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ABSTRACT
Motivation: Transcription factors (TFs) regulate gene expres-
sion by recognizing and binding to specific regulatory regions
on the genome, which in higher eukaryotes can occur far away
from the regulated genes. Recently, Affymetrix developed
the high-density oligonucleotide arrays that tile all the non-
repetitive sequences of the human genome at 35 bp resolution.
This new array platform allows for the unbiased mapping of in
vivo TF binding sequences (TFBSs) using Chromatin Immuno-
Precipitation followed by microarray experiments (ChIP-chip).
The massive dataset generated from these experiments pose
great challenges for data analysis.
Results: We developed a fast, scalable and sensitive method
to extract TFBSs from ChIP-chip experiments on genome tiling
arrays. Our method takes advantage of tiling array data from
many experiments to normalize and model the behavior of
each individual probe, and identifies TFBSs using a hidden
Markov model (HMM). When applied to the data of p53 ChIP-
chip experiments from an earlier study, our method discovered
many new high confidence p53 targets including all the regions
verified by quantitative PCR . Using a de novo motif finding
algorithm MDscan, we also recovered the p53 motif from our
HMM identified p53 target regions. Furthermore, we found
substantial p53 motif enrichment in these regions compar-
ing with both genomic background and the TFBSs identified
earlier. Several of the newly identified p53 TFBSs are in the
promoter region of known genes or associated with previously
characterized p53-responsive genes.
Contact: xsliu@jimmy.harvard.edu
Supplementary information: Available at the following URL
http://genome.dfci.harvard.edu/∼xsliu/HMMTiling/index.html

1 INTRODUCTION
One of the most important characteristics of gene regula-
tion is the interaction between transcription factors (TFs)
andcis-regulatory elements. Although microarrays have been
widely used to understand gene-expression regulation, they
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do not provide information on which TFs directly regu-
late which genes and their interaction mechanism. In recent
years, ChIP-chip has become a popular technique for study-
ing the genome-wide location ofin vivo TF–DNA interactions.
ChIP-chip was first successfully adopted in yeast to identify
the regulatory targets of individual TFs (Renet al., 2000; Lieb
et al., 2001) and to study the entire transcriptional regulat-
ory networks (Harbisonet al., 2004). Promoter arrays were
used in the yeast ChIP-chip experiments, with a cDNA probe
for each intergenic sequence. Since higher eukaryotes, espe-
cially human, have long intergenic sequences, the promoter
arrays for higher eukaryotes usually contain probes just for
the proximal promoters of annotated genes (Liet al., 2003;
Odom et al., 2004). Unfortunately, TFBSs in higher euka-
ryotes can occur upstream, downstream, close to or far away
from the regulated genes, or even in the introns of the genes.
Thus, proximal promoter arrays may not accurately capture all
the ChIP-enriched DNA. Although CpG island (Wellset al.,
2003) and continuous genomic PCR fragment (Euskirchen
et al., 2004) arrays have been used to address this prob-
lem, their probe densities and genome coverage are still not
satisfactory.

Recently, Affymetrix developed the high-density oligonuc-
leotide arrays that tile all non-repetitive sequences of the
human genome. Current tiling of chromosomes 21 and 22
(Kapranovet al., 2002) are available and the whole gen-
ome tiling arrays are under development. These arrays have
one probe pair, a perfect match (PM) probe and a mismatch
(MM) probe both 25 bases long, for every non-overlapping
35 bp region in the genome. They provide the platform for the
unbiased mapping ofin vivo TF binding sequences (TFBSs)
using ChIP-chip, but the massive amount of data (∼1 million
probe pairs for chromosomes 21 and 22) generated from them
pose great challenges for data analysis.

