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Insulators are DNA elements that prevent inappropriate interactions between the neighboring regions of the
genome. They can be functionally classified as either enhancer blockers or domain barriers. CTCF (CCCTC-binding
factor) is the only known major insulator-binding protein in the vertebrates and has been shown to bind many
enhancer-blocking elements. However, it is not clear whether it plays a role in chromatin domain barriers between
active and repressive domains. Here, we used ChIP-seq to map the genome-wide binding sites of CTCF in three cell
types and identified significant binding of CTCF to the boundaries of repressive chromatin domains marked by
H3K27me3. Although we find an extensive overlapping of CTCF-binding sites across the three cell types, its
association with the domain boundaries is cell-type-specificc. We further show that the nucleosomes flanking
CTCF-binding sites are well positioned. Interestingly, we found a complementary pattern between the repressive
H3K27me3 and the active H2AK5ac regions, which are separated by CTCF. Our data indicate that CTCF may play
important roles in the barrier activity of insulators, and this study provides a resource for further investigation of
the CTCF function in organizing chromatin in the human genome.

[Supplemental material is available online at www.genome.org. The ChlIP-seq and gene expression data from this
study have been submitted to NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession

no. GSE12889.]

Insulators, which are DNA elements that prevent inappropriate
interactions between the neighboring regions of the genome, can
be functionally classified into enhancer blockers and barriers.
The enhancer-blocking insulators prevent enhancers from inter-
acting with unrelated genes, and the barrier insulators protect
genes and regulatory regions from the adjacent heterochromatin
or repressive domain-mediated effects, thus preventing position
effects (Gerasimova and Corces 1996; Bell et al. 1999; Felsenfeld
et al. 2004). Identified originally in Drosophila, insulators are
known to bind proteins that mediate the insulator activity (Gera-
simova and Corces 2001). While several such proteins have been
identified in Drosophila, the only major insulator-binding protein
identified in vertebrates is CTCF (CCCTC-binding factor) (Bell et
al. 1999; Gerasimova and Corces 2001; West et al. 2002; Felsen-
feld et al. 2004).

CTCF, a ubiquitously-expressed 11-zinc finger protein, is a
critical transcription factor, which is involved in transcriptional
activation and repression in addition to binding the chromatin
insulators (Ohlsson et al. 2001; Gaszner and Felsenfeld 2006;
Williams and Flavell 2008). It was originally identified as a re-
pressor (Lobanenkov et al. 1990; Filippova et al. 1996) and later
shown to be an activator of transcription (Vostrov and Quitschke
1997). Recently, it has been implicated in X chromosome inac-
tivation (Filippova et al. 2005; Xu et al. 2007). The enhancer-
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blocking insulator activity of CTCF was first demonstrated at the
HS4 insulator located at the 5’ end of the chicken beta-globin
locus (Bell et al. 1999). The insulator function of CTCF has also
been implicated in imprinting at the Igf2/H19 locus (Bell and
Felsenfeld 2000; Hark et al. 2000; Kanduri et al. 2000; Fedoriw et
al. 2004).

Recently, several genome-scale mapping experiments for
CTCF-binding sites have been performed for a better understand-
ing of the CTCF function. A study in mouse identified ~200
CTCF-bound DNA fragments displaying enhancer-blocking ac-
tivity (Mukhopadhyay et al. 2004). In a computational analysis
of the human conserved noncoding elements, nearly 15,000 po-
tential CTCF-binding sites were identified (Xie et al. 2007). A
recent chromatin immunoprecipitation with microarray hybrid-
ization (ChIP-chip) study in human IMR90 cells identified
13,804 CTCF-binding regions (Kim et al. 2007). A cell-type in-
variance of CTCF binding was reported in this study by compar-
ing the binding sites in IMR90 cells with that of the 232 sites
identified in U937 cells (Kim et al. 2007).

