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In response to DNA damage, p53 activates G,/S blocking and apoptotic genes through sequence-specific
binding. p53 also represses genes with no target site, such as those for Cdc2 and cyclin B, key regulators of the
G,/M transition. Like most G,/M promoters, they rely on multiple CCAAT boxes activated by NF-Y, whose
binding to DNA is temporally regulated during the cell cycle. NF-Y associates with p53 in vitro and in vivo
through the «aC helix of NF-YC (a subunit of NF-Y) and a region close to the tetramerization domain of p53.
Chromatin immunoprecipitation experiments indicated that p53 is associated with cyclin B2, CDC25C, and
Cdc2 promoters in vivo before and after DNA damage, requiring DNA-bound NF-Y. Following DNA damage,
p53 is rapidly acetylated at K320 and K373 to K382, histones are deacetylated, and the release of PCAF and
p300 correlates with the recruitment of histone deacetylases (HDACs)—HDACI1 before HDAC4 and HDAC5—
and promoter repression. HDAC recruitment requires intact NF-Y binding sites. In transfection assays, PCAF
represses cyclin B2, and a nonacetylated p53 mutant shows a complete loss of repression potential, despite its
abilities to bind NF-Y and to be recruited on G,/M promoters. These data (i) detail a strategy of direct p53
repression through associations with multiple NF-Y trimers that is independent of sequence-specific binding
of p53 and that requires C-terminal acetylation, (ii) suggest that pS3 is a DNA damage sentinel of the G,/M

transition, and (iii) delineate a new role for PCAF in cell cycle control.

Promoters and enhancers are a combinatorial puzzle of
DNA elements recognized by sequence-specific regulators that
act in a chromatin context. The CCAAT box is a common
promoter element, usually positioned in either orientation be-
tween —60 and —100. A combination of electrophoretic mo-
bility shift assays (EMSAs) and transfections with highly diag-
nostic dominant-negative vectors implicated NF-Y as the
CCAAT activator (33). NF-Y is composed of three subunits,
NF-YA, NF-YB, and NF-YC, all necessary for DNA binding.
NF-YB and NF-YC contain histone fold motifs (HFMs) com-
mon to all core histones; dimerization is essential for NF-YA
association and sequence-specific DNA binding (reference 43
and references therein). A recent bioinformatic analysis of cell
cycle promoters showed a remarkable and specific abundance
of CCAAT boxes in promoters regulated during the G,/M
phase (9). Key regulators, such as CDC25B, CDC25C, cyclin
B1, cyclin B2, Cdc2, and topoisomerase Ila, all contain multi-
ple CCAAT boxes, invariably shown to be crucial for proper
regulation (4, 7, 11, 12, 32, 45, 47, 59, 60). Chromatin immu-
noprecipitation (ChIP) experiments determined that NF-Y is
dynamically bound in the different phases of the cell cycle (6,
45, 47). Most importantly, recent experiments determined that
an NF-YA mutant defective in Cdk2 phosphorylation behaves
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in a dominant-negative manner, blocking cell cycle progression
in G, and G, (7).

An important aspect of the regulation of G,/M promoters is
represented by their capacity, upon DNA damage, to be re-
pressed through the activity of p53 (reviewed in reference 50).
pS3 controls the activation of a variety of genes whose products
are critical for the regulation of the cell cycle and for the
induction of apoptosis (1). DNA-damaging agents induce a
wealth of posttranslational modifications—such as phosphory-
lation, sumoylation, and acetylation—that “activate” p53 tran-
scriptionally. In particular, two histone acetyltransferase
(HAT) enzymes acetylate different residues in the C-terminal
domain: p300 targets lysines 372, 373, 381, and 382 (15, 18, 44),
while PCAF/hGCNS acetylates lysine 320 (29). In general,
acetylation increases the affinity of recombinant p53 for its
DNA target in in vitro EMSA experiments (15). Further re-
ports have shown that activator-coactivator interactions are
positively affected by the p300-mediated acetylation of p53 (3).
However, nonacetylated p53 is bound to certain targets prior
to DNA damage (22).

The mechanisms of repression by p53 are less clear. Promot-
ers of genes critical for the G,/M transition are strongly down-
modulated by treatment of cells with DNA-damaging agents or
by p53 overexpression, without any recognizable binding ele-
ment (17, 27, 32, 51, 52). Such experiments are incapable of
discriminating a direct effect on promoter function from a
secondary one due to the activation of G,/S-blocking genes,
such as the p21 gene (30, 59, 60). We and others have reported
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that the negative activity of pS3 on G,/M promoters depends
upon NF-Y binding (21, 27, 32, 35, 59). This conclusion relied
upon the observations that the elimination of CCAAT boxes
and the coexpression of dominant-negative NF-YA or of dom-
inant-negative p53 led to inhibition of the negative effects of
DNA-damaging agents. To better understand the mechanisms
of this phenomenon and to ascertain whether p53 acts directly
on G,/M promoters, we used in vivo ChIP, transfection, and
protein-protein and DNA-protein interaction assays.

MATERIALS AND METHODS

Protein production and purification. Production and purification of NF-Y
were described previously (13). Glutathione S-transferase (GST)-p53 and His-
p53 fusion proteins were purified from soluble fractions. NF-YC oC mutants
were produced in the backbone of the His-YCS5 mutant (43).

Cell cultures and treatments. NIH 3T3 mouse fibroblasts were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum (FCS).
Cell line H1299, derived from a human large-cell lung carcinoma, was cultured
in RPMI medium supplemented with 10% FCS.

Adriamycin was added at 0.5 wg/ml and incubated for 20 h (see Fig. 1 and 6B),
for 8 h (see Fig. 4B), or for various times (see Fig. 6A, C, and D, 7A, and 9D).
Cells were collected, and DNA distribution analysis of propidum iodide-stained
cells was performed with an Epics cytofluorometer (Coulter).

Adenovirus vectors for expression of NF-YA or dominant-negative mutant
YAm29 were generated by using an AdEasy system. The NF-YA coding regions
were excised with HindIIT and Xbal from the corresponding pcDNA3-based
vectors and introduced into the same sites of shuttle vector pAdTrack-CMV.
This plasmid was allowed to recombine with vector pAdEasyl, followed by
treatment with Pacl and transfection into an E1-complementing cell line. Viruses
were amplified, and titers were determined. We infected 107 exponentially grow-
ing NIH 3T3 cells for 7 h in the absence of serum. FCS then was added, and the
cells were incubated for 48 h.

EMSAs and footprinting. For electrophoretic mobility shift assays (EMSAs),
we used *?P-labeled fragments containing either the complete cyclin B2 pro-
moter (—129 to +48) obtained by PCR or an oligonucleotide with the Y1
CCAAT box (4, 45). For supershift experiments, we used 300 ng of anti-NF-YB,
anti-p53 (DO1), antihemagglutinin (HA), and anti-GST (control) antibodies.
For some EMSAs (see Fig. 4), Saos2 cells were transfected with 100 ng of
expression vectors coding for the three NF-Y subunits and with or without 200
ng of HA-p53. After 24 h, extracts were prepared by resuspending cells in 100 pl
of a buffer containing 0.5% NP-40, 50 mM Tris-HCI (pH 8), 120 mM NaCl, 1
mM dithiothreitol, and protease inhibitors. Mock-transfected extracts were used
as controls. Samples of 1 to 2 ul of extracts were used in EMSAs with 50 ng of
poly(dI-dC) (Sigma).