Cawleyet al. (2004) conducted p53 ChIP-chip experiments
on chromosomes 21 and 22 tiling arrays. Six duplicated exper-
iments were performed on each of two p53 antibodies: FL (full
length) and DO1 (N-terminal epitope), as well as two con-
trol experiments: Input (genomic input DNA without ChIP)
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and GST (antibody to bacterial GST). The GTRANS software
provided by Affymetrix (http://www.affymetrix.com/support/
developer/downloads/TilingArrayTools/index.affx) was used
to predict p53 binding sequences for each antibody against
each control (FL–Input, FL–GST, DO1–Input and DO1–
GST). GTRANS requires at least three replicate TF ChIPs and
three replicate controls to find the ChIP-enriched regions. To
check whether a probex is ChIP-enriched, all probes within
500 bp fromx in all ChIP and control experiments are con-
sidered. GTRANS uses the non-parametric Mann–Whitney
U -test (equivalent to Wilcoxon rank sum test) to rank all
the probe pairs by their log2(max(PM− MM),1)) values, and
checks whether the sum of ranks of all probe pairs in the ChIPs
are significantly higher than that in the controls. The two data-
sets with the same antibody were merged together to form a
non-redundant set (48 FL sites reported in the paper and 103
DO1 sites downloadable from the Supplementary website).
A total of 17 and 0% of the identified p53 binding sequences
were located within 1 kb of CpG islands and 5′ exons, respect-
ively, indicating that only a small fraction of p53 sites would
have been discovered by using CpG island arrays or prox-
imal promoter arrays. When trying to find putative TF binding
motifs from the 48 p53-FL sites, Cawleyet al. (2004) failed
to identify the p53 binding motif.

Although the Mann–WhitneyU -test assumes no specific
probability distribution of the data, it cannot identify enriched
regions with smallP -values without a long enough window
and enough replicates. We developed a new algorithm and
applied it to the same p53-FL dataset. We first normalized
the data across all datasets published in Cawleyet al. (2004),
removed all the repetitive probe measurements and estimated
the behavior of each probe. Then a two-hidden-state (ChIP-
enriched state and non-enriched state) hidden Markov model
(HMM) (Rabiner, 1989) was implemented to estimate the
probability of ChIP enrichment at each probe location. We
identified many potential p53 binding sequences, including
all the quantitative PCR verified targets. From the high confid-
ence regions, a p53 binding motif was successfully recovered
using MDscan (Liuet al., 2002). Furthermore, we found sub-
stantial p53 motif enrichment in our HMM identified regions
compared with both genomic background and TFBSs identi-
fied by Cawleyet al. (2004). The entire analysis is summarized
in Figure 1.

2 METHODS
2.1 Dataset
Cawley et al. (2004) conducted ChIP-chip experiments for
four human TFs in two cell lines (p53-FL and p53-DO1 in
HCT1116, cMyc and Sp1 in Jurkat) as well as two control
experiments (input and GST) in each cell line. Each exper-
iment contains two biological replicates and three technical
replicates, generating a total of 48 datasets (samples). Each
sample was hybridized to the Affymetrix chromosomes 21

Fig. 1. Strategy diagram for analyzing ChIP-chip experiments on
genome tiling arrays.

and 22 tiling arrays (three arrays, A, B and C). All 48 data-
sets were downloaded from http://transcriptome.affymetrix.
com/publication/tfbs/. The (PM−MM) value was recorded
for each probe pair as a new probe value. To be able to com-
pare probe values between samples (Workmanet al., 2002),
we conducted quantile normalization (Bolstadet al., 2003) on
each array (A, B and C) separately to make the probe value
distribution the same across all samples. We then mapped the
probe values from the three arrays to the April 2003 version
of the human genome according to the Affymetrix NCBIv33
GTRANS Library.

2.2 Repetitive probe measurements
Owing to the array coverage and genome sequence similar-
ity, occasionally N probes with the same 25mer sequence
might be spotted at different locations on the chips. At the
mean time, a 25mer might map to M different genomic loca-
tions. Therefore, a 25mer sequence might have up toN × M

repetitive probe measurements (Fig. 2). Since ChIP-enriched
regions are normally<1 kb, short-range repetitive probe
measurements (<1 kb of each other) with high values will
enhance the chance of the region to be falsely predicated as
ChIP-enriched, and thus should be removed. In contrast, long-
range repetitive probe measurements (>1 kb of each other)
should be kept for they may represent valid targets (although
cross-hybridization issue should be addressed in future study).
We decided to employ the following two-stage procedure to
filter out short-range repetitive probe measurements prior to
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Fig. 2. Repetitive probe measurements. Probes P1 and P3(N = 2)

have the same 25mer sequences, each maps to four genomic location
(M = 4), thus generating eight(N × M) repetitive probe measure-
ments. Repetitive probe measurements are considered short-range if
they are within 1 kb (within Regions I and II) or long-range otherwise
(between Regions I and II). In the two-stage procedure to filter out
short-range duplications, four measurements (2, 3, 5, 6; indicated
as *) are filtered out at Stage I, two measurements (4, 7; indicated
as+) are removed at Stage II.

downstream analysis: (1) Ensure only one measurement per
probe within 1 kb of the genome. For each probe mapping to
M multiple genomic locations, from the beginning of each
chromosome, we deleted the latter occurrence if the gen-
omic distance between two consecutive occurrences is<1 kb
of each other. This process was iterated until all the probe
occurrences had been considered. (2) Ensure only one probe
measurement for each genomic position. We have three (A, B
and C) different kinds of tiling arrays in our current datasets.
TheN multiple probes on the same genomic position might
be from different arrays. Since we quantile normalized each
array separately, there could be a huge array bias if we take the
average of all the duplicated probe measurements. Therefore,
we randomly chose one probe and discarded the others.

