decrease in tumor size. However, in
many cases the tumors begin to grow again, and they no longer
rely on high levels of androgen for their growth or survival,
although they do still depend on a functional AR. The disease is
now regarded as androgen depletion-independent (ADI), and a
key difference in this phenotype is hyperactivation of AR
through variousmechanisms. AR amplification or gain of func-
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tion mutations can allow AR activation by castration levels of
androgens or even by non-androgenic steroids and antiandro-
gens, which do not activate thewild-typeAR. Enhanced activity
of other signaling pathways or altered androgen metabolism
can also enhance AR activity (4). Increased levels or activity
of coregulators or posttranslational modifications to AR or
coregulators as a result of deregulation of other signaling path-
ways can also contribute to the ADI phenotype (5, 6).
Although dozens or even hundreds of coregulators are gen-

erally recruited byDNA-bound transcription factors, including
AR, to carry out the regulation of chromatin conformation and
transcription complex assembly required to control transcrip-
tion, increasing evidence suggests that different subsets of
coregulators may be required for the transcription of different
target genes (7–9). In this study, we explored the differential
roles of two specific coregulators, CBP and p300, in androgen-
regulated gene expression in the C4-2B cell line, a model for
ADI prostate cancer. p300 and CBP are known coregulators for
the nuclear hormone receptors as well asmany other transcrip-
tion factors and are known to enhance transcriptional activity
through either their protein acetyltransferase activity or by act-
ing as scaffold proteins to recruit other coregulators or compo-
nents of the basal transcription machinery (10–13). Because of
their high degree of homology (about 63% at the amino acid
level) and significant overlap of their acetylation substrate spec-
ificity, they are sometimes regarded as interchangeable. In fact,
it has been shown that they do have similar substrates in vitro
and may indeed perform some redundant functions. However,
it is important to note that the two share regions of lesser
homology as well as greater homology. Considerable evidence
has suggested that they are not functionally redundant and that
expression of a specific gene may preferentially require the
action of one over the other (7, 8, 14, 15). In vivo studies show
that not only homozygous null mutations of p300 or CBP but
also double heterozygosity in mice is embryonic lethal, indicat-
ing that they have unique individual functions and highlighting
their importance early on in development (16). Also, although
both are essential in hematopoiesis, CBP but not p300 is impor-
tant for stem cell proliferation, whereas p300 but not CBP is
essential for stem cell differentiation (17). Geneticmutations in
one copy of the CBP gene lead to a congenital developmental
disorder known as Rubinstein-Taybi syndrome, but no genetic
diseases have yet been associated with p300 abnormalities (16,
18). Mice lacking one functional copy of the CBP allele, as
opposed to those lacking one functional copy of p300, exhibit
growth retardation and craniofacial abnormalities (19). Mice
lacking one functional copy of p300 exhibit significant embry-
onic lethality, and those that are p300�/� show severe abnor-
malities in heart development as compared with their CBP-
deficient counterparts (20).
Recently, roles of coregulators in disease progression have

been increasingly recognized. Coregulators are known to be
important for the proper assembly of a transcriptional complex,
and a subset of these coregulators, including the SRCs, p300
andCBP, are overexpressed during prostate cancer progression
(21–23). Of particular relevance to this study, expression of
p300 correlates positively with prostate tumor grade, tumor
volume, proliferation markers, and other features of aggressive

tumors (24). Furthermore, over-expression of p300 is required
for the transition from androgen dependent to ADI prostate
cancer (6). In this study, we explored the reasons for the impor-
tance of p300 versus CBP in advanced prostate cancer. We
investigated the individual contributions that CBP and p300
make to androgen-regulated gene expression in the ADI cell
line C4-2B. Our study defined the specific sets of genes that
require CBP or p300 for their androgen-regulated expression.
Through microarray analysis we show that there are indeed
separate groups of genes that preferentially require p300 or
CBP in ADI prostate cancer cells. In addition, we explored the
promoter-specific mechanisms of androgen-regulated gene
expression by defining the specific stage of the androgen-in-
duced chromatin remodeling and transcription complex
assembly processes at which p300, in particular, contributes to
these processes. These novel findings are critical for under-
standing the hypersensitive actions of AR in ADI prostate can-
cer and lay the foundation for further study of the mechanism
of progression to advanced prostate cancer and for subse-
quently designing novel avenues for therapeutic intervention.

EXPERIMENTAL PROCEDURES

Cell Culture—C4-2B cells were maintained in RPMI 1640
medium (Invitrogen) supplemented with 10% FBS in a 37 °C
and 5% CO2 incubator. Prior to any hormone treatment, cells
were plated and maintained for 3 days in RPMI 1640 phenol
red-free medium supplemented with 5% charcoal-stripped
serum, to which we will subsequently refer as treatment
medium. All hormone treatments were with 10 nMDHT unless
noted otherwise, and an equivalent volume of ethanol was used
as the vehicle control.
siRNA Transfections—C4-2B cells were plated in 12-well

plates in treatment medium at 8 � 104 cells per well. The fol-
lowing day they were transfected with 60 pmol of On-Target-
plus SMARTpool siRNA (Dharmacon) using Oligofectamine
(Invitrogen) according to the manufacturer’s instructions.
After transfection, cells were maintained in treatment medium
for 3 days before harvest, including treatment with 10 nM DHT
for the specified times. Either human EP300, human CREBBP
(CBP) On-Targetplus SMARTpool (Dharmacon), or both in
combination were used. Total RNA was harvested using the
TRIzol method (Invitrogen), and whole cell protein extracts
were obtained using radioimmune precipitation assay buffer
(50 mM Tris HCl (pH 8), 150 mMNaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Nonidet P-40).
IlluminaMicroarray Analysis—Global gene expression anal-