In our earlier chromatin immunoprecipitation with mas-
sively parallel sequencing (ChIP-seq) studies, we had observed
CTCF-binding sites flanking active domains with the region out-
side being histone H3K27 trimethylated (H3K27me3), a modifi-
cation associated with the repressed regions of chromatin (Barski
et al. 2007). Even though initial studies of chicken HS4 insulator
suggested the importance of the CTCF-binding sites for its barrier
activity, later dissection of this insulator showed that CTCF was
not required for this activity (Recillas-Targa et al. 2002). While a
few other studies in the recent past have suggested a barrier ac-
tivity for CTCF (Cho et al. 2005; Filippova et al. 2005), there has

24 Genome Research
www.genome.org

19:24-32; ISSN 1088-9051/09; www.genome.org



CTCF demarcates chromatin domains

been no direct evidence for this (Gaszner and Felsenfeld 2006). In
order to examine whether CTCF is indeed involved in the barrier
activity, it is important to delineate the relationship between
CTCF-binding sites and the repressive and active domains of the
genome.

In this study we investigated the potential role of CTCF in
delimiting the repressive genomic domains. To identify CTCE-
bound genomic sites at high resolution, we analyzed the ChIP-
seq data from HeLa and Jurkat cells obtained in this study along
with the ChIP-seq data from resting human CD4" T cells (Barski
et al. 2007) using the binding-site identification algorithm,
SISSRs (site identification from short sequence reads) (Jothi et al.
2008). Our data revealed an extensive overlap of the CTCEF-
binding sites across the genome between the different cell types
studied. A subset of the CTCF-binding sites was significantly as-
sociated with the boundaries of H3K27me3 domains, suggesting
a possible repressive domain barrier function. Interestingly, the
potential domain barrier activity of CTCF was cell-type-specific.
We observed strong cell-type-specific phasing of nucleosomes at
the CTCF-binding sites. We found that the histone H2AKS acety-
lation (H2AKS5ac) marked the active regions of the genome and
was complementary to H3K27me3. CTCF binding in between
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these two domains further reinforces its potential role in the
barrier insulator function.

Results

CTCF-binding sites overlap extensively between cell types

To identify the CTCF-bound genomic sites at high resolution, we
analyzed ChIP-seq data from HeLa and Jurkat cells generated in
this study, along with the ChIP-seq data from resting human
CD4* T cells (Barski et al. 2007) using SISSRs (Jothi et al. 2008).
We identified 28,661, 19,308, and 19,572 CTCF-binding sites in
CD4* T cells, HeLa cells, and Jurkat cells, respectively. Though a
majority of CTCF-binding sites were located in the intergenic
regions, many occupied other regions of the genome as well (Fig.
1A). Extensive overlap (40%-60%) of CTCF-binding sites was ob-
served between the three cell types (Fig. 1B,C). We then com-
pared the CTCF-binding sites in CD4* T cells, HeLa cells, and
Jurkat cells to the binding sites in IMR90 cells, reported in an-
other study (Kim et al. 2007). Over 56% of IMR90 CTCF sites
overlapped with one or more of the CTCF sites in the three cell
types considered in this study, confirming the general cell-type
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Figure 1. CTCF-binding sites overlap among different cell types. (A) Genome-wide distribution of CTCF-binding sites in CD4* T cells, Jurkat cells, and
Hela cells. (B) CTCF-binding sites in CD4* T cells, HeLa cells, and Jurkat cells overlap extensively. (C) Overlap of CTCF-binding sites in CD4* T cells, HeLa
cells, and Jurkat cells in an 850-kb region in chromosome 1, shown as custom tracks on the UCSC genome browser (Karolchik et al. 2008). (D) The
densities of genes and CTCF-binding sites per 2 Mbp in chromosome 1. X-axis, number of genes/2 Mbp; y-axis, number of CTCF-binding sites/2 Mbp.

