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SUMMARY

Metazoan genomes are partitioned into modular chro-
mosomal domains containing active or repressive
chromatin. In flies, Polycomb group (PcG) response
elements (PREs) recruit PHO and other DNA-binding
factors and act as nucleation sites for the formation
of Polycomb repressive domains. The sequence
specificity of PREs is not well understood. Here, we
use comparative epigenomics and transgenic assays
to show that Drosophila domain organization and PRE
specification are evolutionarily conserved despite
significant cis-element divergence within Polycomb
domains, whereas cis-element evolution is strongly
correlated with transcription factor binding diver-
gence outside of Polycomb domains. Cooperative
interactions of PcG complexes and their recruiting
factor PHO stabilize PHO recruitment to low-speci-
ficity sequences. Consistently, PHO recruitment to
sites within Polycomb domains is stabilized by
PRC1. These data suggest that cooperative rather
than hierarchical interactions among low-affinity se-
quences, DNA-binding factors, and the Polycomb
machinery are giving rise to specific and strongly
conserved 3D structures in Drosophila.

INTRODUCTION

The regulation of complex genomes in multicellular organisms
requires both flexibility and stability. Genomes must be flexible
enough to accommodate multiple cell-type-specific transcrip-
tional programs. Simultaneously, genome regulation must be
sufficiently stable to avoid aberrant gene activation in committed
or differentiated cells. Genomes have adapted to this challenge
by evolving a sparse dispersion of genes within vast genomic ter-
ritories, which are dotted with hundreds to thousands of small
regulatory elements. Importantly, the local sequence specificity
of metazoan regulatory elements within such vast territories is
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not higher than that observed in much more compact genomes,
leading to the spontaneous evolution of millions of possible
spurious binding sites for a typical sequence-specific transcrip-
tion factor (TF). Nevertheless, extensive mapping of binding sites
for hundreds of DNA-binding factors has shown that only many
thousands of enhancer elements, rather than millions of potential
spurious binding sequences, are specifically identified and
engaged by combinations of TFs and chromatin regulators. It
was suggested that such specificity is facilitated by cooperative
binding of TFs (Junion et al., 2012) and by epigenetic mecha-
nisms that selectively provide access to a small subset of the
genome. The specificity of epigenetic regulation itself, however,
remains poorly understood. For example, simple hierarchical
models postulating that sequence-specific “pioneer” factors
dictate specificity in genome regulation during cell-fate commit-
ment cannot explain much of the experimental data (Rothen-
berg, 2014). Recently, the discovery of topologically associating
domains (TADs) in flies and mammals showed that chromo-
somes can compartmentalize genomes into relatively isolated
building blocks (Dixon et al., 2012; Nora et al., 2012; Sexton
et al., 2012), but how such compartmentalization affects regula-
tory specificity remains unclear.

Repressive Polycomb topological domains, characterized by
the presence of the H3K27me3 mark, constitute a major subdi-
vision of the eukaryotic genome and provide a paradigm for
understanding epigenome regulation and chromosomal domain
structure. Initial genetic studies in flies characterized the Poly-
comb group (PcG) system as being responsible for maintaining
HOX gene repression following its initial setup during early
embryonic development (Duncan, 1982; Lewis, 1985). Subse-
quent work demonstrated a more dynamic role of PcG proteins
in defining cellular identities through the epigenetic repression of
key developmental regulators (reviewed in Schuettengruber and
Cavalli, 2009). Genomic analysis generated a multilayered view
of PcG-mediated gene regulation involving a combination of Poly-
comb repressive complex 1 (PRC1) and 2 (PRC2) their associated
histone marks, HA2 ubiquitylation of lysine 119 (H2AK119ub) or
trimethylation of lysine 27 on histone H3 (H3K27me3), and chro-
mosomal looping (Bantignies and Cavalli, 2011). In Drosophila,
specific sequences termed Polycomb group response elements
(PREs) are known to recruit PcG complexes to their target genes
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Figure 1. Comparative Epigenomics of Polycomb Domains

(A) Phylogenetic statistics of the Drosophila species used in this study. Data on divergence are provided with respect to the entire genome or regions that are
annotated as H3K27me3-marked domains in D.mel.