ysis was performed at the Southern California Genotyping
Consortium at University of California Los Angeles with an
Illumina Human HT12v4 microarray using randomized place-
ment of four biological replicates generated on different days.
Using Illumina Genomestudio software, output of summarized
probe information was done with minimal preprocessing and
removal of imputed genes. These data were imported into Bio-
conductor (25), where it was transformed, normalized, and cor-
rected for background and batch, before being used to deter-
mine significant differential gene expression. Background
correction, normalization, and transformation, in that order,
were done by the limma package using neqc (26). Combat was
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used to remove batch effects because of experimental day bias
(27). Differentially expressed genes were identified using a two-
sample modified Student’s t test from eBayes in the limma
package (28). False discovery was accounted for by using q val-
ues (29). Original microarray data sets have been submitted to
NCBI GEO (accession number GSE31873).
Quantitative RT-PCR (qRT-PCR)—Total RNAwas harvested

using the TRIzol reagent (Invitrogen) according to the manu-
facturer’s instructions. 10–25 �g total RNA was treated with
DNase I (Roche) prior to reverse transcription. For measuring
mRNA, cDNA was synthesized by reverse transcribing 500 ng
total RNA using the iScript cDNA synthesis kit (Bio-Rad). For
measuring pre-mRNA, 1 �g of total RNA was reverse-tran-
scribed using the standard RT-PCR procedure with random
hexamers of the Transcriptor First Strand cDNA synthesis kit
(Roche). In each case, the resulting cDNA was diluted 5-fold,
and 1.5 �l of diluted cDNA was amplified by qPCR using the
LightCycler 480 SYBR Green I master mix (Roche) on the
LightCycler 480 system (Roche) and primers described in sup-
plemental Table 1.
ChIP Assay—C4–2B cells were plated at 3 � 106 cells per

150-mm dish in treatment medium and maintained for 3 days
prior to hormone treatment and cross-linking. ChIP assays
were performed as described previously (30) with the following
modifications. Cells were grown to confluence and treated with
10 nMDHT for 4 h and subsequently incubated for 10min with
a final concentration of 1% formaldehyde. Reactions were
quenched for 5 min with 125 mM glycine. Cells were harvested
and sonicated for 15 to 30min (in repeated cycles of 30 s on and
30 s off) using a BioRuptor sonicator (Diagenode) kept at 4 °C
with a circulating water bath to achieve fragments 200–800 bp
in size. After a 1-h preclearing step using protein A/G Plus-
agarose (Santa Cruz Biotechnology), chromatin was immuno-
precipitated by end-over-end rotation overnight at 4 °Cwith 40
�l of protein G-Sepharose beads (GE Healthcare) and the fol-
lowing antibodies: 3 �g of AR PG-21 (Millipore), 3 �g of p300
(Bethyl Laboratories), 4 �g of CBP (A-22, Santa Cruz Biotech-
nology), 1 �g RNA polymerase II clone CTD4H8 (Millipore), 3
�g TATA box binding protein (TBP) (N-12, Santa Cruz Bio-
technology), 0.5 �g of H3K18Ac (Abcam), 1 �g of H3K27Ac
(Abcam), 1�g ofH4Ac (Millipore), 1�g ofH3K4me1 (Abcam),
and 3 �g of H3K4me3 (Active Motif). Immunoprecipitates
were washed and eluted, and purified DNA was obtained as
described previously. Purified immunoprecipitated DNA and
input DNA (preimmunoprecipitation) were used as template
for subsequent quantitative real-time PCR. Briefly, 1.5 �l of
DNA was amplified with 2.5 pmol each of forward and reverse
primer (supplemental Table 2) in a final reaction volume of 10
�l using LightCycler 480 SYBRGreen IMastermix (Roche) on a
LightCylcer 480 system (Roche). Percent input was calculated
using the percent input method (Invitrogen).

RESULTS

Requirement for p300 and CBP in Androgen-regulated Gene
Expression—To identify genes that are specifically regulated by
p300 or CBP, we used C4-2B prostate cancer cells, a model of
advanced ADI prostate cancer. These cells express AR and
exhibit androgen-regulated gene expression. Transfection of

