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ABSTRACT

Chromatin immunoprecipitation (ChIP) fol-
lowed by sequencing of immunoprecipitated
DNA fragments is the high-throughput method
for identifying transcription factor binding sites.
In one such method, ChIP-PET, paired-end di-
tags (PETSs) derived from both ends of the im-
munoprecipitated DNA fragments are se-
quenced and mapped to the genome. We report
here the prediction of p53 target genes by meta—
analyzing tags of p53 ChIP-PET and by combin-
ing with other genomic annotations, using Gal-
axy, a web-based platform for large-scale
genome analysis. We found 327 of p53 binding
sites on the genome of 5-fluorouracil (5-FU)-
treated HCT116 colon cancer cells by searching
the total 65509 PETs for PET clusters. The
search for p53 target gene, which focused on
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PET clusters with computationally-predicted
p53 binding motif, identified 20 of putative p53
target genes as well as 11 of known p53 targets.
Another search for p53 target genes, which fo-
cused on PET clusters located within 50-kb
flanking regions of transcription start sites of
genes, identified 278 of Refseq genes, 79 of non-
coding RNAs and 5 of microRNAs as p53 tar-
gets which included lots of known validated tar-
gets. Our results indicate that sequencing—based
ChIP analysis combined with the existing
genome annotation is effective method to pre-
dict p53 binding loci and target genes, and also
show that the Galaxy platform is well-suited for
multiple-type analyses and visualization of ChIP
data, leading to functional annotation of tran-
scription factor binding sites.
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INTRODUCTION

The p53 gene, encoding for sequence-spe-
cific nuclear transcription factors, is involved in
the maintenance of genome integrity by trans-
activating genes controlling cell cycle (p21/
CDKN2A, GADD45) and apoptosis (Bax, Fas,
Puma and Noxa) in response to cellular stress
signals"?. Many pb53 target genes are currently
known, e.g. identified with microarray expres-
sion profiling”?, and at the moment it is inten-
sively studied how p53 determines which target
genes to activate or repress in a certain stress
response"”. The microRNAs miR-34a and miR-
34b/c were also identified as direct, conserved
pb3 target genes that presumably mediate in-
duction of apoptosis, cell cycle arrest, and senes-
cence by p53>™. Since microRNAs may regulate
the levels of hundreds of different proteins®,
these findings add a new, challenging layer of
complexity to the p53 network. Notably, cancer
cells can escape the tumour suppression func-
tion of p53 through missense mutation of the
p53 gene or deregulation of p53 activity”. Since
p53 is the most frequently mutated tumor sup-
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pressor gene in malignant tumors
tion of the transcriptional targets of p53 is a key
to understanding functions of p53 and its signal-
ing pathways in tumorigenesis, and to exploiting
their potential molecular targets for cancer che-
motherapeutic drugs.

The tetrameric p53 protein binds to two re-
peats of a consensus DNA sequence RRRCWWGYYY
separated by a spacer of 0-13 bp, in which R =
purine, W = A or T and Y = pyrimidine'”. This
motif is found in many identified p53 binding
sites within a few thousand base pairs of the
transcriptional start site (TSS) of pb3 target
genes, and the motif, which binds p53 that can
regulate the transcription of the target genes, is
called p53 response element (RE). The progres-
sion of the human genome project set a trend of
computational approach to predict p53 binding
sites, and several algorithms have been devised
as follows: position-specific score matrix
(PSSM)” which attempts to estimate the bind-
ing affinity of a putative site; profile hidden

Markov models (PHMMs)” which has been
trained on the existing data set of functional p53
REs, and can be used to score putative p53-
binding sites; filtering by measurement of con-
servation of p53 REs among different species
based on comparative genomics”
silico predictions do not necessarily reflect the
actual target sites bound by p53 in vivo.
Chromatin immunoprecipitation (ChIP) has

. However, in-

been widely used to map the localization of
transcription factors on a specific gene locus.
The combination of ChIP assays with DNA mi-
croarray (ChIP on chip) has in recent years en-
abled the profiling of occupancy sites of tran-
scription factors including NF-«xB, myc and
p63""®. p53 ChIP-on-chip data derived from
ENCODE regions?, from promoter regions®?,
or from regions covered by genome-wide tilling
array” suggested that there are between 300
and 3000 binding sites for p53 in the human
genome. More recently, Wei et al. has devel-
oped new methods using sequencing instead of
microarrays, termed ChIP-PET (ChIP and
Paired-End diTag sequencing)®”. In ChIP-PET
analysis, chromatin immunoprecipitation with
p53-specific antibodies is carried out to collect
all of the tight binding sites for pb53 in the
genome, subsequently, paired-end ditags (PETSs)
derived from both 18-bp ends of the immuno-
precipitated genomic DNA fragments are
cloned, sequenced and then mapped to the
The ChIP-PET of 5-
fluorouracil (5-FU)-treated human colon cancer

genome. analysis
cell line HCT116, by sequencing approximately
66,000 PETs, identified 542 of p53 binding loci
throughout the genome®.

The combination of ChIP and fast-maturing
next-generation sequencing technology has
brought much excitement in the field of func-
tional genomics. In the newer method, ChIP-se-
quencing (ChIP-seq)””, millions of immunopre-
cipitated DNA fragments are directly se-
quenced at one end for ~30 bp, and the short
sequence reads are then mapped to the refer-
ence genome. Comparing with ChIP on chip
whose usability for large mammalian genomes



43 (2008)

is limited by serious cross—hybridization, se-
quencing-based ChIP analyses including ChIP-
PET offer not only direct whole-genome cover-
age but also high signal-to—noise ratio and sensi-
tivity that increase with sequencing depth. On
the other hand, these high-throughput sequenc-
ing analyses produce huge amount of tag data,
and the data analysis requires researchers to
have substantial programming experience and
data management skills. In ChIP-PET data
analysis, tag clusters that represent in vivo lo-
cation of transcription factor binding sites, have
to be identified after the calculation of tag count
and tag positional distribution throughout the
genome.

Galaxy, a web-based interactive platform
for large-scale genome analysis, combines the
power of existing genome annotation databases
with a simple web portal to enable users to
search remote resources, combine data from in-
dependent queries, and visualize the results®.
To allow experimental biologists with no pro-
gramming experience to easily and efficiently
manipulate genomic data, Galaxy provides vari-
ety of integrated Tools, e.g., a tool to extract
genomic data from popular sources of data like
the UCSC Table Browser and a tool to search
overlapping regions between two sets of
genomic intervals. Subsequently, as shown in
the Galaxy tutorial (http://screencast.g2.bx.psu.
edu/galaxy/promoters_SNPs/), relatively com-
plex analysis such as genome-wide search of
promoters which have SNPs is easily imple-
mented. Furthermore, every step of user's
analyses is recorded in the Galaxy's history sys-
tem, and those workflows are able to be shared
with others.

