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Abstract

Chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) is rapidly replacing chromatin
immunoprecipitation combined with genome-wide tiling array analysis (ChIP-chip) as the preferred approach for mapping
transcription-factor binding sites and chromatin modifications. The state of the art for analyzing ChiP-seq data relies on
using only reads that map uniquely to a relevant reference genome (uni-reads). This can lead to the omission of up to 30%
of alignable reads. We describe a general approach for utilizing reads that map to multiple locations on the reference
genome (multi-reads). Our approach is based on allocating multi-reads as fractional counts using a weighted alignment
scheme. Using human STAT1 and mouse GATA1 ChIP-seq datasets, we illustrate that incorporation of multi-reads
significantly increases sequencing depths, leads to detection of novel peaks that are not otherwise identifiable with uni-
reads, and improves detection of peaks in mappable regions. We investigate various genome-wide characteristics of peaks
detected only by utilization of multi-reads via computational experiments. Overall, peaks from multi-read analysis have
similar characteristics to peaks that are identified by uni-reads except that the majority of them reside in segmental
duplications. We further validate a number of GATA1 multi-read only peaks by independent quantitative real-time ChIP
analysis and identify novel target genes of GATA1. These computational and experimental results establish that multi-reads
can be of critical importance for studying transcription factor binding in highly repetitive regions of genomes with ChIP-seq
experiments.

Citation: Chung D, Kuan PF, Li B, Sanalkumar R, Liang K, et al. (2011) Discovering Transcription Factor Binding Sites in Highly Repetitive Regions of Genomes with
Multi-Read Analysis of ChIP-Seq Data. PLoS Comput Biol 7(7): €1002111. doi:10.1371/journal.pcbi.1002111

Editor: Wyeth W. Wasserman, University of British Columbia, Canada
Received January 20, 2011; Accepted May 18, 2011; Published July 14, 2011

Copyright: © 2011 Chung et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by National Institutes of Health Grants HG003747 (S.K.), HG005232 (C.D.), and DK50107, DK068634 (E.H.B.). B.L. was
partially funded by the Morgridge Institute for Research support for Computation and Informatics in Biology and Medicine. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: keles@stat.wisc.edu.

Introduction

The introduction of next generation sequencing has enabled a
myriad of creative ways to answer genome-wide questions.
Chromatin immunoprecipitation coupled with high-throughput
next generation sequencing (ChIP-seq) has become a powerful
technique for large scale profiling of transcription factor binding
and chromatin modifications [1-5] and is offering a powerful
alternative to ChIP on microarrays (ChIP-chip) [6-9]. In ChIP-
seq, DNA fragments are sequenced directly instead of being
hybridized on an array. Although there are multiple platforms for
high-throughput sequencing, the Illumina sequencer, which works
by sequencing a small region (25 to 100 bp) from one or both ends
of each fragment, is commonly used for ChIP-seq experiments. A
ChIP-seq experiment generates millions of short reads/tags. The
first step of data analysis is to map reads to the reference genome
and retain reads that map to unique locations (uni-reads) [10-12].
Although constraining the analysis to uni-reads by discarding
reads that map to multiple locations (multi-reads) leads to reduced
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coverage and sequencing depth, this may not render a serious
problem in most cases. This is because many uni-reads might be
adjacent to discarded multi-reads and can lead to identification of
underlying peaks. However, discarding multi-reads poses a
significant challenge for identifying binding locations residing in
genomic regions that have been duplicated over evolutionary time
since these regions will not have many uni-reads.

Shortcomings of discarding multi-reads have been recognized in
transcriptome  sequencing (RNA-Seq) [13-18]. These studies
demonstrated that discarding multi-reads leads to inaccurate
estimation of expression of genes that reside in repetitive regions.
Gene repetitiveness may be due to either low complexity segments
or recent gene duplications. Numerous studies have highlighted
the biological importance of segmental duplications [19,20].
Duplicated genes could retain their original functions or acquire
new functions by changes in coding sequences and regulatory
regions [21,22]. [23,24] showed that segmental duplications in
human genomes are selectively enriched for genes associated with
disease susceptibility, immunity, and defense. Overall, these
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Author Summary

Annotating repetitive regions of genomes experimentally
is a challenging task. Chromatin immunoprecipitation
followed by high-throughput sequencing (ChIP-seq) pro-
vides valuable data for characterizing repetitive regions of
genomes in terms of transcription factor binding. Al-
though ChlIP-seq technology has been maturing, available
ChlIP-seq analysis methods and software rely on discarding
sequence reads that map to multiple locations on the
reference genome (multi-reads), thereby generating a
missed opportunity for assessing transcription factor
binding to highly repetitive regions of genomes. We
develop a computational algorithm that takes multi-reads
into account in ChlIP-seq analysis. We show with compu-
tational experiments that multi-reads lead to significant
increase in sequencing depths and identification of
binding regions that are otherwise not identifiable when
only reads that uniquely map to the reference genome
(uni-reads) are used. In particular, we show that the
number of binding regions identified can increase up to
36%. We support our computational predictions with
independent quantitative real-time ChIP validation of
binding regions identified only when multi-reads are
incorporated in the analysis of a mouse GATA1 ChlIP-seq
experiment.

studies highlighted that annotating segmental duplications in terms
of transcription factor binding might aid in understanding
functions of genes within these regions. In addition, retro-
transposon elements, a major class of transposable elements which
duplicate through RNA intermediates that are reverse transcribed
and are inserted at new genomic locations, also carry transcription
factor binding sites that regulate gene expression [25,26]. For
example, [27] showed with in vivo ChIP experiments that
transcription factor p53 binds to human endogenous retrovirus
(ERV) long terminal repeats (LTR), that are 100 bp to 5 kb long,
with a p53 binding site.

There has been little work in the literature that investigates the
effects of multi-reads in ChlIP-seq data analysis. [12] provided an
example of how discarding multi-reads could result in potential
false negatives. [10] briefly discussed that by randomly assigning
multi-reads to one of their mapping locations, one can increase the
number of detected binding sites. [28] recently studied enrichment
of the known repetitive elements as described by the Repbase
database [29] and the RepeatMasker [30] scans in ChIP-seq data
of histone modifications. Similarly, [31] developed an algorithm
for genomic mapping of ambiguous tags which increased read
coverage for highly repetitive sequences. However, neither of these
thoroughly investigated the effects of multi-reads on overall peak
(binding location) detection. Currently, none of the popular ChIP-
seq data analysis software [10-12,32-42] takes multi-reads into
account.

We investigate the effects of discarding multi-reads on two
different ChIP-seq datasets: STATI1 binding in interferon-y-
stimulated HeLa S3 cells [10] and GATAI binding in mouse
GI1E-ER4 cells [43]. We develop a method for utilizing multi-
reads and illustrate that incorporation of multi-reads can lead to
an increase of up to 25% in the sequencing depth and identify high
quality novel peaks. Location analysis of these peaks reveals that a
large fraction of them reside in close proximity to promoters and in
genic regions within segmental duplications of the genomes.
Furthermore, true peaks are highly enriched for retrotransposon
elements such as LINE (long interspersed repetitive elements) and
LTR (long terminal repeats). Therefore, they are likely to be
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critical for constructing comprehensible genetic networks with
members in repetitive regions of the genomes. Our computational
experiments demonstrate that multi-reads can not only lead to
detection of novel peaks in low mappable regions but also improve
peak identification in moderate to highly mappable regions. We
support our computational experiments by experimental valida-
tion of a subset of GATAI1 peaks that were only identifiable when
multi-reads were incorporated. This leads to identification of novel
GATALI target genes.

Results

Multi-reads significantly increase the sequencing depth
of ChIP-seq data with 30 to 75mer tags

The two datasets, STAT'] binding in interferon-y-stimulated HeLa
S3 cells [10] and GATALI binding in mouse GATAI-null erythroid
cells (G1E-ER4) after genetic complementation with a conditionally
active allele of GATA1 (ER-GATAI) [43], and their input DNA
controls were downloaded from GEO (http://www.nchi.nlm.nih.gov/
geo/) (accession numbers GSM320736, GSM320737, GSM453997,
GSM453998 for STAT1 ChIP and input, and GATA1 ChIP and
input samples, respectively). Data from different lanes within an
experiment were pooled together. The STAT1 data set has a higher
sequencing depth than most published ChIP-seq data sets and is
therefore especially suited for studying the effects of multi-reads. Both
datasets utilize single end short reads (30 mers for STAT'1, 36 mers for
GATAI), which is still the current state of the art for ChIP-seq
experiments.

We devised a method for allocating multi-reads to a given
reference genome. This is motivated by the generative statistical
model from [14] that addressed read mapping uncertainty in a
principled manner within the context of RNA-Seq. In Table 1 are
the total number of reads, percentages of aligning reads, uni-reads,
multi-reads, and the rescued-reads (gain in sequencing depth by
incorporating multi-reads) for both of the datasets we study. We
observe that utilizing multi-reads leads to an increase of 22%
(25%) and 17% (19%) in the sequencing depths of STAT1 and
GATA1 ChIP (input) samples, respectively. In our mapping
procedure, reads mapping to more than 100 locations in the
reference genome are discarded due to computational reasons.
Despite this, the increase in sequencing depths due to multi-reads
is substantial for short read datasets. The last four rows in Table 1
present results for longer reads (unpublished longer read datasets
are courtesy of Prof. Qiang Chang at UW Madison). Summaries
on MECP2-SET ChIP and input datasets (75 mer single end tags
(SETs) from mouse) indicate that multi-reads still constitute a
significant issue even with longer reads and they can lead to an
increase in sequence depth comparable to the increase in short
read datasets. The last two rows are from an experiment with
75 mer paired-end tags (PETS) in mouse. Although there is a
significant drop in the percentage of multi-reads, utilizing these
reads increases the sequencing depth by 7% for these 75 mer
PETs datasets.

