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Cell-type diversity is governed in part by differential gene expression programs mediated by transcription factor (TF)
binding. However, there are few systematic studies of the genomic binding of different types of TFs across a wide range of
human cell types, especially in relation to gene expression. In the ENCODE Project, we have identified the genomic
binding locations across 11 different human cell types of CTCF, RNA Pol Il (RNAPII), and MYC, three TFs with diverse
roles. Our data and analysis revealed how these factors bind in relation to genomic features and shape gene expression and
cell-type specificity. CTCF bound predominantly in intergenic regions while RNAPII and MYC preferentially bound to
core promoter regions. CTCF sites were relatively invariant across diverse cell types, while MYC showed the greatest cell-
type specificity. MYC and RNAPII co-localized at many of their binding sites and putative target genes. Cell-type specific
binding sites, in particular for MYC and RNAPII, were associated with cell-type specific functions. Patterns of binding in
relation to gene features were generally conserved across different cell types. RNAPII occupancy was higher over exons
than adjacent introns, likely reflecting a link between transcriptional elongation and splicing. TF binding was positively
correlated with the expression levels of their putative target genes, but combinatorial binding, in particular of MYC and
RNAPII, was even more strongly associated with higher gene expression. These data illuminate how combinatorial binding

of transcription factors in diverse cell types is associated with gene expression and cell-type specific biology.

[Supplemental material is available for this article.]

Cellular diversity in multicellular organisms is achieved in part by
distinct transcriptional programs mediated by transcription factors
(TFs). The human genome is believed to encode ~1400 sequence-
specific TFs (Vaquerizas et al. 2009). Identifying the genomic
binding locations of TFs provides insights into how their activities
shape gene expression. Recent studies combining chromatin im-
munoprecipitation of human TFs with deep sequencing (ChIP-
seq) have identified tens of thousands of TF binding sites which
function as promoters, enhancers, insulators, and silencers (Barski
et al. 2007; Johnson et al. 2007; Ku et al. 2008; Valouev et al. 2008;
Cuddapah et al. 2009; Mogqtaderi et al. 2010; Raha et al. 2010;
Euskirchen et al. 2011; Rada-Iglesias et al. 2011). However, such
location information for any given factor is currently available for
only a limited number of human cell types. There are few sys-
tematic studies identifying the genomic locations of multiple TFs
across a diverse set of cell types, carried out in conjunction with
gene expression studies. For most cell types in human, it is unclear
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how many sites on the genome are occupied by different kinds of
TF, how these binding sites are distributed relative to genomic
features, and how TF binding might be involved in regulation of
cell-type specific gene expression.

The Encyclopedia of DNA Elements (ENCODE) Project has
the goal of characterizing all functional elements in the human
genome. Binding sites for many TFs were identified in the pilot
phase of ENCODE, which investigated 1% (30 Mb) of the human
genome (ENCODE Project Consortium 2007). The ENCODE
Consortium has now scaled up to identify cis-regulatory elements
genome-wide in a wide variety of cell types (ENCODE Project
Consortium 2011). As part of the ENCODE project, we investigated
the genome-wide binding sites of three different kinds of tran-
scription factor, namely MYC (formerly c¢-Myc), CTCF, and RNA
polymerase II (RNAPII) in the human genome in multiple cell
types.

MYC is a sequence-specific TF that integrates diverse internal
and external stimuli (Wierstra and Alves 2008). MYC has been
proposed to be a “global” regulator of transcription, potentially
regulating ~15% of human genes (Dang et al. 2006; Meyer and
Penn 2008) implicated in cell cycle progression, differentiation,
apoptosis, DNA repair, angiogenesis, chromosomal instability, and
ribosome biogenesis (Dang 1999; Adhikary and Eilers 2005;

22:9-24 © 2012 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/12; www.genome.org

Genome Research 9
www.genome.org


mailto:vishy@mail.utexas.edu

Lee et al.

Knoepfler et al. 2006; Dai and Lu 2008). MYC is also important for
lineage-specific cell growth and metabolism and thus a key con-
tributor to cell fate decisions (Grandori et al. 2000). However, it is
not clear how many lineage-specific genes are under regulation by
MYC in the human genome.

The CCCTC binding factor (CTCF) is evolutionarily highly
conserved and ubiquitously expressed. CTCF contains 11 zinc-
finger DNA-binding domains, and is involved in gene activation as
well as repression, hormone-responsive gene silencing, imprinting
of genetic information, enhancer blocking, and chromatin insulation
(Filippova et al. 1996; Burcin et al. 1997; Vostrov and Quitschke 1997,
2002; Hark et al. 2000). Aberrant expression of either CTCF or
MYC can cause detrimental consequences such as developmental
disorders, disease, and a wide range of cancers (Ohlsson et al.
2001; Ladomery and Dellaire 2002; van Riggelen et al. 2010).

Although RNAPII is not a sequence-specific transcriptional
regulator, here we consider it to be a transcription factor in the
sense of being a protein complex essential for the process of tran-
scription. It is responsible for synthesizing the precursors of mRNA,
miRNA, and most snoRNAs (Sims et al. 2004). RNAPII interacts with
CTCF as well as MYC, and significant co-localization of RNAPII and
CTCEF is observed in the nucleus (Barski et al. 2007; Chernukhin
et al. 2007; Rahl et al. 2010). CTCF-RNAPII protein complexes are
found in distal regions, 1.5-15 kb away from the nearest tran-
scription start site (TSS), and remain intact until RNAPII release
(Chernukhin et al. 2007). Approximately one-third of ~20,000
CTCF binding sites are located in protein-coding regions (Barski
etal. 2007). However, it is unclear how many RNAPII binding sites
are co-localized with CTCF genome-wide, whether there is lineage-
specific co-localization in various tissue types, and how the in-
teraction between RNAPII and CTCEF affects expression of their target
genes. MYC can promote phosphorylation of the C-terminal do-
main of the large subunit of RNAPII as well as mRNA cap methyla-
tion (Cowling and Cole 2007). A recent study showed that a major
function of MYC is release of paused RNAPII (Rahl et al. 2010).

To identify the genome-wide binding sites of CTCF, MYC, and
RNAPII in diverse cell types and elucidate combinatorial TF bind-
ing effects, we performed chromatin immunoprecipitation (ChIP)
followed by high-throughput sequencing (ChIP-seq). Across 11
cell types we found an average of 45,000, 30,000, and 8000 binding
sites for CTCF, RNAPII, and MYC, respectively. Analysis of these
binding sites in relation to genomic annotations, gene expression
levels, and cell type diversity sheds considerable light on how these
transcription factors of different types function individually and in
combination with one another to occupy target genomic loci and
shape gene expression programs in a cell-type specific manner.

Results

ChlIP-seq identifies tens of thousands of binding sites for CTCF,
MYC, and RNAPII

We performed ChIP-seq for CTCE MYC, and RNAPII in 11 different
human cell types including primary, disease, and cancer cells (Table
1). For RNAPII, we carried out ChlP for its large subunit (POLR2A); in
the text and figures it is shown as RNAPII, referring to the holoen-
zyme complex. In parallel with sequencing chromatin immuno-
precipitated DNA, we also sequenced an input DNA control. We
generated at least two biological replicates of ChIP-seq data for each
factor in all cell types except H1 ES and NHEK cells (Supplemental
Table S1). ChIP-seq samples were assayed by quantitative real-time
PCR as a quality control before sequencing. We used a custom

algorithm to identify peaks indicating binding sites from each
replicate data set of aligned sequences (Methods). In most cases,
CTCF and RNAPII showed >80% overlap between replicates, in-
dicating high consistency, and MYC exhibited moderate re-
producibility ranging from 50% to 80% (Supplemental Fig. S1).
Therefore for each factor—cell line combination, we combined
reads from all replicates, and then generated an initial set of
candidate binding locations (Fig. 1). To minimize false positives,
we normalized TF binding scores with corresponding input scores
and for sequencing depth. We calculated P-values, normalized
scores, and appropriate thresholds for targets (Methods; Supple-
mental Table S2).