2.3 Probe behavior estimation
ChIP-chip experiments enrich only a small portion of DNA
bound by the TF of interest, and control experiments cap-
ture only baseline non-specific binding. Therefore, most of
the probe measurements across all datasets are not actually
hybridized with ChIP-enriched DNA and could be used to
estimate the baseline probe behavior. We randomly selected
5000 probes from the∼1 million probe dataset and conduc-
ted Shapiro–Wilk normality test on the behavior (PM−MM)
of each probe across the 48 datasets. The majority (∼80%)
of these probes have the Shapiro–Wilk normalityP -value>

0.01, accepting the null hypothesis that the distribution of
probe behavior across the 48 datasets is normal. The remain-
ing 20% probes that are not normal could be caused by ChIP or
non-specific enrichment in some of the 48 datasets. We estim-
ated the baseline probe behavior using 36 of the 48 datasets,
including all of the control datasets and 99.5% of probes from

the non-p53 ChIP experiments (excluding the top 0.5% per-
centile∼5000 probes). The 12 p53 ChIP datasets (FL and
DO1) were excluded from the parameter estimation because
their ChIP enrichment signal may skew the baseline estimate.
The behavior of each probei is modeled as a normal distri-
butionN(µi ,σ 2

i ), whereµi andσi are the mean and standard
deviation of probei values of the 36 tiling array datasets.

2.4 Hidden Markov model
We designed a two-hidden-state (ChIP-enriched state and non-
enriched state) HMM to estimate the probability of enrichment
at each probe locationi. Given J potential binding sites
(assumed to be∼300 along chromosomes 21 and 22 for p53)
along chromosomes covered by K total probes, the HMM is
characterized by the following:

(1) Initial probabilities: J/K for ChIP-enriched state,
1− J/K for non-enriched state.

(2) Transition probabilities: J/K for transition to a different
state, 1− J/K for staying in the same state.

(3) Emission probability distribution of probei in single
dataset:N(µi +2σi , (1.5σi)

2) for ChIP-enriched state,
N(µi ,σ 2

i ) for non-enriched state. The parameters are
based on the results on the Affymetrix SNP arrays
(Lieberfarbet al., 2003).

(4) A probei, with (PM−MM) valuepi , is defined as an
outlier if its Z-value is>3 or <−2.5. We reassigned
the Z-value of each outlier probe as 3 ifZ > 3 and
−2.5 if Z < − 2.5.

(5) If two adjacent probes are farther apart than 500 bp
in the genome (usually due to a long repeat sequence
between the two probes), in the forward and back-
ward procedure, the enriched and non-enriched state
probabilities of the latter probe are reset to the initial
probabilities.

To combine the results from different replicates, in either
the ChIP or control group, the emission probabilities of all
available replicates for each probe were averaged as the emis-
sion probability on this probe. The forward and backward
algorithms of HMM (Rabiner, 1989) were used to calculate
the probabilities of a probe being in ChIP-enriched versus
non-enriched states. A log-odds enrichment value was given
to each probe representing the ratio of being ChIP-enriched
against non-enriched state. The natural cutoff for the ChIP-
enriched state is 0, which indicates equal ChIP-enriched and
non-enriched probabilities.

The ChIP-enriched region is defined as at least two probes
with log-odds enrichment value>0 in ChIP and at least one
probe with log-odds enrichment value<−15 in the control.
The average enrichment value of all the probes in a ChIP-
enriched region is used as a summary enrichment score for
the entire region.
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2.5 Sequence retrieval and repeat masking
Genomic sequences of the HMM identified ChIP-enriched
regions were retrieved from the repeat-masked April 2003
version of the human genome at UCSC Genome Browser
(http://genome.ucsc.edu/). We further masked out all the tan-
dem repeats identified by Tandem repeats finder (Benson,
1999) to facilitate downstreamde novo motif finding.
The resulting sequences are defined as fully-repeat-masked
sequences.

