CELL CYCLE
2021, VOL. 20, NO. 8, 792-807
https://doi.org/10.1080/15384101.2021.1904554

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

8 OPEN ACCESS W) Check for updates

Temporal gene regulation by p53 is associated with the rotational setting of its
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ABSTRACT

The tumor suppressor protein p53 is a DNA-binding transcription factor (TF) that, once activated,
coordinates the expression of thousands of target genes. Increased p53 binding to gene promo-
ters occurs shortly after p53 activation. Intriguingly, gene transcription exhibits differential kinetics
with some genes being induced early (early genes) and others being induced late (late genes). To
understand pre-binding factors contributing to the temporal gene regulation by p53, we per-
formed time-course RNA sequencing experiments in human colon cancer cell line HCT116 treated
with fluorouracil to identify early and late genes. Published p53 ChIP fragments co-localized with
the early or late genes were used to uncover p53 binding sites (BS). We demonstrate that the BS
associated with early genes are clustered around gene starts with decreased nucleosome occu-
pancy. DNA analysis shows that these BS are likely exposed on nucleosomal surface if wrapped
into nucleosomes, thereby facilitating stable interactions with and fast induction by p53. By
contrast, p53 BS associated with late genes are distributed uniformly across the genes with
increased nucleosome occupancy. Predicted rotational settings of these BS show limited accessi-
bility. We therefore propose a hypothetical model in which the BS are fully, partially or not
accessible to p53 in the nucleosomal context. The partial accessibility of the BS allows subunits
of a p53 tetramer to bind, but the resulting p53-DNA complex may not be stable enough to
recruit cofactors, which leads to delayed induction. Our work highlights the importance of DNA
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conformations of p53 BS in gene expression dynamics.

Introduction

In response to DNA damage, the p53 protein is
a tumor suppressor stabilized, activated and
quickly accumulated in cells. Upon activation,
p53 coordinates the expression of thousands of
genes, which fulfills important biological functions
such as cell cycle arrest, apoptosis and senescence
[1]. Different gene expression patterns have been
observed in which cell cycle arrest (CCA) genes
are induced early whereas apoptotic (Apo) genes
are induced relatively late [2]. Intriguingly, this
kinetics of induction is not correlated with the
kinetics of p53 binding to the regulatory region
of its target genes. For example, although
increased p53 binding to p21, MDM?2 and PIG3
promoters occurs within 2 hours after p53 activa-
tion, significant increases in PIG3 transcription do
not occur until 15 hours after p53 binding, much
later than p21 and MDM?2 [3]. It was suggested
that additional factors may be needed for the

transcription of target genes with delayed induc-
tion [3].

Prior research on how p53 selectively activates
target genes has proposed several mechanisms.
First, the differential affinities of p53 for DNA is
considered to be critical for the expression of CCA
and Apo genes [4-7]. This is because (a) low-level
p53 expression is associated with cell cycle arrest,
whereas high-level p53 expression is associated
with apoptosis [8], and (b) p53 binding sites (BS)
associated with CCA genes (CCA-sites) have rela-
tively higher affinities than the sites associated
with Apo genes (Apo-sites) [4]. Second, p53 with
specific post-translational modifications, certain
cofactors or transcriptional initiation components
are required for the expression of several target
genes [9-15]. Third, p53 dynamic patterns repre-
sent an important factor in determining cellular
functions including CCA and senescence [16].
Finally, post-transcriptional events such as
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mRNA half-lives of p53 target genes appear critical
for the differential expression dynamics of target
genes [17]. While most studies are focused on the
p53 protein itself, its cofactors and post-binding
events such as transcriptional machinery, little
work has been done on pre-binding factors such
as the conformation of p53 BS in the chromatin
context.

p53 is sequence-specific DNA-binding protein
[18]. A typical p53 BS is composed of two palin-
dromic, decameric half sites of the general form
RRRCWWGYYY (R = A,G; Y = CT; W = AT),
separated by 0-14 base pairs (bp) [19,20].
Biochemical and structural studies have shown
that p53 DNA-binding domain (p53DBD) binds
each decameric half site as a dimer and the two
dimers from the two half sites constitute the tetra-
mer (or dimer of dimer) [21-24]. This p53 DNA-
binding model is consistent with the observation
that p53 functions as a tetramer [25]. The model
has been corroborated by crystal structures of
a p53 core tetramer bound to DNA [26,27], in
which protein-protein and protein-DNA interac-
tions provide a molecular basis for the high coop-
erativity and kinetic stability of p53DBD binding
to DNA. Although no significant DNA bend was
observed in the crystal structures, previous studies

p53 tetramer
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in solution have illustrated that four subunits of
p53DBD can induce substantial DNA bending
[28,29], and a structural model was proposed to
put four p53DBD on the outer side of the DNA
loop, which has implications in the p53 interac-
tions with nucleosomal DNA [30] (Figure 1). This
model was later confirmed by experiments that
show p53 can interact with nucleosomal DNA [-
31-36] and this interaction depends on the rota-
tional setting of p53 BS in the nucleosome [33].

