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Insulators are protein-bound DNA elements that are thought to play a role in chromatin organization and the
regulation of gene expression by mediating intra- and interchromosomal interactions. Suppressor of Hair-wing
[Su(Hw)] and Drosophila CTCF (dCTCF) insulators are found at distinct loci throughout the Drosophila
melanogaster genome and function by recruiting an additional protein, Centrosomal Protein 190 (CP190). We
performed chromatin immunoprecipitation (ChIP) and microarray analysis (ChIP–chip) experiments with whole-
genome tiling arrays to compare Su(Hw), dCTCF, boundary element-associated factor (BEAF), and CP190
localization on DNA in two different cell lines and found evidence that BEAF is a third subclass of CP190-
containing insulators. The DNA-binding proteins Su(Hw), dCTCF, and BEAF show unique distribution patterns
with respect to the location and expression level of genes, suggesting diverse roles for these three subclasses of
insulators in genome organization. Notably, cell line-specific localization sites for all three DNA-binding proteins
as well as CP190 indicate multiple levels at which insulators can be regulated to affect gene expression. These
findings suggest a model in which insulator subclasses may have distinct functions that together organize the
genome in a cell type-specific manner, resulting in differential regulation of gene expression.
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Insulators have been implicated in the regulation of gene
expression through the formation of chromatin loops.
Insulators are classically described by two experimentally
defined properties, barrier activity and enhancer-blocking
activity (Gaszner and Felsenfeld 2006). Barrier activity
stops the spread of a chromatin state into neighboring
regions, whereas enhancer-blocking activity interferes
with the communication between a regulatory element
and a promoter in a directional manner so that neither
the regulatory element nor the promoter is inactivated.
Drosophila melanogaster has five known insulators char-
acterized by their DNA-binding proteins, Suppressor
of Hair-wing [Su(Hw)], Drosophila CTCF (dCTCF),
boundary element-associated factor (BEAF), Zeste-white
5 (Zw5), and GAGA factor (GAF) (Maeda and Karch 2007).
In contrast, the only known insulator protein in verte-
brates is CTCF (Wallace and Felsenfeld 2007). Although it
has been shown that some of the D. melanogaster in-
sulator complexes can interact with one another to form
chromatin loops (Blanton et al. 2003; Gerasimova et al.
2007; Mohan et al. 2007), it is unclear whether the

various complexes serve redundant or distinct functions
in genome regulation.

Two of the Drosophila insulator complexes that are
thought to interact through the formation of chromatin
loops are Su(Hw) and dCTCF. Each of these two proteins
can be visualized at hundreds of sites on highly replicated
polytene chromosomes without substantial overlap;
however, in diploid nuclei they colocalize at five to 25
distinct loci, termed insulator bodies (Gerasimova and
Corces 1998; Gerasimova et al. 2007; Mohan et al. 2007).
The interaction among individual Su(Hw) and dCTCF
insulator sites in insulator bodies is facilitated by the
common use of a protein known as Centrosomal Protein
190 (CP190). CP190 is necessary for both insulator body
formation and the enhancer-blocking activity of the
Su(Hw) and dCTCF insulators (Pai et al. 2004; Gerasi-
mova et al. 2007; Mohan et al. 2007). Although CP190 is
not thought to bind to specific DNA sequences on its
own, it is found on polytene chromosomes at loci that do
not bind Su(Hw) or dCTCF, suggesting that there are
other unknown DNA-binding proteins that can recruit
CP190. These observations have led to a model in which
Su(Hw), dCTCF, and potentially other proteins bind to
insulator elements found throughout the genome. They
then come together through protein–protein interactions
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mediated by CP190 and association with the nuclear
lamina to form insulator bodies, resulting in the organi-
zation of the intervening chromatin into loops (Capelson
and Corces 2005).

Interaction between insulator sites to form chromatin
loops is characteristic of many different insulators, and
in some cases has been shown to affect gene expression.
The scs and scs’ insulator elements of Drosophila have
been shown to interact through chromatin looping in
a manner dependent on their DNA-binding proteins, Zw5
and BEAF (Blanton et al. 2003). Similarly, the vertebrate
insulator protein CTCF is thought to form loops through
its interaction with the nucleolus and itself (Pant et al.
2004; Yusufzai et al. 2004). More specifically, CTCF-
dependent loop formation that is necessary for allele-
specific transcription has been observed within the
mouse b-globin locus and at the imprinting control
region (ICR) in the H19/Igf2 locus (Murrell et al. 2004;
Kurukuti et al. 2006; Splinter et al. 2006; Yoon et al.
2007). Additionally, the insertion of an ectopic insulator
into the b-globin locus results in the formation of a new
CTCF-mediated loop that disrupts normal loop forma-
tion as well as normal transcription (Hou et al. 2008).

Since insulators appear to be involved in the regulation
of gene expression through the formation of chromatin
loops, it is possible that regulation of insulator elements
is required during development to create specific tran-
scription profiles during cell specification. Evidence for
the regulation of insulators has been shown at the ICR
in the H19/Igf2 region of vertebrates, where differential
DNA methylation modulates CTCF binding, which in
turn regulates gene expression (Bell and Felsenfeld 2000;
Hark et al. 2000). This suggests that a possible mecha-
nism for regulating insulators might be to modulate the
affinity of the interaction between insulator proteins and
their target DNA. If this is the case, and if insulators are
involved in establishing distinct patterns of gene expres-
sion during cell fate specification, one would expect to
find different configurations of insulator protein occu-
pancy in the genome of different cell types. In fact, when
human CTCF-binding sites were mapped globally in
specific cell lines, though many sites were constant
between cell lines, a subset of the identified sites were
found to be cell type-specific (Kim et al. 2007; Cuddapah
et al. 2009). In order to evaluate the involvement of the
various Drosophila insulator proteins in cell type-specific
chromatin organization, we must first determine their
DNA localization patterns in various cell types.