2.6 Motif finding and enrichment scoring
We ranked all the fully-repeat-masked ChIP-enriched
sequences by the summary enrichment score and applied
MDscan (Liuet al., 2002) to find the putative p53 binding
motif. For a motif of widthw, MDscan first enumerates each
wmer in the highest ranking sequences, and collects other
wmers similar to it in these sequences to construct a candidate
motif, represented as a probability matrix. A semi-Bayesian
scoring function is used to remove low scoring candidate
motifs and refine the rest by checking allwmers in all the
ChIP-enriched sequences. If several final motifs share the
same consensus, only the motif with the highest score is kept
(Conlonet al., 2003).

We determined how well a given sequence segment of width
w matched a motif by a functionS = max(S+,S−) whereS+
andS− are the following scoring formula on the sequence
itself and its reverse complement, respectively:

S =
w∑

i=1

∑
j∈{A,C,G,T}

δij ln

(
pij + ps

bj

)

wherepij is the frequency of nucleotidej at positioni in the
motif, ps is a pseudocount of 0.03,bj is the background prob-
ability of nucleotidej calculated from the intergenic regions
of the human genome,δij = 1 if nucleotidej is present at
positioni andδij = 0 if nucleotidej is not present at positioni.
Since the p53 is known to bind two palindrome 10mers sep-
arated by a variable spacer of length 0–13 bp (el-Deiryet al.,
1992), we computed the p53 matches by summing the scores
for the two matching 10mers and extended the spacer to 30 bp.

3 RESULTS
3.1 Identification of ChIP-enriched sequences
We applied our analysis strategy (Fig. 1) on the data of p53-
FL ChIP-chip experiments on chromosomes 21 and 22 tiling
arrays (Cawleyet al., 2004). It was observed that 3.8% of the
data representing short-range (<1 kb) repetitive probe meas-
urements were filtered out, leaving behind 1 014 067 non-
redundant probe measurements. With the HMM algorithm
described in Section 2.4, we identified 98 p53 TFBSs (defined
as HMM-Full TFBSs and summarized in Table 1 in the
Supplementary materials), which include all the 10 p53
TFBSs previously verified by quantitative PCR (S. Bekiranov,

Fig. 3. Typical ChIP-enriched region (Blk78). Quantile normalized
(PM−MM) probe values for 3 ChIPs (p53-FL) and 3 controls (GST)
as well as HMM log-odds enrichment value for ChIP and control on
each probe were mapped to the chromosome 22 positions (bottom
line). Although the HMM log-odds enrichment values are from six
ChIPs and six controls, only three ChIPs and three controls are shown
in this figure. The height of the vertical bar is proportional to either
probe signal or HMM enrichment value with the horizontal line indic-
ating the value 0. The ChIP enriched-region with default cutoff was
indicated by the rectangle in the middle. HMM fits the data into
a smooth, symmetrical, bell-shaped curve. The two 10mers p53
binding motif with 0 bp gap (AGACAGGCTC{0}AGGCATGCCA,
indicated as asterisk) is right in the middle region of this curve with
the highest HMM enrichment value.

personal communication: Cawleyet al., 2004 reported 11
quantitative PCR verified regions for p53-FL, but actually
only 10 regions were verified). Overall, 24 of 98 HMM-
Full TFBSs overlap with the 48 p53-FL TFBSs reported
by Cawleyet al. (2004). Furthermore, although we did not
use the p53-DO1 data in our HMM analysis, six additional
TFBSs in our HMM-Full results agree with the p53-DO1
result from Cawleyet al. (2004). In a typical ChIP-enriched
region (Fig. 3), HMM will fit the data into a smooth, symmet-
rical, bell-shaped curve. Often, the p53 binding motif appears
in the middle region of the curve with the highest HMM value.

