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ABSTRACT

The effects of diverse stresses on promoter select-
ivity and transcription regulation by the tumor sup-
pressor p53 are poorly understood. We have taken a
comprehensive approach to characterizing the
human p53 network that includes p53 levels,
binding, expression and chromatin changes under
diverse stresses. Human osteosarcoma U2OS cells
treated with anti-cancer drugs Doxorubicin (DXR) or
Nutlin-3 (Nutlin) led to strikingly different p53 gene
binding patterns based on chromatin immunopre-
cipitation with high-throughput sequencing experi-
ments. Although two contiguous RRRCWWGYYY
decamers is the consensus binding motif, p53 can
bind a single decamer and function in vivo. Although
the number of sites bound by p53 was six times
greater for Nutlin than DXR, expression changes
induced by Nutlin were much less dramatic
compared with DXR. Unexpectedly, the solvent
dimethylsulphoxide (DMSO) alone induced p53
binding to many sites common to DXR; however,
this binding had no effect on target gene expres-
sion. Together, these data imply a two-stage mech-
anism for p53 transactivation where p53 binding
only constitutes the first stage. Furthermore, both
p53 binding and transactivation were associated
with increased active histone modification histone
H3 lysine 4 trimethylation. We discovered 149
putative new p53 target genes including several

that are relevant to tumor suppression, revealing
potential new targets for cancer therapy and ex-
panding our understanding of the p53 regulatory
network.

INTRODUCTION

Gene transcription is modulated by dynamic interactions
between cis-regulatory elements and regulatory proteins
that include DNA-binding transcription factors (TFs).
Genome-wide identification of cis-elements in vivo is es-
sential for a better understanding of the relationship
between DNA-binding proteins and global gene expres-
sion programs. We have used the combination of chroma-
tin immunoprecipitation (ChIP) with high-throughput
sequencing (ChIP-seq) and functional analysis to charac-
terize the ‘cistrome’ of the tumor suppressor p53 under
various stress conditions.

In response to a variety of cellular stresses, the p53 TF
binds to target sequences to regulate expression of
hundreds of genes that can affect a variety of cellular
processes including growth arrest, senescence and apop-
tosis (1–4). Widely known as the ‘guardian of the genome’,
it is mutated in over half of all cancers, with a majority of
the mutations in the DNA-binding domain of p53.
Following cellular stress, stabilized p53 translocates into
the nucleus, where it has been proposed, based largely on
in vitro data, to bind as a dimer of dimers to the consensus
sequence motif RRRCWWGYYY(N0-13)RRRCWW
GYYY (where R is a purine, W is an adenine or
thymine, Y is a pyrimidine and N is any base) (5,6). Our
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recent studies demonstrated that p53 also can bind non-
canonical response elements (REs) (including half and
three-quarter consensus sequences) to mediate transacti-
vation of several genes involved in angiogenesis, DNA
repair and innate immune responses (7–9).

Many of the factors expected to influence p53-induced
changes in gene expression are poorly understood.
Included are p53 activation, specificity of p53 binding to
various targets, relationship between binding and transac-
tivation and the impact of different stresses that can
induce p53. Various genome-wide approaches including
ChIP-seq have been used to map sites of actual p53
binding among the hundreds of thousands of potential
sites in the human genome and to identify candidate p53
target genes (10–14). Although the identification of non-
canonical REs is expected to increase the universe of p53-
transcribed regions in the human genome, the overall im-
portance of non-canonical sites in the p53 regulatory
network remains unclear. As p53 plays a key role in main-
taining genome integrity and cellular homeostasis,
genome-wide studies to identify all of its binding sites
and/or gene targets would provide a better understanding
of its transcriptional regulation functions in various bio-
logical processes.

Here, we take a comprehensive approach to characteri-
zing the human p53 network that takes into account p53
levels, binding, expression and chromatin changes under
diverse stress conditions. U2OS osteosarcoma cancer cells,
expressing wild-type p53, had strikingly different p53-
binding patterns and transcriptional responses following
exposure to the DNA-damaging agent Doxorubicin
(DXR) versus the small molecule Nutlin-3 (Nutlin), con-
sidered a non-genotoxic activator of p53. Although two
RRRCWWGYYY decamers separated by a zero spacer is
the consensus p53-binding motif, we also found that a
single decamer (half-site) is sufficient for binding and
function in vivo. Surprisingly, the vehicle control
dimethylsulfoxide (DMSO) led to binding of many sites
without changes in gene expression despite changes in
chromatin modifications, suggesting an intermediate
state that separates site-specific binding from transcrip-
tional activation. In addition, using appropriate genetic
controls, we have validated new p53 target genes
involved in key biological processes including nervous
system development, lipid metabolism and DNA repair.
Overall, we identified 149 new putative direct p53 target
genes including several that have recurrent tumor-
associated mutations.

MATERIALS AND METHODS

Cell culture

Human cancer cell lines U2OS (HTB-96), A549 and
H1299 were obtained from ATCC (Manassas, VA).
Human colon carcinoma HCT116 p53+/+ and its
isogenic derivative HCT116 p53�/� were provided by B.
Vogelstein (The Johns Hopkins Kimmel Cancer Center,
Baltimore, MD). Human breast adenocarcinoma cells
MCF7 stably expressing shRNA to p53 from the
pSUPER vector, designated as ‘MCF7-p53i’, or only

carrying pSUPER vector as a control (‘MCF7-vector’)
were kindly provided by R. Agami (The Netherlands
Cancer Institute, Amsterdam). All cells were cultured in
McCoy’s 5A or Dulbecco’s modified Eagle’s medium
medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA)
and maintained at 37�C with 5% CO2.

Chemicals

DMSO, DXR hydrochloride and Nutlin were purchased
from Sigma-Aldrich (St Louis, MO). DXR was dissolved
in water and used at 0.6mg/ml, whereas Nutlin was
dissolved in DMSO and used at 10 mM. DMSO was
used at 0.1%.

Immunoblot analysis

Whole-cell lysates were prepared by lysing cells in
radioimmunoprecipitation assay (RIPA) lysis buffer
(Thermo Scientific Pierce, Rockford, IL) supplemented
with 1� Halt Protease Inhibitor Cocktail. Nuclear
protein lysates were obtained using the nuclear and
cytoplasmic extraction reagent (NE-PER) protein extrac-
tion kit (Thermo Scientific Pierce) following the manufac-
turer’s recommendations. Equal protein amounts were
separated on Bis-Tris NuPAGE (4–12%) gels, transferred
to polyvinylidene difluoride membranes (Invitrogen) and
incubated with primary antibodies against the following
proteins: p53 (DO-1), actin (C-11) and lamin B (C-20)
from Santa Cruz Biotechnology (Santa Cruz, CA);
Hsp90 (S88) antibody from Abcam (Cambridge, MA).
Horseradish peroxidase linked goat anti-mouse, goat
anti-rabbit and donkey anti-goat (Santa Cruz
Biotechnology) were used as secondary antibodies.
Protein was detected using SuperSignal
Chemiluminescent Substrate (Thermo Scientific Pierce).