(E) CTCF-binding motif in CD4" T cells, Hela cells, and Jurkat cells.
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invariance of CTCF binding (Kim et al. 2007). Consistent with
the previous observations (Kim et al. 2007), the gene-rich regions
were enriched in CTCF-binding sites (Fig. 1D). Motif analysis (see
Methods) on the identified CTCEF sites revealed a consensus DNA-
binding motif, which was identical in all of the three cell types
studied (Fig. 1E). The consensus motif was very similar to the
previously identified one (Kim et al. 2007). Over 90% of all CTCF
sites identified in this study in HeLa cells, CD4"* T cells, and
Jurkat cells contained the consensus motif. Though the identi-
fied motif appeared to be the major CTCF-binding sequence, a
significant number of the sites lack the identified consensus se-
quence. This result is consistent with a recent study, which found
that CTCF binds to genomic regions that lack the motif (Kim et
al. 2007). Binding of CTCF to diverse sequences by using differ-
ent combinations of its 11-zinc fingers has also been well docu-
mented (Filippova et al. 1996; Burcin et al. 1997; Ohlsson et al.
2001; Gaszner and Felsenfeld 2006; Filippova 2008).

CTCEF is enriched at the chromatin domain boundaries

Since H3K27me3 marks the repressive regions of the genome, we
decided to use H3K27me3 signals to identify the repressive chro-
matin domains. The genome-wide distribution of H3K27me3 in
human CD4" T cells (Barski et al. 2007) and HeLa cells was de-
termined using ChIP-seq. As shown in Figure 2, A and B,
H3K27me3 marked several repressed regions of the genome in

both the cell types. To identify the repressive domains across the
genome, we searched for contiguous stretches of H3K27me3-
modified regions (see Methods for details). This analysis revealed
39,900 and 32,704 such domains in CD4* T cells and HelLa cells,
respectively. Two-thirds of the domains ranged in length be-
tween 5 kb and 25 kb in both the cell types (Supplemental
Fig. S1).

To identify the CTCF-bound genomic regions that may act
as domain barriers, we searched for those CTCF-binding sites that
occur near the H3K27me3 domain boundaries (edges of
H3K27me3 domains; see Methods for details). As a conservative
estimate, based on the enrichment of CTCF-binding sites near
domain boundaries (Supplemental Fig. S2), we chose 1 kb as the
maximal distance between the domain boundary and CTCF-
binding site for it to be classified as a barrier. Since this 1-kb
threshold could be too large for smaller domains, which could be
~1-5 kb in length, we imposed an additional restriction, which
requires that the distance between the H3K27me3 domain
boundary and the CTCF-binding site be within 10% of the do-
main length (see Methods).

We identified 1606 and 793 CTCF-binding sites as barrier
sites in CD4* T cells and HeLa cells, respectively (Fig. 2C). The
probability of this many CTCEF sites colocalizing with the domain
boundaries by chance is very low (P < 3 X 102 for CD4" T cells
and P < 10~ * for HeLa cells; see Methods for details). As a nega-
tive control, we tested the association of other unrelated proteins
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Figure 2. CTCF is enriched at the H3K27me3 domain boundaries. (A) Histone H3K27me3 pattern at the HOXD locus in CD4* T cells; (B) beta-globin
locus in Hela cells shown as custom tracks on the UCSC genome browser (Karolchik et al. 2008). (Green) Expressed genes; (pink) silent genes. (C) A
400-kb region in chromosome 1 in CD4* T cells. The barrier CTCF sites, shown as red bars, could be involved in maintaining the FOX/3 gene free of
H3K27me3, thus keeping it active, while the GUCA2A and GUCA2B genes that are within the H3K27me3 domain are silent. (Green) Expressed genes;
(pink) silent genes. (D) In HeLa and CD4* T cells, colocalization of the barrier CTCF sites with H3K27me3 domain boundaries (green lines) is higher
compared with the colocalization between the randomly distributed sites and H3K27me3 domain boundaries (blue curve). The colocalization of the
STAT1 and E2F4-binding sites (red line) with the H3K27me3 domain boundaries is lower than the colocalization between the randomly distributed sites
and H3K27me3 domain boundaries (blue curve) in HeLa and CD4* T cells. (E) Distribution of the barrier CTCF sites in HeLa and CD4* T cells.
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with the H3K27me3 domain boundaries. In CD4" T cells, we
mapped E2F4-binding sites by ChIP-seq (S. Cuddapah, R. Jothi,
D.E. Schones, K. Cui, and K. Zhao, unpubl.) and identified 13,565
sites using SISSRs. We also identified 22,415 STAT1-binding sites
in unstimulated HeLa S3 cells from the ChIP-seq data published
previously (Robertson et al. 2007). Our analysis revealed that the
total number of CTCF sites that occurred at the H3K27me3 do-
main boundaries in both the cell types (green lines) was higher
than that of the randomly generated sites (blue curve) (Fig. 2D).
Conversely, the occurrence of STAT1 and E2F4 sites (red lines) at
the H3K27me3 domain boundaries was lower than that of the
randomly generated sites (blue curve) (Fig. 2D). These results sug-
gest a possible involvement of CTCF in the barrier function at the
boundaries of repressive chromatin domains. Even though only
1578 domains in CD4* T cells and 771 domains in Hela cells
were associated with CTCF binding, it should be noted that our
criteria for classifying CTCF-binding sites as barrier sites is strin-