To predict the rotational positioning of nucleo-
somes, we have developed a computational
method based on the sequence-dependent bending
anisotropy [37-39]. Specifically, WW (where W is
adenine or thymine) dinucleotides preferentially
occur at nucleosomal DNA sites that bend into
minor grooves and SS (where S is guanine or
cytosine) dinucleotides are often found at sites
that bend into major grooves [40]. This method
has successfully predicted nucleosome locations
that were mapped at single base pair resolution,
including the ‘601X nucleosome [37,39]. We
further applied the method to evaluating the acces-
sibility of CCA- and Apo-sites in nucleosomes and
found that CCA-sites tend to be exposed on the
nucleosomal surface whereas Apo-sites are likely
to be buried inside [41].

Figure 1. Schematic models for p53-DNA complex (left) and p53-nucleosome complex (right). Left: The p53-DNA complex (30) is
shown schematically with four ellipses representing the p53 tetramer bound to a 20-bp DNA fragment (spacer S = 0). The p53
tetramer is laterally positioned on the external side of DNA loop. The DNA axis is represented by sticks and balls. The red balls stand
for the centers of the CNNG core motif bent into the major groove (m), and the blue ones for the junction between two half-sites
bent into the minor groove (m). Right: The histone octamer is shown as a cylinder and DNA is represented by ribbons (sugar-
phosphate backbone) and balls (centers of base pairs). The blue balls indicate the dimeric steps where DNA is bent into the minor
groove. For the “posterior” half of nucleosome, the DNA axis is represented by gray sticks. Note that conformation of the DNA
fragment bound by p53 tetramer (Left) closely resembles conformation of a 20 bp-long fragment of nucleosomal DNA (Right), in
which the center of the fragment is bent into the minor groove (blue balls). The figure is modified from ref. 57.
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Here, we hypothesize that the DNA conforma-
tions of p53 BS in a nucleosome play an important
role in expression dynamics of genes with fast
induction (early genes) and delayed induction
(late genes). In this study, we first identified early
and late genes using time-course RNA sequencing
(RNA-seq) in HCT116 cells treated with the che-
motherapeutic drug fluorouracil (5-FU) that
damages DNA and activates p53. Then we ana-
lyzed p53 BS in published ChIP fragments co-
localized with early or late genes and found that
the two sets of p53 BS differ in their locations
relative to transcription start sites (TSS) of the
genes, nucleosome occupancy and predicted rota-
tional settings in nucleosomes. Based on these
data, we propose a hypothetical model to account
for the observed discrepancy between the kinetics
of p53 binding to promoters and the kinetics of
induction of p53 target genes.

Material and methods
Cell culture

HCT116 p53 +/+ cells (from GRCF Biorepository
& Cell Center of John Hopkins University) were
grown in recommended McCoy’s 5a modified
media (Life Technologies) with 10% FBS and 1X
antibiotic mix. Cells were grown in the media at
37°C with 5% CO, in 35 mm plates until 70-80%
confluence. At 6, 12 or 24 hours prior to RNA
extraction, the media was changed and 2 ml of
fresh media, along with 5-FU (with final concen-
tration of 375 puM) or 2ul dimethyl sulfoxide
(DMSO) were added to the cells (Supplementary
Figure S1). The DMSO-treated samples were used
as controls because DMSO is the solvent of 5-FU.
Non-treatment controls were also set up. For each
treatment and each time point, two biological
replicates were performed.

RNA extraction and sequencing

RNA was extracted following the instruction of the
QIAGEN RNeasy Mini Kit and the QIAshredder
(QIAGEN) was used during the RNeasy Kit’s lysis
and homogenization stage. The RNA concentra-
tion was determined using NanoDrop (Thermo
Scientific). The samples were kept in the —80°C

until they were sent to University of Rochester
Genomics Research Center (URGRC) for sequen-
cing. At URGRC, at least 10 uL of the samples
with more than 15 ng RNA were used for quality
assessment, library construction and sequencing
by HiSeq 4000 system following the manufac-
turer’s instructions. The resulting raw reads were
cleaned using Trimmomatic with a cutoff 25 bp
for the read size [42].

Quality assessment and genome mapping

FASTQ files from URGRC with adapters removed
and reads with small size (< 25 bp) filtered out
were further cleaned by FASTX-toolkit with
a quality score cutoff of 28. Then, Cutadapt was
used to filter out all reads greater than 50bp [43].
The quality of the datasets was assessed by FastQC.
Cleaned reads in the FASTQ files were aligned to
the human genome assembly hgl9 using TopHat
with the default setting [44]. The resulting BAM
tiles were sorted by SAM-tools for visualization in
the UCSC Genome Browser [45].

Differential gene expression analysis

Two well-known RNA-seq data analysis packages,
CuffDiff2 [46] and DESeq2 [47], were used to
detect differentially expressed (DE) genes. The
two software packages were chosen because they
differ in several aspects. First, CuffDiff2 deter-
mines differential expression using t-test based
on a beta negative binomial model, whereas
DESeq2 uses exact tests based on a negative bino-
mial model [48]. Second, CuffDiff2 and DESeq2
have low Spearman correlation values in obtained
gene rankings for both mouse and human RNA-
seq data [48]. The differences in CuffDiff2 and
DESeq2 results prompt us to use both packages
to analyze the data, and the DE genes detected by
both packages are selected for further analysis.
For CuftDiff2 (version 2.2.1), after the BAM file
was produced for each sample, the package was
used for differential expression analysis following
the pipeline in previous studies [46,49]. Briefly,
Cufflinks [49-51] was first run for each sample
to produce an individual GTF file and Cuffmerge
was used to merge the GTF files into one GTF.
Cuffquant was then run for each BAM file and the



