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Introduction

The tumor suppressor p53 is a transcription factor that, after sta-
bilization and activation through a variety of posttranslational 
modifications in response to stress,2 regulates the expression of 
an extensive network of genes.3 Upon sequence-specific bind-
ing, p53 can activate transcription at some targets4 and repress 
it at others.5 p53-dependent transcription drives the cellular 
responses to stress, such as DNA repair, cell cycle arrest, senes-
cence and apoptosis, but also a number of recently recognized 
programs in cell metabolism and development, including fertil-
ity, neural development and cell differentiation.6,7 p53 binds as a 
tetramer to a consensus sequence motif containing two decam-
ers RRRCWWGYYY separated by a spacer of 0–14 nt.8,9 More 
recently, p53 was shown to modulate transcription by binding 
to half or three-quarter sites.10 It also can bind to simple repeats 
and a variety of DNA structures and mismatches, although these 
have not been shown to affect transcription.11,12 Binding of p53 to 
DNA is highly cooperative,13 which has been proposed to be par-
ticularly important at imperfect binding sites.14 Despite the fact 
that 20% of the putative p53 binding sites contain one or more 
CpG dinucleotides, and p53 binding was proposed to be affected 
by their methylation state,15 the impact of DNA methylation on 
p53 genome-wide binding has not been investigated in vivo.

Given the importance of site-specific binding to DNA for 
p53-mediated transcriptional regulation (the majority of p53 
cancer-associated mutations alter its DNA binding domain), 
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extensive efforts are being directed toward the experimental iden-
tification of p53 genomic binding sites. The question of how p53 
discriminates between the hundreds of thousands of potential 
p53 binding sites predicted in the human genome by bioinfor-
matics analyses still remains unresolved.16 Over the past 20 years, 
studies, primarily on individual genes, have identified and experi-
mentally validated about 200 functional p53 response elements 
(p53 REs) in the human genome.3,17 Recent advances in sequenc-
ing technologies combined with chromatin immunoprecipitation 
(ChIP) have lead to the identification of thousands of p53 bind-
ing sites, providing unmatched opportunities for analysis and 
comparison of the global genomic p53 binding pattern under 
different experimental conditions. Notably, all de novo p53 bind-
ing studies published to date18-25 have used cancer-derived cell 
lines. Binding of transcription factors (TF) to DNA is known to 
be context-dependent, governed in vivo by chromatin architec-
ture and epigenetic modifications,26 and these are subjected to 
major changes during tumor development.27 Thus, p53 binding 
in cancer-derived cell lines may not accurately reflect binding in 
normal cells, and this may be a major limitation to understand-
ing p53 functions in normal cells. Such a hypothesis is supported 
by recent findings that upon exposure to genotoxic stress, the 
majority of p53 binding sites examined by ChIP-chip were found 
occupied in cancer or immortalized cells but not in primary nor-
mal cells.28 Genome-wide binding studies combined with histone 
modification and DNA methylation maps in both normal and 
cancer cell types can help place p53 binding in the context of 
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as wide (Fig. S2D) and ~6% as low enrichment regions (Fig. 
S2E). The fourth type, ChIP-seq peaks correlating with Input-
seq (Fig. S2F), were removed from the high-confidence set. The 
region of chromosome 22 used as a negative control for p53 bind-
ing (Fig. S2G) showed a low Input-seq background and no p53 
ChIP-seq enrichment.

validation of p53 ChIP-seq results. We validated the ChIP-
seq findings by analyzing the p53 binding sites at the canonical 
p53 target CDKN1A, by comparing the high-confidence peaks to 
168 reference p53 REs (individually studied functional binding 
sites) and by a small-scale qPCR validation on independent ChIP 
samples.

p53 binding at the CDKN1A locus. CDKN1A (p21) is a 
cyclin-dependent kinase inhibitor that controls cell cycle progres-
sion and has been extensively studied for transcriptional regula-
tion by p53. Five p53 binding sites (A–E, Fig. 1b) have been 
reported in the CDKN1A locus.32 Two of them, at -2,241 bp and 
-1,354 bp from the major TSS (sites C and D, Fig. 1b), were first 
described by El-Deiry et al.8 and have since been confirmed by 
many others. A third site was reported at -111 bp from an alter-
native TSS33 corresponding to position 3,256 bp downstream of 
the major TSS (site E, Fig. 1b). A fourth site (B, Fig. 1b) was 
reported at position -3,969 bp relative to the major TSS,34 and a 
site at -11.7 kb from the major TSS (A, Fig. 1b) was identified 
and confirmed in the ChIP-PET study23 and was later shown to 
regulate p53-dependent lincRNA-p21 transcription.35

Among the 743 high-confidence ChIP-seq peaks, we identi-
fied four in the CDKN1A locus. Three were located at sites A, C 
and D (Fig. 1b), and one (site F), not characterized previously, 
was located 3,956 bp downstream of the major TSS, close to 
spliced human ESTs (Fig. 1b). Sites B and E were not identified 
by ChIP-seq peaks. p53 enrichment was analyzed at each of the 
reported sites (A–E) and at the newly found site F by qPCR on 
independent ChIP samples (Fig. 1C). Validating the ChIP-seq 
results, we confirmed that sites A, C, D and F were occupied 
by p53, and we observed a good correlation between the qPCR 
enrichment and the ChIP-seq peak height. Consistent with our 
ChIP-seq data, no qPCR enrichment was detected at sites B 
and E. These two sites also were not identified by other genome-
wide studies,23,24 nor were they found to be occupied by p53 when 
the CDKN1A locus was analyzed by in cellulo genomic foot-
printing.36 However, these two sites were occupied when naked 
DNA was used in a microsphere assay but not when tested in the 
context of chromatin by a ChIP assay.37

ChIP-seq identifies previously reported, reference p53 REs. 
To verify that the genomic sites mapped by the 743 high-confi-
dence ChIP-seq peaks are, indeed, enriched for p53 binding sites, 
we compared them to previously reported functional p53 response 
elements (p53 REs). We compiled a list of 168 individually ana-
lyzed p53 REs based on two reports17,38 and updated with more 
recently published sites (Table S3). Of these, 48 p53 REs were 
identified by high-confidence peaks (Table S4A), and a strong 
correlation was observed between the peak maximum and the 
center of the reference p53RE (see BBC3, PLK3, LIF and GPX1 
in Fig. 2A). For 79% of the identified p53 REs, the distance 
between the peak maximum and the reference p53 RE center was 

chromatin in vivo and address the impact of the epigenetic land-
scape on p53-dependant transcriptional regulation.