Apparent mappability and GC content sequence biases
in multi-read samples

We next evaluated the effect of increase in sequencing depth
due to multi-reads in terms of peak detection. We started our
exposition by checking for known systematic biases such as
mappability and GC content in ChIP-seq data [10,44]. We
divided the genome into small non-overlapping intervals, i.e., bins,
of size 50-250 bp as in CisGenome [11] for the downstream
analysis of peak detection. We excluded bins which consisted of
only the ambiguous base N. Then, for each factor, two bin-level
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Table 1. Impact of multi-reads on sequencing depth.

Multi-Read Analysis of ChIP-Seq Data

Dataset # of reads % Alignable % Uni-reads % Multi-reads % Rescued
STAT1(C) 76,913,219 36.64 29.92 6.72 2246
STAT1(l) 49,771,625 47.90 3831 9.59 25.03
GATA1(C) 33,124,216 79.27 67.81 11.46 16.90
GATA1(l) 20,711,007 82.37 69.38 12.99 18.73
MECP2-SET(C) 15,253,906 79.23 65.06 14.16 21.76
MECP2-SET(I) 21,870,009 90.35 78.14 12.21 15.63
MECP2-PET(C) 18,622,331 68.55 64.24 4.31 6.70
MECP2-PET(l) 18,498,899 84.26 78.92 534 6.77

doi:10.1371/journal.pcbi.1002111.t001

datasets were created using (1) uni-reads only (UR sample) and (2)
both uni-reads and multi-reads (MR sample). Further preprocess-
ing involved extending each read to the expected fragment length
(200 bp for both datasets) as in [10] and summarizing the total
number of reads overlapping each bin. The bin size was selected to
match the expected fragment length. Multi-reads contributed
fractional counts to multiple locations and these counts were
proportional to their estimated alignment probability at each
location. The final bin counts were rounded to the nearest integer
for modeling purposes since fractional counts were not continuous
enough for fitting with a continuous distribution such as the
Gamma distribution. We also considered applications of the
ceiling and floor functions to fractional counts as alternatives to
rounding. These provided upper and lower bounds on the number
of reads obtainable from fractional counts, respectively. The
overlap of the peak sets under these three strategies were more
than 95%. Matching input control samples of the ChIP-seq data
were processed similarly to generate matching UR and MR input
samples.

Figures 1A, B display the bin-level average read counts against
mappability and GC content for the STAT1 UR and MR samples
(Figure S2 displays similar plots for GATAL). Each data point is
obtained by averaging the read counts across bins with the same
mappability or GC content. It is apparent from Figure 1A that the
MR sample still exhibits mappability bias, although to a lesser
extent compared to the UR sample in the low mappability range.
The GC content biases of both of the samples are comparable.
These results indicate that peak detection in the MR samples
might also benefit from the use of methods that take into account
these apparent sequence biases.

Multi-read samples reveal significant numbers of

additional peaks

We analyzed UR and MR bin-level data for each experiment
using our recently developed method MOSAICS [44] to identify
peaks. This method accounts for non-specific sequence biases such
as mappability [10] and GC content [45]. It performs comparable
to or better than some of the commonly used peak finders such as
MACS [32], CisGenome [11], and PeakSeq [10]. Another reason
for using MOSAICS is that currently none of the peak finders
readily allow incorporation of multi-reads. The MOSAiCS model
fits the UR and MR samples well. Figures S3 and S4 display the
goodness of fit (GOF) plots for chromosome 4 of STAT1 and
chromosome 9 of GATAL, respectively. Similar fits are observed
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In the first column, “(C)” and “(I)” refer to ChIP and input samples, respectively. Percentages in the third to fifth columns are calculated with respect to the total number
of reads (the second column). The actual numbers of reads are provided in Table S1.“% Rescued” in the last column is obtained as the number of multi-reads divided by
the number of uni-reads and it indicates the gain in sequencing depth due to multi-reads.

for other chromosomes. Since MOSAICS explicitly incorporates
mappability as an explanatory variable in a regression framework,
we were able to confirm the decrease in the effect of mappability
on the model fit of the MR samples by comparing the estimated
mappability coeflicients in the UR and MR samples. The average
coeflicient estimates for mappability across chromosomes de-
creased from 2.94 (UR sample) to 1.95 (MR sample) for STAT1
and 3.72 (UR sample) to 2.75 (MR sample) for GATAL.

The final peak lists were obtained by controlling the false
discovery rate (FDR) at level 0.05 and filtering out bins with less
than 30 ChIP tag counts. Conclusions presented below remain
robust to various choices of this tag count threshold. Since the
number and the quality of the peaks rely on the FDR level used,
we first implemented a sensitivity analysis to evaluate the recovery
rate of the UR and MR analysis peaks. We declared peaks at FDR
levels of 0.005, 0.01, 0.05, 0.1, and 0.2 and classified the peaks
detected at FDR level of 0.005 as UR-only (specific to UR
analysis), MR-only (specific to MR analysis), and common peaks.
This resulted in 23424 and 3378 MR-only peaks for STAT1 and
GATAL, respectively. Then, we evaluated the percentage of the
MR-only peaks identified at FDR level of 0.005 and are recovered
by the UR analysis at higher FDR levels. We did not calculate the
recovery rate of UR-only peaks by the MR analysis since the
numbers of UR-only peaks were negligible (2 for STAT1 and 10
for GATAL). Figure 2 displays the results of the sensitivity analysis.
As the FDR level increases, the UR analysis can at most recover
30% and 5% of the MR-only peaks for STAT1 and GATAL,
respectively.

Figures 3A, B display two examples of MR-only peaks with their
MR ChIP, MR input, UR ChIP, UR input, and mappability
tracks. The first is a STAT1 peak (Figure 3A) that resides in a
poorly mappable region with a peak level mappability of 0.04 and
therefore cannot be recovered by the UR analysis that relies only
on uni-reads. The second is a GATAI peak (Figure 3B) and is
located in a region with moderate mappability (average peak level
mappability of 0.72). It is not identified as a peak in the UR
analysis; however since the MR analysis boosts up the tag count of
the region by utilizing multi-reads, this peak reaches the required
statistical significance level in the MR sample. Of the MR-only
STAT1 and GATALI peaks, 32% and 74% are located in regions
with mappability below 0.5, therefore these peaks are not likely to
be detected by UR analysis regardless of the sequencing depth.

To further quantify the advantage of incorporating multi-reads
beyond novel peaks that are not identifiable with only uni-reads,
we performed the following computational experiment for the
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Figure 1. (a) Mappability bias in the STAT1 UR and MR samples. Mean tag counts against mappability (Def 1 - mappability for uni-reads) and
GC content in UR and in MR samples, respectively. The patterns observed are typical of ChIP-seq data with 36 mer to 75 mer tags. Figure S2 displays
similar patterns for GATAT UR and MR samples. Mappability plots utilizing Def 2 for the MR samples are provided in Figures S1a and S2a (right panels)
and exhibit similar patterns. (b) GC content bias in the STAT1 UR and MR samples.

doi:10.1371/journal.pcbi.1002111.g001
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STAT!1 sample which had higher sequencing depth and was
therefore more suitable for this experiment. The idea is similar to
the study of saturation in ChIP-seq experiments where the number
of identified peaks is plotted as a function of the sequencing depth
[10,37]. We defined peaks identified using all the uni-reads as the
UR gold standard peak set. Then, we constructed smaller datasets
by sampling from uni-reads and multi-reads and identified peaks
using these datasets with lower sequencing depths. Figure 4 plots
the percentage of the gold standard UR peaks identified at lower
sequencing depths by the UR and MR analysis. We observe that
utilizing multi-reads recovers UR gold standard peaks at a faster
rate than using only uni-reads. In particular, peak calling using
MR sample recovers all the UR gold standard peaks using only
80% of the full dataset. This experiment further solidifies the gains
in sequencing depth in Table 1 by illustrating the practical utility
of multi-reads in terms of peak finding. When we performed a
similar experiment using MR peaks from the full dataset as the
gold standard peak set, a significant percentage of MR-only peaks
were not detected using only UR sample at any sequencing depth
(Figure S5).

