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The Kinetics of p53-Binding and Histone Acetylation at
Target Promoters do not Strictly Correlate With
Gene Expression After UV Damage

Roberta Magrini, Debora Russo, Gilberto Fronza, Alberto Inga, and Paola Menichini*

Molecular Mutagenesis Unit, Department of Translational Oncology,
National Cancer Research Institute (IST), Largo R. Benzi, 10, 16132 Genova, Italy

Abstract Wehave addressed the correlation between sequence-specificDNAbinding by the tumor suppressor p53
and transactivation of various target genes, in the context of UV irradiation responses. In A549 cells (p53WT), p53
occupancy at the p21, mdm2, and puma promoters increased significantly after UV irradiation. In contrast, p21 mRNA
levels did not change,mdm2mRNAdecreased and both p21 andmdm2proteinswere downregulated shortly afterUV. At
later times, higher p53 occupancy correlated with enhanced expression of these two genes both at mRNA and protein
levels. In the p53mutant cell lines LX1 (R273H) and SKMes1 (R280K), no significant p53-bindingwas detected at the gene
targets analyzed. Accordingly, p21 andmdm2 proteins were not upregulated after UV irradiation. The kinetics of histone
acetylation did not strictly correlate with gene expression. In fact, high levels of acetylated H3 (AcH3) and, particularly,
acetylated H4 (AcH4) histones were found shortly after UV irradiation on p21 and mdm2 promoters. At the later time
point, when transactivationwas detected, acetylation levels decreased significantly although remaining higher than basal
levels. Our results indicate that p53 transcription-dependent and -independent responses are activated with different
kinetics after UV, possibly relating to the repair of UV-inducedDNA damage. Based on the histone acetylation patternwe
hypothesize that the DNA repair function of p53, associated to global genome repair and foci of DNA damage, may be
relevant for all p53-binding sites, including those where occupancy by p53 is also associated to transcriptional
modulation. J. Cell. Biochem. 100: 1276–1287, 2007. � 2006 Wiley-Liss, Inc.

Key words: p53 transactivation; ChIP; histone acetylation; UV irradiation; DNA repair

The tumor suppressor p53 plays a key role in
the control of genome integrity. In response to
stress signals, p53 is post-translationally mod-
ified resulting in higher protein stability and in
changes in the potential for protein–protein

(and p53::DNA) interactions. These modifica-
tions, concomitantly with stress-dependent
changes in activity/availability of many cofac-
tors, results in the activation of defined gene
expression programs. As a sequence-specific
transcription factor p53 is recruited to and can
directly modulate the transcription of several
genes associated with cell cycle arrest (e.g., p21,
Gadd45, cyclin G, 14-3-3-s), senescence, apop-
tosis (e.g., bax, aip1, puma, noxa), modification
of its stability/activity (mdm2), and DNA repair
(e.g., p53R2, p48) [Vogelstein et al., 2000;
Harris and Levine, 2005; Wei et al., 2006]. In
addition, p53 can modulate gene transcription
through interaction with co-activators and co-
repressors possessing histone modifying activ-
ities [Espinosa and Emerson, 2001; Espinosa
et al., 2003; Liu et al., 2003] and, as recently
showed, through transcription independent
activities [Yee and Vousden, 2005]. Interest-
ingly, a number of studies suggest that p53 can
function as a chromatin accessibility factor not
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only to promote gene transcription but also to
modulate the chromatin structure and facilitate
the removal ofDNAdamage fromglobal genome
[Rubbi and Milner, 2003; Allison and Milner,
2004].
Mutations of the p53 gene are one of the most

common genetic alterations found in human
cancer, and in many cases are considered
crucial for tumor development and progression.
A cancer cell carrying mutated p53 is generally
unable to arrest its cell cycle and/or enter the
apoptotic pathway after exposure to endogen-
ous or environmental stresses. Furthermore,
resistance to chemotherapy is frequently
observed in tumors with mutant p53 compared
to those carrying wild-type p53 [Soussi and
Beroud, 2001; Szymanska and Hainaut, 2003;
Soussi and Lozano, 2005], although results can
differ according to the nature of the treatment
[Blandino et al., 1999; Menendez et al., 2006].
Accumulating evidence indicates that different
p53mutationsmayhave different impact on the
activation of cellular functions normally regu-
lated by wild-type p53. A specific p53 mutant
protein may retain wild-type functions towards
a subset of promoters, or may even acquire new
transactivation activities [Sigal and Rotter,
2000; Weisz et al., 2004; Bossi et al., 2006].
By using a sensitive yeast assay [Flaman

et al., 1995] it has been shown that tumor-
derived p53 mutants possess heterogeneous
transcriptional activities towards different pro-
moter sequences containing p53 response ele-
ments (RE) [Campomenosi et al., 2001; Monti
et al., 2002, 2003]. Indeed, p53 canbe considered
a master gene of diversity since different
mutations of the p53 gene may lead to simulta-
neous changes in target selectivity and in the
transcription of p53 regulated genes [Resnick
and Inga, 2003]. In the �50% of cancers where
the p53 gene maintains a wild-type sequence
and transcription patterns, other events can
result in p53 inactivation, such as the over-
expression of negative modulators, the loss of
important p53 cofactors, or the alteration of
survival/proliferation pathways that are domi-
nant over p53.
Studies aiming at understanding the

mechanisms dictating transactivation specifi-
cities in the p53-regulated network have shown
that p53 promoter occupancy correlated with
but cannot fully explain kinetics or extent of
target gene expression changes [Pan and
Haines, 2000; Szak et al., 2001; Kaeser and