Immunoprecipitation analyses. In vitro immunoprecipitation was performed
as described previously (13). Recombinant proteins (50 to 100 ng) were incu-
bated in 100 pl of NDB100 (100 mM KCI, 20 mM HEPES [pH 7.9], 0.1% NP-40,
0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) with rotation for 2 h at
4°C. The samples then were added to 10 pl of protein G-Sepharose to which 5
pg of anti-NF-YB, anti-NF-YA (Mab7), or anti-HA antibodies had been bound.
Incubation was carried out for 2 h at 4°C, unbound material was recovered after
centrifugation, and the beads were washed with NDB100. Sodium dodecyl sul-
fate (SDS) buffer was added, and the samples were boiled at 90°C for 5 min and
loaded on SDS gels. Western blotting was performed according to standard
procedures with the appropriate primary antibodies (DO1 for p53).

For overexpression, H1299 cells were transfected with 10 g of the eukaryotic
expression vector containing the human wild-type cDNA for the NF-YA subunit
under the control of the simian virus 40 promoter, the pcDNA3-p53 vector
driven by the cytomegalovirus early promoter-enhancer (kindly provided by G.
Blandino, Istituto Regina Elena, Rome, Italy), or the vector alone. The cells were
harvested at 36 h after transfection in lysis buffer 1 (50 mM HEPES [pH 7.5], 100
mM NaCl, 10 mM MgCl,, 5 mM KCI, 5 mM MnCl,, 5 mM EGTA, 2 mM EDTA,
20 mM B-glycerophosphate, 0.1 mM sodium orthovanadate, 1 mM dithiothreitol,
10 pg of leupeptin/ml, 10 pg of aprotinin/ml, 1 mM phenylmethylsulfonyl fluo-
ride, 20 mM NaF, 0.1% NP-40) and homogenized. After 30 min on ice, lysates
were sonicated for 10 s and centrifuged for 10 min at 14,000 rpm (Eppendorf;
Microfuge), and supernatants were used for further studies.

Immunoprecipitation was performed by incubating 1.5 mg of whole-cell ex-
tract with 50 pl of anti-NF-YA antibody, 5 pl of anti-p53 sheep serum (Ab-7;
Calbiochem), or mouse control serum, with protein A-agarose (Pierce), and with
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0.05% bovine serum albumin (BSA) at 4°C for 2 h. The beads were washed twice
with phosphate-buffered saline-0.05% BSA plus protease inhibitors, eluted in
SDS buffer, and loaded on SDS-12% polyacrylamide gels. Western blotting was
performed with anti-p53 mouse monoclonal antibody DO1, anti-NF-YA rabbit
polyclonal antibody, anti-NF-YB rabbit polyclonal antibody, and antitubulin
mouse monoclonal antibody (Sigma). Immunostained bands were detected with
a chemiluminescence system (Amersham Pharmacia).

ChIP analyses. Formaldehyde cross-linking and ChIP were performed as
described previously (6). NIH 3T3 cells (0.5 X 10% to 1 X 10%) were washed with
phosphate-buffered saline and incubated for 10 min with 1% formaldehyde.
After the reaction was quenched with 0.1 M glycine, the cells were sonicated into
chromatin fragments with an average length of 500 to 800 bp. Chromatin was
kept at —80°C. Immunoprecipitation was performed with protein G-Sepharose
(Kierkegaard & Perry Laboratories) and 3 to 5 ug of antibodies to the following:
NF-YB (purified rabbit polyclonal antibody) (6), p53 (Ab7; Oncogene Science),
acetyl (Ac)-p53 K320 (06-915; Upstate Biotechnology), Ac-p53 K373 to K382
(Ac-p53 K373-382) (06-758; Upstate), E2F1 (sc-193; Santa Cruz Biotechnology),
Ac-histone H3 (06-609; Upstate), Ac-histone H4 (06-866; Upstate), p300 (sc-
585x; Santa Cruz), PCAF (rabbit serum from Y. Nakatani, Harvard University)
(6), histone deacetylase 1 (HDAC1) (H3284; Sigma), and HDAC3 to HDAC6
(active motif) (6). The chromatin solution was precleared by incubation with
protein G-Sepharose for 2 h at 4°C, divided into aliquots, and incubated with the
antibodies overnight at 4°C. Before use, protein G-Sepharose was blocked twice
at 4°C with salmon sperm DNA (1 pg/ul) that had been sheared to a 500-bp
length and BSA (1 pg/pl) for 2 h and overnight.

PCRs were performed with previously described Cdc2, cyclin B2, and cyclin A
primers (6). The oligonucleotides were as follows: luciferase, 5'-TTGCTCTCC
AGCGGTTCCAT; CDC25C, 5'-GGCGAGAGAATTTAGTACAAGGA and
5'-CTCCGGAGATGGCCTGAAGGC; MDM2, 5'-GCCGGGATGCGGCTTC
CCGG and 5'-TCCGGTCGGTCTCCCGCTCG; BAX, 5'-CTTACTTAATGG
TGCAGCTTGG and 5'-GATGCCCAGAGTTGGTTGTTTC; and p21, 5'-GA
GGATACCTTGCAAGGCTGGA and 3'-GCACACCATTGCACGTGAA
TGT.

Plasmids and transfections. Stable transfections were performed with the
wild-type cyclin B2-luciferase vector or the Y1-Y2m and Y1-Y2-Y3m mutants (3,
45), together with a plasmid encoding hygromycin resistance. A total of 30 to 40
clones were pooled and further grown in selective media. Luciferase activities
were normalized for protein concentrations as measured by the Bradford assay.
Chromatin was prepared as described above. For transient transfections, 2.5 X
10* COS cells (NIH 3T3 cells in some experiments [see Fig. 8E]) were trans-
fected by using Lipofectamine (Gibco-BRL) with 0.1 pg of cyclin B2-luciferase
vector, 0.5 wg of Mdm2-CAT vector, 50 ng of NBGAL vector, and carrier
plasmid to keep the total DNA concentration constant at 800 ng. Cells were
recovered at 24 or 36 h after transfection and resuspended in 150 mM NaCl-40
mM Tris-HCI (pH 7.4) for measurement of chloramphenicol acetyltransferase
activities or lysis buffer 2 (1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO,,
4 mM EGTA) for measurement of luciferase activities. B-Galactosidase was
assayed to control for transfection efficiencies. Three to eight independent trans-
fections were performed in duplicate. p53 K320Q and p53 K320R were obtained
from M. L. Avvantaggiati and T. Halazonetis (Wistar, Philadelphia, Pa.), respec-
tively; p53-9KR was a kind gift from S. McMahon (Wistar).

Some of the ChIP analyses (see Fig. 9D) were carried out with NIH 3T3 cells
(15-cm plates; 6 X 10° cells) transfected with the p53 plasmids (10 ug) and the
cyclin B2-luciferase vector (10 pg). After 24 h, one plate was treated with
adriamycin for 8 h. ChIP analyses then were performed as described above.

RT-PCR analysis. RNA was extracted by using an RNeasy kit (Qiagen,
Hilden, Germany) according to the manuifacturer’s protocol from NIH 3T3 cells
not treated or treated for various times with adriamycin as described for the
ChIP experiments. For cDNA synthesis, 4 pg of RNA was used with a Moloney
murine leukemia virus reverse transcriptase (RT) kit (Invitrogen). Semiquanti-
tative PCR was performed with oligonucleotides CycB2ex6 (5'-ACTGGTGTA
AGCATTATCTG) and CycB2ex3 (5'-CTGTGAAACCAGTGCAGATG).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) control RT-PCR was
performed with standard oligonucleotides.