merged GTF file, which produced a CFX file.
Finally, CuftfDiff2 was run using each CFX file,
with the replicates for each treatment combined
under one label, as well as the required merged
GTF file was also added for CuffDiff2. The -g
option (reference annotation) for Cufflinks and
Cuffmerge was used, and the reference genome
(hg19) downloaded from iGenomes was formatted
as suggested by Cufflinks. Additionally, the -b
option (fragmentation biases correction) was
used with the provided hgl9 genome file, as well
as the -u option (multi-read correction), which
improves the accuracy weights reads located in
different parts of the genome. These options were
available for Cufflinks2, Cuffquant2, and
CuffDiff2. The labeling and renaming options
were used; otherwise, all options were left at
default. Once finished, the files produced by
CuffDiff2 and the Cuffmerge2 GTF file were
downloaded and the results were read into
CummRbund. The differentially expressed genes
were selected using the getSig and getGenes com-
mands with an alpha value of 0.05. The data asso-
ciated with the differentially expressed genes were
then called using the diffData command, the
resulting data frame was divided into files for
comparisons of control vs. 5-FU and 5-FU vs.
DMSO. The DE genes were selected so that the
g-value was less than 0.05. The gene names (gene
codes) were associated with the gene_id and saved
to the gene differential expression files.

For DESeq2 (version 2_1.24.0), read counts for
each gene were calculated using htseq-count [52]
using the bam files produced by TopHat and
sorted by Samtools [53] by position. Following
the tutorial of the Bioconductor package DESeq2,
a sample table was produced (Supplementary
Table S1). All of the genes with total counts for
all samples less than 10 were excluded. The differ-
ential expression analyses were performed for con-
trol versus 5-FU samples, as well as for DMSO
versus 5-FU samples. The resulting genes with
the adjusted p-value (padj) less than 0.05 were
selected.

For the quality assessment of the gene expres-
sion data determined by CuffDiff2 (FPKM values)
and DESeq2 (normalized count values), the FPKM
values or the counts with a gene total of less than
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10 were removed and transformed by log;q(value
+1). To check the outliers of expression values,
scatterplots were created for the values determined
by CuffDiff2 (Supplementary Figure S2) and
DESeq2 (Supplementary Figure S3) using the
R packages ggplot2 and GGally. The line of best
fit was added using the geom_smooth function
with the “Im” method (Supplementary Figure S2
and S3).

To better compare the expression values deter-
mined by CuffDiff2 and DESeq2, we used the
count values of CuffDiff2 to compare with the
count values of HTSeq (DESeq2). The count
values of all genes in each sample were log trans-
formed and used to make the density plots using
the geom_density function in the ggplot2 package.
The similarity between the density plot of
CuffDiff2  (Supplementary Figure 4A) and
HTSeq/DESeq2 (Supplementary Figure 4B) reveals
that expression values determined by the two soft-
ware packages are comparable.

Nucleosome occupancy analysis

Two paired-end MNase-seq data from HCT116
cells [54,55] were downloaded from European
Nucleotide  Archive (ENA) (GSM2916043,
GSM2916044, and GSM2391842). The fastq data
were aligned to the human genome hgl9 with
Bowtie2 using the sensitive option. The resulting
SAM files were converted into BAM files and
sorted using Samtools. The sorted BAM files
were filtered for 100-200 bp fragments and
145-150 bp fragments using the FilterBam com-
mand in fgbio. The resulting BAM files of all
samples were merged using the merge command
in Samtools. Normalization of nucleosome occu-
pancy across the genome was performed as
described [56]. Briefly, for each nucleotide posi-
tion in the genome, the total number of nucleoso-
mal DNA sequences covering this position was
divided by the average number of nucleosomal
sequences per base pair across the genome. The
resulting value was assigned to this position as the
normalized nucleosome occupancy value. The
normalized value at each position was smoothed
with a 60-bp window.
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P53 binding site identification and analysis

p53 BS in ChIP fragments were found by PWM-20
[57], a position weight matrix approach we devel-
oped based on experimentally validated p53
response elements (REs). With PWM-20, each BS
was assigned a score. If multiple BS were identified
in a ChIP fragment, the BS with the highest score
was selected. DNA sequences of 550 bp in length
flanking the selected p53 BS were retrieved from
the human genome hg19. The W/S scheme [38,39]
was used to predict the nucleosome rotational
positioning on the fragments. The resulting W/S
scores were averaged on each position and “sym-
metrized” across the center of the p53 BS (i.e.
position 0).

Genomic data visualization

A set of “high confidence” p53 ChIP sites (named
as “Bao_data”) based on 16 published cistromes in
cancer cell lines [58] were co-localized with DE
genes identified by RNA-seq experiments. The
Bao_data were downloaded as a BED file, which
were then converted from hgl8 to hgl9 using
LiftOver [59]. Three ChIP-seq datasets obtained in
HCT116 cells with 5-FU treatments [60-62] were
separately downloaded. In particular, ChIP-seq data
from Wei et al. [60] were downloaded from the
hgl7 genome on the UCSC as a BED file that was
subsequently converted from hgl7 to hgl9 using
LiftOver. Moreover, FASTQ files for both Sanchez
et al. [62] (GSE58528) and Botcheva et al. [61]
(GSE58714) were downloaded from ENA. These
data were aligned to hgl9 using Bowtie2 with the
sensitive setting. The resulting SAM files were
turned into BAM files using Samtools.

