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Ghia M. Euskirchen,'-® Joel S. Rozowsky,*® Chia-Lin Wei,> Wah Heng Lee,?
Zhengdong D. Zhang,? Stephen Hartman,'-” Olof Emanuelsson,*? Viktor Stolc,®

Sherman Weissman,* Mark B. Gerstein,? Yijun Ruan,®> and Michael Snyder

1,2,9

"Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven, Connecticut 06520-8103, USA;
2Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, Connecticut 06520-8114, USA;

3Genome Institute of Singapore, Singapore 138672; *Department of Genetics, Yale University School of Medicine, New Haven,
Connecticut 06520-8005, USA; *Center for Nanotechnology, NASA Ames Research Center, Moffett Field, California 94035, USA

Recent progress in mapping transcription factor (TF) binding regions can largely be credited to chromatin
immunoprecipitation (ChIP) technologies. We compared strategies for mapping TF binding regions in mammalian
cells using two different ChIP schemes: ChIP with DNA microarray analysis (ChIP-chip) and ChIP with DNA
sequencing (ChIP-PET). We first investigated parameters central to obtaining robust ChIP-chip data sets by analyzing
STATI targets in the ENCODE regions of the human genome, and then compared ChIP-chip to ChIP-PET. We devised
methods for scoring and comparing results among various tiling arrays and examined parameters such as DNA
microarray format, oligonucleotide length, hybridization conditions, and the use of competitor Cot- DNA. The best
performance was achieved with high-density oligonucleotide arrays, oligonucleotides =50 bases (b), the presence of
competitor Cot-l DNA and hybridizations conducted in microfluidics stations. When target identification was
evaluated as a function of array number, 80%-86% of targets were identified with three or more arrays.
Comparison of ChIP-chip with ChIP-PET revealed strong agreement for the highest ranked targets with less overlap
for the low ranked targets. With advantages and disadvantages unique to each approach, we found that ChIP-chip
and ChIP-PET are frequently complementary in their relative abilities to detect STATI targets for the lower ranked
targets; each method detected validated targets that were missed by the other method. The most comprehensive list
of STATI binding regions is obtained by merging results from ChIP-chip and ChIP-sequencing. Overall, this study
provides information for robust identification, scoring, and validation of TF targets using ChlIP-based technologies.

[Supplemental material is available online at www.genome.org.]

Identification of transcription factor binding sites is essential for
understanding the regulatory circuits that control cellular pro-
cesses such as cell division and differentiation as well as meta-
bolic and physiological balance. Traditionally the pursuit of tran-
scription factor targets has exposed only a few binding regions at
a time. However, recent years have witnessed several new ap-
proaches for the global mapping of transcriptional regulatory
regions. Such approaches include computational methods (Bai-
ley and Elkan 1995; Liu et al. 2001, 2002; Wasserman and San-
delin 2004) as well as more direct in vivo methods that require
isolation of target DNA through chromatin immunoprecipita-
tion (ChIP) of the transcription factor of interest. These ChIP-
based strategies identify target binding regions by using the im-
munoprecipitated DNA to either probe a DNA microarray that
tiles significant regions of the human genome (ChIP-chip)
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(Horak et al. 2002; Ren et al. 2002; Weinmann et al. 2002; Mar-
tone et al. 2003; Cawley et al. 2004; Euskirchen et al. 2004; Odom
et al. 2004) or for direct DNA sequencing (ChIP sequencing) (Im-
pey et al. 2004; Chen and Sadowski 2005; Kim et al. 2005a; Roh
et al. 2005; Wei et al. 2006). In ChIP-chip experiments, the DNA
associated with a transcription factor of interest is compared to a
reference sample, generally either genomic DNA or any DNA that
might be immunoprecipitated with a negative control antibody.
ChIP-chip experiments entail the use of DNA tiling microarrays
that are prepared either by deposition of PCR products or by
oligonucleotide synthesis. These arrays may tile promoter re-
gions, large genomic segments, entire chromosomes, or in some
cases an entire genome (Martone et al. 2003; Cawley et al. 2004;
Boyer et al. 2005; Kim et al. 2005b; Lee et al. 2006). ChIP se-
quencing experiments, on the other hand, do not require the use
of a reference sample. Sequencing is performed from individually
cloned ChIP fragments (Weinmann et al. 2001; Hug et al. 2004);
from concatenations of single “tags,” where each tag is a signa-
ture derived from a ChIP DNA fragment (STAGE) (Impey et al.
2004; Chen and Sadowski 2005; Kim et al. 2005a; Roh et al.
2009); or from concatenations of Paired-End diTags cloned from
the 5'- and 3’-ends of each ChIP DNA fragment (ChIP-PET) (Loh
et al. 2006; Wei et al. 2006).

Although ChIP-based technologies have demonstrated
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widespread utility, many experimental parameters important for
enhancing the performance of ChIP have not been adequately
explored for mammalian cells. Moreover, a direct comparison of
ChIP-chip and ChIP sequencing has not been performed. Such
information is crucial for the large number of experiments that
are performed on subsets of mammalian genomes and will be-
come even more crucial as these experiments expand to cover
entire genomes.

While many microarray parameters for ChIP-chip appear to
translate well from previously established microarray protocols
(see, for example, Hegde et al. 2000; Oberley and Farnham 2003;
Buck and Lieb 2004; Wu et al. 2006), other variables are more tenu-
ous. In particular, we focused on addressing oligonucleotide length
and array format, the presence or absence of Cot-1 DNA, and the
number of replicas required to obtain the maximum of data.
Currently there is considerable variation in the use of each of these.

We explored parameters for ChIP-chip using the sequence-
specific transcription factor STAT1 (Signal Transducer and Acti-
vator of Transcription). STAT1 is a cytoplasmic protein that
translocates to the nucleus when cells encounter interferons or
other peptide signals (for review, see Boehm et al. 1997; Brom-
berg and Chen 2001; Levy and Darnell 2002). STAT1-dependent
transcription is important for immune and inflammatory re-
sponses, antiviral effects, proliferation, apoptosis, and differen-
tiation (Boehm et al. 1997; Levy and Darnell 2002). STAT1 was
selected by The ENCODE Project Consortium (The ENCODE
Project Consortium 2004) as an ideal factor to test the perfor-
mance of ChIP DNA across platforms and is a model factor for
two main reasons: (1) STAT1 ChIP experiments show less enrich-
ment than those with chromatin modifications or more general
DNA-binding proteins such as RNA polymerase II and hence
would be expected to more thoroughly test the performance of
various platforms, and (2) STAT1 is inducible, and therefore it of-
fers a direct biologic control in the form of STAT1 ChIP samples pre-
pared from control cells not treated with interferon-gamma (IFNG).

STAT1 ChlIP-chip studies have been conducted previously
on a Chromosome 22 PCR product tiling array (Hartman et al.
20095). In the study presented herein, ChIPs were performed to
find many previously unidentified binding regions for STAT1
under IFNG stimulation.

Our STAT1 mapping studies focus on the ENCODE re-
gions, which represent 1% (30 Mb) of the human genome (The
ENCODE Project Consortium 2004). The ENCODE regions are
comprised of 44 subregions that range in length from 500 kb to
1.9 Mb and were selected to include loci of biological interest and
regions that stratify both gene density and nonexonic conserva-
tion with mouse. The final results from the data sets described
here have also been included in the meta-analysis conducted by
the ENCODE Transcriptional Regulatory Elements Subgroup
(The ENCODE Project Consortium 2007). Our studies are ex-
pected to provide useful information for comparing and integrat-
ing data generated from the ENCODE group as well as for future
genome-scale studies that map transcription factor binding re-
gions using ChIP-based methods.

