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Figure 4. Insulator proteins segregate differentially expressed promoters. Log, enrichment or depletion of insulator binding sites between

(A) adjacent promoters, (B) divergently transcribed promoters, (C) alternative promoters, ancc{®)egulatory elements and promoters. (A—C) X and

Y axes depict enrichment between differentially and non-differentially expressed promoters, respectively. (D) X and Y axes depict enrichment
between CRMs and their nearest non-target promoter and their target promoter. Points and lines depict enrichment estimates and 95% confidence

intervals.
doi:10.1371/journal.pgen.1000814.g004

elements and their nearest non-target promoter, distributions that
strongly support their proposed enhancer blocking function.
Interestingly, we note that binding sites for GAF are significantly
enriched between CRMs and their target promoters. Similarly, we
find that BEAF-32, CP190, and Su(Hw) binding sites are depleted
between distinct CRMs of the same gene, while GAF is found
more frequently than expected (Figure S14).

We note that the enrichment of insulators within such genomic
features may, in part, be driven by the effects of differential
promoter density or biases in chromatin accessibility. In order to
understand how such factors could affect any interpretation of our
data, we reanalyzed binding site data for 36 recently published
datasets corresponding to 21 transcription factors, from the
Berkeley Drosophila Transcription Network Project (BDTNP)
[40]. We first observed that none of our insulator binding sites
preferentially localize with this transcription factor set (Figure
S15). Despite several transcription factors that preferentially bind
promoter-proximal sequences (Figure S16), the enrichment of
insulators between promoter pairs is greater than for any of the
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published transcription factors (Figure S17A, S17B, S17C). In
contrast to these findings, and as expected, the published BDTNP
transcription factors are not as strongly biased towards CRM, non-
target promoter separation (Figure S17D).

Insulators mark the boundary of chromatin domains
Previous studies have demonstrated that insulators delimit
distinct organizational domains of a genome [27,30]. One such
chromatin domain is marked by the trimethylated Lysine 27 of
Histone H3 (H3K27me3), a histone modification deposited and
recognized by the repressive Polycomb protein complexes [41].
We mapped by ChIP-chip the H3K27me3 mark in Drosophila
embryos. We observed in whole embryos, as described previously
[42,43], that H3K27me3 is distributed throughout the genome in
large domains (Figure S18). To better define the boundaries of
these large genomic regions, we used a hidden Markov model
based segmentation algorithm. We confirm that the genes affected
by this silencing mark correspond to the previously described
Polycomb target genes [42-45]. We identified 140 regions of
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substantial H3K27me3 density and quantified the distribution of
each insulator binding site type with respect to the domain
boundaries. Interestingly we find that all 6 factors are significantly
depleted within and enriched outside these regions (Figure 5A). In
addition, CTCF, GAF, and Mod(mdg4) are enriched at the
boundaries of regions of high H3K27me3 density, with this
enrichment significantly decreasing at increasing distances, further
supporting the insulators’ role in chromatin domain boundary
determination (Figure 5A and Figure S18). It is possible that this
result is confounded by the fact that insulators are enriched at
TSSs. We performed Pearson’s chi-squared contingency table tests
to assess if the frequency of insulator-H3K27me3 boundary
overlaps are independent of (and greater than) the frequency of
TSS- H3K27me3 boundary overlaps. Indeed, CP190 (p, 9.8e-6),
BEAF-32 (p, 1.8e-5), CTCF (p, 0.00013), GAF (p, 0.0022),
Mod(mdg4) (p, 0.00035), and Su(Hw) (p, 0.0088) are indepen-
dently associated with H3K27me3 breakpoints.

Insulator binding site sequence constraint and
conservation of synteny

Given their apparently pervasive role in the establishment of
gene regulatory units, we examined the role insulator sequences
have played in shaping the evolution of the Drosophila genome.
First, insulators show evidence of local sequence constraint. Based
on either 15-way insect multiple sequence alignments or pair-wise
alignments between the closely related Drosophila melanogaster and
Drosophila simulans, insulator binding sites evolve significantly
slower than fast evolving introns, although more swiftly than
either coding exons or most transcription factor binding sites [46]
(Figure S19). Second, we find that BEAF-32, CP190, CTCF, and
Mod(mdg4) are significantly enriched near the 12 Drosophila species
syntenic breakpoints (Figure 5B) [47]. Chi-squared tests demon-
strate that for CP190 (p, 0.0031), BEAF-32 (p, 0.0086), GAF
(p, 0.027), and Mod(mdg4) (p, 0.034), this result is independent
of the association of TSSs and syntenic breaks. This finding
provides evidence to support the hypothesis [48] that selective

A B

H3K27me3 boundary
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pressure has maintained gene regulatory units established by
flanking insulators.

