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The Polycomb group (PcG) proteins
are key conserved regulators of develop-
ment, initially discovered in Drosophila
and now strongly implicated in human
disease. Nevertheless, differing silencing
properties between the Drosophila and
mammalian PcG systems have been
observed. While specific DNA targeting
sites for PcG proteins called Polycomb
response elements (PREs) have been iden-
tified only in Drosophila, involvement of
non-coding RNAs for PcG targeting has
been favored in mammals. Another differ-
ence lies in the distribution patterns of
PcG proteins. In mouse and human cells,
PcG proteins show broad distributions,
significantly overlapping with H3K27me3
domains. In contrast, only sharp peaks on
PRE regions are observed for most PcG
proteins in Drosophila, raising the ques-
tion of how large domains of H3K27me3,
up to many tens of kilobases, are formed
and maintained in Drosophila. In this
Extra View, we provide evidence that PcG
distributions on silent chromatin in Dro-
sophila are considerably broader than pre-
viously detected. Using BioTAP-XL, a
chromatin crosslinking and tandem affin-
ity purification approach, we find a broad,
rather than PRE-limited overlap of PcG
proteins with H3K27me3, suggesting a
conserved spreading mechanism for PcG
in flies and mammals.

Since Polycomb group (PcG) proteins
were first discovered in Drosophila as regu-
lators that prevent inappropriate expres-
sion of Hox genes,1 several PcG proteins
have been characterized. Many of them
can be classified into 2 principal com-
plexes: PcG-repressive complex 1 (PRC1),
involved in chromatin compaction, and

PRC2, which mediates histone H3K27
methylation. Drosophila PRC1 and PRC2
each have 4 core components. PRC1 con-
sists of Polycomb (Pc), Polyhomeotic
(Ph), dRING, and Posterior sex combs
(Psc), while PRC2 is comprised of
Enhancer of zeste (E(z)), Suppressor of
zeste 12 (Su(z)12), Extra sex combs (Esc)
and Nurf55.2-5 E(z), the catalytic subunit
of PRC2, has a SET domain with lysine
methyltransferase activity and is solely
responsible for methylation of histone
H3K27.4-6 Pc, a subunit of PRC1, con-
tains a chromodomain that is able to spe-
cifically recognize the H3K27me3 histone
mark added by PRC2.7 Therefore,
H3K27me3 is strongly associated with
PcG silencing.

Genome-wide analyses using chroma-
tin immunoprecipitation (ChIP) have
shown that PcG proteins are localized at
hundreds of specific sites (known and pre-
sumptive PREs) and H3K27me3 silent
domains are formed at many of these PcG
target regions.8,9 Nevertheless, the binding
profiles have also revealed that the
H3K27me3 domains are distributed
broadly around PRE sites, while PcG pro-
teins, even E(z) responsible for
H3K27me3, show sharp peaks on chro-
matin, suggesting PcG protein binding is
confined to narrow PRE sites.8 Drosophila
PREs often contain diverse combinations
of consensus sequences for DNA binding
proteins such as Pho, SP1/KLF, GAF,
Psq, Dsp1, Grh and Zeste.10 In mammals,
however, no defined PREs containing spe-
cific sequence motifs have been found so
far. Consistently, ChIP binding profiles of
mammalian PcG proteins lack the sharp
peaks on specific chromatin sites seen in
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Drosophila; instead they show a broad dis-
tribution significantly overlapping with
H3K27me3 domains,11,12 accounting for
the formation of broad H3K27me3
domains in mammals. This difference has
led to the following question: How are the
broad H3K27me3 domains formed in
spite of the confined PcG binding on nar-
row PREs in Drosophila? It has been sug-
gested that some components of PcG
complexes on PREs may interact with
flanking nucleosomes, triggering the for-
mation of a loop domain, thereby bring-
ing the neighboring nucleosomes into the
vicinity of PRC2 on PREs.13,14

To further understand the functional
mechanisms of PRC1 and PRC2 in silenc-
ing, we recently utilized a tandem affinity
purification approach, BioTAP-XL, with
Pc and E(z) as bait proteins for PRC1 and
PRC2 complexes, respectively.15 The cross-
linking-coupled tandem affinity purifica-
tion strategy not only improves
preservation of bait protein-protein interac-
tions, but also allows the analysis of target
DNA in parallel.16-18 We found that Sex
comb on midleg (Scm), previously known
as a substoichiometric component of
PRC1,3,19 is the only protein strongly
enriched with both complexes.15 Surpris-
ingly, we also found through BioTAP-XL
DNA sequencing that Pc, E(z) and Scm
show a broad distribution on silent chroma-
tin and overlap significantly with the broad
domains of H3K27me3, though they also
still show sharp peaks on PREs. Herein, we
further investigate the binding patterns of
these PcG proteins on silent chromatin.