RESULTS

Multiple CCAAT boxes are important for the transcrip-
tional response induced by DNA damage. Previous experi-
ments suggested that the binding of NF-Y is important not
only for the activation of G,/M promoters but also for their
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TABLE 1. Luciferase activities”

. . Luciferase activity Fold
Construct Adriamycin (RLU/pg of extract) SD repression
Cyclin B2-luciferase - 5,715 437
Cyclin B2-luciferase + 2,264 898 2.6
CycB-Y1-Y2m - 162 3
CycB-Y1-Y2m + 135 21 0.2

“ NIH 3T3 cells stably transfected with the indicated luciferase constructs were
not treated (—) or treated (+) with adriamycin for 8 h and assayed for luciferase
activities, normalized for the protein concentrations of the extracts. The basal
levels of the pGL2Basic transfection vector are 5 to 10 relative light units
(RLU)/pg of extract.

repression following DNA damage (17, 27, 32). To investigate
the importance of the multiplicity of CCAAT boxes in repres-
sion, we stably transfected into NIH 3T3 cells the wild-type
cyclin B2-luciferase construct and Y1-Y2m, a mutant in which
the distal and middle but not the proximal CCAAT boxes are
altered (4, 45). The mutation in the proximal CCAAT box is
functionally equivalent to the mutations in the other two
CCAAT boxes (45). Pools of several clones for each transgene
were harvested, expanded, and assayed for luciferase activities;
as expected, the mutant promoter showed a severe decrease in
activity (Table 1). Upon treatment with adriamycin for 8 h, the
wild-type promoter but not the mutant promoter showed a
decrease in luciferase activity. Because the enzyme is short-
lived in mammalian cells, these data indicate (i) that the pres-
ence of only one CCAAT box is insufficient to render the
promoter responsive to a DNA-damaging stimulus and (ii) that
repression mechanisms are relatively quick, being observed by
8 h following treatment.

p53 is bound to promoters with multiple CCAAT boxes in
vivo. The in vivo sequence-specific binding of p53 has been
documented by ChIP (3, 22, 36, 48). We investigated whether
G,/M promoters are bound by p53 following adriamycin-in-
duced DNA damage by using anti-p53, anti-NF-YB, and anti-
E2F1 control antibodies. NIH 3T3 cells were fixed before or
after treatment with adriamycin, which induces cell cycle arrest
in late G, and late G, (data not shown). PCR amplification of
various promoters is shown in Fig. 1A; cyclin B2, Cdc2, and
cyclin A were bound by NF-Y before and after adriamycin
addition. In accordance with published data, E2F1 was bound
to cyclin A and Cdc2 but not to cyclin B2 (6, 49, 56). Cyclin B2
and Cdc2 but not cyclin A were positive for p53, even in the
absence of DNA damage. PCR amplification of the Mdm2 and
Bax promoters determined that p53 but not NF-Y was bound
after DNA damage (see below). These data suggest that p53 is
bound to G,/M promoters prior to DNA damage. The speci-
ficity of our p53 ChIP assays was further checked with p53
knockout mouse embryo fibroblasts; NF-Y was present on
cyclin B2 and Cdc2, as expected, whereas p53 was not (Fig. 1B,
upper panel). Finally, it was recently shown that NF-Y is not
bound to G,/M promoters in Gy-arrested NIH 3T3 cells (6).
G, cells were assayed for p53 binding; indeed, NF-Y was not
bound, and p53 was also absent (Fig. 1B, lower panel).

To verify the importance of the CCAAT boxes for p53 as-
sociation, we used NIH 3T3 clones stably transfected as men-
tioned above; in addition, we also derived a cyclin B2 triple-
CCAAT mutant linked to the luciferase transgene (4, 45). We
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FIG. 1. ChIP analysis of NF-Y and p53 on G,/M promoters.
(A) ChIP was performed with NIH 3T3 mouse fibroblasts not treated
(—) or treated (+) with adriamycin and the indicated antibodies (Ab).
(B) (Upper panel) p53~/~ mouse embryo fibroblasts (MEF) were used
in a similar ChIP analysis with the indicated antibodies. (Lower panel)
NIH 3T3 cells arrested in G, by serum withdrawal were used in a ChIP
analysis (6). (C) ChIP with NIH 3T3 cells stably transfected with a
reporter construct containing the wild-type cyclin B2 promoter, a mu-
tant lacking two CCAAT boxes (Y1-Y2m), or a mutant lacking all
three CCAAT boxes (Y1-Y2-Y3m). Immunoprecipitated DNAs were
amplified with oligonucleotides, revealing the luciferase (Luc) trans-
gene as well as the respective endogenous cyclin B2 promoter. Ctl,
control.

used the same chromatin to PCR amplify the transgene as well
as the endogenous cyclin B2 gene; all endogenous targets were
bound by NF-YB and p53, as expected (Fig. 1C). On the other
hand, only wild-type cyclin B2 and not the Y1-Y2-Y3m or the
Y1-Y2m mutant was associated with either NF-Y or p53. We
conclude that under no conditions tested was p53 associated
with G,/M promoters in the absence of a CCAAT box and of
NF-Y bound to it.

To further clarify the role of NF-Y in p53 recruitment on
G,/M genes, we prepared adenovirus vectors expressing wild-
type NF-YA and the well-characterized mutant YAm29 (ref-
erence 33 and references therein); this mutant, crippled in the
DNA binding subdomain, is able to associate with the HFM
NF-YB-NF-YC dimer, rendering the complex incapable of
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binding to a CCAAT box. Infection of NIH 3T3 cells with
increasing doses of the two viruses but not with an empty
control yielded increasing amounts of NF-YA proteins (Fig.
2A, upper panel). ChIP analysis of the infected cells with
anti-YB and control antibodies is shown in Fig. 2B; with NF-Y
targets (Cdc2, cyclin B2, platelet-derived growth factor B re-
ceptor [PDGFB-R], and PLK), the control and wild-type
NF-YA infections had negligible effects on NF-Y binding in
vivo. On the contrary, the YAm29 mutant substantially re-
moved the trimer from promoters.

We next analyzed the binding of p53; with Cdc2, cyclin B2,
and CDC25C (another triple-CCAAT promoter) (63) promot-
ers, pS3 was present only in wild-type NF-YA-infected cells
and was absent in those expressing the Yam29 mutant. As a
control, we used the cyclin A single-CCAAT promoter; only
NF-Y and not p53 was present with the wild-type vector but
not with the mutant vector (Fig. 2C). Finally, to verify whether
NF-YA overexpression affects sequence-specific DNA binding
of p53, we PCR amplified the p53 binding site in the p21
promoter, because it was shown that p53 is constitutively as-
sociated with this region in the absence of DNA damage (22);
indeed, p53 was present in nonstress conditions, and little
effect was observed whether the control, the wild type, or the
mutant was overexpressed (Fig. 2C, lower panel). These data
indicate that the removal of p53 from double- or triple-
CCAAT promoters by dominant-negative NF-YA is specific
for CCAAT boxes and is not due to general sequestration of
p53.

Taken together, these data indicate that (i) p53 is bound in
vivo to promoters lacking consensus p53 binding sites but har-
boring at least two CCAAT boxes, (ii) NF-Y association is
absolutely required for p53 to access these sites, (iii) NF-Y
overexpression has no effect on sequence-specific p53 binding,
and (iv) DNA damage has a minimal effect on NF-Y and p53
binding, ruling out the possibility that repression of these pro-
moters might be due to removal of the DNA-bound activator.

NF-Y and p53 interact in vitro and in vive. The ChIP data
suggested that direct interactions between NF-Y and p53
might be possible. To investigate this point, recombinant NF-Y
and p53 were used in in vitro immunoprecipitation assays.
Using an anti-NF-YA monoclonal antibody (Mab7) and an
anti-HA antibody, we were able to immunoprecipitate HA-p53
and NF-YB with both antibodies. The latter result was ex-
pected, as the trimer is associated under these conditions,
whereas the former result indicated interactions between
NF-Y and p53 (Fig. 3A, upper panel). When incubated in the
absence of HA-p53, the anti-HA antibody did not immunopre-
cipitate the NF-Y trimer (Fig. 3A, lower panel). Similar results
were obtained with a nitrilotriacetic acid affinity assay with
His-tagged proteins (data not shown).