Here, we report the first genome-wide analysis of p53 binding 
in normal human cells by ChIP-seq. The identified 743 high-
confidence peaks represent putative genomic p53 binding sites in 
IMR90 fibroblasts29 treated for 6 h with 5-fluorouracil (5-FU). 
After comparing these with binding sites previously reported in 
the cancer cell lines HCT116 23 and U2OS,24,25 we found that the 
p53 sites in the normal fibroblasts reside in a distinct genomic 
landscape significantly different from that previously reported in 
the cancer cells, pointing at chromatin as a critical factor in the 
selection of the occupied sites. We analyzed the p53 binding pro-
file in IMR90 in the context of the genome-wide map of methyl-
ated cytosines from the same cells1 and demonstrate that in these 
normal cells, p53 binding sites are enriched in hypomethylated 
DNA.

Results and Discussion

Genome-wide mapping of p53 binding sites by ChIP-seq. To 
identify stress-induced p53 genomic binding sites, we used high-
throughput sequencing of chromatin immunoprecipitated DNA 
(ChIP-seq) from IMR90 normal human lung fibroblasts treated 
for 6 h with 375 μM 5-FU. Before preparing the sequencing 
libraries, we verified p53 induction (Fig. S1A) and binding at 
known target sites (Fig. S1b). Because of systematic biases in the 
data, accurate interpretation of the ChIP-seq results requires a 
reference control sample, and we used an Input control (chroma-
tin taken before ChIP) to correct for genomic copy number varia-
tions, sonication-introduced fragmentation bias and chromatin 
accessibility.30 The p53-specific ChIP library obtained with the 
monoclonal antibody DO1 and the corresponding Input library 
were sequenced on Illumina GA 2x platform (Fig. S2A and Sup. 
methods). About 69% of the 7.4 million p53 ChIP-seq reads and 
80% of the 11.7 million Input-seq reads obtained were distinct 
sequences that mapped uniquely to the human genome (hg18), 
and these were further analyzed (Table S1).

To identify genomic locations enriched for sequencing reads, 
we used a peak-finding method (Fig. S2b, Methods) based on 
the approach of Rozowsky et al.31 A total of 6,789 p53 ChIP-seq 
peaks and 2,537 Input peaks were defined. To identify the peaks 
most likely to represent genomic p53 binding sites and to correct 
for the systematic biases noted above, we compared the ChIP-seq 
and the Input-seq data by applying two independent confidence 
tests based on binomial or Poisson distributions, requiring a min-
imum score of 99% in both, to generate a set of 1,732 ChIP-seq 
peaks significantly enriched above the Input background. After 
removing artifactual peaks (see Sup. methods), a refined set of 
1,687 ChIP-seq peaks was obtained. These were ranked by peak 
height, and a minimum height of 10 was required to derive the 
final set of 743 high-confidence p53 ChIP-seq peaks (Table S2 
and Sup. methods). An overall low correlation between ChIP-
seq and Input-seq peaks was obtained in our study; for example, 
see the overview of chromosome 6 (Fig. 1A). Four major types of 
peak profiles were observed (Fig. S2C–G). About 73% of the 743 
high-confidence peaks were classified as sharp (Fig. S2C), ~21% 
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REs, are good candidates for alternative binding sites occupied 
in IMR90 cells.

The fact that we did not find p53 binding at or near 97 refer-
ence p53 REs may be due to using only one cell type under one 
stress condition, while the list of 168 reference REs was compiled 
based on studies in various cell types and treatments, or it may 
be due to technical limitations. By comparison, our analysis indi-
cated that 25 of the 168 reference p53 REs were identified by 
high-confidence PET3+ clusters in the genome-wide study of Wei 
et al.23 and 32 by high-confidence sites in the ChIP-chip study of 
Smeenk et al.24

qPCR validation. We chose 45 high-confidence ChIP-seq 
peaks for validation of p53 binding by qPCR; 22 of them were 
selected randomly among peaks with height of 25 or below 
(see Fig. S5), 7 overlapped known p53 REs, and 16 were not 
reported previously, some of which are discussed below. A good 
correlation was observed between ChIP-seq peak height and the 

less than 50 nt, and for 52%, it was less than 20 nt (Table S4A 
and Fig. S3A). In addition to these 48 reference p53 REs, another 
14 were identified by peaks excluded from the final set of 743 
high-confidence peaks (see Table S4b), suggesting that bona fide 
p53 binding sites of low enrichment may be underreported.