(B) Scatterplots depicting the correlation between H3K27me3 ChIP-seq enrichment in syntenic loci for the indicated Drosophila species.

(legend continued on next page)
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via their interaction with sequence-specific DNA-binding pro-
teins defined as PcG recruiters (Muller and Kassis, 2006).
Wang et al. (2004) proposed a recruitment model that suggests
a hierarchy of binding events to PREs: first, sequence-specific
binding of DNA-binding factors lead to the subsequent targeting
of PRC2, which then helps to recruit the later-acting PRC1 com-
plex via its interaction with the PRC2-specific histone mark
H3K27me3. However, in mammals it was recently demonstrated
that PRC1 variant complexes can be recruited to DNA inde-
pendently of PRC2, but in turn the PRC1-associated mark
H2AK119ub helps to recruit PRC2 (Blackledge et al., 2014;
Cooper et al., 2014). The sequence requirements for targeting of
mammalian PRC complexes are still unclear, but CpG islands
seem to play a major role.

Isolation and perturbation analyses of Drosophila PREs have
uncovered several sequence motifs that are required for the as-
sembly of the PcG machinery on reporter constructs (Brown
etal., 1998; Déjardin et al., 2005). Among these, the binding sites
of Pleiohomeotic (PHO) and Dorsal Switch Protein 1 (DSP1)
were particularly enriched in genomic catalogs of putative
PREs (Schuettengruber et al., 2009). However, none of the mo-
tifs or their associated DNA-binding proteins are sufficient to re-
cruit PcG proteins to their targets (Muller and Kassis, 2006).
Whereas mutation of PHO induces homeotic phenotypes similar
to those observed in loss-of-function PcG mutants, mutations of
DSP1 exhibit a variety of phenotypes—some similar to PcG mu-
tants and others more typical of mutants for a Trithorax group
gene, a factor known to counteract PcG function. Hence,
PcG-recruiting factors are associated with transcriptional acti-
vation as well as repression (Fujioka et al., 2008; Kwong et al.,
2008; Schuettengruber et al., 2009). PHO, in particular, binds
numerous putative promoter and enhancer elements outside a
PRE context (Schuettengruber et al., 2009), and it was shown
to interact with the INO80 chromatin-remodeling complex in
addition to PcG complexes (Klymenko et al., 2006). Of note,
the mammalian homolog of PHO, YY1, is able to rescue a pho
zygotic mutant, but does not seem to play a major role in PcG
recruitment in mammals (Atchison et al., 2003; Mendenhall
et al., 2010). DSP1 was also shown to bind to many non-PRE
loci in Drosophila embryos, which are marked strongly by
GAGA motifs (Schuettengruber et al., 2009). Thus, despite the
unambiguous genetic and genomic evidence for PREs, and for
the involvement of PHO and DSP1 in their function, the speci-
ficity of the process remains difficult to understand based on
studies of individual factors or loci. Thus far, any attempts to
predict PREs from genomic sequence alone have only been
partly successful (Fiedler and Rehmsmeier, 2006; Kassis and
Brown, 2013; Ringrose et al., 2003; Schuettengruber et al.,
2009; Zeng et al., 2012).

Here, we study the function and evolution of PRE sequences
within the broader context of multigenic Polycomb topological
domains (hereafter referred to as Polycomb domains). Compar-
ative epigenomics shows that during the evolution of Drosophila

species, and despite extensive sequence divergence, the struc-
ture of the Polycomb domain in syntenic genomic regions re-
mained perfectly conserved. This remarkable stability was
facilitated by the high conservation of PRC1 binding at putative
PREs. In the relatively few cases in which PRC1 binding
diverged, transgenic PRE assays indicate that cis-element diver-
gence was the likely cause of functional divergence. In other
cases, however, divergence in cis is not linked to functional
PRE divergence in Polycomb domains. We explain this effect
by showing that targeting of the PcG recruiter PHO to
PREs within Polycomb domains can be driven by PHO-DNA
interactions that occur over a wide spectrum of noncanonical,
low-affinity binding sites. Such sites are hypothesized to buffer
pronounced evolutionary divergence without significant loss of
PRE function. Instead of high sequence affinity, our data indicate
that PHO recruitment relies on cooperative effects with other TFs
(e.g., DSP1) and on a positive feedback loop induced by PRC1
binding. Therefore, the sequence specificity of Polycomb do-
mains in flies is established through cooperative rather than hier-
archical interactions between sequence-specific factors and the
Polycomb machinery, in a way that potentially also involves the
formation of 3D chromatin hubs associating with several PREs.
A similar interplay among sequence-specific genomic signals,
epigenetic factors, and large-scale chromosomal structure
may have general implications for regulatory genomics and epi-
genomics in metazoans.