Results
Exploring ChIP-chip performance: Longer oligonucleotides
yield better signals

In the first phase of these studies, we investigated ChIP-chip per-
formance on oligonucleotide arrays synthesized by maskless

photolithography (Nuwaysir et al. 2002). For these studies we
used chromatin-immunoprecipitated STAT1 DNA, which pro-
duces modest signal enrichments relative to ChIP DNA isolated
to study other transcription factors and chromatin modifica-
tions. HeLa S3 cells were treated with IFNG to induce STAT1 bind-
ing, and then incubated briefly with 1% formaldehyde to cross-
link protein to DNA. Nuclei were prepared, and chromatin was
sheared to ~1 kb final DNA size. STAT1 and its associated DNA
were immunoprecipitated using an anti-STAT1 antibody. Cross-
links were reversed, and the success of each immunoprecipita-
tion was examined by PCR analysis using primers to a known
STAT1-binding region in the promoter of IRF1 (Interferon Regu-
latory Factor 1) (Hartman et al. 2005), whose locus is included in
the ENCODE regions.

Using this assay, we investigated the effects of varying a
number of parameters on the performance of ChIP-chip. These
parameters included the type of beads used in the immuno-
precipitation step (magnetic or Sepharose), various labeling
technologies, and array hybridization conditions. The final
ChIP and microarray conditions selected are reported in Meth-
ods. No difference in immunoprecipitation efficiency was ob-
served using magnetic as opposed to Sepharose beads. However,
signal enrichment and array uniformity were significantly im-
proved when the hybridization solution was continuously circu-
lated over the array surface using microfluidic chambers; thus all
arrays were subjected to this procedure. We also included unla-
beled Cot-1 competitor DNA in all hybridizations except as noted
below.

Arrays with oligonucleotides of different lengths (25 — 60 bases
[b]) are currently used for ChIP-chip experiments (Cawley et al.
2004; Boyer et al. 2005; Kim et al. 2005b). We systematically
examined the contribution of array oligonucleotide length to
ChIP-chip performance. Custom arrays with 36-, 50-, 60-, or 70-b
oligonucleotides tiling most or all of the ENCODE regions were
synthesized by maskless photolithography. The oligonucleo-
tides were designed to comprehensively cover nonrepetitive
regions and are tiled end-to-end such that immediately adja-
cent genomic DNA segments are represented on the arrays. Thus
the short oligonucleotide arrays have more probes per region,
but are expected to exhibit lower signals and increased cross-
hybridization relative to arrays with longer oligonucleotides, de-
pending on the exact conditions used. Lower signals will reduce
accuracy when enrichment ratios are determined (see Discus-
sion). STAT1 ChIP DNA prepared from nuclear extracts of IFN-y
treated cells was labeled with Alexa647 and hybridized to the
arrays along with Alexa555-labeled STAT1 ChIP DNA isolated in
parallel from the nuclear extracts of uninduced (STAT1-nuclear
excluded) cells. Each biological replicate was labeled and hybrid-
ized independently. The 36-b array data set contained two bio-
logical replicates; all other ChIP-chip data sets contained three or
more biological replicates (see Supplemental Table 1). Array sig-
nals representing enrichments in ChIP DNA samples from IFN-
y-treated cells relative to those ChIP DNA samples prepared from
untreated control cells were scored using a sliding window ap-
proach (see Supplemental Methods). As shown in Figure 1, sig-
nificantly higher signal enrichments for STAT1 target regions
were observed from the 50-b arrays relative to the 36-b arrays.
Increases in oligonucleotide lengths to 60 and 70 b improved
array performances only marginally compared to the 50-b arrays
(data not shown). The reduced performance of the 36-b arrays
was not due to the use of two replicates; a comparison of signal
enrichments from data sets comprised of two biological repli-
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Figure 1. Comparison of signal tracks. Signal enrichment tracks are plotted for the 50-b, 36-b, and
PCR product array platforms for two different loci. Signals of STAT1 bound regions in IFNG-stimulated
cells relative to untreated cells were derived from multiple biological replicates with one replicate
hybridized per array (Methods; Supplemental Table 1). Annotations above the coordinate axis are for
genes on the forward strand, and those below are for reverse-strand genes. Signal enrichment tracks are
plotted to the same scale for the platforms displayed, from 0 to 2.5 in panel A and from 0 to 1.3 in
panel B. (A) The IRF1 locus and flanking regions on Chromosome 5 (coordinates 131,770,000 to
131,870,000 from build NCBIv35 [hg17]). (B) The loci on Chromosome 21, which contain the cyto-
kine receptors, IFNAR2, ILT10RB, and IFNART (coordinates 33,500,000 to 33,680,000). (C) Targets that
have been validated by ChIP-PCR (shown) are indicated by symbols a through f. The lanes are labeled
for ChIP DNA from IFNG-stimulated (IFN+) cells, ChIP DNA from unstimulated cells, and for HelLa S3
genomic DNA. Fold enrichments, as calculated for several biological replicates (see Methods), are

indicated for each target (a—f) and for a negative control region (—).

cates hybridized to each of two 36- and 50-b arrays yielded a
similar outcome (see section and Fig. 6 below). The lower signal
enrichments observed with the 36-b arrays were also not likely
because of suboptimal hybridization affinities as several different
hybridization conditions were tested for the arrays at each oligo-
nucleotide length and improved signal enrichments were not
apparent with any of these alternative conditions (see Supple-
mental Methods). Moreover, the expected difference in hybrid-
ization temperature for the 36-b array relative to the 50-b array is
calculated to be 4°C or less (Bertone et al. 2006). Thus, longer
oligonucleotides enhance performance, and 50-b arrays were
used for all remaining experiments.

Validation of targets from the 50-b oligonucleotide array data

Signal enrichment maps are suggestive of binding regions, but in
order for array performance to be properly assessed, it is essential
to validate the targets identified from the ChIP-chip experi-
ments. Therefore, we devised a scheme to measure the sensitivity
and specificity of the experiments. STAT1 targets were ranked
according to their signal enrichments, and a subset of targets was
sampled across the rankings and tested for enrichment in STAT1
ChIP DNA by ChIP-PCR analysis. A twofold or greater enrich-
ment in each of at least two STAT1 biological replicate ChIP-PCR
experiments was chosen as a threshold for enrichment. Target

validation was plotted as a function of
rank order for each ChIP-chip data set.
As shown in Figure 2A, targets at the top
of the rank list validated as true posi-
tives, and the frequency of target valida-
tion diminishes further down the rank
list. Thus, most of the first 75 targets are
expected to be bona fide targets, whereas
most of the regions below 100 on the
rank list are negative. Extrapolation of
the confirmed positives as a function of
rank order for the entire list suggests that
there are ~124 positives in the top 200
targets listed (Table 1). This figure is ex-
pected to be an overestimation because
many targets lie immediately adjacent to
one another and likely represent enrich-
ments from a single common target re-
gion. If targets are combined into 10-kb
regions, then the total number of STAT1
targets is ~67 for the ChIP-chip data set
using the arrays with 50-b end-to-end
tiling.

We also compared the accuracy of
target detection for the 50-b ChIP-chip
data set as a function of signal enrich-
ment. As shown in Figure 3, the fraction
of validated positives decreases and the
fraction of false positives increases at a
very sharp signal enrichment threshold.
Thus there is a very sharp transition at a
particular signal enrichment (~0.25 on a
log, scale) above which most targets
validate as positives.