While the number of binding sites varied in different cell
types, CTCE, MYC, and RNAPII had ~45,000, 8000, and 30,000
sites in each cell type on average, respectively. These numbers
include partly overlapping sites and therefore do not reflect the
number of discrete binding regions across the genome or genes
that are potentially targeted, particularly for RNAPII, which ten-
ded to show clusters of sites around promoters. Each additional
cell line continued to show additional binding sites rather than
reaching saturation (Supplemental Fig. S2), suggesting many cell-
type specific binding sites exist in diverse cell types.

CTCF binding sites are prevalent in intergenic regions, while
MYC and RNAPII binding sites are associated with promoters

We determined the average profile of CTCF, MYC, and RNAPII
occupancy around the TSS. As in previous studies (Ren et al. 2002;
Tabach et al. 2007), a peak of high occupancy was seen around the
TSS (Fig. 2A). The three factors often occupied TSS in combination,
as illustrated in the example track image in Figure 1. None of the
factors showed any bias in occupancy around the transcription
termination sites (TTS) of genes (Supplemental Fig. S3). Clustering
of the gene-wise occupancy signals of these three factors revealed
distinct patterns. For example, CTCF binding was observed in
distal regions as well as in the gene bodies of many genes, while
strong RNAPII occupancy was also observed across the gene bodies
of many genes. Strikingly, these occupancy patterns were main-
tained across all cell types for all three factors (Supplemental Fig. S4).

Next, we investigated CTCF, MYC, and RNAPII binding rela-
tive to a combined gene annotation set including RefSeq, UCSC,
Ensembl, and Vega annotated genes from the UCSC Genome
Browser (http://genome.ucsc.edu/; Methods). In addition to an-
notated exons and introns, we defined a region within +2 kb from
a TSS as a promoter, between 2 and 20 kb upstream of a TSS as an
upstream region, and >20 kb away from a gene as intergenic. Each
factor showed a distinctive binding distribution (Fig. 2B). MYC in
particular showed considerable variation in the proportion of its
binding sites at promoters, ranging from 45% to 75%. The H1ES
cells, however, were an outlier in this regard, with only 15% of its
binding sites at promoters. While this could be partly a reflection
of higher background in this data set, many characteristic MYC
sites were clearly detected in H1ES cells as well (Supplemental Fig.
S5). To evaluate promoter selectivity, we compared the proportion
of TF binding sites that fell within promoters to the proportion of
all promoters bound by a particular TF. This analysis showed that
~70% of RNAPII binding sites were in promoters, and these may
regulate up to half of all genes. About 15% of CTCF sites were in
promoters, potentially contributing to the regulation of as many as
a quarter of all genes (Fig. 2C). In contrast, MYC exhibited sub-
stantial variation, occupying 6%-33% of promoters, suggesting
that MYC may modulate varying subsets of genes in different cell
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Table 1. Functional categories enriched among the unique binding sites of CTCF, MYC, and RNAPII
RNAPII MYC CTCF
GO biological process term Fold enrich FDR Fold enrich FDR Fold enrich FDR
FBO167P Collagen fibril organization 8.6 0.00%
Fibroblast (Progeria) Endothelial cell differentiation 3.1 0.80%
Response to steroid hormone stimulus 2.1 3.10%
Hormone-mediated signaling pathway 2.2 1.30%
Developmental growth 2.8 1.30%
Positive regulation of developmental 2.8 3.10%
growth
GM12878 Immune response 2.3 0.00% 1.6 6.20%
Lymphoblastoid cell Regulation of lymphocyte activation 2.6 0.00%
Lymphocyte activation 2.7 0.00% 2.1 0.20%
Mononuclear cell proliferation 29 2.40%
H1ESC Regulation of cell fate commitment 6.9 2.30%
Embryonic stem cell Regulation of neuron differentiation 2 3.50%
Embryonic foregut morphogenesis 2.7 4.09%
Cell differentiation in spinal cord 3 0.10%
Metencephalon development 2.6 0.10%
Lens morphogenesis in camera-type 5.9 4.70%
eye
Camera-type eye morphogenesis 1.8 2.80%
H54 Central nervous system neuron 5.5 0.10%
Glioblastoma differentiation
Spinal cord motor neuron cell fate 18 3.60%
specification
Activation of protein kinase activity 4.9 0.00%
HepG2 Lipid homeostasis 2.6 0.00% 3.4 0.00%
Hepatocellular carcinoma Plasma lipoprotein particle remodeling 3.8 0.10% 4.7 0.00%
Regulation of fatty acid biosynthetic 3.5 0.30% 3.5 1.70%
process
Steroid metabolic process 1.7 0.40% 1.9 0.00%
Triglyceride homeostasis 5.7 0.00%
Triglyceride metabolic process 2.4 1.50%
HUVEC Blood vessel development 3.1 0.00% 2.8 0.00%
Umbilical vein endothelial ~ Angiogenesis 3.8 0.00% 3.3 0.00%
cell Cell-substrate adhesion 2.6 0.00% 2.5 0.70%
Positive regulation of smooth muscle cell 4.5 0.00% 4.8 0.00%
proliferation
Regulation of smooth muscle cell 4 0.00% 3.7 0.10%
proliferation
HelaS3 Respiratory burst 5.2 3.40%
Cervical carcinoma Superoxide anion generation 5.2 3.40%
Anti-apoptosis 1.9 3.00%
Regulation of B cell apoptosis 7 0.20%
Positive regulation of lymphocyte 3.2 0.00%
proliferation
Digestive tract morphogenesis 4.2 0.20%
Embryonic digestive tract development 5 0.40%
K562 Response to estrogen stimulus 2.4 0.30%
Chronic myeloid leukemia  Cytokine-mediated signaling pathway 23 4.90%
Myeloid cell differentiation 2.1 3.30%
Gas transport 5.1 0.60%
MCF7 Gland morphogenesis 2 4.30% 2.4 0.90%
Mammary carcinoma Mammary gland epithelium development 2.7 2.30% 2.8 4.50%
Exocrine system development 2.8 4.50%
Regulation of Rho protein signal 2.2 0.10%
transduction
NHEK Hemidesmosome assembly 36.9 0.00% 7.4 0.30%
Epidermal cell Cell junction assembly 12 0.00% 3 1.10%
Epidermis development 6.9 0.00% 2 0.90%
Keratinocyte differentiation 6.1 4.70%

types. More than 60% of CTCF binding sites were in distal up-
stream and intergenic regions, consistent with previous studies
of CTCF binding in individual cell types (Barski et al. 2007;
Schmidt et al. 2010).

