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Ordered Cooperative Functions of PRMT1, p300, and
CARM1 in Transcriptional Activation by p53

between p53 and histone acetyltransferases (HATs)
p300 and CBP have been confirmed and extended by
recent studies showing p53-dependent recruitment of
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Laboratory of Biochemistry and Molecular Biology
The Rockefeller University
New York, New York 10021 p300, as well as targeted acetylation, to p53 target genes

(Barlev et al., 2001; Espinosa and Emerson, 2001). A
distinct TRRAP- and Ada2-containing HAT complex(es),

Summary potentially containing GCN5, PCAF, or TIP60, has also
been implicated in p53 function (Ard et al., 2002; Wang

Transcriptional coactivators that modify histones rep- et al., 2001b). These results are consistent with many
resent an increasingly important group of regulatory other studies that generally correlate histone acetylation
factors, although their ability to modify other factors with gene activation (Roth et al., 2001), although they
as well precludes common assumptions that they nec- do not prove, as generally assumed, that histones are
essarily act by histone modification. In an extension of obligate HAT targets.
previous studies showing a role for acetyltransferase Recent studies also have correlated histone lysine
p300/CBP in p53 function, we have used systems re- and arginine methylation events with gene activation
constituted with recombinant chromatin templates (reviewed in Stallcup [2001]). Of special relevance to the
and (co)activators to demonstrate (1) the additional present study are the protein arginine methyltransfer-
involvement of protein arginine methyltransferases ases PRMT1 and CARM1, which, respectively, methyl-
PRMT1 and CARM1 in p53 function; (2) both indepen- ate H4-R3 and H3-R2, -R17, and -R26 (Strahl et al.,
dent and ordered cooperative functions of p300, 2001; Wang et al., 2001a). Stallcup and colleagues have
PRMT1, and CARM1; and (3) mechanisms that involve

demonstrated functional synergy between histone acet-
direct interactions with p53 and, most importantly,

yltransferases and protein arginine methyltransferases,
obligatory modifications of corresponding histone

although the key protein targets responsible for the syn-
substrates. ChIP analyses have confirmed the ordered

ergy were not defined (Koh et al., 2001; Lee et al., 2002).accumulation of these (and other) coactivators and
In relation to a possible mechanism involving histonecognate histone modifications on the GADD45 gene
modification, studies with isolated histones have shownfollowing ectopic p53 expression and/or UV irradia-
that premethylation of H4 by PRMT1 stimulates acetyla-tion. These studies thus define diverse cofactor func-
tion by p300 (Wang et al., 2001a), whereas preacetyla-tions, as well as underlying mechanisms involving dis-
tion of an H3 peptide by p300 stimulates methylationtinct histone modifications, in p53-dependent gene
by CARM1 (Daujat et al., 2002). These results are remi-activation.
niscent of similar cooperativity between histone acetyla-
tion and phosphorylation events in H3 (reviewed in

Introduction
Zhang and Reinberg [2001]).

To study the role of diverse histone-modifying cofac-The gene encoding p53 is the most frequently mutated
tors in p53 function, we have used a cell-free systemgene in human cancers, and p53 itself is a potent tumor
reconstituted with purified cofactors and recombinantsuppressor that, in response to various cell stress sig-
chromatin templates (An et al., 2002). This system allowsnals, activates cell cycle checkpoints that arrest cell
analyses of selectively mutated histones, direct versusgrowth or apoptotic pathways that lead to cell death
indirect effects of cofactors, independent versus coop-(Vogelstein et al., 2000). These functions are mediated
erative effects of different cofactors, and correspondinglargely through the action of p53 as a conventional DNA
mechanisms on individual genes. In the case of p300-binding transcriptional activator of genes whose prod-
dependent activation by Gal4-VP16, earlier studies withucts regulate growth arrest or apoptosis. p53 contains
this system demonstrated a repression mechanism thatan N-terminal activation domain, a central DNA binding
is intrinsic to the structure of the nucleosome core anddomain, and a C-terminal regulatory domain (Ko and
selective requirements for H3 and H4 N-terminal tails,Prives, 1996). Stress-induced modifications of p53 vari-
as well as corresponding acetylation events that areously implicated in protein stability and/or transcrip-
targeted to promoter proximal regions, for transcrip-tional activation include phosphorylation, acetylation,

and ubiquitylation (Brooks and Gu, 2003). tional activation (An et al., 2002). The present study
Like many other transcriptional activators, p53 has shows independent and cooperative effects of p300,

been shown to act both through cofactors (e.g., TRAP/ PRMT1, and CARM1 in mediating activation by p53 from
Mediator) that facilitate preinitiation complex formation a chromatin template with GADD45-derived p53 re-
or function (Gu et al., 1999) and through cofactors that sponse elements, whereas chromatin immunoprecipita-
modify chromatin structure. In the latter case, earlier tion (ChIP) assays have verified the accumulation of
demonstrations of physical and functional interactions these (and other) cofactors and corresponding modifi-

cations on a natural GADD45 gene in response to UV
damage.*Correspondence: roeder@mail.rockefeller.edu
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Figure 1. Recombinant Histones, Cofactors, and Histone Tail-Dependent Function of p300

(A) Schematic summary of histone tail sequences. “Me” indicates sites that are methylated by CARM1 and PRMT1 in H3 and H4, respectively.
“Ac” indicates sites of acetylation. In any given histone mutant (B), all methylation or acetylation sites were collectively mutated.
(B) Analysis of reconstituted histone octamers by 15% SDS-PAGE and Coomassie blue staining. Singly or doubly mutated histones within
the octamer are indicated at the top.
(C) Analysis of purified (co)activators by 10% SDS-PAGE and Coomassie blue staining.
(D) Schematic representation of the p53 binding sites adjacent to the AdML promoter in the pML array template.
(E) Micrococcal nuclease (MNase) analysis of assembled chromatin. Assembled chromatin was partially digested with MNase, and the
recovered DNA was detected as described (An and Roeder, 2004).
(F) p53- and p300-dependent transcription from recombinant chromatin with intact and mutant histones. Chromatin templates contained
singly or doubly mutated histones that lacked entirely the indicated tail(s) or contained the indicated K to R mutations. Mutant histones are
as described in (A) and in An et al. (2002). Txn, relative transcription levels; ND, nondetectable.