We report here the prediction of p53 target
genes by meta—analyzing raw tag data of p53
ChIP-PET and by combining with other
genomic annotations, using the Galaxy platform.
Our results indicate that sequencing-based
ChIP analysis combined with the existing
genome annotation is effective method to pre-
dict p53 binding loci and the candidate target
genes, and also show that Galaxy platform pro-
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vides the sophisticated methods of analysis and
visualization of ChIP data.

MATERIALS AND METHODS

p53 related genomic data and databases

pb3-related genomic data was retrieved
from University of California Santa Cruz (UCSC)
Genome Browser website (http://genome.ucsc.
edu/, Mar. 2006 freeze, hglQ), including: Gene
Identification Signature (GIS) determined by
chromatin immunoprecipitation (ChIP) and
Paired-End diTag (PET) sequencing (GIS ChIP-
PET)”, which shows the starts and ends of
genomic DNA fragments bound to p53 protein;
Conserved Transcription Factor Binding Sites
(TFBS) computed with the TRANSFAC® Ma-
trix Database v7.0; the NCBI RNA reference se-
quences (RefSeq genes); UCSC
genes™; microRNAs from miRBase®™; cytosine—
phosphate-guanine (CpG) islands.

GIS ChIP-PET data contains position of
each PET on the genome, which was obtained
by the previous p53-ChIP-sequencing analysis
of HCT116 colon cancer cell line treated by 5-
fluorouracil (5-FU) for 6 h **, as Browser Exten-
sible Data (BED)*”-formatted data.

The TRANFAC database contains the loca-
tion and score of binding sites for various tran-
scription factors including p53, which was pre-
dicted by computational analysis of sequence
motif and conservation in the human/mouse/rat
alignment. The whole-genome localization of
p53 transcription—factor binding sites (p53
TFBS), was extracted from the TRANFAC da-
tabase using UCSC Table browser.

In the UCSC genes collection, transcripts
are categorized in four group, coding, noncod-
ing, antisense, or nearCoding as follows: a cod-
ing transcript is one where the evidence is rela-
tively good that it produces a protein; the near-
Coding transcripts overlap coding transcripts

collection

by at least 20 bases on the same strand, but
themselves do not seem to produce protein
products because they are splicing variants
with introns after the stop codon, that therefore

undergo nonsense mediated decay®; antisense
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transcripts overlap coding transcripts by at
least 20 bases on the opposite strand; the other
transcripts, which are neither coding, nor over-
lapping coding, are categorized as noncoding
(http://genome.ucsc.edu/cgi-bin/hgGene?hgg
do_txInfoDescription=1). In this
termed the three types of transcripts other than
the coding transcripts in the UCSC data set,
“non-coding” RNA. Genomic position of tran-

study, we

scription start site (TSS) of each gene was ex-
tracted from Refseq or UCSC genes data sets.

From the miRBase database, we extracted
microRNAs with “hsa-" names which signify the
human microRNAs. Each entry in the miRBase
Sequence database represents a predicted hair-
pin portion of a miRNA transcript, which are
not strictly precursor miRNAs (pre-miRNAs),
but include the pre-miRNA and some flanking
sequence from the presumed primary tran-
script.

Gene expression data of HCT116 colon cancer cells
Gene expression data of HCTI116 cells
treated by hydroxyurea (GSM71424 and GSM
71436 from series GSE3176)*" was retrieved
from Gene Expression Omnibus (GEO) database
(http://www.ncbinlm.nih.gov/geo/). HCT116 ex-
pressing wild-type p53 (WT) and its derived iso-
genic p53-/- (KO) cells were treated by 1.5 mM
hydroxyurea (HU) for 24 h, and gene expression
of each sample was analyzed by using NCI/
ATC Hs-OperonV2 microarray (GPL1528)
which contained 21,329 of 70-mer oligonucleo-
tide probes®. Calibrated log2 expression ratio
(treated / untreated) of each gene was coordi-
nated to genomic position of each transcript,
and recorded as score for each genomic region
in Wiggle (WIG?—formatted file by using a Perl
(Active Perl 5.8.8) script. The data of GIS PET
of polyA+ RNA (GIS PET-RNA)® for HCT116
cells treated by 5-FU for 6 h, which shows the
starts and ends of full-length mRNA tran-
scripts, was retrieved from the UCSC website.

Gene ontology data
Gene ontology (GO) terms for predicted p53

target genes were extracted by using High-
Throughput GoMiner
gov/gominer/) tool and AmiGO (http://amigo.
geneontology.org/) database.

(http://discover.nci.nih.

Galaxy

Genomic data was processed by Galaxy®
(http://main.g2.bx.psu.edu/). Galaxy tools used
in this study, whose names are shown in italic
hereafter, are shown as follows: Get Data (UCSC
Main table browser) was used to retrieve data
from GIS ChIP-PET, TFBS (TRANSFAC), CpG
island, Refseq genes, UCSC genes, microRNAs
and GIS PET-RNA database and transfer to the
Galaxy work space; Operate on Genomic Inter-
vals (Cluster the intervals of a query) was used
to extract PET clusters which consist of more
than three PETs allowing 1 bp intervals be-
tween two PETSs (termed PET3 clusters). Inter-
sect the intervals of two queries was used to
extract PET3 clusters with p53TFBS and/or
CpG island, and was used to find Refseq genes
and microRNAs which intersected with or were
flanked by a PET cluster. Get flanks was used
to obtain flanking genomic regions for PET clus-
ter and TSS of each gene at defined distance);
Graph/Display Data (Build custom track for
UCSC genome browser) was used to display
maps of PET clusters, p53TFBS, and expression
graph of each gene on Custom Tracks of the
UCSC genome browser in conjunction with ex-
isting browser data; Workflow was used to edit
and manage workflows for repeating Intersect
analyses by changing parameters. Self-explana-
tory description for tool usage is also shown on
each tool 's web page.

RESULTS

p53 binding sites expected by search of PET3
clusters with p53 binding motif

To identify novel p53 target genes within
the human genome, we predicted p53 binding
sites by analyzing the existing data of chroma-
tin immunoprecipitation (ChIP) and Paired-End
diTag (PET) sequencing (GIS ChIP-PET)* of
human colon cancer cell line HCT116 treated by
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5-FU for 6 h, by using the Galaxy platform (Fig. ment according to a Monte Carlo simulation®.
1). It has been shown that the PET clusters, Therefore, we searched PET clusters which
which consist of three or more overlapping consists of three or more overlapping or adja-
PETs, were highly specific for p53 ChIP enrich-  cent clusters within 1-bp distance (termed PET3
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Fig.1 Overview of Galaxy. A. The snap shots of the Galaxy main page (left) and the page of the workflow canvas
(right). The Galaxy main page consists of 3 frames including the “Tools” menu, the “History” that stores the
queries from each user, and the center page for data viewing. In the workflow canvas, selected items from
the history system is connected according to the order of analysis, and shown as an editable flowchart.
Some of parameters for Tools can be changed from the workflow canvas. B. The schematic of analysis us-
ing Galaxy. Each user inputs the initial genomic data for analysis into the history system, by retrieving from
any public genome databases or by uploading their own data (History 1). The initial data is analyzed by Tool
A and the result is stored in History 2. After a series of analyses, each user can visualize the result on the
UCSC genome browser, download the result (History 5), or save selected histories as a workflow and repeat

the analysis changing parameters.
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clusters) in the human genome for p53 binding  ChIP-PET"), 19 of PET3 clusters were detected
sites, by using the Galaxy tool Cluster (Fig. 2A, (Fig. 3A, track “PET3_Cluster”). To predict the
C). In the preliminary analysis of total 4,133  p53 binding sites with high confidence, we used
PETs on chromosome 6 (Fig. 3A, track “GIS- the Galaxy tool Intersect (Fig. 2A,C) to search