FIGURE 1. Effects of p300 and CBP depletion on global and DHT-induced
gene expression in C4-2B cells. A, qRT-PCR was performed on RNA
extracted from cells transfected with siRNA against p300, CBP, or a nonspe-
cific (NS) sequence. Cells were treated with ethanol (EtOH) or 10 nM DHT for
16 h before harvest. Levels of mRNA are shown relative to 18 S rRNA and
represent the mean � S.D. of three technical PCR replicates. B, whole cell
extracts from cells transfected with siRNA were analyzed by immunoblot
using antibodies against p300, CBP, or tubulin as a control. C, total RNA was
extracted from cells transfected with siRNA and treated with DHT or ethanol
as in A. Four independent experiments of this type were conducted on differ-
ent days, and the 24 resulting RNA samples were analyzed on Illumina
microarrays. The Venn diagram for the hormone-regulated gene set shows
the number of genes with significantly different expression (q � 0.05) for RNA
from cells transfected with nonspecific siRNA and then treated with ethanol
versus DHT. The Venn diagram for the p300-regulated gene set shows the
number of genes with significantly different expression (q � 0.05) for RNA
from DHT-treated cells that had been transfected with nonspecific siRNA ver-
sus siRNA against p300. The Venn diagram for the CBP-regulated gene set
shows the number of genes with significantly different expression (q � 0.1)
for RNA from DHT-treated cells that had been transfected with nonspecific
siRNA versus siRNA against CBP. Overlap areas indicate the number of genes
belonging to two or all three of the three gene sets. The table on the right
depicts the number of genes up- or down-regulated with DHT and the num-
ber that are either up-regulated (1), down-regulated (2), or unchanged ( �)
with p300 knockdown. The complete lists of genes for the three major sets in
the Venn diagram are found in supplemental Tables 3–5. D, Illumina microar-
ray results for the genes which were DHT-regulated and CBP-dependent. For
each gene, expression is given relative to cells transfected with siNS and
treated with ethanol and is plotted as the mean � S.D. of four independent
experiments.
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cells with siRNA against p300 (sip300), CBP (siCBP), or a non-
specific sequence (siNS) specifically depleted the intended tar-
get mRNA and protein, and cellular levels of p300 and CBP
mRNA and protein were not altered by DHT treatment (Fig. 1,
A and B, and data not shown). For global gene expression anal-
ysis, C4-2B cells were transfected with siRNA and, after 3 days
to allow depletion of the target protein, treated with DHT or
vehicle for 16 h before preparing total RNA formicroarray anal-
ysis. Four independent experiments were conducted on differ-
ent days. Each experiment consisted of six samples: siNS vehi-
cle, siNSDHT, si p300 vehicle, si p300DHT, siCBP vehicle, and
siCBP DHT. Of the greater than 40,000 probes present on the
Illumina BeadChip, we found that a total of 676 probes were
hormone-regulated (q value threshold � 0.05), i.e. when we
compared siNS vehicle-treated versus siNS DHT-treated sam-
ples (Fig. 1C, hormone-regulated set). Each gene or putative
gene is represented by a single probe on the BeadChipwith only
a small number of exceptions where one gene is represented by
multiple probes. Of these 676 DHT-regulated genes, 416 were
up-regulated and 260 were down-regulated in response to
DHT. With depletion of p300 a total of 4582 genes (q value
threshold � 0.05) had altered expression in the sip300 DHT
sample as compared with the siNS DHT sample (Fig. 1C, p300-
regulated set). One of the down-regulated genes was p300, thus
validating our initial qRT-PCR andWestern blot observations.
Of those 4582 p300-dependent genes, 319 were also members
of the 676-member DHT-regulated gene set. Thus, 47% of the
DHT-regulated genes required p300 to achieve their DHT-reg-
ulated expression level. For the 416 genes that were up-regu-
lated by DHT, depletion of p300 interfered with the DHT-in-
duced expression levels of 218 of those (52.4%) (q value
threshold � 0.05). This includes the known AR target genes
PSA/KLK3, KLK2, and TMPRSS2. A small number (10 genes)
were hyperactivated by DHT after p300 depletion. When we
look at the 260 genes down-regulated by DHT, p300 depletion
interfered with the DHT-stimulated down-regulation of 69
genes (26.5%). Depletion of p300 also caused increased repres-
sion of 22 genes by DHT. The large number of DHT-regulated
genes affected by p300 depletion indicates that p300 plays a
major role in gene regulation by DHT, a role for which CBP
cannot compensate.
Surprisingly, when we analyzed the data set for CBP-depen-

dent genes, we found that only seven genes were affected by
CBP depletion (q-value threshold � 0.1) (Fig. 1C, CBP-regu-
lated set). It is important to note that we had to raise the q value
cut-off to obtain these candidate genes, as a q value cut-off� 0.05
did not yield any results of genes affected by CBP depletion,
except for CBP itself. Of those seven genes, only two (SER-
PINE2 and ANXA9) also belonged to the 676-member DHT-
regulated gene set. DHT normally up-regulates the SERPINE2
mRNA level, but the DHT-induced level of this mRNA was
significantly reduced in themicroarray data whenCBP (but not
p300) was depleted (Fig. 1D, left panel). ANXA9 mRNA was
reduced by DHT treatment, but CBP depletion caused a signif-
icant increase in the DHT-treated level of mRNA (Fig. 1D, right
panel). From the data, it appears that the basal as well as the
DHT-treated levels of the mRNA were affected by CBP deple-
tion, but the significance of these differences was not evaluated

in this analysis. In themicroarray data, neither of the twoDHT-
regulated, CBP-dependent genes was significantly altered in its
DHT-regulated expression level by depletion of p300.
Expression of some of the androgen-regulated, p300-depen-

dent genes identified from the microarray analysis was exam-
ined further using qRT-PCR. Because the biological phenotype
of DHT-treated cells is dependent on the level of gene expres-
sion achieved after DHT treatment, we focused our attention
on the effects of p300 depletion on mRNA levels in DHT-
treated cells rather than the fold induction by DHT. PSA, prob-
ably the most well characterized androgen-regulated gene, is
used as a biomarker of prostate cancer onset and progression.
The qRT-PCR analysis indicated that the PSAmRNA level was
up-regulated in C4-2B cells after 16 h of DHT treatment (Fig.
2A). Depletion of p300 caused a decrease in both the basal and
DHT-induced levels of PSAmRNA. In contrast, CBP depletion
did not decrease PSA expression (the increase observed in this
experiment was not reproducible). Similar results were
obtained with two other DHT-regulated genes identified as
p300-dependent in the microarray analysis, KLK2 and
TMPRSS2. Depletion of p300, but not CBP, caused statistically
significant (p � 0.05) decreases in the DHT induced levels of