Results bacteria), p300 (expressed via baculovirus), CARM1 (ex-
pressed via baculovirus) and PRMT1 (expressed in bac-
teria) proteins utilized in conjunction with this templateAssembly and Characterization of Recombinant

Chromatin Templates and Cofactors are shown in Figure 1C.
We initially determined requirements for core histoneChromatin was assembled from recombinant histone

octamers (Figure 1B) and a plasmid DNA template (Fig- tails and corresponding acetylation events for p300-
dependent activation by p53. As shown in Figure 1F,ure 1D) using a recombinant ACF/NAP1 system (Ito et

al., 1999) as described previously (An et al., 2002). In transcription from the template with intact histones was
dependent upon p53 and p300/acetyl-CoA (lane 2 ver-some cases, H3 and H4 were mutated in lysine residues

known to be acetylated in vivo (H3 and H4), in an arginine sus lanes 1 and 10). The transcription level was unaf-
fected by independent or concomitant deletion of H2Aresidue (H4-R3) methylated by PRMT1, or in arginine

residues (H3-R2, -R17, and -R26) methylated by CARM1 and H2B tails (lanes 3–5) but dramatically reduced by
independent or concomitant deletion of H3 and H4 tailsin order to assess the role of corresponding modifica-

tions in cofactor function (Figures 1A and 1B). Character- or by removal of all tails (lanes 6–9). Parallel results were
observed when the acetylatable lysines in correspond-ization of assembled chromatin by micrococcal nuclease

digestion revealed a 200 bp ladder of kinetic intermedi- ing histone tails were mutated to arginines (lanes 13–19).
These results exactly mirror those reported for p300-ates (Figure 1E). The recombinant p53 (expressed in
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Figure 2. p53-Dependent Modifications of Nucleosomal Histones by Independent and Cooperative Functions of p300, CARM1, and PRMT1

Modification assays using [3H]-SAM (S-adenosyl-L-[methyl-3H]methionine) or [3H]-acetyl-CoA were performed essentially as described (An
and Roeder, 2004). All assays in (A) and (B) and in (C) and (D) were conducted simultaneously under identical conditions, such that the signals
are directly comparable. (A) Independent modifications of nucleosomal H4 by p300 or by PRMT1. (B) Concomitant or sequential modifications
of nucleosomal H4 by p300 and PRMT1. p300 and PRMT1 were incubated simultaneously (30 min) or sequentially (30 min for each) with
chromatin templates in the presence of p53 and labeled/unlabeled acetyl-CoA and SAM, as indicated. (C) Independent modifications of
nucleosomal H3 by p300 or by CARM1. (D) Concomitant or sequential modifications of nucleosomal H3 by p300 and CARM1. p300 and
CARM1 were incubated with chromatin templates in the presence of p53 and labeled/unlabeled acetyl-CoA and SAM as described in Figure 2B.

dependent transcription activation by Gal4-VP16 on a these modifications (lanes 8–10). Notably, however, H2A
was methylated by PRMT1 when the normal PRMT1similar template (An et al., 2002). They argue for the

generality of a selective requirement for H3 and H4 tails, methylation site (R3) in H4 was mutated (Figure 2A, lane
8), suggesting that H2A might serve as a back-up sub-and corresponding acetylation events, for p300-depen-

dent transcription activation from these in vitro assem- strate in a PRMT1-mediated signaling pathway (Cheung
et al., 2000). These results document p53-dependentbled chromatin templates.
modifications of nucleosomal histones by PRMT1 and
CARM1 as well as p300 and further confirm that theseIndependent p53-Dependent Modifications of
modifications occur at specific lysine and arginine resi-Nucleosomal Histones by p300, PRMT1, or CARM1
dues in H3 and H4.p53-dependent histone modifications by cofactors were

monitored following independent incubation of tem-
plates with various cofactors and corresponding ra- Cooperativity between p300 and PRMT1

or CARM1 in Modifying Nucleosomal Histonesdiolabled substrates. As shown in Figures 2A and 2C,
all core histones were acetylated by p300 in a p53- Consistent with earlier results with isolated H4 (Wang

et al., 2001a), nucleosomal H4 premethylation by PRMT1dependent manner (lanes 1 and 2), consistent with previ-
ous in vitro results of Espinosa and Emerson (2001), and selectively stimulated H4 acetylation by p300 (Figure

2B, lane 1, versus Figure 2A, lane 2). This stimulatorymodifications in H3 and H4 were blocked by K to R
but not R to Q mutations (lanes 3–5). H4 and H3 were effect of PRMT1 was lost upon mutation of the major

PRMT1 methylation site in H4 (Figure 2B, lane 2 versusselectively methylated by PRMT1 and CARM1, respec-
tively, in a p53-dependent manner (lanes 6 and 7), and lane 1), indicating an effect of the modification, per se.

Similarly, nucleosomal histone acetylation by p300 mod-corresponding R to Q but not K to R mutations blocked
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erately stimulated H4 methylation by PRMT1 (Figure 2B, CARM1 (Figure 3C, lanes 7–9). Moreover, the p300-
dependent activity was dramatically reduced by H3 andlane 5, versus Figure 2A, lane 7). This p300 stimulatory

effect was lost when the acetylation sites in H4 were H4 K to R mutations, consistent with the results in Figure
1F, but not by R to Q mutations (Figures 3A and 3C,mutated (Figure 2B, lane 5 versus lane 7), indicating that

the stimulatory effect is dependent upon H4 acetylation lanes 4–6). CARM1-dependent activity was significantly
reduced by H3 R to Q mutations but not by H3 K to Revents. Similar effects of comparable or greater magni-

tude were observed following simultaneous incubation mutations (Figure 3C, lanes 10–12). These results argue
that the corresponding histone acetylation and methyla-of p300 and PRMT1 (Figure 2B, lanes 9–16, versus Figure

2A) with nucleosomal histone templates. tion events are essential, respectively, for p300 and
CARM1 function (i.e., that histone tails are obligatoryIn parallel experiments with p300 and CARM1 and

consistent with results of studies with an H3 peptide substrates). The PRMT1-dependent activity was unaf-
fected by H4 K to R mutations and, somewhat surpris-(Daujat et al., 2002), nucleosomal H3 preacetylation by

p300 significantly stimulated H3 methylation by CARM1 ingly, only moderately affected by the H4 R to Q mutation
(Figure 3A, lanes 10–12). That this latter result reflects(Figure 2D, lane 5, versus Figure 2C, lane 7). By contrast,

H3 premethylation by CARM1 had no effect on subse- the proposed back-up function of H2A, which is modi-
fied only when H4 is mutated (Figure 2A, lanes 7 andquent H3 acetylation by p300 (Figure 2D, lane 1, versus