A B
PETY Clusiar
with pRITFES TES of gane
= —— .i]- P il WOV
< S > PETS Clusiers

paatFEs | |

Fig. 2 Schematic strategies used to predict p53 target genes (A, B) and corresponding workflows (C,D). A. p53 tar-
get gene search focused on PET3 clusters with p53TFBS. PET3 cluster (black bar) is the genomic region de-
fined by three or more overlapping or adjacent PETSs (vertical lines at both ends, sequenced tags; connect-
ing line, unsequenced interval). The flanking regions (dotted line) of PET3 clusters which have the p53TFBS
(vertical line) was searched for putative p53 target genes (open boxes, exon; connecting lines, introns). B. p53
target gene search focused on flanking regions of TSS. The flanking regions of TSS of gene were searched
for PET3 clusters. In the workflows (C for A, D for B), databases are shown in columns, and those available
from the UCSC genome browser web site are light-blue—colored. The name of the Galaxy tool used in each

step is shown in bold italic.
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Fig.3 p53 binding sites expected by search of PET3 clusters with p53 binding motif (p53TFBS). Map images are
generated by the UCSC Genome Browser. PET3 clusters and those with p5b3TFBS were determined by us-

ing the Galaxy Tools Cluster and Intersect, respectively. Representative results of whole chromosome 6 (A),

and the genomic region around p21/CDKNIA on chromosome 6 (B) are shown. The position of each PET is

shown in the track labeled “GIS-ChIP-PET” as a vertical line (A), or horizontal line with vertical lines at

both ends in the zoomed-in view (B). PET3 clusters (purple-colored) are shown in the

“PET3_Cluster”

track. The positions of computationally-predicted p53 binding sites are shown in the “p53TFBS" track.
PETS3 clusters with p53TFBS are shown in the “PET3 x p53TFBS” track, colored-red. The known p53 re-
sponse element for p21/CDKNI1A is shown in the “p21_promoter” track. Refseq genes are shown in dense

mode (A), or labeled and have exons as boxes and introns as lines with arrowheads pointing in the direction

of transcription (B).
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for PET3 clusters that contain p53 binding sites  Table 1. PET3 clusters with p53TFBS
(p53TFBS) which are predicted by computa-

tional motif search. We found that 2 out of 19  Lhromosome Start _(bp) End (bp)
PET3 clusters on chromosome 6 had p53TFBS Cirl 9,163, 561 9,165, 385
(Fig. 3AB, track “PET3 x p53TFBS’). Impor- ﬁ;iii;gz E;iig:gz
tantly, both PET3 clusters were located up- chrl 179,370,171 179, 371, 557
stream of p21/CDKNIA loci, which is one of the 70,676,714 70,678,517
best characterized pb3-target gene (Fig. 3B). .3 180, 269, 948 180, 271, 345
Furthermore, the closest PET3 cluster with p53  ur3 195, 203, 195 195, 204, 970
TEFBS was exactly overlapped with the known  chr4 157,911, 377 157,912, 872
promoter region of p21 *. These data suggest chr4 188, 078, 585 188, 079, 681
that p53 binding sites are predicted with high  chrb 57,793,143 57,794, 331
confidence, by search for PET3 clusters with  chrd 118, 687, 055 118, 688, 091
p53TFBS. chrs 173, 688, 069 173, 689, 158
chré 36,742, 674 36,743, 642
p53 target genes predicted by search focused chr6 36,751,901 36,754, 502
on PET3 clusters with p53TFBS chr? 123,673, 332 123,674, 414
The whole-genome Cluster analysis of to- chrs 128, 875, 603 128, 877, 901
: o chr8 143, 893, 707 143, 894, 655
tal 65,509 PETSs identified 327 PET3 clusters on chro 117,745, 208 117, 746, 886
the genome, and 31 (9.5%) of those have the in- chr9 138, 563, 812 138, 565. 132
ternal p53TFBS (Table 1). To search for puta- .10 67,044, 279 67, 045, 604
tive pb3 target genes, we examined total 27,090  hr11 34,663,116 34, 664, 263
of Refseq genes if they overlap with the region  chri2 19, 475, 469 19, 477, 289
of PET3 clusters with p53TFBS or not, by using  chri2 50, 855, 975 50, 856, 990
the Galaxy tool Intersect. We found that 12  chrl3 109,572, 384 109, 573, 846
genes overlapped with PET3 clusters with p53  chrl3 113,572,577 113,573, 996
TFBS (Table 2), of which 6 genes including  chrl4 36, 359, 058 36, 360, 419
AEN, BAX, KRT80, p21/CDKNIA, RPS27L and ~ ¢hr1> 61,235, 855 61,237, 660
ZMATS3 were previously reported p53 targets®,  cM1° 86, 964, 785 86, 966, 080
. . . chr18 22,294, 390 22, 295, 582

To obtain positive evidence of the target genes,

. . . chr19 47,055,921 47,057, 051
we retrieved microarray gene expression data ehel 54,149, 415 54,150, 580

of HCT116 expressing wild-type p53 (WT) and

Table 2. Refseq genes overlapping with PET3 clusters with p53TFBS, or located on flanking
regions of PET3 clusters with p53TFBS

Number of

Position of Genes Genes*

genes
overlapping with PET3 AEN, BAX, CDKNIA, GAS6, KCTD1, KRT80, PDGFC, RPS19, RPS27L,
clusters with p53TFBS SLC25A21, TNFAIPS, ZMAT3 12
within = 5 kb around PET3 NOTCHI, PLK2
clusters with p53TFBS 2
within = 15 kb around PET3 AEBP2, DHDH, DMRTC2, FTL, GYS1, IER5, LACTB ;

clusters with p53TFBS

within = 30 kb around PET3 ARHGEF1, Cborf29, CD79A, COL4A1, EHF, FAM70B, GML, 1SG20, LY6D,
clusters with p53TFBS LYPD4 10

Total 31

*Genes redundant in longer flanking regions are omitted. Previously known p53 targets are in italic.
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p53-knocked-out (KO) cells treated by DNA-
damaging reagent hydroxyurea (HU) from the
GEO database®, and visualized each expression
value (log2 intensity ratio of treated / untreated)
as a graph together with corresponding gene
map on the UCSC genome browser. For exam-
ple, RPS27L* and AEN® (Fig. 4A,B) showed in-
creased expression in HCT116 WT cells but not
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in KO cells, similar to other known target genes
BAX and ZMATS3 (data not shown). These data
suggest that p53 target genes are accurately de-
tected by the combined search for the position
of PET3 clusters with p53TFBS and expression
change of each gene specific to HCT116 WT
cells under DNA-damaging stress.