We next compared the accuracy of
STAT1 targets identified from the 50-
base array ChIP-chip data set to those
identified from the 36-b array ChIP-chip data set. We selected the
highest 75 ranked targets from the 50-b array data, correspond-
ing to a false-positive rate of 0.26, and cross-referenced these with
the entire list of 39 targets identified from the 36-b array data. For
the 36-b arrays, only the top-ranked 39 regions had positive sig-
nals at a statistically significant cutoff. We suspect this low num-
ber is due to diminished signal on the 36-b arrays. The targets of
the 50- and 36-b arrays combined into 84 distinct target regions
(see “Comparison of Target Lists” in Methods); 18 were common
to both lists, and most of these (eight of the 11 tested by ChIP-
PCR analysis) validated as bona fide targets. The 36-b oligo-
nucleotide array failed to identify 68% (51/75) of the targets de-
tected with the 50-b oligonucleotide array. Of these 51 targets, 27
were tested by ChIP-PCR analysis, and the majority of these (20/
27) could be validated. In contrast, 15 targets were unique to the
36-b array. Seven of these 15 were tested by ChIP-PCR analysis,
and none showed enrichment. If we restrict analysis of the 36-b
array to the top 25 targets, thereby reducing its false-positive rate
from 0.52 to 0.38, a similar trend is observed (Supplemental
Table 2) and fewer targets specific to the 36-b array are identified,
indicating a greater overlap of the top-ranked targets between the
50- and 36-b lists. In conclusion, based on chromosomal maps of
signal enrichments (Fig. 1) and target validations, the 50-b arrays
outperformed the shorter 36-b arrays under the conditions we
used.
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Figure 2. Validation frequency as a function of rank order for the 50 b every 50-b array and PCR
product array platforms. For each ChlIP-chip data set (derived from multiple biological replicates with
one replicate hybridized per array) (Supplemental Table 1), we identified the target regions above a
threshold. The targets were tested and divided into true positives (TP) and false positives (FP) based on
a ChIP-PCR validation assay (as described in Methods). Sensitivity [defined as TP/(TP + FN), where FN
are the number of false negatives] and specificity [defined as TN/(TN + FP), where TN are the number
of true negatives] of the target list at this threshold are difficult to accurately estimate since the total
number of actual binding sites (TP + FN) as well as the number of true negatives (TN) are not known,
and other methods for direct, in vivo identification binding independent of ChIP methods do not exist.
Nonetheless, the positive predictive value [defined as TP/(TP + FP)] for ChIP-chip experiments can be
estimated using data from ChIP-PCR validations. (A) The number of targets confirmed by validation,
true positives (green line), as well as the number targets that did not validate, false positives (red line),
is plotted as a function of target rank (ordered by signal enrichment) for the 50 b every 50-b array
platform (from three biological replicate arrays). The positive predictive value (blue line) is also shown
as a function of rank. (B) The number of true positives (green line), the number of false positives (red
line), and the positive predictive value (blue line) are shown as a function of rank for the PCR product

specificities, targets were selected and
tested for validation across a wide range
of rank orders using ChIP-PCR analysis.
As shown in Figure 2B, the frequency of
validated targets (i.e., the positive pre-
dictive value) from the PCR product ar-
ray data was diminished relative to the
50-b oligonucleotide array data (Fig. 2A),
indicating that the PCR product array
data set contains more false positives. In
addition, the sensitivity of the PCR
product array format was lower.

To investigate these differences in
array performance, we examined regions
that were specific to one of the target
lists and that were tested for enrichment
by ChIP-PCR (Table 2B). Seven targets
that were identified by the PCR product
array data set and validated by ChIP-PCR
analysis were not present on the target
list from the 50-b oligonucleotide array
data set. Inspection of these regions re-
vealed six of the seven targets contained
a combination of repetitive elements
and AT-rich sequences that likely re-
sulted in low signal enrichments on the
oligonucleotide arrays. In contrast, 21
targets identified from the oligonucleo-
tide array data set and validated by

array platform (data from six biological replicate arrays).

Comparison of oligonucleotide and PCR product arrays

Both oligonucleotide arrays and PCR product arrays are used ex-
tensively for ChIP-chip experiments (e.g., Martone et al. 2003).
PCR product arrays have features of longer length than oligo-
nucleotide arrays and could in principle perform better in mam-
malian ChIP-chip experiments. Six independent biological rep-
lica STAT1 ChIP samples were isolated and hybridized to six PCR
product arrays (Supplemental Table 1) and compared to those
targets obtained from a data set using three biological replicates
hybridized to three 50-b oligonucleotide arrays; in many cases,
the same ChIP samples were used. As shown in Figure 1, the
signal enrichments appeared better for the oligonucleotide array
data set relative to the PCR product array data set.

The top 75 ranked targets from the 50-b oligonucleotide
array data and the top 75 ranked targets from the PCR product
array data were then merged to form a union of regions that
could be used as the basis for comparing the two ChIP-chip data
sets (Table 2A; see “Comparison of Target Lists” in Methods). Six
targets overlapped between the 50-b oligonucleotide array and
the PCR product array target lists (Table 2B). The different plat-
forms were compared as a function of their rank order on the
target lists. As shown in Figure 4, the positives at the very top of
the rank order lists usually agree, and less concurrence is ob-
served for targets with lower rankings. If we restrict analysis of
the PCR product array data set to the top 33 targets, thereby
reducing its false-positive rate from 0.64 to 0.40, a similar trend
is observed (Supplemental Table 3).

To ascertain if targets from the PCR product arrays and the
50-b oligonucleotide arrays validate at similar rates, and to de-
termine if the two platforms exhibit similar sensitivities and

ChIP-PCR analysis were not found using

the PCR product arrays. Two of the 21
were adjacent to positive regions detected by the PCR product
arrays, but we could not identify aspects of sequence composi-
tion that might cause the other 19 targets to escape detection in
the ChIP-chip experiments performed with the PCR product ar-
rays.

The presence of competitor Cot- DNA in the hybridization
improves signal-to-noise

Highly repetitive sequences comprise 50% of mammalian ge-
nomes and can be potential targets as well as a source of noise.
We therefore investigated the value of including unlabeled Cot-1
repetitive DNA in the hybridizations because the addition of
Cot-1 DNA might be expected to decrease nonspecific hybridiza-
tion (DeRisi et al. 1996) and improve the accurate detection of
transcription factor targets. To make this comparison, six biologi-
cal replicates were divided after labeling and hybridized on 12
arrays in the presence and absence of Cot-1 DNA, using 50-b
arrays with 38-b spacing. The addition of an excess of Cot-1 DNA
produced a modest improvement in signal-to-noise. Figure 5 il-
lustrates this point for a region on Chromosome 15, where sev-
eral peaks and often the overall background were noticeably re-
duced. The three false positives in this region (pink arrows) had
high signal enrichments in the experiment lacking Cot-1 DNA,
but had low signal enrichments in the experiment containing
Cot-1 DNA. Target b in Figure 5 (which lies in a region containing
a gene duplication; orange bars) was confirmed by ChIP-PCR analy-
sis. It was ranked 22nd on the target list for STAT1 ChIP DNA hy-
bridized in the absence of Cot-1 DNA and slipped just below the
threshold on the ranked target list (to 95th) when the match-
ing sample pairs were hybridized in the presence of Cot-1 DNA.
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Table 1. Comparison of ranked target lists between the 50 b
every 50-b and the 36 b every 36-b array platforms

A. False-positive rates of the ranked target lists considered
separately

50 every 36 every
50 data set 36 data set Union
Count Top 75 Top 39 84
FPR 0.26 0.52