Iggo, 2002; Espinosa et al., 2003]. The correla-
tion was even less stringent when p53-induced
biological responseswere considered. For exam-
ple, the binding of wild-type p53 to consensus
sequences in some pro-apoptotic genes (i.e., bax,
pig3, aip1, and puma) did not necessarily
correlate with induction of apoptosis, suggest-
ing that interactions with co-activators or
changes in other cellular survival pathways
may regulate the apoptotic program [McCor-
mick, 1999; Kaeser and Iggo, 2002]. Although
limited by being unable to capture the dynami-
city of protein–DNA interactions, chromatin
immunoprecipitation (ChIP) experiments have
provided means of addressing in vivo binding of
p53 to specific target sites [Pan and Haines,
2000; Szak et al., 2001; Kaeser and Iggo, 2002]
or to the entire genome [Wei et al., 2006]. These
experiments have shown that the intrinsic
DNA-binding affinity of p53 RE can be related
to p53-dependent changes in promoter archi-
tecture.While basal level of p53 canbe sufficient
for recruitment of p53 at high affinity sites,
resulting in assembly of pre-initiation com-
plexes, low affinity binding sites seem to require
higher levels of p53 protein, achieved in
stressed conditions. At these target sites the
assembly of a pre-initiation complex and its
transformation into an elongation complex may
require additional events which are indepen-
dent or only loosely correlated with p53 occu-
pancy rates [Szak et al., 2001; Espinosa et al.,
2003].

In this study, we have addressed the correla-
tion between the binding of endogenous wild-
type and mutant p53s to specific promoter
regions of endogenous checkpoint and apoptotic
target genes, their chromatin state, and the
consequences of UV damage on their expres-
sion, using three lung cancer-derived human
cell lines. One cell line retains wild-type p53
[A549 (p53WT)], while the other two carry only
the mutated alleles [LX1 (p53R273H) and
SKMes1 (p53R280K)] as previously determined
by denaturing gradient gel electrophoresis
[Loprevite et al., 1997] and checked by the yeast
functional assay (data not shown). Our results
indicate that the extent of binding to chromatin
is only one determinant for p53 transactivation
in vivo and interactions between UV damage-
specific responses andp53 activitymay regulate
the level of p21 and mdm2 proteins. In partic-
ular, p53 transcription-dependent and -inde-
pendent responses can be activated with
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different kinetics after UV exposure, likely to
allow an efficient repair of UV-induced DNA
damage.

MATERIALS AND METHODS

Cell Culture and Treatment

A549 (human epithelial-like lung adeno-
carcinoma; p53wt) and SKMes1 (human epithe-
lial-like lung squamous carcinoma; p53R280K)
cell lines were grown in D-MEM (GIBCO
Invitrogen, Milano, Italy) containing 10% fetal
bovine serum (Sigma-Aldrich, Milano, Italy).
LX1 (human epithelial-like lung squamous
carcinoma; p53R273H) cells were cultured in
RPMI 1640 (GIBCO Invitrogen) supplemented
with 10% bovine serum (Sigma-Aldrich). For all
cell lines, the medium contained 100 UI/ml of
penicillin and streptomycin (MP Biomedicals,
Irvine). Cells were maintained at 378C in 5%
CO2 at 100% humidity. All cell lines were
periodically checked formycoplasma infections.
Cells were UV-C irradiated at 50–80% con-
fluency in the absence of medium with a
germicidal lamp emitting 254-nm light at
a fluence rate of 0.13 J/m2/s, as monitored by a
UVX digital radiometer (Ultraviolet Products,
San Gabriel, CA).