Here, we perform a chromatin immunoprecipitation
(ChIP) and microarray analysis (ChIP–chip) of Drosophila
insulator proteins using whole-genome tiling arrays to
investigate the in vivo binding profiles of Su(Hw), dCTCF,
CP190, and BEAF in two different cell lines. This analysis
revealed a new subclass of CP190 insulators defined
by the presence of BEAF. Su(Hw), dCTCF, and BEAF
insulator subclasses show distinct genomic localization
patterns and cell type-specific distributions that correlate
with changes in gene expression. These results suggest
that these insulator proteins may play different roles in
chromatin organization and may be important to estab-

lish cell type-specific gene expression profiles. We suggest
that the three subclasses of CP190 insulators have dis-
tinct functions that together organize the genome in a cell
type-specific manner.

Results

Genome-wide localization of insulator proteins

In order to identify sites of insulator protein occupancy
on a genome-wide scale, we performed ChIP–chip with
antibodies against Su(Hw), dCTCF, and CP190. This
analysis was first carried out in Kc cells, a cell line
originating from a heterogeneous embryonic culture and
suggested to be of neural or glial origin (Cherbas et al.
1977). Microarray analysis was performed on Nimblegen
whole-genome tiling arrays, and ChIP–chip experiments
were done in triplicate for each protein (Fig. 1A). Addi-
tionally, we used Nimblegen peak analysis and applied
a cutoff of a <5% false discovery rate (FDR). We also
required that a peak be found in at least two out of the
three biological replicates to be considered. With this
cutoff of a 5% FDR, we found 4715 Su(Hw) peaks, 3001
dCTCF peaks, and 7845 CP190 peaks. With a more
stringent cutoff of <1% FDR, we found 3747 Su(Hw)
peaks, 2266 dCTCF peaks, and 5272 CP190 peaks (Fig.
1B). The remainder of the analysis was done with the
more stringent data sets unless stated otherwise.

To determine the specificity of the microarray analysis,
we randomly chose 25 peaks for each of the three proteins
and performed conventional ChIP with real-time PCR
analysis (Supplemental Tables S1–S3). With this method
we verified 100% of both the dCTCF and CP190 peaks
and 91% of the Su(Hw) peaks. Results from these experi-
ments suggest the absence of a large number of false
positives in the data.

In order to verify the sensitivity of the data sets, we
tested whether data from the ChIP–chip experiments
contained the known binding sites for the proteins
analyzed. Nine previously characterized Su(Hw)-binding
sites throughout the genome all show a strong Su(Hw)
signal in the ChIP–chip data, as do the 10 known dCTCF-
binding sites in the bithorax region (Supplemental Tables
S4, S5; Golovnin et al. 2003; Parnell et al. 2003, 2006;
Ramos et al. 2006; Holohan et al. 2007). Of these 19
known Su(Hw)- and dCTCF-binding sites, all but one
Su(Hw) site and two dCTCF sites show CP190 signal.
These three sites might represent false negatives due to
the method. Alternatively, they could indicate true,
biologically significant CP190-independent sites since
the nine Su(Hw) sites were not previously tested for the
presence of CP190 and the CP190 analysis at the dCTCF
sites was performed with third instar larval brains and
therefore could be cell type-specific (Mohan et al. 2007).

Analysis of the relationship between insulator proteins
reveals BEAF as a third subclass of CP190 insulators

Since insulator proteins are known to work in complexes,
we wanted to understand how the localization patterns
of these various insulator proteins relate to one another.
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Therefore, we compared the genome-wide distribution
patterns of Su(Hw), dCTCF, and CP190. Previous immu-
nofluorescence microscopy studies using polytene chro-
mosomes have suggested that Su(Hw) and dCTCF do
not themselves overlap, but colocalize with CP190 at
distinct loci (Gerasimova et al. 2007; Mohan et al. 2007).
In addition, ChIP data at the 3-Mb Adh region for dCTCF
and Su(Hw) indicate that these two proteins do not
show substantial overlap in their localization patterns
(Holohan et al. 2007). Results from the whole-genome
ChIP–chip analyses show that 47% of Su(Hw) sites and
62% of dCTCF sites colocalize with CP190 sites (Fig. 1C;
Supplemental Table S6). In addition, only 349 sites are
shared by Su(Hw) and dCTCF (i.e., 9% of Su(Hw) sites and
16% of dCTCF sites). Although these trends are what was
predicted, the large number of Su(Hw) sites and dCTCF
sites that do not recruit CP190 was unexpected. Given
the requirement of CP190 for proper function of both
Su(Hw) and dCTCF insulators, the absence of this protein
from a subset of Su(Hw) and dCTCF sites suggests the
possibility that a protein other than CP190 may interact
with these sites or that they represent primed insulators
waiting for CP190 recruitment to establish insulator
function.

CP190 itself cannot directly bind DNA in a sequence-
specific manner in gel shift assays, and therefore it is
thought to require recruitment by a DNA-binding protein

in order to establish sequence-specific localization on
chromatin (Pai et al. 2004). Analysis of the ChIP–chip
data indicates that about half of the CP190 sites do not
contain either Su(Hw) or dCTCF. This suggests that there
must be at least one, and perhaps several, additional
DNA-binding proteins that can recruit CP190 to the
DNA. We therefore analyzed all of the CP190 sites not
bound by Su(Hw) or dCTCF for the presence of any
additional sequence motifs. From this detailed sequence
analysis, we identified CGATA as a consensus motif
present at these sites. This sequence is the binding motif
for the Drosophila insulator protein BEAF (Zhao et al.
1995), suggesting that BEAF may be a third protein that
can recruit CP190. In order to confirm the colocalization
between CP190 and BEAF, we performed ChIP–chip
analysis with a-BEAF antibody using the same method
previously used for the other insulator proteins. This
analysis revealed 2995 BEAF localization sites genome-
wide using the more stringent cutoff of <1% FDR. Of
these sites, 71% were found to colocalize with CP190,
a more striking colocalization than that observed for
either Su(Hw) or dCTCF (Fig. 1C; Supplemental
Table S6). The scs’ insulator is included in these sites of
BEAF and CP190 colocalization. Interestingly, although
Su(Hw) and BEAF show colocalization at only 103 sites,
dCTCF and BEAF colocalize at 541 sites (i.e., 24% of
dCTCF sites and 18% of BEAF sites). This suggests some