gent, and that the actual number of CTCF barriers in the genome
could be much more than what we have reported, as the CTCF
sites away from the domain boundaries could also function as
barriers, possibly through a looping mechanism. Most of the bar-
riers occurred in the intergenic regions in both HeLa cells and
CD4* T cells (Fig. 2E). Motif analysis of the barrier CTCF sites
revealed consensus DNA-binding motifs in both CD4* T cells and
HelLa cells, which were identical to the motif found for the “all
CTCF” sites (Fig. 1E). We could not find any secondary motifs
associated with the barrier CTCF sites.

CTCF binding at barriers are cell-type-specific

In spite of the significant overlap of CTCF-binding sites between
the cell types (Fig. 1B), there was almost no overlap in the barrier
CTCEF sites between CD4* T cells and HeLa cells, indicating that
the CTCF barriers are highly cell-type-specific (Fig. 3A). We iden-
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Figure 3.

Barrier CTCF sites are cell-type-specific. (A) While over 50% and 74% of the CTCF-binding sites in CD4* T cells and Hela cells, respectively,

overlap (open circles), only 5% and 11% of the barrier CTCF sites in the respective cell types overlap. The barrier CTCF sites are shaded. (B) A 2.5-Mbp
region in chromosome 2 in CD4* T cells (top) and Hela cells (bottom). (Green) Expressed genes; (pink) silent genes. (HC1, HC2) Barrier CTCF sites in
Hela cells. A locus, which is occupied by CTCF in both CD4* T cells and Hela cells, could be functioning as a barrier in HeLa cells (HC1), but not in CD4*
T cells (TC1). (TC2, TC3) CTCF-binding sites, which could potentially be playing the role of domain barriers in CD4" T cells. (Inset) An enlargement of
the 30-kb region (TC2) in CD4" T cells. The H3K27me3 domain is shaded gray.
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tified several genomic regions that bound CTCF in both cell
types, but were barriers of H3K27me3 domains only in one cell
type but not the other. Among 1409 such sites, 888 were barriers
in CD4* T cells and 521 were barriers in HelLa cells (Fig. 3A). For
example, in HeLa cells (Fig. 3B, bottom) a 2.5-Mbp region in
chromosome 2 contained a cluster of expressed genes with very
low levels of H3K27me3 compared with the surrounding regions,
where the genes are silent. The barrier CTCEF sites in HeLa cells
(HC1 and HC2) could be involved in keeping this locus free of
H3K27me3. Despite occupying the same locus in CD4* T cells,
the CTCF site that might be functioning as a barrier of
H3K27me3 in HeLa cells (HC1) clearly did not appear to perform
the same function in CD4* T cells (TC1) (Fig. 3B, top). The region
downstream of this CTCF-binding site (TC1) was associated with
H3K27me3 and the GKNI and ANTXRI genes were silent in
CD4" T cells, while these genes were active in HeLa cells. How-
ever, no CTCEF sites were identified as barriers in this region in
CD4* T cells, which may be caused by a stringent definition of
barrier CTCF sites. Since we observed an enrichment of CTCF-
binding sites up to 5 kb into the H3K27me3 domain boundaries
(Supplemental Fig. S2), we relaxed the barrier definition to in-
clude the CTCF sites within 10% of the domain or 5000 bp,
whichever is smaller. This definition identified 3583 and 1089
barrier sites in CD4" T cells and HeLa cells, respectively. Even