RESULTS

Evolutionary Conservation of H3K27me3 Repressive
Domains in Drosophila Embryos

To characterize the evolution of Polycomb domains in
Drosophila, we performed chromatin immunoprecipitation
sequencing (ChlP-seq) for the H3K27me3 mark on 4- to 12-hr-
old embryos from D. melanogaster (D.mel), D. simulans (D.sim),
D. yakuba (D.yak), D. pseudoobscura (D.pse), and D. virilis
(D.vir) (see Supplemental Experimental Procedures). These spe-
cies represent variable levels of evolutionary distance from
D.mel, with overall local identity on alignable sequences varying
between 92% (D.sim) and 39% (D.vir) of the D.mel genome. We
note that sequences marked by H3K27me3 are evolving more
slowly than other genomic regions, as indicated by both the point
mutation level and the overall retained aligned sequences
(Figure 1A). Nonetheless, the rate of sequence divergence is
substantial and in principle could support changes in the defini-
tion of genomic Polycomb domains. Surprisingly, however, a
comparative analysis of the species ChlP-seq that was pro-
jected onto the D.mel genome indicated a remarkable pointwise
conservation of H3K27me3 occupancies (Figure 1B). The overall
correlation between the orthologous profiles was higher than
0.79 even for the remote species D.vir. Moreover, the root-
mean-square of pairwise differential ChlP-seq ranged between
1.32 and 1.7 (Figure 1C), maintaining levels comparable to those

(C) Summary of H3K27me3 divergence in each species compared with D.mel.

(D) Comparison of H3K27me3 enrichment levels in D.mel embryos and other developmental stages.
(E) Examples of evolutionarily conserved H3K27me3 domains that are developmentally plastic. The y axis represents normalized ChIP-seq values.

See also Figure S1.
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Figure 2. High Conservation of PRC1-Bind-
ing Sites
(A) Spatial distributions of D.mel ChIP-seq data for

observed between replicate experiments (Figures S1A and S1B).
The extreme evolutionary conservation of H3K27me3 domains is
nontrivial, since H3K27me3 domains are developmentally plastic
(Negre et al., 2011; Figures 1D, 1E, and S1C). Thus, although
reprogramming of Polycomb organization is not observed evolu-
tionarily, it occurs throughout Drosophila’s life cycle. In conclu-
sion, nonduplicated and nondeleted Polycomb domains in
the embryonic stage conserved their H3K27me3 association to
near completeness despite substantial underlying sequence
divergence.
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H3K27me3, and H3K4me3 distributions
around PH peaks within these Polycomb domains, classing sites
according to their proximity to a TSS (defining TSS versus non-
TSS sites; Figure 2A). There is some sequence conservation
(mean 30% decrease in convergence rate) in the —200
to +200 bp range around non-TSS PRC1 sites, with accelerated
evolution in the 400-800 bp around the site (Figure 2B), consis-
tent with the broad evolutionary patterns observed around
Drosophila enhancers (Kenigsberg and Tanay, 2013). Despite
this relatively mild sequence conservation, a comparative PH
ChlP-seq analysis (Figures S2A and S2B) indicated that



PRC1-binding sites are very highly conserved and rarely diverge
at all. Systematically, we estimated a high degree of conserva-
tion of PH-binding levels in all species, with conservation slightly
higher in TSSs (Figures 2C and 2D). These data indicated that
PRC1 occupancy tolerates significant cis-element divergence,
but also provided us with specific cases of divergence for anal-
ysis at higher resolution.