Next, we looked for peaks in the vicinity of reference p53 
REs not identified by ChIP-seq that might represent “alterna-
tive” binding sites. We examined the corresponding target genes 
(including the 25 kb upstream and 5 kb downstream regions) and 
found nine ChIP-seq peaks at such “alternative” sites (see exam-
ples in Fig. S3b). All of them had at least one p53 binding site 
within 20 nt of the peak maximum predicted by the p53MH 
algorithm;16 four of them were also identified by the p53 ChIP-
PET genome-wide study23 (e.g., PHLDA3 and ATF3, Fig. S3b), 
and two of them were targeted for validation and confirmed by 
qPCR (MAD1L1 and NOTCH1, Fig. S4). Therefore, these nine 
sites, located in the vicinity of previously reported reference p53 

Figure 1. p53 ChIP-seq map at the CDKN1A locus. (A) Overview of chromosome 6. Plotted are ChIP-seq (red) and Input-seq (blue) coverage maps. 
(B) ChIP-seq map across a 35 kb genomic region of the CDKN1A locus. Previously reported p53 binding sites A–E (marked with vertical gray lines) and 
the newly identified site F are shown. Other features plotted include CGIs (olive green), RefSeq genes (dark blue), spliced ESTs (magenta) and p53 PET3+ 
clusters23 (orange), all downloaded from the UCSC Genome Browser (hg18) and p53 binding sites predicted by p53MH algorithm16 (green). For details, 
see Supplemental Methods. (C) qPCR validation of p53 binding at CDKN1A. For each site, the hg18 coordinates and the distance to the TSS (CDKN1A 
transcript NM_000389) are shown. The position of the peak maximum is shown for site F. The indicated region from chr22 was used as a negative con-
trol for p53 binding. Enrichment is calculated as percentage of Input; average results are shown from duplicate qPCR samples. FU,  6 h treatment with 
5-FU; NS, no stimulation; DO1, ChIP with p53 specific DO1 antibody; IgG, ChIP with non-specific IgG.
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promoters (see below and Table S5); it is located at the 5' end 
of both C18orf5 and TYMS, the latter of which encodes the 
enzyme thymidylate synthase, a primary target for anticancer 
therapy with 5-FU.43 This finding is interesting not only because 
it is widely accepted that the TYMS expression level and the p53 
status are the major determinants of a cancer cell’s response to 
5-FU therapy, but also because p53 was shown to repress the 
mouse Tyms gene transcription.44

At the promoter of NEAT1, which encodes for an abundant 
ncRNA that is an integral component of the nuclear paraspe-
cles,45 high-confidence ChIP-seq peak ID 37 was confirmed 
(Fig. 2b and Table S2). Paraspeckles are discrete ribonucleopro-
tein bodies in the nucleoplasm of mammalian cells that are asso-
ciated with hyperediting of mRNAs containing inverted repeats 
(such as Alu) performed by ADARs (adenosine deaminases act-
ing on RNA).46 Transcription of NEAT1 recently was shown 
to be essential for both de novo assembly of paraspeckles and 
their maintenance.47 p53 is known to bind to some Alu repeats, 
which have been implicated in shaping the p53 transcriptional 
network.48,49 Now, our finding of p53 binding at the NEAT1 
promoter opens up the possibility for potential p53-mediated 
regulation of the NEAT1 transcription, with a possible impact 
on the expression of hundreds of genes that contain Alu repeats 
in their 3'-UTRs50 through RNA editing. Interestingly, p53 
was recently implicated in the only other known pathway for 
RNA editing, which is performed by APOBEC 51 (restricted 
to the small intestine in humans, affecting few genes). In 
addition, a low level of NEAT1 mRNA was speculated to be 

enrichment level measured by qPCR on independently obtained 
ChIP samples, supporting the semi-quantitative nature of the 
ChIP-seq data (Fig. S7). Enrichment levels obtained from mock 
ChIP samples using non-specific IgG were low and showed no 
such correlation. Our qPCR validation, although done on a small 
scale, suggests that the majority of the 743 high-confidence peaks 
represent enriched p53 binding locations under the conditions of 
the experiment.

Examples of newly identified, confirmed p53 binding sites. 
High-confidence peak ID 99 (Table S2) located in the first intron 
of LMNA (Fig. 2b) was validated by qPCR. This gene encodes 
for lamins A and C, the major components of the nuclear lam-
ina, which provide a scaffold for the assembly and regulation of 
a variety of protein complexes involved in the control of nuclear 
integrity and gene expression.39 Mutations in LMNA cause lami-
nopathies in humans, including aging-associated pathologies. 
Activation of p53 by mitomycin C in HCT116 cells was reported 
to induce transcription of lamin A and C, but p53 binding at that 
locus was not examined.40

At the promoter of DCP1B (Fig. 2b), we confirmed high-
confidence peak ID 42 (Table S2). DCP1B is homologous to 
DCP1A, which encodes a core component of the decapping com-
plex involved in nonsense-mediated mRNA decay,41 a quality-
control pathway found in all eukaryotes that is responsible for 
degrading mRNAs harboring a premature termination codon, in 
which p53 has been previously implicated only indirectly.42

The validated high-confidence peak ID 84 (Fig. S6A and 
Table S2) belongs to the group of 31 peaks found at bidirectional 

Figure 2. p53 ChIP-seq validation. (A) Examples of ChIP-seq peaks that coincide with the reference p53 REs (see Table S4A) at the target genes 
BBC3, PLK3, LIF and GPX1. ChIP-seq (red) and Input-seq (blue) coverage maps in 5 kb regions are plotted and centered at the reference REs (marked 
with vertical gray lines). All annotated features shown (e.g., RefSeq genes, CGIs, p53 PET3+ and p53MH predicted binding sites) are as indicated on 
Figure 1. (B) Examples of newly identified binding sites validated by qPCR at the genes LMNA, DCP1B and NEAT1. Average enrichment is calculated as a 
percentage of Input; results shown are from duplicate qPCR samples. FU, 6 h treatment with 5-FU; NS, no stimulation; DO1, ChIP with p53 specific DO1 
antibody; IgG, ChIP with non-specific IgG.
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to RefSeq genes (e.g., 10-5 kb to TSS, 5-2 kb to TSS, intron, 
exon, etc.; for details, see Table S6A). About half of the high-
confidence ChIP-seq peaks were associated with a single region of 
the 12 analyzed, while 24% were associated with multiple regions 
(Fig. 4A). The genomic distribution of peaks associated with a 
single region is presented in Figure 4b. Strikingly, 43% of these 
ChIP-seq peaks reside within 2 kb of a TSS, but only 6% of the 
Input-seq peaks do. The major difference between the ChIP-seq 
and Input-seq peaks’ distributions is in the immediate vicinity 
of a TSS, otherwise they were similar (see also Tables S6b and 
S6C). Such high enrichment close to TSSs is characteristic of 
functional p53 binding sites. By our analysis, 72% of the 168 
reference p53 REs (Table S3) are located within 2 kb of their 
target gene TSS.