under this relaxed definition, the CTCF-binding site TC2 (Fig. 3B,
top) failed to qualify as a barrier site, as it was 5869 bp away from
the domain boundary. However, a closer examination of the
H3K27me3 patterns near TC2 (Fig. 3B, inset; H3K27me3 domain
is shaded gray) revealed a steep decrease of H3K27me3 on one
side of the CTCEF site, suggesting that this CTCF site likely acts as
a barrier. Therefore, we could have underestimated the number
of potential barriers bound by CTCF.

CTCF demarcates active and repressive regions of the genome

The acetylation of several histone residues is known to mark the
active regions of the genome (Roh et al. 2005, 2006; Berger 2007;
Lietal. 2007; Wang et al. 2008). In a recent study, we mapped the
acetylation of 18 histone lysines in CD4* T cells (Wang et al.
2008). Interestingly, we found that the domains enriched with
H3K27me3 and acetylation existed adjacent to each other in sev-
eral genomic loci. As shown in Figure 4A, these histone modifi-
cations were evidently complementary and they appeared to be
separated by CTCF binding (green bars). The H2AKS acetylation
marked the active regions of the chromatin, with the genes re-
siding within being expressed. As shown in Figure 4A (inset),
increasing levels of H3K27me3 on one side of the CTCF-binding
site and H2AK5ac on the other were observed, while the levels of
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Figure 4. CTCF-binding sites separate active and repressive domains. (A) CTCF-binding sites separate the chromatin domains marked by H3K27me3
and H2AKS5ac in a 900-kb region in chromosome 1. The H3K27me3 and H2AKS5ac loci are complementary to each other and appear to be separated
by CTCF-binding sites (green bars). The active genes are shaded green and the silent genes are shaded pink. (Inset) The transition between the
H3K27me3 and H2AK5ac domains separated by CTCF sites. (B) The H3K27me3 profiles were plotted surrounding the nonpromoter (at least 5 kb away
from the promoter) CTCF-binding sites in CD4* T cells. (BS) CTCF-binding site. Red line indicates the reads from the sense strand and green line indicates
reads from the antisense strand of DNA. (C) The H2AK5ac profiles were plotted surrounding the nonpromoter CTCF-binding sites in CD4* T cells. (BS)

CTCF-binding site.
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these modifications at the CTCF-binding sites are low. The pres-
ence of both the modifications at the CTCF-binding sites (Fig. 4A,
inset) could be caused by heterogeneity in cell populations.
CTCF-binding sites mark the boundaries of the H3K27me3 and
H2AKSac domains, which strongly suggests a role for CTCF in
separating the active and repressed regions of the genome (Fig.
4A, inset). In order to examine the distribution patterns of
H3K27me3 and H2AKSac surrounding CTCF-binding sites in
greater detail, we aligned all of the nonpromoter (at least 5 kb
away from an annotated TSS) CTCF-bound regions in CD4* T
cells and plotted the H3K27me3 and H2AKSac profiles. We ob-
served a striking phasing pattern of these signals in a 2-kb region
surrounding the CTCF-binding sites (Fig. 4B,C).