Cell cycle analysis

For cell cycle analysis, cells were trypsinized, washed with
cold phosphate-buffered saline and fixed in 70% ethanol
at 4�C overnight. In all, 1� 106 cells were stained with
propidium iodide (50mg/ml) supplemented with RNase
A (100 mg/ml) at 37�C in the dark for 1 h. Flow cytometry
analysis was performed on FACS Scan Flow Cytometer
(Becton Dickinson). Data were analyzed using CellQuest
and Modfit softwares (Becton Dickinson, San Jose, CA).

ChIP and sequencing

Cells were grown to 80% confluency and treated with
0.6mg/ml DXR, 10 mM Nutlin or 0.1% DMSO for 24 h
or mock treated. Sixty million cells were used per each
ChIP-seq experiment. Proteins and DNA were cross-
linked with 1% formaldehyde for 10 min. Cross-linking
was stopped by adding 125mM glycine. Cells were
scraped from plates in Lysis buffer [5mM PIPES (pH
8.0), 85mM KCl, 0.5% NP-40 supplemented with
protease inhibitors (Roche, Nutley NJ)], then lysed with
ChIP RIPA Buffer (1� PBS, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS supplemented with protease in-
hibitors), and nuclei were collected. Chromatin was
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sheared to 100–300 bp using a Bioruptor sonicator
(Diagenode, Denville, NJ) for 30 min at high power, 30 s
ON, 30 s OFF. p53 (DO-1) antibody (12mg) or normal
mouse immunoglobulin G (IgG) (3mg) (Santa Cruz) was
bound to 200 ml Dynabeads Protein G magnetic beads
(Invitrogen) by incubation at 4�C in 5mg/ml of bovine
serum albumin for 6 h. Five percent of the chromatin
was saved as input. Forty million cells were used for the
p53 IP, and 15 million cells were used for the IgG IP.
Chromatin was added to the antibody-coupled beads,
and DNA–protein complexes were immunoprecipitated
overnight at 4�C. Antibody chromatin complexes were
washed five times with LiCl IP Wash Buffer [100 mM
Tris (pH 7.5), 500mM LiCl, 1% NP-40, 1% sodium
deoxycholate] and eluted in 1% SDS, 0.1M NaHCO3.
Cross-links in the eluted protein–DNA complex and the
Input DNA were reversed by incubation at 65�C over-
night, and DNA was purified with phenol–chloroform ex-
traction followed by a PCR clean-up column (QIAGEN,
Valencia, CA). DNA was quantified using a NanoDrop
ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, DE). Libraries were prepared using ChIP-
seq DNA Sample Prep kit as per manufacturer’s instruc-
tions and were sequenced on Illumina GAII to yield 36-bp
reads (Illumina, Inc., San Diego, CA). For histone modi-
fication analyses, 15 million cells were used for IP with
histone H3 lysine 4 trimethylation (H3K4me3), histone
H3 lysine 27 trimethylation (H3K27me3) (EMD
Millipore, Billerica, MA) or normal rabbit IgG (Santa
Cruz), and the resulting DNA fragments were quantified
by quantitative real time PCR (qPCR).

ChIP-seq analysis

Sequences were aligned to the reference genome (human
NCBI36/hg18 assembly) using Bowtie 0.12.2 (15) with
default settings, aligning all 36 bases and allowing for
two mismatches. Only reads that mapped to unique
genomic locations were retained for analysis, and
p53-binding sites were determined using the Site
Identification from Short Sequence Reads (SISSRs) peak
finder tool (16) (default settings) with sequenced reads
from Input DNA used as a control (P< 0.001). Genes
were defined using Entrez gene IDs in the UCSC
Genome Browser’s known Genes table (human NCBI36/
hg18 assembly). Genes were considered bound by p53
if there was a p53-binding site within a region starting
5 kb upstream of that gene’s transcription start site
(TSS) and covering the gene body (i.e. end of the
transcribed region).
To determine ‘sites’ (i.e. sites identified using the

SISSRs) common between treatments, we used the follow-
ing procedure: First, sites shorter than 200 bp were
extended both up- and downstream from the site’s
center by 100 bp. A site in one treatment is considered
to be common in another treatment if the corresponding
sites for the two treatments overlapped by 1 bp. ChIP-
over-Input fold enrichment was determined by SISSRs
(16), and TSS, exons and introns were used as defined in
the known genes table (human NCBI36/hg18 assembly).

Motif search

Sequences from the reference genome (human NCBI36/
hg18 assembly) were extracted and extended to have at
least 200 bp length where applicable as described earlier
in the text. A de novo motif search was performed using
MEME (17) with zero or one motif occurrence per
sequence, and E-value threshold 0.1. Owing to the com-
putational complexity, the search was limited to the top
1000 binding site sequences with the highest ChIP-over-
Input fold enrichment. Consensus motif sequences were
extracted from MEME results and visualized. Search for
known motifs was performed using the Motif Alignment
and Search Tool (18) with default options. Position weight
matrices (PWMs) were used directly from MEME output
for ‘spacer search’ (inserting spacers with 0 weight for each
base, i.e. each base was assumed to be equally likely).
PWMs were computed from frequency matrices from the
Transfac database (19), by computing the log odds matrix,
given base frequencies for a given position in the motif.

ChIP-qPCR

A total of 42 binding peaks were selected for validation
using qPCR. The primers used are listed in Supplementary
Table S4. Two biological replicates were performed for
each experiment. Real-time PCR and melting curve
analysis was performed using the SYBR� Green
(Invitrogen) dye detection method on the ABI PRISM
7900 HT Sequence Detection System under default
conditions. The comparative Ct method was used for
quantification, and enrichment of the ChIP material
was calculated as recovery over an unspecific control
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
for p53 and H3K27me3 ChIP; myogenic differentiation
1 (MyoD1) for H3K4me3 ChIP). Enrichment in the
ChIP samples at specific targets was calculated as a
fraction of the Input (%).

Gene ontology pathway and biological process analyses

Functional enrichment analysis to determine enriched
Gene Ontology pathways and biological processes was
done using the CLEAN software package (20) and
DAVID (21).