About 4% of the high-confidence peaks in IMR90 cells were 
located at bidirectional promoters (at genes arranged head-to-
head on opposite strands with closely spaced TSSs, Table S5 and 
Fig. S6). Although a significant number of human genes share 
bidirectional promoters, the mechanisms for their regulation 
are largely unknown; while some gene pairs are co-, others are 
anti-regulated.55 Among the genes identified by high-confidence 
ChIP-seq peaks, two pairs of well known p53 target genes, APAF1 
and IKBIP56 and PTEN and KILIN,57 were experimentally shown 
to share promoter elements. Another identified pair was FAS and 
ACTA2 (Fig. S6b). While the short ACTA2 transcript is known 
to be regulated by p53 via a functional RE,58 the longer ACTA2 
transcript (shown on Fig. S6b) shares a bidirectional promoter 
with the FAS gene. Notably, among the ChIP-seq-identified 
genes with bidirectional promoters, those involved in apoptotic 
responses are well-represented, while apoptotic genes overall are 
underrepresented among the human genes with bidirectional 
promoters.59

p53 binding patterns in ImR90 and HCT116 cells are dis-
tinct. Previous studies have pointed out the limitations of using 

a marker of pluripotency,46 while reducing the p53 activity 
was shown to improve the efficiency of inducing pluripotent  
stem cells.52

p53 ChIP-seq peaks are highly enriched for putative p53 
binding sites. Several algorithms have been developed for pre-
dicting putative p53 binding sites.16,23,24,53,54 For analysis of the 
identified ChIP-seq peaks, we used the p53MH algorithm16 and 
demonstrated that the ChIP-seq peaks are enriched for puta-
tive p53MH sites, unlike the Input peaks. The enrichment was 
tightly confined within a 100 nt window centered at the peak 
maximum (Fig. 3A). Half of the 743 high-confidence ChIP-
seq peaks (50.3%) had a predicted p53MH site within 50 nt 
of the peak maximum, more than 7-fold enrichment above the 
Input (6.7%). In the context of the peak height, ~31% of the 
peaks with a height of 10–15 contained a putative p53MH site 
within 50 nt of the peak maximum; this fraction went up to 
74% for the group with peak height 16–50 and reached 94% 
for the peaks with height above 50. Taking into account that the 
p53MH algorithm was trained on a relatively small set of p53 
binding sites and the ability of p53 to bind half-sites and sites 
significantly deviating from the consensus binding motif,10,38 the 
p53MH algorithm may have missed actual binding sites.

p53 ChIP-seq peaks are highly enriched at TSSs. The func-
tions of p53 as a transcription factor are associated with binding 
to gene promoters.3 Thus, we analyzed the peaks’ proximities to 
TSSs (UCSC). Compared with the Input-seq peaks, the ChIP-
seq peaks demonstrated a clear enrichment within 2 kb of a TSS 
(Fig. 3b). Most ChIP-seq peaks (76%) were gene-associated, and 
only 24% were intergenic, unlike the Input-seq peaks (Table S6). 
More than half of the intergenic ChIP peaks were close to human 
ESTs, and 20% were within 5 kb of the 5' end of a spliced human 
EST (UCSC), thus some may be associated with unannotated, 
alternative TSSs. For analysis of the distribution of gene-asso-
ciated peaks, we considered 12 non-overlapping regions relative 

Figure 3. p53 ChIP-seq peaks from IMR90 are strongly enriched for predicted p53 binding sites and for TSSs. (A) Distribution of p53 binding sites, pre-
dicted by the p53MH algorithm16 as a function of distance (nt) to the peak maximum. p53 ChIP-seq peaks are highly enriched for p53MH sites within 50 
nt of the peak maximum. (B) Distribution of TSSs as a function of distance (kb) to the peak maximum. p53 ChIP-seq peaks, unlike Input-seq peaks, are 
enriched for TSSs within 2 kb of the peak maximum.
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and S7b), suggesting differences 
in the p53 binding site occupancies 
between IMR90 and HCT116 cells.

Next, we compared the three sets of 
sites (the 130 sites common to the two 
cell types, the 181 PET3+ identified 
sites found only in HCT116 and the 
613 sites identified by ChIP-seq only 
in IMR90 cells) with respect to vari-
ous genomic features and found signif-
icant differences (Table S9). The sites 
found only in IMR90 cells were less 
enriched in repeats (24%) and signifi-
cantly more enriched at genes (74%); 
notably, 52% of them resided in CpG 
islands (CGIs). Those found only in 
HCT116 cells were far more enriched 
at repeats (65%), less enriched at 
genes (47%) and were virtually out-
side CGIs (1%). The sites common to 
the two sets had intermediate charac-
teristics with respect to proximity to 
genes, CGIs and repeats (Table S9); 
however, they had higher enrichment 
for p53MH-predicted sites.16 To verify 

that the differences observed with respect to proximity to genes, 
CGIs and repeats reflect the general behavior of the data sets and 
not just a small fractions of those, we repeated the analysis using 
various subsets (including the top ranked sites) and obtained 
similar results.