Figure 1. Genome-wide localization of insulator
proteins. (A) Representative ChIP–chip data for
Su(Hw), dCTCF, CP190, and BEAF over a 250-kb
region of Chromosome 2L. The Y-axis contains
the log2 value of the ratio of ChIP/input signal.
For each antibody, the top row represents the
normalized data from one biological replicate and
the bottom row represents the analyzed peak
data that summarizes three biological replicates.
Gene data that depict mRNA, 59UTR, and exon
information are shown in black, such that boxes
above the line represent genes on the plus strand
and genes below the line represent genes on the
minus strand. (B) A summary of the whole-
genome peak analysis for Su(Hw), dCTCF,
CP190, and BEAF using the more stringent cutoff
of <1% FDR. (C) A Venn diagram indicating the
number of binding sites that overlap between
Su(Hw), dCTCF, BEAF, and CP190.
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cross-talk between the dCTCF and BEAF insulator sub-
classes. Taking Su(Hw), dCTCF, and BEAF together at
a 1% FDR cutoff, 85% of CP190 sites colocalize with at
least one of the three DNA-binding proteins. Using the
less stringent cutoff for each data set of a 5% FDR, 91% of
CP190 sites colocalize with either Su(Hw), dCTCF, or
BEAF (Supplemental Table S7). This finding suggests
that we have identified the DNA-binding proteins that
recruit the majority of CP190 to chromatin, but does
not eliminate the possibility that there exist additional
CP190 recruiting proteins.

Sequence analysis of BEAF-binding sites reveals that
increased CGATA clustering enhances the likelihood
of BEAF binding

Previous studies have experimentally identified a few
genomic BEAF-binding sites and determined that they
contain clustered CGATA motifs, but no other sequence
specificity or pattern was reported (Zhao et al. 1995; Hart
et al. 1997; Cuvier et al. 1998). However, a recent report
using a computational approach identified roughly 1700
putative BEAF-binding sites genome-wide called dual-
core elements based on the occurrence of five or six
CGATA motifs organized in two clusters separated by
a 200-base-pair (bp) AT-rich sequence, and showed evi-
dence that some of these sites bind BEAF in vivo (Emberly
et al. 2008). The genome-wide ChIP–chip data presented
here show BEAF binding to only 35% of these dual-core
elements. One explanation for this discrepancy is that the
dual-core elements that were found to be unoccupied in
Kc cells may represent sites that are bound by BEAF in
other cell types or in response to specific stimuli. Addi-
tionally, >2000 in vivo BEAF-binding sites were identified
in the Kc cell ChIP–chip data that do not contain dual-
core elements, suggesting that this dual-core arrange-
ment of CGATA motifs may represent only a subset of
the genome-wide BEAF-binding sites.

We performed consensus sequence analysis with the
ChIP–chip BEAF data and found no enriched motifs in
addition to the CGATA motif at genomic BEAF sites.
Additional consensus sequence analysis was done with
these sequences after removing all CGATA motifs, and
no additional overrepresented sequences were identified.
We therefore searched the collection of BEAF-binding
sites for CGATA motifs. Although this analysis did
not reveal any pattern in the spacing or orientation of
CGATA motifs within BEAF localization sites, we found
that 68% of the identified sites contained at least three
CGATA motifs. In order to understand the DNA se-
quence requirements to achieve BEAF binding, we iden-
tified all the CGATA clusters in a 1000-bp window
genome-wide and determined which ones are bound by
BEAF according to the ChIP–chip data (Table 1). This
analysis revealed that the majority of bound sites contain
four to seven CGATA motifs. Additionally, as the number
of CGATA motifs in a 1000-bp cluster increases, so does
the percentage of sites that are bound, and this value
plateaus around 50% for nine or more CGATA motifs.
These data suggest an additive effect, in which the more

CGATA motifs clustered together, the more likely that
the site is bound by BEAF. This also suggests that CGATA
motifs may not be sufficient to recruit BEAF, as a large
number of CGATA clusters do not bind BEAF. Therefore,
secondary chromatin structures, nucleosome occupancy,
and/or regulatory proteins may also be important for the
ability of BEAF to bind chromatin.

Genomic distribution of insulator proteins suggests
differential roles for insulator subclasses in genome
regulation

Su(Hw)-, dCTCF-, and BEAF-binding sites are found
throughout the Drosophila genome. In order to under-
stand the possible functional significance of their distri-
butions and decipher the basis for the existence of these
various subclasses of CP190 sites, we examined the
location of insulator protein-binding sites in relation
to genes. We first analyzed the distribution based on
whether sites are located within introns, exons, or inter-
genic regions of the genome (Figs. 1A, 2A). Although it is
not understood how the transcription machinery deals
with the presence of insulator sites within genes, it is
known that a Su(Hw)-binding site can be placed within an
intron without disruption of transcription (Geyer and
Corces 1992). Therefore, it was not surprising that we
found a substantial number of intronic sites for each
protein. As expected for regulatory elements, Su(Hw),
dCTCF, and CP190 were all found to be preferentially
excluded from exonic regions (P < 1 3 10�12), with 8%,
16%, and 17% of sites found within exons, respectively,
compared with the 21% of the genome that represents
exons. However, it was unexpected to find any insulator
sites within exons, and, surprisingly, BEAF sites were
found to be enriched in exons over the fraction of the
genome represented by exons (P = 3 3 10�86). Therefore,
we dissected the exonic region into the 39 untranslated
regions (UTR), 59UTRs, and protein coding regions. This
analysis revealed that 59UTRs are the most occupied
subgroup of exons for dCTCF (7%), BEAF (25%), and
CP190 (11%) and that these proteins are highly enriched
in this region over the 2% of the genome that represents
59UTRs (P < 5 3 10�53). Conversely, all four insulator

Table 1. Number of bound BEAF consensus site clusters
genome-wide

Number of
consensus sites
in 1000-bp cluster

Number of
occurrences
in genome

Number
bound

Percent
bound

3 8839 73 0.8%
4 5967 306 5.1%
5 2974 416 14.0%
6 1460 346 23.7%
7 680 215 31.6%
8 307 136 44.3%
9 119 60 50.4%
10 50 26 52.0%
11 19 9 47.4%
12 6 3 50.0%
13 16 8 50.0%
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proteins are excluded from protein coding regions of
exons (P < 6 3 10�19). The localization of dCTCF and
BEAF, but not Su(Hw), in the 59UTRs of genes suggests
that these three insulator subclasses may have different
roles in the regulation of chromatin organization and
gene expression.