There are two major groups of repeats in eukaryotic
genomes: interspersed repeats mainly represent degenerate
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copies of transposable elements dispersed at various loca-
tions, whereas tandem repeats are usually confined to specific
genomic regions where a unit is tandemly repeated almost
exactly from several to thousands of times. To minimize poten-
tial cross-hybridization, current Affymetrix probe design
(Kapranovet al., 2002) rejects probes residing in the inter-
spersed repeats and tandem repeats with short period (roughly
≤12) identified by RepeatMasker. Even though we filter out
the repetitive probe measurements, each repeat unit can still
be represented by probe(s) with different 25mers. Therefore,
regions (∼1% of the genome) containing tandem repeats with
long period (>12) and high copy number (>10) will have
more chance to be falsely predicted as ChIP-enriched. This
false-positive prediction includes both higher probe signal
value than the real one and expanding real enriched area
to the entire tandem repeat region. In one example, Blk55
(Table 1 in the Supplementary materials), containing a tan-
dem repeat with period size of 54 bp and copy number of 139,
is ∼7 kb long and has extremely high enrichment score of
14.7. This region, comprising∼160 probes, was not repeat-
masked during the array design and might be falsely predicted
as ChIP-enriched. We identified a total of four TFBSs within
the tandem repeats (Table 1 in the Supplementary materials).
Among the 21 TFBSs from Cawleyet al. (2004) that were
not identified by our HMM approach, almost half are within
the tandem repeats. They may indicate a higher number of
false positive predictions by Cawleyet al. (2004), although
they could be involved in various regulatory mechanisms
(Nakamuraet al., 1998). We decided to keep all the HMM-
identified TFBSs within the tandem repeats, but only use the
fully-repeat-masked sequences for downstreamde novo motif
finding.

In addition to the known repeats, non-RepeatMasked large
segmental duplications (>90% identity, >1 kb in length)
cover ∼5.3% of the euchromatic genome from the cur-
rent human genome assembly (International Human Genome
Sequencing Consortium, 2004). This is the most difficult
cross-hybridization problem for ChIP-chip experiments on
genome tiling arrays. Without other independent evidence,
it is impossible to discriminate one or more copies of the
real enriched DNA from the large segment duplications based
solely on tiling array hybridization. For example, one∼40 kb
segment duplicates six times within chromosome 22 with
∼99% sequence identity. We found two TFBSs (the first
occurrences are Blk35 and Blk36) on each copy of this duplic-
ated segments, generating 12 TFBSs ‘redundant’ at sequence
identity level. A total of 26 from the 98 HMM-Full TFBSs
were found within these segmental duplications and were kept
intact in our current analysis.

3.2 Identification of p53-binding motif
Extracting putative regulatory motifs from ChIP-enriched
regions is difficult for genome tiling array data because
the long enriched sequences increase the background noise.

Fig. 4. 10mer sequence logos of p53 motifs from (a) MDscan iden-
tified motif from 43 HMM-identified high confidence regions from
p53 ChIP-chip experiments on genome tiling arrays; (b) TRANSFAC
Professional database; (c) aligned p53 binding sequences from two
Classic literatures (el-Deiryet al., 1992; Funket al., 1992) defining
the p53 consensus binding site.

Therefore, we carried out motif finding only on the 43 high
confidence regions with a stringent log-odds enrichment
cutoff value of 6 in ChIP and the same default cutoff in control
and defined these TFBSs containing high confidence regions
as HMM High-Confidence (Table 1 in the Supplementary
materials). Using a motif-finding program MDscan (Liuet al.,
2002), we successfully recovered a strong 10mer palindromic
binding motif (Fig. 4 TilingArray motif) from these 43 fully-
repeat-masked high-confidence regions, This motif resembles
both the p53 motif from entry M00761 of TRANSFAC (Matys
et al., 2003) and the Classic p53 motif derived by aligning p53
binding sequences from two literatures (el-Deiryet al., 1992;
Funk et al., 1992). A similar TilingArray motif could still
be recovered after the segmental duplication sequences were
removed from the high-confidence regions. It is the first time
a p53 motif is successfully predicted from either promoters
of co-expressed genes or ChIP-chip enriched sequences by
de novo motif finding algorithms. Biologists often use the
prior knowledge of the TFBS motif from literature or data-
bases to search for the occurrences of the binding sites.
However, if the motif is obtained only from several known
sites, it may be either too restrictive and miss many real
binding sites or too general and find many false positive
sites. In contrast, the p53 TilingArray motif identified in
this study might represent the unbiased characterization of
p53-DNA interaction. For example, the Classic p53 bind-
ing motif require a C at position 4 and a G at position 7,
whereas the TilingArray motif is somewhat degenerate at
these two positions. Some studies (Resnick-Silvermanet al.,
1998; Jaiswal and Narayan, 2001) showed p53 to bind to
sequences with mutations in these two positions, indicating
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Table 1. Enrichment of p53 binding motifs