Western Blots

To prepare total extracts, cells were washed
twice with cold PBS and lysed in buffer contain-
ing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%
NP40, 10% glycerol, 10 mM EDTA, 1 mMDDT,
and protease inhibitors (0.5 mM PMSF, 1 mg/ml
leupeptin, 2 mg/ml aprotinin, 1 mg/ml pepstatin
A). Cell lysates were incubated 20 min at 48C in
rocking and centrifugated at 14,000 rpm at 48C
for 5 min. Supernatants were collected and
protein concentration was determined using
the Bradford assay (Bio-Rad, Milano, Italy).
Usually 20–30mg of total proteinswere resolved
on 7.5–12% SDS–PAGE and transferred to
PVDF Hybond-P membrane (Amersham,
Milano, Italy). Membranes were blocked with
5%non-fat drymilk in 0.1%Tween 20 inPBS for
1h, then incubated 1h (or overnight) at 48Cwith
the appropriate first antibody. The following
antibodies were employed: anti-p53 (CM1,
Novocastra, Newcastle upon Tyne, UK); anti-
b-actin (AC-74, Sigma-Aldrich); anti-bax (N-
20), anti-mdm2 (SMP14), and anti-p21 (C-19)
(Santa-CruzBiotechnology,Milano, Italy). Sub-
sequently, membranes were incubated with

peroxidase-conjugate anti-mouse or anti-rabbit
secondary antibodies (Sigma-Aldrich). Detec-
tionwas carried outwith SupersignalWest Pico
chemiluminescent substrate (Pierce, Rockford).

Chromatin Immunoprecipitation (ChIP) Assay

Subconfluent cells were UV- or mock-irra-
diated and processed at different times after UV
exposure.GenomicDNAandproteinswere cross-
linked at room temperature by the addition of
formaldehyde (1% final concentration) directly
into culture medium. After 10 min, the cross-
linkingwas stoppedby theadditionof glycine toa
final concentration of 0.125 M for 5 min at room
temperature. Cells were washed 2� with cold
PBS, lysed with 1 ml of cold buffer A (20 mM
HEPES pH 7.6, 20% glycerol, 10 mM NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 1% NP40, 1 mM
DDT, 0.5 mM PMSF, 1 mg/ml leupeptin, 2 mg/ml
aprotinin, 1 mg/ml pepstatin A) and collected by
scraping. Cell lysates were kept 20 min at 48C in
rotation and centrifuged 5 min at 2,000 rpm to
pellet the nuclei. Pellets were resuspended in
50ml/106 cells of coldbufferB (asbufferAbutwith
500 mM NaCl instead of 10 mM) and incubated
30 min on ice. Lysates were sonicated by using a
microtip on a Branson sonicator. Insoluble
materials were removed by 5 min centrifugation
at 48C at 14,000 rpm and the supernatant
transferred to new tubes. To visualize the
shearing efficiency, an aliquot of fixed and
sonicated chromatin was phenol extracted and
DNAsampleswererun inagarosegel.Anoptimal
result yields chromatin fragments that are
distributed around 600 bp. Usually, 100 ml
aliquots of chromatin were diluted 10-fold with
DBPbuffer (350mMNaCl, 50mMTrisHClpH8,
5 mM EDTA, 1% NP40, 1 mM DTT, 0.5 mM
PMSF, 1 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mg/
ml pepstatin A, 100 mg/ml sonicated single-
stranded salmon sperm DNA, 1 mg/ml BSA), and
incubated overnight in rotation at 48Cwith 10 ml
of antibody-coatedparamagnetic proteinGbeads
(Dynal Biotech, Oslo, Norway). To preabsorbe
antibodies to the beads, 1 mg of FL-393 antibody
(Santa-Cruz Biotecnology, CA) for p53, anti-
acetyl-histone H3 and anti-acetyl-histone H4
(Upstate, Dundee, UK) for acetylated H3
(AcH3) and acetylated H4 (AcH4) histones or no
antibody and 10 ml of beads were added to 1 ml of
DBP buffer, incubated 4 h at 48C in rotation,
washed 2� with DBP buffer and resuspended in
10 ml of DBP buffer. Following immunoprecipita-
tion, beadswerewashed four timeswith 0.5ml of
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DBP buffer, resuspended in 125 ml of LB buffer
(50 mM Tris HCl pH 8, 10 mM EDTA, 1% SDS,
16 ng/ml ssDNA, 1 mg/ml BSA) and incubated
10 min at 858C. After a brief centrifugation,
supernatants were transferred to new tubes and
incubated 6 h at 658C to reverse cross-links. A
10% aliquot of fixed-sonicated chromatin before
immunoprecipitation (10ml)was processed as the
IP fractions andused to estimate the input target
DNA. Samples were diluted with one volume
of water and incubated 1 h at 508C with 2 ml
Proteinase K 20 mg/ml (GIBCO Invitrogen).
DNA was purified from the input and the immu-
noprecipitated chromatin by extraction with
phenol/chloroform and isopropanol precipitated
with glycogen (GIBCO Invitrogen) as a carrier.
Pellets were resuspended in 100 ml of H2O and
aliquots of 5 ml were analyzed by real-time PCR.