We next extended these observations to complexes formed
in the presence of DNA. NF-Y binds to the cyclin B2 triple-
CCAAT core promoter with a relative affinity of Y1 > Y2 >
Y3 (4, 45). We used EMSAs with NF-Y and p53 on the high-
affinity Y1 binding site and on a fragment containing the three
CCAAT sequences (Y1, Y2, and Y3); upon the addition of
increasing doses of p53, no binding for the two probes was
observed in the absence of NF-Y (Fig. 3B, lanes 1, 2, 6, and 7).
The addition of an anti-p53 antibody and of Ac-p53 did not
induce p53 binding, a result that was expected, since there are
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FIG. 2. Overexpression of a dominant-negative (DN) NF-YA mu-
tant prevents p53 association with CCAAT promoters. (A) NIH 3T3
cells were infected for 7 h with green fluorescent protein (GFP) control
adenovirus (lanes 1 to 4), wild-type NF-YA adenovirus (lanes 5 to 8),
or YAm?29 adenovirus (lanes 9 to 12). Western blot analysis of over-
expressed NF-YA is shown. (B) ChIP analysis with anti-NF-YB anti-
bodies of chromatin derived from cells infected with the three viruses.
The indicated bona fide NF-Y targets were PCR amplified. For each
promoter, we show two amplifications at different PCR cycles. CTL,
control; PLK, Polo-like kinase. (C) Same as panel B, except that
wild-type NF-YA chromatin (YA wt) and YAm29 chromatin (YA
DN) were analyzed with anti-NF-YB and anti-p53 antibodies (Ab). We
included as controls the cyclin A promoter (single CCAAT box) and
the p21 promoter (containing a bona fide p53 binding element but not
CCAAT boxes).
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FIG. 3. Binding of p53 to NF-Y in solution and on DNA in vitro. (A) Purified recombinant His-tagged NF-Y trimer and HA-p53 were
immunoprecipitated with anti-NF-YA (Mab7) and anti-HA antibodies. Load (L), flowthrough (FT), and bound (B) fractions were assayed in
Western blots with anti-HA and anti-NF-YB antibodies. In the lowest panel, immunoprecipitation was performed without HA-p53. (B) EMSAs
with recombinant NF-Y and p53 and with the cyclin B2 Y1 high-affinity NF-Y binding site (lanes 1 to 5) or a cyclin B2 fragment (—129 to +48)
(lanes 6 to 24). p53 was used at 50 ng in lanes 1, 4, 6, 9, 12, 15, and 20 to 24 and at 150 ng in lanes 2, 5, 7, 10, 13, and 16; NF-Y was used at 1
ng in lanes 3 to 5 and 8 to 10, at 2 ng in lanes 19 to 24, and at 5 ng in lanes 11 to 18; TAF11-TAF13 dimer was used at 200 and 600 ng in lanes
15 and 16, respectively. For the supershift EMSAs in lanes 19 to 24, anti-p53 DO1 was incubated with recombinant p53 before (lane 21) or after
(lane 22) NF-Y and DNA were added; anti-NF-YB and anti-GST controls were added after NF-Y, p53, and DNA were preincubated.
(C) Footprint analysis of NF-Y and p53 on a cyclin B2 fragment (—129 to +48). In the upper rows, 20 ng of NF-Y was incubated alone or with
100 and 300 ng of p53. The lower rows contained unbound DNA and p53 (300 ng) alone. The positions of the Y1, Y2, and proximal Y3 CCAAT

boxes are indicated.

no consensus p53 binding sites (data not shown). Increasing
concentrations of NF-Y generated a single complex with Y1
and multiple complexes with Y1-Y2-Y3 (Fig. 3B, lanes 3, §,
and 11), corresponding to the occupation of the Y1, Y2 and,
finally, Y3 boxes (see below). The addition of p53 resulted in
the formation of additional, slower-migrating complexes with
Y1-Y2-Y3 (Fig. 3B, lanes 9, 10, 12, and 13) but not with Y1
(lanes 3 to 5). Controls were performed to ascertain the nature
of these upper complexes. First, we used the HFM TAF11-
TAF13, a dimer that interacts with NF-Y in immunoprecipi-
tation and nitrilotriacetic acid affinity assays similar to those
shown here (13); high concentrations of TAF11-TAF13 did not
modify the NF-Y-CCAAT complexes on Y1-Y2-Y3 (Fig. 3B,
lanes 14 to 18). Next, we incubated the NF-Y—p53 complexes
with anti-p53, anti-YB, and irrelevant antibodies; the former
two types of antibodies further supershifted the complexes,
while the latter had no effect (Fig. 3B, lanes 19 to 24).

We next wished to know whether the association of p53 with
NF-Y might lead to the protection of additional DNA se-
quences on the cyclin B2 promoter in a footprinting analysis.
Figure 3C indicates that NF-Y efficiently protects the Y1 and
Y2 CCAAT elements and, to a lesser degree, the Y3 CCAAT
element (45); p53 alone, even at high concentrations, is inca-

pable of either binding NF-Y or modifying the NF-Y pattern.
These data are a further indication that the association of p53
is independent from contact with DNA.

These in vitro observations were extended with in vivo as-
says. We overexpressed pS3 with NF-Y in H1299 cells and
performed immuprecipitation experiments with anti-p53 and
anti-NF-Y antibodies. As shown in Fig. 4A, NF-YA and
NF-YB were coimmunoprecipitated from extracts in overex-
pressing cells with anti-p53 antibodies but not with control
antibodies. The reciprocal was also true; that is, p53 was
present in anti-NF-Y antibody immunoprecipitates. We next
assayed whether endogenous p53 and NF-Y interacted in NIH
3T3 cells before or after adriamycin addition. Figure 4B shows
that NF-Y subunits were coimmunoprecipitated in the absence
of DNA damage with anti-p53 antibodies but not with control
antibodies. As expected, p53 expression was vastly increased in
whole-cell extracts after DNA damage. Interestingly, NF-Y—
p53 interactions could be detected from the small amounts of
pS3 present in undamaged cells, but there was no increase in
NF-Y-p53 associations following DNA damage; these data
suggested that the interactions did not require posttransla-
tional modifications of p53, in keeping with the in vitro data
and with the in vivo ChIP data. The additional non-NF-Y-
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bound p53 present after damage was most likely devoted to
sequence-specific binding and activation.

Finally, we overexpressed the NF-Y trimer, with or without
p53, and assayed the resulting extracts in EMSAs with cyclin
B2 probes. CCAAT binding activity was vastly increased upon
cotransfection of the NF-Y trimer (Fig. 4C, lanes 1, 2, 4, and
5); this result was expected and strictly depended upon the use
of all three NF-Y expression vectors (C. Imbriano and R.
Mantovani, unpublished data). With the Y1 CCAAT probe,
cotransfection of p53 had no effect on the NF-Y complex (Fig.
4C, lanes 2 and 3), whereas slower-migrating complexes were
observed with the triple-CCAAT probe (lane 6). These com-
plexes were supershifted by anti-HA antibodies recognizing
transfected p53 and were inhibited by anti-NF-YB antibodies,
as has been commonly observed for the latter reagent. These
results are in full agreement with the EMSA results shown in
Fig. 3. Therefore, the data in Fig. 3 and 4 demonstrate that (i)
p53 can associate with NF-Y in vitro and in vivo, (ii) the
interaction is observed on DNA and requires multiple CCAAT
boxes, (iii) p53 binding is independent from the recognition of
a specific DNA sequence, and (iv) p53 does not impair NF-Y
binding.