FIGURE 2. Effect of p300 and CBP depletion on androgen-regulated
expression of specific genes. A–E, qRT-PCR was performed on total RNA
extracted from C4-2B cells transfected with siRNA against p300, CBP, both
p300 and CBP, or a nonspecific (NS) sequence. Cells were treated either with
ethanol (EtOH) or 10 nM DHT for 16 h. Levels of mRNA are shown relative to 18
S rRNA. Results shown are mean � S.D. of three replicate PCR analyses of RNA
samples from a single experiment. *, p � 0.05 compared with the siNS/DHT
sample in the same graph, calculated using a paired Student’s t test from at
least three biological replicates.
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thesemRNAs comparedwith RNA from cells treatedwith siNS
and DHT (Fig. 2, B and C).
As also predicted by the microarray results, DHT-induced

levels of mRNAs for some genes were not affected by depletion
of either p300 or CBP. FKBP5 is an example of such a gene (Fig.
2D). This indicates either a possible compensatory role for
these cofactors on genes such as FKBP5 or no involvement of
either coactivator in the expression of this gene. To discrimi-
nate between these two possibilities, siRNAs specific for p300
and CBP were transfected in combination. The DHT-induced
FKBP5 mRNA level was significantly reduced only when both
p300 and CBP were depleted, indicating that either p300 or
CBP is required and that the function of these proteins is redun-
dant for DHT induction of FKBP5 gene expression (Fig. 2D).
We also observed other DHT-regulated genes that were mod-
estly affected or unaffected by single coactivator depletion,
whereas dual siRNA treatment caused a significant effect (data
not shown). Results similar to those observed for FKBP5 were
also observed for genes that were repressed by DHT. For exam-
ple, the level of LMO4 mRNA decreased in response to DHT.
Individual depletion of either p300 or CBP had little or no effect
on the level ofmRNAobserved afterDHT treatment, but deple-
tion of both p300 and CBP caused a significant elevation of the
DHT-depressed level of mRNA (data not shown). In general,
results from the microarray and qRT-PCR analyses were in
good agreement. However, there were some cases where differ-
ences that did not reach the q value cut-off in the microarray
results still turned out to be significant in the qRT-PCR results.
One of those differences defined a new class of genes with
respect to the requirements for p300 and CBP. The microarray
results for the DHT-regulated gene GADD45� indicated a
requirement for p300 (q value � 0.05) but not for CBP (q
value � 0.1), even though the CBP depletion appeared to
reduce the level of mRNA in the presence of DHT. Likewise, in
qRT-PCR analysis, depletion of only p300 but not CBP caused a
dramatic and significant (p � 0.05) reduction in the DHT-in-
duced mRNA (Fig. 2E). However, although the decrease in
GADD45� expression caused by CBP depletion did not reach
significance, there was a reproducible trend indicating a
requirement for CBP.
Thus, frommicroarray and qRT-PCR analyses, we identified

four different categories ofDHT-regulated genes on the basis of
their requirements of p300 and CBP for their DHT-regulated
expression. Category 1 genes (e.g. PSA, KLK2, and TMPRSS2)
are solely dependent on p300 for DHT-regulated gene expres-
sion levels. Category 2 genes (SERPINE2 and ANXA9) are
solely dependent on CBP. Category 3 genes (e.g. FKBP5 and
LMO4) require either p300 or CBP but not both of them; i.e.
p300 and CBP have important but redundant functions for
these genes. Category 4 (e.g. GADD45�) require the actions of
both p300 and CBP. Presumably there are also DHT-regulated
genes that require neither p300 nor CBP (category 5), but we
did not identify these genes because our microarray analyses
did not include RNA samples from cells depleted of both p300
and CBP. In addition, results from themicroarray analysis indi-
cate that p300 is the dominant member of this homologous
protein pair in these cells.

p300 Acts at the Transcriptional Level—Our ultimate goal
was to investigate what p300 contributes to the transcriptional
activation process by using ChIP analysis in conjunction with
p300 depletion. However, because ChIP provides a snapshot of
promoter occupancy at a given time point, we first determined
an appropriate time point for ChIP analysis after DHT admin-
istration by examining mRNA and pre-mRNA levels of AR tar-
get genes at various times after beginning DHT treatment. The
mRNA levels provide a cumulative assessment of transcrip-
tional activity since the beginning of DHT treatment. Because
pre-mRNAs are rapidly converted to mRNA by RNA process-
ing machinery, pre-mRNA levels provide a more accurate
assessment of the instantaneous transcriptional activity on the
gene promoter at any given time. To detect pre-mRNA levels,
we designed primers for qRT-PCR that specifically spanned an
early exon/intron boundary for each gene of interest.
We chose PSA and TMPRSS2 as examples of genes that

require p300 but not CBP for DHT-induced expression, and as
a control we examined FKBP5 as a gene that is induced nor-
mally by DHT when either p300 or CBP is depleted. Previous
studies in LNCaP cells (a model for hormone-dependent pros-
tate cancer) indicated thatmaximumAR recruitment and tran-
scription rates occur between 4 and 16 h after initiating DHT
treatment (31). Although C4-2B cells are derived from LNCaP
cells, less is known about the time course for AR recruitment
and for AR target gene expression in C4-2B cells. Total RNA
was collected fromC4-2B cells treated with 10 nMDHT for 0, 4,
8, and 16 h. Expression of PSA, TMPRSS2, and FKBP5
pre-mRNAs increased after 4 h of DHT treatment and
increased further after 8 and 16 h of DHT treatment (Fig. 3,
A–C). Likewise, there was a concomitant gradual increase in
mRNA expression for those three genes over the same time
period (Fig. 3, D–F). In a subsequent experiment we observed
increased levels of pre-mRNA for these genes after 2 h of DHT
treatment (data not shown).
The hormone-induced levels of mRNA and pre-mRNA for