Insulators are sites of dynamic chromatin

We find that binding sites for 5 of the 6 insulator-associated
proteins (Su(Hwj)is the exception) are regions of reduced
nucleosome density relative to surrounding regions (Figure 6A).
Reduced nucleosome density often corresponds to sites of high
histone replacement or displacement [49,50] and classical “‘active”
chromatin as defined by salt solubility properties [51]. We also find
that the same 5 of the 6 insulator proteins are preferentially bound
in regions characterized by low-salt soluble nucleosomes (Figure 6B
and 6C), depleted in the remaining high-salt-soluble fraction
(Figure 6D) and highly enriched in the salt-washed insoluble pellet
(Figure 6E). Similar analyses of only non-promoter proximal
insulators reveal the same trends, indicating that the shared
solubility properties of insulators and promoters are indeed
independent (Figure S20). Given the correspondence between
these results and the regulatory boundary analyses presented
above, we hypothesize that this difference in chromatin properties
may explain why Su(Hw), defining Classll insulators, does not act
as a gene boundary in the genome.

Discussion

Insulator identification has been the source of much recent
interest. Indeed, in the last 6 months CTCF was mapped in S2
cells [52]; BEAF-32 in embryos (6-16 h of development) [53],
CTCF and CP190 in S2 cells [54] and more recently CTCF,
Su(Hw), CP190 and BEAF-32 in Kc cells and Mbn2 cells [35].
Interestingly, the latter paper describes three subclasses of
insulators, with CP190/BEAF association being distinct from
CP190/CTCF and CP190/Su(Hw).

We present in this study the embryonic binding profile of six
factors previously known to be associated with insulator function
in Drosophila. Our analysis of insulator binding site distributions
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Figure 5. Insulator proteins mark chromatin and syntenic block boundaries. Log, enrichment or depletion of insulator binding sites. (A)
H3K27me3 boundaries; negative and positive values depict binding within and outside regions of histone modification. (B) Syntenic breakpoints;
negative and positive values depict binding within and outside syntenic blocks.

doi:10.1371/journal.pgen.1000814.9005

PL0S Genetics | www.plosgenetics.org 7 January 2010 | Volume 6 | Issue 1 | e1000814






while this chromatin mark is maintained in the rest of the Bithorax
Complex region. This depletion of the H3K27me3 mark
corresponds to Abd-B being expressed in S2 cells while Ubx
and abd-A are repressed. Embryos corresponding to a mixed
population of cells, the H3K27me3 signal is coming from its
presence in a subpopulation of cells. All CTCF binding sites in this
region are conserved between S2 cells and embryos, even inside
the H3K27me3 depleted domain (between the dashed vertical
lines) and are therefore independent of the transcriptional status of
Abd-B. Furthermore, the breakpoints of the H3K27me3 depleted
domain in S2 cells, compared to embryos, correspond to CTCF
binding sites (represented by the two vertical dashed lines).

Found at: doi:10.1371/journal.pgen.1000814.5018 (0.78 MB JPG)

Figure S19 Conservation of insulator binding sites. Phastcons
between 15 insect species, including the 12 sequenced Drosophilae
species, have been calculated for each category of insulator
binding sites. The bars correspond to the median (dot) and median
absolute deviation (bars) of the scores. The dark red bar (FEI)
corresponds to the same scores calculated for fast evolving introns
(neutral reference). Also plotted for reference are exons (pink),
H3K4me3 (gray), and BDTNP binding sites (black).

Found at: doi:10.1371/journal.pgen.1000814.5019 (0.30 MB JPG)

Figure S20 Dynamic chromatin at insulator binding sites at
non-promoter and promoter sites. Each insulator site, defined as
the midpoint of the binding site interval, was classified as to
whether it fell within the interval defined by a transcriptional start
site and 500-bp upstream, using the 12,807 unique 59 ends
annotated in FlyBase r5.13. Based on these criteria, the number
of sites in non-promoters and promoters are: BEAF-32 (5546
nonpromoters, 2281 promoters); CP190 (7758 non-promoters,
2698 promoters); CTCF (3286 non-promoters, 1146 promoters);
Mod(mdg4) (3154 non-promoters, 821 promoters); GAF (5551
non-promoters, 887 promoters); Su(Hw) 4565 non-promoters, 214
promoters). Displays are for non-promoters (A-E) and promoters
(F-J) using the same datasets shown in Figure 5. (A,F) Nucleosome
density; (B,G) 80 mM salt fraction; (C,H) 150 mM salt fraction;
(D,I) 600 mM salt fraction; (E,J) salt-washed pellet.

Found at: doi:10.1371/journal.pgen.1000814.5020 (0.82 MB JPG)

Table S1  Binding sites of the insulator-associated proteins. The
number of binding sites per factor at different confidence interval
generated by MAT analysis.

Found at: doi:10.1371/journal.pgen.1000814.s021 (0.02 MB
XLS)

Table S2  Known insulators detected by our ChIP-chip analysis.
For each published functional insulator element, an X mark
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