Linking cis-Element and PRC1 Occupancy Divergence
When we screened the ChlP-seq profiles, we identified 379 sites
within PcG domains that are conserved across the Drosophila
species (Figures 2E-2G and S3; Table S1) and 32 potentially
diverged elements (Figure S2C). For example, a putative
diverged PRC1-binding site, located within the Antp locus,
shows increased PH-binding levels in D.pse that correlates
with the gain of one strong GAGA repeat and two PHO
(GCCATTT) boxes (Figure 3A). Both of these motifs were previ-
ously suggested to be important for PRC1 recruitment in D.mel
(Schuettengruber et al., 2009). In another case, an element within
the Sox21b region loses PRC1 binding in D.pse concomitantly
with divergence of the GAGA repeat sequence, but not of a
PHO box (Figure 3B). To validate that these elements are indeed
functionally divergent due to local sequence perturbation, we
generated transgenic reporter D.mel flies carrying either the
D.mel sequence or the orthologous D.pse sequence upstream
of a mini-white reporter gene. As controls, fly lines carrying the
empty vector, a promoter region (Zif) that is not associated
with PcG proteins at any developmental stage, or the well-char-
acterized D.mel bxd PRE were generated. The reporter con-
structs were integrated at the same genomic position to avoid
position effects, and PRE activity was determined by analyzing
repression of the reporter gene using the eye color as a readout
(Figures 3C-3H) or by determining the ability of the transgene to
recruit the repressive histone mark H3K27me3 by quantitative
ChlIP (qChlIP) assays (Figures 3I1-3K). For the analyzed Antp locus
(8R282), the D.mel sequence did not show any PRE characteris-
tics (i.e., no significant repression of the reporter gene compared
with the control “vector only,” and no association of the trans-
gene with repressive histone marks), whereas the orthologous
sequence derived from D.pse significantly repressed the re-
porter gene in a dosage-dependent manner (pairing-sensitive
silencing [PSS]) and was associated with increased levels of
the H3K27me3 mark (Figures 3C, 3F, and 3l). In contrast, the pu-
tative diverged PRE sequences from the Sox271b gene locus
(8L141) only showed functional PRE features when derived
from D.mel (Figures 3E, 3H, and 3K). In summary, our transgenic
analysis shows that the divergence of specific sequence ele-
ments (PHO and GAGA) could underlie cis-driven divergence
of PRC1 binding in a few cases.

Extension of the comparative sequence analysis to 12
Drosophila species suggested that an association between
GAGA/PHO motifs and the orthologous PREs defined by the
conserved recruitment of PRC1 in four species is more univer-
sally conserved (Figures S4A and S4B). In fact, PHO and
GAGA motifs are somewhat more conserved in the context of
these orthologous PRE sites than in the rest of the genome (Fig-
ures S4C and S4D), even when stratifying for regional sequence
conservation (Figure S4E). However, this degree of conservation

is far from sufficient to predict the very highly conserved recruit-
ment of PRC1 alone (Figure S4F). A possible explanation for this
discrepancy is that some buffering mechanism contributes to
the stabilization of PRC1 recruitment in a way that can tolerate
significant divergence of local sequence elements.

Combinatorial PHO and DSP1 Occupancy Marks PRC1
Sites

To explore the relationship between PHO/DSP1 binding conser-
vation and PRC1 recruitment conservation in more detail, we
performed ultradeep ChlIP-seq for the PcG recruiter factors (Fig-
ure S5A), focusing first on the D.mel genome. We compared
the sites for one or both factors with PRC1 recruitment and
H3K27me3 labeling, classing the sites based on whether or not
they are present at TSSs and/or within Polycomb domains. Fig-
ure 4A shows that joint PHO/DSP1 sites within Polycomb do-
mains co-occur perfectly with PRC1-binding sites (n = 159
and n = 103 for non-TSS and TSS contexts, respectively).
PHO-only binding sites can also be observed at non-TSSs within
Polycomb domains (n = 206), although in these cases PRC1
enrichment is observed at weaker levels. In contrast to these
patterns, outside of Polycomb domains, we observe all combi-
nations of PHO- and DSP1-binding sites (joint binding and
PHO- or DSP1-only sites), at non-TSSs or TSSs. Taken together,
these results show that PHO and DSP1 cobinding distributions
are globally correlated with PRC1 occupancy, whereas PHO
binding and DSP1 binding are less correlated with each other
in other genomic contexts where PRC1 binding is generally
lacking.