PSA and TMPRSS2 were substantially reduced at all time
points examined by depletion of p300 but not by depletion of
CBP (Fig. 3, A, B,D and E). In contrast, pre-mRNA and mRNA
levels for FKBP5 were affected very little or not at all by deple-
tion of p300 or CBP (Fig. 3, C and F). The effect of p300
depletion on the DHT-induced levels of pre-mRNA for PSA
and TMPRSS2 indicates that p300 is acting at the level of tran-
scription rather than some posttranscriptional process.
Defining the Position of p300 in the DHT-induced Sequence of

Events Leading to Transcriptional Activation—Assembly of an
active transcription complex on the promoter of an AR target
gene in response to DHT requires an ordered sequence of
events, including the recruitment of specific coregulators, his-
tone modifications, and recruitment of the basal transcription
factors andRNApolymerase II. The role and position of p300 in
this process can be defined partially by determining which
events depend on p300 and which events do not depend on
p300. To initiate this type of analysis, we first defined some of
the histone modifications and the recruitment of coregulators
and basal transcription factors that occur on AR target genes in
response to DHT. On the basis of our time course analysis of
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pre-mRNA levels (Fig. 3), we chose 0 and 4 h of DHT treatment
as the time points for ChIP analysis.
As our primary model of an AR target gene that requires

p300, we chose TMPRSS2, and as a control AR target gene
which does not require p300 we chose FKBP5. TMPRSS2 is an
androgen-regulated transmembrane serine protease primarily
expressed in prostate epithelial cells. The protein is highly
expressed in primary and metastatic prostate cancers and
known to mislocalize to the cytoplasm in high-grade prostate
cancers (32, 33). A highly frequent occurrence in prostate can-
cer is the fusion of the 5� untranslated region of the TMPRSS2
gene to the genes encoding the ETS transcription factors, pri-
marily ERG, allowing for their androgen regulated overexpres-
sion (34). Although TMPRSS2 is a prominent AR target gene, it
is far less characterized than thewidely knownprostate-specific

antigen (PSA/KLK3) gene. TMPRSS2 has five motifs resem-
bling AREs, all located upstream of the transcription start site
(Fig. 4A). Themost distal upstreammotif (AREV), located�14
kb upstreamof theTSS, is themain site ofAR recruitment upon
DHT treatment and is well characterized in LNCaP cells (31).
The four remaining AREs do not recruit AR upon DHT treat-
ment. For our ChIP studies, we examined theAREV region and
two other regions located 100 bp upstream and 300 bp down-
stream of the TSS.
When C4-2B cells treated with 10 nM DHT for 4 h were com-

pared with vehicle-treated cells, we observed DHT-induced
recruitment of AR and p300 to TMPRSS2 enhancer ARE V (Fig.
4B).We also observed a very slight recruitment of RNA polymer-
ase II andTBP toAREV, but as expected, farmore recruitment of
these two proteins was observed near the TSS (Fig. 4C). DHT

FIGURE 3. Effect of p300 and CBP depletion on the time course of DHT-induced increases in pre-mRNA and mRNA from AR target genes. A–C, qRT-PCR
with primers specific for pre-mRNA was performed on total RNA extracted from C4-2B cells transfected with siRNA against nonspecific, p300, or CBP and then
treated for 0, 4, 8, or 16 h with 10 nM DHT before harvesting. cDNA was made with random hexamers as primers. The pre-mRNA levels are calculated relative to
18 S rRNA, and each value is the mean � S.E. for three biological replicates. D–F, the same cDNA samples described in A–C were analyzed by qPCR with primers
specific for mature mRNA. The mRNA levels are calculated relative to 18 S rRNA, and each value is the mean � S.E. for three biological replicates.
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treatment increased the level of histone H3 Lys-4 monomethyla-
tion (H3K4me1), a known marker of active and poised enhancer
elements (35, 36), at ARE V of the TMPRSS2 gene (Fig. 4D) and
also increased histoneH3Lys 4 trimethylation (H3K4me3), a gen-
eral marker of active and poised TSS regions, just upstream of the
TMPRSS2 TSS (E). Acetylation of histone H4 (H4ac) and of his-
tone H3 at Lys-18 (H3K18ac) and Lys-27 (H3K27ac), which gen-
erallymarkactivegenes,were increasedbyDHTtreatmentatboth
the ARE V and the TSS regions (Fig. 4,D and E).

Similar DHT-induced events were observed on the regions
surrounding the major enhancer and the TSS for the PSA gene
(data not shown) and the FKBP5 gene (Fig. 5). AREs for the
FKBP5 gene have been identified previously (37). The gene con-
tains 13 in silico-predictedAREs, but ChIP in LNCaP andVCaP
cells identified the major AR binding site at an intronic region
located �86 kb downstream of the TSS, designated as ARE
VIII/IX because it contains two AREs spaced 31 nucleotides
apart (Fig. 5A).OurChIPanalysis focusedon this enhancer region

FIGURE 4. DHT-induced histone modifications and transcription complex assembly on the TMPRSS2 gene. A, diagram of the regulatory region of the
TMPRSS2 gene showing five putative AREs (circles) and their locations measured in bp relative to the TSS (arrow). ARE V is the main site of AR recruitment. B–E,
after growth in hormone-free media for 3 days, C4-2B cells were treated with ethanol (EtOH) or 10 nM DHT for 4 h, and ChIP was performed with the indicated
antibodies or no antibody (-ab) as a control, using primers for the indicated region of the TMPRSS2 gene. Each graph shows a single biological experiment that
is representative of at least two independent biological experiments. Immunoprecipitated DNA was analyzed relative to input DNA (before immunoprecipi-
tation), and values shown are mean � S.D. of three technical qPCR replicates, using primers specific for the indicated region.