First, we examined the profiles of Poly-
comb proteins and H3K27me3 in S2 cells
from the modENCODE (model organism
encylopedia of DNA elements) consor-
tium (Fig. 1). The broad regions signifi-
cantly enriched by H3K27me3 often
lacked binding of Polycomb proteins such
as E(z), Pc or Pcl which displayed much
narrower peaks compared to H3K27me3.
An example is shown on chr3R, proximal
to the Hox gene cluster (Fig. 1A). The
domain of 12.9-13.5 Mbp is mostly tran-
scriptionally silent and is significantly
enriched with H3K27me3 except for the
topological domain boundaries where
active marks such as H3K36me3 are
enriched. Interestingly, Polycomb proteins
profiled from the modENCODE project

do not co-localize with H3K27me3 for
most of the regions. However, Polycomb
protein profiles mapped through BioTAP-
XL largely overlap with H3K27me3 and
exhibit broader enrichment patterns com-
pared to those from the modENCODE
consortium (Fig. 1A). It is also notewor-
thy that both H3K27me3 and PcG pro-
teins mapped by BioTAP-XL fill the
entire regions inside of topological
domains, which was not previously
observed as further discussed below. In
general, profiles of Polycomb proteins
analyzed using BioTAP-XL are mutually
exclusive with transcriptionally active
regions enriched for H3K36me3
(Fig. 1B). This is expected for proteins
that play mainly a silencing role; potential
roles in activation are not examined
here.15,20 To further test for the specificity
of our PcG-BioTAP profiles, we com-
pared them to previous data for MSL3, a
member of the MSL (Male-Specific
Lethal) complex which is required for X
chromosome dosage compensation in
Drosophila. MSL3-BioTAP specifically
shows high enrichment over the transcrip-
tionally active regions on chrX (Fig. 1C).
This demonstrates that BioTAP-XL pro-
files reflect the distribution of each specific
bait protein, rather than any shared affin-
ity of the epitope tag.17

To probe the colocalization pattern of
H3K27me3 and Polycomb proteins with
respect to topologically associating
domains (TADs) genome-wide, we com-
pared the enrichment of H3K27me3 and
Polycomb proteins around the topological
boundaries from Hi-C data in embryos
(Fig. 2A).21,22 H3K27me3 is spread
within many TADs and is confined within
the domains, as previously observed,21

while Polycomb group proteins profiled
by modENCODE generally do not fill
TADs. Surprisingly, PcG protein profiles
in our work using BioTAP-XL display
similarity to H3K27me3–they are broadly
distributed within the topological
domains and are strongly overlapping
with H3K27me3 genome-wide. Next, we
compared the enrichments of previously
profiled PcG proteins and BioTAP-XL
profiles with the significantly enriched
regions of H3K27me3 (ChIP over input
enrichment z score > 3) (Fig. 2B). The
comparison showed that the PcG profiles

from modENCODE are not enriched for
most regions within H3K27me3 enrich-
ment, while the BioTAP-XL profiles are
comparable to that of H3K27me3. In
addition, the genome-wide correlation of
these factors reveals that H3K27me3 is
clustered most closely with the BioTAP-
XL rather than modENCODE PcG pro-
files (Fig. 2C). To further compare the
broadness of PcG enrichment from our
BioTAP-XL analyses with those from typ-
ical ChIP-seq, we examined embryonic
pulldowns for which sequencing data are
available. When the significant peaks were
determined as the regions where the Pois-
son rate of IP reads is over 3-fold higher
than that of input (Fig. 2D), the peaks of
PcG proteins enriched by BioTAP-XL are
significantly broader than those from
embryonic ChIP-seq data profiled by
modENCODE, including for Pc.

Given the similar broad binding pat-
terns of Pc, E(z) and Scm PcG proteins in
S2 cells and/or embryos using BioTAP-
XL, one might question whether technical
artifacts related to the BioTAP tag are an
explanation. However, these broad distri-
butions are not observed in a non-specific
manner but are significantly and precisely
overlapped with H3K27me3, showing the
enrichment of the whole region inside
topological domains and depletion from
the domain boundaries. In addition, Bio-
TAP-XL DNA sequencing data from
MSL3, a factor uninvolved with PcG
silencing, shows that binding signals of
MSL3-BioTAP do not overlap with
tagged PcG proteins, indicating that there
are no serious technical issues with use of
the BioTAP epitope which might result in
significant systemic artifacts. Rather, use
of the identical BioTAP tags (Protein A
and Biotinylation sequences) on the 3 dif-
ferent PcG proteins, and the contrasting
results with MSL3 addresses any potential
problem resulting from differential sensi-
tivity and specificity between protein-spe-
cific antibodies.