Quantitative ChIP-PCR

DNA obtained from input chromatin and
chromatin immunoprecipitated with anti-p53,
anti-acetyl-histone H3, and anti-acetyl-histone
H4 antibodies was amplified by real-time PCR
(RotorGene 3000, Corbett Research, Sidney,
Australia) using probes and primers specific
for sequences that flank the promoter of p21
(�2.2-kb upstream from transcriptional start
site, TSS), mdm2 (�0.7-kb downstream TSS in
intron 1), puma bax (�0.5-kb upstream of TSS
for both), and aip1 genes, according to Kaeser
and Iggo [2002]. The positions of the probes
were determined using Ensemble v37 (http://
www.ensembl.org/Homo_sapiens/index.html).
The amplification of three dilutions of the input
chromatinwas used tomake a standard curve of
target DNA present in the input chromatin. For
p53-binding determination, the amplification of
gapdh sequences was used as negative control
and to evaluate the specificity of the assay.
Reactions were performed in 25 ml triplicates
using the qPCR Mastermix (Eurogentec, Sera-
ing, Belgium) according to manufacturer’s
instructions with primers and probes used at
600 and 200 nM, respectively. For all targets,
the PCR cycles were 508C for 2 min, 958C for 10
min, followed by 45 cycles of 958C for 15 s and
608C for 1 min. For gapdh, an annealing step at
558C for 30 s was used followed by an extension
at 608C for 30 s. A sample not containing the
antibody was always amplified and the values
occasionally detected (ranging from 0.08 to
0.2%) were subtracted. When determining
p53-binding, the amount of target DNA immu-

noprecipitated, indicating the extent of p53-
binding to its target, was expressed as percen-
tage of input DNA. For the determination of
histone acetylation, the level of acetylation in
the gapdh gene was used to normalize for the
overall AcH3 and AcH4 levels. Thus, the
amount of H3 and H4 acetylation at each
promoter was expressed as percentage of input
target DNA/percentage of input gapdh DNA.

RNA Preparation and RT-PCR Analysis

Total RNA was extracted by using the
RneasyMini kit (Qiagen, Milano, Italy) and
1 mg of RNA was reverse transcribed with the
Reverse-iTTM 1st Strand Synthesis kit (ABgene,
Surrey, UK) and random decamers. Quantita-
tive RT-PCRs were run in 25 ml triplicates in a
RotorGene 3000 (Corbett Research) using the
RealMasterMix Probe (Eppendorf, Milano,
Italy) according to manufacturer’s instructions
and primers and probes as in Kaeser and Iggo
(2002), except for gapdh: gapdh fw 50-GAAGGT-
GAAGGTCGGAGTC-30; gapdh rv 50-GAA-
GATGGTGATGGGATTTC-30; gapdh probe 50-
6FAM-CAAGCTTCCCGTTCTCAGCC-30. Five
percent of the cDNA reaction was used as
template for real-time PCR. For p21, mdm2,
and bax the conditions were 958C for 15 min,
then 45 cycles of: 958C for 20 s, 588C for 20 s, and
688C for 20 s. For gapdh, an annealing tem-
perature of 528Cwasused. The variation of gene
expression in UV- compared to mock-irradiated
cells was calculated by using the Comparative
Quantitation Analysis software of the Rotor-
Gene 3000. The software calculates the relative
concentration of each sample compared to a
calibrator sample chosen by the user. Themock-
irradiated A549 sample was used as calibrator
for all cell lines.

RESULTS

p53-Binding to p21, mdm2, puma, bax, and
aip1 Promoters After UV Irradiation

In order to evaluate the binding of mutant
and wild-type p53 proteins to effector genes in
vivo,wefirst determined thep53protein level in
the cell lines before and after a UV treatment.
As expected, in response to UV irradiation
(30 J/m2), p53 was induced only in A549 (with
a maximum level 16 h after treatment), while
both in LX1 and SKMes1 cells, the level of
mutated p53 proteins was already high before
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UV and did not change after UV exposure
(Fig. 1).

The extent of p53-binding to different target
promoters,was evaluated byChIP. For each cell
line, the extent of binding measured at the
gapdh locus (which does not contain p53-
binding sites) was taken as background. This
bindingwas very low (below 0.05% for A549 and
below 0.2% for LX1 and SKMes1 cells) and did
not show any significant modulation following
p53 induction. InA549 cells, the binding ofwild-
type p53 significantly increased after UV irra-
diation at the p21,mdm2, and puma promoters
(Fig. 2). At 16 h after treatment, when the p53
protein reached its maximum level, a 4.1-, 6.9-,
and 4.2-fold increase was observed for p21,
mdm2, and puma, respectively. For the bax and
aip1 promoters an increase of binding was

measured at 16 h after UV, but it remained
below the percentage of binding measured at
p21, mdm2, and puma promoters before irra-
diation (0.75, 0.2, and 0.39%, respectively;
please note the different scale of Y-axis). Thus,
the ChIP assay performed in human cells
expressing endogenous wild-type p53, allowed
us to distinguish between p53 target genes that
give strong binding (p21, mdm2, puma) and
target genes giving weak/background binding
(bax, aip1). Our results are consistent with
those reported by Kaeser and Iggo [2002] using
different cell lines, including the lung cancer
derived H1299 expressing wild-type p53 from
an inducible cassette. Clearly, occupancy
increases as p53 protein accumulates after
treatment. A strong binding even before the
UV stress was observed at p21 promoter
sequence, suggesting that p53 is recruited
before UV treatment. Indeed, it has been shown
that a pre-assembled initiation complex con-
taining apausedRNApol II is present at thep21
promoter before induction of p53 by DNA
damage and early p21 gene activation does not
require high level of p53 [Espinosa et al., 2003].