Motif TFBS No. of sites No. of bases No. of motifs % Sites with
motif

No. of motifs
per 10 kb

Fold-enrichment BinomialP -value

TilingArray HMM-High-Confidence 43 31,394 34 40 10.8 3.3 2.3e−09
HMM-Full 98 58,734 55 34 9.4 2.8 4.8e−12
Cawley’s 48 25,994 20 25 7.7 2.3 2.1e−04

TRANSFAC HMM-High-Confidence 43 31,394 73 60 23.3 3.5 <2.2e−16
HMM-Full 98 58,734 101 42 17.2 2.6 <2.2e−16
Cawley’s 48 25,994 35 31 13.5 2.0 3.0e−05

Classic HMM-High-Confidence 43 31,394 26 35 8.3 4.6 2.8e−10
HMM-Full 98 58,734 36 23 6.1 3.4 3.0e−10
Cawley’s 48 25,994 13 17 5.0 2.8 6.3e−4

Three p53 motifs (Fig. 4) were mapped to three sets of p53 TFBSs (Table 1 in the Supplementary materials). The number of bases refers to the number of non-repeat nucleotides in
fully-repeat-masked TFBSs. A motif-matching scoring function with cutoff of 10, allowing up to 30 bp spacer between the 10mer motif pairs, was used to determine the number
of matches in individual TFBS. This cutoff corresponds to 3.3 matches per 10 kb on chromosomes 21 and 22. Fold enrichment was inferred by comparing the motif occurrences
in TFBSs with those in fully-repeat-masked chromosomes 21 and 22 sequences. A one tail binomial test was used to determine theP -value attached to the motif enrichment.
A substantial enrichment of p53 motif was observed in our HMM identified TFBS.

that the TilingArray p53 motif might better characterize the
p53 binding at these two positions than the Classic p53 motif.

3.3 Motif enrichment
p53 was known to bind to two copies of the 10mer palin-
drome motif with a variable spacer between them (el-Deiry
et al., 1992). We mapped the p53 motif occurrences to the
fully-repeat-masked sequences of chromosomes 21 and 22,
allowing up to 30 bp spacer between the 10mer motif pairs.
A substantial enrichment of the TilingArray motif pairs was
observed from our HMM identified TFBSs. Using a match
score cutoff of 10 (corresponding to 3.3 matches per 10 kb
on chromosomes 21 and 22), TilingArray motif pairs are in
40, 34 and 25% of HMM-High-Confidence, HMM-Full and
Cawley’s TFBS, respectively, corresponding to 3.3-, 2.8- and
2.3-fold enrichment compared with the genomic background
(Table 1). In addition, in the TFBSs lacking TilingArray
motif pairs, 10 HMM-High-Confidence and 21 HMM-Full
were found to contain at least one copy of the TilingArray
motif. The single copy TilingArray motif (not motif pairs)
represents a 2.7-fold enrichment compared with the genomic
background. One might suspect the validity of this enrich-
ment analysis, since the TilingArray motif itself is extracted
from the HMM identified high confidence regions and thus,
should be much more enriched. To address this issue, we
conducted enrichment analysis using two independent repres-
entations of p53 motif (TRANSFAC and Classic, Fig. 4) with
the same criteria on the three sets of TFBSs (Table 1). The res-
ult showed that the fold enrichments of these two p53 motifs in
our HMM identified regions are still much higher than those in
Cawley’s data.

3.4 Annotation of p53 TFBS
We examined the proximities of p53 TFBSs to traditional
transcriptional regulatory regions, such as CpG islands and

Table 2. Annotation of p53 TFBS locations

TFBS No. of CpG island RefSeq gene
sites <1 kb <3 kb <1 kb to 5′ <1 kb to 3′

HMM-High- 43 5 10 1 1
Confidence

HMM-Full 98 6 20 2 1
Cawley’s 48 8 12 0 0

The three sets of TFBS sets are the same as in Table 1 in the Supplementary materials.
CpG island and RefSeq Gene annotation tracks were retrieved from UCSC Genome
Browser on April 2003 Human Genome Assembly (http://genome.ucsc.edu/). 5′ and 3′
referred to the transcription starts and ends in RefSeq Gene track. The distance between
TFBS and CpG island or RefSeq Gene is the space between their nearest boundaries.