RNA isolation and gene expression profiling and
microarray analysis

RNA was isolated using the RNeasy Midi Kit (QIAGEN)
with DNAse treatment according to the manufacturer’s
protocol. The quantity and purity of the extracted RNA
was evaluated using a NanoDrop (Nanodrop
Technologies), and its integrity was measured using an
Agilent Bioanalyzer (Agilent Biotechnologies, Santa
Clara, CA). The RNA was prepared for microarray ex-
pression analysis by the NIEHS Microarray Core using
the GeneChip 3’ IVT Express kit protocol as per the
manufacturer’s instructions and the Affymetrix Human
Genome U133 Plus 2.0 GeneChip� arrays (Affymetrix,
Santa Clara, CA). Arrays were scanned in an Affymetrix
Scanner 3000, and data were obtained using the
GeneChip� Command Console Software (AGCC;
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Version 1.1). Raw data files (‘CEL files’, Affymetrix array
type Human Genome U133 Plus 2.0) were processed using
appropriate R/Bioconductor packages. Specifically,
Robust Multichip Average (RMA) (22) was performed
using Entrez gene-based custom chip definition files
(CDFs), version 13, (23), http://brainarray.mbni.med.
umich.edu/Brainarray/Database/CustomCDF/genomic_
curated_CDF.asp, resulting in a single expression inten-
sity measure per Entrez gene ID. All subsequent analyses
were carried out on the log2 scale. An intensity filter was
applied removing probe sets with intensity values consti-
tutively below the first quartile in each array. This filter
typically removes �20% of the probe sets. To determine
differentially expressed genes, a family-wise moderated t-
test (24) (treated versus control) was performed followed
by a Benjamini and Hochberg multiple testing correction
procedure to control the false discovery rate (FDR).
Unless otherwise noted, genes were considered differen-
tially expressed if they had an FDR of �0.1 and were at
least 2-fold up- or downregulated. Cluster analysis of per-
gene normalized expression levels was performed using the
CLEAN software package (20) where genes were
normalized by subtracting the per-gene arithmetic mean
of the respective control/untreated samples. The Smeenk
et al. (12) data set was downloaded from the Gene
Expression Omnibus (GEO; accession GSE22186) and
re-processed as described earlier in the text. The micro-
array platform in this case was Human Exon 1.0 ST
Array, but probes were summarized on per-gene basis
again using Entrez gene based custom CDFs, version 13,
(23), http://brainarray.mbni.med.umich.edu/Brainarray/
Database/CustomCDF/genomic_curated_CDF.asp.
Entrez gene IDs were used to map mRNA expression data
(‘probesets’) and genes in the vicinity of ChIP-seq defined
TF-binding sites (as defined earlier in the text). If multiple
TF-binding sites were near a gene with a probeset on the
array, each was mapped to that probeset.

Gene expression by qPCR

Total RNA was extracted from cells using the RNeasy
Mini Kit including DNAse treatment (QIAGEN).
Complementary DNAs were generated from 1 mg of
purified RNA using TaqMan reverse transcription
reagents from Applied Biosystems (Foster City, CA).
qPCR was performed on an HT7900 system (Applied
Biosystems) using pre-validated primers for the indicated
genes, as previously described (8). Relative quantification
values were calculated based on the 2-��Ct method and
using expression from b-2-microglobulin or GAPDH for
normalization.

Lentiviral shRNA

Lentiviral constructs for stable depletion of human p53
mRNA were obtained from Sigma-Aldrich (MISSION
shRNA); their integrity was confirmed by restriction
analysis. Lentiviruses were produced by the NIEHS
Viral Vector Core and packaged in HEK293T/17 cells
(ATCC # CRL-11268) as previously described (25). All
titers were determined by qPCR. U2OS cells were
transduced with lentiviral particles, and stable clones

were recovered after puromycin selection (2 mg/ml).
Clones were characterized by qPCR and western blot
analysis. Clones containing one of two different shRNAs
against p53 were used: p53 shRNA-3755 (TRCN
0000003755) and p53shRNA-3756 (TRCN0000003756).

Cancer gene mutation analysis

The Cancer Genome Atlas data
Interpreted Cancer data from five cancers (glioblastoma,
colon adenocarcinoma, ovarian cancer, sarcoma and
prostate cancers) were downloaded from the Cancer
Genome Atlas (TCGA) website (https://tcga-data.nci.
nih.gov/tcga) using the CDGS-R package (http://www.
cbioportal.org/public-portal/cgds_r.jsp), with querying
performed using human Entrez gene identifiers as of 17
April 2012. The detailed description of TCGA data is
available on the TCGA website.

Data processing
Genes with no data (N/As) across all tumor samples as
well as tumor samples with no data (N/As) for all genes,
were excluded from the analysis. A matrix of data was
constructed in which rows and columns represent the
genes and the tumor samples used in the analysis, respect-
ively, and the cells are the measured values. For mutation
data, each cell represents if a mutation was found in a
gene.

Mutation
Background Gene Mutation Rate was calculated as the
total number of mutations detected in sequenced tumor
samples divided by the total number of genes sequenced.
Based on Background Gene Mutation Rate and an
assumed Poisson distribution, the P-value was then
calculated and adjusted by the Benjamini and Hochberg
FDR procedure.

Data availability

All ChIP-seq and microarray data generated for this study
have been deposited in NCBI’s GEO and are accessible
through GEO Series accession number GSE46642.

RESULTS

Genome-wide mapping and characterization of p53 binding
following drug treatments

Treatment of U2OS cells with DXR (0.6 mg/ml) or Nutlin
(10mM) resulted in the stabilization and increase of
nuclear p53 protein levels (Figure 1A and Supplementary
Figure 1A) after 24 h (a time point commonly used in
studies of p53 activating drugs; see ‘Discussion’ section).
Nutlin treatment induced a clear G1 and G2 cell cycle
arrest, whereas DXR-treated cells were arrested at G2.
DMSO treatment had no effect on cell cycle progression
when compared with the No Treatment (NT) control.
There was no substantial induction of apoptosis
(measured as a sub-G1 fraction) for any of the treatment
conditions at 24 h (Supplementary Figure S1B). ChIP-seq
analysis using the p53 specific antibody DO-1 revealed
considerable difference in the number and pattern of
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binding sites across the genome after DXR or Nutlin
treatment. Genome-wide analysis of the ChIP-seq tags
using the SISSRs peak-finding tool (16) identified 496
binding sites (peaks) for the NT control, 3087 sites after
DXR treatment and nearly 6-fold more sites (18 159) in
cells treated with Nutlin (Figure 1B, Supplementary
Figure S1C and Supplementary Table S1). Surprisingly,
the solvent DMSO (0.1%) alone caused substantial p53
binding (2793 sites). No relationship between the number
of binding sites and the level of p53 expression was seen:
DXR led to the largest induction of p53; Nutlin treatment
induced less p53; there was little, if any, p53 induction
after DMSO incubation (Figure 1A and Supplementary
Figure S1A). Specific binding to the REs of the