Mapping of the domains required for p53-NF-Y interac-
tions. To locate the NF-Y domain required for p53 binding, we
incubated various combinations of deletion mutants of the
three NF-Y subunits; all DNA binding variants formed p53
complexes on the triple-CCAAT construct. This result was
exemplified by the smallest mutant still being capable of bind-
ing DNA containing the homology domains of the three sub-
units, YA9, YB4, and YC5 (references 13 and 43 and refer-
ences therein). The fast-migrating complex was still shifted by
the addition of p53 (Fig. 5A, compare lanes 1 to 3 and lanes 4
to 6). It has been shown that the HFM «C helix of NF-YC is
required for both NF-YA association and MYC binding (19,
24). We next assayed by immunoprecipitation the single-ami-
no-acid mutants described previously (43). Figure 5B shows
that among the mutants that retained DNA binding, YCS5-
F111S was diminished in p53 complex formation. In contrast,
YC5-D112N and YC5-L115K still retained the capacity to bind
p53. The YC5-1115P mutant, which does not bind DNA, pre-
sumably because of an alteration in the aC conformation, was
also inefficient in p53 binding (Fig. 5B, lowest panel). There-
fore, the integrity of the conserved aC helix of NF-YC, par-
ticularly F111, is important for p53 association. Finally, to map
the region of p53 involved in NF-Y binding, we performed
similar immunoprecipitation assays with the GST-tagged p53
mutants shown in Fig. 5C. pS3 constructs 1 to 298 and 1 to 355
were negative (Fig. 5C, upper panels), whereas 294 to 375 and
APro, lacking the N-terminal activation domain, did interact
with the trimer (lower panels). We conclude that a region at
the C terminus of p53, in particular, between amino acids 355
and 375, is required for NF-Y interactions.

p33 is rapidly acetylated on the repressed cyclin B2 and
Cdc2 promoters in vivo after DNA damage. Although many
studies have described a decrease in cyclin B expression in-
duced by p53, none have reported the rapidity of such a de-
crease. It is therefore important to establish the kinetics of
mRNA decay. We performed RT-PCR analysis of cyclin B2
mRNA following adriamycin addition. Fig. 6A shows that cy-
clin B2 expression was slightly decreased at 2 h and virtually
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(A) EMSA of wild-type NF-Y (left panel) and HFM NF-YC-NF-YB
dimer with a 56-amino-acid NF-YA mutant (YAY) sufficient for DNA
binding (right panel) alone and with increasing doses of p53. (B) Im-
munoprecipitation (IP) of GST-p53 mutants with the indicated NF-YC
mutations and of full-length NF-YB with anti-NF-YB antibodies.
Flowthrough (FT) and bound (B) fractions were assayed in Western
blots with the indicated antibodies. L, load. (C) Immunoprecipitation
of full-length NF-Y trimer with the indicated GST-p53 mutations with
antibody Mab7. Western blots are shown.

absent at 8 h after damage. No change was observed with the
GAPDH control. The results of this experiment, which mea-
sured steady-state mRNA levels, were consistent with the rapid
inactivation of the promoter and a decrease in the half-life of
mitotic cyclin mRNAs observed after DNA damage (31), par-
alleling the promoter repression assay results shown in Table 1.

p53 is acetylated at K320 and K373-382 (3, 15, 18, 29, 44). To
determine the acetylation status of p53 on G,/M promoters, we
used specific anti-Ac-p53 antibodies directed against Ac-p53
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K320 and Ac-p53 K373-382 in ChIP experiments; these anti-
bodies recognize only p53 acetylated in vitro by recombinant
PCAF and p300, respectively (data not shown). ChIP experi-
ments with untreated and adriamycin-treated NIH 3T3 cells
are shown in Fig. 6B; the anti-Ac-p53 antibodies were positive
for cyclin B2 and Cdc2 after DNA damage, whereas the anti-
p53 control antibodies were positive before and after (left
panels). In parallel, we verified the presence of PCAF and the
acetylation status of neighboring histones; PCAF was bound
before but not after DNA damage. H4 and H3 were highly
acetylated before adriamycin treatment but less so after adria-
mycin treatment. NF-Y bound to these promoters both before
and after DNA damage. The same immunoprecipitated mate-
rials were also used to amplify two bona fide targets of p53,
Mdm?2 and Bax. Figure 6D clearly shows that neither promoter
was bound by p53 in the absence of adriamycin, in agreement
with previous results (3, 48). Both anti-Ac-p53 antibodies were
positive after damage. As expected, NF-Y did not bind to the
two CCAAT-less promoters. These data fully confirm and ex-
tend to K320 previous observations made with antibodies
against Ac-p53 K373-382 (3). Thus, under DNA damage con-
ditions, Ac-p53 is bound to repressed as well as to activated
targets.

Next, we determined the kinetics of p53 acetylation in ChIP
experiments. As shown in Fig. 6C (right panels), the acetyla-
tion of p53 was already observed at 30 min after adriamycin
addition and was maximal by 2 h. Histone tails were deacety-
lated rapidly, a reduction already being evident at 30 min.
However, with longer times, cyclin B2 showed minimal levels
of histone acetylation, whereas the levels were reduced but not
abolished on Cdc2 (Fig. 6C, compare H3-H4 with input DNA
at time zero and at 8 h). As shown before (6), PCAF and p300
were present on both promoters in cycling cells; the former
remained bound at 2 h and disappeared by 8 h after adriamycin
addition (Fig. 6C, left and middle panels), and the latter dis-
appeared at an earlier time. In general, the dynamics of asso-
ciation of both HATS are consistent with rapid p53 acetylation.
In parallel experiments, we controlled the H3 and H4 acetyla-
tion status at Mdm?2 and Bax loci; as expected, little acetylation
was scored before adriamycin addition, and a clear increase
was observed after 2 to 8 h of treatment (Fig. 6D, right panels).
These kinetics are in line with the observed dynamics of p53
binding and activation of p53-activated genes (48).

Taken together, these data indicate that p53 is not acety-
lated under nonstress conditions on G,/M promoters; follow-
ing DNA damage, p53 is rapidly modified at lysines known to
be modified by p300 and PCAF, histone tails become deacety-
lated, and p300 and PCAF are released at later time points.

HDAC recruitment on G,/M promoters following DNA dam-
age. The results shown in Fig. 6 indicate that histone tails
become rapidly deacetylated upon damage, suggesting that
HDACs are concomitantly recruited. To substantiate this
point, we performed ChIP experiments with anti-HDAC anti-
bodies under the same experimental conditions. Figure 7A
shows that under growing conditions, HDACI1 was present at
relatively low levels. This result was anticipated, based on our
NIH 3T3 cell cycle analysis of Cdc2 and cyclin B2 promoters
(6), and it was most likely due to cells in G, in our asyncronous
cell population. Upon adriamycin addition, HDACI binding
increased and was still observed at 2 h on cyclin B2 but not on



3744 IMBRIANO ET AL.

A B

h
0.5h
2h
RNA
mix

8h

CycB2

MoL. CELL. BIOL.