In LX1 and SKMes1 cells, expressing mutant
p53, the amount of immunoprecipitated target
DNAs was comparable to the non-specific bind-
ing observed at gapdh (Fig. 2). Thus, p53R273H

Fig. 1. Time course of p53 expression in lung cancer cells.
Western blots showing the level of wild-type and mutant p53
protein in A549, LX1, and SKMes1 lung cancer cells after 30 J/m2

UV-C irradiation. p53 induction was observed only in A549
cells. b-actin was used as loading control. Results are represen-
tative of at least three independent experiments.

Fig. 2. Extent of binding of wild-type andmutant p53 to target
genes in vivo. Quantitative ChIP results on A549, LX1, and
SKMes1 at 0, 4, 16, 24 h after 30 J/m2 UVC are shown. Primers
specific for the region flanking the p53 REs in the promoter of
p21,mdm2, puma, bax, and aip1 genes were used. Amplifica-
tion of gapdh was used to evaluate the amount of background

binding and the ChIP specificity. For each target, the p53-
binding was expressed as the percentage of the input
chromatin. These data represent the average of two indepen-
dent experiments. The error bars show the range of values for
two independent experiments each assessed with three
technical replicates.
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and p53R280K proteins, although expressed at
high level in these tumor cells, are not able to
bind significantly or to be indirectly recruited at
the gene targets analyzed.

Expression of p21, mdm2, and bax Genes:
Activation of p53-Dependent and

p53-Independent Responses After UV Irradiation

To determine whether the binding of p53 to
the promoter of effector genes correlated with
their expression, total RNA was isolated before
the cross-linking treatment and used in quanti-
tative RT-PCR. The fold change of mRNA
expression for p21, mdm2, and bax genes after
UV treatment is reported in Figure 3A. Values
obtained with LX1 and SKMes1 were corrected
to the expression levels inmock-irradiatedA549
cells, as described in Materials and Methods.
In A549, a 2.8-fold increase of p21mRNAwas

detected at 16 h afterUV, in agreementwith the

increase in p53-binding at the promoter. At 4 h
time point, a twofold increase in p53 occupancy
did not result in significant mRNA increase. In
LX1 much lower amount of p21 mRNA was
detected, although an increase could be mea-
sured at later time. In SKMes1, p21 transcrip-
tion was also low and did not change after
treatment. The low p21 transcription detected
in these mutated cell lines correlated with the
lack of p53-binding at the promoter. Formdm2,
a downmodulationwas observed at 4 h post-UV
in A549 (Fig. 3A), followed by an increase at 16
and24h. Instead, p53 occupancy increased soon
after UV irradiation (Fig. 2). In LX1 and
SKMes1, no increase of expression after treat-
ment was detected (Fig. 3A), in agreement with
the lack of p53 occupancy at themdm2promoter
(Fig. 2). However, contrary to p21mRNA levels,
mdm2 expression ismaintained at similar levels
in the two p53mutant cell lines, suggesting that

Fig. 3. Expression of p53 target genes. A: Real-time RT-PCR
showing the level of p21,mdm2, and baxmRNA after exposure
to 30 J/m2 UVC. For each target, the level of mRNA was
normalized to that of gapdh. The fold change was calculated
using the Comparative Quantitation software of the RotorGene
3000 as described in Materials and Methods. Data represent the

averageof two independent experiments. The error bars show the
range of values for two experiments. B: Western blots showing
the level of p21, mdm2, and bax proteins at different times after
30 J/m2 UVC. b-actin was used as loading control. Results are
representative of at least three independent experiments; up to
four experiments were made to confirm slight changes.
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the p21 promoter is highly dependent on active
p53 or that there has been selection for
sustained mdm2 expression in the tumorigen-
esis processes. For the pro-apoptotic gene bax,
the transcription increase two fold at 24 h post-
UV in A549, while in cells carryingmutant p53,
the mRNA level did not change up to 24 h.

The protein amounts for the various p53 target
genesdidnotcompletely followgenetranscription
(Fig. 3B). In the A549 cells, both p21 and mdm2
proteins decreased 4 h afterUV irradiation comp-
ared to untreated cells but then increased at the
16 and 24 h time points. In LX1 and SKMes1 cell
lines, the p21 protein was not detectable, while
mdm2 was present before UV irradiation,
decreased significantly 4 h post-treatment but
did not recover after 16 or 24 h. Bax protein was
detected in all cell lines and appeared to be
independent from UV treatment and p53 status.