well-characterized p53 target genes BAX, CDKN1A
(p21) and MDM2 attest to the quality of ChIP-Seq data
(Figure 1C and Supplementary Figure S1D). To ensure
the reliability of our ChIP-Seq data, we validated 36 of
the identified p53 sites by ChIP-qPCR (described in
Supplementary Table S2 and Supplementary Figure S1E
and S1F). Nearly half of the sites bound by p53 after
DXR treatment were also bound by p53 under DMSO
and Nutlin treatments, suggesting common features to
these presumably different modes of induced binding.
However, nearly 80% of the Nutlin-induced p53-binding
sites were unique (Figure 1B and Supplementary Figure
S1C), with only seven sites in common between all
three treatments and the NT control (Supplementary

Figure 1. Genome-wide p53 binding after various treatments. (A) Representative western blot of p53 levels in U2OS cytoplasmic, nuclear or whole-
cell extracts from untreated (NT) cells, or after 24 h treatment with 0.1% DMSO, 0.6 mg/ml DXR or 10 mM Nutlin. Lamin B and actin Hsp90, lamin
B and actin are loading controls. (B) Number of p53 binding sites identified in U2OS 24 h after treatment with DMSO, DXR or Nutlin. (C) UCSC
Genome Browser shots summarizing p53 ChIP-Seq and Input control data for known p53 target genes after various treatments. The Y axis
corresponds to the number of reads. The same scale is used for all examples presented. (D) Genomic distribution of p53 binding sites relative to
genic regions after the various treatments: TSS, 5 kb upstream through the first intron; Intragenic, second exon through 30UTR; and Intergenic,
everything else.

7290 Nucleic Acids Research, 2013, Vol. 41, No. 15

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt504/-/DC1


Figure S1C), suggesting a different mechanism of p53
binding in the basal condition without any treatment.

For all treatment conditions, a considerable enrichment
of p53-binding sites, relative to the genome composition,
was observed in the surrounding region of a TSS, extend-
ing from 5kb upstream through the first intron of a gene
(Figure 1D). Nearly 30% of p53 binding was observed in
these regions, which represent <5% of the genome; an
additional �20% was found in the remainder of intragenic
regions (from second exon through 30UTR). These data
establish a strong specificity for p53 binding in regions of
potential transcriptional regulation, regardless of the level
of p53 induction, even after exposure to the solvent
DMSO.

Redefining the p53 binding motif

A de novo motif analysis performed using the top 1000 p53
sites revealed a consensus motif (Figure 2A and
Supplementary Data Set 1) that was nearly identical for
all three treatments. This consensus sequence motif con-
tained two copies of previously established decamers (half-
sites) but with no spacer sequence in between them.
Overall, this consensus is comparable with motifs
derived from validated p53 targets (4) and from other
genome-wide studies (10,12–14). Regions bound by p53
(200 nt long) were enriched for motifs known to be
bound by the basic leucine zipper protein family of TFs,
including AP-1 and FRA1, and other TFs, such as GCN4,
LBP9 and SMAD (E-value< 0.1) (Supplementary Table
S3). The enrichment of potential co-factor sites was at
least 2-fold higher than in the corresponding randomly
selected control sites. However, these associations
differed between DXR and Nutlin treatments. No p53
binding motif was identified for the NT condition,
reinforcing the suggestion that the low constitutive
binding in U2OS cells may either be non-specific or
indirect binding through protein–protein interactions.

Using the p53 consensus motif defined in this study, we
queried all the p53 sites to categorize the types of p53
target sequences that were bound (Figure 2B). Among
the binding sites, 68% after DXR, 28% after Nutlin and
57% after DMSO treatment had the p53 canonical motif
consisting of two decamers with a zero spacer. An add-
itional 7–11% of all binding sites had 1–15 base spacers
between the two RRRCWWGYYY decamers, regardless
of treatment. Importantly, we also found that 3–4% of
binding sites contained just one decamer (p53 half site),
reinforcing our previous observations that half sites might
play a role in the p53 regulatory network (3,26). Only 7%
of binding sites (35 of 496) in the NT control contained a
sequence resembling at least a p53 half site. A majority of
Nutlin induced p53-binding sites contained neither the
consensus full site nor the half site. For those p53-
binding sites where no p53 motif was found, we validated
nine by ChIP-PCR (Supplementary Figure S1G and
Supplementary Table S2). For NT and Nutlin conditions
where most of the p53 peaks have no p53 motif, we
identified using TRANSFAC that AP-1, BACH1,
BACH2, FRA1 and/or GCN4 motifs were associated
with p53-binding peaks (E-value< 0.1). Furthermore,

after a de novo motif search of the top 1000 p53 peaks
that do not harbor any p53 decamer (Supplementary
Data Set 2), we found the same TF motifs enriched
among the DMSO and Nutlin ‘no motif’ peaks as
described earlier in the text, in addition to Sp1, Sp3 and
PITX2. The common TF profile between DMSO and
Nutlin suggests that the p53-binding signature for Nutlin
is largely due to the DMSO solvent used with Nutlin. On
the other hand for NT and DXR, the de novo identified
motifs were not associated with any TF other than HSF.
p53 has been reported to bind other non-canonical motifs,
such as the TGYCC microsatellite sequence described by
Contente et al. (27) in the promoter of the PIG3 gene (also
known as TP53I3). The motif analysis by MEME
identified a p53-like motif within the 300 bp ChIP
region, which also contains the TGCYY microsatellite se-
quence. When we masked out the p53 REs and performed
a de novo motif, we did not identify any additional
(TGYCC)n related motifs. To complement this analysis,
we also searched the genome for segments with greater
than five copies of the TGYCC motif and asked whether
p53 bound these regions. Only 7 of 87 (TGYCC) that had
greater than five repeat segments (consecutive/no gaps)
were bound by p53, which includes the TP53I3/PIG3
TGCYY microsatellite region that contains 15 repeats
and six regions with less than nine repeats. Most of
the bound sites were in the intergenic region, and
only the TP53I3/PIG3 gene was induced after p53
activation.
Interestingly, p53 target sequences with a spacer of one

or more bases were roughly 20- to 30-fold less abundant as
compared with sites with a zero spacer (Figure 2C) for
each of the three treatments. In addition, the average
ChIP-over-Input fold enrichment for the p53 sites contain-
ing the consensus motif with a zero spacer is roughly 2-
fold higher compared with those sites that contain a motif
with spacers or those that contain half sites (Figure 2D).
The total number of p53 bound sites with motifs that
contain spacers or just half sites amount to �10–15% of
all the binding sites. ChIP-qPCR experiments confirmed
p53 binding at these sites, which were included among the
validated sites in Supplementary Figure S1E. Thus,
although the consensus sequence consists of two
decamers with no intervening spacer, the minimal in vivo
binding unit appears to be a single decamer (see
‘Discussion’ section).