PHO Binds Weak cis Elements in a
Polycomb-Domain-Dependent Fashion

A motif enrichment analysis in PHO- and DSP1-binding sites
gave the expected binding sequences for the two factors.
Further analysis revealed that combined PHO/DSP1-binding
sites are characterized by strong GAGA motif enrichment (up
to 85-fold higher than background level) but little or no PHO motif
enrichment (Figures 4B and 4C). On the other hand, PHO sites
lacking DSP1 enrichment are enriched for PHO motifs (45- to
60-fold over background levels), but not GAGA motifs, and
DSP1-only binding sites are enriched for GAGA motifs, but not
PHO motifs. To better understand the corecruitment of PHO
with DSP1 in the absence of canonical PHO motifs, we derived
ChIP-seq distributions at genomic sequences based on their fit
to the PHO consensus (from a completely randomized sequence
to a perfect consensus match), further breaking down the se-
quences to their presence at TSSs and the epigenetic identity
(Polycomb, active, or null; Sexton et al., 2012) of their topological
domains (Figures 4D and 4E). Strikingly, PHO recruitment to non-
TSS sequences within Polycomb domains is effective even when
the sequence is far from the optimal consensus. PHO recruit-
ment to such low-specificity sites is far less efficient within null
domains and is only efficient at active domains when in a TSS
context. DSP1 recruitment to weak GAGA motifs is generally
weaker outside of a TSS context, and is equally sensitive in
active and Polycomb domains, with very poor recruitment in
null domains. From these analyses, we conclude that sequence
information is interpreted in a context-dependent manner to
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Figure 3. Scenarios for cis-Driven PRE Evolution
(A) qChlP (left), regional ChIP-seq profile (right), and annotated sequence alignment (bottom) for a region in the Antp locus in which a D.pse-specific PH site is
detected. GAGA repeats are highlighted in yellow and PHO motifs are highlighted in green.
(B) Similar to (A), but showing data for PH binding that is specifically lost in D.pse at the Sox27b gene region compared with the other species.
(C—K) Results of transgenic reporter assays.
(C-E) Eye phenotype of transgenic fly lines. Four-day-old male flies, either heterozygous (bottom) or homozygous (top), are shown.

(F-H) Quantification of eye pigment in the heads of transgenic flies. Pigment levels are expressed as the percentage of WT pigment. Heads of 4-day-old male flies
were used for each assay. The SD from three independent experiments is shown. The PSS score was calculated from mean pigment levels as heterozygote/
homozygote for each diverged PRE region, normalized to the same ratio calculated for the “vector only” control line.
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determine PHO or DSP1 binding, or their joint binding. Se-
quences within Polycomb domains, in particular, are capable
of recruiting PHO through weak binding sites, possibly through
cooperative mechanisms.

PHO Binding Evolutionary Divergence Is Correlated with
cis-Element Divergence Only outside of Polycomb
Domains