MYC and RNAPII showed significantly higher occupancy
scores at promoters than in other genomic regions, but CTCF

showed significantly higher occupancy signals in upstream re-
gions rather than promoters (Supplemental Fig. S6), consistent
with its role as an insulator binding protein, functioning between
a promoter and an enhancer (Valenzuela and Kamakaka 2006).
About half of all MYC and RNAPII sites were located in CpG is-
lands, which are known to be associated with promoters, whereas
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Figure 1. Overview of ChIP-seq data over a sample genomic region. Chromosome coordinates are
shown on top. Data for each cell line and factor are shown as a “wiggle” track of extended reads. Gene
annotations derived from the UCSC Genome Browser database are shown at bottom, with the direction

of transcription indicated by arrows.

only 12% of CTCF binding was in CpG islands (Fig. 2D). However,
even CTCF was significantly enriched in CpG islands relative to
background since only 0.75% of the genome is contained in CpG
islands. Conversely, the binding sites of these three factors in
CpG islands were enriched for promoters (Supplemental Fig. S7).
Moreover, the binding sites of MYC and RNAPII in CpG islands
had significantly higher occupancy scores than their sites in non-
CpG-containing sites (Supplemental Fig. S8). Taken together, these
results indicate that MYC and RNAPII regulate genes primarily by
binding to proximal promoters, with MYC exhibiting greater di-
versity of gene targets across cell types, whereas CTCF modulates
expression of a more conserved set of targets by associating with
distal cis-regulatory elements.

Transcription factor binding sites are positively correlated
with gene density across the genome

Gene density varies considerably across the human genome (Lander
et al. 2001). Since all three TFs occupied distal binding sites in ad-
dition to promoters, we examined the relationship between TF
binding and gene density. As shown in Figure 2E, TF binding sites
were positively correlated with gene density. Even though CTCF
showed a clear preference for intergenic regions over promoters (Fig.
2B), its binding was nonetheless positively correlated with gene
density, consistent with previous observations (Kim et al. 2007).
Interestingly, excluding CTCF binding sites within genes as well as
up to 20 kb upstream of TSS did not completely abrogate the cor-
relation between binding sites and gene density (Supplemental Fig.

CTCF or RNAPII binding sites. In most
cases, the binding of CTCE, MYC, or RNA-
PII at bidirectional promoters activated
both genes equally, regardless of the dis-
tance of its binding site from a TSS (Sup-
plemental Fig. S10).

CTCF and RNAPII sites are ubiquitous, whereas MYC sites
are cell-type specific

All three factors showed some cell-type specificity (Fig. 3A). To
quantify the extent of cell-type specific binding of CTCF, MYC,
and RNAPII, we first analyzed the overlap of their binding sites
across all cell types (Methods). If a binding site overlapped in all
cell types, we defined it as ubiquitous; otherwise sites were con-
sidered as cell-type specific. We further categorized cell-type spe-
cific binding sites found in only one cell type as unique binding
sites. Less than 13% of MYC sites were ubiquitous, suggesting that
a large proportion of MYC binding sites show some degree of cell-
type specificity (Fig. 3B; Supplemental Fig. S11).

In contrast to MYC, more than half of all CTCF binding sites
were ubiquitous across the 11 cell types. More than 75% of CTCF
binding sites occurred in at least seven cell types, with <3% of
CTCEF sites unique in any of the cell types we analyzed, except
ES (6.4%) and MCF7 (3.4%) (Fig. 3B). Similarly, RNAPII also
exhibited a strong preference for ubiquitous binding; however,
unlike CTCEF, a significant proportion of RNAPII binding sites
were unique to a single cell type (an average of 7.7% across cell
types). Repeating this analysis using only the subset of binding
sites that occurred at promoters (which had higher occupancy)
and showed >80% replicate reproducibility, gave essentially the
same results. These results suggest that MYC binding pre-
dominantly regulates unique cell type functions whereas CTCF's
regulatory role is largely consistent across diverse cell types. In-
terestingly, the unique binding sites of CTCF, MYC, and RNAPII
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Figure 2. Occupancy patterns of CTCF, MYC, and RNAPII relative to gene annotations. (A) Average
profiles of CTCF, MYC, and RNAPII binding sites within =1.5 kb from all annotated TSS (Transcription
start site, indicated by zero on the x-axis) in 10-11 different cell types. The average percentage of
binding sites within =1.5 kb of the TSS is shown on the y-axis. (B) Pie charts show the distribution of
CTCF, MYC, or RNAPII binding sites in five different genomic regions. A promoter is defined as a region
within £2 kb from the TSS of a gene, upstream is between 2 and 20 kb upstream of the TSS, and
intergenic is a region excluding a promoter, upstream, intron and exon. (C) The percentage of binding
sites of each TF within =2 kb from a TSS (x-axis) is plotted against the percentage of TSS within =2 kb
from a TF binding site (y-axis). The area of the circles is proportional to the number of binding sites.
Some cell types are indicated by arrows. (D) CTCF prefers to bind in non-CpG islands. The y-axis shows
the percentage of binding sites in CpG and non-CpG loci for the factors indicated on the x-axis. (E) TF
binding sites are positively correlated with gene density. The scatterplot shows the number of genes in
each 2 Mb bin across the genome (x-axis) and the number of TF binding sites in each bin (y-axis). The
three factors are shown in different colors as indicated. The lines show the linear regression fit for each
factor. (F) MYC enrichment in bidirectional promoters. The y-axis shows the enrichment of binding sites
in bidirectional promoters calculated as 1-log (P-value) using the hypergeometric distribution, for each
of the cell types indicated on the x-axis. A value of 1 on the y-axis represents no enrichment, seen for
RNAPII and CTCF.

had lower occupancy scores compared with their ubiquitous
binding sites (Fig. 3C).

By assigning the gene downstream from a TF-bound promoter
as its target gene, we found an average of 91, 169, and 233 unique
targets and 3321, 621, and 8167 ubiquitous target genes, re-

spectively, for CTCF, MYC, and RNAPII
(Fig. 3D). Most ubiquitous sites of MYC
and RNAPII occurred in promoters, while
their unique sites were in distal regions
and introns (Fig. 3E), suggesting that the
unique sites of MYC and RNAPII may
function as distal regulatory elements like
enhancers. Cell-type specific sites of
CTCFE, MYC, and RNAPII lacked CpG is-
lands compared to their ubiquitous sites
(Fig. 3F).

We used the Genomic Regions En-
richment of Annotations Tool (GREAT)
(McLean et al. 2010) to examine biological
functions targeted by the unique and
ubiquitous binding sites of the three TFs.
Unique sites frequently targeted genes in
functional categories relevant to the bi-
ological characteristics or tissue of origin of
a cell type (Table 1). Interestingly, even
though the unique sites of MYC tended to
have the lowest occupancy scores in our
overall analysis, this class of site targeted
genes in meaningful functional categories
more frequently than CTCF unique sites,
which had higher scores. Moreover, the
unique sites of RNAPII and MYC fre-
quently targeted overlapping functional
categories in several cell types including
GM12878, HepG2, HUVEC, and NHEK,
suggestive of combinatorial usage of these
two factors in specifying cell function
(Table 1). Ubiquitous MYC binding site
target genes showed moderate enrichment
in translational elongation (Supplemental
Table S3), consistent with previously re-
ported functions for MYC in regulating
translation and cell growth (Boon et al.
2001; van Riggelen et al. 2010).