p53 binding is necessary, but not sufficient for
transactivation

Global gene expression was examined using microarray
analysis of the NT and the 24 h DMSO, Nutlin or
DXR-treated cells. To establish clear differences in expres-
sion, we identified genes for which changes in mRNA
levels were �2-fold and had an FDR of �0.1. As shown
in Figure 3A, 1717 genes were differentially expressed
between DXR and NT, whereas for Nutlin versus
DMSO, only 416 genes were differentially expressed;
only 220 genes had altered gene expression in both DXR
and Nutlin treatments. In Figure 3B, we present a heat
map of all the differentially expressed genes and a cluster
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functional analysis. Cell cycle related, p53 signaling and
apoptosis categories were enriched based on a combin-
ation of GO and KEGG analyses (the complete cluster
functional enrichment analysis is available as supplemen-
tal information (Supplementary Data Set 4). Further
KEGG and GO analysis of all the differentially expressed
genes revealed that the global gene expression pathways
activated by DXR and Nutlin includes processes
commonly associated with p53 functions (Figure 3C and
Supplementary Data Set 4) such as cell cycle checkpoints
and regulation of cell proliferation, consistent with the cell
cycle arrest induced by these two drugs (Supplementary
Figure S1B). Remarkably, little change in gene expression
was observed following incubation of cells with DMSO
versus NT, even though DMSO induces nearly 3000
binding sites, about half of which also are induced
during DXR treatments (Figures 3B and 1B). Addi-
tionally, although the number of sites bound by p53

were six times greater for Nutlin than for DXR
(Figure 1B), expression changes induced by Nutlin were
much less dramatic compared with those induced by DXR
(Figure 3B). Taken together, these data support the view
that p53 binding does not predict transactivation.

To explore more closely the relationship between p53
binding and gene expression outcome, we examined genes
that were bound by p53 near the TSSs and in the
intragenic region (Figure 3D and E). Among the genes
with p53-binding sites near a TSS, 25% after DXR and
only 5% after Nutlin treatment exhibited �2-fold change
in expression (Figure 3D), whereas for the intragenic
region, only 14 and 3.8% of sites have associated gene
expression, respectively (Figure 3E), suggesting that the
association between p53 and binding and expression
may be more frequent for p53 bound near the TSS.
Only 48 genes close to TSS were bound by p53 and dif-
ferentially expressed after both the DXR and the Nutlin

Figure 2. Motif analysis and distribution of p53-binding sites. (A) Consensus p53-binding motifs identified from the top 1000 p53-binding sites for
each treatment. (B) Characterization of p53-binding sites based on the type of sequence bound: zero spacer, consensus motif containing two decamers
with no spacer sequence as shown in (A); 1–15 spacer, two decamers with a spacer sequence of length 1–15 nt; half site, one decamer; no motif, no
evidence of zero spacer, 1–15 spacer, or a half site. (C) Frequency of p53-binding sites containing zero spacer (red), 1–15 spacer (blue), and half sites
(green). (D) Box-plot depicting distribution of ChIP-over-Input fold enrichment for p53-binding sites containing zero spacer, 1–15 spacer, half site
and no motif. Asterisk indicates statistically significant (P< 10�7).
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Figure 3. Gene expression analysis following various treatments. (A) Number of genes with altered expression following DXR or Nutlin treatment as
compared with the control NT or DMSO controls, respectively. (B) Heat map showing gene expression changes based on microarray analysis of cells
after 24 h of DXR, DMSO or Nutlin treatment. DXR and DMSO changes were assessed in relation to NT, and Nutlin changes were assessed in
relation to DMSO. The KEGG/GO terms shown are non-redundant terms manually selected among the most significantly enriched categories for
each of the bracketed clusters. The full lists of terms are available in Supplementary Data Set 5. (C) KEGG pathways and GO biological processes
enriched among all the differentially expressed genes in (A) after various treatments. (D) Breakdown of expression changes of genes with a p53-
binding site near the TSS or (E) in the intragenic region. (F) Number of genes that were bound by p53 near a TSS and were differentially expressed
after DXR or Nutlin treatment.
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treatments (Figure 3F). Thus, binding to most sites near
TSSs did not lead to expression changes of the associated
genes.
Among those genes with altered expression, there was a

strong bias towards activation versus repression, with 83
and 86% of the genes, respectively, showing increased ex-
pression after DXR or Nutlin treatment (Figure 3D). p53
has been reported to repress more genes than it activates
(28); however, relatively few examples of repression by
direct p53 binding are known. For the set of genes that
bound p53 near their TSS and showed changes in expres-
sion after DXR or Nutlin, <20% were downregulated. We
did not find any evidence for a repression specific p53
binding motif, contrary to a previous report (29);
instead, �60% contained a p53 consensus full site or
half site. As in most cases DXR- or Nutlin-induced p53
binding near a TSS did not alter associated gene expres-
sion, we explored the possibility of chromatin modifica-
tions playing a role in the selective transcriptional
responses to the different treatments (Figure 4 and
Supplementary Figure S2). We examined H3K4me3 and
H3K27me3, active and repressive chromatin marks, re-
spectively, at several p53 target sites. Among the 36
genes examined for p53 binding (Supplementary Figure
S1E), a vast majority of those that had a �2-fold
increase in gene expression also had a �2-fold increase
in H3K4me3 levels at their promoters: 21/23 for DXR
and 21/27 for Nutlin treatments (Figure 4A and B and
Supplementary Figure S2A–C). Increases in expression
generally were associated with decreases in H3K27me3
following Nutlin treatment, consistent with upregula-
tion of the genes. However, for DXR treatment few
upregulated genes showed a reduction in H3K27me3
levels. For DMSO treatment, despite the lack of gene ex-
pression changes, there were p53 binding-associated
changes in both histone modifications (Figure 4C and
Supplementary Figure S2B and C), with nearly all
showing increased H3K4me3 levels. Thus, although
changes in chromatin landscape between treatments
suggest a role for histone modifications in p53-mediated
gene expression changes, it is clear that binding at a p53
motif per se is associated with increased H3K4me3.
Together, these data imply a two-stage mechanism for
p53 transactivation in which p53 binding-only constitutes
the requisite first stage.