5 & 2
1] w
o
£ w% EQ 'é_".‘g:‘i:rg
n o = Q= w oo =
—12<20 £25 £222ab ADR

GAPDH

5
= PCR 3
O Cycles £

0
0.5
2
8
D =2 [ =B
o o~ 5 23 % i3
EX .8 522 per £55% 235353 oy
5 - _ 3 o gl ADR
A §-. e
E— e :
p - N T
Bax P — P A
- S N B
— —— jme== K
T —
2
TR T 2 = —
E— - Ewr—— | Gupum
Mdm?2 o B
— - 1— W + - T -
Bax Mdm2

FIG. 6. ChIP analysis of p53, H3, and H4 acetylation and HAT association on G,/M promoters. (A) RT-PCR analysis of cyclin B2 and control
GAPDH mRNAs following DNA damage by adryamicin for the indicated times. (B) (Left panels) ChIP analysis of NIH 3T3 cells not treated (—)
or treated with adriamycin (ADR) for 20 h (+) with the indicated antibodies against nonacetylated p53, Ac-p53 K320, and Ac-p53 K373-382.
(Middle and right panels) Anti-YB antibodies used as a positive control, together with anti-Ac-H3, anti-Ac-H4, and anti-PCAF antibodies.
Titration of the input DNAs is shown. (C) NIH 3T3 cells were treated with adriamycin for the indicated times (in hours), and ChIP analysis of
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Cdc2 (Fig. 7A, upper panels). At this time point, the class II
HDACs (HDAC4, HDACS, and HDACG6) were associated
with and indeed were the only HDACs bound at 8 h to cyclin
B2. Only HDAC4 was observed on Cdc2. We were not able to
detail the binding of HDAC3. To ascertain whether HDAC
recruitment was dependent upon the presence of CCAAT
boxes and hence of NF-Y-p53 complexes, we used chromatin
from the Y1-Y2m clones shown in Fig. 1. As expected, the
endogenous control cyclin B2 was positive for NF-Y and, to a

much lesser extent, for HDACI under growing conditions,
while HDAC4 was recruited after 8 h of adriamycin treatment
(Fig. 7B, left panels). On the other hand, the corresponding
mutated Y1-Y2m templates were negative for all of these
factors (Fig. 7B, right panels). Overall, these data (i) are well
in line with the kinetics of deacetylation of histones, (ii) cor-
relate the more pronounced deacetylation of cyclin B2 than of
Cdc2 with the greater extent of association with HDACsS, (iii)
suggest differential temporal roles of class I and class II
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FIG. 7. HDAC recruitment to G,/M promoters upon DNA dam-
age. (A) NIH 3T3 cells were treated for the indicated times with
adriamycin (ADR), and ChIP analysis was performed with antibodies
against the indicated HDACs. Two sets of representative PCR cycles
are shown for each time point. Ctl, control. (B) Chromatin from the
Y1-Y2m-containing stable clones (Fig. 1) was used for ChIP analysis
with the indicated antibodies. Immunoprecipitated DNAs were PCR
amplified to show endogenous cyclin B2 (left panels) and the luciferase
reporter construct mutated in two of the three CCAAT boxes (right
panels).

HDAC:S in promoter repression, and (iv) establish an essential
role of CCAAT-NF-Y—p53 complexes in HDAC recruitment.

Acetylation of p53 is important for repression. We and oth-
ers previously showed that cotransfection of p300 activated the
cyclin B2 promoter, provided that the integrity of the CCAAT
sequences and their correct spacing were respected (45, 54).
The ChIP data showing the rapid removal of p300 after dam-
age are in agreement with a positive function of this HAT.
However, PCAF removal is effective between 2 and 8 h, a
timing that follows HDAC association, histone deacetylation,
and promoter inactivation. We therefore wished to determine
the effect of PCAF in this system. Upon cotransfection of COS
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cells with a PCAF vector, the wild-type cyclin B2 promoter was
repressed in a dose-dependent way; this effect was absent when
the triple-CCAAT mutant was used (Fig. 8A). In line with
previous reports, a positive effect of equivalent doses of PCAF
was observed on Mdm2, either alone or with p53 (Fig. 8B). The
same results were obtained with NIH 3T3 cells. Thus, contrary
to that of p300, PCAF overexpression has a negative effect on
cyclin B2 promoter function.

To assess the role of K320 acetylation in repression, we
transfected p53~/~ Saos2 cells with cyclin B2 together with p53
vectors carrying single-amino-acid mutations at K320. In par-
allel experiments, the same mutants were assayed on the
Mdm?2 promoter. The results of such experiments are shown in
Fig. 8C. As expected, p53 reduced transcription while activat-
ing Mdm?2. The K320R mutant showed minor differences com-
pared to wild-type p53, both in activation and in repression.
Liu et al. (29) also reported that the reduction in the activation
of a p21-thymidine kinase construct was modest (15%); this
result might have been due to the presence of two flanking
lysines (K319 and K321), one of which might be an optional
binding site for PCAF (see Fig. 3 in reference 29). On the
other hand, the K320Q mutant was less active in activating
Mdm?2 while being significantly more potent as a repressor. We
also assayed p53 mutated in the residue (K386) modified by
sumoylation; K386R showed no differences in the assays. A
comparison of the amounts of p53 proteins expressed indicated
comparable levels (Fig. 8D). Therefore, a mutant with a mu-
tation of lysine 320 acetylated by PCAF to glutamine, poten-
tially mimicking acetylaton, has enhanced repression capacity.
In cotransfection assays with PCAF in NIH 3T3 cells, wild-type
p53 had a clearly additive effect, whereas the K320R mutant
revealed only the repression function of PCAF and no further
effect of p53 (Fig. 8E). Together, these results indicate that,
unlike that of p300, PCAF overexpression has a negative effect
on cyclin B2 promoter function that is additive with that of
wild-type p53 but not mutant p53 and that K320 is not the only
determinant of repression.

Activation versus repression of acetylated p53. The repres-
sion observed with the K320R mutant and the fact that p300-
targeted residues were also rapidly acetylated on G,/M pro-
moters suggested that lysines other than K320 might be
important in repression. We used a p53 mutant (p53-9KR) in
which all lysines of the C terminus were mutated to arginines.
Dose-response repression assays on cyclin B2 in Saos2 cells
clearly indicated that p53-9KR had completely lost repression
capacity, even at high protein concentrations (Fig. 9A). In
parallel, we transfected the Mdm?2 reporter on the same dose
scales as wild-type p53 and p53-9KR; we obtained robust ac-
tivation, as reported previously (2). The levels of the p53 pro-
teins were determined by Western blot analysis and shown to
be equivalent (Fig. 9B). The loss of repression capacity
prompted us to investigate the responsible mechanisms, in
particular, by verifying whether the mutant was capable of
interacting with NF-Y in in vivo overexpression assays. Indeed,
immunoprecipitation showed little effect of the K-R mutations
at the C terminus of p53 compared to wild-type p53, in terms
of NF-Y association (Fig. 9C). We next performed ChIP ex-
periments by cotransfecting a wild-type cyclin B2-luciferase
reporter and the p53 vectors. We noted that both wild-type p53
and p53-9KR were similarly capable of associating with the
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FIG. 8. Repression of cyclin B2 by p53 and PCAF. (A) PCAF (100 and 300 ng) was cotransfected in COS cells with 100 ng of p53, with wild-type
cyclin B2, and with Y1-Y2-Y3m. Error bars indicate standard deviations. (B) Same as panel A, except that PCAF (100 and 300 ng) was transfected alone
or with p53, together with the Mdm?2 reporter. (C) Transcriptional analysis of Mdm2 and cyclin B2 reporters in p53 ~/~ Saos2 cells with 100 ng of
wild-type (wt) p53 and the indicated mutants of p53. (D) Representative levels of the p53 proteins in panel C were checked in Western blots. (E) Same
as panel A, except that wild-type pS3 or p53 K320R (100 ng) was transfected with PCAF and assayed on the cyclin B2 promoter in NIH 3T3 cells.

transfected reporter compared to the results obtained in con-
trol ChIP experiments, in which an empty vector was cotrans-
fected (Fig. 9D, right panels; compare the vector with wild-type
p53 and p53-9KR); little effect was observed at 8 h after adria-
mycin addition. When the endogenous cyclin B2 promoter was
PCR amplified, a modest increase in the binding of NF-Y and
p53 was observed (Fig. 9D, left panel; compare the vector with
wild-type p53 and p53-9KR). Interestingly, although we only
cotransfected p53 and not NF-Y vectors, an increase in NF-Y
binding was evident on the cyclin B2-luciferase reporter when
p53 vectors were used (Fig. 9D, right panel; compare NF-Y
levels in vector, wild-type p53, and p53-9KR lanes); this result

suggested that p53 overexpression might actually favor NF-Y
binding or stabilize it on transfected templates. We conclude
that p53 C-terminal lysines that are acetylated in vivo do play
a critical role in repression but that they are collectively ex-
pendable for NF-Y association and G,/M promoter recruit-
ment.