The chromatin architecture at CTCF-binding sites
is cell-type-specific

Since the chromatin used for analyzing H3K27me3 and H2AKS5ac
was mononucleosomal particles, the observed phasing pattern in
Figure 4B,C suggests strong nucleosome positioning surrounding
the CTCF-binding sites. To examine the nucleosome positioning
directly, we analyzed the distribution of nucleosomes surround-
ing the CTCF-binding sites using the data from our recent study,
which mapped the nucleosomes across the human genome in
CD4* T cells (Schones et al. 2008). This analysis indicated that
CTCF bound to a linker region between two well-positioned
nucleosomes, and the positioned nucleosomes extended on ei-
ther side of the CTCF-binding site (Fig. SA), which is consistent
with earlier studies (Filippova et al. 2001; Kanduri et al. 2002;Fu
et al. 2008). Though there was a high degree of overlap in CTCEF-
binding sites between CD4* T cells and HeLa cells, about 26% of
CTCF-binding sites were unique to Hela cells. To determine
whether the positioning of nucleosomes flanking the CTCF sites
is cell-type invariant, we examined the CD4" T cells nucleosome
profiles at the CTCF-binding sites that were specific to HeLa cells
(i-e., no binding detected in CD4* T cells). The nucleosome pro-
file at these HeLa-specific binding sites indicates that a nucleo-
some is occluding the CTCF-binding site and no other periodi-
cally positioned nucleosomes were present (Fig. 5B). The noisier
nucleosome peak in Figure 5B, which occludes the CTCF-binding
site, suggests overlapping of nucleosome positions. This could
also explain the lack of other periodically positioned nucleo-
somes flanking the CTCF-binding site (Fig. 5B). These results sug-
gest that the chromatin architecture at CTCF-binding sites is cell-
type specific. We then compared the nucleosome phasing pat-
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tern between the CD4* T cell-specific CTCF-binding sites and the
sites shared by the CD4* T cells and HeLa cells (Supplemental Fig.
S3). The overall pattern of nucleosome phasing was similar be-
tween these two sets of CTCF-binding sites, although a signifi-
cant nucleosome signal overlapping the CTCF sites was observed
in the CD4* T cells-only sites (Supplemental Fig. S3A). One pos-
sible explanation for this result is that CTCF binds to only one of
the two alleles at these sites or binds only in a fraction of the
CD4* T cells.

Discussion

Insulators can be functionally divided into enhancer blockers,
which prevent enhancers from activating unrelated genes, and
domain barriers, which protect genomic regions from the adja-
cent heterochromatin or repressive domain-mediated effects
(Felsenfeld et al. 2004). While CTCF has been suggested to pos-
sess barrier activity, no direct evidence exists thus far (Gaszner
and Felsenfeld 2006). In this study, we addressed this question by
identifying genome-wide H3K27me3-associated repressive chro-
matin domains and CTCF-binding sites in the primary CD4* T
cells, HeLa cells, and Jurkat cells. Interestingly, we find that the
H2AKS5ac-associated chromatin domains are located adjacent to
the H3K27me3 domains and harbored expressed genes. We also
find that CTCF-binding sites are significantly enriched at the
boundaries between the H3K27me3 and H2AKS5ac domains, in-
dicating that CTCF may be involved in the chromatin barrier
function.

Analysis of nucleosome positioning in the vicinity of non-
promoter CTCF-binding sites indicates that CTCF binds to the
linker region between nucleosomes, and the nucleosomes sur-
rounding the functional binding sites are well positioned. Fur-
thermore, the CTCEF sites that are bound in HelLa cells, but not
bound in CD4" T cells, have a nucleosome positioned right over
the binding sites, which render them inaccessible (Fig. 5B). Peri-
odic positioning of nucleosomes flanking the CTCF-binding sites
has been observed earlier (Filippova et al. 2001; Kanduri et al.
2002; Fu et al. 2008). While an earlier study on the nucleosome
positions at the H19 locus concluded that the positioning of the
nucleosomes regulate CTCF interaction with its target site, but
CTCEF itself does not position nucleosomes (Kanduri et al. 2002),
a recent study attributed chromatin remodeling function to
CTCF (Fu et al. 2008). From our results, though it is clear that
chromatin architecture plays a role in cell-type-specific CTCF/
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Figure 5. Nucleosomes are strongly positioned at the CTCF-binding sites and the positioning is cell-type-specific. (A) Nucleosomes at the CTCF-
binding sites in CD4* T cells are phased. CTCF binds to the linker region surrounded by well-positioned nucleosomes. The deduced nucleosomes are
indicated as ovals. (BS) CTCF-binding site. (B) Nucleosome positions in CD4* T cells at the HeLa cell-specific CTCF-binding sites. A nucleosome occludes
the CTCF-binding site where no binding is detected in CD4* T cells. The possible nucleosome positions on the CTCF-binding site are indicated as ovals.
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target interaction, it is not clear whether CTCF binds to posi-
tioned nucleosomal regions or whether the nucleosomes are po-
sitioned as a result of CTCF binding.