5′ upstream or 3′ downstream of RefSeq genes (Table 2).
A total of 5, 6 and 8 TFBSs in HMM-High-Confidence,
HMM-Full and Cawley’s, respectively, are within 1 kb of
annotated CpG island. This seems to indicate that more Caw-
ley’s TFBSs are proximal to CpG island than those identified
by HMM. However, since TFBSs<1 kb in Cawleyet al.
(2004) were extended equally in both directions to a length of
1 kb, they are more likely to be longer than ours. When the
distance between TFBS and CpG island was expanded to 3 kb,
we found almost the same number of TFBS in HMM-High-
Confidence and in Cawley’s TFBSs. It is worth noting that no
TFBS of Cawley are<1 kb of 5′ upstream or 3′ downstream
of RefSeq gene, whereas three TFBSs identified in HMM are
within those regions. The one TFBS found to be within 1 kb of
3′ downstream of RefSeq gene is of special interest, because
it suggests the potential antisense transcripts at the 3′ of gene.

We extracted 40 well-documented p53 directly regulated
genes from TRANSFAC (Matyset al., 2003) and mapped
them to the human genome. Unfortunately, none of them
is located along human chromosomes 21 and 22. Recently,
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two studies (Mirzaet al., 2003; Khoet al., 2004) identi-
fied thousands of p53-target genes (direct or indirect) from
microarray expression analysis. They further narrowed down
the potential p53 directly regulated genes to several hundred
by finding p53-bindng consensus sequence in their regulatory
regions (Mirzaet al., 2003) or by excluding the genes whose
expression are not directly influenced by p53 protein level
(Kho et al., 2004). Thirty of these potential p53 directly regu-
lated genes are along chromosomes 21 and 22. We found two
TFBSs to be associated with these genes: Blk73, which was
not identified by Cawleyet al. (2004), is in the intron of known
genePITPNB (protein gi|1060905) with a 2.8-expression-fold
change (Mirzaet al., 2003) in response to p53; Blk87, which
was verified by quantitative PCR in Cawleyet al. (2004), is
in the ∼13 kb upstream of known geneAB051455 (protein
gi|6572156) with−4.1-expression-fold change (Mirzaet al.,
2003) in response to p53.

3.5 Method evaluation
Our analysis strategy (Fig. 1) differs from the previous study
by Cawleyet al. (2004) in data normalization, repeat ele-
ments filtering and HMM prediction. It is worth checking
whether the better performance of binding sequence predic-
tion is due to the HMM prediction or the other two factors.
To investigate the real difference between HMM and Mann–
WhitneyU -test, we performed the Mann–WhitneyU -test on
our quantile normalized datasets with repetitive probe meas-
urements removed. We used the same criteria from Cawley
et al. (2004), i.e.±500 bp sliding window; probe values were
transformed to log 2(max(PM−MM,1)); predicted regions
separated by<500 bp were merged together; two sets of pre-
diction (FL–DO1, FL–Input) were further merged together
to form a non-redundant set. Using the sameP -value cutoff
of 1e−5, we identified 65 TFBSs, from which additional 11
TFBSs could be found in HMM-Full besides the previous 24
overlapping TFBSs between HMM-Full and Cawley’s data.
Most of the 11 additional TFBSs fall just barely below the 1e–5
cutoff. We gradually decreased theP -value cutoff from 1e−5
to 1e−9 to conduct thede novo p53-binding motif searching
on the fully-repeat-masked resulting sequences. With none
of these cutoffs could MDscan recover a pattern resembling
the p53 consensus binding site. As for the motif enrichment
study, we used the 1e−5 P -value cutoff and expanded the
resulting TFBS equally in each direction to have a minimum
length of 750 bp. Therefore, the total number of non-repeat
nucleotides in these 65 TFBSs is∼34 kb, which is compar-
able with that (∼31 kb) of HMM-High-Confidence. Using
three p53 motif representations with the same criteria as in
Table 1, we found 7.6, 15.7 and 6.4 motifs per 10 kb for
TilingArray, TRANSFAC and Classic p53 motifs, respect-
ively. The motif enrichment is much lower than that in our
HMM-High-Confidence regions. All of the above results
suggest that HMM contributed greatly to the success of our
binding sequence prediction.