FIGURE 5. DHT-induced histone modifications and transcription complex assembly on the FKBP5 gene. A, diagram of the regulatory region of the FKBP5
gene showing putative AREs (circles) and their locations measured in bp relative to the TSS (arrow). ARE VIII/IX is the main site of AR recruitment. B–C, ChIP was
performed with C4-2B cells treated with ethanol or DHT for 4 h as in Fig. 4.
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and a site 100 bp upstream from the TSS. As observed for the
TMPRSS2 gene, DHT caused increased recruitment of AR and
p300 primarily at the enhancer region, whereas RNA polymerase
II and TBP were primarily recruited to the TSS (Fig. 5B).
DHT also caused enhancement of the same histone modifi-

cations on the FKBP5 enhancer and TSS regions (Fig. 5C), as
were observed at the analogous sites of the TMPRSS2 gene (Fig.
4, D and E). The DHT-induced recruitment of p300 to the
enhancer regions of both genes indicates that the lack of
requirement for p300 by the FKBP5 gene is not because p300 is
not recruited to this gene.
Having defined a number of DHT-induced events at the

enhancer and TSS regions of the TMPRSS2 and FKBP5 genes,
we examined the effects of p300 depletion on these hormone-
induced events to determine the position at which p300 acts in
the sequence of events leading to transcriptional activation.
The results observed by ChIP for the DHT-regulated events
after p300 depletion (Fig. 6A) were compared with the results
seen in the absence of siRNA transfection (Figs. 4 and 5) and
with the results obtained by depletion of CBP (which had no
effect on the DHT-induced expression of TMPRSS2 or FKBP5)
(Fig. 6B). After depletion of p300, there was still a robust DHT-
induced increase in AR occupancy at ARE V of the TMPRSS2
gene (Fig. 6A), comparable with that observed after CBP deple-
tion (B) or in the absence of any siRNA transfection (Fig. 4B).
However, p300 depletion prevented or dramatically reduced
DHT-induced increases in occupancy of TBP and RNA poly-
merase II at the TSS (Fig. 6A), increases in acetylation of his-
tones H3 and H4 at ARE V and the TSS (C), and increases in
H3K4me1 at ARE V and H3K4me3 at the TSS (C). This is
in stark contrast to the robustDHT-induction of these events in
the absence of siRNA transfection (Fig. 4, C–E). Furthermore,
when CBP was depleted in parallel with the p300 depletion,
robust DHT-induced increases were still observed for recruit-
ment of TBP and RNA polymerase II at the TSS (Fig. 6B), for
acetylation of histoneH4 at AREV and the TSS, and for H3K18
acetylation at the TSS (D). Thus, p300 depletion had no effect
on DHT-induced binding of AR to the ARE of TMPRSS2 but
interfered with all of the other DHT-induced events examined
here. In contrast, all of the hormone-induced events were still
observed after depletion of CBP.
In parallel with the examination of TMPRSS2, we examined

DHT-induced events at the enhancer and TSS regions of the
FKBP5 gene after depletion of p300. We observed a robust
DHT-induced increase in occupancy of ARE VIII/IX by AR,
and a robust occupancy of TBP and RNA polymerase II at the
TSS region, even though DHT-induced occupancy of p300 on
the enhancer regionwas eliminated by p300 depletion (Fig. 7A).
Thus, although p300 recruitment was prevented, there was no
effect on subsequent recruitment of TBP and RNA polymerase
II, in keeping with the lack of any effect on FKBP5 expression
when p300 was depleted (Fig. 2). Surprisingly, we found that
p300 depletion eliminated all of the DHT-induced histone
modifications on the FKBP5 gene (Fig. 7B), similar to the effects
seen for the TMPRSS2 gene (Fig. 6C). Thus, the DHT-induced
histone modifications normally observed on the FKBP5 gene
are not required for the DHT-induced occupancy of the TSS by

TBP andRNApolymerase II or for theDHT-induced transcrip-
tion of this gene.

DISCUSSION

Role of p300 in Advanced Prostate Cancer—Recent evidence
has strongly implicated p300 in the progression of prostate can-
cer. Clinically, p300 overexpression correlates positively with
proliferation, stage, and other aggressive characteristics of
prostate tumors, and p300 overexpression correlates negatively
with progression-free survival of patients (24). Furthermore,
androgen deprivation of cell lines that serve as prostate cancer
models enhances p300 expression, and depletion of p300 from
cell line models of ADI prostate cancer inhibits cell prolifera-
tion (6). These findings suggest an important role for p300 in
the progression of prostate cancer to ADI status and mainte-
nance of ADI prostate cancer.Why is it specifically p300 rather
than CBP that is important in prostate cancer cells? Our results
demonstrate that p300 is required for the expression of thou-
sands of genes in an advanced prostate cancer cell line, includ-
ing about half of the androgen-regulated genes. In contrast, we
found that CBP was necessary for expression of only a very
small number of genes, thus providing an explanation as to why
p300 and not CBP is important for these cells.
p300 could represent a potential therapeutic target for pros-

tate cancer. However, p300 and CBP are thought to serve as
coregulators for hundreds of different transcription factors,
raising the issue of many possible side effects if p300 is targeted
therapeutically. Although p300 may be involved in the regula-
tion of thousands of genes, the requirement of p300 for prolif-
eration of ADI prostate cancer cells is presumably due to its
requirement for expression of a much smaller subset and per-
haps only a few of its total complement of target genes. Once
identified, the p300 target genes responsible for ADI prostate
cancer cell proliferation and tumor progression may represent
much better therapeutic targets than p300 itself. Here we have
identified the complete set of p300 target genes in an ADI pros-
tate cancer cell line and the subset of those genes that are also
regulated by androgen. These gene sets can now serve as a start-
ing point for identification of the specific genes required for
p300-dependent proliferation of these cells.
MajorDifferences in theRoles of p300 andCBP inC4-2BCells—