Analysis of overall sequence conservation around strong D.mel
PHO and GAGA motifs (Figure 5A and 5B) shows that these mo-
tifs are moderately well conserved themselves (showing only a
30% decrease in divergence rate compared with the back-
ground). On the other hand, these motifs are typically located
in a region of 200-400 bp, showing significant overall conserva-
tion. Regional conservation is observed, to some extent, even
around motifs that lack PHO or DSP1 binding in embryos. There-
fore, the evolutionary conservation of PHO-and DSP1-binding
sites may involve not only the known cis elements analyzed
above but also additional sequences that together define an
element on a scale of a few hundred bases. We performed
comparative ChlP-seq of PHO and DSP1 in four Drosophila spe-
cies and showed that indeed, despite the limited conservation of
the motifs, most of the factors’ binding landscapes are well
conserved (Figures 5C, 5D, and S5B-S5G), showing quantita-
tively higher stability than previously described for other factors
that are not part of the Polycomb recruitment machinery (Fig-
ure S5H). Breaking down sites according to their context, we
observed generally high PHO binding conservation (¢ = ~1.5)
with some preference for TSSs within Polycomb domains (¢ =
1.1), and higher divergence of Dsp1 sites (¢ = ~2), with more
constrained evolution at TSSs within active domains (c = 1.6).
Importantly, the divergence in PHO binding within Polycomb
domains is uncorrelated with the sequence divergence of PHO
motifs (Figure 5E), whereas we observe a significant correlation
between the two in active domains or null domains (spearman
rho coefficient up to 0.35, p << 107'%). On the other hand, the
divergence of DSP1 binding is significantly correlated with
GAGA motif divergence in all contexts (rho 0.19-0.42, p <<
107", Combined with the observations of low-affinity motif
enrichment described above, our evolutionary analysis suggests
that within Polycomb domains, PHO binding is buffered by coop-
erative factors and thus is capable of engaging low-affinity sites
and being less sensitive to the evolutionary divergence of high-
affinity binding sites. This buffering might contribute to a highly
conserved evolutionary signature and in turn may underlie
the conservation of H3K27me3 domains and PRC1 binding
landscapes.

Recruiting the Recruiter: Predicting PHO Binding
Intensity Given PHO Motifs and PRC1 Occupancy
According to the hierarchical PcG recruitment model (Wang
et al., 2004), PHO should be a pioneer factor, binding its cognate
DNA motifs specifically to promote the recruitment of PRC2 and

PRC1. As noted above, however, sequence specificity alone
cannot predict PHO and DSP1 binding accurately, so the high
degree of correlation and predictability of PRC1 binding levels
from the factors’ binding profiles in all species (Figures S6A-
S6C) reflects a strong, but not necessarily causative, correlation.
Using classification of PHO-binding sites into Polycomb, active,
and null domains, we observed a remarkably high correlation be-
tween the quantitative binding intensity of PH and PHO within the
Polycomb domain context. A large range of PHO binding levels
in the Polycomb domain context is also observed (Figure 6A).
However, an analysis of the correlation between factor binding
and sequence affinity (as predicted from the pho motif; Figure 6B)
suggested that sequence-driven recruitment of PHO is strongly
supported in active or null domains, but not in non-TSS contexts
within Polycomb domains. To resolve this apparent contradic-
tion, which goes against the hierarchical Polycomb recruitment
model (Wang et al., 2004), we normalized PHO binding intensity
by PH binding intensity to the same site, and recomputed the de-
gree of sequence to binding correlation (Figure 6C). Modeling
PHO as a function of PH binding and PHO motifs in this manner
generated accurate quantitative predictions, explaining 73%-
80% of the variance and significantly exceeding other hypothet-
ical models that aim to predict PHO binding from combinations
of its motifs and other factors (Figures S6D and S6E). The data
therefore suggest that instead of a well-separated hierarchy of
mechanisms, PRE specificity may involve a bidirectional interac-
tion between recruiters and PRCs. An initial modest sequence
specificity for PHO recruitment within Polycomb domains may
be amplified through a PRC1-dependent positive feedback
loop, making the ultimate PHO binding landscapes within Poly-
comb domains a complex function of sequence, DNA-binding
factors, and PRC1 interactions.

Topological Clustering of PHO Sites within Polycomb
Domains

In flies, Polycomb domains cluster in the nucleus to form specific
compartments called Polycomb bodies (Cheutin and Cavalli,
2014). Within these nuclear compartments, PREs form specific
spatial contacts (Lanzuolo et al., 2007; Lo Sardo et al., 2013),
and it was suggested that PcG-mediated repression works in
part by forming chromosomal loops that bring PREs into contact
and antagonize transcriptional activation on repressed TSSs
(Cheutin and Cavalli, 2014). A possible scenario for more robust
binding of PHO within Polycomb domains is that looping
brings PHO-binding sites into close spatial proximity, thereby
increasing the local concentration of PHO as well as Polycomb
proteins and facilitating PHO binding even at suboptimal
DNA motifs. Indeed, analysis of the degree of PHO clustering
and its conservation between D.mel and D.pse strongly sug-
gested that the spatial organization of PHO-binding sites within
Polycomb domains is more conserved compared with other
genomic regions (Figure 6D). In order to better characterize
the 3D environment of PHO-binding sites, we generated an