4 DISCUSSION
We present a fast, scalable and sensitive HMM approach for
analyzing ChIP-chip experiments on genome tiling arrays.
The algorithm is fast because replicate datasets at each probe
location are considered together in a single HMM run to estim-
ate its enrichment probability. On a 2.4 MHz Xeon server, it
takes∼6 min to run HMM on six ChIP and six control rep-
licates each with∼1 million probes. Because of its speed, the
algorithm is scalable on tiling arrays of either small regions
or the whole genome, and flexible enough to be used on
other organisms. Furthermore, the algorithm is sensitive in
identifying all the regions previously verified by quantitative
PCR. The following independent evidences suggest that the
98 TFBSs we identified are likely to be genuine regulatory
elements. First, our analysis strategy reported fewer TFBSs
residing in non-RepeatMasked tandem repeat and large seg-
mental duplications regions which are questionable in their
regulatory function. Second, a TilingArray motif resembling
the TRANSFAC and Classic p53 motif was successfully dis-
covered from the high confidence TFBSs. Finally, matching
the TilingArray, TRANSFAC and Classic p53 motifs in the
TFBSs reveals substantial enrichment of the motifs compared
with the genomic background.

Our algorithm overcomes the intrinsic weakness of the
Mann–WhitneyU -test used in Cawleyet al. (2004). Without
enough replicates and long enough window, Mann–Whitney
U -test cannot identify enriched regions with a sufficiently
smallP -value. On account of the high cost of the tiling arrays,
often biologists cannot afford more than three replicates. The
shearing process in ChIP usually generates fragments<1 kb
long. Reinforcing a 1 kbwindow may not only miss short
ChIP-enriched regions but also include sequences outside the
enriched regions which may confound later motif detection.
Mann–WhitneyU -test treats every probe equally and fails
to consider probe-by-probe variability. The statisticU does
not reflect whether probe values are fluctuating a lot or con-
tinuously high within the window; only the latter indicates
ChIP-enriched TFBS.

Our HMM approach is based on normalizing data on tiling
arrays from many experiments and modeling the behavior of
each individual probe. One laboratory may not necessarily
have enough ChIP-chip replicates, but pooling together freely
available tiling array data from many different laboratories and
different experiments (e.g. ChIP-chip against different TFs
or different tissues) can provide enough information for the
modeling requirement. Probe behavior estimated from pooled
experiments serves as a baseline for each ChIP experiment
to be compared with, thus HMM can even get reasonable
results from a single ChIP experiment. This is particularly
useful for surveying at the beginning of a ChIP experiment
to explore antibody quality, culture conditions or preliminary
quality assessment of each replicate. Our HMM approach cal-
culates enrichment probability at each probe location, so the
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exact enriched region boundaries could be determined. Fur-
thermore, the sensitive HMM approach can identify short
ChIP-enriched sequence. If we exclude those TFBS con-
taining tandem repeats, the average length (771 bp) of the
HMM-High-Confidence TFBSs not identified by the Mann–
WhitneyU -test is much shorter than the average length (984
bp) of HMM-High-Confidence TFBSs identified by Cawley
et al. (2004).

Our analysis seems to reveal two interesting characterist-
ics about p53 regulation. First, p53 binding may not simply
be the classic two 10mer palindrome motif separated by a
variable length spacer of 0–13 bp. Many HMM identified
TFBSs contain only a single copy of the TilingArray motif
or multiple copies that are>30 bp apart. In almost half (43)
of the HMM-Full TFBSs, including four quantitative PCR
verified regions, this motif does not occur at all. The absence
of known p53 motif or motif pairs in TFBS suggests that
there might be an alternative binding mechanism (Yinet al.,
2003) for p53. Second, p53 binding sites may not be con-
served between human and rodents. The average sequence
identity for all the 98 HMM-Full TFBSs is only∼30% based
on the BLASTZ global alignment .(Schwartzet al., 2003)
between human (hg15) and rodents (either mouse mm3 or rat
rn2). Even the average sequence identity of all the quantitative
PCR verified regions is only 42%. Furthermore, 37 TFBSs,
including one quantitative PCR verified region, have no rodent
counterparts at all. Many algorithms for finding eukaryotic
regulatory elements rely on identifying conserved sequences
from alignment of orthologous non-coding sequences (Loots
et al., 2002; Liuet al., 2004). Our result suggests that the loss
of sensitivity of this approach may be significant. The major-
ity of the TFBSs identified by ChIP-chip experiments on tiling
arrays will be sacrificed if sequence identity is included as a
criterion.

In summary, the HMM approach presented here provides
biologists with an efficient computational approach for ana-
lyzing the massive data generated from ChIP-chip on genome
tiling arrays. Its adoption will contribute to the more com-
prehensive models and understanding of gene regulatory
networks in higher eukaryotes.
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