Figure 2C, lane 2). The effect of p300 on H3 methylation 8), is indicated by the complete loss of transcription
upon joint H2A and H4 tail deletions but not upon individ-by CARM1 is dependent upon H4 acetylation events,

since the effect was lost when all major acetylation sites ual tail deletions (Figure 3E).
These results are consistent with the abilities (Figurewere mutated (Figure 2D, lane 5 versus lane 7). Some-

what milder effects of histone preacetylation on methyl- 2) of p300, CARM1, and PRMT1 to independently effect
histone modifications in a p53-dependent manner.ation by CARM1 were observed when CARM1 and p300

were simultaneously incubated with nucleosomal tem- Moreover, the mutational analyses rule out potential
contributions of endogenous histone acetyltransferasesplates (Figure 2D, lane 13, versus Figure 2C, lane 7),

suggesting that the optimal effect of p300 on CARM1- or endogenous histone arginine methyltransferases, in
the nuclear extract-based transcription assay, on func-mediated modification may depend on the prior action

of p300. tions of purified PRMT1 and CARM1 or purified p300,
respectively. Also of note is that while the tested coacti-Although these studies are generally consistent with

prior studies of modifications of isolated histones (or vators elicit p53-dependent activity far above the back-
ground level, their absolute levels of activity differderived peptides) by p300, CARM1, and PRMT1 (Daujat

et al., 2002; Wang et al., 2001a), it is important to note (p300 � CARM1 � PRMT1).
that the cooperative effects observed here are manifest
in the more physiological context of nuclesomal sub- Cooperative Effects between p300 and CARM1
strates. Further, all the modifications are dependent or PRMT1 on p53-Dependent Transcription
upon the presence of p53. Given demonstrated cooperativity between p300 and

CARM1 in mediating nuclear receptor function (Koh et
al., 2001; Lee et al., 2002), as well as cooperativity be-Independent Effects of p300, PRMT1, and CARM1

on p53-Dependent Transcription tween p53-dependent acetylation and methylation
events (Figure 2), we next assessed p53-dependentIn contrast to transfection assays that do not allow an

effect of a given coactivator to be ascribed to an inde- transcription from recombinant chromatin templates fol-
lowing simultaneous incubation with p300 and PRMT1pendent action, owing to the presence of other endoge-

nous cofactors, the in vitro assay with isolated cofactors or p300 and CARM1. The p53-dependent activity ob-
served with p300 and PRMT1 was significantly greaterand mutated histone substrates does allow this deter-

mination. In the recombinant chromatin transcription than the sum of the independent p300 and PRMT1 activi-
ties (Figure 3B, lane 9, versus Figure 3A, lanes 3 and 9).assay, a high level of p53- and coactivator-dependent

activity was observed with p300 (Figures 3A and 3C, H4 K to R mutations reduced this activity to a level
comparable to that observed with PRMT1 alone, whilelanes 1-3), with PRMT1 (Figure 3A, lanes 7–9), and with

Figure 3. p53-Dependent Transcription from Chromatin Templates in Response to Independent and Cooperative Functions of p300, PRMT1,
and CARM1

Transcription was carried out following prior histone modifications by independent (20 min), simultaneous (20 min), or sequential (20 min each)
incubation of chromatin templates and coactivators, as indicated, in the presence of p53 and acetyl-CoA and/or SAM as appropriate (An and
Roeder, 2004). Data were quantitated by phosphorimager, and averaged results from three independent experiments are shown under a single
representative autoradiographic analysis. Txn, relative transcription; ND, nondetectable. All transcriptions in (A) and (B) and in (C) and (D)
were conducted simultaneously under identical assay conditions, such that the signals are directly comparable. All values in (A) and (B) are
normalized to lane 3 in (A), and all values in (C) and (D) are normalized to lane 3 in (C). (A) Independent functions of p300 and PRMT1 in
mediating p53-dependent transcription. (B) Cooperative and sequential function of PRMT1 and p300 in mediating p53-dependent transcription.
(C) Independent functions of p300 and CARM1 in mediating p53-dependent transcription. (D) Cooperative and sequential functions of CARM1
and p300 in mediating p53-dependent transcription. (E) Functional complementarity between H4 and H2A tails in mediating PRMT1 function.
(F) Combined effects of PRMT1, p300, and CARM1 on p53-dependent transcription. Prior to transcription, chromatin templates were incubated
simultaneously (30 min) or sequentially (20 min each) with coactivators and p53 as indicated. (G) The effects of ectopic PRMT1, p300, and
CARM1 on intracellular p53-dependent transcription. p53-deficient H1299 cells were transfected with luciferase reporter with the p53 response
element from the GADD45 gene and expression vectors for p53 and coactivators, as indicated.
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the H4 R to Q mutations had only a modest effect on p300 increased activity several-fold over that observed
with p300 alone (lanes 5 and 6 versus lane 2), while thethe activity because of the apparent back-up effect of

H2A (above) (Figure 3B, lanes 10–12). Addition of PRMT1 joint expression of p300, CARM1, and PRMT1 increased
activity a further 2-fold (lane 8). No significant activityprior to p300 resulted in an even greater activity than

that observed with simultaneous addition of both coacti- was observed with all three coactivators in the absence
of p53 (lane 9). These results showing functional synergyvators (Figure 3B, lane 1), while addition of p300 prior

to PRMT1 resulted in a dramatically lower level of activity between coactivators on a p53-responsive promoter
in vivo are consistent with and strongly support the(Figure 3B, lane 5). These results are consistent with the

results of the histone modification analyses (Figure 2) in vitro data. Collectively, our results indicate an ordered
accumulation of distinct histone modifications in re-and suggest that, for optimal activity, PRMT1 modifica-

tion of nucleosomal histones must precede modifica- sponse to PRMT1, p300, and CARM1 and a functional
association with p53-dependent transcription.tions by p300.