In order to further dissect the distribution of insulator
protein-binding sites, we extended our analysis to sequen-
ces in and around genes. For each annotated gene, we
analyzed the number of insulator protein-binding sites
in 200-bp segments within the 1-kb flanking regions and
the 600-bp regions inside the 59 and 39 ends (Fig. 2B;
Supplemental Fig. S1). In the case of Su(Hw), the distri-
bution is similar at the 59 and the 39 ends of genes and
fairly uniform with increasing distance from genes. Few
Su(Hw)-binding sites are found in the 1-kb regions flank-
ing genes. However, dCTCF, BEAF, and CP190 show a
distribution that is highly skewed toward the 59 end of
genes and is notably enriched in the first 200 bp just
upstream of the transcription start site (TSS). This distri-
bution is most dramatic for BEAF. These findings suggest
that dCTCF, and to a greater extent BEAF, may have a role
in regulating the expression of single, specific genes

whereas Su(Hw) may have a more general role in chro-
matin organization.

This differential distribution of insulator subclasses
around genes led us to explore the relationship between
insulator protein-binding sites and levels of gene expres-
sion. To do this we determined gene expression levels
using NimbleGen gene expression microarrays that con-
tain 15,634 genes (Supplemental Fig. S2). We then divided
the genes into three groups based on their expression
signal (i.e., high, medium, and low/no expression) (Sup-
plemental Table S8). We could then ask what percent of
the insulator protein-binding sites that localize within
200 bp of the 59 ends of genes are associated with each of
these three expression groups (Fig. 2C; Supplemental Fig.
S1). For this analysis, we only used sites with both
a DNA-binding protein and CP190 since CP190 is neces-
sary for insulator function (Pai et al. 2004; Gerasimova
et al. 2007; Mohan et al. 2007). We found that 83% of
dCTCF sites and 89% of BEAF sites at the 59 end of genes
localize to genes with a high expression signal. However,
Su(Hw)-binding sites showed less of a preference for any
group of genes, but were most often found near genes
with a low expression signal (i.e., 54% of sites). We also

Figure 2. Genomic distribution of insulator protein-
binding sites. (A) Pie charts representing the distribu-
tion of Su(Hw), dCTCF, BEAF, and CP190 in relation to
intergenic regions, introns, and exons. Exonic distri-
bution is then further broken down into protein-
coding exons, 59UTRs, and 39UTRs. (B) The distribu-
tion of the insulator proteins in relation to the 59 and
39 ends of annotated genes. The graph depicts 200-bp
fragments encompassing1 kb upstream of and down-
stream from the start and end of genes as well as 600
bp into the start and end of genes. (C) Percent of
insulator protein-binding sites within 200 bp of the 59

end of genes that localize to genes with high, medium,
and low/no expression. Line colors correspond to the
same proteins as denoted in B.
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performed this analysis for insulator sites that localize
to the 39 end of genes, the UTRs, and introns and found
similar distributions for each of the three proteins,
though the trends are stronger at the 59 end of genes than
at the 39 ends (Supplemental Fig. S3). Considering local-
ization at these various gene regions, it is clear that BEAF
shows a stronger association with genes with a high
expression signal than dCTCF. This provides further
evidence that although all three insulator subclasses
contain CP190, they may play different roles in regulating
gene expression.

To further investigate the significance of these distri-
bution patterns, we performed gene ontology analysis
based on biological process. Using the Database for
Annotation, Visualization and Integrated Discovery
(DAVID) (Dennis et al. 2003), we investigated whether
a subset of genes could be identified that requires in-
sulator protein localization near the TSS. We found that
genes containing dCTCF in the 200-bp upstream of their
TSS are mostly involved in developmental processes,
while genes containing BEAF in this region are mostly
involved in metabolic processes (Table 2; Supplemental
Tables S9–S11). Both dCTCF- and BEAF-containing genes
also show an enrichment for cell cycle genes, whereas
Su(Hw)-containing genes show little significant cluster-
ing based on biological process. Together, the genome
distribution analysis shows that Su(Hw), dCTCF, and
BEAF have different patterns of localization around genes
and they appear to be located adjacent to functionally
different types of genes with different levels of expression,
suggesting divergent roles for these three subclasses of
insulators in chromatin organization and gene regulation.

Cell type-specific distributions of insulator proteins
suggest a role for insulators in regulating differential
gene expression

The different distributions of the three subclasses of
insulator proteins around developmentally regulated
genes suggest that there may be cell type-specific differ-
ences in insulator protein localization that have a role in
regulation of gene expression. If this is the case, we would
expect to find differences in the distributions of insulator

proteins when comparing cell lines originating from two
different tissues. To test this possibility we performed
ChIP–chip analysis using Mbn2 cells, a tumorous hema-
topoietic cell line derived from D. melanogaster larvae
(Gateff 1978), for each of the four insulator proteins used
in this study; data were then compared with those
obtained with embryonic Kc cells derived from neuronal
tissue (Cherbas et al. 1977). Comparison between the two
cell lines revealed that while many sites are constant,
a fraction of the localization sites for each of the four
insulator proteins are different between the two lines (Fig.
3A; Supplemental Fig. S4). At a 1% FDR, 18% of Su(Hw)
sites in Kc cells and 5% of Su(Hw) sites in Mbn2 cells
were found to be cell type-specific. For dCTCF, we found
18% of sites in Kc cells and 37% in Mbn2 cells to be
unique, whereas the number of cell type-specific BEAF
sites is 11% in Kc cells and 11% in Mbn2 cells. In the case
of CP190, which is found at all three insulator subclasses,
17% of sites present in Kc cells and 14% in Mbn2 cells
were found to be cell type-unique. These percentages vary
between 9% and 46% for the four proteins when we used
the data sets generated with the less stringent cutoff of
5% FDR (Supplemental Table S12). Therefore, regardless
of the cutoff used to define the data sets, a subset of the
localization sites was found to be cell type-specific for
all four insulator proteins. Additionally, dCTCF showed
more cell type-specific DNA binding than Su(Hw) or
BEAF, again suggesting that these three subclasses of
insulators may play different roles in the regulation of
gene expression.