For the rest of the comparisons among the MR and UR peak
sets, we focused on the highest quality peaks called at FDR level of
0.05 by further filtering UR-only or MR-only peaks. A peak
identified only in the MR (UR) analysis is labelled as an MR-(UR-
Jonly peak if its corresponding UR (MR) read count is less than 20
making it highly unlikely for the UR (MR) analysis to identify this
peak as a high quality peak. This filtering is further justified by
examining MR-only peaks with low and high UR ChIP read
counts in more detail. MR-only peaks with low UR ChIP read
counts exhibit stronger signal than those with high UR ChIP read
counts in the MR sample. Among the STAT1 MR-only peaks, the
peaks with low UR ChIP read counts are ranked higher than MR-
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only peaks with high UR ChIP read counts based on their
posterior probability of ChIP enrichment in the MR peak list.
Moreover, the average log base 2 bin-level ratio of ChIP over
input tag counts of MR-only peaks with low UR ChIP tag counts
is 1.72 while those of MR-only peaks with high UR ChIP tag
counts is 0.89 (enrichments are computed after scaling ChIP and
mput to the same total sequencing depth within each sample).
Results are similar for the GATAl MR-only peaks (data not
shown).

In addition to the above quality filtering for the UR-only and
MR-only peaks, we also screened the MR-only peaks based on
their shared multi-reads with other MR peaks. This is to avoid
double counting and inclusion of MR-only peaks that are in low
mappable segmental duplications. We classified MR-only peaks
into three classes: peaks that share high multi-read similarity with
another peak (Type-I), peaks that share low multi-read similarity
with another peak (Type-1I), and peaks that do not share any
multi-reads with another peak (Type-III). Type-I MR-only peaks
arise if two peaks share a majority of their multi-reads with similar
allocation weights and can be potential artifacts of segmental
duplications. We observed that 18.8% and 27.6% of the MR-only
peaks do not share any multi-reads with another peak (Type-III),
for STAT1 and GATALI, respectively. For MR peaks that are also
identifiable by uni-reads, these percentages increase to 54.1% and
92.6%. Of the remaining peaks, only 17.3% (STAT1) and 12.3%
(GATAL) have a similarity score greater than 0.5 with another
peak. We investigated the allocation weights of multi-reads among
peaks sharing multi-reads with formal hypothesis testing utilizing
both paired t-test and Wilcoxon signed-rank test. This investiga-
tion revealed that shared multi-reads might contribute significantly
differently to each peak pair despite overall high multi-read
similarity. We classified the peaks that are not Type-III as Type-I
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and Type-II as follows. Peak i is labeled as Type-II if (a) the sum of
its fractional counts, i.e., allocation weights from multi-reads, that
do not overlap with peak j is at least 20; or (b) it has at least 20 uni-
reads; or (c) its ratio of sum of fractional counts from unshared
versus shared multi-reads is at least 2. Although criterion (a)
accounts for 97.2% of the Type-II peaks, we decided to include (b)
and (c) based on visual inspection of the multi-read allocation of
the peaks. Illustrative examples of scatter plots of allocation
weights of MR-only peaks are provided in Figures S6-S7 (Type-II)
and Figures S8-S9 (Type-I). As a result, we observed that only
21.8% and 24.4% of the STAT1 and GATA1 MR-only peaks are
Type-I peaks. Moreover, 75.9% (STAT1) and 87.4% (GATATI) of
the peaks with a similarity larger than 0.5 with another peak are
classified as Type-I peaks. In contrast, only 13.5% (STAT1) and
22.6% (GATAL) of the peaks with a similarity smaller than 0.5 are
Type-I peaks. Table 2 summarizes the final number of peaks
retained in the subsequent downstream analysis after discarding
Type-I MR-only peaks. There are no UR-only peaks and multi-
reads identify 11% and 36% more high quality peaks for STAT1
and GATAL, respectively. In order to assess the robustness of these
results to the peak calling algorithm used, we implemented the
conditional binomial (CB) test of CisGenome [11] to handle multi-
reads. We processed the CB peaks identified at FDR level of 0.05
with the same procedure applied to MOSAICS peaks and arrived
at the same conclusion: although a large fraction of the peaks are
common between UR and MR analysis, MR analysis identifies a
significant number of additional peaks. Detailed results of this
analysis are in the Table S2. We further compared GATA1 MR-
only peaks detected by MOSAICS with the MACS peaks that
were reported in [43] and utilized only uni-reads. Only 127 out of
2146 MOSAICS MR-only peaks (6%) were in the MACS peak list.
In contrast, 97% of MOSAiCS common peaks (5878 out of 6038)
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were in the MACS list. The 127 MR-only peaks that were
detectable by MACS had an average mappability of 0.72 which
was significantly higher than the average mappability of 0.31 for
the peaks that were not detectable (p—value <2.2¢~'%). Further-
more, these MACS detectable MR-only peaks had a median
ranking of 851 with an interquartile range IQR) of 609 among the
2146 MR-only peaks, indicating that they are not the strongest
signal MR-only peaks. These peaks were also detectable by the
MOSAICS analysis of the UR sample at a higher FDR level.

MR-only peaks are from low mappability regions of the
genomes but have significant enrichment for known
consensus sequences

Figure 5A displays boxplots of mappability (left panel) and GC
content (middle panel) of STAT] common and MR-only peaks
(Figure S10 shows the results for GATA1 peaks). The GC content
levels are comparable between MR-only and common peaks;
however, as expected, MR-only peaks cover a much broader range
of mappability and have, on average, lower mappability than
common peaks. Next, we investigated how the MR-only peaks
would be affected by using longer reads because larger fractions of

Table 2. Summary of UR and MR peaks detected by
MOSAICS.

# of UR-only # of common # of MR-only
Dataset peaks peaks peaks
STAT1 0 23175 2546
GATA1 0 6038 2146

doi:10.1371/journal.pcbi.1002111.t002
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SETs. Scatter plot of mappability of GATA1T MR-only peaks with respect to 75 mer SETs versus 36 mer SETs. The black line is the smooth fit through
all the data points. A colored version of the plot where shading in the grids represent frequency of data is provided in the Figure S11.
doi:10.1371/journal.pcbi.1002111.g005
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genomes become uniquely mappable when longer reads are
utilized [10]. To assess this, we studied how mappability changes
when 75 mer SETs are used instead of 36 mer SETs. Figure 5B
displays the scatter plot of mappability scores of GATA1 MR-only
peaks (identified using 36 mer SETs) according to 75 mer and
36 mer SETs. Even though mappability improves significantly
when longer reads are utilized, indicating that these peaks might
eventually become detectable with the uni-read analysis, more
than 50% of the GATAI MR-only peaks still reside in low
mappability regions even with 75 mer SETs. The median
mappability of GATAIl MR-only peaks increase from 0.27
IQR =.40) to 0.67 IQR=.59) when 75 mer SETs are used
instead of the 36 mer SETs.

Next, we compared enrichment ratios of the peaks by taking an
average of bin-level ChIP to input ratios in the log base 2 scale. We
observe that, overall, common peaks tend to have higher
enrichment ratios compared to MR-only peaks; average enrich-
ments, i.e., fold-changes in the log base 2 scale, are 2.05 (2.89) and
1.72 (2.03) for STAT1 (GATA1) common and MR-only peaks,
respectively. However, further analysis reveals that 77% and 38%
of the GATA1 MR-only peaks have enrichment ratios larger than
1 and 2, respectively. For STAT1, 68% and 30% of the MR-only
peaks fall in these categories.

We also compared the peak sets in terms of their enrichments for
the known binding consensus sequence of the corresponding factors.
We scanned the STAT1 peaks with FIMO [46] using the two known
STAT1 position weight matrices from JASPAR [47]. For GATALI,
we counted the occurrence of the consensus motif [A/T]|GATA[A/
G] [48] in the peak regions. Right panel of Figure 5A displays the
STAT1 motif occurrences of common and MR-only peaks. Figure
S10 (right panel) exhibits similar results for GATAIL. Motif
enrichments in the MR-only peak sets are lower compared to the
enrichment observed for the common peaks. This is potentially due to
uncertainty in the mapping of reads that contribute to these peaks.
However, the observed motif enrichments in both the STAT1 and
the GATA] MR-only peak sets are much higher than one would
expect by chance (both p—values < < le™*).

Genome-wide annotation reveals enrichment of MR-only
peaks in segmental duplications

As we discussed in the Introduction, there is a growing literature
that highlights the biological importance of segmental duplications
[23,24,49]. One of the findings is that segmental duplications are
enriched for genes involved in immunity and, therefore, could be
potential targets for transcription factor binding. We next assessed
to what extent common and MR-only peaks appear in segmental
duplications of the genomes. For this analysis, we utilized
segmental duplication data from the UCSC Genome Browser
database [50] and carried out a location analysis on the peak lists.
Pie charts in Figure 6A display location analysis results for STAT'1
and GATAI, respectively. MR analysis identifies peaks in all
categories. The percentages of MR-only peaks that are in the
“None” category are not drastically different than that of the
common peaks. A large percentage of MR-only peaks reside in
segmental duplication regions (54.91% for STAT1 and 60.58%
for GATAI) with a substantial amount located in promoter
(10.60% and 4.19% for STAT1 and GATAI, respectively) and
genic regions of genes (15.71% and 14.17% for STAT1 and
GATALI) within these segmental duplications. Next, we annotated
the peaks in the "None" category in terms of interspersed repeats
and low complexity DNA sequences in the human and mouse
genomes utilizing RepeatMasker [30]. For STAT1, 67% of the
8782 common peaks and 95% of the 667 MR-only peaks map to
at least one of these types of repeats. In particular, MR-only peaks
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are enriched in the long terminal repeats (LTR) category
compared to common peaks. Percentages of peaks in the LTR
category are 22.6% and 58.5% for the common and MR-only
peaks, respectively. For GATAL, 54% of the 1347 common peaks
and 76% of the 526 MR-only peaks map to at least one of these
types of repeats. In addition, MR-only peaks are enriched in the
long interspersed repetitive elements (LINE) (9.3% of the common
peaks, 22.6% of the MR-only peaks) and LTR (16.5% of the
common peaks, 45.6% of the MR-only peaks) categories
compared to common peaks. In contrast, common peaks are
enriched in simple repeat and short interspersed repetitive
elements (SINE) category. Percentages of common peaks among
the "None" category that are in simple repeat and SINE categories
are 12.5% and 24.3% compared to 7.2% and 7.4% for the MR-
only peaks in these categories. Further results on the annotation of
the common and MR-only peaks in terms of repeat elements other
than segmental duplications for STAT1 and GATALI are available
in Tables S7 and S8, respectively.