In similar experiments with p300 and CARM1, the ac-
tivity observed following simultaneous addition was sig-
nificantly higher than the sum of the independent p300 CARM1 and PRMT1, Like p300, Bind

Directly to p53and CARM1 activities (Figure 3D, lane 9, versus Figure
3C, lanes 3 and 9). H3 R to Q mutations reduced this To test the possibility that the independent functions of

the coactivators might reflect direct interactions withactivity to a level comparable to that observed with p300
alone (Figure 3D, lane 10, versus Figure 3C, lane 3), p53, we examined interactions of purified coactivators

with GST-p53 fusion proteins (Figure 4A). PRMT1 andwhile H3 K to R mutations reduced the activity to a level
comparable to that observed with CARM1 alone (Figure p300 both showed direct interactions with N-terminal

fragments (residues 1–43 and 1–83) of p53, although3D, lane 11, versus Figure 3C, lane 9). Significantly, addi-
tion of p300 prior to CARM1 resulted in an even greater it appears that PRMT1 may interact preferentially with

residues 1–43 and p300 with residues 44–83 (Figures 4Bactivity than that observed upon simultaneous addition
(Figure 3D, lane 5 versus lane 9), while the level of tran- and 4C). PRMT1 and p300 showed similar interactions

when assayed together (Figure 4D). CARM1 showedscription was dramatically lower (equivalent to the p300-
only level) when incubation with CARM1 preceded incu- interaction exclusively with the C terminus of p53 (resi-

dues 300–393) but with a strong dependency on resi-bation with p300 (Figure 3D, lane 1 versus lane 9). These
results are consistent with the histone modification anal- dues 370–393 (Figure 4E). When assayed together with

p300, CARM1 showed a similar interaction with the p53yses (above) and suggest that, for optimal activation,
p300 action must precede CARM1 action. C-terminal fragment, although p300 now showed bind-

ing both to C-terminal and N-terminal fragments of p53We next investigated the joint effects of p300, CARM1,
and PRMT1 on p53-dependent transcription when (Figure 4F). This latter result suggests an interaction

between CARM1 and p300, as recently reported by Xuadded according to the various protocols indicated at
the top of Figure 3F. Levels of activity approximately et al. (2001). Most importantly, all these cofactors show

direct p53 interactions as originally shown for p300/CBP2-fold above those observed with p300 plus CARM1
(lane 2) or p300 plus PRMT1 (lane 3) were observed (Gu et al., 1997; Scolnick et al., 1997).

To document coactivator interactions with p53 in vivo,when all three coactivators were added simultaneously
(lane 11), in the sequence PRMT1→p300→CARM1 (lane anti-Flag-p53 immunoprecipitates from H1299 cells

coexpressing Flag-p53 proteins and individual coactiva-12), or in combinations and orders (lanes 7 and 8) consis-
tent with the results of Figures 3B and 3D. Other combi- tors were analyzed by Western blot. As shown in Figure

5, p300 (lanes 1 and 2), CARM1 (lanes 5 and 6), andnations and orders of addition (lanes 5, 6, 9, and 10)
only gave levels of activity equivalent to those observed PRMT1 (lanes 9 and 10) were all coimmunoprecipitated

in a Flag-p53-dependent manner. Consistent with thewith pairwise combinations of p300 and PRMT1 or
CARM1. Also of note, PRMT1 and CARM1 together in vitro binding data, a p53 C-terminal deletion mutant

(lacking residues 351–393) showed markedly lowershowed no significant synergy in the absence of p300
(lane 4). Hence, the presence of all these cofactors re- CARM1 binding (lane 8) but a wild-type level of PRMT1

binding (lane 12), whereas a p53 N-terminal deletionsults in higher levels of p53-dependent activity than are
observed with any pairwise combination of cofactors. mutant (lacking residues 1–80) showed a wild-type level

of CARM1 binding (lane 7) but no PRMT1 binding (lane
11). Somewhat surprisingly, the same N- and C-terminalCooperative Effects of p300, PRMT1,
deletion mutants both showed wild-type levels of p300and CARM1 In Vivo
binding (lanes 3 and 4). This may indicate the presenceTo gain support for the relevance of the in vitro findings
in p53 of p300 interaction sites not scored in previousto intracellular gene activation by p53, p53-deficient
studies or p300 interactions through intermediate p53H1299 cells were transfected with a luciferase reporter
binding proteins. As indicated in the control analysesgene bearing p53 response elements from the GADD45
(lanes 13–48), these results cannot be attributed to dif-gene and vectors variously expressing p53, p300,
ferential levels of expression of cofactors or to differen-CARM1, and PRMT1. As shown in Figure 3G, p53 ex-
tial levels of expression or immunoprecipitation of intactpression produced a moderate increase in activity that
and mutant forms of p53. These results thus documentwas enhanced about 3-fold by ectopic expression of
in vivo interactions of p53 with the various coactivatorsp300 alone (lane 2) but not by ectopic expression of
(see also below), whereas the results of Figure 4 argueCARM1 and PRMT1 alone or together (lanes 3, 4, and

7). In contrast, expression of CARM1 or PRMT1 with that most of these interactions may be direct.
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Figure 4. Direct Interactions of PRMT1, p300, and CARM1 with p53 In Vitro

Recombinant p300, PRMT1, and CARM1 were tested for binding to GST or GST-p53 fusion proteins. Bound proteins were scored by immunoblot.
In each case, 5% of the input protein(s) is shown. (A) Purified GST-p53 fusion proteins. (B) Independent p300 interactions with p53 derivatives.
(C) Independent PRMT1 interactions with p53 derivatives. (D) Joint interactions of PRMT1 and p300 with p53 derivatives. (E) Independent
CARM1 interactions with p53 derivatives. (F) Joint interactions of CARM1 and p300 with p53 derivatives.

p53-Dependent Coactivator Recruitment geted accumulation of corresponding histone acetyla-
tion and methylation marks, on the natural GADD45 geneand Cognate Histone Modifications

on the GADD45 Gene in response to p53 overexpression. These results, sug-
gesting corresponding roles in transcription of theThe results of the in vitro/in vivo interactions and tran-

scription assays (above) suggested that p53 may facili- GADD45 gene in vivo, are consistent with the in vitro
data. The in vivo ChIP analysis also shows targeted,tate recruitment of these cofactors to a p53-responsive

gene such as GADD45 in vivo. To test this possibility, p53-dependent accumulation of the H3-K4 methylation
mark (Figure 6B), which appears to be a general markp53-deficient H1299 cells were transiently transfected

with p53 and subjected to chromatin immunoprecipita- for active genes (Sims et al., 2003).
A similar analysis (Figure 6C) with a p53 mutant lackingtion (ChIP) analyses (Figure 6). The analysis in Figure

6B shows low levels of H3 and H4 acetylation on GAPDH N-terminal residues 1–80 showed levels of p53 (lane 6),
CARM1 (lane 8), H3-R17 methylation (lane 3), and H3(control) and on the GADD45 distal region that are largely

unaffected following p53 expression, whereas low levels acetylation (lane 1) at the GADD45 PRE comparable to
those observed with wild-type p53 but markedly re-of H3 lysine and H3/H4 arginine methylation are induced

by p53 in the distal GADD45 region. In contrast, greatly duced levels of PRMT1 (lane 9), p300 (lane 7), H4-R3
methylation (lane 4), H3-K4 methylation (lane 5), and H4increased levels of H3 and H4 acetylation; H3-R17, H4-R3,

and H3-K4 methylation; and p53, p300, CARM1, and acetylation (lane 2). A similar analysis with a p53 mutant
lacking C-terminal residues 351–393 showed a reducedPRMT1 proteins were observed on the GADD45 p53-

responsive element following ectopic expression of p53 but nonetheless significant level of p53 binding to the
PRE relative to wild-type p53 (lane 15). However, when(Figure 6B). Thus, these analyses show a targeted re-

cruitment of p300, CARM1, and PRMT1, as well as tar- normalized to the level of GADD45-associated mutant p53,
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Figure 5. Interactions of PRMT1, p300, or
CARM1 with p53 In Vivo