MYC and RNAPII co-localize
in many promoters

To examine relationships between genes
potentially targeted by TFs, we calculated
correlations between target gene sets and
clustered them. CTCF targets generally
correlated well with each other across cell
types, with RNAPII targets showing lower
correlations, followed by MYC (Fig. 4A).
Between factors, there was weak, but pos-
itive correlation between CTCF and either
MYC or RNAPII targets (Pearson correla-
tion coefficient r = ~0.2), and moderate
correlation between MYC and RNAPII (r =
~0.4), consistent with a functional re-
lationship among the three factors (Fig.

4A). We further investigated single or combinatorial occupancy of
these factors at their target sites and genes. The largest proportion of
binding sites was occupied by only one factor, but a significant
proportion was co-occupied by at least two factors (Fig. 4B; Sup-
plemental Fig. S12). We saw similar relationships between target
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“All” indicates “ubiquitous” sites found in all cell types, and other numbers show intermediate representation. Here we denote all sites with the exception
of ubiquitous sites as “cell-type specific” sites. The color in the heatmap indicates the proportion of sites in each category, in each cell type. (C) Boxplots
show the ChlIP-seq score distribution of unique (“one”) and ubiquitous (“some” and “all”’) sites across all cell types. Unique sites have significantly lower
ChlIP-seq scores than the other sites. P-values were calculated by Wilcoxon rank sum test. Asterisks indicate a calculated P-value of zero. (D) The number of
unique and ubiquitous target genes of CTCF, MYC, and RNAPII in diverse cells. The downstream genes of TF-bound promoters (within =2 kb from TSS)
were considered as target genes. (E) The distribution of unique and ubiquitous binding sites of CTCF, MYC, and RNAPII across all cell types, in five different
genomic regions. The x-axis represents each factor in either unique or ubiquitous sites. The y-axis shows % binding sites in the genomic regions. (F) Percent
CpG and non-CpG sites in unique and ubiquitous binding sites across all cell types. The x-axis represents each factor in either unique or ubiquitous sites.
The y-axis indicates percent binding sites of these three factors in CpG or non-CpG sites.

genes occupied singly or in combination by these three factors (Fig. binding of these three factors, in particular MYC and RNAPIIL.
4C; Supplemental Fig. S13). Associations between these factors were In general, co-occupied sites were overrepresented in promoters as
further supported by the fact that both CTCF and MYC were co- compared to sites occupied by single factors, particularly when
enriched at RNAPII sites (Supplemental Fig. S14). These results sug- a combination included RNAPII. Seventy percent of the MYC-RNA-
gest that a substantial set of genes may be regulated by combinatorial PII and CTCF-MYC-RNAPII combinatorial sites were in promoters,
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Figure 4. CTCF, MYC, and RNAPII can regulate their target genes in a combinatorial manner. (A) Heat map of correlations between the target genes of
each combination of factor and cell type. The Pearson correlation coefficient was calculated between the set of target genes of each factor and those of
other factors in a binary mode (target or non-target). TFs and cell type combinations are arranged in the same order along both axes, as listed on the
vertical axis. (B) Proportion of single and combinatorial binding sites of CTCF, MYC, and RNAPII in K562. (C) Proportion of single and combinatorial target
genes of the three factors in each cell type. The percentage of target genes in each category is shown on the vertical axis, for each of the cell types shown
below. (D) The distribution of single or combinatorial binding sites of the three factors in five different genomic regions. The average percentage of binding
sites in each region across all cell lines is shown on the vertical axis, for each of the combinations shown below. (E) Heat map showing gene-wise patterns of
TF occupancy in a 20-kb window around the TSS. Data were clustered using K-means clustering. Functional enrichment of genes in indicated functional
categories for the groups indicated by a brown vertical bar is shown as the negative log of the P-value in brackets on the right.

which was an enrichment over the RNAPII-only sites seen in the combination of MYC-RNAPII or CTCF-MYC-RNAPII showed
promoters (Fig. 4D). an enrichment for genes involved in translation, RNA processing,

Clustering of global occupancy patterns of the three factors splicing, and ribosome biogenesis across all cell types, which
revealed a few distinct clusters of binding patterns, with genes suggests combinatorial control of genes implicated in general bi-
implicated in a wide range of functions (Fig. 4E). Genes bound by ological processes (Supplemental Table S4).
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CTCF, MYC, or RNAPII binding positively correlates
with target gene expression

We investigated the relationship between CTCE, MYC, and RNAPII
binding and target gene expression by comparing their transcript
levels. Genes whose promoters were occupied by any one of the
three TFs showed significantly higher expression than genes
whose promoters were not occupied by that TF, across all cell types
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(Fig. SA). The positive relationship between binding and transcript
levels was also evident in the average binding profiles in the high,
medium, and low expression level groups (Fig. 5B; Supplemental
Fig. S15).

We also investigated the effects of TF binding upstream (be-
tween 2 and 20 kb) of a TSS or within the gene body (within exons
and introns of the gene). We first assigned binding sites to the
nearest gene, then evaluated the expression levels of genes in each
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Figure 5. CTCF, MYC, or RNAPII binding is associated with activated expression of their target genes. (A) Boxplots show that genes downstream from
promoters (within =2 kb from TSS) bound by any one of the three factors have significantly higher expression than genes not occupied by them. Data
shown are across all cell types. Groups along the x-axis indicate promoters either occupied (+) or not occupied (—) by the indicated TF. The y-axis shows
transcript expression levels. P-values were calculated by Wilcoxon rank sum test. Three asterisks (***) indicate a P-value of zero. (B) TSS profiles of CTCF,
MYC, and RNAPII binding in K562 cells over genes with different expression levels. Genes were divided into three different expression groups based on
their expression level in K562 cells as top 33% (High), middle 33% (Medium), bottom 33% (Low). The y-axis indicates average ChlIP-seq score. (C)
Boxplots show distribution of gene expression levels of genes bound by TFs in three different genomic regions: promoters, upstream, and gene body.
Occupancy of each factor in the indicated genomic location is shown as + (presence) and — (absence) at the bottom. The y-axis shows the log-transformed
expression level of genes. Data shown are across all cell types. P-values were calculated by Wilcoxon rank sum test. (D) Boxplots show expression of genes
with single and combinatorial binding of the three TFs across all cell types. Combinatorial binding of MYC and RNAPII enhances their target gene
expression. The x-axis represents single-factor-bound or multi-factor-bound gene groups. Occupancy of each factor was shown as + (presence) and —
(absence) at the bottom. The y-axis shows the log-transformed expression level of genes.
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of the eight groups formed by the com- A
bination of upstream, promoter, and gene-
body binding by the TF (Fig. 5C). The
effects of upstream or gene-body binding
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distance of binding ranging from 2 to 20
kb (Supplemental Fig. S16).

We also examined the expression
level of genes whose promoters were
bound by different combinations of the
three factors. Genes whose promoters
were bound by a single TF exhibited
the highest expression levels for RNAPII
binding and lowest expression levels for
CTCEFE, with MYC being intermediate (Fig.
5D). Genes occupied by both MYC and
RNAPII showed higher expression levels
than the genes bound by either MYC or
RNAPII alone whereas genes with com-
binatorial binding of MYC and CTCF
exhibited lower expression than genes
occupied by MYC without CTCE These results suggest that pro-
moters occupied by a single TF of the three we examined are
generally active, but promoters showing combinatorial occupancy
of TFs can either be more or less active depending on the combi-
nation of the three factors.