We next searched Refseq genes located on
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Fig.4 p53 target genes identified by the search focused on PET3 clusters with p53TFBS. Map images are gener-
ated by the UCSC Genome Browser. Maps for genes which have PET3 clusters with p53TFBS on their
TSS, RPS27L (A) and AEN (B), and for genes which have PET3 clusters with p53TFBS in upstream of their
TSS, NOTCH1 (C) and PLK2 (D), are shown respectively. In each panel, calibrated log2 expression ratio
(HU-treated / untreated) of each gene in HCT116 WT and KO cells is plotted as bar graph in the vertical
direction ranging from -15 to +15, in the tracks labeled “HU_24h_WT”and “HU_24h_KO”, respectively.
Magenta-colored bar graph shows positive value, which means that the gene expression is increased in HU-

treated cells. Blue-colored bar graph shows negative value, which means that the expression is decreased in
HU-treated cells. Width of each bar graph is coordinated to genomic position of each transcript. Other map

symbols are shown in the same manner as Figure 3.
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flanking regions of PET3 clusters with
p53TEFBS since the p53 binding sites are often
distant from the locus of the p53 target gene on
the genome. Within 5-kb flanking region of
PET3 clusters with p53TFBS, two known p53
target genes NOTCH1* and PLK2" were found,
and those expressions were increased specifi-
cally in HU-treated HCT116 WT cells (Fig. 4C,
D). By further expansion of search up to 30-kb
flanking region of PET3 clusters with p53TFBS,
additional 17 genes were found, including the re-
ported p53 target genes COL4A1*, GML" and
IER5"® (Table 2). These suggest that the p53 tar-
get genes are effectively detected by search for
flanking regions of PET clusters with p53TFBS,
and other genes picked up might be candidate
p53 targets worth being examined by molecular
biological experiment.

p53 target genes predicted by search focused
on flanking regions of transcription start
sites which have PET3 cluster

Although the target prediction focusing on
PET3 clusters with p53TFBS picked up some
putative and known p53 target genes, the num-
ber of PET3 clusters which have the internal
p53TEFBS was relatively less (9.5%, 31/327), in
part due to incomplete list of p53TFBS in the
TRANSFAC database which is based on purely
computational prediction®. In order to screen
genome-wide pb3 target genes more compre-
hensively, we examined if Refseq genes have
PET3 clusters around their TSS or not, irre-
spective of p53TFBS (Fig. 2B,D), by using the
Galaxy tool Intersect. Out of total 27,090 Refseq
genes, we found 278 (1.0%) genes (excluding iso-
forms) have PET3 clusters within 50-kb flank-
ing regions of their TSS (Table 3., including 61
genes reported previously™®. Classification of
gene function based on gene ontology terms re-
vealed that 33.1% (92/278) of putative and
known p53 target genes were involved in bio-
synthesis or cellular metabolic process, in addi-
tion to known pb3-related functions including
apoptosis or cell cycle (9.7%, 27/278), chromatin
modification or DNA repair (3.6%, 10/278), and

cell growth or differentiation (15.5%, 43/278).

Analysis of positional distribution of PET3
clusters (Table 3, Fig. 5A) revealed that 22.3%
(62/278) of genes have PET3 clusters within 10~
kb flanking regions of TSS, which included 27 of
reported pb3 target genes. However, remaining
216 genes including 34 of reported pb3 target
genes had PET3 clusters 10 to 50-kb away
from TSS. These results suggest that p53 often
bind to regulatory region which is more than
10-kb distant from TSS, and regulate gene ex-
pression.

To gain insight into the putative p53 target
genes, we calculated expression difference be-
tween HCT116 WT and KO cells treated by HU
for each gene according to the microarray
data®, and combined with the data of position of
PET3 clusters. By the combined plot analysis
(Fig. 5A), we found that a novel p53 target can-
didate DKFZP56400823 that has PET3 cluster
46-kb upstream of TSS was upregulated specifi-
cally in HCT116 WT cells (Fig. 6B). We also
found that a novel target candidate DDX60L
(DEAD (Asp-Glu-Ala-Asp) box polypeptide 60~
like) which has PET3 cluster in an intron 14-kb
downstream of TSS was downregulated specifi-
cally in HCT116 WT cells (Fig. 6C). Further-
more, this analysis illustrated that the PET3
cluster overlapping with the TSS of the re-
ported pb3 target TNFRSF10B (tumor necrosis
factor receptor superfamily, member 10b)" is
shared by adjacent family genes, TNFRSF10C
and TNFRSF10D because their expressions
were similarly induced in HCT116 WT cells
(Fig. 6A,D). Taken together, these results indi-
cate that the combined analysis of TSS, p53
binding regions deduced by PET3 cluster, and
gene expression would provide comprehensive
prediction of p53 target genes, and also give in-
formation on common promoters shared by sev-
eral p53 target genes around a p53 binding site.

PET3 clusters which were not located within
50-kb flanking regions of TSS of Refseq
genes

We next examined how many PET3 clus-
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ters were associated with the 278 of p53 target
genes which were picked up by the TSS-fo-
cused analysis. Out of total 327 PET3 clusters
on the genome, 157 (48%) of PET3 clusters were
associated with the Refseq genes, that is, lo-
cated within 50-kb flanking regions of TSS of
Refseq genes, while other 170 (52%) of PET3
clusters were not. By using the Galaxy Tool In-
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tersect, 55 out of the remaining 170 PET3 clus-
ters were shown to be located more than 50-kb
away from TSS but within the loci of Refseq
genes, which included 19 of reported p53 tar-
gets (ASTN2, CDKAL1l, CTNNA3, ERBB4,
FRMD4A, GPR39, KIAA0564, NAV3, NEOI,

NLGN1, NR6Al, PHF14, PRKAG2, PTPRM,
SHROOM3, SLC4A10, TPO, USP34 and
c
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Fig.5 p53 target genes predicted by the search focused on flanking regions of transcriptional start sites which
have PET3 cluster. A. Two hundred and seventy-eight PET3 clusters, which were found within 50-kb flank-
ing regions of TSS of genes, are plotted against positions from TSS (x axis) and gene-expression difference
for corresponding genes between HU-treated HCT116 WT and KO cells (y axis). PET3 clusters located in
the flanking regions of TSS of known p53 target genes are plotted as red triangles, and other PETS3 clusters
for putative p53 target genes are plotted as black dots. Some plots are labeled by the gene names which are
closest to the corresponding PET3 clusters. B and C. Maps for putative p53 target genes identified by the
TSS—focused search combined with the analysis of expression difference. DKFZP56400823 (B) and DDX60L
(C) have PET3 clusters upstream and downstream of their TSS, respectively. D. Maps for TNFRSF10 family

genes which are possibly upregulated by one p53 binding site.
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USP9X)* (data not shown). Furthermore, by the
analysis combined with gene expression data,
we found that novel pb3 target candidates
ANKSIB which has the PET3 cluster 280-kb
away from TSS and were upregulated in
HCT116 WT cells (Fig. 6A), and SBF2 which
has the PET3 cluster 250-kb away from TSS
and were downregulated in HCT116 WT cells
(Fig. 6B). The remaining 115 PET3 clusters
were not located on any regions within 50-kb
franking regions of TSS, or on gene loci of Ref-
seq genes. These findings suggest that the ex-
pression of part of huge p53 target genes which
consist of many exons and long introns might
be regulated by p53 binding site distant from
TSS but within the genes loci.