By global gene expression analysis, we found major differences
in the roles of p300 and CBP in C4-2B cells. Depletion of p300
affected the expression of over 4000 genes inDHT-treated cells,
whereas depletion of CBP affected fewer than 10. For the 676
DHT-regulated genes, the level of expression after DHT treat-
ment was significantly altered (q� 0.05) for approximately half
of the genes when p300 was depleted, but we only found two
that were significantly altered (q � 0.1) by CBP depletion. A
trivial explanation for this difference could be that our deple-
tion of CBP was not efficient enough. However, we observed
efficient depletion of each protein and the corresponding
mRNA by siRNA transfection (Fig. 1, A and B). In addition,
both p300 and CBPwere found to be significantly reduced (q �
0.05) by the appropriate siRNA treatment in our unbiased sta-
tistical analysis of the microarray data. Alternatively, we some-
times observed a small increase in p300 levels (which appeared
to be less than 50%) after depletion of CBP, and this could
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in theory compensate for the loss of CBP. However, our
microarray andqRT-PCRdata confirmed that depletion ofCBP
caused a substantial and reproducible decrease in the DHT-
induced expression of SERPINE2 and in the basal and DHT-
induced expression of GADD45� mRNA (Fig. 2E), thus dem-
onstrating the functional efficacy of CBP depletion. In addition,
previous studies whichmeasured the function of p300 andCBP
concluded that these proteins are generally present in limiting
concentrations, such that there is competition for them among
the hundreds of proteins that interact with them (19, 20, 38).
We therefore conclude that p300 has a dominant role com-
pared with CBP in global gene regulation in C4-2B cells. Other

investigators have also observed a critical role for p300 in ADI
prostate cancer cells (6). In addition, a genome-wideChIP anal-
ysis of p300 and CBP in glioblastoma cells revealed that the
majority of genes that were regulated by serum addition were
bound preferentially by p300 rather than CBP (39).
Other differences in the functions of p300 and CBP have also

been well documented, including their distinct actions in Wnt
signaling, where preferential interaction of �-catenin with CBP
or p300 leads to different gene expression patterns. In colon
cancer cells, survivin gene expressionwas blocked by selectively
inhibiting the interaction of �-catenin with CBP. This allowed
�-catenin to interactwith p300, leading to inhibition of survivin

FIGURE 6. Effect of p300 and CBP depletion on DHT-induced histone modifications and transcription complex assembly on the TMPRSS2 gene. A–D,
C4-2B cells were transfected with siRNA against p300 (A and C) or CBP (B and D), and cells were treated with ethanol or DHT for 4 h, prior to ChIP analysis
performed as in Fig. 4. Each graph shows a single biological experiment that is representative of at least two independent biological experiments. Immuno-
precipitated DNA was analyzed relative to input DNA (before immunoprecipitation), and values shown are mean � S.D. of three technical qPCR replicates,
using primers specific for the indicated region.

FIGURE 7. Effect of p300 depletion on DHT-induced histone modifications and transcription complex assembly on the FKBP5 gene. A–B, C4-2B cells
were transfected with siRNA against p300, and cells were treated with ethanol or DHT for 4 h, prior to ChIP analysis performed as in Fig. 4. Each graph shows a
single biological experiment that is representative of at least two independent biological experiments. Immunoprecipitated DNA was analyzed relative to
input DNA (before immunoprecipitation), and values shown are mean � S.D. of three technical qPCR replicates, using primers specific for the indicated region.
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gene expression (7). In another study, murine embryonic stem
cell pluripotency was maintained by inhibiting interaction of
�-catenin with p300 and allowing for an increased �-catenin-
CBP association. A switch back to conditions allowing �-
catenin-p300 mediated transcription promoted differentiation
of the embryonic stem cells (8).
The mechanisms that are responsible for gene-specific

requirements of CBP versus p300 are still poorly understood,
but a few previous studies, as well as our current investigation,
offer some initial insights. Ramos et al. (39) found that genes
which were preferentially bound by either CBP or p300 also
exhibited differences in the enrichment of other transcription
factor binding sites associated with either p300-specific or
CBP-specific targets (39). Thus, the presence of specific tran-
scription factors in the promoter environment may favor
recruitment of either p300 or CBP, perhaps because of prefer-
ential interactions of various transcription factors with either
p300 or CBP. In contrast, in our study, p300 was required for
DHT-induced expression of the TMPRSS2 gene but not the
DHT-induced expression of the FKBP5 gene. Nevertheless,
p300 was recruited to the ARE of both genes in response to
DHT (Figs. 4B and 5B). Although the differential requirement
for p300 in this case was not due to differential recruitment of

p300, the mechanism responsible for the differential require-
ment presumably lies in some different aspect of promoter
environment at the two genes. As suggested by Ramos et al.
(39), differences in binding sites for other transcription factors
near theARE could influencewhether p300 orCBP is recruited.
In addition, differences in the DNA sequence at steroid recep-
tor binding sites can lead to altered conformations of the DNA-
bound steroid receptor, resulting in recruitment of different
sets of coactivators (40–43). Thus, although DHT induces
recruitment of p300 to both the TMPRSS2 and FKBP5 genes,
differential presence of other coregulators on these two pro-
moters may cause p300 to be required on one gene but redun-
dant on the other.
p300 Action Is Required Early in the Process of Chromatin

Remodeling and Transcription Complex Assembly—ChIP anal-
ysis indicated that p300 is recruited to the promoter in response
to DHT, and analysis of mRNA levels of AR target genes after
p300 depletion demonstrates that p300 has an important func-
tion in DHT-regulated expression of many target genes of AR.
However, neither ChIP analysis nor p300 depletion used alone
provide anymechanistic information about what p300 contrib-
utes to the process of chromatin remodeling and transcription
complex assembly. However, by performing ChIP analysis of