To better highlight the correlation between
p53 occupancy levels to the patterns of mRNA
and protein expression during theUV response,
the results obtained in A549 cells for p21 and
mdm2 genes were summarized in Figure 4. The
main discrepancy was observed 4 h after UV
when a p53-binding-independent response
induced a downregulation of both p21 and
mdm2 proteins. This negative regulation
seemed to occur at different levels for the two
genes. For the p21 gene product, both p53-
binding and mRNA expression were upregu-
lated, suggesting that UV stress acted at a
translational/post-translational levels. On the
other hand, mdm2 regulation occurred also at
the transcriptional level, as the drop of the

protein correlated with a drop of mRNA,
although p53 occupancy increased already in
the early time point. At later times, p53-binding
contributed to the expression of these two genes
and both mRNA and protein levels raised. The
lack of both proteins in p53 mutant cell lines,
where we could not measured a significant p53-
binding, were consistent with the p53-binding-
dependentupregulation ofp21andmdm2 genes
at the two later time points analyzed.

p53-Dependent Histone Acetylation
After UV Irradiation

Transcriptional regulation by p53 may be
strongly influenced by chromatin structure,
DNA topology, and recruitment of specific co-
factors to binding sites that may direct the final
outcome of p53-binding [Espinosa and Emer-
son, 2001; Espinosa et al., 2003]. The role of
histone modifying enzymes and histone acet-
ylation in transcriptional regulation has been
widely demonstrated [Kadam and Emerson,
2002 and ref. therein]. Recently, it has been
shown that when p53 binds to the RE in the p21
promoter, the level ofp21 inductionmay reflects
the ability of p53 to interact with histone
acetyltransferase-containing proteins like
p300/CBP and the extent of acetylated histones
on the promoter [Liu et al., 2003]. Thus, we
investigated whether the decrease of mdm2
transcription observed in A549 shortly after UV
irradiation could be linked to a low level of AcH3
and AcH4 histones on the promoter.

Tomeasure the kinetics of histone acetylation
at p21 and mdm2 promoters, quantitative

Fig. 4. Correlation between p53 occupancy, mRNA and protein expression during the UV response. The
average fold change of p53-binding to the promoters, the mRNA and the protein levels for p21 and mdm2
genes in A549 cells are reported.
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ChIP-PCRs on the same fixed and sonicated
extracts used to measure p53-binding, were
performed (Fig. 5). In A549 cells, a sharp
increase of AcH4 histones (about 14-fold) was
measured at both promoters 4 h after UV
irradiation, followed by a decrease at 16 and
24 h. Although the overall level of histone
acetylation was lower for mdm2 than for p21
promoter, the amount of AcH4 histones on
mdm2 promoter 4 h after UV was the highest
in the 24 h experimental window, suggesting
that the decrease of mdm2 transcription,
observed shortly after treatment, could not
depend on a low level of acetylated histones on
the promoter.
Since it has been observed that the ability to

induce histone acetylation was impaired in p53
mutants [Liu et al., 2003], we measured the
kinetics of histone acetylation also in LX1 and
SKMes1 cells. Interestingly, a complete differ-
ent patternwas observed.First, the overall level
of acetylated histones was much lower (�1/
10th) than in cells carrying wild-type p53 and
this was mainly due to a decrease in AcH4.
Second, we did not observe amarked increase of
acetylation after treatment, suggesting that
p53 is responsible for much of the recruitment
of histone acetylases on those promoters upon
acute stress. Consistent with the expression
levels, the p21 promoter was less acetylated
than the mdm2 promoter. Moreover, while a
slight increase of AcH4 was determined at 24 h

in LX1, no changes were found in SKMes1
(Fig. 5). Theacetylation levels of themdm2were
comparable in untreated cells independent of
p53 status, but only in p53 wt A549, an increase
in acetylation followed by gene upregulation
was observed.

DISCUSSION

The goal of thisworkwas to better investigate
the contribution of p53-binding to the activation
of some known p53 effector genes involved in
crucial cellular pathways, like cell cycle control
and apoptosis, in human tumor cells after a
genotoxic treatment. We studied the ability of
endogenously expressed wild-type and mutant
p53s to bind in vivo the promoter sequences of
genes normally activated by wild-type p53, that
is, p21, mdm2, bax, puma, and aip1, the
acetylation state of their promoters, and their
transcription.