p53-target non—coding RNAs predicted by
search focused on flanking regions of tran-
scriptional start sites which have PET3 clus-
ter

Recent analyses of the mammalian tran-
scriptome have shown that the transcript-abun-
dant regions occupy more than half of the

®_ To investigate the possibil-

genomic sequence
ity that p53 regulate the expression of various
transcripts other than well-annotated mRNAs

which code proteins, we sought to look for PET3
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clusters around TSS of RNAs other than coding
RNAs. The data set of UCSC genes®™, which is a
moderately conservative set of gene predictions
and is based on RefSeq, Genbank, Consensus
Coding Sequences (CCDS) and UniProt data-
bases, has approximately five times as many pu-
tative non—coding genes as the RefSeq gene col-
lection. We searched within 10-kb flanking re-
gions of TSS of non-coding RNAs (13,762 of to-
tal 66,803 transcripts, including 6,686 narrowly-
defined noncoding transcripts, 6,295 nearCoding
transcripts and 781 antisense transcripts: see
the definition of each transcript in Materials and
Methods) in the UCSC genes collection for PET3
clusters, by using Galaxy tool Intersect. Out of
total 327 PET3 clusters on the genome, 31 (9.5%)
of PET3 clusters were found to be located
within 10-kb flanking regions of TSS of non-
coding RNAs. On the other hand, out of the
13,762 non-coding RNAs, 79 (0.6%) transcripts,
which include 44 of narrowly—defined noncoding
transcripts, 35 of nearCoding transcripts, and
none of antisense transcripts, had PET3 clusters
within 10-kb flanking region of their TSS. For

1% which is also registered as a

example, PVT
non—coding RNA in the Refseq genes collection
and listed in Table 3, had the TSS overlapped

with PET3 cluster with p53TFBS (Fig. 7A). In
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Fig.6 Gene maps of putative p53 targets ANKSI1B (A) and SBF2 (B), which have PET3 clusters more than 50-kb

distant from their TSS. See text for details.
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addition, non-coding RNAs ANKRD19, CR605611
and AX721264, which are not registered in the
Refseq collection, had PET3 clusters within 10~
kb flanking regions of their TSS, respectively
(Fig. 7B,C,D). Since non-coding RNAs often have
no corresponding probes on standard microar-
rays and therefore lack information on their ex-
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pression, we retrieved the existing data of GIS
PET-RNA, which shows the starts and ends of
full-length mRNA transcripts, and whose num-
ber is rough indication of gene expression level
PET-RNAs of 5-FU-treated HCT116 cells were
observed in the genomic regions corresponding
to PVT1 and ANKRDI19 loci (Fig. 7A,B, track
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Fig.7 Gene maps for putative p53-target non-coding RNAs PVTI1 (A), ANKRDI19 (B), CR605611 (C) and AX721264
(D) and for the known p53-target microRNA hsa-mir-34a (E) and putative target hsa-mir-572 (F), which

have PET3 clusters on TSS or in their upstream regions, respectively. See text for details.
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Table 3. Refseq genes which have PET3 cluster within 50-kb flanking regions of their TSSs