We conclude, therefore, that while many strong p53 binding 
sites are likely to be occupied after stress in both IMR90 and 
HCT116 cells, not only are the majority of the identified sites 
different, but more importantly, they have distinct genomic char-
acteristics (e.g., proximity to genes and repeats, distance to TSS 
and enrichment in CGIs).

p53 binding sites in normal ImR90 cells are enriched 
at CGIs unlike in cancer cells. p53 binding sites’ differences 
between IMR90 and HCT116 cells could reflect differences 
between normal and cancer cells or differences between cell 
types. If the former is correct, we should see similar results upon 
comparing the IMR90 sites with the binding sites reported in 
cancer cells derived from other tissues. To test this hypothesis, we 
analyzed the two sets of binding sites identified in U2OS osteo-
sarcoma cells by ChIP-chip24 and by ChIP-seq.25 Both studies 
used cells treated for 24 h with actinomycin D.

Nearly half (44.5%) of the 743 high-confidence binding sites 
in IMR90 cells resided in CGIs in marked contrast to less than 
5% of the sites in any of the cancer cell studies (Fig. 5). A simi-
lar striking disparity is seen in the fraction of sites near TSSs. 
Thirty-seven percent of the high-confidence sites in IMR90 cells 
are located within 1 kb of a TSS, which is true for only 4% of the 
PET3+ clusters (HCT116), 4.7% of the ChIP-chip sites (U2OS) 
and 5.4% of the ChIP-seq sites (U2OS). Further analysis of the 
top and bottom fractions of these sets demonstrated that despite 
the variations seen between the highest and lowest rank sites 

cancer-derived cells for studying wild-type p53 functions in nor-
mal cells.60 Since ours is the first genome-wide study to map p53 
binding sites in normal human cells, we compared them with 
sites previously reported in cancer-derived cell lines, choosing the 
ChIP-PET study in HCT116,23 because both sequencing studies 
were conducted under the same conditions (6 h treatment with 
375 μM 5-FU), and the annotated locations from both were 
ranked (by peak height and number of cluster members), allow-
ing for a more accurate comparison. According to Wei et al.,23 
PET3+ clusters (composed of at least three overlapping ChIP 
fragments) are most likely to represent true p53 binding sites; 
thus, we compared them with the high-confidence ChIP-seq 
peaks identified in IMR90 cells (Table S2).

Among the 743 ChIP-seq peaks, 130 overlapped with PET3+ 
clusters (Table S8), identifying p53 binding locations common 
to IMR90 and HCT116; 613 ChIP-seq peaks were not identi-
fied by PET3+ clusters, and 181 PET3+ clusters were not identi-
fied by high-confidence ChIP-seq peaks. Twenty-one of the 130 
binding sites common to both studies intersected reference p53 
REs (from the list of 168, Table S3) and at four locations ChIP-
seq and ChIP-PET agreed on “alternative” binding positions in 
proximity to the reference REs (for examples, see Figs. S3b and 
S4b). The overlapping sites tended to be the strongest binding 
sites in both studies (28% of PET3 clusters and 52% of PET5 
clusters overlapped with high-confidence ChIP-seq peaks, Table 
S7A). Similarly, ChIP-seq peaks with height of 31–50 were more 
likely to overlap with PET3+ clusters than peaks with height of 
16–20 (Table S7b). Greater overlap between the higher ranked 
sites is expected in genome-wide studies.61 Interestingly, 30% 
of the top ranked PET7+ and 36% of the top ranked ChIP-seq 
peaks with a height of 51–205, did not overlap (see Tables S7A 

Figure 4. Genomic distribution of p53 binding sites in IMR90 cells. (A) Gene-associated ChIP-seq (red) 
and Input-seq (blue) peaks are categorized as either “single,” located in only one of the genic regions 
defined below and typically associated with a single transcript, or “multiple,” located in more than one 
genic region due to proximity to more than one transcript. Intergenic peaks are located outside the 
boundaries of any gene extended 20 kb upstream and 5 kb downstream. (B) Breakdown of the relative 
positions for the peaks associated with single genic regions shows ChIP-seq peaks tightly clustered 
in the immediate vicinity of TSSs. The following non overlapping genic regions were considered for 
this analysis: 20–5 kb to TSS, 5–2 kb to TSS, 2 kb ± TSS, 2–5 kb downstream of TSS, intron or exon 0 
(if > 5 kb downstream of TSS) and within 5 kb downstream of transcription end site (TES) (see Table S6 
for details).
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and in distal CGIs (Fig. 6F), are hypomethylated. More impor-
tantly, there is a significant decrease in the relative methylation 
density around the p53 peaks in distal CGIs compared with the 
bulk of the genomic distal CGIs (Fig. 6F), suggesting that p53 
binding at CGIs is generally enriched at hypomethylated tracts.

Mammalian TFs often contain CpGs in their recognition 
sequences, and their methylation state can directly affect protein 
binding. Preference for hypomethylated binding sites has been 
documented for proteins such as SP1, CREB and CTCF.64,65 
Limited data are available for p53; however, estimates suggest 
that about 20% of the predicted genomic binding sites contain a 
CpG. Analysis of p53 binding in vitro using fluorescence anisot-
ropy titration showed similar p53 affinity to methylated and 
unmethylated oligonucleotides, and in some cases, when multiple 
CpGs were present, stronger binding was reported to methylated 
DNA.15 We, on the other hand, looked at p53 genomic binding 
in cells, where the binding patterns might be significantly modu-
lated by the chromatin structure. In the context of chromatin, 
p53 binding is not determined purely by DNA binding affinity.37

The hypomethylation observed at the p53 ChIP-seq peaks in 
IMR90 cells has a broad profile, spanning ~3 kb for the peaks 
in CGIs (Fig. 6E and F) and ~1 kb for the peaks outside CGIs 
(Fig. 6C), arguing that the hypomethylation is a property of the 
genomic regions surrounding these binding sites. Our data sug-
gest that in the normal IMR90 cells p53 binding sites primar-
ily reside in hypomethylated CGIs and other hypomethylated 
genomic regions. This in vivo binding preference is supported by 
a recent study which showed that in endometrial tumor samples, 
CGI promoter methylation at survivin/BIRC5 prevented p53 
from binding.66 Cancer development is known to be associated 
with substantial epigenetic changes, DNA hypomethylation on 

in IMR90, their distributions remain 
clearly different from the cancer data 
sets (Fig. S8).