RNAPII regulates gene expression in four distinctive binding
patterns across a gene

To identify distinct modes of RNAPII association with genes and
examine their relationship to transcription, we first classified genes
into four groups based on how RNAPII was bound to different gene
regions: HH, showing high occupancy in both the promoter and the
gene body; HL, high occupancy in the promoter and low occupancy
in gene body; LH, low occupancy in promoter and high occupancy
in the gene body; LL, low occupancy in both promoter and gene
body (Fig. 6A; Methods), and then examined the expression level of

RNAPII groups

Cellular carbohydrate
biosynthetic process(0.03)

Figure 6. RNAPII binding regulates gene expression in four distinct binding modes. (4) Wiggle track
images show examples of four RNAPII binding groups classified based on its occupancy signal in the
promoter and the body of a gene. (HH) High occupancy in both the promoter and the body of a gene;
(HL) high occupancy only in the promoter of a gene; (LH) high occupancy only in the body of a gene;
(LL) low occupancy signal in the promoter as well as the body of a gene. (B) Notched boxplot shows the
distribution of expression level among four classes of RNAPII binding sites in K562 cells. The x-axis
represents four different RNAPII binding groups. The y-axis shows log-transformed expression level of
corresponding genes. Data for other cell types are shown in Supplemental Figure $S17. (C) Distribution
of genes of four RNAPII groups in the expression rank map. The x-axis indicates expression ranking from
highest (left) to lowest (right). The y-axis represents number of genes in four groups. Two y-axes were
used to represent the range of genes in each of the four groups. (D) Gene functional enrichment in cell-
type specific as well as ubiquitous RNAPII targets in the HH group. Cell types are shown on top. Binding
data were rendered in blue (occupied) and white (not-occupied) and clustered by K-means clustering.
The functional annotation program, DAVID (Huang et al. 2007), was used to analyze functional en-
richment. Annotated functional groups of each cluster are shown with the negative log of the P-values
(Bonferroni corrected) in brackets.

each group of genes. Genes showing the HH pattern of RNAPII
binding had the highest expression levels whereas genes in the LL
group showed the lowest expression (Fig. 6B). Compared to the HH
group, the HL group containing paused RNAPII at proximal pro-
moters but little signal in the gene body showed significantly lower
gene expression (Fig. 6B; Supplemental Fig. S17), which is con-
sistent with results from RNAPII profiling in Drosophila melanogaster
(Zeitlinger et al. 2007). We then ranked genes by their expression
values and plotted the distribution of genes in each of the four
modes of RNAPII occupancy as a function of expression. The pro-
portion of genes in the HH group decreased with decreasing expres-
sion levels while those in the LL group gradually increased (Fig. 6C).
Genes in the HL group were more biased toward highly expressed
genes than genes in the LH category (Fig. 6C; Supplemental Fig. S18).

We clustered genes in the four RNAPII binding groups to as-
certain whether these distinct occupancy patterns corresponded to
functional outcomes. Only genes in the HH group showed strong
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functional enrichment, with housekeeping functions enriched in
the ubiquitous clusters where genes showed RNAPII occupancy
constitutively in all cell types (Fig. 6D). Genes in the HH group
where RNAPII occupancy was observed in a cell-type specific
manner showed functional enrichment for cell-type specific func-
tions, such as angiogenesis for HUVECs and lymphocyte activa-
tion in lymphoblastoid cells (Fig. 6D). The other three RNAPII occu-
pancy groups including HL, LH, and LL showed little functional
enrichment (data not shown).

Novel promoters and alternative promoter usage of RNAPII

Recent studies have revealed that RNAPII can bind outside of
genes, for example, to enhancers (Koch et al. 2008; De Santa et al.
2010; Kim et al. 2010). Indeed, even after mapping RNAPII sites
relative to genes using combined gene annotations from RefSeq,
UCSC, Ensembl, Vega, and SIB genes downloaded from the UCSC
Genome Browser, we found a considerable proportion of RNAPII
binding sites (7%-20%) in distal (upstream and intergenic) re-
gions. These RNAPII sites could either represent unannotated
novel promoters or enhancers. A large majority (93%) of these
distal RNAPII sites contained core promoter motifs such as initiator
(INR), TATA box, TFIIB recognition element (BRE), downstream
core promoter element (DPE), or motif 10 element (MTE) (Jin et al.
2006), but this representation was not different from background
(not shown). We therefore compared these distal RNAPII binding
sites with expressed sequence tag (EST) data to see whether they
could be associated with transcription.
We considered a RNAPII site to be asso-
ciated with a transcript and potentially
a novel promoter if it lay from 2 kb up-
stream to 300 bp downstream from the
5" end of the EST. On average, 74% of the
distal RNAPII sites across all cell types
corresponded in this manner to EST tag
mRNA, which was a ~2.3-fold enrich-
ment for EST overlap compared to back-
ground (Fig. 7A). This suggests that,
while the majority of distal RNAPII sites
could be promoters for novel uncharac-
terized transcripts, up to ~26% could be
enhancers marked by RNAPII occupancy.
To evaluate the extent to which al-
ternative promoters are used in diverse cell
types, we first identified alternative pro-
moters for RefSeq annotated genes by flag- |
ging genes that had the same gene symbol .
but different TSS annotations in the RefFlat L
file (http://genome.ucsc.edu/), then map- e
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likely reflecting an effect of co-transcriptional splicing (Schwartz
et al. 2009; Spies et al. 2009; Huff et al. 2010). We examined
whether co-transcriptional splicing might be more directly reflec-
ted in RNAPII occupancy over exons and introns. We first exam-
ined RNAPII occupancy around the initial and terminal exon/
intron junctions. Strong RNAPII binding around the TSS, combined
with the highly variable lengths of the first exon and intron, makes
it difficult to reliably quantify specific differences in occupancy
between the first exon and intron. We visualized RNAPII occu-
pancy over the first exon/intron junction by generating gene-wise
heat maps where genes were aligned at their TSS and sorted by the
length of their first exons. This analysis showed that, in addition to
the high occupancy at the TSS, RNAPII also binds preferentially
to the first exon compared with its downstream intron. This en-
richment was seen in all 10 cell types when either input-corrected
RNAPII ChIP peaks or raw RNAPII ChIP-seq reads were plotted (Fig.
8A; Supplemental Fig. S20). Similarly, when we aligned genes by
the 5’ end of their last exon and sorted them by the length of their
last intron, RNAPII occupancy was lower within the last intron
relative to upstream and downstream exons (Fig. 8B; Supplemental
Fig. S20). We obtained the same results if we considered only con-
stitutively spliced exons, which are always included in all splice
isoforms and therefore unlikely to contain alternative transcription
start sites, indicating that the higher occupancy of RNAPII over
exons is not entirely due to internal initiation sites (not shown).
To evaluate RNAPII occupancy at internal exons, we generated
heat maps of its occupancy by aligning all constitutive internal
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promoters (Fig. 7C; Supplemental Fig. S19).
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Figure 7. Novel promoters and cell-type specific alterative promoter usage. (A) Percent overlap of
RNAPII distal sites with expressed sequence tags (ESTs). The random background control was gener-
ated from the average overlap between 10,000 random intergenic loci and ESTs, repeated 10 times

and averaged. The small error bar shows the standard deviation for the randomized control. (B) An

RNAPII shows higher occupancy
at exons than adjacent introns

Recent studies indicate that chromatin

structure differs at exons and introns, promoters.