DISCUSSION

In this report, we investigated the mechanisms of p53-me-
diated repression of promoters active in the G,/M phase of the
cell cycle. We came to the following relevant conclusions. (i)
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and p53-9KR in panel A are shown in Western blots. (C) Immunoprecipitation of overexpressed wild-type p53 and mutant p53-9KR from
transfected H1299 cells. Western blot analysis was performed with anti-p53 and anti-YA antibodies. WCE, whole-cell extracts; Ctl, control.
(D) ChIP analysis of NF-Y and p53 in NIH 3T3 cells transfected with wild-type p53, mutant p53-9KR, and control vectors, together with the cyclin
B2-luciferase construct, before and after adriamycin (ADR) treatment for 8 h. PCRs with the transfected templates are shown in the right panels,
and those with the control endogenous cyclin B2 gene are shown in the left panels. Two sets of PCRs are shown. Note that fewer PCR cycles are

required for the transfected templates.

Under normal conditions, NF-Y and p53 are coresident on
selected classes of promoters containing multiple CCAAT
boxes and lacking p53 binding sequences. (ii) A direct associ-
ation between the two factors requires the evolutionarily con-
served aC helix of NF-YC and a region within the C-terminal

part of p53 adjacent to the tetramerization domain. (iii) After
DNA damage, NF-Y and p53 remain bound, p53 K320 and p53
K373-382 become rapidly acetylated, HDACs are recruited,
histones are deacetylated, and PCAF and p300 are released
from the promoters. These events coincide with rapid pro-
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moter repression. (iv) An intact CCAAT-NF-Y-p53 complex
is required but not sufficient for HDAC recruitment and re-
pression. (v) Acetylated p53 residues are collectively important
for repression.

NF-Y and p53. We have catalogued 580 promoters regulated
by NF-Y. CCAAT boxes are found in genes expressed in a
tissue-specific way and in genes rapidly induced by environ-
mental stimuli or growth conditions but are essentially absent
in housekeeping genes (F. Romani, A. Testa, and R. Man-
tovani, unpublished data). Promoters of genes with key roles in
the G,/M transition have multiple CCAAT boxes (9). A com-
mon feature of these promoters is the conservation of the
distance between two CCAAT boxes, 32 or 33 bp; this align-
ment is important for function through p300-mediated coacti-
vation (45). It is clear that multiple CCAAT boxes are impor-
tant for p53-mediated repression as well. The data in Fig. 1 and
2 show that promoters containing double but not single
CCAAT boxes can be bound by p53 in vivo and that in the
absence of NF-Y, p53 does not bind. Given its histone-like
structure and DNA bending capacity (reference 43 and refer-
ences therein), NF-Y is likely to have a predisposition for a
peculiar local architecture for p53 association. The p53 dock-
ing area on NF-YC is distant from the DNA binding contacts
of the HFM subunits; indeed, DNA footprinting shows no
further protection of p53 with respect to NF-Y. p53 association
might require the severely distorted DNA configuration result-
ing from multiple NF-Y complexes. This scenario likely reflects
the tetrameric status of p53 and the need for multiple points to
stably associate with NF-Y. The p53 stretch required for NF-Y
association (amino acids 355 to 375) lies next to the tetramer-
ization domain, between the PCAF and p300 acetylated sites.
In fact, mutations in the C-terminal flanking lysines do not
affect NF-Y binding (Fig. 9). On the NF-Y side, the binding of
p53 requires the aC helix of the H2A-like subunit NF-YC. This
part is clearly divergent with respect to core histones (43), and
its integrity is required for NF-YA association; mutations that
grossly alter it, such as the introduction of prolines at residues
115 and 117, abolish binding to p53 and to NF-YA (24, 43). p53
requires the phenylalanine at position 111 in the center of a
highly hydrophobic core that is formed by several residues in
the o2, a3, and aC helices of NF-YC and in the o2 helix of
NF-YB. All amino acids involved in this structure, particularly
F111, are conspicuously conserved in evolution. Whether other
residues in NF-YB and NF-YA are also required remains to be
tested. It is notable that the «C domain of NF-YC was shown
to be required for the association of MYC, another transcrip-
tion factor known to serve a dual role in transcription. Repres-
sion is observed on PDGFB-R, which lacks E boxes but does
contain CCAAT boxes (19). It is tempting to speculate that
MYC recruitment on such promoters is accomplished through
NF-Y binding sites by mechanisms similar to those described
here for p53.

Direct versus indirect p53 repression. p53 induces cell cycle
arrest, DNA repair, and apoptosis in response to a variety of
environmental stresses (1). In contrast to p53-mediated G,
arrest, which is relatively well understood, the G, block is less
clear, particularly concerning the regulation of genes control-
ling the G,/M phase. A large body of evidence indicates that
p53 utilizes multiple strategies to perform such a function (50).
It targets Cdc2, the crucial cyclin-dependent kinase, by induc-
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ing p21. Indeed, p21 is necessary for p53-mediated repression
of several genes, and overexpressed p21 is even sufficient to
repress a subset of these genes in the absence of p53 (30).
Through the reduction of the phosphorylation of Rb family
proteins, the repression of E2F-responsive promoters can be
expected. In fact, several G,/M promoters emerged in studies
coupling E2F4 ChIP analysis with microarray analysis of
genomic targets (42, 55); evidence that repressive E2F factors
bind to G,/M promoters in G, has been presented, including
from our laboratory (6, 49, 56). The sequence(s) bound by E2F
factors is unclear, but the likeliest targets are the CDE-CHR
elements that are important for repression during the cell cycle
(52, 63).

p53 also represses the transcription of the cyclin B,
CDC25C, topoisomerase II, Chk2, and Cdc2 genes; the fun-
damental question is whether repression is direct on promot-
ers, indirect (through p21), or both. Our in vivo data prove that
a direct mechanism is operational, as the rapidity of local p53
activation (through acetylation) correlates with promoter re-
pression (Fig. 6). In particular, our data indicate that p53
accounts for short-term repression activity. Previous experi-
ments are in keeping with this line of reasoning. (i) Dissocia-
tion of activation from the repressive functions of p53 was
reported (25, 26). (ii) Functional and ChIP analyses of MAP4
and survivin indicate direct p53 repression, exerted through
sequence-specific binding to DNA (16, 37); however, these
results are somewhat controversial, as the elimination of the
p53 binding element in the survivin promoter does not impair
repression (30, 36). (iii) The cyclin B1 core promoter is still
repressed in p21~/~ mouse embryo fibroblasts (39). The data
shown in Fig. 6 for Mdm?2 and Bax are in perfect agreement
with the kinetics of p53 binding and mRNA accumulation for
responsive genes (48), and it is clear that the decreased cyclin
B2 mRNA accumulation is not slower than CDKI accumula-
tion. Does this mean that indirect effects are irrelevant? Not
necessarily. Cdk2 phosphorylates NF-YA at serines 320 and
326, suggesting that the inhibition of Cdk2 by p21 may have a
direct negative effect on NF-Y function (60). Most impor-
tantly, a Ser-to-Ala mutant acts in a dominant-negative way on
Cdc2 transcription, blocking cells in G, and G, (7), clearly
proving that NF-YA is a crucial Cdk2 target for cell cycle
progression. Therefore, an indirect role of p21 would be in
blocking a phosphorylation event on NF-YA, hampering acti-
vation by the trimer.