The similar features of the p53 bind-
ing sites in HCT116 and U2OS cells 
(depletion at CGIs, away from TSSs), 
although they were derived from dif-
ferent types of cancers and treated with 
different agents and times, are in strik-
ing contrast with the features of the 
IMR90 sites (close to TSSs, enriched at 
CGIs). These results are consistent with 
our hypothesis that the differences in 
the p53 binding between IMR90 and 
HCT116/U2OS cells likely reflect dif-
ferences between normal and cancer 
cells rather than differences between 
fibroblasts and epithelial cells. Such an 
interpretation is supported by the find-
ings of Shaked et al.,28 who used an array 
of 62 functional p53 REs and 540 PET 
loci to examine p53 binding by ChIP-
chip in the cancer cell lines HCT116 
and U2OS, in immortalized human 
fibroblasts and in primary peripheral 
blood mononuclear cells (PBMC). Importantly, the immortal-
ized fibroblasts behaved as the cancer cells and did not show 
selective p53 binding at the majority of the tested sites, while 
the normal PBMC cells showed distinct p53 binding in a stress-
dependent manner. The finding that in normal IMR90 cells, the 
p53 binding sites are close to TSSs and in CGIs is consistent with 
the fact that 70% of the annotated human promoters are associ-
ated with CGIs, representing the most common promoter type in 
the vertebrate genome.62

p53 binding sites in normal ImR90 cells are enriched at 
hypomethylated DNA. Given the strong enrichment of the 
ChIP-seq peaks for CpGs in IMR90 (Fig. 6A), we were inter-
ested in determining if there is a correlation between the p53 
binding sites and the CpG methylation status. For this analysis 
we used the complete DNA methylation map at a single nucle-
otide resolution generated in IMR90 cells.1 The p53 ChIP-seq 
peaks correlated with DNA hypomethylation, unlike the Input-
seq peaks (Fig. 6b). This is true for ChIP-seq peaks both in CGIs 
and outside CGIs (Fig. 6C). The hypomethylation effect at the 
peaks in CGIs is profound, centered at the peak maximum with 
a wide profile, suggesting that it is a feature of the islands. Peaks 
out of CGIs show reduced, although obvious hypomethylation 
in a narrow, more focused region, sharply centered at the peak 
maximum.

Human CGIs can be divided in two groups, proximal and 
distal, based on their distance to the nearest TSS (Fig. 6D). 
Proximal CGIs (close to TSSs) typically are hypomethylated, 
while distal CGIs (far from TSSs, also known as “orphans”) are 
more likely to be methylated in normal somatic cells.63 Most p53 
ChIP-seq peaks are in proximal although some are in distal CGIs 
(Figs. 6D and S9). ChIP-seq peaks, both in proximal (Fig. 6E) 

Figure 5. Distribution of p53 binding sites with respect to CGIs and TSSs. Compared were high-con-
fidence sites we identified in IMR90 (743 ChIP-seq peaks) with those reported in HCT116 (310 PET3+ 
loci23) and U2OS (1516 ChIP-chip sites;24 2137 ChIP-seq sites25). p53 binding sites are highly enriched 
at TSSs and CGIs only in the normal IMR90 cells. Cells treated with 5-FU for 6 h (FU, 6 h) or with 
actinomycin D for 24 h (ActD, 24 h). ChIPs in all four experiments were done with the p53-specific 
antibody DO1.
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putative binding sites.16,23,24,53,54 Because the p53 binding sites in 
IMR90 cells are enriched at CGIs, we asked if they contained 
sequence motif(s) distinct from those reported by genome-wide 
studies in cancer cells. A de novo motif search was conducted 
on the 743 high-confidence peaks (350 nt regions centered at 
the peak maxima) using MEME 4.6.1 (see Sup. methods). The 
identified 20 nt sequence motif (spacer 0), designated as p53CSI 
(ChIP-seq identified, Fig. 7A), strongly resembled the estab-
lished p53 consensus sequence, was detected in 62% of the high-
confidence ChIP-seq peaks and was highly enriched in a 100 bp 
window centered at the peak maxima (Fig. 7b). Comparison of 
the motifs determined by the three genome-wide studies, p53CSI 
(IMR90), p53PET (HCT116) and p53scan (U2OS), showed 
that they were very similar. The two core elements (CATG) were 
well defined in all three, although p53CSI had different weights 
at some positions (Fig. 7A).

Finding p53CSI in 461 out of 743 high-confidence peaks 
left 282 peaks without an obvious p53 binding motif. We then 

a global genomic scale (particularly at repetitive sequences) and 
hypermethylation at CGIs.27 CpG methylation may induce a 
more compact and rigid nucleosome structure67 that would sig-
nificantly affect the CGIs, which normally are relatively nucleo-
some-deficient and permissive for TF binding.62 Perhaps more 
significantly, hypomethylation of the bulk of the genome might 
open access to many potential binding sites that are not accessible 
in normal cells. In this context, our findings that in IMR90 cells, 
the p53 binding sites are enriched at CGIs and in hypomethylated 
regions, while in cancer cells they are more enriched at repeats and 
outside CGIs (Table S9) may reflect the substantial epigenetic 
differences in these genomes. We suggest, therefore, that changes 
in promoter methylation during cancer progression may lead to 
changes in the chromatin structure responsible for the differences 
in p53 binding sites occupancy in normal and cancer cells.

p53 binding motif analysis. The historical p53 consensus 
sequence contains two decameric half-sites with a variable length 
spacer;8,9 several algorithms have been developed for predicting 