example of cell-type specific alternative promoter usage is shown in genome browser tracks. Chro-
mosomal coordinates are shown on top and transcripts at bottom. Arrows indicate two TSS locations
as well as direction of transcription. Blue, red, and green indicate cell lines using promoter 1, promoter
2, or both promoters, respectively. (C) Pie chart showing the number of genes utilizing different num-
bers of alternative promoters in K562. “n” indicates the total number of genes having at least two

18 Genome Research
www.genome.org


http://genome.ucsc.edu/

CTCF, RNAPII, MYC targets in diverse human cells

A Ho4 _FBO167P ~ H1ESC ,,155,62,,,,, MCF7
5 TSS
! & 4 |
| i i
g i 3t
first
exon
B H54 FB0167P H1ESC K562 MCF7
7 last intron/exon
junction
last
intron
|
C isachiP  Hsainput  Peaks from D
reads reads

0.0045

10 cell lines
R | © FBO167P © HepG2

internal
exon start
l

 GM12878 © HUVEC

® HIESC ® KS62

o H54 MCF7
HelaS3 ® NHEK

B
internal ~ §
exons

0.00

400 500 [ s0 1000

Position
Figure 8. RNAPII is enriched in exons. (A) Heat maps of gene-wise RNAPII occupancy. RNAPII signals
in the form of input-corrected peak scores (red) or read counts (blue) were assigned to 10-bp bins across
the 4-kb region shown in these plots (1 kb upstream of and 3 kb downstream from the TSS). Only genes
with at least one peak or read occurrences within 4 kb of their TSS are plotted. As a result, the plotted
gene sets in the top row (red) are different from that in the bottom row (blue). Five representative cell
lines are shown and data for additional cell lines are in Supplemental Figure $20. The schematic at the
right shows the overall gene map, with the first exon area shaded in gray. (B) RNAPIl occupancy is higher
in the last exon compared to the last intron. Heat maps similar to A, but genes were aligned by the start
of their last exons and sorted by the length of their last introns. RNAPII signal across the 9-kb region (7 kb
upstream of and 2 kb downstream from the start of the last exon) is represented similarly as in A. Most of
the long genes at the bottom of the read plots (blue) do not have significant RNAPII binding and
therefore are not part of the peak plots (red), a phenomenon contributing to the pattern difference
between read plots and peak plots. (C) RNAPII is enriched on internal exons. Internal constitutively
spliced exons were aligned by their start and sorted by exon length. RNAPIl occupancy 1.5 kb upstream
of and downstream from the exon start sites is plotted. In the representative H54 cell type shown, reads
for both RNAPII ChIP and input showed stronger intensity within internal exons (first two panels, blue).
However, the combined RNAPII peaks (input-corrected and normalized) from all 10 cell types showed
modest enrichment at internal exons (third panel, red). (D) Read profiles for RNAPII ChiIP-seq, after
correcting for input signal using our binomial correction method. Zero indicates the start (5’ end) of
constitutive internal exons.

exons by their 5’ ends and sorting by exon length. The small exon Discussion
sizes and relatively sparse RNAPII peaks over this region made it
difficult to visualize a significant difference in occupancy between
exons and introns when we considered peaks in individual cell
types (Supplemental Fig. S21). Heat maps of raw RNAPII ChIP-seq
reads revealed higher signal within internal exons compared with

adjacent regions, but a similar enrichment over internal exons was

also seen in input samples (Fig. 8C, left
and middle panels; Supplemental Fig.
$22). This enrichment is partly, but not
entirely, due to more unique sequence
content within exons which results
in higher alignability (Supplemental Fig.
$22). We did not see similar high signals
in input samples at the first or last exons
(Supplemental Fig. S23). Combining the
data for RNAPII ChIP peaks, which was
corrected for input signal, across all 10
cell types confirmed the higher RNAPII
occupancy within constitutive internal
exons (Fig. 8C, right panel). The average
read count for RNAPII around constitu-
tive internal exons, corrected for input
signal using our binomial correction me-
thod also showed higher ChIP signal
over internal exons (Fig. 8D). Thus, RNA
RNAPII occupancy tends to be higher at
exons than at adjacent introns.

Motif analysis

To identify sequence motifs in the binding
sites of the sequence specific TFs CTCF
and MYC, we used the Discriminating
Matrix Enumerator (DME) algorithm
(Smith et al. 2005). We divided binding
sites into strong, moderate, and weak
groups based on their ChIP-seq scores, and
searched for motifs de novo in these three
groups. The algorithm identified only the
previously known canonical motif for
both CTCF (Kim et al. 2007) and MYC
(Blackwell et al. 1993) in all three groups
in all cell types except in the case of MYC
in ES cells (Fig. 9A; Supplemental Fig. $24).
While an alternative motif was discovered
in the strongest MYC binding sites in ES
cells (Supplemental Fig. S24), we noted
that many of these strong sites occurred in
clusters near regions of low complexity;
the significance of this alternative motif is
therefore unclear. Next, we examined the
location of the putative binding motifs
relative to the position of the transcription
factor binding peak. In virtually all cases,
the most likely position for the motif was
the position of the binding peak for both
CTCF and MYC (Fig. 9B). Motif enrich-
ment relative to background gradually in-
creased with ChIP-seq score for both CTCF
and MYC in all 11 cell types (Fig. 9C).

Combinatorial regulation of expression

The higher occupancy of TFs at ubiquitous sites relative to cell-type
specific sites is consistent with the idea that cell-type specific reg-
ulation is likely to involve binding by a combination of several TFs.
While occupancy of putative target genes by any one of these
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Figure 9. Motif enrichment in binding sites. (A) Motifs discovered de novo from strong binding sites
in MCF7 for CTCF and MYC, using the DME algorithm. (B) Distribution of motifs for CTCF and MYC

ChlP-seq score

at the level of recruitment of RNAPII but
a post-recruitment step such as relief of
pausing or elongation.

around the center of individual binding sites for each factor. The plots show the distribution of the

canonical motif, discovered de novo from our ChiP-seq data. However, for MYC in H1ES cells, where
the canonical motif was not discovered de novo, the plot shows the distribution of the known ca-
nonical motif, CACGTG. (C) Relationship of motif enrichment relative to background and the ChlP-
seq occupancy score. The plots show the behavior of the canonical motif, discovered de novo from our

ChlP-seq data.

diverse TFs was associated with increased transcription, combi-
natorial occupancy gave varied effects. Combinations of MYC
and RNAPII occupancy were associated with additional increases
in transcription, but CTCF occupancy in conjunction with MYC
and/or RNAPII was associated with modest repression (Fig. 5D).
The strongest effect on transcription was when regions close to
the TSS were occupied. Although binding at a distance was still
associated with increased transcription, the effect was weaker and
not distance dependent (Supplemental Fig. S16). The positive
effect of CTCF, MYC, and RNAPII binding in upstream regions is
consistent with many of these upstream regions acting as en-
hancers (De Santa et al. 2010; Kim et al. 2010). Our data suggest
that a prominent means of modulating the transcriptional ac-
tivity of genes is by altering the cohort of transcription factors
that bind near the core promoter, rather than altering the activity
of any given transcription factor. Interestingly, while action at
a distance is a well-established mode for transcription factor
function, we found that binding sites were positively correlated
with gene density. Binding sites for all three factors were much
rarer in gene deserts, suggesting there are limits both on the dis-
tance over which transcription factors act upon genes as well as
the extent to which novel active transcriptional units remain to
be discovered in gene-poor regions.