B. False-positive rates of the merged ranked target lists from A

Specific to 50 Specific to 36 Common to

every 50 set  every 36 set both data sets
Count 51 15 18
Positives (ChIP-PCR
validation) 20 0 8
Negatives (ChIP-PCR
validation) 7 7 3
FPR 0.26 (=7/27) 1.00(=7/7) 0.27 (=3/11)

Comparison of ranked target lists for the top 75 targets from the 50 b
every 50-b array data set with the top 39 targets from the 36 b every 36-b
array data set. (A) The upper panel displays the false-positive rates (FPR)
calculated for each list considered separately. (B) The lower panel displays
the results after merging the list of the top 75 targets from the 50-b arrays
with the list of the top 39 targets from the 36-b arrays. The comparison
is performed (see Methods for full details) by first creating the union of
the two separate lists and then counting the number of union target
regions specific to either the 50-b array data set or the 36-b array data set,
or those targets identified by both platforms. In each of these three
categories, the union regions that were tested for validation are displayed
as well as the associated false-positive rate (FPR). Supplemental Table 2 is
a similar comparison between the 50-b and 36-b array data with a more
restrictive list of targets (top 25 targets) from the 36-b array (with a lower
false-positive rate). The FPR is defined as TN/(TN + TP), where TN are the
true negatives and TP are the true positives from the STAT1 ChIP-PCR
analysis for target validations. Note that the FPR plus the PPV (positive
predictive value as discussed in Fig. 2) sum to 1.

An inspection of 22 targets specific to the Cot-absent data
set revealed that 13 targets had highly repetitive elements in their
regions and eight targets had segmental duplications. When the
same sliding window scoring method was applied to the Cot-
absent and Cot-present data sets, a significant number of addi-
tional targets was found in the Cot-absent ranked target list (181
targets) relative to the Cot-present ranked target list (three tar-
gets) at the equivalent threshold of 3.5-fold enrichment. Impor-
tantly, validation of targets revealed a much higher accuracy for
the STAT1-associated regions identified in the presence of Cot-1
DNA than in the absence of Cot-1 DNA. Targets specific to either
the Cot-present or Cot-absent data sets were sampled from
among the top 75 ranked targets identified (Table 3) and tested
for enrichment by ChIP-PCR analysis. The experiment contain-
ing Cot-1 DNA detected 15 validated positive regions specific to
that data set at a false-positive rate of 0.25, whereas the experi-
ment lacking Cot-1 DNA detected only two validated positive
regions specific to that data set at a false-positive rate of 0.83
(Table 3). Thus, more accurate results can be obtained through
inclusion of Cot-1 DNA in ChIP-chip hybridizations.

The value of adding more biological replicate experiments

Researchers typically perform multiple biological replicate ex-
periments for microarray data sets, although a systematic analy-
sis of how replicas improve accuracy and reproducibility of tar-

gets has not been previously investigated. We therefore exam-
ined the value of performing multiple experiments. The top 50,
100, and 200 targets were taken from six biological replicates
hybridized with Cot-1 DNA to six arrays with 50 b every 38-b
spacing (Supplemental Table 1). As noted above, the top 50 tar-
gets have the highest frequency of enrichment in ChIP-PCR vali-
dations, and those near the bottom of the list (e.g., ranked 150-
200) have the lowest frequency of positive validation. The effi-
ciency of target detection from among all targets identified in
this Cot-present data set was determined using a single biological
replicate on one array, and then progressively increasing the
number of biological replicates, with each replicate hybridized to
a separate array. As shown in Figure 6, 50%-70% of all targets
from the six-array Cot-present data set can be identified even
with a single array. As expected, a higher fraction of the targets
are identified using the top 50 target list relative to the top 200
target list since the largest fraction of positive regions resides at
the highest rankings as shown in the ChIP-PCR validation stud-
ies. The analysis of three independent biological replicates,
which is typical for most published ChIP-chip experiments, iden-
tified most (80%-86%) of the final targets included in the six-
array data set.

Comparison of ChIP-chip to ChIP-PET

In ChIP sequencing, a ChIP-enriched fragment is represented by
either a single internal 20-base-pair (bp) tag sequence (ChlIP-
STAGE) or a 36-bp paired-end ditag (ChIP-PET in which the ditag
is constructed from 18-bp 5’ and 3’ signature sequences extracted
from each end of the ChIP DNA fragment, thus demarcating the
full length of the sonicated ChlIP fragment). The binding sites are
then deduced by the frequency with which tags are extracted
from ChIP DNA fragments relative to the background expecta-
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Figure 3. Validation frequency as a function of signal for the 50 b every
50-b array data set. The data from Figure 2A were analyzed as a function
of array signal enrichment for the 50 b every 50-b array platform. Signal
enrichment is defined as the log,, ratio of signal intensity of the ChIP DNA
over the signal intensity of the reference DNA sample (for STATT, this is
the log, ratio of intensities for IFNG-stimulated against unstimulated
ChIP DNA samples). A target region is identified as a “peak” in a signal
enrichment track (see Fig. 1; for details, see Supplemental Methods) and
is assigned its maximal signal enrichment, the height of the peak. The
number of true positives is the green line, the number of false positives is
the red line, and the positive predictive value is the blue line as in Figure
2A. The horizontal scale in this figure is in the opposite orientation to the
horizontal scale displayed in Figure 2; high signal enrichment, which
appears to the right-hand side here, corresponds to higher rank, which is
to the left in Figure 2. At a log, signal of ~0.25, the number of false
positives increases sharply to the left.
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Table 2. Comparison of ranked target lists between the 50 b
every 50-b and the PCR product array platforms

A. False-positive rates of the ranked target lists considered
separately

50 every PCR product
50 data set data set Union
Count Top 75 Top 75 133
FPR 0.26 0.64

B. False-positive rates of the merged ranked target lists from A

Common
Specific to 50  Specific to PCR to both
every 50 set product set data sets
Count 65 62 6
Positives (ChIP-PCR
validation) 21 7 6
Negatives (ChIP-PCR
validation) 11 34 0
FPR 0.34(=11/32) 0.83 (=34/41) 0.00 (= 0/6)

Comparison of ranked target lists for the top 75 targets from the 50 b
every 50-b array data set with the top 75 targets from the PCR product
array data set. (A) The upper panel displays the false-positive rates (FPR)
calculated for each list considered separately. (B) The lower panel displays
the results after merging the list of the top 75 targets from the 50-b array
data set with the list of the top 75 targets from the PCR product array
data set. As for Table 1, this comparison is performed, by first creating the
union of the two separate lists and then counting the number of union
target regions specific to either the 50-b arrays or the PCR product arrays
or those targets identified by both platforms. In each of these three
categories, the union regions that were tested for validation are displayed
as well as the associated false-positive rate. Supplemental Table 3 is a
similar comparison between the 50-b and PCR arrays with a more restric-
tive list of targets (top 33) from the PCR product array (with a lower
false-positive rate).

tion. The advantage of using paired-end-ditags over single tags is
that the PETs mark the start and end of each ChIP fragment.
When PET fragments are mapped to the reference genome (e.g.,
the NCBIv35 [hgl7] build of the human genome sequence), the
identity of each individual ChIP fragment can be inferred by the
PET mapping location, and binding sites can be accurately de-
fined by the common regions within clusters of overlapping
PETs. Furthermore, duplicate PET fragments arising from frag-
ment amplification events during cloning can be easily distin-
guished and removed by treating these multiple PETs that map to
an identical location as a single fragment.