Figure 6. High-confidence p53 ChIP-seq peaks are enriched at hypomethylated DNA in IMR90 cells. (A) p53 ChIP-seq peaks (red), unlike Input-seq 
peaks (blue), are enriched at CGIs. The number of genomic CpG dinucleotides (hg18) is plotted in 10 nt bins as a function of the distance to the peak 
maximum. (B) p53 ChIP-seq peaks (red), but not Input-seq peaks (blue), are enriched at hypomethylated DNA. Relative methylation density (mean 
mC/C ratio) calculated from the data reported for IMR90 by Lister et al.1 is plotted as a function of distance to the peak maximum (ChIP-seq peaks) or to 
CGI centers (B, C, E and F). (C) p53 ChIP-seq peaks in CGIs (green) and out of CGIs (orange) are enriched at hypomethylated DNA. (D) Distribution of all 
human CGIs (UCSC definition) with respect to TSS. The distance (bp) from CGI center to the nearest TSS is plotted on a log scale. Proximal CGIs (within 
2 kb of a TSS) are shown in green and distal CGIs (away from TSSs) in purple. CGIs, at which high-confidence p53 ChIP-seq peaks, are found are plotted 
in red (note the change in the scale). (E) The hypomethylation level of ChIP-seq peaks in proximal CGIs (red) is similar to that of all human proximal CGIs 
(green). (F) ChIP-seq peaks in distal CGIs (red) are far more hypomethylated than the human distal CGIs (purple).
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Functional clustering of the ChIP-seq-associated genes was 
performed with DAVID, which ranks the overall enrichment of 
entire groups of enriched gene ontology terms based on func-
tional similarity (Table S10, see Sup. methods). The 20 most 
highly enriched clusters (score > 1.3) are shown in Figure 8b 
and include categories related to apoptosis, transcription activa-
tion, angiogenesis and DNA damage signaling, all well known to 
be modulated by p53.7 Clusters with a score 0.5–1.3 (Fig. S10), 
though less enriched, clearly contained p53-related terms, such 
as response to ionizing radiation, transcription repressor activity 
and cell cycle regulation.

In addition to the well-known functions in tumor suppres-
sion, p53 is implicated in regulating normal physiological pro-
cesses, such as fertility68 and immunity,69 and similar categories 
are present among the less enriched clusters (Fig. S10). p53 is 
known to affect maternal fertility by regulating LIF expression 
through a characterized p53RE,68 which we detected (Fig. 2A). 
Interestingly, a spermatogenesis-associated gene (SPATA18) 
was identified in our study. SPATA18 recently was reported to 
be regulated by p53 through a binding site in intron 1 (identi-
fied by ChIP-seq peak ID 41, Table S2) and is expressed in a 
p53-dependent manner in IMR90 cells.70 The expression of the 
same gene (under the name Mieap), was characterized in several 
human cell lines and was shown to play a role in mitochon-
dria quality control.71 Notably, SPATA18 is silenced by DNA 
methylation in several cancer cell lines, including HCT116. We 
believe that the functional clusters provided here represent a 
good source for examining potential p53-related functions in 
normal cells.

Methods

Normal human lung fibroblasts (IMR90) were obtained from 
ATCC (CCL-186) at PDL 24. Data were generated using cells 
at PDL 38–40. The p53-specific antibody DO1 (sc125X, Santa 
Cruz) and normal mouse IgG (sc2025, Santa Cruz) were used 
for the ChIP experiments. The ChIP-seq library was prepared 
from p53 ChIP DNA using 1.5 x 106 IMR90 cells treated for 

searched these with the p53MH algorithm and found puta-
tive sites in 53 peaks (all but two with spacer >0), leaving 229 
peaks without a recognized motif. Searching these with p53scan 
revealed only five more putative sites. Although we tried addi-
tional de novo motif development approaches, no significant 
motif was identified in the remaining 224 peaks. Since p53 could 
be targeted to certain locations by some of its many binding part-
ners,2 we searched the 224 peaks for known TF binding sites (see 
Sup. methods). The most significant motif reported was for SP1; 
it was broadly enriched around the peaks, more likely reflecting 
its association with CGIs. We also considered the possibility that 
p53 binds directly in a sequence independent manner to repeti-
tive or low complexity sequences that might serve as a structural 
binding motif.11 However, this is unlikely because only 6.9% of 
the peaks with no motif were in repeats (UCSC repeat masker) 
compared with 28% of the 743 peaks found in repeats.

In conclusion, the de novo developed p53CSI motif was very 
similar to those reported by genome-wide studies in cancer cells; 
therefore, the distinct p53 binding pattern in normal IMR90 
cells does not reflect a distinct binding preference to specific 
sequences. More likely, the genomic landscape (DNA methyla-
tion and associated chromatin changes) modulates the availabil-
ity of the binding sites. The lack of a p53CSI motif in 30% of the 
IMR90 high-confidence peaks could be due to general algorithm 
limitations for identifying sites that significantly deviate from 
the consensus, supported by our finding that a similar fraction 
(24%) of the 168 reference p53 REs was neither recognized by 
p53MH nor matched by p53CSI.

Functional annotation clustering of genes associated with 
p53 binding sites. p53 binding sites in normal IMR90 cells are 
tightly associated with TSSs, a distribution similar to that of 
functional reference p53 REs. We looked for the most enriched 
signaling pathways among the 686 genes associated with the 743 
ChIP-seq peaks using DAVID annotation chart analysis (see 
Sup. methods). The p53 signaling pathway showed the highest 
enrichment (8.7 fold), demonstrating that the binding sites in 
IMR90 cells are indeed associated with p53-related genes. The 
five most enriched pathways are shown in Figure 8A.