To further explore STAT1 peaks in UR and MR samples in
terms of segmental duplications, we compared the average tag
count profiles at promoters of expressed genes [51] in duplicated
and unduplicated regions in Figure 6B. Of the 10913 expressed
genes, 1862 (17%) are located within segmental duplications. The
profiles for the matching input DNA controls were also included
for relative enrichment comparison between STAT1 ChIP and
input samples. These profiles are normalized using the average of
four bins at the start and end of the profiles. Both the UR and MR
samples have comparable tag counts at promoters of expressed
genes in unduplicated regions. In contrast, STAT1 ChIP MR
sample exhibits increased signal at promoters in duplicated regions
relative to input MR sample. Specifically, 1 kb regions around the
transcription start site (T'SS) of the expressed genes in duplicated
regions gain on average 24.69 and 9.93 tags in MR ChIP and
input samples, respectively, compared to UR ChIP and input
samples. In contrast, the gains in unduplicated regions are only
3.08 and 0.39 tags compared to UR ChIP and input samples.

We used the DAVID tools of [52,53] to further annotate the
MR-only peaks. For STAT1, we applied DAVID to the group of
102 expressed genes with at least one MR-only peak and no
common peaks in their promoters. This analysis revealed
significant enrichment of these genes for response to DNA
damage, transcription activity, regulation of gene expression,
apoptosis, programmed cell death, and intercellular signaling
cascade. For GATAL, the set of expressed genes with an MR-only
peak was too small. Instead, we applied DAVID to the set of genes
with at least one MR-only peak and no common peaks within
10 kb upstream of T'SS and 2 kb downstream of transcription end
site (TES) excluding exons. DAVID analysis of such 340 genes
identified significant enrichment for immune/defense response,
immune system development, regulation of apoptosis, hemopoi-
esis, and SAND domain. These results agreed well with the
observation that the segmental duplications are selectively
enriched for genes associated with immunity and defense [23,24].

Experimental validation of MR-only peaks confirms novel
GATAT1 target genes

We selected 13 GATA1 MR-only peaks for experimental
validation for GATAL occupancy with quantitative ChIP assays
and real-time PCR. Peaks selected for validation contained a [A/
T)GATA[A/G] motif] resided within promoter or genic regions of
a RefSeq gene, and had a mappability value between 0.5 and 1.
Eighteen percent of the GATA1 MR-only peaks satisfied the two
former requirements. The mappability constraint was necessary
for designing unique primers for the real-time PCR analysis of the
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Figure 6. (a) Annotation of common and MR-only peaks with respect to TSS and duplicated regions. Categories are: Prom & Dup: peaks
that are in promoter regions (42.5 kb of TSS) of RefSeq genes that reside in segmental duplications; Prom: Peaks in promoter regions (excludes
peaks in Prom & Dup); Genic & Dup: peaks that are within [—10 kb of TSS, +1 kb of TES] of RefSeq genes that are in segmental duplications (excludes
peaks in Prom & Dup); Genic: peaks that are within [—10 kb of TSS, +1 kb of TES] of RefSeq genes (excludes peaks in Genic & Dup, Prom, and Prom &
Dup); Dup: peaks that are in segmental duplications (excludes Prom & Dup and Genic & Dup); None: peaks that do not fall into any of the other
defined categories. Numbers within the pie charts indicate the percentages of peaks in each category. (b) Aggregation plots depicting STAT1
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uni-read and multi-read ChIP and input signals across +2.5 kb of TSS of expressed genes in duplicated and unduplicated regions
Tag counts within each profile are normalized by subtracting average counts of two bins at both ends of the boundary. ChIP tag counts in 1 kb
region around the TSSs within segmental duplications (left panel) increase by an average of 24.69 tags in the MR ChIP sample compared to the UR
ChlIP sample. The corresponding increase in the input tag counts is only 9.93 tags. In contrast, for the TSSs that reside outside of the segmental
duplications (right panel), ChIP and input tags counts increase on average by 3.08 and 0.39 tags in the MR sample compared to UR sample.

doi:10.1371/journal.pcbi.1002111.g006

peaks. The quantitative ChIP experiments were performed in the
G1E-ER-GATALI cells, which are pro-erythroblast cells derived
from mouse ES cells in which the Gatal gene was disrupted via
homologous recombination and further engineered to express a
conditionally active estrogen receptor (ER) ligand binding domain
fusion to GATA1 (ER-GATAL1). When f-estradiol is added to the
culture medium (+EST), the ER-GATAI fusion protein gets
activated and binds to GATAI specific sites. Figure 7 displays
quantitative ChIP analysis of GATAI1 occupancy of the eight
validated peaks, where +EST and -EST refer to relative
occupancy with respect to input DNA with or without f-estradiol
treatment (Figures S12, S13, S14, S15, S16, S17, 18, and S19
display raw data tracks for these peaks). We observe a significant
increase in GATAI occupancy in +EST compared to -EST for
these MR-only GATATI targets. Of these 13 peaks, 9 are located in
the lower 50th percentile of the full peak set obtained with the MR
sample in terms of their peak scores (median rank of the 13 peaks
is 4661 out of 8184 peaks from the MR sample). A scatter plot of
average log base 2 ChIP to Input ratio versus ChIP count for all
the GATA1 MR-only peaks are provided in Figure S20. Although
this validation rate of 61.5% is not representative of all MR peaks
since the selected peaks are from promoter/genic regions and are
required to have a GATA motif; it agrees well with rates one might
observe in the lower half of a ranked ChIP-seq peak list. Previous
studies exhibited that the validation rate may drop to 61.5% even
at the bottom of the upper 50th percentile of a UR sample peak list
[5]. In addition to our validation experiments of MR-only peaks,
we also performed validation experiments for 7 [A/T]GATA[A/
G] sites that resided in low mappable regions and were not
predicted to be MR peaks. None of these 7 regions exhibited an
increase in GATAI occupancy in +EST compared to -EST
(Figure S21), confirming that they are true negatives.

We next analyzed the expression of the genes corresponding to
the above validated peaks in 24 hr f-estradiol treated G1E-ER-
GATALI cells using microarray data generated from f-estradiol
treated and control cells as described in [5]. Upon f-estradiol-
treatment and GATAI activation, these genes exhibited a fold
change of 0.9 to 4.9 in expression. This confirms that GATALI
binds to these MR-only peaks and triggers expression of their
corresponding genes during GATA1 mediated maturation of pro-
erythroblasts. Even though these genes are not direct erythroid
maturation factors, the megakaryocyte-erythrocyte progenitors
express these factors at substantial levels as evidenced in the
BioGPS analysis [54]. These validated genes are chromatin
modifiers, m-RNA splicing factors, zinc finger proteins and are
mainly involved in transcriptional regulation and signal transduc-
tion. They may further contribute to the expression of erythroid
specific genes/factors after being activated in the early phase of
erythroid maturation.

Discussion

We investigated the shortcomings of discarding multi-reads in
ChIP-seq analysis and illustrated how incorporating multi-reads
can improve detection of binding sites in highly repetitive regions
of genomes. Multi-reads lead to identification of novel binding
sites that are located in highly repetitive and low mappability
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regions and are not identifiable with uni-reads alone. They further
contribute to effective utilization of uni-reads so that more peaks
can be detected with lower sequencing depths. Utilizing location
analysis and biological annotation, we further showed that a
substantial fraction of peaks specific to multi-read analysis are
located in segmental duplications of the human and mouse
genomes, and attributed to genes that are well associated with
immunity and defense.

Since multi-reads arise automatically in ChIP-seq experiments,
our pipeline does not require any additional experiments for
utilizing these reads. Once multi-reads are appropriately convert-
ed into counts by an application of the multi-read allocation
algorithm, peak calling might be performed with any method that
can handle bin or nucleotide level count data; however, since
many of existing software start the analysis with aligned or raw tag
files, these would need to be modified. To accommodate some of
the existing software that rely on aligned read files (or alignment
results in the bed format), we developed a script that rounds the
multi-read weights to the nearest integer and adds the ones that
round up to 1 to the original alignment files as pseudo reads so that
they can be utilized. This procedure is equivalent to (1) allocating
each multi-read to the location that it maps to with the largest
weight; (2) filtering out multi-reads with weights <0.5 since they
round to 0; and (3) ignoring weight information (degree of
confidence for multi-reads allocation). Although this implementa-
tion decreases the number of utilized multi-reads by about a half
(for GATAL), it still leads to a significant increase in the
sequencing depth compared to using uni-reads alone. An
application of this strategy with the MACS algorithm [32] was
able to identify 37% of the MR-only peaks identified by the
MOSAICS MR analysis. This set included the 3 true positive and
2 false positive peaks that we validated with the quantitative real
time ChIP analysis.