In all, 725,877 PETs were sequenced from STAT1 ChIP DNA
isolated from IFNG-induced cells. Sixty-six percent of the PETs
map to unique locations in the genome and represent 327,838
distinct ChIP DNA fragments ranging from 0.1 to 6 kb. Of these
unique paired-end diTags, only those PET fragments with 5’- and
3'-ends <6 kb apart were considered. The PET-defined ChIP frag-
ments that overlapped with each other were grouped into clus-
ters: clusters of two overlapping fragments are termed as PET-2,
clusters of three overlapping fragments as PET-3, and clusters of
three or more overlapping fragments as PET3+, and so on. The
frequency of each cluster throughout the ENCODE regions is
shown in Table 4. The ENCODE region with the most overlap-
ping fragments lies upstream of IRFI and is a PET-33 cluster (Fig.
7A). Monte Carlo simulation was performed to determine the
frequency of clusters expected by random chance (Table 4; see
Supplemental Methods). Based on the frequency of PET clusters

generated at random, more than 46% of PET-3 clusters and more
than 88% of PET4+ clusters are likely to represent bona fide bind-
ing targets.

Comparison of signal maps derived from ChIP-chip and
Chip-PET data reveals appreciable agreement between the two
approaches (Fig. 7), and the concurrence is highest for those tar-
gets with the highest signal (Table 5). Since the ChIP-PET se-
quencing experiment inherently covers all of the ENCODE re-
gions, we only considered those 75 PET3+ clusters whose se-
quence was represented on the 50 b every 50-b array tile path
(Supplemental Table 1) for a comparison between the two plat-
forms. Of these 75 PET3+ clusters, there were 11 PETS+ clusters
(those with the highest enrichment), nine of which were also
identified in the 50 b every 50-b array data set (Table 5). For the
remaining 64 PET-3 and PET-4 clusters, only five overlap the
targets lists for the ChIP-chip data set, giving an overall concur-
rence of 14 targets (Table 6).

To further investigate the targets that were unique to either
the ChIP-chip or ChIP-PET target lists, validation experiments
were performed. Ten of the targets identified by ChIP-PET3+ clus-
ter regions and missed in the 50 b every 50-b array data set were
selected for ChIP-PCR validation and shown to be bona fide tar-
gets (Table 6). Repetitive DNA elements appeared to obstruct the
identification of six of these 10 targets in the 50 b every 50-b
ChIP-chip data set. These repetitive regions had the following
characteristics:

1. Four regions did not have the area of highest PET signal mea-
sured on the tiling arrays because highly repetitive elements
were centered on the PET overlap spans, and hence these
nucleotides were removed from the array tile path. An ex-
ample of this is shown in Supplemental Figure 1A for a PET-5
target on Chromosome 21.

2. Repetitive regions were similarly noted for two target regions
where a combination of AT-rich and RepeatMasked sequences
were congruent with the PET overlap spans. This case includes
the other validated PET-5 cluster (Supplemental Fig. 1B).

The remaining four PET3+ targets not detected by the 50-b array
were missed for no apparent reason.

15

Number of overlapped targets
10

~— PCR product arrays vs. 50 b every 50 b arrays

T T

T T T
0 20 40 60 80 100
Target rank

Figure 4. Agreement between the ranked target lists for the 50 b every
50-b array and the PCR product array platforms. Each data set is com-
prised of multiple biological replicates with one replicate hybridized per
array (Supplemental Table 1). The vertical axis is the number of targets
common between the two rank lists up to a certain rank (the horizontal
axis). The agreement increases steeply for the highest-ranked targets and
then starts to plateau.
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Investigation of the 15 confirmed targets that were detected
in the 50 b every 50-b array ChIP-chip data set but that were not
on the PET3+ list (Table 6B) revealed that seven resided near a
ChIP-PET target but were on the shoulder relative to the site of
maximal signal. Five of the 7 targets corresponded to the IRF1
locus, which has one of the strongest signals in the genome (Fig.
7A). Thus these array targets correspond to a single common
target region. Four of the remaining eight ChIP-chip targets from
the 50 b every 50-b array data set intersected PET-2 clusters; we
presume increased sequencing depth would have detected these
STAT1-binding regions.

We also inspected those regions that did not show enrich-
ment by ChIP-PCR analysis (11 negatives specific to the 50 b
every 50-b array data set and five negatives specific to the ChIP-
PET experiment) (Table 6B) to ascertain what sequence features
might contribute to the identification of these targets as false
positives. Of the 11 false positives from the 50 b every 50-b array
ChIP-chip data set, six are either largely or entirely comprised of
simple repeats, one additional target region occurs as a segmental
duplication, another lies near a strong target in the IRFI 5'-non-
coding region, and no unusual features that may be uniquely
attributable to ChIP-chip performance could be established for
the other three. All five ChIP-PETs that were not enriched in
ChIP-PCR validation experiments (Table 6) were PET-3 clusters.
As indicated by the Monte Carlo simulation (Table 4), ~50% of
PET-3 clusters are expected to be false positives arising from ran-
dom background. Another possible explanation for the ChIP-PET
false positives could be nearby repetitive genomic regions that
lead to mapping artifacts. One of the five ChIP-PET false positives
does reside in a repetitive region and may have been misassigned
during mapping to the hgl17 reference sequence. In another ex-
ample (shown in Supplemental Fig. 2), the false positive in the
region Chr5:131963298-131964597 [hgl7] was initially called a
PET-3, although subsequent analysis revealed that it is more
likely to be a PET-2 cluster as two of the DNA fragments in this

41,600,000

41,700,000 41,800,000 41,900,000

Figure 5. The effect of Cot-1 DNA in determining STATT1 targets. Signal enrichment tracks are shown
for data sets of paired samples (see Methods; Supplemental Table 1) that were hybridized either in the
presence of Cot-1 DNA (top track) and or in the absence of Cot-1 DNA (lower track), both on the 50
b every 38-b array platform. Annotations above the coordinate axis are for genes on the forward strand,
and annotations below the coordinate axis are for genes on the reverse strand. Signal enrichment tracks
are plotted to the same scale from 0 to 3.3 for the Cot-present and Cot-absent data sets. Targets with
labels “a” and “b” are identified by both experiments (ChIP-PCR gel images are shown). Three targets
(pink arrows) appeared only in the Cot-absent experiment and were identified as false positives by
ChIP-PCR validation (gel images not shown). The orange bars indicate a region of segmental dupli-
cation, which is a potential cause of the false positives (due to cross-hybridization with confirmed
target “b”). For the ChIP-PCR validations displayed, the lanes are labeled for ChIP DNA from IFNG-
stimulated cells, ChIP DNA from unstimulated cells, and for HeLa S3 genomic DNA. The fold enrich-
ments are indicated and were calculated for several biological replicates (see Methods).

42,000,000

cluster are almost identical and were likely derived from the same
ChIP fragment. In summary, these results indicate that ChIP-
chip and ChIP-PET exhibit considerable agreement, particularly
on the strongest targets. Each approach is capable of identifying
validated targets not found by the other technique.

Discussion

The combination of sequenced genomes and ChIP-based tech-
nologies has inspired progress for the comprehensive detection
of transcription factor binding regions in vivo. While most ef-
forts have focused on ChIP-chip strategies, ChIP sequencing is
gaining popularity as a parallel method. In this study, we per-
formed STAT1 chromatin immunoprecipitations from IFNG-
stimulated cells and used the resulting ChIP DNA to map STAT1-
binding regions by both microarray hybridizations and DNA se-
quencing. Based on the outcome of these studies, we determined
that reliable ChIP-chip results can be obtained using maskless
high-density arrays containing longer rather than shorter oligo-
nucleotides and also by including Cot-1 DNA as a competitor to
improve hybridization accuracy. In cross-referencing STAT1 tar-
gets obtained by ChIP-chip with those detected by ChIP-PET, we
found regions that overlapped between ChIP-chip and ChIP-PET,
as well as enriched regions specific to only one of these methods.
Thus the sequencing of ChIP DNA fragments is shown to be a
valuable and alternative strategy for target identification.