Gene omolegy5

: g
. £ _ | 5
istance ® o . § & 5 £ . _
from TSS o | 28 £ 5% g 2 2 % R
Name Accession Number| ~ Chr. Strand c‘]‘; S;Zt pS3TFBS’ (>lgObp) %_ % 2 E g g .g E ﬁ fg‘é %% Reported®
PET3 39| £8 3 E = g 3 .é 2| 2
cluster® ,§ g @
(bp) S =
ABCBY NM_019624 2 - 38,336
ACP2 NM_001610 1T - 33.602 |
ADAMTS3 NM_014243 4 - 2,152
ADCY9 NM_001116 16 24,808
ADIPOR1 NM_001127687 1 - 43,846
ADORA2B NM_000676 17 + 18,849
AEBP2 NM_153207 2 + 7495
AEN NM_022767 15 + -98
AK3 NM_016282 9 - 47,595
AKAP10 NM_007202 17 - 9297
AMZ1 NM_133463 7 + 16,179
ANK1 NM_000037 8 - 21,105
ANKRD10 NM_017664 13 - 37.178
ANKRD45 NM_198493 1 - 27.408
AP3B2 NM_004644 15 - 32373
ARFGAP2 NM_032389 il - 38437
ARHGEF1 NM_004706 9 + 22,620
ARMC2 NM 032131 6 + 48,515
ART1 NM_004314 11 + -29.033
ARTS NM_053017 il - 26,158
ATAD1 NM_032810 10 -
ATF3 NM_004024 1 +
ATLI NM_015915 14 +
ATP5A1 NM_004046 B -
BAX NM_004324 19 +
BAZ1B NM_032408 7 -
BCAM NM_005581 9 +
BCL2A1 NM_004049 15 -
BCL3 NM_005178 9 +
BCL7B NM_001707 7 -
BEST1 NM_004183 T +
BICD2 NM_015250 9 -
BRP44L NM_016098 6 -
Cl50rf33 NM_152647 15 -
Cl7orf62 NM_001033046 17 -
Cl170rf98 NM_001080465 17 -
Clorfss NM_181643 1 +
C200rf30 NM_014145 20 -
Corf51 NM_152670 2 +
Céorf138 NM_001013732 6 -
C9orfl14 NM_016390 9 -
C9orf27 NR_024032 9 -
CACNAIE NM_000721 1 +
CALD1 NM_033139 7 +
CAPN12 NM_144691 9 -
CBLC NM_012116 19 +
CCDC49 NM_017748 17 -
CCDC5 NM_138443 18 +
CCDC54 NM_032600 3 +
CCDC58 NM_001017928 3 -
CCL14 NM_004166 17 -
CCL15 NM_004167 17 -
CCL16 NM_004590 17 -
CCL18 NM_002988 17 +
CCL23 NM_005064 17 -
CD70 NM_001252 19 -
CD79A NM_001783 9 +
CDC42EP3 NM_006449 2 -
CDH16 NM_004062 16 -
CDKNIA NM_000389 6 +
CDS2 NM_003818 20 +
CEACAM21 NM_033543 19 +
CES2 NM_003869 16 +
CES3 NM_024922 16 +
CHD2 NM_001271 15 +
CHI3L2 NM_004000 1 +
CHP2 NM_022097 16 +
CLEC6A NM_001007033 12 +
CLRN3 NM_[52311 10 -
CROT NM_021151 7 + 14811
CSRP1 NM_004078 1 - 37,772 |
CYB5R1 NM_016243 1 - 35,142
CYP3A4 NM_017460 7 - 46.289
CYP3A7 NM_000765 7 - 2699
CYP4F11 NM_021187 19 - 42,075
CYP4F12 NM_023944 19 + 26.541
CYP4F2 NM_001082 19 - 5283
CYP4F3 NM_000896 19 + 5.639
CYP4F8 NM_007253 9 + 31317
DCUN1D3 NM_173475 16 - 34,246
DDB2 NM_000107 11 + 363
DDIT4 NM_019058 10 + 23.874 |
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Table 3. Continued
Gene ontology’
: g
istance ® L . 5 5 g . —
from TS leg |22 g2 2| S| 3 | 5E| 2
Name Accession Number| ~ Chr. Strand to the p53TFBS3 CrG § E =R 5 g g g 3 é) 2 2= Reponed6
closest (>100bp) §:3 E <zc o0 g '% & = S g g 2
PET3 < E a 3 A 5 % 3 2 = =l
cluster® 2 § n
(bp) S a
DDX60L NM_001012967 1 - 13,639
DENND2D NM_024901 T - 13,985
DERA NM_015954 12 + 26,163
DHDH NM_014475 19 + 21,248 F
DHRS2 NM_005794 4 + 34,382
DKFZP56400823 [NM_015393 4 + 46,565
DMRTC2 NM_001040283 9 + 15,562
DRAM NM_018370 12 + 21,929
DTWDIL NM_020234 15 + 4,430
DYNLT1 NM_006519 6 - 11,567
EBNAIBP2 NM_006824 1 - 19218
EDN2 NM_001956 1 - 2,091 /] H
EFCAB3 NM_173503 17 + 35,569
EIF6 NM_002212 20 - 23477
ENDOG NM_004435 9 + 35,639
ERN2 NM_033266 16 - 3,714 /]
FAMI2A NM_006683 4 + 6,258
FAMI2B NM_022360 14 - -16.230
FAMI62A NM_014367 3 + 10,021
FAMIS3A NM_001101376 1 + 5,121
FAM7IA NM_153606 1 + 27,658
FAM75B NM_001098807 9 - 40.843
FAM83C NM_178468 20 - 15,846
FAM96B NM_016062 16 - 6,759
FCHO2 NM_138782 5 + 234 |
FERIL6 NM_001039112 8 + 6999
FGF2 NM_002006 4 + 28,254
FLJ46321 NM_001001670 9 + 32.476
FOXK2 NM_004514 17 + 23431
FTH1 NM_002032 11 - 31641
FTL NM_000146 19 + -10,380
GADD45A NM_001924 1 + 1.431
GALNTI1 NM_022087 7 + 46,854
GAPDH NM_002046 12 + 26,641
GAPT NM_152687 5 + 29,349
GARNL3 NM_032293 9 + 30,884
GAS6 NM_000820 13 + 26,375
GDF15 NM_004864 19 + 12,631
GDNF NM_000514 5 - -8,496
GML NM_002066 8 -19.037
GNPTAB NM_024312 2 - 24,544
GPM6A NM_005277 4 - 12,831
GPRI82 NM_007264 2 + 36,913
GSN NM_000177 9 + 22919
GYS1 NM_002103 9 - 38,364
HELLS NM_018063 10 + 40,440
HLA-B NM_005514 6 - 19,639
HNRNPA3 NM_194247 2 + 42,401
HSD17B3 NM_000197 9 - 35252 H
HSN2 NM_213655 12 + -19.598
IERS NM_016545 1 + [TNeT ]
TFFO1 NM_080731 12 - 41,259
IFNARI NM_000629 21 T 42,515 7
TFNGR2 NM_005534 21 + 35474
IGFL2 NM_001002915 9 + 13917
IGFL3 NM_207393 19 - -9.191
ILI3RAL NM_001560 X + 12,594 H
INSIG2 NM_016133 2 + 27,709
IRF2BP2 NM_(82972 1 - 9472
1SG20 NM_002201 15 + 7eto [ /]
ITGAM NM_000632 16 + 14,081
KCNC2 NM_139136 12 - 31,537
KCNK16 NM_032115 6 - 39.442
KCNK17 NM_031460 6 - 31,348
KIAA0574 NM_015307 5 - 31.827
KIAA1370 NM_019600 135 - 14.875
KILLIN NM_001126049 10 - 20,198
KITLG NM_000899 12 - 20,469 /] |
KLHDC4 NM_017566 16 - -1,698
KLHL38 NM_001081675 8 - 40,688
KRT80 NM_182507 2 - 15,569
LACTB NM_032857 135 + 35.674
LASPI NM_006148 17 + 381
LGALS4 NM_006149 19 - 37,649
LGALS7 NM_002307 B - 1,935 7
LGALSTB NM_001042507 19 + 13,758
LOC392979 NM_001085391 7 - 18,545
LOC728621 NM_001080850 1 + -1,268 ]
LRRC25 NM_145256 9 - 24,079
LSM3 NM_014463 3 + -105
LSM4 NM_012321 9 - 41,675
LY6D NM_003695 8 - 29,172
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Gene ontology5