Following UV irradiation, p53 protein level
increased and a strong binding of wild-type
p53 to the promoters of p21,mdm2, and puma,
was observed. Our DNA-binding data confirm
the notion that the promoters of p21, mdm2,
and puma genes contain strong binding sites
for wild-type p53, while the p53 consensus
sequences in the promoters of bax and aip1
give weak/background binding [Kaeser and
Iggo, 2002]. On the other hand, the two
mutated proteins were unable to bind all the

Fig. 5. Histoneacetylation at thep21 andmdm2promoters.A549cells carryingwild-typep53were treated
with 30 J/m2 UV-C and processed for ChIP assays using anti-acetyl-histone H3 and anti-acetyl-histone H4
antibodies. Primers that amplify the p21 andmdm2 promoter regions containing the p53 REs were used to
determine theextent ofH3andH4acetylation at these target sites beforeandafterUV irradiation. The level of
AcH3 and AcH4 in the gapdh gene was used to normalize for the overall acetylation levels.
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targets analyzed. Both p53-R273H and
p53-R280K lack transactivation functions as
determined in model systems (http://www-
p53.iarc.fr/index.html; http://p53.free.fr/).
However, reports differ as R273H appeared
to be competent for DNA binding in vitro as
well as for transactivation of reporter con-
structs in some human carcinoma cell lines as
SW620, HT-29, MDA-MB-468, K562, but not
in H1299 [Park et al., 1994; Friedlander et al.,
1996]. The conflicting results on DNA binding
and transactivation activity for the R273H
mutant could be due to the fact that the
conformation of the p53-R273H protein is
nearly identical to the conformation of the
wild-type [Ory et al., 1994]. The differences
between our results and some of the previously
published studies could be related to the
experimental set up, as in vitro DNA binding
and ectopic reporter assaysmay not accurately
recapitulate results with endogenous gene
targets. However, an influence of the cellular
environment and cell type on the activity of
this mutant could not be excluded.

The mRNA and protein expression analysis
showed that p53-binding to the promoter is
necessary but insufficient for the activation of
p53 effector genes and revealed an interplay
between p53-dependent and p53-independent
cellular response to UV irradiation. Already 4 h
post-UV irradiation p53 occupancy at the p21
promoter increased, consistent with the increase
in p53 protein levels. In contrast, p21 protein
decreased. This decrease, as well as the uncou-
pling of p21 mRNA and protein expression, is
consistent with previous reports [Butz et al.,
1998; Allan and Fried, 1999; Wang et al., 1999;
Rieber and Strasberg Rieber, 2000; Izumaru
et al., 2004], and indicates a strong p21 modula-
tion at the post-transcriptional level following
DNA damage. Recently, it has been shown that
only UV doses below 40 J/m2 led to p21 protein
degradation in human, mouse, and rat cells
independent from p21 transcription and p53
status (wild-type or mutant) [Bendjennat et al.,
2003]. According to a model, p21 degradation
would allow PCNA to participate in DNA repair.
However, early recruitment of p21 protein to
DNA damage sites, dependent on the interaction
with PCNA, has been found in HeLa cells and in
normal fibroblasts proficient in nucleotide exci-
sion repair (NER), but not inNER-deficientXP-A
fibroblasts, suggesting a direct involvement of
p21 in DNA repair [Perucca et al., 2006].

Also for mdm2 some discrepancies among
p53-binding, mRNA expression and protein
level were found. At short times after UV,
although the p53-binding at the promoter
increased, both the mRNA and protein expres-
sion decreased and were upregulated only at
later time points. This may indicate that at an
initial level of induction, p53 is bound to the
promoter but this binding is not sufficient to
trigger transcription or there are factors that
block transcription initiation. Alternatively (or
in addition), messenger RNA instability could
determine the initial mRNA and, consequently,
protein drop. A disparity between p53-binding
and gene expression after UV irradiation, has
been also reported in WI-38 fibroblasts and in
NT2 teratocarcinoma cells exposed to 10–20 J/
m2 UV-C, but not after g-rays exposure [Kaeser
and Iggo, 2002], suggesting that a specific
‘‘early’’ UV damage response leads to the
repression of mdm2 transcription. It has been
reported that the timing of mdm2 induction
after UV treatment is UV dose-dependent. At
UV doses higher than 20 J/m2 the induction of
mdm2 could bedelayed to allowp53 toarrest the
cell cycle and perform DNA repair before the
resumption of normal rates of DNA synthesis
[WuandLevine, 1997].However, the regulation
of mdm2 after UV is still unclear and many
factors, including the cell type and the proper-
ties of the promoters, may influence the timing
of mdm2 induction [Kim et al., 1999; Perry,
2004]. Interestingly, for all cell lines under
study, mdm2 protein was found highly
expressed inmock-irradiated cells. This suggest
that the early regulation of mdm2 protein, as
well as the basal level ofmdm2 expression, have
been conserved in the three cell lines, regardless
of their p53 status and their cellular transfor-
mation pathway.