The ChIP-chip conditions applied here for STAT1 can be
extended to other DNA-interacting proteins that are constitu-
tively present in the nucleus. In these experiments, the hybrid-
ization reference samples are either total genomic DNA or ChIP
DNA prepared using normal serum. Examples of other factors we
have analyzed by ChIP-chip on 50-b maskless ENCODE tiling
arrays include the chromatin remodeling proteins BAF155 and
BAF170, as well as the transcription factor c-Jun; the binding
profiles of all three of these proteins are part of the ENCODE
meta-analyses, and their tracks are avail-
able in the UCSC Browser (The ENCODE
Project Consortium 2007). As with
STAT1, we labeled unamplified ChIP
samples of SMARCC1, SMARCC2, and
JUN in order to avoid possible biases
that may arise during PCR or other am-
plification methods, and these unampli-
fied ChIP samples exhibited good signal
enrichments in our hybridizations.

For the maskless array platforms,
longer oligonucleotides most likely im-
prove performance through reduced
cross-hybridization and potentially stron-
ger signals. This, in turn, should lead to
more accurate measurements and thus
more accurate ratios of immunoprecipi-
tated DNA relative to control DNA. Ex-
tending this logic, PCR product arrays
have even longer DNA fragments as array
elements and in theory should provide su-
perior results to oligonucleotide arrays.
This is not the case, probably for several
reasons. First, multiple probes on high-
density oligonucleotide arrays allow for
several independent measurements across
a region of interest. If any individual probe
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Table 3. Comparison of ranked target lists for paired samples
hybridized either in the presence or absence of Cot-1 DNA on the
50 b every 38-b array platform

A. False-positive rates of the ranked target lists considered
separately

Plus Cot Minus Cot

data set data set Union
Count Top 75 Top 75 104
FPR 0.31 0.57

B. False-positive rates of the merged ranked target lists from A

Specific Specific Common
to plus to minus to both
Cot set Cot set data sets
Count 34 36 34
Positives (ChIP-PCR
validation) 15 2 11
Negatives (ChIP-PCR
validation) 5 10 5
FPR 0.25(=5/20) 0.83(=10/12) 0.31(=5/16)

Comparison of ranked target lists for paired samples hybridized either in
the presence or absence of Cot-1 DNA on the 50 b every 38-b array
platform. Data sets were generated from six biological replicates that
were split post-labeling and hybridized in parallel in plus and minus Cot-1
DNA sets on 12 arrays using the 50 b every 38-b array platform. The top
75 target regions were then identified for both data sets and compared.
The upper panel displays the false-positive rates (FPR) calculated for each
list considered separately. The lower panel displays the results after merg-
ing the target lists of the top 75 ranked regions taken from each data set.
As for Table 1, this comparison is performed, by creating the union of the
two separate lists and counting the number of union target regions spe-
cific to the Cot-present list, specific to the Cot-absent list, or those targets
identified by both. In each of these three categories, the union regions
that were tested for validation are displayed as well as the associated
false-positive rate.

performs poorly (e.g., because of secondary structure, cross-
hybridization, or AT-rich regions), then sampling over multiple
probes using a sliding window approach (see Supplemental
Methods) can still provide useful signals. Indeed, we have found
that signals generated by one or a few oligonucleotides are not
usually trustworthy. Second, repetitive sequences on PCR prod-
uct arrays may reduce signal-to-noise ratios. Finally, a small frac-
tion of PCR products (5%-10%) amplify from regions other than
those intended (Rinn et al. 2003). This will lead to misassign-
ment, and the targets will not be validated.

Our validation strategy involved analyzing regions sampled
across a range of targets ranked by signal enrichments. By ex-
tending the validation frequency as a function of rank, we can
extrapolate and determine the sensitivity of the experiment at a
particular threshold. It should be noted, however, that positives
that are unable to be detected by a specific protocol cannot be
assessed for sensitivity using this validation method. Nonethe-
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Figure 6. The value of adding biological replicates to a ChIP-chip data

set. For the six 50 b every 38-b arrays that were hybridized in the presence
of Cot DNA, the reproducibility of target lists for the top 50 (green), 100
(red), and 200 (blue) binding regions was examined as a function of
the number of biological replicates analyzed. Each biological replicate
is hybridized to a separate array. The agreement is compared against
the target list identified by using all six arrays. We see that greater than
80% agreement is obtained when three or more biological replicates are
used.

less, this strategy is expected to provide the best approach avail-
able for determining these measurements.

Our study reveals that ChIP-chip and ChIP-PET gen-
erally yield similar results, particularly for the strongest sig-
nals. However, targets that are uniquely identified by one of
these technologies are also captured, and many of these tar-
gets could be validated as positives by ChIP-PCR analysis.
Targets exclusive to either ChIP-chip or ChIP-PET fall into several
classes:

1. Many unique targets arise from the manner in which positives
are scored. Current ChIP-chip scoring methods merge
stretches of probes showing signal enrichments into short
windows (we used 1.3 kb), and thus adjacent segments are
often part of a single larger target region (>1.3 kb), whereas
ChIP-PET clusters were connected if the PETs share 1 bp of
overlap with no restriction on the length of each cluster re-
gion. Grouping adjacent ChIP-chip targets will alleviate this
problem, particularly for highly enriched segments where
these incidents occur most frequently.

2. Other targets solely identified by one platform can often be
attributed to neighboring repetitive sequences. RepeatMasked
sequences are eliminated during the array design process in
the ChIP-chip experiments. Consequently, targets that lie
within or immediately adjacent to genomic repeats are more
likely to be missed by ChIP-chip, but detected by PET sequenc-
ing. Conversely, repetitive regions may also lead to false posi-

Table 4. Monte Carlo simulation of the expected number of PET clusters from the ENCODE regions as a function of the PET cluster size

Total PETs PET-1 PET-2 PET-3 PET-4 PET-5 PET-6 PET-7 PET-8+
ENCODE region 4007 2320 477 88 14 6 4 1 3
Expected at random 2794 463 47 3 0.14 0.0051 0.0002 <0.01
Estimate % of error 100 97.065 53.409 21.4286 2.3330 0.1285 0.0170 <1 x10°°

Monte Carlo simulation of the expected number of PET clusters from the ENCODE regions as a function of the PET cluster size. For overlapping PETs,
clusters greater than 5 are expected to have very low false-positive rates. PET-3 and PET-4 clusters are simulated to have higher false-positive rates.
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Figure 7. Comparison of ChIP-chip and ChIP-PET. Signal tracks for the ChIP-chip data set from the
50 b every 50-b platform are shown and compared to ChIP-PET signals (the vertical axis corresponds
to the number of overlapping ditags at a given genomic coordinate). (A) The /IRF1 locus on Chromo-
some 5 (coordinates 131,842,000 to 131,865,000 from build NCBIv35 [hg17]). The orange arrows
indicate the validated ChlIP-chip targets from the 50-b array experiment that were on the shoulders of
ChIP-PET clusters in the IRF1 region. (B) The region on Chromosome 21 (coordinates 33,500,000 to
33,700,000) containing the cytokine receptors IFNAR2, IL10RB, and IFNART. Significant concurrence
is observed between the signal readouts from each method.

tives through cross-hybridization to real targets (in ChIP-chip)
or by the occasional misassignment of a tag containing repeti-
tive DNA elements (in ChIP-PET).