FIGURE 8. Model of a p300-dependent AR target gene in intact and p300-depleted conditions. A, in intact cells DHT causes binding of AR to the ARE, which
results in recruitment of p300 and a variety of other coactivators including p160 (or SRC) coactivators. p300 and other recruited histone acetyltransferases
increase the acetylation levels of histones H3 and H4 (ac) near the AR binding site and the TSS. Subsequent events include increases in the level of H3K4me1
(K4me1) near the AR binding site and in the level of H3K4me3 (K4me3) near the TSS, recruitment of the basal transcription machinery including TBP and RNA
polymerase II (RNA pol II), and enhanced transcription from the TSS (arrow). B, in the absence of p300, DHT still induces binding of AR to the ARE, and some
coactivators (represented here by the p160 coactivator) may still be recruited normally to the promoter. However, acetylation of histones H3 and H4 and
methylation of H3K4 are not enhanced by DHT; TBP and RNA polymerase II are not recruited to the TSS; and transcription enhancement by DHT is inhibited or
eliminated (red barred circle covering the transcription arrow at the TSS).
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p300-requiring genes in DHT-treated cells after p300 deple-
tion, we have been able to specify which DHT-induced events
on the target genes require p300 and which events do not
require p300. This information provides insight into the spe-
cific position of p300 function within the ordered sequence of
events that constitutes hormone-induced chromatin remodel-
ing and transcription complex assembly. Thus, we observed
that on the TMPRSS2 gene p300 is not required for the DHT-
induced binding of AR to the ARE, but every other DHT-in-
duced event we monitored was dependent on p300. This
includes increased acetylation of histones H3 andH4, methyla-
tion of H3K4, and recruitment of TBP and RNA polymerase II.
It is possible that increased histone acetylationmay be required
for recruitment or activity of specific H3K4methyltransferases,
or p300 may recruit such enzymes through protein-protein
interactions. Thus, p300 is required for many aspects of DHT-
induced chromatin remodeling as well as recruitment of the
basal transcription machinery, specifically TBP and RNA
polymerase II. TBP is an integral part of the Transcription Fac-
tor IID (TFIID) transcription complex and is believed to be
required for all RNA polymerase II transcription. Because p300
is known to interact with TBP (44, 45), it is possible that p300
directly recruits TBP. Alternatively, histone acetylation or
recruitment of other coregulators by p300 could lead indirectly
to recruitment of TBP.
Histone H3 Lys-18 and Lys-27 are in vitro acetylation targets

of p300 and CBP (46), and it has been suggested that CBP and
p300 are responsible for over 90%of theH3K18ac andH3K27ac
in MEFs (47). During ligand-mediated gene activation by
nuclear receptor peroxisome proliferator activated receptor �
(PPAR�), three distinct phases of ligand-induced histone
modifications have been identified. Acetylation of H3K18,
H3K27, and H4 occurs in the early phase prior to RNA
polymerase II recruitment and gene expression, whereas
H3K4me3, H3K36me3, and H3K79me2 modifications occur
after RNA polymerase II recruitment (47).
Assuming that p300 is responsible for at least some of the

DHT-induced histone acetylation increases we observed, our
results are also consistent with this model, where H3K4 meth-
ylation and recruitment of TBP and RNA polymerase II follow
and depend on the actions of p300, which presumably include
histone acetylation. We propose a model, on the basis of our
results, to illustrate the events occurring on an androgen-regu-
lated gene that is dependent on p300 (Fig. 8A). After DHT-
activated AR binds to the ARE, p300 is among a group of
coregulators recruited to the ARE. Other recruited coregula-
tors include p160 coactivators which serve as scaffolds for
recruitment of many other coregulators (48). Our results show
that recruitment of p300 leads to increases in H3K18ac,
H3K27ac, and H4ac in the region of the ARE and the TSS.
Increased H3K4me1 is observed in the region of the ARE and
increasedH3K4me3 near the TSS. TBP and RNApolymerase II
are recruited to the TSS, and active transcription ensues. In
contrast, when p300 is depleted, DHT-induced transcription is
inhibited on genes that require p300 for their DHT-induced
expression. Although basal histone acetylation and H3K4me1
at the ARE and basal histone acetylation and H3K4me3 at the
TSS are still observed, they are not increased byDHT.DHTalso

fails to induced recruitment of TBP and RNA polymerase II
(Fig. 8B).
In contrast, our results for FKBP5 show that different mech-

anisms of transcriptional regulation apply to different target
genes of AR. p300 depletion prevented the normal pattern of
androgen-induced increases in histone acetylation and H3K4
methylation on both the TMPRSS2 and FKBP5 genes. But
although p300 depletion prevented the androgen-induced
recruitment of TBP and RNA polymerase II on the TMPRSS2
gene (Fig. 6), these events occurred normally on the FKBP5
gene after p300 depletion (Fig. 7). Thus, neither p300 nor the
androgen-induced increases in histone modifications are
required for recruitment of TBP and RNA polymerase II to the
FKBP5 gene or for androgen induced expression of FKBP5.
These results suggest that the regulatory environment (binding
of other transcription factors and/or chromatin conformation)
associated with these two genes cause different coactivator
requirements for the androgen regulated expression of the two
genes.
By specifically placing the role of p300 within the ordered

sequence of events that comprise chromatin remodeling and
transcription complex assembly, our results have begun to elu-
cidate how the actions of many different coregulators are coor-
dinated to accomplish the complex task of DHT-induced tran-
scriptional regulation.
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