. =
= £ =
Distance % g ?,J '% g
I . —
from TSS lxs | 2Ess | 2| 5| § | 5E| L
Name Accession Number| ~ Chr. Strand to the p53TFBS3 CrG § E R 5 g g g 3 é) 2 22 Reponed6
closest (>100bp) | & o <zc g 2 e = £ £ g 2
SO | £ T E k= 5 3 z2 | 8
PETS. < g 2| 3& 5 E 3 & =
cluster E § 2z
(bp) S =
LYNXI NM_177457 8 - 37,540
LYPD4 NM_173506 19 - -16,139
LYRMI NM_020424 16 ¥ 34241
MDM4 NM_002393 T + 8,560
MED4 NM_014166 3 - 28,596
METTL2A NM_[81725 17 T 7,764
MRPLS1 NM_016497 2 - 14,545
MS4A13 NM_001012417 ] T 48.430
MTHFDIL NM_015440 6 + -8,158
MYBLI NM_001080416 8 - 22,692
MYOIA NM_005379 2 - 18,627
MYO3B NM_138995 2 + 43,950
NABI NM_005966 2 + 37,073 H
NARF NM_012336 17 + 37,624
NBPF10 NM_001039703 1 - 32316
NCAPD2 NM_014865 12 + 13,719 /]
NCK2 NM_001004720 2 + 6,283
NID2 NM_007361 14 - 7,387
NOTCH1 NM_017617 9 - 4,414
NPL NM_030769 T + 230,730
NRIH3 NM_001130102 11 - 33,593
NUDT15 NM_018283 13 + 28.943
0C90 NM_001080399 8 - 24.633
OGFOD2 NM_024623 12 + 46,633
ORI10A7 NM_001005280 2 T 48,345 7
OR9K2 NM_001005243 12 + 2912
PACSIN3 NM_016223 11 - 28,898 H
PALLD NM_016031 4 + 30217
PASDI NM_173493 X + -19,609
PoNA VNS O 26 e ey F
PCNX NM_014982 14 + -42,006
PDP2 NM_020786 16 + 47,110
PGPEP1 NM_017712 9 + 24,269
PHLDA3 NM_012396 1 - 180
PIK3C2B NM_002646 1 - 34,596
PLK1 NM_005030 16 + 30,908 /]
PLK2 NM_006622 5 - 2,068
PPFIA4 NM_015053 1 + 48,765
PPFIBP1 NM_003622 12 + 25.606
PRAGMIN NM_001080826 8 - 18,972
PRDM1 NM_182907 6 -501 H
PRRI8 NM_175922 6 - 39,775
PSTPIP2 NM_024430 8 - 1.827
PTEN NM_000314 10 + 20,198 /] i
PTGFRN NM_020440 1 + 3074
PTK2 NM_005607 8 - 7,819
PTPRE NM_006504 10 + 43413
PTPRO NM_030668 12 + -10,652
PTPRV NR_015444 9 - 14,792
PVTI NR_003367 8 + 792
RABSB NM_016530 15 T 32,023 H
RCLI NM_005772 9 T 4012
RECK NM_021111 9 + 37.945
RNASE6 NM_005615 14 + 28,354
RPL23 NM_000978 7 - -15,934
RPS19 NM_001022 19 + 660
RPS27L NM_015920 15 - 36
RRAD NM_004165 16 - 2,106
RRM2B NM_015713 8 - 2,165
RUVBL2 NM_006666 19 + 38,970
S100A14 NM_020672 1 - 48,790
S100A16 NM_080388 1 - 45,514
S100A2 NM_005978 1 - -1,695 ]
S100A3 NM_002960 1 -18,267
S100A4 NM_002961 1 - 20719
S100A5 NM_002962 1 - 25,760
S100A6 NM_014624 1 - 31,284 7 7
SCARNA10 NR_004387 12 + 2372
SCARNAI15 NR_003011 15 + -13,689
SFT2D1 NM_145169 6 - 55,655
SHANK2 NM_012309 11 - 17611 7
SLC16A10 NM_018593 6 + 19,519
SLC9ATL NM_178527 1 - 39,414
SNORA21 NR_002576 17 - -16,739 |
SNX16 NM_022133 8 - 6,254
SPTLC1 NM_006415 9 - 32217
SSBP4 NM_032627 9 T 45,799 |
STARD4 NM_139164 5 - 17.695
STAUL NM_004602 20 - 49,159
STOM NM_004099 9 - 47,549
SUSD1 NM_022486 9 - 29,921
SYTL3 NM_001009991 6 + -16,372
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Table 3. Continued
Gene onmlogy5
. =
g 2 g
Distance g . . § ?0 5 =] . _
from TSS N : ! ‘f‘:) & £ § E é 5 % _E 1: QE)
Name Accession Number| ~ Chr. Strand to the p53TFBSX CrG § E R g E g § 3 < 8 %E Reported(’
closest (>100bp) &3 E <Z: ) g = E i>\ ‘E g ;
PET3 <" é 5| 3a g TE: 3 b% = ==
cluster® g § 2
(bp) o =
TAC3 NM_013251 12 - -14,942
TBC1D13 NM_018201 9 + -4,370
TBL2 NM_012453 7 44,886
TGFA NM_003236 2 - -43,003
TMEMI183A NM_138391 1 + -4,988
TMEMI183B NM_001079809 1 + -4,990
TMEM194A NM_015257 12 - 47,308
TNFAIP8 NM_014350 5 + -31,921
TNFRSF10B NM_003842 8 -184
TNFRSF10C NM_003841 8 + 33,926
TNFSF9 NM_003811 19 + 46,476
TNNI1 NM_003281 1 - 47,605
TP53TG1 NR_015381 7 14,609
TRDMT1 NM_004412 10 - 45,441
TRIMS5 NM_033058 8 + 2,607
TRPC2 NR_002720 11 + 10,386
TTC19 NM_017775 17 + 35,703
UBC NM_021009 12 - 23,969
UBE2F NM_080678 2 + 26,795
VAMPI1 NM_014231 12 - 37,173
VIM NM_003380 10 + 17,825
VPS37B NM_024667 12 32,009
WDRS5B NM_019069 3 - 21,840
‘WDR65 NM_152498 1 + 19,312
WSB1 NM_015626 17 + 37,319
XPC NM_004628 3 - 93
ZBTB39 NM_014830 12 25,037
ZER1 NM_006336 9 10,942
ZMAT3 NM_022470 3 1,632
ZNF322A NM_024639 6 - 45,033
ZNF81 NM_007137 X + 17,740
ZSWIM7 NM_001042697 17 - 35,928
Total (genes) 278 32 40 27 10 43 21 59 11 92 30 61

1 . e .
Accession numbers of isoforms are omitted.

*Distance between TSS and the midpoint of the region of the closest PET3 cluster is shown. Positive numbers are used in the direction of gene transcription, indicating that the location
of PET3 cluster is downstream of the TSS. Negative numbers are used in the opposite direction of gene transcription, indicating that the location of PET3 cluster is upstream of the TSS.
3Gray solid boxes indicate that the PET3 cluster closest to each gene TSS has the internal pS3TFBS.

*Gray solid boxes indicate that the PET3 cluster closest to each gene TSS overlaps with CpG island.

>Gray solid boxes indicate that the term shown in top column, which describes molecular function or biological process, is included in gene ontology terms of each gene.

6Gray solid boxes indicate that the gene is reported as a p53 target previously in the references 24) and 43).

“GIS-PET-RNA"), indicating that those 2 non-
coding RNAs were expressed in 5-FU-treated
HCT116 cells while no tags were observed in
CR605611 and AX721264. These data suggest
that expression of part of non-coding RNAs is
also regulated by p53 and induced by DNA
damage.

Putative p53-target microRNAs which have
PET3 clusters in the upstream regions
MicroRNAs are essential post-transcrip-
tional regulators that determine cell identity
and fate, via mechanisms of cleavage-dependent
RNA degradation of the transcript or miRNA-
mediated translational repression of the target
transcript®. Primary transcripts of microRNAs
form a long hairpin loop, pri-miRNA, which is

processed by Drosha to form pre-miRNA. Pre-
miRNA is exported to the cytoplasm where
Dicer cleaves off the hairpin loop to form a du-
plex that contains the mature 21-24 nucleotide
microRNA. The mature miRNA is then incorpo-
rated into the RNA-induced silencing complex
to target the 3' untranslated region of the target
mRNA"_ Since aberrant expression of miR-
NAs can lead to diseases including cancer’™,
we sought to examine if microRNAs have PET3
clusters near their loci and are under p53 regu-
lation or not. Although microRNA belongs to
non—coding RNA, we noticed that UCSC genes
collection contains only one third of microRNAs
(approximately 200 microRNAs, data not shown).
Therefore, we analyzed the data of total 685 of
human microRNAs retrieved from the miRbase



18 H. MITA et al

database®, which have information on predicted
hairpin portions of miRNA transcripts, but have
no information on exact transcription start sites
of primary transcripts.