Jung and coworkers suggested that the mechanism of G,/M
promoter repression is related to the inhibition of NF-Y DNA
binding capacity by p53 (21). Elimination of DNA binding in
vitro (Fig. 3 and 4) or in vivo (Fig. 1, 6, 7, and 9) by p53 clearly
was not observed here. Both NF-Y and p53 remained bound to
promoters after damage. Thus, we propose that local changes
in p53 (and possibly NF-Y) and not the elimination of NF-Y
binding are instrumental in the release of HATs and the re-
cruitment of HDACs under genotoxic conditions. A repressive
role for NF-Y has been described in other systems. In one
study, GH receptor function was negatively controlled by up-
stream CCAAT boxes; upon the release of NF-Y binding,
histone tails became acetylated and the promoter became de-
repressed (14). For the von Willebrand factor promoter, NF-Y
was shown to serve the dual role of recruiting HATs under
activating conditions and HDACSs under repressing ones; in-
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FIG. 10. Short-term events on G,/M promoters following DNA damage.

deed, this study documented a direct association of NF-Y with
HDACI1 and HDAC2 (40). Multiple studies indicated that
HDAC inhibitors, such as TSA and SAHA, activate promoters
through NF-Y binding sites, most likely by relieving repression
(references 20, 38, and 62 and references therein). Similarly,
p53 was also shown to bind to HDAC]I through the C-terminal
domain (28). HDAC4 takes part in genotoxic responses
through interactions with p53BP1, a p53 binding protein, be-
coming associated with DNA repair foci after DNA damage
(23). In general, the differential timing of HDAC promoter
association (and of HDACI displacement) is peculiar and may
reflect a relocalization of class I HDAC:s, largely found in the
cytoplasmic compartment of most cell types, into the nucleus
upon DNA damage. Whether this is the case and whether
other subunits of the class I HDAC complexes follow the fate
of HDACI remain to be tested.

Role of p53 acetylation in repression. pS3 posttranslational
modifications, in particular, acetylation, are clearly essential
for the activation of the protein (reviewed in reference 41).
Although they increase DNA binding affinity, in vitro and in
vivo studies documented the binding of nonacetylated p53 to
DNA (10, 22), suggesting that there may be a hierarchy of
pS3-activated targets, some bound before activation of the
protein. Indeed, in NIH 3T3 cells, we did find p53 binding to a
site in the p21 promoter before adriamycin addition (Fig. 2),
while Mdm?2 and BAX were bound only after (Fig. 6). We have
started to discriminate the opposing functions of p53 through
the use of the p53-9KR mutant; it was previously shown that
this mutant is defective in recruiting the TRRAP coactivator
while retaining the capacity to increase Mdm?2 function to
wild-type p53 levels (2). We confirmed these results and de-
termined that mutation of acetylated lysines abolished the re-
pression capacity. Interestingly, this effect did not occur
through a lack of NF-Y binding or a loss of promoter associ-

ation (Fig. 9), indicating that acetylated lysines are instrumen-
tal in the recruitment of repressor complexes. In keeping with
these findings, our ChIP analysis indicated that p53 is acety-
lated on repressed promoters. In particular, this is the first
demonstration that PCAF-targeted K320 is acetylated on tar-
get promoters in vivo. Kinetic analysis suggested that local p53
acetylation on Cdc2 and cyclin B2 promoters occurs no later
than and even precedes that on activated promoters. Irrespec-
tive of the residue modified, it is possible that p53 activation
induces conformational changes. This action is clearly not re-
quired for NF-Y association, as demonstrated by protein-pro-
tein interactions (in vitro with recombinant proteins and in
vivo under nonstress conditions), by EMSAs with nonacety-
lated p53, and by ChIP assays under growing conditions. Nev-
ertheless, CCAAT boxes are essential for HDAC recruitment,
helping to explain the above-mentioned data on the dual func-
tion of NF-Y (and p53) in repression and activation.

The binding of NF-Y, PCAF, and p300 to G,/M promoters
is regulated during the cell cycle with a precise hierarchy (6).
Despite the coresidency of two HATS, p53 is locally not acety-
lated under normal conditions. Therefore, the crucial question
is how HAT activities are locally directed to histones tails but
not to p53. The overexpression of p300 leads to the activation
of cyclin B (45, 54), while PCAF represses in such assays (Fig.
8). This action is not necessarily contradictory to the presence
of PCAF while cell cycle promoters are being transcribed dur-
ing the cell cycle (6). Indeed, we noted that PCAF association
is antecedent to that of p300 and, in some situations, to that of
NF-Y. PCAF appears to associate with some promoters while
they are still repressed (6). Most importantly, Yamagoe and
collaborators detailed the interactions of PCAF/hGCNS5 and
class I HDAC:s in a poorly characterized complex, apparently
distinct from other HDAC and HAT complexes (57). Indeed,
it is possible that PCAF acts as a switch to help recruit
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HDACs. Regulation is most likely conferred by associated
polypeptides in the PCAF complex (also known as TFTC or
STAGA) which is formed by 15 or more proteins (5, 34; re-
viewed in reference 46). Connections between NF-Y and some
of these proteins emerged. PCAF/hGCNS interacts directly
with HFM subunits (8, 20, 38). NF-Y contacts HFM-contain-
ing TAF12, possibly a partner of H2A-like STAF42 (34); other
H3- or H4-like proteins (the presumed TAF6b-TAF9 dimer)
may also interact with NF-Y (13). Moreover, TFTC is re-
cruited to UV-damaged DNA (5), and one of the subunits,
SAP130, is similar to the xeroderma pigmentosum group E
protein (34). Other subunits of the complex are important for
p53 function; the TRRAP/PAF400 subunit is a member of the
ATM/ATR family of protein kinases targeting p53 (2), and
hADA3 binding to phosphorylated p53 is important for func-
tion (53). The role of the PCAF complex as a DNA damage
sensor, as suggested here, would be entirely consistent with the
tumor suppressor function proposed by Schiltz and Nakatani
(46).

In summary, the following scenario can be proposed (Fig.
10). DNA damage is sensed by one of the PCAF complex
subunits, thus allowing rapid redirection of PCAF (and p300)
HAT activities, targeting promoter-bound p53. This step is
followed by the recruitment of HDAC:S, first class I and then
class II, causing a decrease in the acetylation of nearby nucleo-
somes. HATSs are released, first p300 and then PCAF. The
deacetylation of histones occurs while HATs are still on the
promoter, and PCAF, modified p53, and NF-Y may recruit
HDAC:S. The fact that NF-Y and modified p53 are still bound
may indicate that the promoter is in an idle, “standby” posi-
tion, waiting for the damage to be cleared to resume growth.
Later events (not tested here) may be important in sustaining
the block; these include inhibition of Cdk2 by p21, further
impairing NF-Y transcriptional activity, repressive E2F bind-
ing to CDE-CHR elements, and additional repressor associa-
tions (58). This model is a working framework to be pursued
with the in vivo assays used here in order to verify the behavior
of the numerous subunits of the PCAF and HDAC complexes.
Moreover, it is clearly crucial to understand (i) the role of
NF-Y posttranslational modifications in the process and (ii)
how p53 acetylation, phosphorylation, sumoylation, and other
modifications in general, such as the recently described Pinl-
mediated prolyl isomerization (61), are transmitted to the
structure of the protein, resulting locally in opposite transcrip-
tional outcomes. Finally, the parallel use of wild-type p53 and
p53-9KR in overexpression assays may help to reveal the genes
which are specifically and directly repressed by p53.
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