We showed that the overall conclusions of utilizing multi-reads
agree well when peak calling is performed either with MOSAiICS
[44] or CisGenome’s conditional binomial model [11]. Almost all
of the the published ChIP-seq studies in GEO (http://www.ncbi.
nlm.nih.gov/geo/) utilize short reads (25-36 mers) and we have
observed that multi-reads can lead to a substantial increase in the
sequencing depths of such datasets. A thorough investigation of
peaks that were detectable only with multi-reads highlighted that a
significant fraction of these peaks still have low mappability even
when 75 mer SETs are used. Therefore, utilization of multi-reads
is also likely to improve the analysis of data from longer and/or
paired-end reads. The two factors we studied are not particularly
known to bind to repetitive regions. However, there are many
examples of DNA binding proteins, e.g., MECP2, KAPI, that
selectively bind to repetitive regions. Our pipeline should even
have a higher impact in the analysis of such datasets. We have
initially implemented our methodology for use with ChIP-seq data
from the Ilumina Genome Analyzer platform; however it is
straightforward to adapt it for use with other high-throughput
sequencing platforms.

A related question is whether utilizing a more flexible
definition of uni-reads by relaxing the alignment criterion can
provide a similar utility to that of multi-reads in terms of
sequencing depth. Our computational experiments (data not
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Figure 7. Experimental validation of GATA1 MR-only peaks. Quantitative real-time ChIP analysis of a subset of MR-only peaks in f5-estradiol
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doi:10.1371/journal.pcbi.1002111.g007

shown) indicate that more flexible definitions of uni-reads (e.g.
single best alignment of each read with at most 3 mismatches) can
increase the sequencing depth and lead to identification of more
peaks. However, such applications fail to identify high signal MR-
only peaks that a multi-read analysis can identify. For example,
defining uni-reads by considering the single best alignment of
each read with at most 3 mismatches increases the sequencing
depth by 12% for GATAI1 but can only identify 2.6% of the
GATAI1 MR-only peaks.

Significant fractions of eukaryotic genomes are composed of
repetitive regions, e.g., more than half of the human genome.
Therefore, functional properties of the repetitive regions of
genomes are of significant biological interest. In particular,
genomic repeats play important roles in functioning and evolution
of transcriptional regulatory networks [55,56]. [56] illustrated that
binding sites embedded in genomic repeats are associated with
significant regulatory expansions throughout the mammalian
phylogeny. Therefore, analysis and/or re-analysis of available or
future ChIP-seq datasets with our multi-read approach is expected
to reveal fundamental insights into functional properties of highly
repetitive regions of the genomes.

Methods

Allocating multi-reads

The computation of weighted alignments for the reads in each
data set was performed in two steps. First, a short-read alignment
tool was used to establish a set of candidate alignments for each
read against the reference genome. Second, an iterative alignment
reweighting algorithm was used to establish probabilities for each
candidate alignment. For the first step, we used the Bowtie aligner
[57] to align reads against the appropriate reference genome
(human HG18 or mouse MMO9). The parameters for Bowtie were
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set such that for each read, all alignments with at most 2
mismatches were reported. Reads with 100 or more such
alignments were filtered out. For all samples except STATI,
reads were obtained from the FASTQ-formatted files produced by
the Illumina pipeline. For STAT1, reads were extracted from the
output of the ELAND aligner (reads with ELAND tags “QC” or
“RM?” were filtered out).

Given a set of candidate alignments for each read, we used a
novel alignment weighting algorithm to assign probabilities of
being correct to each alignment. The strategy we used can be
thought of as an iterated version of the “rescue” technique
described in [13], or a heuristic version of the Expectation-
Maximization method used for estimating expression levels from
RNA-Seq data [14]. During the algorithm, we maintain a list of
(possibly non-integer) counts of the number of reads assigned to
start at each position in the genome. Strand information for each
alignment was ignored such that the left-most coordinate of each
alignment was defined as its starting position. On each iteration of
the algorithm, we reallocated the fraction of a read assigned to
each of its possible starting positions using the counts from the
previous iteration. The fraction of a read assigned to a given
position s was defined to be proportional to the number of reads
assigned within a length 2w+ 1 interval centered on s (w=100 for
this study). More precisely, for a read with n possible starting
positions, $1,52, . . . ,8y, the fraction of the read assigned to position

s; was computed as f(s;,w)/ Z::l f(s;,w), where

s;i+w

f(ShM)): Z Cs,
S:Sifw
and c¢; 1s the count of reads assigned to position s. The algorithm

was initialized by setting ¢y =1, for all positions s and was repeated
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for a fixed number of iterations (200 in this study). The fraction of
a read allocated for each alignment in the final iteration was used
as the probability of that alignment being correct. In this allocation
procedure, the choice of w controls the degree at which multi-read
allocation is affected by uni-reads. Therefore, setting 2w+ 1~ L,
where L is the fragment size (200 bp for both STAT1 and GATALI
datasets), ensures that uni-reads and multi-reads within a given bin
correspond to the same binding event. We considered setting w to
25, 50, and 100 bp, respectively, and observed that, although
there is high overlap among the peak sets obtained with different w
(>70% overlap), w=100 captures the largest number of true
positives and smallest number of false positives in our validation
set.

For efficient storage and retrieval of the number of reads
mapped to each position in the genome, a binary tree structure,
similar to that of a Fenwick tree [58] was used. This structure
allows for O(log n) time updates of read counts and O(logn)
time computations of the cumulative sum of counts within any
interval, where n is the total number of genomic positions for
which counts are recorded. For space efficiency, only genomic
positions at which at least one read alignment started are stored in
the tree. The multi-read allocation algorithm is available at
http://www.stat.wisc.edu/ ~ keles/Software/multi-reads/ in the
form of a C4++ program.

Mappability for 36 mer and 75 mer SETs

Consider a tag length of k& and a fragment length of L. Let
X(iy(i+k—1) denote the kmer starting at position i and ending at
position i+k—1 from 5 to 3. Let xfi):(,7,(+1) denote the kmer
starting at position 7 and ending in i—k+1 in the other strand.
Nucleotide level mappability is defined as in [10]:

. { 1 if
0i=
0 o.w.

We can similarly define mappability for a position in the reverse
strand as:

X(iy(i+k—1) 1S unique,

if

5o 1 X(y(i—k+1) 1S unique,
! 0 o.w.

Note that 6! =0;_+1. In the pre-processing of ChIP-seq data,
as a result of fragment extension, the total number of observed
counts at position i could be contributed by forward strand tags
that originate between positions i—L+1 and 7 or reverse strand
tags that originate between positions i and i+ L — 1. Therefore, we
modify the definition of mappability at position i as follows for
single-end tags:

5,_2L< >

j=i—L+1

i+L—1

3+ Z 5;‘), (1)

i+L—k

> a,-) (Def 1).

j=i—k+1

1 i
=5 0;+ (2)

Mappability plots in Figure 1A, Figure Sla, and Figure S2a
(middle panels) are based on the above definition of mappability to
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highlight the effect of multi-reads on low mappable regions and
allow direct comparison with uni-reads.

When we are utilizing multi-reads in the actual statistical
analysis, the definition of nucleotide level mappability is modified
to take into account the fact that kmers mapping to less than 100
locations can generate non-zero counts. This can be achieved by
defining 6;=1(R;<100)/R; where R; is the number of times
kmerxy.(i+k—1) occurs in the genome. We will refer to bin-level
mappability utilizing this ; as Def 2. Figures Sla and S2a (right
panels) illustrate that the mappability bias is also apparent for the
MR samples with this modification on mappability to take multi-
reads into account.

Finally, the mappability score M; for bin j is the average of
mappabilities (9}) of positions that are within this bin. The GC
content at the bin level is calculated similarly by changing d; to be
GC content of the kmer starting at position i.

MOSAICS

MOSAICS is based on a two-component mixture model where
data from unbound bins, i.e., background bins, are characterized
with a negative binomial regression model that accounts for
mappability, GC content, and input counts. Data from bound bins
are modeled with a mixture of two negative binomials. Let Y;
denote ChIP tag counts, X; input tag counts, M; and GC;
mappability and GC content, respectively. Define Z; to be an
unobserved random variable representing whether the bin is
bound or not. Then, MOSAICS assumes that

Y/12;=0,M;,GC,X; ~ NegBin(a.a/ 1),
Yj|Z;=1,M;,GC;,X; ~ NegBin(a,a/ )+ S;,

where §; is a mixture of two negative binomial distributions, i.e.,
S;=pi1NegBin(by,c1)+ (1 —p1)NegBin(bs,c2)+ k, where k=3 is
a constant that represents the minimum tag count observable in a
bound region;

log (1) = Po +1(X; <5) [y logy (M; +1)+
BaeSp(GC) + By, X,d} +1(X;>5)Px, de

and Sp is a piecewise linear B-spline model with knots at the first
and third quartiles of GC content. We had previously shown that
this piecewise linear B-spline model characterizes the dependence
of background tag counts on GC content well [44]. s and d are
tuning parameters. For all the datasets we have used MOSAiICS
on, d =0.25 works best. Optimal s was chosen among {2,3,4} for
each chromosome based on BIC scores. The R package mosaics
implements this model (available from Bioconductor [59]) and
provides parameter estimates and posterior probabilities depicting
the probability that a given bin is bound. False discovery rate
(FDR) is then controlled at the desired level utilizing these
posterior probabilities. Contiguous bins declared as bound are
merged as peaks.