Both the ChIP-seq and RNA-seq data are in
the BAM format. The BAM files were read into
R via Rsamtools and the coverage computed by
GenomicAlignments [63] and the coverage
exported as a BigWig file via rtracklayer [64].
The BigWig files were then uploaded to
CyVerse. The track, hub and genome files were
made following the directions as detailed by
UCSC genome browser. The hub was uploaded
to the Track Hubs interface in the UCSC
Genome Browser. In addition, the “add custom
track” interface was used to add the BED files

for the Bao et al. [58] and Wei et al. [60] data to
the UCSC Genome Browser. The height of each
viewing track for our RNA-seq dataset was kept
equal so the difference in height between differ-
ent samples could be seen.

CummeRbund was used to produce a matrix of
the FPKM values for the genes co-detected by
DESeq2 and CuffDiff2. The matrix was then log
transformed and scaled. The scaled values were
then taken and ordered from hr6é to hr24 from the
highest value to the lowest value. The resulting
matrix was used to produce a heatmap by pheatmap
with columns annotated by color for treatment
hours and treatment type and rows annotated by
color for genes at the hr6, hr12 and hr24 time points.

Results and discussion
Determination of early and late genes

To identify early or late genes, we probed gene
expression levels using RNA-seq in HCT116 cells
treated with 5-FU for 6 hours (hr6), 12 hours
(hr12), and 24 hours (hr24), along with cells trea-
ted with DMSO at the same time points as control
conditions because DMSO is the solvent of 5-FU.
Since p53 acts as an activator not a repressor [65],
only up-regulated DE genes identified by both
DESeq2 and CuffDiff2 were selected for analysis
(see Methods). We found that, as expected, 5-FU-
treated samples were different from DMSO-treated
samples using both CuffDiff2 (Figure 2(a)) and
DESeq2 (Figure 2(b)). The similarity in the topol-
ogy of both dendrograms suggests that the changes
in gene expression between 5-FU- and DMSO-
treated samples are successfully captured by both
methods (Figure 2(a) and 2(b)).

DE genes were analyzed at three steps. First, at
each time point, DE genes were determined for
5-FU versus DMSO samples, as well as for 5-FU
versus non-treatment control by CuffDiff2 or
DESeq2 (Supplementary Figures S5 and S6). The
overlap between these two comparisons renders
DE genes specific to 5-FU treatment (i.e. 5-FU-
specific genes). As a result, CuffDiff2 identified
511, 766 and 1,496 5-FU-specific genes at the
hr6, hr12 and hr24 time points, respectively
(Supplementary Table S2-S4). By contrast,
DESeq2 found 831, 1,558, and 2,234 5-FU-
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a. b.
CuffDiff2 DESeq2

hré 5-FU 2 hr12 DMSO 2
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Figure 2. Comparison of RNA-seq samples analyzed by CuffDiff2 and DESeq2. Dendrograms were created for RNA-seq samples
analyzed by CuffDiff2 (a) and DESeq2 (b). Gene expression levels represented by FPKM values for CuffDiff2 and read counts for
DESeq2 were used for analysis. Two biological replicates were generated for the samples with no treatment (i.e. control, shown in
black), as well as for samples treated with DMSO (red) or 5-FU (blue) at different time points (i.e. hr6, hr12 and hr24). The FPKM
matrix and the count matrix for both CuffDiff2 and DESeq2 were scaled and then the Euclidean distances were calculated using the
dist function in R. Hierarchical clustering analysis was made by the hclust function with the ward.D2 option. Based on the clustering
results, the dendrograms were made using the ggdendro and ggplot2.

specific genes at the same three time points
(Supplementary Table S5-S7).

Second, at each time point, 5-FU-specific genes
identified by CuftDiff2 were compared with those

identified by DESeq2 (Supplementary Figure S7).
As a result, 391, 649 and 1,212 were found by both
methods at the hr6, hr12 and hr24 time points,
respectively (Supplementary Tables S8-S10). Note

a. b.

hré hr12 hours of treatment

treatment

DESeq2 CuffDiff2 DESe CuffDiff2 —
/2/—\ treatment
\ hr0
440 | 391 718 445  jsg hi6
hr12
hr24
treatment
hr24 .
DESeq2 CuffDiff2 .BOM é%a men
5-FU
induced

| 653 211

Figure 3. Temporal gene expression at specific time points. (a) Venn diagrams demonstrating time-specific DE genes detected by
DESeq_2 or CuffDiff2 (see Methods) at the hr6, hr12 and hr24 timepoints. The hr12 genes refer to the genes induced only at the hr12
time-point and do not appear at the hr6 time-point, whereas the hr24 genes include the genes only induced at the hr24 time-point
and do not appear in the hr6 or hr12 time-point. The numbers of genes that are co-detected by DESeq2 and CuffDiff2 are shown in
the intersection of the Venn diagrams. (b) Heatmap of DE genes co-detected by DESeq2 and CuffDiff2 at the hr6 (red), hr12 (purple)
and hr24 (blue) time-points. The expression levels of these genes in the control (i.e. hr0 or no treatment), DMSO - and 5-FU-treated
samples are color-coded.
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that in these collections, genes in the hr6 set may
also appear in the hrl2 sets or hr24 sets.