Figure 7. Motif analysis of the 743 high-confidence p53 ChIP-seq peaks identified in IMR90 cells using MEME. (A) Sequence logo depicting the p53CSI 
motif (E-value 1.2e-1059). (B) p53CSI motif distribution in the 743 high-confidence peaks. Number of p53CSI motifs found (in 20 bp bins) is plotted vs. the 
distance (bp) between the motif center and the peak maximum. Strong enrichment of the p53CSI motif is observed within 100 nt centered at the peak 
maximum.
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ChIP-chip24 and ChIP-seq25). In normal IMR90, but not in 
the cancer cells, the p53 binding sites are highly enriched close 
to TSSs and in CGIs (Fig. 5). Such p53 enrichment at CGIs, 
although not reported previously, is consistent with their pro-
posed role as TF “landing lights,” as reviewed by Illingworth and 
Bird.72 The distinct p53 binding pattern in IMR90 cells does not 
reflect affinity toward specific sequences, because the de novo 
developed motif p53CSI is similar to p53PET (HCT116) and 
p53scan (U2OS) reported by genome-wide studies in cancer 
cells.

In IMR90 cells, about half of the p53 binding sites reside in 
CGIs and mainly in proximal CGIs at promoters (Fig. 6D). Two 
types of promoters are recognized based on their core promoter 
elements, TATA-containing, focused (usually with single TSS) 
and TATA-less, dispersed (with multiple TSSs), typically found 
in CGIs.73 Although it has been known for a while that p53 tar-
gets diverse promoters, only recently was it demonstrated that 
core promoter elements directly affect p53 transcriptional regula-
tion.74 Besides that study, little is known about the core promoter 
elements “signatures” of the promoters occupied by p53.75 Here 
we showed not only that in vivo p53 is enriched at promoters in 
normal cells, but specifically at CGI promoters. It remains to be 
seen how the core promoter elements globally impact the p53 
transcriptional network.

Promoter CGIs have a specific chromatin architecture that 
acts as a platform for transcriptional regulation and epigenetic 
control. Although predicted to have high intrinsic nucleosome 
affinity,76 in vivo studies in somatic cells showed that CGIs have 
low nucleosome occupancy and a chromatin environment per-
missive for transcription, while promoters that lack CGIs have 
high nucleosome occupancy and require chromatin remodel-
ing for transcription activation.62,77 A recent study in the breast 
cancer cell line MCF7 reported that p53 was bound to regions 
with predicted high nucleosome occupancy,78 although it was 
unclear how close and to what promoters these sites were located. 

6 h with 375 μM 5-fluorouracil (5-FU, SIGMA). The Input-seq 
library was prepared from 30 ng Input DNA (chromatin sample 
taken before ChIP). After polishing and Illumina adaptor liga-
tion, ChIP and Input DNA were PCR amplified and gel purified. 
Small-scale sequencing was used to validate the libraries, which 
were then sequenced on the Illumina Genome Analyzer 2x.

Ilumina 36 nt-reads were mapped to the reference human 
genome (hg18) using in-house-developed software. Enriched 
locations were identified by adapting the method of Rozowsky 
et al.,31 whereby mapped ChIP-seq reads were used to construct a 
coverage map at each nucleotide at each genome position, yield-
ing peaks at the enriched locations. These were then filtered by 
applying statistical confidence tests, requiring enrichment over 
the Input-seq reads (background) to correct for systematic biases 
present in the data. High-confidence peak locations were entered 
into an SQL database for positional correlation with various fea-
tures analyzed (such as RefSeq genes, CGIs, repeats and reference 
p53 REs). Peak locations were used to retrieve the neighboring 
genomic DNA sequence for scanning with the p53MH algo-
rithm or for correlating with the IMR90 methylome.1 MEME 
4.6.1 was used for de novo motif analysis. DAVID 6.7 was used 
for the functional annotation clustering of the genes identified by 
the high-confidence p53 ChIP-seq peaks.

Conclusion

Despite intensive research, the mechanisms by which p53 selects 
its binding sites in vivo among all genomic sites available remain 
unclear. It is becoming more clear that conclusions from studying 
p53 functions in cancer or immortalized cells can be misleading 
if directly extrapolated to normal cells.60 In support of this, we 
found profound differences in the genomic distribution of the p53 
binding sites in normal IMR90 cells (this ChIP-seq study) com-
pared with those reported by three previous genome-wide stud-
ies using the cancer cell lines HCT116 and U2OS (ChIP-PET,23 

Figure 8. DAVID functional annotation analysis of the genes associated with high-confidence p53 ChIP-seq peaks in IMR90 cells. (A) Most highly en-
riched KEGG pathways (p-value < 0.01). Fold enrichment is shown as calculated by DAVID. (B) Most highly enriched clusters of genes with enrichment 
score above 1.3. See Table S10 for all enriched clusters.
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Note

Supplemental material can be found at:
www.landesbioscience.com/journals/cc/article/18383

Promoter CGIs typically are hypomethylated in an otherwise 
heavily methylated genome, unlike distal (orphan) CGIs, which 
are more often methylated in normal somatic cells.62 Our analysis 
of the IMR90 ChIP-seq peaks in the context of the IMR90 meth-
ylome1 showed that p53 binding sites are enriched in hypometh-
ylated genomic regions (Fig. 6). Since the major difference in the 
p53 binding between the normal IMR90 and cancer HCT116/
U2OS cells is at CGIs, and cancer development is associated with 
global genomic hypomethylation and local CGI hypermethyl-
ation; the distribution of p53 away from CGI promoters in cancer 
cells might be due to aberrant DNA methylation and associated 
chromatin changes.

Genome-wide studies are no longer just tools for identifying 
of new protein-DNA binding sites; they represent a powerful 
approach for chromatin profiling, annotation and regulatory pre-
dictions.79 The p53 transcriptional network is remarkably com-
plex and difficult to decipher one gene at a time. Genome-wide 
studies on different types of cells (normal and cancer), combined 
with histone modification and DNA methylation maps, can help 
place p53 binding in the context of chromatin in vivo to address 
the epigenetic impact on p53 dependent transcriptional regula-
tion and to provide a global view of the p53 network changes 
during cancer development.
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