Classification of MR-only peaks based on their shared
multi-reads

We classified the MR-only peaks into three classes, Type-I, II,
and III, based on their shared multi-reads with the following
procedure in a high throughput fashion.

1. For each peak, we identified the set of reads that map to its
peak region. As expected, no uni-reads were shared between any
two peaks. There were cases where the same multi-read was
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mapped to multiple locations within a peak (albeit with different
weights). We collapsed reads mapping to a peak to a unique set of
reads and combined weights from multiple mappings of the same
read within the peak region.

2. For every pair of peaks, we counted the number of shared
multi-reads and computed a similarity score between them based
on their multi-reads. Although two peaks can share a substantial
number of multi-reads, the weights of the reads may be
substantially different for the two peaks. For example, if a multi-
read is shared by peaks 7 and j but its weight for peak 7 1s 0.9 and is
0.1 for peak j, then the two peaks can be more different, compared
to the case when the weights are 0.6 and 0.4 for the two peaks,
respectively. Therefore, we weighted the contribution of each
multi-read to the similarity score by the difference in its weights in
the two peaks. Then, the similarity between peaks 7 and j is defined
as Zt:l dj where dj;=1—|wj—wi|/ max (w{,w;) and w; is the
fractional count of read ? in peak i. For the above example, this
results in dj;=0.111 if wi=0.9 and w;-=0,1 and d;;=0.667 if
w;=0.6 and w;=0.4. ‘

Under this similarity definition, the self-similarity (diagonal
elements of the similarity matrix), is just the total number of reads
in the peak. In addition, if the weights for each overlapping multi-
read between peaks i and j are all 0.5, then the similarity is again
the total number of overlapping reads. We normalized the
similarity scores between peaks i and j by the maximum of the
number of reads in peaks 7 and j to make the similarity scores
comparable across peaks.

3. We further assessed the degree of similarity of peak pairs
sharing multi-reads with a paired t-test of the multi-read weights.
Specifically, we tested whether the average weights of the shared
multi-reads are the same for each peak of the pair. This analysis
suggested that even for peaks with high similarity based on the
above definition (similarity >0.5), the weights could contribute
significantly differently to the two peaks. We obtained similar
results when the paired t-test is replaced with the non-parametric
Wilcoxon signed-rank test.

4. Fially, we classified a peak as Type-II if (a) the sum of its
fractional counts that do not overlap with peak j is at least 20; or
(b) it it has at least 20 uni-reads; or (c) if its ratio of sum of
fractional counts from unshared versus shared multi-reads is at
least 2.

Detailed results of the similarity analysis and formal hypothesis
testing of shared multi-read allocation weights are provided in

Tables S3, S4, S5 and S6.

Conditional binomial test

For each bin j, let n;=1Y;+ X; denote total tag counts. The
conditional binomial test of CisGenome [11] builds on the fact
that under the independence of ChIP counts Y; and input counts
X, the conditional distribution of Y; given n; follows a binomial
distribution with parameters (n;,p0). po 1is estimated by
po=r/(r+1), where r=N¢/N;, Nc¢ and N; are the total ChIP
and input tag counts across the bins with total counts smaller than
or equal to 1. Under this null model of no binding, a p-value is
computed for each bin and overall FDR can be controlled at any
desired level. Contiguous bins declared as bound are merged as
peaks.

Saturation analysis

STAT1 UR gold standard peaks are defined as the peaks
detected by MOSAICS at FDR level of 0.005 based on the whole
STAT1 UR sample. Then, we sampled 10%,20%, - - -,100% of
uni-reads and multi-reads, respectively, and set the UR and MR
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samples as the sampled uni-reads and combined uni-reads and
multi-reads, respectively. We also made sure that the samples
obtained at higher sampling percentages are super sets of the
samples with lower sampling percentages. After the construction of
UR and MR samples of increasing sequencing depth, we detected
peaks in these samples with MOSAICS using the same parameter
setting as in the construction of the UR gold standard peak set. We
then compared the overlap of the identified peaks sets with the UR
gold standard peak set.

Segmental duplications

Segmental duplications are defined as 1 kb or longer repeats
with at least 90% similarity to another region within the genome
[24,60]. We downloaded segmental duplication data for human
HG18 and mouse MM8 from the UCSC Genome Browser
database (‘genomicSuperDups’ table in the ‘Segmental Dups’
track) [50]. Then, duplicated segments of MM8 were lifted over to
MM9 using the lift-over tool of the UCSC Genome Browser
database.

Motif analysis

We scanned the peak sets with both versions of STAT1 motifs
(ID: MAO137.1 and MA0137.2) using the position weight matrices
in the JASPAR database [47]. Scoring on each peak set was
conducted with the FIMO tool of the MEME suite [46,61]. FIMO
evaluates the significance of each subsequence in a given dataset
by comparing the likelihoods of the subsequence under the
position weight matrix model and a background model. For each
peak set, we allowed the background model to be estimated from
the sequences of all the peaks. The resulting p-values were
adjusted by controlling peak level FDR at 0.1 to take into account
the differences in peak widths, where median widths of common
and MR-only peaks were 600 and 400 bp, respectively. For
GATAL, we counted the occurrence of the GATAI consensus
sequence [A/T]GATA[A/G] [48] in the peak regions. The
median widths of both the common and MR-only peaks were
400 bp.

We assessed the significance of motif occurrences by estimating
a null distribution of motif occurrence for each factor, separately.
We repeated the following null peak set generation 10,000 times
for each of the MR-only peak lists. First, for each peak in the peak
list, we randomly sampled a region matching the actual peak in
terms of width, mappability, and GC content from the same
chromosome. After sampling as many peaks as the number of
peaks in the actual dataset, we scanned the peaks for motif
occurrence with the procedure used for the actual dataset. We
then reported the proportion of peaks with the motif in each of the
10,000 simulated datasets. A p-value for each MR-only peak list
was obtained by taking the proportion of number of simulated
peak sets out of 10,000 with a motif occurrence proportion greater
than that of the actual MR-only peak list’s proportion.

Quantitative ChIP assay

Quantitative ChIP analysis was conducted in GI-ER-GATAI1
cells with (+EST) and without (-EST) f-estradiol treatment and
validated as described in [62]. The PCR primers are provided in
Table S9. P-values for assessing the change in GATAL occupancy
upon f-estradiol treatment are based on one-sided t-tests.

Supporting Information

Figure S1 Mappability and GC content sequence biases
in the STAT1 UR and MR samples. Mean tag counts against
mappability and GC content in the UR and MR samples,
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respectively. The patterns observed are typical of ChIP-Seq data with
36 mer to 75 mer tags. “Def 1”” and “Def 2” indicate the defmnitions
of mappability for the UR and MR samples, respectively.

(PDF)

Figure S2 Mappability and GC content sequences
biases in the GATAl UR and MR samples. Mean tag
counts against mappability and GC content in the UR and MR
samples, respectively. The patterns observed are typical of ChIP-
Seq data with 36 mer to 75 mer tags. “Def 1 and “Def 27
indicate the definitions of mappability for the UR and MR
samples, respectively.

(PDF)

Figure S3 MOSAiICS goodness of fit for the STAT1 UR
and MR samples. (a) Goodness of fit for the UR sample. (b)

Goodness of fit for the MR sample. Both axes are in logl0 scale.
(PDF)

Figure S4 MOSAICS goodness of fit for the GATA1 UR
and MR samples. (a) Goodness of fit for the UR sample. (b)
Goodness of fit for the MR sample. Both axes are in logl0 scale.
(PDF)

Figure S5 Saturation plot of the STAT1 sample. Percent-
age of STAT1 MR gold standard peaks recovered by MOSAiCS
using sub-sampled UR and MR samples with lower sequencing
depths. x-axis refers to the percentage of reads sampled from the
full dataset.

(PDF)

Figure S6 Scatter plot of multi-read weights for a Type-
II peak # 1. Peak i is a Type-Il MR-only peak (chr4:
145,711,000 - 145,711,199) with a total of 54 mapping reads, 4
of which are uni-reads (circled in blue). It shares a maximum of 9
reads (circled in green) with peak j with a maximum multi-read
similarity of 0.0144. The sums of its fractional counts from
unshared and shared multi-reads with peak j are 28.25 and 0.47,
respectively. Uni-reads of peak j are circled in magenta.