When the pro-apoptotic bax genewas studied,
we found that in A549 the mRNA expression
increased about twofold after stress, while in
LX1 and SKMes1 cells no p53-binding and no
variation in mRNA expression were found.
Constant high levels of bax protein were
detected before and after UV irradiation in all
cell lines. This indicates that anaccumulation of
the bax protein occurred in these tumor cells,
independently from p53 transactivation and
from UV exposure. There are several explana-
tions for this lack of correlation, including for
example the net balance between pro- and anti-
apoptotic BH3 proteins. In addition, there is
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evidence showing that p53 may have transcrip-
tion-independent activities [Yee and Vousden,
2005] and one such reported activity is the
direct activation of bax by cytosolic p53 [Chipuk
et al., 2004], which could be impacted by the
specific nature of the p53 protein.
In our study with human cancer cell lines the

main discrepancy between p53 promoter occu-
pancy, mRNA and protein expression of target
genes was observed at short time after UV
treatment. Possible players in themodulation of
transcription are histone modifying enzymes
and the levels of acetylated histones [Kadam
and Emerson, 2002]. It has been shown that the
acetylation state of the promoter and the ability
of p53 to interact with histone acetyltransfer-
ase-containing proteins may influence p21
induction [Liu et al., 2003]. Thus, we investi-
gated whether the decrease ofmdm2 transcrip-
tion observed in A549 shortly after UV
irradiation could be linked to a low H3 and H4
acetylation levels. We found that this was
probably not the case, since high level of AcH3
and AcH4 histones were measured at 4 h post-
UV on p21 as well as on mdm2 promoters.
However, we cannot rule out that the level of
histone acetylation in other, not explored,
regulatory regions of mdm2 may influence its
early transcription rate. The difference in the
extent of histone acetylation measured at the
mdm2 and p21 promoters could represent a
feature of the promoter itself. Indeed, hetero-
geneous patterns of histone acetylation for
different p53 target gene promoters following
5-FU treatmenthas beendemonstrated [Kaeser
and Iggo, 2004].
We think that the peak of H4 histone

acetylation detected soon after irradiation can
reflect two parallel, p53-dependent UV-induced
responses, one of which is not linked to
transcriptional regulation but can be instead
related toDNArepair. It has been proposed that
p53 can function as a chromatin accessibility
factor, by mediating histone acetylation and
recruitment of p300 to sites of NER [Rubbi and
Milner, 2003;Allison andMilner, 2004]. Accord-
ing to this model, an inhibition of transcription
elongation induced by UV lesions may trigger
p53-dependent global chromatin relaxation and
facilitateDNArepair. Indeed, it has been shown
that homozygous p53mutant cell were deficient
in global genomic repair (GGR) of cyclobutane
pyrimidine dimers while the heterozygous
primary LFS cells exhibited normal GGR [Ford,

2005]. Interestingly, a recent study showed that
a new tumor suppressor gene, p33ING2, sig-
nificantly enhances NER in a p53-dependent
manner by rapidly inducing histoneH4 acetyla-
tion, chromatin relaxation, and the recruitment
of the damage recognition factor xeroderma
pigmentosum group A protein to photolesion
sites [Wang et al., 2006].

While theDNA repair ancillary function of p53
has been associated to GGR and DNA damage
foci, we hypothesize it has implications for all
p53-binding sites, including those proximal to
TSS,where occupancybyp53 isalso associated to
transcriptional modulation. Following the repair
of UV-induced lesions, the original state of
chromatin condensation has to be restored but a
higher level of AcH3 and AcH4 could be main-
tained at sites that needs to be engaged in p53-
dependent transcription as part of the genotoxic
response. Notably, in cells expressing a mutant
p53 unable to bind its target promoters, the
recruitment of acetylated histone on the promo-
ters was not observed. The extent and the
kinetics of histone acetylation associated with
transcriptional activation are influenced by the
location of the enhancer site responsible for the
recruitment of chromatin modifiers relative to
the proximal promoter, as revealed by high-
resolution ChIP, also in the case of p53-mediated
transcription [Barlev et al., 2001; Espinosa and
Emerson, 2001; Espinosa et al., 2003]. However,
the same pattern of H4 acetylation changes was
apparent independent of the position relative to
the TSS of the DNA region containing the p53
REs thatwe probed (�2.2-kb upstream fromTSS
for p21;�0.7-kb downstreamTSS in intron 1, for
mdm2). This observation was confirmed with
puma and bax genes, where a proximal promoter
region (�0.5-kb upstream of TSS) was analyzed
in theChIP experiments (data not shown). These
findings further suggest that a transcription-
independentUV-response is actingat short times
after irradiation at the promoter of p53 effector
genes containing p53 REs.

Our results on p21 and mdm2 modulation
also indicate that an interaction between the
p53-independentUV responses and p53 activity
may occur. Shortly after UV, degradation of p21
proteins could be related to DNA repair while
degradation of mdm2 and delayed mdm2 tran-
scription could affectmdm2-related ubiquitina-
tion of p53 and possibly of histone H2B [Minsky
and Oren, 2004] and may promote DNA repair
processes. At later times and depending on the
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extent of residual DNA damage [Christophorou
et al., 2005], p53-dependent transcription may
develop to elicit specific cellular responses.
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