Third, to identify genes specific to a time point,
the genes in the hr6 set were removed from the
hr12 and hr24 sets. Similarly, the genes in the hr12
set were removed from the hr24 set
(Supplementary Figure S8). As a result, 391, 445,
and 718 were identified specifically at hr6, hrl2
and hr24 time points respectively (Supplementary
Tables S8, S11 and S12, Figure 3(a)). For the sake
of simplicity, the three gene sets are called hré6-,
12 hr- and hr24-specific genes, respectively.
Temporal expression levels of these genes were
shown in a color-coded heatmap (Figure 3(b)),
clearly demonstrating distinctive gene expression
patterns between the three time points.

a.

control

hré

hr12

hr24 A ‘

Botcheva
P W
Sanchez A
Bao [ | 1
Wei [ HHliHH

PANDAR -

CDKN1AR—A——— ,,,,,ﬁ!,,,-

Gene Count Legend
Control [ ChiP-seq

B 5ru ChIP Input

B owvso

Visual inspection was performed on representa-
tive DE genes at the hr6-, hr12- and hr24-specific
genes. For example, the CDKNIA/p21 gene is sig-
nificantly induced by 5-FU at hr6 compared to the
controls (DMSO-treated sample and non-
treatment sample), illustrated in a UCSC genome
browser view (Figure 4(a)) and in the plots of
expression levels (Figure 4(b and 4(c)). These
results confirm that the CDKNIA/p21 gene
belongs to the hr6 set. Similarly, the SEN gene is
significantly induced at the hrl2 time point
(Supplementary Figure S9) and the APAFI gene
is significantly induced at the hr24 time point
(Supplementary Figure S10).

Detailed analysis reveals that hr24-specific genes
express significantly different from hré6-specific and

b
4000
s 3000 /
¥4 /
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£8 @@Lk
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. < E E
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hr24 DMSO
control

hré 5-FU
hr12 5-FU
hr24 5-FU

Figure 4. Time-course expression of the CDKN1A/p21 gene in HCT116 cells. (a) A UCSC Genome Browser view that highlights the
time-course gene expression in HCT116 cells. The session shows the CDKN1A/p21 locus. Four tracks displayed at the top show RNA-
seq datasets at four time-points (control/hr0, hr6, hr12 and hr24). The tracks represent the average expression level of two biological
replicates. The control/hr0 track is shown in gray, whereas for the hr6, hr12 and hr24 tracks, the DMSO (in red) and 5-FU (in blue)
data are superimposed. Four tracks at the bottom shows published ChIP-seq datasets (58, 60-62), with the tracks named by the first
author of the papers. Two ChIP-seq datasets (Sanchez_data and Botchev_data) show both ChIP data (green) and input data (yellow).
The other two ChIP-seq datasets (Wei_data and Bao_data) only show peak locations. Other features plotted include CDKN1A genes
(dark blue) and the promoter of CDKN1A antisense DNA damage activated RNA (PANDAR). CDKN1A/p21 gene expression levels were
measured in FPKM values (b) by CuffDiff2 and log2 count values (c) by DESeq2 under DMSO and 5-FU treatment. In each treatment
type, expression levels were measured at hr0/control, hr6, hr12 and hr24 time-points. The error bars show the standard deviation of

the expression values in two biological replicates.



hr12-specific genes for the following reasons. First,
the number of hr24-specific genes (i.e. 718 genes) is
much higher than hr6-specific (i.e. 391) and hrl2-
specific (i.e. 445) genes (Supplementary Figure S8).
Second, the expression levels of hr24-specific genes
are much higher than those of hr6- and hr12-specific
genes (Figure 4, Supplementary Figure S9, S10).
Third, hierarchical clustering analyses fail to group
hr24-specific genes with hr6- and hrl2-specific
genes (Supplementary Figure S11).

Thus, our results clearly demonstrate two distinct
sets of genes in response to p53 activation by 5-FU:
one is a small set containing 391 genes that are
induced early (e.g. 6 hours after 5-FU treatment),
and the other is a large set containing 718 genes that
are induced late (e.g. 24 hours after 5-FU treatment).
For the sake of simplicity, the hr6-specific genes are
referred as “early genes”, whereas the hr24-specific
genes are referred as “late genes”.

Identification of p53 BS associated with early
and late genes

To identify the early or late genes associated with
p53 ChIP fragments, we co-localized the genes

a. p53 ChlIP clusters

‘p53 motif determination
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with three ChIP-seq data obtained from HCT116
cells treated with 5-FU [60-62]. We found that 112
ChIP fragments occur between 5 kb upstream of
TSS and 5 kb downstream of transcription termi-
nation sites (TTS) of 391 early genes, accounting
for 28.6% of the early genes (Supplementary Table
S§16). By contrast, 133 ChIP fragments occur in the
same region of 718 late genes, accounting for
18.5% of the late genes (Supplementary Table
S17). The average fraction ~23% (of 28.6% and
18.5%) is in agreement with a recent time-course
ChIP study in which ~25% of DE genes grouped in
five clusters are co-localized with ChIP frag-
ments [17].