We find that CTCF can bind to the same locus in different
cell types, but may function as barrier in one cell type but not in
the other (Fig. 3B). This strongly suggests that CTCF binding
alone may not be sufficient to mediate the barrier function of
chromatin insulators and a secondary event may be required for
specificity. This secondary event could be the binding of a sec-
ondary protein, as several proteins have been shown to interact
with CTCF (Donohoe et al. 2007; Wallace and Felsenfeld 2007;
Rubio et al. 2008; Stedman et al. 2008; Wendt et al. 2008). Besides
being an insulator-binding protein, CTCF performs several func-
tions, and it remains to be seen whether the varying functions of
CTCF also depend on the interacting proteins. The association of
CTCF with nucleophosmin and CHDS8 has been suggested to be
involved in its insulation function (Yusufzai et al. 2004; Wallace
and Felsenfeld 2007). YY1 has been shown to be associated with
CTCF in X chromosome inactivation (Donohoe et al. 2007).
Taken together, these results point toward CTCF being a dynamic
regulator of cellular functions whose specific roles could be de-
fined by the factor(s) that associate with it.

The cohesin protein, which shares the consensus motif and
colocalizes extensively with CTCF, has been suggested to func-
tion as a transcriptional insulator (Wendt et al. 2008). It would be
interesting to investigate the role of cohesin in the barrier activ-
ity of CTCF. A conditional deletion of CTCF has found no evi-
dence of spreading of the repressive histone modifications into
the beta-globin 3' HS1 locus (Splinter et al. 2006), suggesting an
interaction of CTCF with another protein(s) that might play the
role of barrier in the absence of CTCF. However, the regulation of
chromatin domains by proteins independent of CTCEF is also pos-
sible.

Thus, the function of CTCF appears to be regulated at least
at two levels. The first level of regulation involves binding of
CTCEF to the target sites where the periodic nucleosome position-
ing precedes or succeeds binding of CTCF, both scenarios being
possible, depending on the locus. The next level of regulation
appears to involve the binding of interacting proteins, thus pro-
viding its functionality. Identification of the factors responsible
for cell-type-specific chromatin remodeling, along with the iden-
tification of interacting proteins would be important to under-
stand the mechanism of maintenance of chromatin architecture.
The genome-wide CTCF-binding sites in multiple cell types and
the cell-type-specific barrier CTCF sites identified in this study
will be important resources not only for the understanding of the
organization of the genome, but also for deciphering the cellular
regulations that CTCF is involved in.

Methods

CD4* T cell purification and cell culture

Human CD4* T cells were purified as described (Barski et al.
2007). HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
and 1 mM glutamine. Jurkat cells were maintained in RPMI
supplemented with 10% fetal bovine serum and 1 mM gluta-
mine.

ChlIP-seq and gene expression analysis

For chromatin immunoprecipitation (ChIP) using a CTCF anti-
body (Upstate 07-729), the formaldehyde cross-linked cells were

sonicated to obtain DNA fragments ranging in size from 150 to
200 bp. Cluster generation and sequencing were performed as
described earlier (Barski et al. 2007) and sequence tags were
mapped to the human genome using the Illumina Analysis Pipe-
line. MNase digested, mononucleosome-sized DNA fragments
were used for H3K27me3 and H2AKS5ac ChlIPs (Barski et al. 2007;
Wang et al. 2008). The gene expression profiles of CD4* T cells
(Schones et al. 2008) and HelLa cells were analyzed using the
Affymetrix HG-U133 Plus 2.0 chip.