If not due to epitope tagging, howmight
we reconcile our contrasting results? Many
technical factors including antibody quality,
fixation conditions and sonication parame-
ters have historically been issues to be con-
sidered for the generation of high-quality
ChIP-seq data. Briefly, a typical ChIP
experiment utilizes 1% formaldehyde
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fixation, subsequent sonication to produce
soluble crosslinked chromatin, and one step
affinity purification using antibodies
directed against a protein of interest. Alter-
natively, BioTAP-XL starts with cell lysis,
exposing nuclei to 3% formaldehyde, fol-
lowed by sonication to produce soluble
crosslinked chromatin. Subsequently, the
2-step affinity purification sequentially
exploits 2 very strong interactions, first pro-
tein A-IgG, and then biotin-streptavidin.
The second step allows very stringent wash-
ing (0.2% SDS C 6M urea), retaining the
tightly bound specific factors, while remov-
ing any remaining non-specific interactions.
Thus, the BioTAP-XL procedure has been
optimized for both high yield and increased
signal to noise enrichment. For these rea-
sons, we favor an explanation in which our
results reflect an increased ability of Bio-
TAP-XL to capture a wide range of interac-
tions on chromatin. In the case of PcG

proteins, this would include the well-docu-
mented stable binding found at PREs, as
well as potentially more transient interac-
tions within broadH3K27me3 domains.8

So far, we have performed DNA
sequencing of only 3 Drosophila PcG pro-
teins (Pc, E(z) and Scm) using BioTAP-
XL, and thus we do not know whether
other Drosophila PcG proteins similarly
distribute broadly on chromatin. We also
cannot exclude the possibility that the dis-
crepancy of chromatin binding broadness
between E(z) in S2 cells from the modEN-
CODE consortium and BioTAP-E(z) in
embryos may be due to the difference of
cell types. However, Pc was analyzed in S2
cells and in embryos by both methods:
standard antibody pulldown by modEN-
CODE and BioTAP-XL tandem affinity
by our group. Thus, the contrast between
the specific results obtained studying Pc is
strong evidence that additional PcG

proteins may not be limited to narrow
peaks at presumptive PRE regions. That
at least some Drosophila PcG proteins
have broad binding patterns, significantly
overlapping with H3K27me3, suggests
that mechanisms underlying the spreading
of the H3K27me3 mark over broad PcG-
silenced regions will be conserved between
Drosophila and mammals.

Data accessibility

Pc, Scm and E(z) profiles mapped
through BioTAP-XL were obtained from
GSE66183. MSL3 BioTAP-XL data were
downloaded from GSE56101. The acces-
sion numbers for modENCODE data are
as follows: GSE20804 (Pc), GSE27765
(Pcl), GSE20769 (E(z)), GSE20781
(H3K27me3), GSE20785 (H3K36me3)
in S2 cells, and GSE47232 (Pc),

Figure 1. Enrichment profiles of Pc, E(z), Pcl, H3K27me3, and H3K36me3 (mapped by modENCODE), and Scm, Pc and MSL3 (mapped using BioTAP-XL) in
S2 cells. A. Log2 fold enrichment profiles (IP over input) in the regions of 12.9-13.5 Mb on chr3R. The top triangle displays the topological domains (TADs)
from Hi-C data in embryos21 showing higher contact regions with a red color. Red dashed horizontal lines indicate where fold enrichment is 0.5. Dashed
vertical lines represent topological domain boundaries, which are typically conserved between different cell types.23 B. Enrichment profiles in the domain
of 11.0-11.2Mb on chr3R where most regions are transcriptionally active. C. Enrichment profiles in the domain of 11.14-11.48 Mb on chrX around the roX2
gene where MSL complex proteins bind.
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GSE47235 (Psc), GSE47230 (H3K27-
me3) and GSE47256 (H3K36me3) in
embryos.
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Figure 2. Genome-wide comparison of enrichment patterns of Polycomb group proteins between modENCODE profiles and BioTAP-XL profiles in S2
cells and embryos. A. Enrichment of H3K27me3, Pc, Pcl, E(z) (from modENCODE) compared to Scm and Pc (using BioTAP-XL) in S2 cells, over scaled topo-
logical domains with a margin of 10 kb. Each row represents one topological domain (ND 1088) and rows are sorted by intensities of H3K27me3. Dashed
vertical lines indicate the boundaries of the domains. Red: enriched. Blue: depleted. The topological boundary information was obtained from Ho et al.22
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Genome-wide Pearson correlation coefficients for H3K27me3, H3K36me3, Pc, Pcl, E(z) (modENCODE), and Scm and Pc (BioTAP-XL) from S2 cells using
500 bp bins. D. Comparison of peak broadness for Psc, Pc (modENCODE ChIP-seq), and Scm, Pc and E(z) (BioTAP-XL) in embryos. ****: P-value < 10¡15.
Even for the same factor, Pc, the profile mapped by BioTAP-XL shows significantly broader peaks than that from ChIP-seq.
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