These ChIP fragments were used to identify p53
BS (~20 bp in length) with a computational
method developed by us (57) based on a position
weight matrix (PWM) formalism (Figure 5(a)).
This method scores DNA fragments based on
their similarity to the consensus p53 BS
RRRCWWGYYY-(s)-RRRCWWGYYY, where
RisAorG,YisTorC,Wis AorT,andsis
spacer with 0-14 bp in length. That is, the BS
similar to the consensus sequence, the higher the
PWM score. A cutoff of 70% suggested in our
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previous study [57] was used. If multiple p53 BS
with the score 70% or higher are identified in the
same ChIP fragment, the BS with the highest score
is selected. As a result, we found ~80% of the ChIP
fragments contain at least one p53 BS, represent-
ing 89 and 113 BS in the early and late gene sets,
respectively (Supplementary Table S13), which is
consistent with previous studies [17,41].

As expected, identified p53 BS tend to occur
close to the centers of p53 ChIP fragments for
both early and late genes (Figure 5(b)), consistent
with our earlier findings (56). We also found that
most BS associated with early or late genes have no
spacer (i.e. spacer length is 0) between two half-
sites (Supplementary Figure S12), which is in
agreement with known p53 REs [20,41].
Moreover, no difference is observed in PWM-20
scores between the p53 BS associated with early or
late genes (Supplementary Figure S13). This result
is important because it shows no significant dif-
ference in binding affinities of p53 BS associated
with early or late genes. Thus, DNA binding affi-
nities may not play a major role in regulating
temporal gene expression by p53.

Interestingly, a striking difference is seen in
genomic locations of the two sets of p53 BS. That
is, most BS associated with early genes are located
close to TSS (i.e. within 1 kb from the TSS) of the
genes, but this tendency is not observed in their
counterparts in late genes (Figure 5(c)). Since
chromatin around TSS 1is characterized with
nucleosome depletion [66], we hypothesize that
the p53 BS associated with early genes have dis-
tinctive chromatin environments compared with
those associated with late genes.

Distinctive nucleosome occupancy around p53 BS
associated with early and late genes

To test this hypothesis, we used two paired-end
MNase-seq datasets from HCT116 cells [54,55]
and calculated normalized nucleosome occupancy
around the BS (see Methods). Nucleosomal DNA
fragments with the lengths between 145 bp and
150 bp were used for analysis, which are close to
the lengths of DNA fragments (145-147 bp) co-
crystalized with histones [67-69]. Since the cells
were not treated with 5-FU, the MNase-seq data-
sets provide information about chromatin

organization around p53 BS before p53 is acti-
vated. This nucleosome organization and DNA
conformations of p53 BS in the nucleosomal
DNA belong to pre-binding factors that may
have an impact on kinetics of transcription of
target genes after p53 activation (see below).

We have the following observations. First, both
sets of p53 BS are not located in the nucleosome-
free regions because the normalized nucleosome
occupancy over the BS is above the genome aver-
age 1.0, consistent with earliest studies showing
p53 is able to interact with nucleosomal DNA
[31-36]. Second, the BS with early genes have
a clear and distinctive pattern in nucleosome occu-
pancy from their counterparts with late genes
(Figure 6). That is, nucleosome occupancy profiles
exhibit a trough around BS associated with early
genes (position 0 in Figure 6(a, c)), in contrast to
a peak around BS associated with late genes
(Figure 6(b) and (d)). This difference is preserved
in longer nucleosomal DNA fragments, e.g.
between 100 bp and 200 bp (Supplementary
Figure S14). These results indicate that p53 BS
associated with early genes tend to occur in
nucleosome-depleted regions. The relatively low
nucleosome occupancy around the early-gene BS
is consistent with their proximity to TSS (Figure 5
(c)) where nucleosomes are usually depleted [66].

Opposite nucleosome rotational settings for p53
BS associated with early and late genes

To investigate if the two sets of p53 BS differ in the
accessibility in nucleosomal DNA, we adopted
a structural rule established earlier [41] that dis-
criminates between accessible and inaccessible p53
sites in a nucleosome. Briefly, a p53 site is
“exposed” to the surface and accessible to p53 if
the center of the site is out of phase (i.e. located
10 n + 5 bp, where n = 0, 1, 2, ... from the dyad)
with the nucleosome dyad (Supplementary Figure
S15A). By contrast, a p53 site is inaccessible if the
center of the site is in phase (i.e. located 10 »n bp
from the dyad) with the nucleosome dyad
(Supplementary Figure S15B). The accessibility of
p53 sites in nucleosomal DNA has been predicted
by the W/S scheme [41] that successfully captures
the rotational positioning of nucleosomes [39].
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We first checked the W/S profile of the p53 REs A prominent difference between the two profiles
in p21 gene (5X RE) [20,31] (Figure 7(a)) and is that peaks are in different phases with the site
APAFI gene [20] (Figure 7(b)), which are the repre-  center (position 0). In particular, for p21, the dis-
sentative early and late gene, respectively. tances between the site center and neighboring W/S
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Figure 7. Structure-aided prediction of p53 BS accessibility in nucleosomal DNA. (a and b) W/S score profiles for DNA sequences
containing two p53 REs, p27 5K RE (a) and APAF1 RE (b). The W/S scores are calculated as described in the “Materials and Methods”
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RE is embedded in a nucleosome).
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score peaks are 10 n + 5 bp, which is a clear out-of-
phase pattern. This suggests that the p21 5K RE is
likely to be “exposed” on the nucleosomal surface.
The same accessible W/S pattern is also observed
for other p53 BS in the p21 promoter (data not
shown). By contrast, the distances between the cen-
ter of the APAFI RE and neighboring W/S score
peaks are K10 n bp (Supplementary Figure S15B),
indicating that the RE center is in phase with the
dyad positions. It suggests that the APAF1 RE is
likely to be inaccessible when wrapped into
a nucleosome.