Binding-site identification

Sequenced short reads from the ChIP-seq experiments were pro-
cessed using the SISSRs algorithm (Jothi et al. 2008) to identify
genome-wide binding-site locations. Reads overlapping satellite
repeat regions were eliminated from the SISSRs analysis. SISSRs
V1.2 with “u” and “c” option was run with the following set-
tings: average DNA fragment length = 200 bp; scanning window
size w = 2; false discovery rate D = 10~ 3. More than 95% of the
identified binding sites defined in this manner were within 400
bp in length. We identified a total of 28,661, 19,308, and 19,572
CTCF-binding sites in CD4" T cells, HeLa cells, and Jurkat cells,
respectively. We also identified 13,565 E2F4-binding sites from
ChIP-seq data from CD4* T cells (S. Cuddapah, R. Jothi, D.E.
Schones, K. Cui, and K. Zhao, unpubl.), and 22,415 STAT1 bind-
ing sites from ChlIP-seq data for unstimulated HeLa cells (Robert-
son et al. 2007).

Genome-wide distribution of binding sites

Genome-wide distribution of CTCF-binding sites and barrier
CTCEF sites was determined with reference to RefSeq genes down-
loaded from UCSC genome browser (Karolchik et al. 2008). The
2-kb region centered on the transcription start site (TSS) was de-
fined as the promoter.

Correlation between binding site and gene density

The entire genome was scanned using a 2-Mbp window, and the
number of genes and CTCF-binding sites that fall within each
window were recorded. Correlation between the gene density
and CTCF-binding site density was assessed by fitting a linear
regression.

Motif analysis

MEME (Bailey et al. 2006) with default parameters was used to
identify statistically over-represented consensus motifs within
the inferred binding sites. Over 90% of the CTCF-binding sites in
CD4* T cells, HeLa cells, and Jurkat cells contained the inferred
consensus sequence.

Barrier site identification

The mapped H3K27me3 reads were first grouped into 1000-bp
summary windows, following which “islands” of summary win-
dows enriched with H3K27me3 tags were identified using an ap-
proach similar to that used in our earlier study (Barski et al.
2007). The islands identified in this manner are referred to as
H3K27me3 domains. A total of 39,900 and 32,704 domains were
identified in CD4" T cells and HelLa cells, respectively. A CTCEF-
binding site, denoted by genomic coordinate x, is defined as a
barrier site relative to a H3K27me3 domain d of length /, only if
the distance between x and the domain boundary is at most the
smaller of //10 and 1000 bp. This definition yielded 1606 and 793
barrier CTCF sites in CD4* T cells and HelLa cells, respectively.
Using the same barrier site definition, we found that 436 E2F4-
binding sites in CD4* T cells, and 453 STAT1-binding sites in
HeLa cells, qualify as barrier sites.
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Data availability

The following data has been deposited in the NCBI GEO (under
accession no. GSE12889): ChIP-seq raw seqeuence tags from
CD4* T cells (CTCF and H3K27me3), HeLa cells (CTCF and
H3K27me3), and Jurkat cells (CTCF); H3K27me3 domains in
CD4* T cells and HeLa cells; barrier CTCF sites in CD4* T cells and
HelLa cells and HeLa cell gene expression (HG-U133 Plus 2.0 chip)
data.

Statistical analysis

Barrier site identification

In order to assess the possibility that the identified barrier CTCF
sites (1606 in CD4™* T cells and 793 in HeLa cells) colocalize with
domain boundaries just by chance, we performed 10,000 trials of
the following randomization experiment. In each trial, the ob-
served CTCF sites were reassigned to random positions in the
genome, and the number of reassigned CTCEF sites classified as
barrier sites was recorded. The P-value is then the fraction of
times (over 10,000 trials) the number of CTCEF sites classified as
barrier sites in the random trial experiment is at least as much as
the observed number of barrier CTCF sites. The smaller is the
fraction (P-value), the higher the significance. The P-values were
4 x 10~ % and 3 x 10~ * for barrier CTCF sites in HeLa and CD4*
T cells, respectively. For both the negative control datasets (E2F4
and STAT1), the P-value was 1.
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