RNAPII exon enrichment
and co-transcriptional splicing

Since splicing occurs while the pre-mRNA
is being actively transcribed (Allemand
et al. 2008), it is possible that the tran-
scription and splicing machineries interact. RNAPII interacts with
the splicing initiator SR proteins and this interaction is essential for
both pre-mRNA splicing and RNAPII elongation (Zhong et al.
2009). Recent studies also reveal a possible relationship between
chromatin modifications and splicing by demonstrating that sev-
eral histone modifications, especially H3K36me3 are enriched at
exons (Andersson et al. 2009; Schwartz et al. 2009; Spies et al. 2009;
Huff et al. 2010). While this may reflect a slowing down of RNAPII
elongation which in turn can favor exon inclusion (de la Mata et al.
2003; Schwartz et al. 2009; Ip et al. 2011), there is little direct ev-
idence regarding whether RNAPII slows down and shows higher
occupancy at exons. Conflicting results were obtained when RNAPII
elongation rates were assayed on reporter genes containing varying
number and length of introns (Alexander et al. 2010; Brody et al.
2011). Possibly because the difference of RNAPII occupancy over
exons and introns is small, and because mammalian exons are on
average much smaller than introns, studies at individual loci may
give conflicting results. ChIP-ChIP studies in plants have shown
that RNAPII preferentially binds to exons rather than introns
(Chodavarapu et al. 2010). We found that RNAPII occupancy is
consistently higher within exons in vivo across 10 different hu-
man cell types, reflecting a relationship between transcriptional
elongation by RNAPII and exon-intron boundaries, which has not
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been directly observed before on a genome-wide scale in human
genes. Further studies examining the relationship of the splicing
status of genes with the extent of exon bias of RNAPII binding will
clarify whether the RNAPII exon bias is directly related to co-
transcriptional splicing or if it reflects some other mode of de-
marcating exons and introns.

Our study shows how genome-wide binding of diverse tran-
scription factors is related to gene regulation in a multitude of
human cell types. The data we have generated and made publicly
available will be a useful reference data set both for investigators
studying these or related transcription factors as well as those
studying similar or related cell or tissue types. Future analysis of
these data in relation to other genome-wide data sets being gen-
erated by the ENCODE Consortium and other groups such as the
Epigenomics Initiative, on histone modifications, DNA methyla-
tion, high-resolution RNA analyses using RNA-seq, phylogenetic
conservation, and genetic variation, will illuminate how gene
regulation across the human genome is orchestrated.

Methods

Cell lines and culture

The ENCODE Consortium has designated GM12878, K562, HeLaS3,
HepG2, HUVEC, NHEK, and H1ESC cells as Tier 1 and Tier 2 cell
lines. The source and cell growth conditions for these cells are de-
scribed at the ENCODE website (http://genome.ucsc.edu/ENCODE/
cellTypes.html). Additional cell types analyzed in this study listed in
Table 1 were cultured under standard culture conditions. Cells
were grown to appropriate numbers and processed for chromatin
immunoprecipitation.

Chromatin immunoprecipitation and deep
sequencing (ChlP-seq)

ChIP assays were performed as described previously (Lee et al. 2011).
Briefly, cells were cross-linked with 1% formaldehyde for 10 min at
room temperature. The cross-linked cells were sheared by sonication
until the average fragmented DNA size reached 500 bp, then TF-
DNA complexes were pulled down with a specific antibody for ei-
ther CTCF (07-729, Millipore), MYC (SC-764X, Santa Cruz Biotech),
or the large subunit of RNAPII (POLR2A, MMS-126R, Covance Inc.).
An input sample was processed in parallel but leaving out the im-
munoprecipitation step. After reversal of cross links, DNA was pu-
rified, quantitated, and analyzed by deep sequencing primarily us-
ing single-end Illumina sequencing technology, with the exception
of one out of three replicates that was sequenced using the Applied
Biosystems SOLiD platform (Life Technologies).

Peak calling and statistical correction

Thirty-two to thirty-six base pair reads from the ends of ChIP-
enriched DNA fragments and corresponding control DNA (input)
were mapped back to the human genome (hg18) using the Maq
aligner (Li et al. 2008). We combined reads from the biological
replicates for each unique factor—cell line combination. The
number of mapped reads obtained from each cell type is listed in
Supplemental Table S1. To identify discrete regions (binding sites)
occupied by a TF from this high-throughput sequencing data, we
used a Parzen window density estimation algorithm as described
previously with some modifications (Shivaswamy et al. 2008; Lee
et al. 2011). Each aligned read was assigned a value representing
the frequency of observing that read in the sequenced library;
however, to avoid distortions from sequencing artifacts the

maximum number of reads at a given location was capped at five for
each replicate. After extending reads in the 3’ direction by half the
library fragment length (67 bp), a Gaussian kernel with a defined
bandwidth was applied to weight the occupancy scores based on the
proximity of neighboring nucleotides. These density profiles yiel-
ded the initial set of binding locations, with local maxima defining
the center of binding, and the interquartile range (IQR) of each peak
along the chromosome defining the binding site. The chromosomal
coordinates and total number of reads were recorded for each
binding site. The resulting set of candidate binding sites was then
subjected to input correction, filtering for additional copy num-
ber artifacts, and determination of statistical significance.

First, to normalize for regions of high signal in the input con-
trol for each cell line, each binding site was paired with the corre-
sponding input site (within 200 bp) with the highest read count.
A binomial P-value was computed for each binding site under the
null hypothesis that ChIP and input reads were equally likely. The
ratio of total ChIP to input reads was used to normalize for differ-
ences in overall sequencing depth before calculating the binomial
P-value. The binomial P-value was then used to adjust the binding
site’s read count by calculating the number of ChIP reads there
would be if no input reads were present, solving (using R termi-
nology) pbinom(input, chip+input, 0.5) = pbinom(0, corChip, 0.5)
for corChip. This “binomial P-value corrected number of reads”
(binCorRd) score was recorded for each binding site and was used
in all further occupancy score-based analyses.

Only sites where the sequencing-depth-scaled ChIP read
count exceeded input were retained. Binding sites falling in pre-
viously defined genomic regions with aberrantly high signal due to
copy number differences were also discarded (Boyle et al. 2011).
High-confidence sites were identified based on the empirical cu-
mulative distribution function of the filtered binding site scores.
Wiggle tracks showing the aligned reads and putative peak regions
for each data set were generated and loaded into a local mirror of
the UCSC Genome Browser (see Fig. 1 for an example). We referred
to these data tracks while determining appropriate score thresh-
olds for each data set. Differences in the nature of binding of the
three factors and/or the quality of the three antibodies for ChIP,
coupled with differences between cell types make it difficult to set
a single uniform threshold across all data sets. Qualitatively, CTCF
binding sites tend to be narrow and sharp while the dynamic
RNAPII transcription machinery produces broad, dense binding
signals. MYC sites appeared to be more variable and fewer in
number, with lower signal/noise than either CTCF or RNAPII
(Supplemental Fig. S25). We therefore initially chose a different top
percentage level of highest-scoring binding sites for each TF: 4%
for CTCF, 2% for RNAPII, and 0.5% for MYC, and identified a cor-
responding threshold score. These initial thresholds were slightly
adjusted for a few data sets, based on minimum and maximum
score considerations, to account for experiment-specific quality
differences. Data sets with initial target score thresholds below that
corresponding to a binomial P-value of 0.0005 had their thresholds
adjusted upwards (removing the lowest scoring sites) and data sets
with scores corresponding to a binomial P-value of 17'° had
thresholds adjusted downward (capturing additional high-scoring
sites). The final count of significant binding sites identified for
each data set, along with the corresponding score thresholds and
percentage of top-scoring sites represented, is shown in Supple-
mental Table S2.