Previous studies have shown that the p2I gene
undergoes fast kinetics of induction, whereas the
PIG3 gene experiences delayed kinetics of induc-
tion [3]. We further examined if the PIG3 RE
adopts a W/S pattern similar to the APAFI RE. It
has been shown that p53 interacts with
a pentanucleotide microsatellite sequence within
the PIG3 promoter (TGYCC)n where Y = C or
T [70]. We identified a 20-bp p53 BS
(TGTCCTGCCCTGCCCTGCCC) located in the
center of the  microsatellite  sequence
(Supplementary Figure S16A). A 300-bp genomic
DNA fragment with this BS at the center was used
to generate the W/S profile. It has been shown that
the distances between the center of this BS and
neighboring peaks are 10 n, wheren =0, 1, 2, ...

(Supplementary Figure S16B). This pattern is simi-
lar to that of the APAFI RE (Figure 7(b)), suggest-
ing that the PIG3 BS is likely to be buried inside
when wrapped into a nucleosome.

To determine if the BS associated with the early
and late genes as a group show different W/S
patterns similar to p21 and APAFI1 REs (Figure 7
(a-b)), we first checked the BS between 5 kb
upstream of TSS and 5 kb downstream of TTS
(Figure 8(a)), the BS with early genes illustrate
a clear out-of-phase pattern with predicted dyad
positions (Figure 8(b)). By contrast, the BS with
late genes are in-phase with the predicted dyad
positions (Figure 8(c)). The observed patterns are
also hold for p53 BS in other genomic regions such
as 5 kb, 10 kb and 20 kb from TSS (data not
shown). Our work shows that p53 BS in early
genes in general are more likely to be in the rota-
tional frames that promote exposure in nucleo-
somes, presenting themselves on the nucleosomal
surface for direct p53 binding. By contrast, the BS
with late genes tend to have the opposite orienta-
tion, in which p53 binding is strongly inhibited.

To further show that p53 BS associated with
early genes have more accessibility than those
associated with late genes, we re-analyzed recently
published data in which p53-DNA binding across
the human genome were measured by ChIP-seq
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after 1, 2.5, 4, 5, and 7.5 hours of y-irradiation
treatment [17]. We first selected ChIP sites within
5 kb from TSS of early and late genes
(Supplementary Table S18 and S19). Then we cal-
culated the ChIP/DNA ratio of these sites and
found that, on average, the ratio for early genes
is higher than that for late genes over all time
points (Supplementary Figure S17). These results
indicate that the amount of p53-bound DNA is
higher in early gene promoters than that in late
gene promoters, consistent with our findings that
the p53 BS associated with early genes are more
accessible to p53 than their counterparts associated
with late genes.

Discussion

Distinctive p53 engagement with DNA across the
human genome

It is well established that p53 is able to interact
with nucleosomal DNA [31-36]. Specifically,
Espinosa and Emerson [31] compared the binding
affinities of p53 to its binding sites in the p2l
genes (5X and 3K sites) in free DNA versus in
chromatin, and found that p53 binds to nucleoso-
mal DNA with a higher affinity than to free DNA.
Later, Lidor et al. [32] showed that p53 binds
preferentially to genomic regions with high intrin-
sic nucleosome affinities. Two groups have shown
that p53 can bind its sites near the center (i.e.
dyad) [33] or close to the ends (~30 bp away
from one end) of a nucleosome [34]. Consistent
with the latter, recent studies clarified a very spe-
cific mode of p53 interaction with the nucleosome,
at the nucleosome entry/exit [71].

Beyond the level of mono-nucleosomes, p53 BS
have been mapped across the human genome [58,-
60-62]. Consistent with Sammons et al. [35], the
current work shows that the p53 BS have different
subclasses. The p53 BS associated with early genes,
which are close to TSS, tend to have relatively low
nucleosome occupancy, compared to the ones
associated with late genes. Interestingly, examina-
tion of binding affinities of the two sets of p53 BS
reveals no significant difference (Supplementary
Figure S13), suggesting that factors other than
p53 binding affinities may play an important role
in differentiating early genes from late genes (see
below).
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In relation to CCA- and Apo-sites

In our previous work, we found that CCA- and
Apo-sites may have distinct accessibility to p53 in
the nucleosomal context [41]. That is, when
wrapped into a nucleosome, CCA-sites tend to be
exposed on the nucleosomal surface and this is
because DNA sequences around CCA-sites preset
the sites in an “exposed” conformation in nucleo-
somal DNA. By contrast, Apo-sites are more likely
to be buried inside a nucleosome because of their
neighboring sequences.

The current study found that several Apo genes
belong to early genes, e.g. BBC3 and BAX
(Supplementary Figure S6). It seems to be contra-
dicting that Apo genes are induced early while
their p53 BS are predicted to be inaccessible.
However, it is noteworthy that p53 REs in BBC3
and BAX promoters are very close to TSS [20].
Specifically, the BBC3 RE is located —126 to —145
bp upstream of TSS (position 0), whereas the BAX
RE is located 354 to 373 bp downstream of TSS.
Since nucleosomes are in general depleted in
human promoters [66], it is plausible that no or
few nucleosomes occur around the Apo-sites,
which makes these REs accessible and may lead
to the fast induction of these Apo genes.