3. In addition, we would expect that very small targets flanked
by large adjacent repeats are also likely to be missed by ChIP-
PET but might be detected by ChIP-chip. Since both ChIP-chip
and ChIP-PET identify unique, validated targets, the use of
both of these technologies in an integrated fashion is antici-
pated to produce optimal sensitivity and specificity for detect-
ing binding targets.

Our studies suggest that several de-
sign parameters can be modified to en-
hance the performances of ChIP-chip
and ChIP-PET. For ChIP-chip, future
generations of array design may incor-
porate the following improvements:

1. It should be possible to more accu-
rately retrieve targets that lie next to
repetitive sequences by increasing the
number of oligonucleotide tiles adja-
cent to repeats.

2. The judicious choice of nonidentical
oligonucleotides should improve ar-
ray performance.

3. Finally, the use of isothermal arrays,
where the oligonucleotides on the ar-
ray vary in length to give a more uni-
form annealing temperature, should
improve performance (Urban et al.
20006).

For ChIP-PET, slight modifications to
the mapping algorithm should elimi-
nate those few instances in which nearly
identical ChIP fragments were double
counted in determining the ChIP-PET
cluster number (see example in Supple-
mental Fig. 2).

Another desirable feature of ChIP-
PET is that it is inherently whole
genome and can theoretically find all
targets present in genomic sequences.

Currently both ChIP-PET and whole-genome ChIP-chip are ex-
pensive because of the considerable cost of high-throughput se-
quencing and whole-genome oligonucleotide arrays. However,
both of these technologies are expected to exhibit dramatic de-
creases in cost in the near future as new sequencing technologies
become available (Margulies et al. 2005; Shendure et al. 2005;
Service 2006) and as array densities continue to increase. Thus,
both ChIP-chip and ChIP-sequencing technologies will become
substantially more cost-effective, and their mutual combination
would maximize accuracy.

Table 5. Comparison of ChIP-PET-5+ targets and ranked targets from the 50 b every 50-b array ChIP-chip data set

Cluster Cluster Overlap Rank of regions on 50 b
overlap count Cluster location span Overlap location span every 50-b array
33 Chr5: 131852871-131866238 13,368 Chr5: 131860666-131860682 17 1,2,4,5/9,16,21,78,79
17 Chr5: 131786288-131794715 8428 Chr5: 131791111-131791136 26 10, 37, 58, 64, 74

8 Chr21: 33523431-33526064 2634 Chr21: 33524385-33524495 111 6

7 Chr21: 33619380-33622627 3248 Chr21: 33619552-33619612 61 31

6 Chr21: 34088872-34092435 3564 Chr21: 34091417-34091453 37 8

6 Chr15: 41572478-41573853 1376 Chr15: 41573016-41573093 78 7

5 Chr21: 33554904-33562043 7140 Chr21: 33560526-33560713 188 11

5 Chr20: 33363723-33369198 5476 Chr20: 33367242-33367404 163 Not detected

5 Chr7: 115935369-115942046 6678 Chr7: 115940692-115940803 112 42

5 Chr21:32815193-32821120 5928 Chr21: 32815780-32815840 61 Not detected

5 Chr8: 119135229-119140085 4857 Chr8: 119137560-119137726 167 41

ChIP-PET5+ targets compared to the rank list from the 50 b every 50-b array data set (considering only those ChIP-PET5+ targets with coverage common
to the 50-b array tile path) (Supplemental Table 1). For each PET cluster, its location as well as the cluster overlap region (coordinates are build NCBIv35
[hg17]) are displayed as well as the ranks of targets from the 50-b array data set that overlap the PET cluster. Since the PET clusters range in size from
1376 bp to 13,368 bp, they can overlap multiple ChIP-chip targets, all of which are 1300 bp in size. Only two of the 11 PET5+ clusters are not detected

by ChIP-chip on this 50-b array platform.
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Table 6. Comparison of ranked target lists between the 50 b
every 50-b array and ChIP-PET platforms

A. False-positive rates of the ranked target lists considered
separately

50 every ChIP-PET
50 data set data set Union
Count Top 75 Top 75 134
FPR 0.26 0.17

B. False-positive rates of the merged ranked target lists from A

Common
Specific to 50 Specific to to both
every 50 set ChIP-PET data sets
Count 59 61 14
Positives (ChIP-PCR
validation) 15 10 14
Negatives (ChIP-PCR
validation) 11 5 0
FPR 0.42(=11/26) 0.33(=5/15) 0.00(=0/14)

Comparison of the ranked target list for the top 75 targets from the 50 b
every 50-b array data set and 75 PET3+ targets from the ChIP-PET ex-
periment. A fair evaluation could only be made for the 75 PET3+ clusters
that were covered by the 50 b every 50-b array tile path (Supplemental
Table 1). (A) The upper panel displays the false-positive rates (FPR) cal-
culated for each data set considered separately. (B) The lower panel
displays the results after merging the list of the top 75 targets identified
by the 50-b arrays with the 75 PET3+ targets identified by ChIP-PET.
Additionally, the ChIP-PET targets are all sized to be 1300 bp (centered
on the overlap region) in order to perform a fair comparison. As for Table
1, this comparison is performed by first creating the union of the two
separate lists and then counting the number of union target regions
specific to either the 50-b array targets or the PET3+ clusters, or those
targets identified by both platforms. In each of these three categories, the
union regions that were tested for validation are displayed as well as the
associated false-positive rate.

Methods

STATI chromatin immunoprecipitations

STAT1 ChIP samples were prepared from IFNG-stimulated
HeLa S3 cells, and ChIP DNA quality was verified as previously
described (Hartman et al. 2005). Cultures of 12 x 10® HeLaS3
cells were divided in half and were either induced with 5 ng/mL
human recombinant IFNG (R&D Systems #285-IF), or left un-
treated, for 30 min at 37°C, 5% CO, and then fixed with 1%
formaldehyde final concentration for 10 min at room tempera-
ture. Fixations were quenched by addition of glycine to 125 mM
final concentration, and cells were washed twice in cold 1 X Dul-
becco’s PBS. Cells were swelled for 10 min in hypotonic lysis
buffer (20 mM HEPES at pH 7.9, 10 mM KCI, 1 mM EDTA at pH
8, 10% glycerol, 1 mM DTT, 0.5 mM PMSF, 0.1 mM sodium
orthovanadate, and Roche protease inhibitors #11-697-498-001)
and lysed by dounce homogenization (using pestle B). Nuclear
pellets were collected and lysed in 1 X RIPA buffer (10 mM Tris-Cl
at pH 8.0, 140 mM NacCl, 1% Triton X-100, 0.1% SDS, 1% deoxy-
cholic acid, 0.5 mM PMSF, 1 mM DTT, 0.1 mM sodium ortho-
vanadate, and Roche protease inhibitors). Nuclear lysates were
sonicated with a Branson 250 Sonifier (output 20%, 100% duty
cycle) to shear the chromatin to ~1 kb in size. Clarified lysates
were incubated overnight at 4°C with anti-STAT1 « p91 (C-24)
rabbit polyclonal antibody (Santa Cruz Biotechnology #sc-345).
Protein—-DNA complexes were precipitated with RIPA-
equilibrated protein A agarose beads (Upstate #16-156), and im-
munoprecipitates were washed three times in 1 RIPA, once in

1x PBS, and then eluted from the beads by addition of 1% SDS,
1x TE (10 mM Tris-Cl at pH 7.6, 1 mM EDTA at pH 8), and
incubation for 10 min at 65°C. Cross-links were reversed over-
night at 65°C. All samples were purified by treatment first with
200 pg/mL RNase A (QIAGEN #19101) for 1 h at 37°C, then with
200 pg/mL Proteinase K (Ambion #2548) for 2 h at 45°C, fol-
lowed by extraction with phenol:chloroform:isoamyl alcohol
and precipitation at —70°C with 0.1 volume of 3 M sodium ac-
etate, 2 volumes of 100% ethanol, and 1.5 pL of pellet paint
coprecipitant (Novagen #69049-3). ChIP DNA prepared from
1 x 10® cells was resuspended in 50 uL of ultrapure water
(GIBCO-Invitrogen #10977-015).