Flag-tagged wild-type or mutant p53 was
transiently coexpressed with p300, PRMT1,
or CARM1 in H1299 cells. Cell extracts were
incubated with M2-agarose, and immunopre-
cipitated proteins (M2-IP) were analyzed by
Western blot using p300, PRMT1, CARM1, or
Flag antibodies as indicated. The cell extract
represents 1/10 volume of the input used for
immunoprecipitation.

the levels of PRMT1 (lane 18), p300 (lane 16), H4-R3 meth- showed maximal accumulation in the PRE by this time
and presumably mediates the H4 acetylation. Althoughylation (lane 13), H3-K4 methylation (lane 14), H3 acetyla-

tion (lane 10), and H4 acetylation (lane 11) associated PRMT1 accumulation could not be detected in these
cells by ChIP analysis, possibly due to transient interac-with the GADD45 PRE were nearly normal (or elevated),

while those of CARM1 and H3-R17 methylation were tions of PRMT1 and/or lower p53 levels in U2OS-irradi-
ated cells relative to p53-transfected H1299 cells (Figuremarkedly reduced. These results strongly support earlier

indications (Figures 4 and 5) that the p53 C terminus 7), other studies indicate that H4-R3 methylation is medi-
ated mainly by PRMT1 (Strahl et al., 2001). These resultsplays the dominant role in PRE recruitment and function

of CARM1, whereas the N terminus plays the major role are consistent with the H4-lysine acetylation/H4-R3
methylation-dependent synergy of PRMT1 and p300 ob-in PRE recruitment and function of PRMT1, p300, and

the unidentified cofactor effecting H3-K4 methylation. served in vitro.
Also consistent with the in vitro transcription resultsThe results also show that H4 acetylation but not H3

acetylation is correlated with p300 recruitment to the indicating CARM1 function subsequent to PRMT1 and
p300 function, enhanced CARM1 accumulation on theGADD45 PRE and, further, that the cofactor responsible

for enhanced H3 acetylation may be recruited through PRE was first evident, and maximal, at 4 hr and declined
thereafter. Somewhat surprisingly, the major histonea distinct (internal) p53 domain.
modification (H3-R17 methylation) ascribed to CARM1
was barely detectable at 4 hr but increased continuouslyTemporal Accumulation of Coactivators and

Histone Modifications on the p53-Induced over the next few hours. Whether this apparent disconti-
nuity between the presence of maximal levels of CARM1GADD45 Gene upon DNA Damage

To further validate the conclusions from the in vitro and and its modifications truly reflects delayed modifications
(due perhaps to synergy with another modification/in vivo studies described above, the temporal accumula-

tion of various coactivators and histone modifications enzyme) or a delayed epitope unmasking remains un-
clear.on the GADD45 gene were monitored following UV irra-

diation of U2OS cells. UV irradiation resulted in large Also of significance is the greatly enhanced accumula-
tion, by four hours of irradiation, of GCN5, acetylated H3,increases (from low basal levels) in p53 protein and

GADD45 mRNA levels by two hours, with further in- and K4-methylated H3. Along with previous indications
that GCN5 preferentially acetylates nucleosomal H3creases over the next several hours (Figure 7). ChIP

assays over the same time period showed an elevated in vitro (Roth et al., 2001), and consistent with the data
in Figure 6C, these observations suggest that the en-(and maximal) accumulation of p53, as well as R3-meth-

ylated and acetylated H4, by two hours. p300 also hanced accumulation of acetylated H3 is due at least
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Figure 6. p53-Induced Accumulation of Coactivators and Histone Modifications on the GADD45 Gene

(A) Schematic of GADD45 and the p53 response element. Arrows indicate positions of PCR primers in and around the p53 response element (RE).
(B) p53-induced accumulation. p53-negative H1299 cells transfected with a control (�p53) or a p53-expression (�p53) vector were subjected
to ChIP analysis with antibodies to the indicated proteins and modified histone residues (lanes 1–18). The selected PCR primers (A) scored
sequences at the p53 response element and 2 Kb distal. PCR analysis with identical primers on input chromatin confirmed that equal amounts
were used for all reactions (lanes 19 and 20). A Western blot (lanes 21 and 22) confirmed ectopic p53 expression.
(C) Mutant p53-induced accumulation. ChIP was performed as described in Figure 6B, except that mutant p53 lacking the N terminus (residues
1–80) or the C terminus (residues 350–393) was expressed as indicated.

in part to enhanced recruitment of GCN5 rather than acetylated H3 raise the possibility of a functional syn-
ergy. The apparent decline in K4-methylated H3 couldp300. Although we have not yet correlated the appear-

ance of K4-methylated H3 with a corresponding histone be due to epitope masking and/or histone replacement,
as no histone demethylases are yet known.methyltransferase, candidates include Set1, Set9/Set7,

and MLL (Sims et al., 2003). Moreover, the coincidental These studies thus confirm the presence on a natural
UV-induced p53-dependent gene of those cofactors im-appearance and decrease of K4-methylated H3 and
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ated by ChIP analysis indicating ordered accumulation
of cofactors and corresponding histone modifications
on the GADD45 gene during UV-induced DNA damage.