To confirm these findings, we used ChIP with real-time
PCR analysis to test two cell type-specific binding sites in
Kc and Mbn2 cells for Su(Hw), dCTCF, and BEAF (Fig. 3B).
The results indicate that all the sites tested show more
than a fivefold enrichment for both Su(Hw) and CP190,
dCTCF and CP190, or BEAF and CP190 in one cell type
over the other. Additionally, we compared the ChIP–chip
data for Kc and Mbn2 cells reported here with ChIP–chip
data for CP190 and dCTCF data from S2 cells (Bartkuhn
et al. 2009, modENCODE). The S2 cell data from these
two sources differs considerably; however, both S2 cell
data sets showed that the majority of sites for both
dCTCF and CP190 are shared with Kc and Mbn2 cells.

Table 2. Gene ontology analysis for biological process of genes with an insulator protein localization site within 200 bp of the TSS

P-value

Genes with Su(Hw) Genes with dCTCF Genes with BEAF

Developmental process >0.1 3.70E-05 >0.1
Multicellular organismal development >0.1 2.03E-05 >0.1
Anatomical structure development >0.1 1.88E-04 >0.1
Imaginal disc development >0.1 1.50E-04 >0.1
Regulation of compound eye photoreceptor development >0.1 1.64E-03 >0.1
Cell cycle >0.1 2.80E-07 4.10E-10
RNA metabolic process >0.1 >0.1 2.10E-11
Nucleobase, nucleoside, nucleotide, and nucleic acid metabolic process >0.1 >0.1 2.20E-11
Biopolymer metabolic process >0.1 >0.1 2.50E-10
Cellular metabolic process >0.1 >0.1 8.70E-05
Primary metabolic process >0.1 >0.1 4.90E-04
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Nevertheless, there are unique dCTCF- and CP190-bind-
ing sites for each of the three cell types (Supplemental
Fig. S5). This confirms that a subset of insulator protein-
binding sites varies between different cell types, suggest-
ing that regulation of the interaction between insulator
proteins and DNA may be used to modulate insulator-
dependent chromatin organization.

In addition to regulation at the level of DNA binding,
the presence of Su(Hw), dCTCF, and BEAF sites without
CP190 implies that recruitment of CP190 may also be
a regulated process. We examined whether this type of
regulation takes place by comparing the distribution of
CP190 between the two cell types. We found that 12%
of CP190 sites in Kc cells and 6% of CP190 sites in Mbn2
cells are cell type-unique and colocalize with Su(Hw),
dCTCF, or BEAF sites that are present in both cell lines
(Fig. 4A). This observation suggests an additional level of
regulation in which cells control the interaction between
CP190- and DNA-binding proteins to modulate insulator
activity. Therefore, insulator activity may be regulated at
multiple levels between different cell types, and together
these forms of regulation may generate changes in chro-
matin organization necessary to establish different gene
expression profiles during cell specification.

Since insulator localization sites change between these
two cell lines, we asked how these differences correlate
with changes in gene expression. To do this, we per-
formed gene expression analysis for Mbn2 cells and found
4422 genes that change by at least 1.7-fold between Kc
cells and Mbn2 cells (Supplemental Fig. S2). We then
identified all of the genes that have a cell type-specific
insulator site within the gene or 1 kb upstream of or
downstream from the gene, and determined the percent
of these genes that change expression (Table 3). To de-
termine statistical significance, we compared the percent
of genes with a cell type-specific insulator site that
change expression with the percent of genes that change

expression genome-wide (28%). We found that although
there is little enrichment for genes that change expres-
sion at sites with cell type-specific DNA-binding pro-
teins, genes found near cell type-specific CP190 showed
a significant enrichment for those that change in gene
expression. Therefore, we refined our analysis to only
those genes that have CP190 cell type-specific binding,
and divided these genes into those with a cell type-
specific DNA-binding protein and those with a cell
type-constant DNA-binding protein (Table 3). This anal-
ysis revealed that genes with a site that is CP190 and
Su(Hw), dCTCF, or BEAF cell type-specific showed sig-
nificant enrichment for genes that change expression.
Those genes with a CP190 cell type-specific site and a
constant DNA-binding protein showed significant en-
richment for genes that change expression at dCTCF
and BEAF sites. Therefore, CP190 cell type-specific sites,
especially those with cell type-specific DNA-binding pro-
teins, may regulate the gene expression of nearby genes.
Interestingly, even though dCTCF and BEAF associate
with genes with a high expression signal and Su(Hw) with
genes with low or no expression signal, this analysis
revealed that genes with a cell type-specific site nearby
show both increased and decreased expression between
cell types (Table 3). Therefore, although these insulator
sites associate with genes of a certain expression level,
they may both positively and negatively affect transcrip-
tion of these genes. This suggests that insulator sites
may play a role in regulating gene expression between
cell types and that CP190 is a key component of this
regulation.

Discussion

The Drosophila insulator proteins Su(Hw) and dCTCF
have been shown previously to form the DNA-binding
component of two different subclasses of an insulator

Figure 3. Insulator protein DNA binding is a cell
type-specific process. (A) Summary of the whole-
genome comparison between Su(Hw), dCTCF, BEAF,
and CP190 in Kc and Mbn2 cells. Bars represent the
percentage of binding sites that are cell type-unique
using the data sets defined with the more stringent
cutoff of a 1% FDR. (B) Validation of four Su(Hw)
(left), four dCTCF (middle), and four BEAF (right) cell
type-specific binding sites by real-time PCR. For each
protein, two Kc cell type-specific binding sites (col-
umns a,b) and two Mbn2 cell type-specific binding
sites (columns c,d) were tested. Each binding site was
analyzed by conventional ChIP for the DNA-binding
protein as well as CP190 in each cell type. Percent
input values were normalized to a well-known bind-
ing site for each insulator protein.

Bushey et al.