Novel p53 target genes

Most experimentally validated p53-regulated genes
contain a p53 motif within either their promoter or the
first intron (4). The list of 275 genes that were both bound
by p53 and differentially expressed (Supplementary Data
Set 3) includes 219 potential new p53 targets as well as 56
previously established p53 responsive genes (4,14).
Comparing the set of 219 targets with putative p53
targets identified in other p53 genome-wide studies
(11,12) (Supplementary Data Set 3), we identify 149 po-
tential new p53 target genes. Functional clustering of gene
annotations using DAVID (21) revealed, in addition to
the usual p53 characterized functions (cell cycle arrest,
apoptosis, DNA repair), an enrichment for genes

involved in a broad variety of biological process including
differentiation, metabolism, protein transport, nucleotide
binding, hydrolase and deaminase activities and signal
transduction. Based on nucleotide identity, �58% of the
sequences of p53-binding sites associated with these genes
were conserved in rodents (Supplementary Data Set 3),
suggesting conservation of p53 binding and function
across species.

Of the 149 potential new p53 targets, 11 candidate genes
were characterized further for responses to DMSO, DXR
or Nutlin (Figure 5). Included were genes with p53 REs
having zero spacer (CPEB4, APOBEC3C, ARHGEF3,
ACYP2, SYTL1, DYRK3, NF2), a 9 nt spacer (LASS5)
or no p53 motif in the region near the TSS (INPP1, EBI3,
CDC27). We also examined three candidate genes that
were bound by p53 but showed no expression changes:
APOBEC3H, zero spacer; CYP3A7 and EML2, half
sites. Quantitative RT-PCR analysis confirmed that
among the 14 genes examined, 12 were upregulated
while 2 were downregulated by DXR or Nutlin treatment
(Figure 5A). As previously observed in the microarray
analysis, no significant changes were observed in
DMSO-treated cells. Although APOBEC3H, CYP3A7
and EML2 showed no differential expression using micro-
array analysis, expression changes could be detected with
qRT-PCR.

The p53-dependent gene expression changes were verified
using two U2OS cell lines infected with lentiviral vectors
harboring small-hairpin RNAs that target p53 mRNA
(termed p53shRNA 3755 and 3756) (Supplementary
Figure S3A). The levels of p53 protein after drug treat-
ments were reduced in the p53-silenced U2OS cells
(Supplementary Figure S3B). p53-dependent gene expres-
sion changes for 14 genes examined in control (parental or
scrambled) cells (Figure 5A and B) were completely lost in
p53-depleted cells confirming that these are genuine p53
targets (Figure 5C and D). p53 dependency following
DXR or Nutlin treatment was further verified for seven
genes using the breast carcinoma MCF7 cell line stably
expressing p53shRNAi and its vector control, the isogenic
colorectal carcinoma HCT116 p53+/+ and p53�/� cells,
as well as the lung carcinoma cell lines A549 (p53+)
and H1299 (p53�) (Supplementary Figure S4A–F).
Extrapolating from these results, most of the 219 differen-
tially expressed genes with an associated p53-binding site
near the TSS are likely to be direct p53 targets.

Novel p53 targets are associated with cancer

Given that p53 is a prominent tumor suppressor and that
its target genes might be important in cancer etiologies, we
interrogated recent cancer genome mutation data from
TCGA (http://www.cancer.gov) to determine whether mu-
tations were increased among the 275 differentially ex-
pressed genes associated with p53-binding sites.
Although data are available for several types of tumors,
only a few have data for healthy matched control tissue
and/or sufficient samples to provide statistical confidence.
For three tumor types (ovarian, glioblastoma and colon)
with numerous samples, we applied an FDR of P< 0.001
as described in the ‘Materials and Methods’ section to
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identify those for which there were significant frequency
increases in mutations. The following seven genes were
mutated with significant recurrence in human colon
cancer (Supplementary Data Set 5): ABCA12, ASCC3,
CDC27, CDH10, EPHA5, FBXW7 and SCN2A. Except
for FBXW7, all the remaining genes are newly identified
p53 targets. No significantly recurring mutations within
these genes were identified in the other two tumor types.
Additionally, we found that the neurofibromin 2 (NF2)
gene has been reported to be frequently mutated in
cancers of tissues associated with the nervous system (30).

DISCUSSION

Genome-wide binding defines the potential for a TF to
influence genomic expression and the corresponding TF
‘cistrome’. As a master regulatory factor, p53 is important
in the etiology of most cancers as well as their treatment.
We establish in a well-studied human cancer cell line that
p53 exhibits a wide drug-dependent variability in re-
sponses including binding and changes in gene expression.
p53 transcriptional activity is highly complex and not
simply dependent on the levels of p53, binding to
specific sites or to changes in common chromatin

Figure 4. Correlation between p53 binding, changes in gene expression and histone modifications H3K4me3 and H3K27me3 at 24 h after DXR,
Nutlin or DMSO treatments. The heat map represents fold changes in mRNA levels quantified using qRT-PCR, as well as fold changes in p53,
H3K4me3 and H3K27me3 occupancy quantified using ChIP-qPCR (see also Supplementary Figures S1D and S2A–C). Presented are results for 36
genes that were bound by p53 and two genes (GAPDH and MYOD1) that were not bound by p53. Genes are clustered into groups depending on
whether the p53 target site contains a consensus p53-binding motif containing two decamers with no spacer (zero spacer), two decamers with a spacer
sequence (spacers), or one decamer (half site) or no motif. Fold changes for gene expression were normalized to b-2-microglobulin, whereas p53,
H3K4me3 and H3K27me3 ChIP-qPCRs were normalized to the negative controls GAPDH, MYOD1 and GAPDH, respectively. (A) DXR/NT,
(B) Nutlin/DMSO and (C) DMSO/NT.
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modifications. Using a genome-wide approach, we
identify a single decamer sequence as the minimal unit
of binding in human cells. Our study also reveals many
new p53 targets, some of which are frequently mutated in
cancer.