Independent Functions of p300,
PRMT1, and CARM1
While the cooperative functions of these (and other)
cofactors on p53-activated genes may represent the
more physiological situation (below), the recombinant
chromatin/purified cofactor-based cell free system has
allowed us to assess independent functions and mecha-
nisms for the various cofactors. Thus, in addition to
confirming a role for p300 in p53 function through
GADD45 p53-response elements, we have shown inde-
pendent functions for PRMT1 and CARM1. Heretofore,
CARM1 and PRMT1 coactivator functions were shown
mainly for nuclear hormone receptors (Koh et al., 2001;
Lee et al., 2002), and it was not established whether
CARM1 or PRMT1 could act alone or only in conjunction
with other ectopic or endogenous cofactors or, indeed,
whether histones or other proteins were the essential
substrates for the activities observed (Stallcup, 2001).
The latter point is critical, since CARM1 and PRMT1,
like p300, have alternate transcription-related sub-
strates (Gu and Roeder, 1997; Kwak et al., 2003; Mowen
et al., 2001; Xu et al., 2001). Importantly, by using recom-
binant chromatin templates with mutant histones, we
have been able to verify that the histone modifications
(and corresponding enzymatic functions) are essential
for p53-dependent functions of PRMT1 and CARM1, as
well as p300. This represents a significant extension of

Figure 7. UV-Induced Accumulation of Coactivators and Histone previous reports of p53-dependent p300 function (Es-
Modifications on the GADD45 Gene pinosa and Emerson, 2001) and nuclear receptor-
U2OS cells irradiated with UV were subjected to ChIP analysis after dependent PRMT1 and CARM1 function (Koh et al.,
the indicated times with primers surrounding the p53 response ele- 2001; Lee et al., 2002) that did not establish histones as
ment of GADD45 as in Figure 6. The two lower panels show p53 essential substrates. Moreover, the independent func-
protein and GADD45 RNA accumulation.

tions of p300, PRMT1, and CARM1 also indicate that the
distinct modifications introduced by a given coactivator
must have an effect beyond any ability to stimulate his-plicated in the in vitro function of p53 on chromatin
tone modifications by the other two coactivators.templates. They further suggest the stepwise function

In confirmation of our previous results, recombinantof these and other cofactors during UV-induced DNA
chromatin lacking all tails was completely represseddamage.
(An et al., 2002). This again demonstrates a repressive
mechanism that is intrinsic to the core nucleosome and
independent of any repression that might be superim-Discussion
posed by tail-dependent higher order nucleosome inter-
actions (reviewed in An et al. [2002]). Further, p300-Although modulations of the abundance and activity of

p53 play a key role in target gene activation, various dependent transcriptional activation by p53 was strongly
dependent upon both the H3 and H4 tails and associatedcoactivators that are typically utilized by activators offer

additional targets for the integration of signaling path- acetylation events, indicating nonredundant functions,
but completely independent of the H2A and H2B tails.ways and could be important in target gene discrimina-

tion. Beyond earlier studies implicating p53-interacting These results parallel those observed for Gal4-VP16-
and p300-dependent transcription (An et al., 2002) andhistone acetyltransferases (p300/CBP and PCAF/GCN5

or TIP60) in p53 function (Introduction), we demonstrate argue for their generality for p300-dependent function,
despite contrasting results from another study (Georges(1) the additional involvement of protein arginine methyl-

transferases PRMT1 and CARM1 in p53 function, (2) et al., 2002). However, emphasizing the lack of a general
requirement for the H4 tail for all histone modifying co-cooperative and ordered functions of PRMT1 and CARM1

with p300, and (3) for all these coactivators, mechanisms activators, as well as distinct mechanisms for PRMT1
and p300, deletion of the H4 tail had a minimal effectthat include direct interactions with p53 and obligatory

modifications of cognate histone substrates. The results on PRMT1-dependent transcription (Figure 3E) owing
to an apparent back-up function by the H2A tail. Thisof the more detailed biochemical analyses with in vitro

reconstituted chromatin templates containing p53 re- interesting result points to the need for caution in the
interpretation of results that show no apparent func-sponse elements from the GADD45 gene are substanti-
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tional defect following mutations of primary histone/ studies (below) also support the prediction from the
functional assays and the ChIP assays.transcription factor modification sites.

Although our functional studies have focused on a
restricted set of coactivators, the ChIP assays on theOrdered Cooperative Functions
UV-induced GADD45 gene also have shown inducedof p300, PRMT1, and CARM1
accumulation of GCN5 and accompanying acetylatedPairwise combination of p300 and PRMT1 or p300 and
H3, as well as K4-methylated H3. These results are con-CARM1 resulted in a functional synergy in effecting p53-
sistent with other studies implicating componentsdependent transcription from recombinant chromatin
(TRRAP, Ada3, GCN5) of GCN5-, PCAF-, or TIP60-con-templates. That the cooperative functions, like the inde-
taining HAT complexes in p53 function on diverse (p21pendent functions, depend upon corresponding histone
and MDM2) genes (Ard et al., 2002; Barlev et al., 2001).modifications was established by analysis of chromatin
The positive function of a histone lysine methyltransfer-templates with intact versus mutated histones. Rele-
ase (e.g., Set1, Set7/9, or MLL)-containing complex onvance to intracellular p53 function was established
the GADD45 gene is also suggested by the UV-inducedthrough transfection assays showing a similar coopera-
accumulation of K4-methylated H3 (Sims et al., 2003).tivity between p300 and CARM1 and between p300 and
Thus, these analyses point to the possible interplay ofPRMT1 but with no demonstrable cooperativity between
a diverse group of cofactors in mediating activation ofPRMT1 and CARM1 in the absence of ectopic p300.
GADD45 and other p53-dependent genes. Of specialMoreover, in both the in vitro and in vivo assays, the
importance will be determination of the complete reper-highest levels of p53-dependent activity were observed
toire of cofactors employed in p53 function and possiblein the presence of p300, PRMT1, and CARM1.
gene-, cell type-, and signal-specific variations in theirThese results are generally consistent with the dem-
utilization.onstrated functions of these coactivators in mediating

nuclear receptor-dependent transcription, in conjunc-
tion with p160 coactivators (e.g., GRIP1), in transfection Mechanisms Involved in p53-Dependent

Coactivator Functionassays. Thus, Stallcup (2001) and colleagues have
shown cooperativity between p300 and CARM1 (but not Although p300, CARM1, and PRMT1 could function ei-

ther through histone modifications or through modifica-PRMT1) and between PRMT1 and CARM1 in these
assays (Koh et al., 2001; Lee et al., 2002). Some differ- tions of other factors, as first established for p53, our

studies with mutant histones have established unequiv-ences, such as their failure to see cooperativity between
p300 and PRMT1 or their observation of synergy be- ocally that the observed coactivator functions are de-

pendent, minimally, upon histone modifications and,tween PRMT1 and CARM1 in the absence of ectopic
p300 may be attributed either to intrinsic differences hence, cognate coactivator enzymatic activities. The

further demonstration of direct interactions of unmodi-between p53 and nuclear receptors with respect to co-
factor utilization or to differences in assay conditions. fied (bacterially expressed) p53 with CARM1 and PRMT1

as well as p300 suggests a mechanism for direct recruit-Overall, however, the cooperative functions of p300,
PRMT1, and CARM1 are consistent with the distinct ment to promoter bound p53 through these interactions.