1344 GENES & DEVELOPMENT



defined by the presence of CP190 (Gerasimova et al. 2007;
Mohan et al. 2007). In this study, we identify BEAF as
a third DNA-binding protein that colocalizes with CP190
and, therefore, defines a third subclass of the CP190
insulator family. Su(Hw), dCTCF, and BEAF together
account for 91% of CP190 sites in Kc cells, indicating
that these are the three major DNA-binding components
of this insulator.

Su(Hw), dCTCF, and BEAF have all been implicated in
chromatin loop formation (Blanton et al. 2003; Byrd and
Corces 2003; Gerasimova et al. 2007; Mohan et al. 2007),
and the interaction of these different DNA-binding pro-
teins with CP190 could have functional implications
for the arrangement of the chromatin fiber within the

nucleus. The work presented here provides critical in-
sight into the genome-wide distribution of these four
insulator proteins and is a first, crucial step toward under-
standing the role that they play in chromatin organiza-
tion and the regulation of gene expression.

Although insulator elements containing Su(Hw),
dCTCF, and BEAF could, in principle, play similar roles,
we found that they have very different distribution pat-
terns with respect to gene location. Only 20% of Su(Hw)
sites are located within 1 kb of the 59 or 39 ends of genes.
On the other hand, 47% of dCTCF sites and 84% of BEAF
sites are found within 1 kb of gene ends, and their dis-
tributions are highly skewed toward the 59 end of highly
expressed genes. dCTCF and BEAF appear to display

Figure 4. The role of CP190 insulators in chromatin
organization. (A) Venn diagram depicting the overlap of
CP190-binding sites between Kc cells and Mbn2 cells.
Roughly 17% of CP190 sites in Kc cells and 14% of sites
in Mbn2 cells were found to be cell type-specific. Of
these cell type-specific binding sites, a subset was found
to be dependent on differential DNA-binding protein
localization (top boxes) and a subset was found to be
independent of DNA-binding protein localization (bot-
tom boxes). Cartoons indicate the state of DNA-binding
protein and CP190 localization in Kc cells (orange) and
Mbn2 cells (blue) at sites represented by each region.
(B) Model depicting the functional specialization of
CP190 insulator subclasses. Su(Hw) and dCTCF may
orchestrate the primary level of chromatin organization.
BEAF and dCTCF could then fine-tune this organization
around highly expressed genes (yellow arrows). The
interactions between insulator protein-binding sites
may be facilitated by CP190.

Table 3. Expression changes of genes with cell type-specific insulator protein-binding sites

Percent of genes that overlap a cell type-specific insulator site,
which change expression by at least 1.7-fold between cell types

All cell type-specific sites

CP190 cell type-specific site

Cell type-specific DNA-binding protein Cell type-constant DNA-binding protein

Percent P-valuea Percent P-valuea Up/downb Percent P-valuea Up/downb

Su(Hw) 32.5% 0.03 39% 0.02 22/16 30% 0.45 40/71
dCTCF 27.5% 0.40 43% 6.0E-06 49/34 43% 1.1E-03 15/28
BEAF 34.0% 4.4E-05 42% 8.2E-04 42/12 34% 8.1E-04 122/114
CP190 35.2% 1.1E-08 n/a n/a n/a n/a n/a n/a

aCompared with the percent of genes that change expression genome-wide (28%).
bNumber of genes whose expression level goes up versus down when there is an overlapping cell type-specific insulator site.
(n/a) Not applicable.
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further functional compartmentalization in their roles,
since BEAF tends to be present at the 59 end of genes
involved in metabolic processes and dCTCF is enriched
near genes involved in developmental processes. This
could indicate that BEAF plays a specific role in the regu-
lation of gene units consisting of metabolic genes, whereas
Su(Hw) may play a more general role by setting the foun-
dation for chromatin organization. dCTCF, which shows
an intermediate distribution compared with Su(Hw) and
BEAF, may sometimes function in large-scale organization
and sometimes work at the level of individual develop-
mental gene units. Together, the three CP190 insulator
subclasses could create a chromatin web that is part of the
framework organizing DNA in the nucleus (Fig. 4B).

Insulators have been typically characterized as sequen-
ces capable of regulating interactions between transcrip-
tional regulatory sequences and/or chromatin states
(Gaszner and Felsenfeld 2006). This function can easily
be envisioned in the case of Su(Hw) and dCTCF sites
located far from genes, where these sites could flank
a group of transcription units that would then represent
a domain of coregulated genes. If this is the case, what
is the function of the remaining dCTCF and BEAF
sites located close to the 59 and 39 ends of genes? This
distribution is surprising in the context of what we
normally think of as insulator function; however, when
CTCF-binding sites were mapped in the human genome,
a similar distribution pattern was observed (Kim et al.
2007; Cuddapah et al. 2009). This is suggestive of a wider
role for insulator proteins than just the establishment of
chromatin domains, and, in fact, alternative insulator
protein functions have been suggested. For example,
CTCF in humans is present in the Igh locus in many of
the VH as well as DH and JH exons, suggesting a role in
V(D)J recombination (Degner et al. 2009). Additionally,
this study provides evidence that insulator proteins
near genes play a role in the regulation of expression of
specific genes and suggests that the mechanism behind
this regulation differs from classic transcription factors,
since the same insulator complexes were seen to both
activate and repress transcription. These functions could
be a consequence of the ability of these proteins to both
interact with each other and mediate intra- and inter-
chromosomal loops. Bringing together various insulator
protein-binding sites could facilitate localization to either
transcriptionally active or transcriptionally repressed
regions of the nucleus depending on the genomic context
of the sites.

Comparison of the genome-wide distribution of the
three insulator subclasses in two different cell lines
allows us to gain insights into possible mechanisms
employed during cell differentiation to establish different
patterns of gene expression. Overall, the analysis suggests
that cells may control insulator function at multiple
levels and that these forms of regulation occur through-
out the genome. Regulation of insulator function seems
to begin at the level of DNA binding, as we observed
differential binding at 5%–37% of sites for Su(Hw),
dCTCF, and BEAF between two different cell lines even
with the most conservative statistical analysis. Similar

percentages of cell type-specific binding sites were ob-
served for vertebrate CTCF between different cell lines
(Kim et al. 2007; Cuddapah et al. 2009). Previous analysis
of Su(Hw) binding in various tissues has not revealed any
significant tissue-specific binding sites (Parnell et al.
2006; Adryan et al. 2007), perhaps because only a small
number of sites was analyzed in these studies. Alterna-
tively, the discrepancy could be due to the use of whole
tissues in previous studies that contain multiple cell
types, making it difficult to detect cell type-specific sites.