5-FU-induced DNA damage leads to p53 activa-
tion, which in turn induces genes to halt cell cycle
and repair DNA damage. To find out if early genes
are more important for early response to DNA
damage, we used DAVID [72,73] to examine the
pathways enriched in 391 early and 718 late genes.
It was found that early genes, not late genes, are
enriched in p53-related functions such as “DNA
damage response” (Supplementary Figure SI18).
This result indicates that early genes play an
important role in responding DNA damage,
further supporting the functional differences
between early and late genes.

A new scheme for temporal gene regulation by
p53

For the genes that are directly regulated by p53
binding, the relationship between p53 binding and
subsequent gene expression is not expected to be
linear because many other binding processes are
involved at the same regions and interfere with
each other and with p53 binding to the nucleo-
some [74]. To elucidate the possible mechanisms
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underlying the nonlinearity, we have identified
early and late genes in response to p53 activation
using RNA-seq experiments, detected p53 BS in
ChIP fragments close to the genes, analyzed
nucleosome occupancy around the BS, and pre-
dicted the accessibility of the BS when wrapped
into a nucleosome. Our results suggest that DNA
sequences flanking the BS encode distinct chroma-
tin environments as well as nucleosome position-
ing patterns, which may contribute to differential
kinetics of induction of the genes. As such, we
propose a model for temporal gene regulation by
p53 (Figure 9). This model is consistent with
in vitro [31] and in vivo [31,32,34,35] data show-
ing that p53 is able to interact with nucleoso-
mal DNA.

For early genes, p53 BS tend to occur in the
vicinity of TSS (Figure 5(c)) and exhibit a local
nucleosome depletion (Figure 6(a) and 6(c)). This
is in accordance with observed nucleosome deple-
tion around human promoters [75] and around
p53 binding sites upon activation [30]. Our analy-
sis shows that the normalized nucleosome occu-
pancy around these BS is ~1.0, close to the genome
average (Figure 6(a) and 6(c)), suggesting two
possible scenarios in chromatin. The first scenario

is that the BS are located in nucleosome-free
regions, and they are readily bound by p53 in
a cooperative manner as shown in crystal struc-
tures [26,27]. The second scenario is that the BS
are wrapped into nucleosomes, and our work indi-
cates that the BS tend to be exposed on the nucleo-
somal surface (Figure 8(b)). In either case, the
flanking DNA around the BS is organized in
such a way that the BS are presented to p53 for
stable interaction, which is consistent with “fast”
kinetics of induction of early genes in the chroma-
tin context (Figure 9).

By contrast, p53 BS associated with late genes
are widespread in terms of distances to TSS
(Figure 5(c)) and are characterized with high
nucleosome occupancy (Figure 6(b) and 6(d)),
indicating that they are highly likely to be
embedded in nucleosomes. Our analysis indicates
that these BS are likely closed when wrapped into
a nucleosome with limited accessibility to p53
(Figure 8(c)). Because nucleosomes are highly
dynamic, governed by an interplay of histone com-
position, histone post-translational modifications,
nucleosome occupancy and positioning [76], the
BS may become partially accessible at certain time.
The partial accessibility of the BS in the
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Figure 9. A schematic diagram for the role of nucleosomes in temporal gene regulation by p53. For early genes, p53 binding BS are
likely located in nucleosome-depleted regions or embedded in the nucleosome in a rotational setting allowing its exposure. In either
case, the BS are well exposed and readily targeted by p53, thereby promoting a rapid induction of the genes. By contrast, for late
genes, p53 BS tend to occur in nucleosome-enriched regions and be wrapped within a nucleosome, which are either partial or not
accessible. Additional events (such as nucleosome remodeling) are required to expose these sites; this may lead to a “relatively slow”

kinetics of induction of the genes.



nucleosome still allows subunits of p53 tetramer
(e.g. a dimer) to bind, which has been shown as
a feature of pioneer TFs [77] that include p53 [78].
However, a p53 dimer binds to a p53 half site for
a far shorter period of time compared to a p53
tetramer binding to a full consensus site [26],
consistent with an earlier study showing that
a p53 tetramer has a 6-fold greater binding affinity
than a dimer [79]. Although the interaction
between p53 subunits and nucleosomal DNA can
be detected by ChIP-seq experiments, the resulting
p53-DNA complex on a nucleosome may be not
stable enough to recruit cofactors. Additional
events such as chromatin remodeling may be
required to expose the sites, which leads to delayed
kinetics of induction of target genes (Figure 9).
Thus, our model in part explains why sometimes
p53 binding to regulatory regions is not correlated
with mRNA expression of p53 target genes [3].

In summary, our model sheds new light on the
role of nucleosomal p53 BS in temporal gene reg-
ulation. Based on this model, flanking DNA
sequences are critical to orient p53 BS in different
rotational settings in the nucleosome. This can
affect the accessibility of the BS in a nucleosome,
which in turn may lead to differential kinetics of
induction of their associated genes. Our findings
provide a new perspective to the understanding of
the complicated gene regulatory network of p53 in
the context of chromatin.
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