RNA expression profiling

RNA expression profiling was carried out independently as part of
the cell line phenotyping component of the ENCODE project. For
GM12878, K562, HeLaS3, HepG2, and H1ES, RNA was generated
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from the same culture of cells used for ChIP; for HUVEC, NHEK,
MCF7, FB8470, FBO167P, and H54 cells, different cultures were
used for RNA and for ChIP. Details of RNA expression have been
previously described, and these data were deposited to the Gene
Expression Omnibus (GSE15805) (McDaniell et al. 2010).

Mapping binding sites to gene features and CpG islands

Binding sites were mapped to within =2 kb from the TSS of all
annotated genes generated by combining gene lists from RefSeq
(November 2010), UCSC, Ensemble, Vega, and SIB downloaded
from UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/
hgTables?command=start), resulting in a total of 348,592 TSS. We
used a more comprehensive TSS annotation for mapping binding
sites relative to gene features because we did not want to over-
estimate the proportion of intergenic binding sites. Not every true
TSS might be included in the RefSeq annotation, so using a larger,
more comprehensive annotation is more conservative. For the
other analyses such as TSS/TTS profiles and exon/intron binding,
we preferred to use a standard and well-defined gene annotation
set such as in the RefSeq set. However, using a larger gene anno-
tation data set does not change the overall distribution pattern of
TF binding sites in the TSS/TTS and exon/intron plots. We defined
a distinct gene as a unique combination of chromosome number,
start, and number of exons across annotation files. We defined
a promoter as 2 kb up- or downstream from the TSS, and upstream
as between 2 and 20 kb upstream of the TSS. Binding sites that
could not be mapped to within 20 kb upstream of any TSS, or to
any exon or intron, were termed intergenic. To assess the number
of binding sites mapping to different genomic features, we assigned
each site to only one gene feature using the hierarchy: promoter >
upstream > intron > exon > intergenic, since TFs in general have
a preference for binding near the TSS. Genes that had TF binding
sites within the promoter were defined as TF target genes. For clas-
sification in terms of CpG islands, binding sites were assigned to
CpG islands when the peak was located within the boundaries of
CpG islands in the CpG island annotation file downloaded from
UCsC.

Mapping binding sites of bidirectional promoters

We defined a bidirectional promoter as a genomic region that is
upstream of the TSS of a gene and also located between the TSS of
two genes which could be separated by a maximum of 2 kb and
divergently transcribed from opposite DNA strands. Based on this
criterion, we identified 1233 bidirectional promoters correspond-
ing to 2466 genes (11.06%) among the 22,279 genes annotated in
RefSeq. To evaluate binding within bidirectional promoters, we
first assigned target genes for the transcription factors by mapping
their binding sites to within 2 kb upstream of all annotated TSS in
RefSeq. Among those target genes, we determined the number
of genes which were regulated by bidirectional promoters. We
calculated the significance of the enrichment of binding to
bidirectional promoters using the hypergeometric probability
distribution function.

TSS/TTS binding profiles and heat maps

RefSeq annotations (hg18, November 2010) were used to define
genomic regions upstream of and downstream from each distinct
TSS or TTS, which were then binned into 50-bp segments. Occu-
pancy scores for CTCE, MYC, or RNAPII were added to each bin
so that the peak area overlapped by at least 25 bp. Heat maps of
binding around TSS were generated by K-means clustering of the
resulting data matrix. Average profiles of peak scores around the

TSS or TTS were generated by averaging corresponding bin scores
across all genes.

Overlap analysis

Binding site overlap among different ChIP-seq data sets was eval-
uated by scanning for overlapping binding sites across the genome
whose centers resided within 300 bp of each other. In this evalu-
ation, we compared each binding site of one binding data set, us-
ing its ChIP-seq score, with the corresponding binding site of an-
other data set at a relaxed score threshold obtained by multiplying
the first score by 0.5. This was done to avoid erroneous designation
of the site as a non-overlapping binding site just because one of the
two sites had a slightly weaker binding site with a lower score.

Analysis of RNAPII binding patterns

We classified RNAPII binding patterns into four groups (HH, high
occupancy in both the promoter and the body of a gene; HL, high
occupancy only in the promoter; LH, high occupancy only in the
gene body; LL, low occupancy signal in both promoter and gene
body) based on the ratio of the ChIP-seq score at proximal pro-
moters (ranging from 2 kb upstream to 300 bp downstream from
the TSS) to the ChIP-seq score over the gene body. We first assigned
ChIP-seq occupancy scores to promoters and gene bodies by map-
ping RNAPII binding to them. Using the empirical cumulative dis-
tribution function (ECDF), we then ranked both the promoter and
gene body scores from highest to lowest occupancy. To distinguish
the four RNAPII binding patterns, we used a high occupancy
threshold of 0.7 and low occupancy threshold as 0.3. We consid-
ered the HL group as genes having paused RNAPII at their pro-
moters. We also determined the significance of enrichment of
CTCF and MYC around RNAPII sites in promoters as well as gene
bodies using the hypergeometric distribution function.

RNAPII exon/intron occupancy analysis

November 2010 RefSeq annotations for hg18 were used to define
distinct genomic regions upstream of and downstream from each
annotation type (TSS, last exon, or all middle exons), which were
then binned into 10-bp segments. For analysis of all middle
exons, we considered only genes with at least two exons, and only
exons that appeared in all isoforms of a gene. For peak analyses,
occupancy scores for RNAPII binding sites were added to the bin
containing the maximum peak position; for read analysis, all
3’-extended reads in each bin were aggregated. For uniqueness
analysis, a uniqueness score was assigned to each genomic locus
based on the UCSC Genome Browser “Mapability—ENCODE Duke
Uniqueness of 20-bp sequences” track (http://hgdownload.cse.
ucsc.edu/goldenPath/hg18/encodeDCC/wgEncodeMapability/
wgEncodeDukeUniqueness20bp.wig.gz, described at http://genome.
ucsc.edu/cgi-bin/hgTrackUi?g=wgEncodeMapability). These unique-
ness scores were summed for each bin, at either 10- or 1-bp bin
resolution. Heat maps of binding around exons and introns (Fig. 8)
were generated by sorting the per-gene or per-exon matrix by the
length of the appropriate segment. Average profiles were generated
by summing corresponding bins across all genes and dividing by the
matrix total.

Motif analysis

Motif analysis of sequence-specific TF (CTCF and MYC) binding
sites was carried out using the DME algorithm (Smith et al. 2005).
First, we divided the binding sites of a TF into three groups, strong
(top 25%), moderate (middle 50%), and weak (bottom 25%), based
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on their ChlIP score, and considered the top 500 sites from each
group for motif searches. A 200-bp DNA sequence (100 bp in each
direction) around the binding peak was extracted from the human
genome assembly hgl8, and used for motif discovery. A back-
ground set was generated by sampling 200-bp sized 100,000 ran-
dom sequences from the genome. Since ~15% of CTCEF sites and
50% of MYC sites across the cell types occurred in promoters =2 kb
of a TSS, this proportion was maintained in the random samples
corresponding to each factor.

Data access

All primary data generated in this study have been submitted to
the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.
nih.gov/geo/) under accession no. GSE32883.
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