Unexpected p53 binding patterns in untreated cells and
cells treated with the solvent DMSO

Approximately 500 sites were bound by p53 in the un-
treated (NT) control cells (Supplementary Figure S1C),
but only one of these corresponded to a site associated
with a known p53 target gene. This was surprising in
light of previous reports of p53 being prebound to
known targets. However, using ChIP-qPCR, we did
observe low levels of binding to several known p53
target genes, such as the well-studied CDNK1A, consistent
with previous reports that also examined U2OS cells
(31,32). Nevertheless, the newly discovered p53 ChIP-seq
binding sites in untreated cells do not have a p53-binding
motif (Figure 2B). Recent studies in mouse embryonic
stem cells also reported p53 binding to numerous sites in
NT control cells (33,34). The absence of a p53 motif in
>90% of the p53 sites in NT cells (Figure 2B) suggests one
of the following possibilities: p53 binding to DNA struc-
tures, indirect binding of p53 through other TFs such as
those presented in Supplementary Table S3 or non-specific
binding. Furthermore, many of the sites bound by p53 in

NT cells are not bound by p53 after the various drug
treatments (Supplementary Figure S1C).

Surprisingly, the number of DMSO-induced p53 sites
was comparable with that after DXR treatment, and the
majority of these sites contained a p53 motif (Figure 2B).
The validation of several of these sites by ChIP-PCR con-
firmed that DMSO treatment induced �2-fold more p53
occupancy at most of the 36 sites tested in comparison
with the NT condition. In support of our findings,
Nikulenkov et al. (11) also recently reported p53 binding
globally in mock-treated MCF7 cells, although the nature
of the control solvent was not described. Little change in
p53 protein level was observed after 24 h treatment with
0.1% DMSO, consistent with other reports (35,36). Thus,
the effects of DMSO are not simply owing to a change in
p53 levels (Figure 1A and Supplementary Figure S1A).
The general view of a relationship between p53 levels,
binding and transcriptional activation are challenged by
our findings with DMSO. Despite the appearance of
nearly 3000 p53-binding sites (Figure 1B), DMSO treat-
ment affected the expression of only 20 genes, none of
which had associated p53 binding (Figure 3B), suggesting
DMSO modulates p53 binding specificity and/or chroma-
tin structure. These data support the conclusions that (i)
p53 binding does not predict transactivation, (ii) DMSO
may not be an appropriate control to assess p53 binding/
function and (iii) DMSO treatment could be used as an
agent to poise p53 binding without any transactivation.

Figure 5. Validation of new p53 direct target genes. Real-time PCR validation of newly identified putative p53 targets in U2OS cells using shRNA-
mediated silencing of p53 expression. Parental U2OS cells treated with (A) no shRNA, (B) scramble (control) shRNA, (C) p53shRNA 3755 or
(D) p53shRNA 3756. mRNA levels were quantified in U2OS cells 24 h after NT, DMSO, DXR or Nutlin treatment using qRT-PCR and normalized
to GAPDH. mRNA levels are shown as fold change after treatment relative to the NT control. Expression of the CDKN1A gene was used as a
positive control. Shown are averages of three independent experiments. The dashed line corresponds to a 2-fold change in expression. Error bars
represent standard deviation (SD).
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Dramatic discordance between DXR- and Nutlin-induced
p53 binding and expression

Although >50% of the Nutlin-induced expression changes
also were induced in response to DXR, this overlap was
reduced to 33% when one considers only genes that bind
p53 near a TSS (Figure 3A and F). The limited overlap
among the differentially expressed genes after DXR or
Nutlin treatments is consistent with previous reports of
p53-mediated stress-specific transcriptional responses
(37–40). We choose a 24 h time point because this is a
common window used in the field for several of the
activating p53 drugs, including those used in our study.
In addition, given that therapeutic treatments with the
agents we used are continuous and can be long-term, we
consider our experimental design as a reasonable
approach for addressing the consequences of drug treat-
ment of tumors with chemotherapeutic agents. In a recent
study that also used U2OS cells, only 36% of the changes
in gene expression overlapped following treatment with
Actinomycin D or Etoposide for 24 h (12).

The differential regulation of genes in response to the
various stresses is thought to result in part from post-
translational modifications of p53 (and probably other
proteins) through treatment-specific activation of various
signaling pathways and/or recruitment of various co-
factors and binding proteins (1,2). Acetylation of the
p53 DNA-binding domain was shown recently to be
required for transactivation, but not for sequence-
specific binding (41). The relatively small number of ex-
pression changes for Nutlin treatment might be due to few
p53 post-translational modifications (42) as compared
with the effects of DXR treatment (43).

We also found substantial differences in p53 binding
after the various treatments. After DXR or DMSO treat-
ments, nearly 50% of the sites bound by p53 overlapped.
However, for Nutlin, <5% overlapped with DXR and
DMSO sites. The large increase in sites after Nutlin
compared with DXR treatment was unexpected and
suggests that Nutlin treatment leads to changes in chro-
matin architecture or nucleosome occupancy that are not
anticipated for a drug selected for its specific effect on the
interaction between p53 and MDM2 (42).

To address possible changes in chromatin after drug
treatment, we examined H3K4me3 and H3K27me3 modi-
fications. Previously, H3 and H4 histone acetylation
changes were observed for 20% of target genes in
human cells when p53 is overexpressed (44) or after
5-fluorouracil treatment (45), whereas different patterns
of H3K4 di- and H3K27 tri-methylation were detected
in repressed versus activated p53 genes in mouse embry-
onic stem cells (34). Of the 36 genes examined in depth, a
strong relationship between p53 binding and changes in
H3K4 trimethylation, a modification generally associated
with gene activation, was observed. Here, we establish that
increases in H3K4me3 is actually a marker specific to
binding, as 69–86% of bound sites following DMSO,
DXR or Nutlin treatment were accompanied by increases
in H3K4me3, regardless of changes in gene expression.
Unlike H3K4me3, the decrease in H3K27me3 was treat-
ment specific and did not relate to binding or expression.

No direct association between p53 binding and induced
gene expression changes was found after activating p53, as
four times as many genes changed expression after DXR
than after Nutlin treatment, even though Nutlin induced
six times more p53 binding sites. Comparing our binding
and gene expression results in U2OS cells with those from
Smeenk et al. (12) using 24 h treatments with Actinomycin
D or Etoposide, we found 270 common p53 binding sites
that are near a TSS for all treatments (DMSO, DXR,
Nutlin, Etoposide and Actinomycin D; Supplementary
Data Set 6). However, only 11 genes associated with
those p53-binding sites were upregulated in common
after treatment with DXR, Nutlin, Actinomycin D or
Etoposide (excluding DMSO). This finding suggests a
common p53 binding profile that precedes a stress-
specific response. Overall, as was established for DMSO,
binding alone is not sufficient for inducing p53-mediated
changes in expression.