Our search using the Galaxy tool Intersect
revealed that only one microRNA, has-mir-34a,
which has been reported as the first p53-target
microRNA*”, has the PET3 cluster within 30-
kb-upstream flanking regions of the microRNA
(Fig. 7E). Expanded search revealed that two
microRNAs, hsa-mir-572 (Fig. 7F) and hsa-mir-
101-2 (data not shown) have PETS3 clusters in
60 to 70-kb-upstream flanking regions of the
microRNAs, and additional two microRNAs hsa-
mir-18la-2 and hsa-mir-181b-2 have PET3
clusters in 90 to 100-kb-upstream flanking re-
gions of the microRNAs, respectively (data not
shown). We found only 5 (0.7%) of microRNAs
related to PET3 clusters while future studies on
exact TSS for each microRNA may change the
result because primary transcripts of non-cod-
ing RNAs including microRNAs, which are
marked by trimethylated histone H3 lysine 36
(H3K36me3)*, seem to be quite huge and harbor
clusters of microRNAs. Actually, PVT1 locus
contained 3 microRNAs (has—mir-1205, -1206,
and —-1207) while they are > 100-kb distant from
the TSS of PVTI1 and the PET3 cluster with
p53TFEBS (Fig. 7A), suggesting that those 3 mi-
croRNASs could also be p53 targets.

DISCUSSION

In this report, we described the prediction
of p53 target genes based on the data of se-
quencing analysis of p53 ChIP-PET, combined
with existing substantial genomic data by using
the Galaxy platform. We deduced total 327 of
p53 binding sites on the genome of 5-FU
treated HCT116 cells by picking up PET3 clus-
ters, and subsequently predicted 278 of Refseq
genes, 79 of non-coding RNAs and 5 of microR-
NAs as pb3 targets which included lots of
known wvalidated targets, suggesting that our
analysis worked effectively. Although there are
approximately 130 of well-validated protein-
coding p53 target genes™ ™, it is not fully under-

stood how many non-coding RNAs, which are
presumably much more than coding RNAs, are
regulated by p53. Since p53 ChIP-PET and
ChIP-seq analysis shows unbiased genome-
wide information on p53 binding sites, accumula-
tion of pb53 ChIP data under various conditions
(cell and tissue type, and the stress) would pro-
vide more comprehensive understanding of p53
targets including non-coding RNAs.

While ChIP-PET has been a useful ap-
proach for identifying candidates, we first ex-
tracted PET3 clusters which contain computa-
tionally-expected p53 binding sites (p53TFBS)
in their regions, in order to increase the prob-
ability of prediction. Unexpectedly, PET3 clus-
ters which have p53TFBS was less (9.5%). PET3
clusters associated with validated targets often
had no internal p53TFBS (Table 3), implying the
problem of computational expectation of p53
binding sites in the TRANSFAC database, that
is, the strength and predictive power of expec-
tation model is dependent on the sampling size
and quality of the training set. On the other
hand, the recent study using p53 ChIP-on—chip
employing high-resolution tiling arrays with an
average probe spacing 100bp, reported high-
confidence motif that was contained in 83% of
all binding sites®. Future studies such as pb53
ChIP-seq would provide higher-resolution data
which serve as a valuable knowledgebase for
p53 binding sites to clarify the p53 binding motif.

Our combined analysis of positional distri-
bution of PET3 clusters with change of gene ex-
pression after DNA damage (Fig. 6A) showed
that 216 of genes including 34 of reported p53
target genes had PET3 clusters 10 to 50-kb
away from TSS, and in part, expression of those
is likely to be regulated by p53. Generally, the
p53 RE in a gene is most commonly located in
the 5' promoter—enhancer region of the gene (~
50%) or in intron 1 (~25%)". More rarely it is lo-
cated in introns 2 or 3 of a gene. Therefore, in
addition to the distance between TSS and p53
binding sites, if PET3 cluster is found down-
stream of TSS and within the gene locus, taking
account of the exon-intron structure of each
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gene would provide more sensitive prediction of
p53 targets. On the other hand, it is also known
that eukaryotic cells contain transcription—factor-
binding proteins that bind together sticky tran-
scription factors and can mediate DNA looping.
This process can bring distal transcription—fac-
tor-bound binding sites close to the TATA box,
and can confer regulation. In case of p53, in the
absence of a proximal p53 RE, the p53-cofactor
Spl has been reported to serve as a surrogate,
provided that the RE is present close to the
TSS and the distal p53 RE. An example of Spl-
mediated DNA looping may be found in MDM2,
where a functional single-nucleotide polymor-
phism (SNP), SNP309 T/G, within a cluster of
Spl-binding sites affects the level of regulation of
nearby oestrogen and p53 REs, and has been as-
sociated with an early onset of breast cancer in
pre-menopausal women®. Further investigation
will be necessary to determine exactly how and
when distant p53 REs regulate gene expression.

By using the Galaxy platform, we carried
out almost all of analyses in this study, except
for very limited data arrangement for gene ex-
pression and ontology. The whole or part of
data from the seven databases (GIS ChIP-PET,
TRANSFAC, Refseq genes, UCSC genes, mi-
croRNAs, CpG islands and GIS ChIP-RNA) was
easily retrieved by using the Galaxy tool Get
Data, and transferred into the Galaxy history
system without consuming any hard disk space
of our own computers. Furthermore, the results
of analyses were outputted to the UCSC
genome browser by a few clicks, and immedi-
ately, we were able to watch and explore the
scalable and intuitive genome map that illus-
trates the positional relation among PETs, PET3
clusters, pb3TFBS, CpG islands and genes. The
Galaxy tool Intersect enabled us to found the
genomic regions which meet multiple conditions,
for example, the PET3 clusters which have an
internal p53TFBS and located on TSS of a gene.
Subsequently, we were able to predict p53 tar-
get genes by some different characterizations of
PETS3 clusters. Surprisingly, the Galaxy tools for
the analysis of genomic fragments returned the
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results very quickly, for example, the Galaxy
tool Cluster extracted 327 of PET3 clusters
from the total 65,509 PETSs in just 15 seconds. In
recent studies of transcription factors by ChIP-
seq analyses using next-generation sequencers,
various types of software (e.g. PeakFinder®,
SISSRs™ and FindPeaks 3.1"”) have been devel-
oped to indentify tag-enriched regions as tran-
scription factor binding sites. Although those
programs are equipped with refined statistical
algorithms for tag-clustering, it seems to be too
hard for biologists to setup the environment, in-
stall and run the software by giving appropriate
command-line parameters. We think that the
Galaxy platform is a biologist-friendly tool of
first choice to analyze and overlook large-scale
ChIP data.

In conclusion, we showed that the Galaxy
platform fits the analysis of ChIP-PET data
combined with other genomic data. Progress of
ChIP-seq studies will promote the evolution of
the Galaxy platform as a versatile genome
analysis tool and vice versa. Further studies are
warranted to validate the putative p53 target
genes experimentally.
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