This mechanism is further supported by our demonstra-substrate specificities of these cofactors. Apart from
our specific demonstration of new coactivator functions tion of p53-dependent modifications of nucleosomal

histones on a recombinant chromatin template with p53and synergies in mediating p53 function, these results
are reminiscent of earlier demonstrations of cooperativ- binding sites. The utilization of recombinant, bacterially

expressed p53 and histones in these assays indicatesity between other histone modifications such as phos-
phorylation and acetylation (reviewed in Zhang and Rein- that prior p53 or histone modifications are unnecessary

either for p53 binding to chromatin or for cofactor re-berg [2001])
Somewhat surprisingly, in pairwise assays, the addi- cruitment and function. This possibility was not ex-

cluded in previous studies of p53-dependent p300 func-tion of one cofactor prior to the other either increased
or decreased overall p53-dependent activity relative to tion on chromatin templates with native histones and

baculovirus-expressed p53 (Espinosa and Emerson,that observed when p300 and CARM1 or p300 and
PRMT1 were simultaneously added to reaction mix- 2001) or in transfection studies showing ectopic p53-

dependent recruitment of p300, PRMT1, and CARM1tures. The results of these studies (Figure 3) indicate a
preferred order of function for optimal activity: PRMT1 (Figure 6) or of TRRAP (Ard et al., 2002).

Interestingly, studies with purified proteins havefirst, p300 second, and CARM1 third. These conclusions
from the biochemical analyses are supported by the shown that PRMT1 and p300 bind to N-terminal domains

in p53, whereas CARM1 binds to the C terminus, andresults of ChIP assays monitoring accumulation of co-
factors and histone modifications on the p53-dependent chromatin immunoprecipitation assays have confirmed

the role of these domains in p53-dependent recruitmentGADD45 gene during UV-induced DNA damage. In par-
ticular, an early accumulation of R3-methylated H4, of the corresponding factors to the endogenous

GADD45 gene. While the role of the C terminus in p53p300, and acetylated H4 was followed by the accumula-
tion of CARM1 and R17-methylated H3. In further sup- function is controversial (Prives and Manley, 2001), it

appears to be required for p53 function in vitro (Espinosaport of this proposed pathway, estrogen induction of an
estrogen receptor-activated gene was accompanied by and Emerson, 2001; W.A. and R.G.R., unpublished data).

The apparent recruitment of p300, CARM1, and PRMT1an early accumulation of CBP and K18-acetylated H3,
followed by accumulation of CARM1 and R17-methyl- to promoters through direct interactions with p53 con-

trasts with their recruitment to nuclear receptor-acti-ated H3 (Daujat et al., 2002). In vitro histone modification
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vated promoters through interactions with receptor- 7). Thus, an H3-K4 methylation-mediated dissociation
interacting p160 coactivators (Lee et al., 2002; Ma et of an HDAC complex might conceivably result in en-
al., 2001). The role of p300-mediated acetylation in p53 hanced H3 acetylation and consequent promotion of
binding and coactivator recruitment is also controver- CARM1-mediated H3-R17 methylation. However, the
sial, with acetylation being implicated in promoter re- ability of an N-terminal p53 mutant to enhance both H3
cruitment of both p53 (Luo et al., 2004) and coactivators acetylation and H3-R17 methylation in the absence of
(Barlev et al., 2001) in vivo but without apparent function H3-K4 methylation (Figure 6C) argues against this possi-
in vitro (Espinosa and Emerson, 2001). In agreement bility for the GADD45 gene.
with the latter results, joint mutations in the major PCAF Since our analyses have been restricted to the
and p300 acetylation sites in p53 were also without GADD45 gene, future studies must determine the extent
effect in our in vitro transcription assays (W.A. and to which the cofactors and mechanisms described here
R.G.R., unpublished data). pertain to other p53-responsive genes. It is likely that

Given that the corresponding histone acetylation and cofactor usage and mechanisms will vary for different
methylation events are critical for p53-dependent func- stress responses and promoters, as recently reported
tions of p300, PRMT1, and CARM1, a major question by Espinosa et al. (2003).
concerns their subsequent roles. The simplest notion,

Experimental Proceduresbased on the histone code hypothesis (Strahl and Allis,
2000), is that they serve as recognition sites for other

Plasmids and Expression Vectorsproteins. One possibility is that a given modification
Bacterial vectors for core histone expression and histone purifica-

makes the histone a better substrate for recognition and tion were as described (Luger et al., 1999). Mutations (Figure 1A)
modification by other cofactors. Relative to the present were introduced by site-directed mutagenesis according to the
data, studies with isolated H4 have shown that premeth- manufacturer’s instructions (Stratagene). Flag-tagged p53 and his-

tagged PRMT1 were expressed in bacteria from pET28a (Novagen)ylation by PRMT1 stimulates acetylation by p300,
vectors and Flag-tagged CARM1 and p300 were expressed in Sf9whereas preacetylation by p300 represses methylation
cells from baculovirus vectors. Recombinant proteins were purifiedby PRMT1 (Wang et al., 2001a). Similarly, preacetylation
by standard procedures with Ni-NTA- or M2-agarose. For in vitroof an H3 peptide was reported to stabilize CARM1 bind-
transcription assays, five copies of the p53 response element from

ing and to enhance methylation (Daujat et al., 2002). the GADD45 gene were inserted upstream of the adenovirus major
These results are consistent with the cooperative and late (AdML) promoter in the pML array plasmid (An et al., 2002),
ordered coactivator functions predicted by the in vitro as summarized in Figure 1D. For transfection assays, a GADD45-

luciferase reporter was constructed by inserting five copies of theanalysis of both p53-dependent histone modifications
GADD45 p53-responsive element into the pGL3 Vector (Promega),and p53-dependent transcription, and cooperativity be-
and cDNAs encoding CARM1, PRMT1, p300, or p53 were subclonedtween histone acetylation and methylation events may
into a CMV-driven expression vector, pIRESneo (Clontech). To gen-

explain at least part of the effect on transcription. Ulti- erate p53 mutants, cDNA fragments encoding amino acids 81–393
mately, however, some or all of the modifications must (for �Np53) and 1–350 (for �Cp53) were amplified and subcloned
have downstream effects on transcription, per se. into pIRESneo.