The p53 minimal unit of binding in vivo is a half-site

The commonly accepted p53 consensus motif is two
decamers with a spacer that can extend to greater than
10 bp based on in vitro results (5,6). Recent genome-wide
p53 binding studies have shown that the most prevalent
p53 binding motif, regardless of treatment, lacks any
spacer. Similarly, we found that the predominant p53
motif bound after DMSO, DXR or Nutlin treatments is
a 20-mer sequence comparable with that in recent reports.
In addition, we established that in vivo p53 can bind just
one decamer sequence (half site).
The in vivo low incidence of p53-bound sites with

decamers separated by a spacer relative to tandem
decamers without spacers was unexpected, given the
widely accepted views of p53 binding being relatively in-
dependent of spacer length based on in vitro studies
(46,47) As the likelihood of two decamer sequences in
the genome is equal, regardless of whether they occur
next to each other or are separated by a spacer, the
number of two decamers separated by up to 15 bases is
expected to be 15 times more prevalent than those
separated by a zero spacer. But we observed that p53
sites containing decamers separated by up to 15 bases
was >37 times less common than those containing a
zero spacer (Figure 2B). These results are consistent with
our previous findings, where we showed a higher p53
binding affinity for 0 or 1 base spacers compared with
two or more base spacers (48).
Remarkably, the number of half sites bound by p53 is as

much as half of the total number of p53 sites containing
two decamer sites separated by 1–15 nt spacers. Before
this, no studies had addressed genome-wide p53 binding
to half sites, although we had previously demonstrated
p53 binding to half sites and transactivating at some
half-site targets to levels comparable with full sites
(26,49). In vitro binding by dimer p53 molecules to half
sites has been reported, and recent p53-DNA crystal struc-
tures were based on half sites (50,51). As the DNA-
binding domain is the most highly conserved domain
among p53 family members, it is likely that some half
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sites may serve as regulatory binding sites for other p53
family members, as demonstrated for p63 and p73 (49,52).
ChIP-over-Input fold enrichment is a good indicator

of binding affinity/stability (16). The lack of difference

in ChIP-over-Input enrichment between p53 sites contain-
ing half sites versus full sites with up to 15 nt spacer
(Figure 2B) suggests that p53 binding to decamers
separated by a spacer is comparable with p53 binding

Figure 6. Proposed models for p53-DNA interaction at half-sites (1 decamer) and full sites (two decamers) with and without a spacer. The minimal
p53-binding unit is a half site composed of the consensus decamer RRRCWWGYYY (except for the NT control) based on binding to half sites
(decamers) and full sites (two decamers) with a spacer. The binding models assume that p53 exists as a dimer and tetramers are formed following p53
dimer binding to a target sequence. p53-bound half sites as well as full sites containing a spacer are much less frequent across the genome than full
sites with zero spacer. (A) Efficient tetramer binding at full sites with zero spacer. Strong interactions between dimers and target sequences can occur
when the dimers bind to a pair of decamers with no spacer. The dark grey ovals indicates possible changes in p53 (such as configuration) that enable
the strong binding. (B) Binding to a half site, which is much less efficient than to a full site with no spacer, could be due to weaker interactions of the
decamer sequence with just one p53 dimer or with a dimer of dimers, where one dimer makes contact with the decamer sequence, whereas the second
dimer interacts non-specifically with nearby DNA. (C) Binding to a full site with a spacer is proposed to occur through p53-decamer interactions that
are described for the half sites in (B) with the additional possibility of weak interactions between the two bound p53 dimers (lower left panel).

7298 Nucleic Acids Research, 2013, Vol. 41, No. 15



one of the decamers. The pattern of p53 binding in vivo at
half sites and spacer-containing sites lead us to propose a
model (Figure 6) in which the decamer is the minimal unit
of p53 binding across the human genome, and that two
decamers with a zero spacer are highly preferred for
stable/stronger binding.

New p53 targets are associated with cancer

Recent advances in whole-genome sequencing of cancers
allowed us to explore possible relationships between the
219 differentially expressed and p53-bound putative p53
target genes and cancer-associated mutations. We found
seven genes, CDC27, EPHA5, NF2, ABCA12, ASCC3,
CDH10 and SCN2A that were frequently mutated in
human tumors. These genes, which are described in
detail in Supplementary Data Set 5, are involved in differ-
ent biological processes such as cell cycle regulation
(CDC27), nervous system development and signaling
(NF2, EPHA5, SCN2A), lipid metabolism (ABCA12),
cellular adhesion (CDH10) and DNA repair (ASCC3).
All these genes have been associated with the development
of different diseases and malignancies. Mutations in the
tumor suppressor gene NF2 (also known as Merlin)
synergize with p53 mutations in the development of men-
ingiomas and other neural crest-derived tumors (53–56).
The NF2 gene product is involved in interactions between
components of the cytoskeleton and the cell membrane.

In addition, from the set of validated p53 target genes,
we found that the FBXW7 gene (F-box WD repeat
domain containing 7) was the only previously identified
p53 target highly mutated in several types of tumors
including hematopoietic and lymphoid tissue, large
intestine, endometrium and biliary tract tissues
(Supplementary Data Set 5). FBXW7 is a tumor suppres-
sor gene that encodes an E3 ubiquitin ligase, which is part
of the SCF ubiquitin ligase complex that mediates ubiqui-
tin-dependent proteolysis of several key oncoproteins,
such as Cyclin E1, c-Myc and c-Jun (57,58). Mutations
or deletions in FBXW7 are commonly associated with
endoreduplication, thereby altering cell cycle progression
and chromosome stability. FBXW7 and TP53 mutations
have been associated with intestinal and gastric tumors,
contributing to a poor prognosis (59,60).

Except for NF2, recurrent mutations in the other seven
genes were found in colon cancers. The frequency of p53
mutations in colon cancers is 54% (TCGA database). As
57–73% of the tumors containing mutations in one of the
seven genes are wild-type for p53, these gene mutations
may be important contributors to cancer development.

We have taken a comprehensive genome-wide ap-
proach to characterizing the p53 network that has
revealed novel aspects including binding, expression and
chromatin changes that together can dynamically influ-
ence the affinity of p53 for its target sites and participate
in the fine tuning of the p53 transcriptional network. It
will be interesting to compare responses in primary cells,
ex vivo, or after patient treatments and assess individual
variability in the network as has already been done for a
limited set of p53 target genes (8). In addition, we have
identified new p53 targets some of which are frequently

mutated in human tumors. We have gone on to sug-
gest that several of the new targets could play a role in
tumor development. Given the importance of p53 in
tumor biology, knowledge of new targets and cancer-
associated mutants is expected to help in therapeutic
approaches.
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