ChIP sample preparation and labeling

Biological replicates are defined as STAT1 ChIP DNA prepared
from distinct cell cultures grown, harvested, and processed on
separate days. ChIP DNA samples from individual biological rep-
licates were labeled separately and hybridized separately (without
pooling) as one biological replicate per array (Supplemental Table
1). In many cases, the same biological replicates were hybridized
to each of the array platforms. For the experiment comparing
hybridizations in the presence and absence of Cot-1 DNA, six
biological replicates were divided after labeling and hybridized
over 12 arrays in plus and minus Cot sets.

For PCR product arrays (gift of Bing Ren, UCSD) and mask-
less arrays with 50 b every 50-b spacing and 36 b every 36-b
spacing (both oligo length arrays manufactured by NASA Ames
Research Center), ChIP DNA from 1 x 10® cells was random
primed with Klenow (enzyme and primers from BioPrime DNA
Labeling System; Invitrogen #18094-011), and Aminoallyl-dUTP
(Sigma #A0410) was incorporated. Next Alexa Fluor dyes (Invit-
rogen #A32755; Alexa647 for ChIP DNA isolated from IFNG-
stimulated cells and Alexa555 for ChIP DNA isolated from un-
stimulated cells) were coupled to the Aminoallyl-dUTP. Coupling
reactions were terminated with hydroxylamine. Alexa555- and
Alexa647-coupled ChIP DNA samples were combined and recov-
ered using a CyScribe GFX Purification Kit (Amersham #27-9606-
02) according to the manufacturer’s protocol. The recovered
probe was further purified by ethanol precipitation with 0.1 vol-
ume of 3 M sodium acetate (pH 5.2).

For maskless arrays (Nuwaysir et al. 2002) with 50 b every
38-b spacing (NimbleGen Systems of Iceland, LLC), ChIP DNA
from 1 X 10® cells was directly labeled (per manufacturer’s pro-
tocol) by Klenow random priming with Cy5 nonamers (ChIP
DNA isolated from IFNG-stimulated cells) or Cy3 nonamers
(ChIP DNA isolated from unstimulated cells).

Microarray hybridizations

All arrays were hybridized with mixing in MAUI hybridization
stations from BioMicro Systems for 16 —18 h at 42°C. PCR prod-
uct arrays were prehybridized in 5x SSC/25% formamide/0.05%
SDS/1% BSA for 1 h at 42°C. Labeled ChIP DNA was precipitated
and resuspended in 60 pL of 5x SSC/25% formamide/0.05% SDS
with 5§ pg of human Cot-1 DNA (Invitrogen #15279-011) per
array. The PCR product arrays were washed in 42°C 2 x SSC/0.1%
SDS, room temperature 0.1 X SSC/0.1% SDS, and 0.1 x SSC. La-
beled ChIP DNA for maskless arrays (Nuwaysir et al. 2002) with
50 b every 50-b spacing and 36 b every 36-b spacing (both oligo
length arrays manufactured by NASA Ames Research Center) was
precipitated with 30 pg of human Cot-1 DNA per array, and
pellets were resuspended in 45 pL of hybridization buffer (final
concentrations: 40% formamide, 5x SSC, 0.1% SDS, and 0.2 X
TE). Arrays were washed once with 42°C 0.2% SDS/0.2x SSC,
once with room temperature NSWB (6 X SSPE, 0.01% Tween 20,
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1 mM DTT), twice with 0.2 X SSC, and twice with 0.05 x SSC. For
maskless arrays (Nuwaysir et al. 2002) with 50 b every 38-b spac-
ing (NimbleGen Systems of Iceland, LLC), labeled ChIP DNA was
hybridized in buffer containing 20% formamide, 1.2 M Betaine,
and 0.1 pg/pL herring sperm DNA per the manufacturer’s proto-
col. The plus Cot-1 experiments included 10 pg of human Cot-1
DNA per array. Arrays were washed in 42°C 0.2% SDS/0.2 X SSC,
room temperature 0.2 X SSC, and 0.05x SSC.

ChIP-PET experiment

The STAT1 ChIP-PET library was constructed as previously de-
scribed (Wei et al. 2006). PET sequences were extracted from the
raw reads and mapped to human genome sequence assembly
[hg17]. The process of PET extraction and mapping is essentially
the same as previously described for cDNA analysis (Ng et al.
2005). The mapping criteria are that both the 5" and 3’ signatures
must have a minimal 17-bp match, be present on the same chro-
mosome and same strand, in the correct orientation (5’ — 3’),
and within 6 kb of genomic distance.

STATI target validations

Primers were designed to amplify 200-350-bp fragments from
regions throughout the rank-ordered target lists as well as regions
where array signals were below cutoff values. ChIP DNA from
either 4 X 10° IFNG-stimulated or unstimulated cells was ampli-
fied. For each primer pair, parallel reactions were run with 0.2 pg
of HeLa S3 genomic DNA to ensure that a sample set would yield
a single band of the expected size. The entire completed PCR
reactions were loaded on 1.5% agarose gels, and only those
primer sets in which entire sample volumes were loaded were
analyzed further. Each plate of PCR reactions included positive
and negative controls, and all reactions from a plate were loaded
on the same gel. Densitometric analyses were made using Image]J
software (http://rsb.info.nih.gov/ij/). For each primer pair, en-
richments were calculated for yield from IFNG-stimulated cells
relative to yield from unstimulated cells. To qualify as a validated
region, enrichments had to be consistently greater than twofold
from each of two or more biological replicates. In many cases,
more than two biological replicates were tested, and for some
regions, validation results were quantified from multiple primer
pairs (in separate reactions) to eliminate any primer artifacts. In
total, 280 regions were tested for validation. Primer sequences
used in the ChIP-PCR assays are available at http://encode.
gersteinlab.org/data/Euskirchen_etal/.

Comparison of target lists

As described above, target lists are rank lists of nonoverlapping
target regions of uniform size 1300 bp. In order to fairly compare
the ChIP-chip data against the ChIP-PET experiment, the ChIP-
PET targets were likewise converted into 1300-bp regions cen-
tered on the ChIP-PET cluster. Also, comparisons were done for
targets identified in regions common to both platforms because
the 50 b every 50-b array does not tile all of the ENCODE regions
(Supplemental Table 1). When computing the overlap between
any two lists of regions (whether the data are from ChIP-chip or
ChIP-PET), the number of entries in the first list intersecting the
second is not necessarily the same as the number of the second
list intersecting the first (this discrepancy typically happens in
loci where multiple target sites are located in a short genomic
span). In order to avoid this ambiguity, we first merged the two
lists under comparison to form a list of union regions. Then using
the union set of regions as a basis, we computed the number of
regions belonging to only one of the two original lists, or union
regions that came from both lists. One important note is that

some union target regions occurring in more complicated loci
tend to be longer and might only contribute one joint region to
the counts of number of union regions shared by both lists, even
though the region might correspond to multiple entries on each
of the original two lists. Regions that have been tested for vali-
dation can also be compared against these union target regions to
assess validation rates for union regions that were detected on
only one of the two lists or by both data sets. This is how the data
in Tables 1, 2, 3, and 6 and Supplemental Tables S2 and S3 were
generated.
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