(PDF)

Figure S7 Scatter plot of multi-read weights for a Type-
II peak # 2. Peak i is a Type-II MR-only peak (chr3: 96,290,200
- 96,290,799) with a total of 328 mapping reads, none of which are
uni-reads. It shares a maximum of 236 reads with peak j with a
maximum multi-read similarity of 0.516. The sums of its fractional
counts from unshared and shared multi-reads with peak j are
73.94 and 17.30, respectively. Uni-reads of peak j are circled in
magenta.

(PDF)

Figure S8 Scatter plot of multi-read weights for a Type-I
peak # 1. Peak i is a Type-I MR-only peak (chr7: 9,183,800 -
9,184,199) with a total of 200 mapping reads, none of which are
uni-reads. It shares a maximum of 161 reads with peak j with a
maximum multi-read similarity of 0.717. The sums of its fractional
counts from unshared and shared multi-reads with peak j are 8.97
and 40.45, respectively.

(PDI)

Figure S9 Scatter plot of multi-read weights for a Type-I
peak # 2. Peak i is a Type-I MR-only peak (chr12: 19,040,000 -
19,040,399) with a total of 343 mapping reads, none of which are
uni-reads. It shares a maximum of 312 reads with peak j with a
maximum multi-read similarity of 0.762. The sums of its fractional
counts from unshared and shared multi-reads with peak j are 7.73
and 53.68, respectively.

(PDE)
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Figure S10 Mappability, GC content, and GATAl motif
occurrence of the common and MR-only peaks. Common
refers to common peaks identified by both the MR and the UR
samples; MR-only peaks are unique to the MR sample. For the
motif occurrence panel, y-axis represents the proportion of peaks
with the consensus binding site.

(PDF)

Figure S11 Mappability scores of GATAl peaks with
respect to 75 mer SETs vs. 36 SETs. Scatter plot of
mappability of GATA1 MR-only peaks with respect to 75 mer
versus 36 mer SETs. Shading in the grids represent frequency of
data (higher to lower from red to blue). The dark red line is the

smooth fit through all the data points.
(PDE)

Figure S12 Validated GATAl MR-only peak # 1. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within the first intron of the
LIp637 gene. Peak regions are depicted with black bars.

(PDF)

Figure S13 Validated GATAl1 MR-only peak # 2. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within [2 kb, 10 kb] upstream of
the transcription start site (IT'SS) of the PbI gene. Peak regions are
depicted with black bars.

(PDF)

Figure S14 Validated GATAl1l MR-only peak # 3. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within the first exon of the figp2
gene. Peak regions are depicted with black bars.

(PDF)

Figure S15 Validated GATA1 MR-only peak # 4. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within the sixth intron of the
Polr3h gene. Peak regions are depicted with black bars.

(PDF)

Figure S16 Validated GATAl MR-only peak # 5. Tag
count profiles of the validated MR-only peak with corresponding

mappability scores. This peak is within the seventh exon of the
Srsf3 gene. Peak regions are depicted with black bars.

(PDF)

Figure S17 Validated GATA1 MR-only peak # 6. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within [2 kb, 10 kb] upstream of

the TSS of Prim2 gene. Peak regions are depicted with black bars.
(PDF)

Figure S18 Validated GATAl MR-only peak # 7. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within the first intron of the Grkd
gene. Peak regions are depicted with black bars.

(PDF)

Figure S19 Validated GATAl1 MR-only peak # 8. Tag
count profiles of the validated MR-only peak with corresponding
mappability scores. This peak is within the second intron of the

Cede85a gene. Peak regions are depicted with black bars.

(PDF)

Figure $20 Scatter plot of average log base 2 ChIP to
Input ratio versus ChIP count of GATA]1 MR-only peaks.
Green boxes and red circles indicate peaks validated by
quantitative real-time ChIP analysis and peaks that are not
validated, respectively. Horizontal and vertical lines correspond to
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average log base 2 ChIP to Input ratio of 2.25 and ChIP count 65,
respectively.

(PDF)

Figure S21 Experimental validation of GATAI negative
peaks. Quantitative real-time ChIP analysis of sites that were not
predicted to be MR peaks, in ff-estradiol untreated (—) and 24 hrs
treated (+) G1-ER-GATAL cells based on three independent
biological replicates. None of these 7 regions exhibited an increase
in GATAI occupancy in +EST compared to -EST.

(PDF)

Table S1 Summary of number of reads for short and
long read datasets. “(C)” and “(I)” refer to ChIP and input
samples, respectively.

(PDF)

Table $2 Summary of the UR and MR peaks detected
by the conditional binomial test.

(PDF)

Table S3 Multi-read similarity analysis of STAT1 MR

peaks.
(PDF)

Table S4 STATI1 MR peaks that share multi-reads with
another peak. In parentheses are the number of peaks classified
as Type-IL

(PDF)

Table S5 Multi-read similarity analysis of GATA1 MR

peaks.
(PDF)

References

1. Mikkelsen T, Ku M, Jaffe D, Issac B, Licberman E, et al. (2007) Genome-wide
maps of chromatin state in pluripotent and lineage-committed cells. Nature 448:
653-560.

2. Barski A, Cuddapah S, Cui K, Roh T, Schones D, et al. (2007) High-resolution
profiling of histone methylations in the human genome. Cell 129: 823-837.

3. Johnson D, Mortazavi A, Myers R, Wold B (2007) Genome-wide mapping of in
vivo protein-DNA interactions. Science 316: 1497-1502.

4. Seo Y, Chong H, Infante A, In S, Xie X, et al. (2009) Genome-wide analysis of

SREBP-1 binding in mouse liver chromatin reveals a preference for promoter
proximal binding to a new motif. Proc Natl Acad Sci U S A 106: 13765-13769.

. Fujiwara T, O’Green H, Keles S, Blahnik K, Linneman AK, et al. (2009)
Discovering hematopoietic mechanisms through genomewide analysis of GATA
factor chromatin occupancy. Mol Cell 36: 667-681.

6. Ren B, Robert I, Wyrick J, Aparicio O, Jennings E, et al. (2000) Genome-wide

location and function of DNA binding proteins. Science 290: 2306-2309.
7. Cawley S, Bekiranov S, Ng H, Kapranov P, Sekinger E, et al. (2004) Unbiased
mapping of transcription factor binding sites along human chromosomes 21 and
22 points to widespread regulation of non-coding RNAs. Cell 116: 499-511.
8. Kurdistani S, Tavazoie S, Grunstein M (2004) Mapping global histone
acetylation patterns to gene expression. Cell 117: 721-733.

9. Yuan G, Liu Y, Dion M, Slack M, Wu L, et al. (2005) Genome-scale
identification of nucleosome positions in S. cerevisiae. Science 309: 626-630.

. Rozowsky J, Euskirchen G, Auerbach R, Zhang D, Gibson T, et al. (2009)
PeakSeq enables systematic scoring of ChIP-Seq experiments relative to
controls. Nat Biotechnol 27: 66-75.

11. Ji H, Jiang H, MaW, Johnson D, Myers R, et al. (2008) An integrated software
system for analyzing ChIP-chip and ChlP-seq data. Nat Biotechnol 26:
1293-1300.

. Blahnik K, Dou L, O’Geen H, McPhillips T, Xu X, et al. (2009) Sole-Search: an
integrated analysis program for peak detection and functional annotation using
ChlIP-seq data. Nucleic Acids Res 38: el3.

. Faulkner GJ, Forrest ARR, MChalk A, Schroder K, Hayashizaki Y, et al. (2008)

&)

A rescue strategy for multimapping short sequence tags refines surveys of

transcriptional activity by CAGE. Genomics 91: 281-288.

. Li B, Ruotti V, Stewart R, Thomson J, Dewey C (2010) RNA-Seq gene
expression estimation with read mapping uncertainty. Bioinformatics 26:
493-500.

15. Mortazavi A, Williams B, McCue K, Schaeffer L, Wold B (2008) Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods 5: 621-628.

. Taub M, Lipson D, Speed T (2010) Methods for allocating ambiguous short-
reads. Commun Inf Sys10: 69-82.

@ PLoS Computational Biology | www.ploscompbiol.org

16

Multi-Read Analysis of ChIP-Seq Data

Table S6 GATAl MR peaks that share multi-reads with
another peak. In parentheses are the number of peaks classified
as Type-IL

(PDF)

Table S7 Annotation of STAT1 common and MR-only
peaks in terms of repeat elements other than segmental
duplications.

(PDF)

Table S8 Annotation of GATAl common and MR-only
peaks in terms of repeat elements other than segmental
duplications.

(PDF)

Table S9 Primers used for real-time PCR.
(PDF)

Acknowledgments

We acknowledge Xin Zeng’s assistance with the calculation of mappability
scores for 75 mer SETs and thank Prof. Qiang Chang for sharing his
unpublished 75 mer ChIP-Seq datasets with us. We also thank three
anonymous referees for making suggestions that led to an improved version
of our manuscript.

Author Contributions

Conceived and designed the experiments: DC SK. Performed the
experiments: DG PFK BL RS KL SK. Analyzed the data: DC PFK BL
KL. Contributed reagents/materials/analysis tools: B RS EHB CD.
Wrote the paper: DC CD SK.