A second and highly likely role for modified histones
Nucleosomal Histone Modifications and Chromatinis in the recruitment of other transcriptional factors or
Transcription Assayscofactors. While there is yet no information regarding
Chromatin assembly and histone modification assays with coactiva-factors that recognize acetylated or methylated histones
tors were as described (An and Roeder, 2004; Ito et al., 1999).

in p53-dependent transcription, precedent from other Transcription assays using activator (20 ng) and coactivators (15
studies argues strongly for this probability. Thus, H3-K9 ng for CARM1, 20 ng for PRMT1, and 10 ng for p300) were as
methylation potentiates chromatin condensation and si- recently described (An and Roeder, 2004).
lencing through its ability to bind HP1 (reviewed in Sims

GST Pull-Down Assayet al. [2003]). In relation to gene activation events, K4-
Production and purification of glutathione S-transferase (GST)-p53or K20- methylated H3 provides part of a binding site
fusion proteins were as described (Gu and Roeder, 1997). Bindingfor the ATP-dependent chromatin remodeling complex
reactions contained 4 �g of GST-p53 proteins and 1 �g of purified

BRAHMA and a mark for long-term maintenance of a coactivator(s) in a total volume of 0.2 ml. Reaction mixtures also
transcriptionally active state (Beisel et al., 2002). Simi- included 250 mM NaCl, 0.5% NP-40, 25 mM HEPES, 10% glycerol,
larly, activation of the IFN-� promoter has been reported and a protease inhibitor cocktail (Roche Diagnostics). After an over-

night incubation at 4�C, bound proteins were analyzed by immu-to involve stepwise acetylation of H4 and H3 residues
noblot.that are involved, respectively, in recruitment of the SWI/

SNF and TFIID complexes—potentially through interac-
Cell Culture and Transfectiontions of acetylated lysines with bromodomain containing
For transient transfection experiments, H1299 cells were grown to

components of the complexes (Agalioti et al., 2002). 50% confluency in RPMI medium supplemented with 10% fetal
Histone methylation might also facilitate transcrip- bovine serum. Transfection assays utilized, as indicated, 100 ng of

tional activation by antagonizing the association of (co)- GADD45 p53 response element-driven luciferase reporter plasmid,
20 ng of p53 expression vector, and 200 ng of CARM1, PRMT1, orrepressors, as suggested by recent reports that H3-K4
p300 expression vector. Cells were harvested at 36 hr and analyzedmethylation can indirectly enhance H3 acetylation by
for luciferase activity.blocking association of the histone deacetylase-con-

taining NURD complex with the H3 tail (Nishioka et al.,
Immunoprecipitation

2002; Zegerman et al., 2002). Consistent with this possi- Approximately 2 � 107 H1299 cells were transfected with Flag-p53
bility for p53-dependent transcription of the GADD45 (2 �g), CARM1 (5 �g), PRMT1 (5 �g), and/or p300 (7 �g) expression
gene, H3-K4 methylation is coincident with GCN5 re- plasmids. 48 hr posttransfection, cells were lysed in 2 ml of BC150

containing 1% Nonidet P-40. Expressed Flag-p53 was captured bycruitment and H3 acetylation after UV irradiation (Figure
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incubation of cell extracts with M2-agarose beads (Sigma) and phorylation and acetylation in response to epidermal growth factor
stimulation. Mol. Cell 5, 905–915.eluted with SDS sample buffer. The levels of PRMT1, CARM1, or

p300 coimmunoprecipitated with Flag-p53 were analyzed by West- Daujat, S., Bauer, U.M., Shah, V., Turner, B., Berger, S., and Kouzar-
ern blot. The anti-Flag antibody was from Sigma, and other antibod- ides, T. (2002). Crosstalk between CARM1 methylation and CBP
ies were as described for ChIP assays. acetylation on histone H3. Curr. Biol. 12, 2090–2097.

Espinosa, J.M., and Emerson, B.M. (2001). Transcriptional regulation
Chromatin Immunoprecipitation Assay by p53 through intrinsic DNA/chromatin binding and site-directed
ChIP assays were performed essentially as described (Barlev et al., cofactor recruitment. Mol. Cell 8, 57–69.
2001). Primers used for PCR were from the GADD45 p53 response

Espinosa, J.M., Verdun, R.E., and Emerson, B.M. (2003). p53 func-
element region (5	 primer, 5	-GGATCTGTGGTAGGTGAGGGTC

tions through stress- and promoter-specific recruitment of tran-
AGG-3	; 3	 primer, 5	-GGAATTAGTCACGGGAGGCAGTGCAG-3	) or

scription initiation components before and after DNA damage. Mol.
from a region 2 kb downstream (5	 primer, 5	-GGAGTTGGAGTTG

Cell 12, 1015–1027.
TCAGGAAAAAGGG-3	; 3	 primer, 5	-GGTTGTGGTCTTTCAGGCCT

Georges, S.A., Kraus, W.L., Luger, K., Nyborg, J.K., and Laybourn,CCACACC-3	). An identical analysis on the human GAPDH promoter
P.J. (2002). p300-mediated tax transactivation from recombinantwas included as a control. For ChIP studies with UV-treated cells,
chromatin: histone tail deletion mimics coactivator function. Mol.U2OS cells were irradiated with 50 J/m2 UV. Antibodies against
Cell. Biol. 22, 127–137.diacetylated H3-K9, K14, tetraacetylated H4-K5, 8, 12, 16, dimethy-
Gu, W., and Roeder, R.G. (1997). Activation of p53 sequence-specificlated H4-R3, and CARM1 were from Upstate Biotechnology. Anti-
DNA binding by acetylation of the p53 C-terminal domain. Cell 90,bodies for PRMT1, dimethylated H3-R17, and trimethylated H3-K4
595–606.were from Abcam. Antibodies for p300, GCN5, and p53 were from

Santa Cruz Biotech. To monitor expression of the GADD45 gene, Gu, W., Shi, X.L., and Roeder, R.G. (1997). Synergistic activation of
harvested cells were subjected to RT-PCR analysis (Qiagen). p53 transcription by CBP and p53. Nature 387, 819–823.
protein levels were monitored by immunoblot with antibodies Gu, W., Malik, S., Ito, M., Yuan, C.X., Fondell, J.D., Zhang, X., Marti-
against p53. To discriminate amplification of the mRNA from pre- nez, E., Qin, J., and Roeder, R.G. (1999). A novel human SRB/MED-
mRNA, the 5	 primer was located within exon 3, and the 3	 primer containing cofactor complex, SMCC, involved in transcription regu-
was in exon 4. In all cases, aliquots of PCR products at shorter (28) lation. Mol. Cell 3, 97–108.
or longer (38) cycles were analyzed to ensure that amplification was

Ito, T., Levenstein, M.E., Fyodorov, D.V., Kutach, A.K., Kobayashi,maintained in the linear range.
R., and Kadonaga, J.T. (1999). ACF consists of two subunits, Acf1
and ISWI, that function cooperatively in the ATP-dependent cataly-
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