After Su(Hw), dCTCF, and BEAF bind DNA, they are
thought to recruit other proteins such as CP190. We also
observed regulation at this level throughout the genome,
where a subset of the Su(Hw), dCTCF, and BEAF sites
recruit CP190 in a cell type-specific manner. The addi-
tional Su(Hw), dCTCF, and BEAF sites that do not recruit
CP190 in either Kc or Mbn2 cells may do so in other cell
types or other growth conditions not tested in this study.
This idea is supported by the two dCTCF sites in the
bithorax region that were found to contain CP190 in third
instar larvae brains (Mohan et al. 2007) but not in the data
sets collected in Kc cells or Mbn2 cells. Although further
study is needed to determine which sites of insulator
protein localization participate in chromatin organiza-
tion, we expect that sites lacking CP190 do not, since
mutations in CP190 are known to disrupt insulator body
formation and only those sites that recruit CP190 seem
to affect gene expression. Therefore, these sites may
represent insulators that are poised for incorporation
into chromatin loops upon recruitment of CP190. On
the other hand, these sites could function through the
recruitment of an alternative cofactor and in this way
represent a functionally distinct subset of Su(Hw)-,
dCTCF-, and BEAF-binding sites.

An additional layer of regulation may then occur at
the level of protein–protein interactions mediated by
CP190. This type of regulation cannot be gleaned from
ChIP–chip data, but other experiments have shown that
sumoylation of insulator proteins is able to inhibit pro-
tein–protein interactions affecting Su(Hw) insulator body
formation but not association of insulator proteins with
DNA (Capelson and Corces 2006). Similarly, vertebrate
CTCF insulator function has been linked to poly(ADP-
ribosyl)ation (PARlation), and it has been suggested that
PARlation facilitates CTCF self-interaction (Yu et al.
2004; Klenova and Ohlsson 2005). Furthermore, the
presence of RNA and RNA-binding proteins may also
contribute to the formation or maintenance of insulator
bodies required to create chromatin loops (Lei and Corces
2006). Finally, insulator bypass that results in the in-
activation of insulator activity through pairing of nearby
insulator elements, and specialized sequences such as the
promoter targeting sequences (PTS), can allow an en-
hancer to bypass an insulator (Schweinsberg et al. 2004;
Gruzdeva et al. 2005; Kyrchanova et al. 2007, 2008; Rodin
et al. 2007). These forms of regulation may alter the
ability of insulator proteins to interact with one another
to regulate insulator loop formation.

We expect that these various forms of regulation in-
cluding DNA binding, CP190 recruitment, and loop
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formation result in changes in gene expression between
different cell lines. However, transcription analysis with
insulator proteins is difficult since insulator elements are
thought to control regulatory elements such as enhancers
and silencers that can be found far away from their target
promoters. Therefore, determining which genes are con-
trolled by an insulator site is not a trivial process. In our
transcription analysis, we only considered genes with
a cell type-specific insulator site within the gene or the
1 kb surrounding region. Despite this limitation, we
still saw a significant enrichment for genes that change
expression between cell types when they have a cell type-
specific insulator site nearby, supporting the idea that
insulator proteins are involved in the regulation of gene
expression. Genes that did not change expression despite
being located near a cell type-specific insulator protein-
binding site may not be the actual target genes of the
insulator sites; therefore, this analysis probably greatly
underestimates the effect of insulator proteins on gene
expression. Additionally, we found that insulator protein-
binding sites that localize to genes are enriched at genes
with certain expression signals, high expression for
dCTCF and BEAF, and low expression for Su(Hw). How-
ever, comparison between the two cell lines revealed that
expression can be either positively or negatively regu-
lated by sites with each DNA-binding protein. Therefore,
although an insulator protein associates with a highly
expressed gene, it may lead to either an increase or
decrease in transcription of this gene. The observed level
of expression may be an additive effect of many different
regulatory elements, including multiple insulator sites.
Different mechanisms may be used to regulate a highly
transcribed gene versus a gene with low levels of tran-
scription, and therefore the different insulator subclasses
may target these different mechanisms.

The transcription analysis in this study suggests that
insulator proteins play a role in the regulation of gene
expression, but has just begun to explore the depth of
their effect. Numerous steps at which insulator activa-
tion can be subject to regulation allow for a vast amount
of variation between different cell types and could play
a major role in establishing the diverse patterns of
chromatin organization necessary for cell type-specific
gene expression. The different CP190 insulator sub-
classes might have distinct roles in this cell type-specific
nuclear organization. In vertebrates, CTCF is the only
insulator known thus far, and an important question to
address in the future is the apparent disparity between
genome complexity and insulator diversification between
flies and vertebrates. It is possible that vertebrates have
insulator subclasses represented by DNA-binding pro-
teins other than CTCF that have not yet been identified.
Alternatively, it is possible that vertebrate CTCF has
acquired all the functions of the various Drosophila
insulator subclasses. The distribution pattern of dCTCF
suggests that it can play a role in both global organization
and in the regulation of individual genes, making it the
most likely candidate of the three Drosophila subclasses
to play this overarching organizational role in verte-
brates. Therefore, vertebrates may use methods other

than variant DNA-binding proteins to distinguish in-
sulator subclasses, such as recruitment of different CTCF
interaction partners at different insulator sites (Wallace
and Felsenfeld 2007). This would make it difficult to
distinguish between the various layers of insulator
control in the vertebrate genome. If this is the case,
Drosophila could provide a powerful model system to
dissect the various functions and levels of regulation of
chromatin insulators.

Materials and methods

Antibodies

Rabbit a-Su(Hw) (Gerasimova et al. 1995), a-dCTCF (Gerasimova
et al. 2007), and a-CP190 (Pai et al. 2004) antibodies have
been validated previously. For BEAF antibody production, an
N-terminal His-tagged protein consisting of amino acids 1–83 of
the BEAF-32B gene was purified from Escherichia coli on a
nickel-agarose column and was used to immunize rabbits using
standard procedures. The specificity of the resulting BEAF
antibody was validated by staining polytene chromosomes and
showing the absence of staining in mutant flies (G Baraka and V
Corces, unpubl.).