. Nicolae M, Mangul S, Mandoiu I, Zelikovsky A (2010) Estimation of alternative
splicing isoform frequencies from RNA-Seq data. Algorithms in Bioinformatics,
Lecture Notes in Computer Science. pp 202-214.

. Pasaniuc B, Zaitlen N, Halperin E (2010) Accurate estimation of expression
levels of homologous genes in RNA-seq experiments. In: RECOMB. pp
397-409.

. Bailey J, Eichler E (2006) Primate segmental duplications: crucibles of evolution,
diversity and disease. Nat Rev Genet 7: 552-564.

. Marques-Bonet T, Girirajan S, Eichler E (2009) The origins and impact of
primate segmental duplications. Trends Genet 25: 443-454.

. Rowen L, Williams E, Glusman G, Linardopoulou E, Friedman C, et al. (2005)
Interchromosomal segmental duplications explain the unusual structure of
PRSS3, the gene for an inhibitor-resistant trypsinogen. Mol Biol Evol 22:
1712-1720.

. Hurles M (2004) Gene duplication: the genomic trade in spare parts. PLoS Biol

2: e206.

Gonzalez E, Kulkarni H, Bolivar H, Mangano A, Sanchez R, et al. (2005) The

influence of CCL3L1 gene-containing segmental duplications on HIV-1/AIDS

susceptibility. Science 307: 1434-1440.

Gu JBZ, Clark R, Reinert K, Samonte R, Schwartz S, et al. (2002) Recent

segmental duplications in the human genome. Science 297: 10053-10077.

. Polak P, Domany E (2006) Alu elements contain many binding sites for
transcription factors and may play a role in regulation of developmental
processes. BMC Genomics 7: 133.

6. Roman AC, Benitez DA, Carvajal-Gonzalez JM, Fernandez-Salguero PM

(2008) Genome-wide B1 retrotransposon binds the transcription factors dioxin

receptor and Slug and regulates gene expression in vivo. Proc Natl Acad Sci U S A

105: 1632-1637.

Wang T, Zeng J, Lowe CB, Sellers RG, Salama SR, et al. (2007) Species-specific

endogenous retroviruses shape the transcriptional network of the human tumor

suppressor protein p53. Proc Natl Acad Sci U S A 47: 18613-18618.

Day D, Luquette L, Park P, Kharchenko P (2010) Estimating enrichment of

repetitive elements from high-throughput sequence data. Genome Biol 11: R69.

. Jurka J, Kapitonov V, Pavlicek A, Klonowski P, Kohany O, et al. (2005)

Repbase Update, a database of eukaryotic repetitive elements. Cytogenet

Genome Res 110: 462-467.

Smit AFA, Hubley R, Green P (2010) RepeatMasker Open-3.0. 1996-2010.

Auvailable: http://www.repeatmasker.org.

Wang J, Huda A, Lunyak VV, Jordan IK (2010) A Gibbs sampling strategy

applied to the mapping of ambiguous short-sequence tags. Bioinformatics 26:

2501-2508.

27.

28.

30.

31.

July 2011 | Volume 7 | Issue 7 | 1002111



36.

37.

40.

41.

42.

43.

44.

46.

47.

. Zhang Y, Liu T, Meyer C, Eeckhoute J, Johnson D, et al. (2008) Model-based

analysis of ChIP-Seq (MACS). Genome Biol 9: R137.

. Albert I, Wachi S, Jiang C, Pugh B (2008) GeneTrack-a genomic data

processing and visualization framework. Bioinformatics 24: 1305-1306.

. Boyle A, Guinney J, Crawford G, Furey T (2008) F-Seq: a feature density

estimator for highthroughput sequence tags. Bioinformatics 24: 2537-2538.

. Fejes A, Robertson G, Bilenky M, Varhol R, Bainbridge M, et al. (2008)

FindPeaks 3.1: a tool for identifying areas of enrichment from massively parallel
short-read sequencing technology. Bioinformatics 24: 1729-1730.

Jothi R, Cuddapah S, Barski A, Cui K, Zhao K (2008) Genome-wide
identification of in vivo protein-DNA binding sites from ChIP-Seq data. Nucleic
Acids Res 36: 5221-5231.

Kharchenko PV, Tolstorukov M, Park PJ (2008) Design and analysis of ChIP-
seq experiments for DNA-binding proteins. Nat Biotechnol 6: 1351-1359.

. Qin Z, Yu J, Shen J, Maher C, Hu M, et al. (2010) HPeak: an HMM-based

algorithm for defining read-enriched regions in ChIP-Seq data. BMC
Bioinformatics 11: 369.

. Nix D, Courdy S, Boucher K (2008) Empirical methods for controlling false

positives and estimating confidence in ChIP-Seq peaks. BMC Bioinformatics 9:
523.

Tuteja G, White P, Schug J, Kaestner K (2009) Extracting transcription factor
targets from ChIPSeq data. Nucleic Acids Res 37: el113.

Spyrou C, Stark R, Lynch A, Tavaré S (2009) BayesPeak: Bayesian analysis of
ChIP-seq data. BMC Bioinformatics 10: 299.

Valouev A, Johnson D, Sundquist A, Medina C, Anton E, et al. (2008) Genome-
wide analysis of transcription factor binding sites based on ChIP-Seq data.
Nature Methods 5: 829-834.

Cheng Y, Wu W, Kumar S, Yu D, Deng W, et al. (2009) Erythroid GATA1
function revealed by genome-wide analysis of transcription factor occupancy,
histone modifications, and mRNA expression. Genome Res 19: 2172-2184.
Kuan P, Chung D, Pan G, Thomson J, Stewart R, et al. (2009) A statistical
framework for the analysis of ChIP-Seq data. Technical Report 1151, University
of Wisconsin, Madison, Department of Statistics, University of Wisconsin,
Madison. Available: http://works.bepress.com/sunduz keles/19/.

. Dohm J, Lottaz C, Borodina T, Himmelbauer H (2008) Substantial biases in

ultra-short read data sets from high-throughput DNA sequencing. Nucleic Acids
Res 36: el05.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, et al. (2009) MEME Suite:
tools for motif discovery and searching. Nucleic Acids Res 37: W202-W208.
Portales-Casamar E, Thongjuea S, Kwon AT, Arenillas D, Zhao X, et al. (2010)
JASPAR 2010: the greatly expanded open-access database of transcription factor
binding profiles. Nucleic Acids Res 38: D105-110.

@ PLoS Computational Biology | www.ploscompbiol.org

17

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.

Multi-Read Analysis of ChIP-Seq Data

Evans T, Reitman M, Felsenfeld G (1988) An erythrocyte-specific DNA-binding
factor recognizes a regulatory sequence common to all chicken globin genes.
Proc Natl Acad Sci U S A 85: 5976-5980.

Nicholas T, Cheng Z, Ventura M, Mealey K, Eichler E, et al. (2009) The
genomic architecture of segmental duplications and associated copy number
variants in dogs. Genome Res 19: 491-499.

Rhead B, Karolchik D, Kuhn R, Hinrichs A, Zweig A, et al. (2010) The UCSC
Genome Browser database: update 2010. Nucleic Acids Res 38: D613-D619.
Auerbach RK, Euskirchen G, Rozowsky J, Lamarre-Vincent N, Moqtaderi Z,
et al. (2009) Mapping accessible chromatin regions using Sono-Seq. Proc Natl
Acad Sci U S A 106: 14926-14931.

Dennis G, Sherman B, Hosack D, Yang J, Gao W, et al. (2003) DAVID:
Database for Annotation, Visualization, and Integrated Discovery. Genome Biol
4: P3.

. Huang D, Sherman B, Lempicki R (2009) Systematic and integrative analysis of

large gene lists using DAVID bioinformatics resources. Nat Protoc 4: 44-57.

. Wu C, Orozco C, Boyer J, Leglise M, Goodale ], et al. (2009) BioGPS: an

extensible and customizable portal for querying and organizing gene annotation
resources. Genome Biol 10: R130.

. Feschotte C' (2008) Transposable elements and the evolution of regulatory

networks. Nature Rev Genet 9: 397-405.

Bourque G, Leong B, Vega VB, Chen X, Lee YL, et al. (2008) Evolution of the
mammalian transcription factor binding repertoire via transposable elements.
Genome Res 18: 1752-1762.

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome. Genome Biol
10: R25.

Fenwick PM (1994) A new data structure for cumulative frequency tables.
Software Pract Exper 24: 327-336.

Gentleman R, Carey V, Bates D, Bolstad B, Dettling M, et al. (2004)
Bioconductor: open software development for computational biology and
bioinformatics. Genome Biol 5: R80.

Bailey J, Yavor A, Massa H, Trask B, Eichler E (2001) Segmental duplications:
organization and impact within the current human genome project assembly.
Genome Res 11: 1005-1017.

Bailey T, Elkan C (1994) Fitting a mixture model by expectation maximization
to discover motifs in biopolymers. In: Proceedings of the Second International
Conference on Intelligent Systems for Molecular Biology. Menlo Park,
California: AAAI Press, pp 28-36.

Im H, Grass J, Johnson K, Boyer M, Wu J, et al. (2004) Measurement of protein-
DNA interactions in vivo by chromatin immunoprecipitation. Methods Mol Biol
284: 129-146.

July 2011 | Volume 7 | Issue 7 | 1002111