ChIP–chip analysis

ChIP was performed with 3 3 107 to 5 3 107 Kc or Mbn2 cells at
;80% confluency. Cells were cross-linked with 1% formalde-
hyde for 10 min at room temperature. Nuclear lysates were
sonicated to generate 200- to 1000-bp DNA fragments. ChIP
was then performed with 6 mL of rabbit a-Su(Hw), a-dCTCF,
a-CP190, or a-BEAF-32B antibody. For microarray analysis,
samples were amplified two times using the GenomePlex
Complete Whole Genome Amplification kit (Sigma, WGA2) to
obtain a sufficient amount of DNA. Sample labeling, hybridiza-
tion, and peak analysis was then performed by NimbleGen using
whole-genome tiling arrays (dm2 genome annotation). Three
biological replicates were performed for Su(Hw), dCTCF, and
CP190, and we used NimbleGen peak analysis software to define
peaks for each replicate. Cutoffs were then used to create less
stringent and more stringent data sets. The less stringent data
sets included all peaks with less than a 5% FDR, and the more
stringent data sets included all peaks with less than a 1% FDR.
These data sets were then further refined by requiring the
presence of each peak in two out of three of the biological
replicates to be included in the final data set. The final log2 value
for each peak was defined as the average height of the peaks in
the biological replicates. For BEAF we performed two biological
replicates and the remaining analysis was performed as described
above for the other insulator proteins, except that a peak had to
be found in both biological replicates to be included in the final
data set. BED files containing peak data that can be uploaded to
the UCSC genome browser are included in the Supplemental
Material. The data have been deposited in NCBI’s Gene Expres-
sion Omnibus and are accessible through GEO accession number
GSE15661.

Real-time PCR analysis

Real-time PCR analysis for random peak validation was per-
formed in duplicate with independent ChIP samples than were
used for microarray analysis. Thermo Scientific Absolute Blue
QPCR SYBR Green ROX Mix (AB-4163) was used and percent
input was calculated with a three-point standard curve from the
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input sample. For cell type-specific peak validation, real-time
PCR analysis was performed in triplicate with independent ChIP
samples, different from those used for the microarray analysis,
using a five-point standard curve from the input sample. Primers
used for this analysis are listed in Supplemental Table S13. In
order to account for variation between experiments, all Su(Hw)
and CP190 percent input values were normalized by setting the
percent input at the 1A-2 locus to 1, dCTCF data were nor-
malized by setting the Fab-8 locus to 1, and BEAF data were
normalized by setting the scs’ locus to 1.

Motif sequence identification

All motif enrichment analyses were conducted using the motif
discovery program Weeder (Pavesi et al. 2004). For all the
analyses, the following Weeder parameters were used: The
length of the motif sought and the degree of approximation
allowed were set to ‘‘large,’’ both strands of the input sequences
were considered, the motif does not have to appear in all se-
quences, and the motif can appear more than once per sequence.
Using these parameters, enrichment motifs for CP190 and BEAF
ChIP–chip data were conducted. The top 100 peaks from each of
the ChIP-chip data sets analyzed were also used with the motif
discovery programs MEME (multiple em for motif elicitation)
(Bailey and Elkan 1994), BioProspector (Liu et al. 2001), and
SCOPE (Suite for Computational identification Of Promoter
Elements) (Carlson et al. 2007) to verify Weeder results. These
additional analyses revealed similar enrichment motifs. In addi-
tion, the top 100 peaks from the ChIP–chip data sets underwent
secondary motif enrichment analysis where each of the sequen-
ces were randomly shuffled, keeping GC content unchanged.
There was no enrichment for the BEAF consensus in the shuffled
sequences, giving credence to the sequences used and not to
random GC content for the specificity of the BEAF motif.

Genome distribution and overlapping peak analysis

Genome distribution analysis was performed with Galaxy
(http://main.g2.bx.psu.edu). To determine the position of a peak
relative to genomic elements, the middle of a peak was used as its
location in the genome, and gene annotations were obtained
from the April 2004 UCSC database. To relate peaks to gene
expression data between the two cell types, a gene was consid-
ered the gene plus 1 kb upstream and downstream. Overlapping
peak analysis to determine insulator protein overlap and cell
type-specific insulator sites was performed using a 500-bp
window on either side of a defined peak. Enriched regions for
CP190 and dCTCF from modENCODE data for S2 cells were
obtained from the modENCODE project website (http://www.
modencode.org). Pair files from Bartkuhn et al. (2009) (GEO
accession no. GSE12749) were subject to ChIP Compute Ratio
Files analysis and ChIP-Find Peaks analysis with NimbleScan
software (http://www.nimblegen.com/products/software/index.
html) using default settings and a 1% FDR cutoff.

Gene expression analysis

Microarray analysis was carried out using D. melanogaster 60-
mer expression arrays (NimbleGen catalog no. A4351001-00-01)
that contain 15,634 genes. RNA was purified from Kc cell and
Mbn2 cells with an RNeasy kit (Qiagen) and cDNA synthesis
was performed with a High-Capacity cDNA Reverse Trans-
ctipion kit (Applied Biosystems). Sample labeling, hybridization,
and data normalization were performed by NimbleGen. Experi-
ments were conducted in duplicate for each cell type (Supple-
mental Fig. S2) and data analysis was performed with ArrayStar

software. All 15,634 genes were ranked by expression signal and
then divided into three equal groups of ;5211 genes each. Genes
in the top one-third, with the highest expression signal from the
microarray analysis, were considered to have a high expression
signal, the next one-third were considered to have a medium
expression signal, and the bottom one-third were considered to
have low expression signal. The data have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through
GEO accession number GSE15660.

Gene ontology analysis

Gene ontology analysis for genes with Su(Hw), dCTCF, or BEAF
sites within 200 bp upstream of the TSS was performed with
DAVID (http://david.abcc.ncifcrf.gov). Flybase IDs were used to
determine statistically enriched biological process categories on
the basis of a background list of all annotated genes in the
Drosophila genome.
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