(I-K) qChlIP assays performed on embryos (0-12 hr old) of the indicated transgenic fly lines using H3K27me3 antibodies. Primers 1 and 2 amplify the TSS region,
whereas primer 3 amplifies the white coding region. Data were normalized to the positive control (engrailed PRE, “En”). As a negative control, the housekeeping
gene rp49 was used (*p < 0.01, *p < 0.05 as calculated from a two-tailed t test). Error bars represent the SD of the means of three independent experiments.

See also Figure S4 and Table S2.
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Figure 4. PcG Recruiter Sequence Specificity Is Dependent on Context

(A) Mean spatial enrichment statistics for PHO and DSP1 for groups of joint (top) and factor-specific (middle and bottom) sites. Sites are further stratified ac-
cording to their association with a Hi-C Polycomb domain and their TSS proximity (TSS, within 500 bp of a TSS; N, >500 bp away). Data for H3K27me3 and
H3K4me3, as well as for the PRC1 component PH, are added in dashed lines.

(B) Enrichment of sequence motifs is depicted for groups of joint and factor-specific sites as defined in (A). For each group, the distribution of motif scores is
compared with the background distribution (black dashes) that is estimated from TSS-linked or unlinked sequences as appropriate.

(C) Summary of motif enrichment. Fold change is estimated from a comparison with the top first and fifth percentiles of the background distribution.

(D) Boxplot showing the genome-wide distribution of PHO ChIP-seq enrichments at sites with increasingly more specific motif scores (x axis, lower quartile on the
left, upper 0.1 percentile on the right). The analysis is stratified to TSS and non-TSS contexts (right and left panels) and to the type of Hi-C domain in which each
locus is contained (color-coded boxplots).

(E) Similar to (D), but for DSP1 ChIP-seq enrichments with respect to GAGA motif scores.

See also Figure S4.
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Figure 5. cis-Driven Evolution of PHO Is Buffered within Polycomb Domains

(A) Sequence divergence statistics around PHO motifs, estimated by the log of the ratio between the observed and expected numbers of substitutions in a
12-species Drosophila phylogeny. All occurrences of a PHO motif above some threshold were stratified according to their domain context (blue, Polycomb; red,
active; black, null), their TSS proximity (>500 bp for a TSS [solid line], <500 bp from a TSS [dashed line in the left half of the graph]), and their PHO ChIP-seq
occupancy.

(B) Similar to (A), but analyzing GAGA motifs and DSP1 sites.

(C) Divergence of PHO and DSP1 ChIP-seq on syntenic Drosophila sequences. Data for a pairwise comparison of D.mel and three other species are shown. For
each pair, divergence is estimated on sites that are occupied by a factor in either of the species. Stratification according to domain type and TSS proximity was
done as described above.

(D) Summary of divergence statistics shown in (C).

(E) Spearman correlation values testing the linkage between divergence in motif scores (following sequence divergence) and divergence in factor binding as
estimated by comparative ChlP-seq. All values above 0.1 are statistically highly significant (p << 10"°).

See also Figure S5.
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Figure 6. Potential Cooperative Factors underlying PHO Genomic Specificity
(A) Scatterplots comparing ChlP-seq enrichment values for PHO and PH in different epigenomic contexts.

(B) Spearman correlations between PHO motif scores and PHO ChlIP-seq for different epigenomic contexts.

(C) Spearman correlations between pho motif scores and the PH-normalized PHO ChIP-seq binding intensity for different epigenomic contexts.
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ultrahigh-coverage Hi-C map from D.mel embryos and explored
the internal Polycomb domain structure at a higher resolution
than was previously attainable. Hi-C was performed as previ-
ously described (Sexton et al., 2012) and sequencing was
extended in order to obtain ~281 million mapped and filtered
contacts. When we looked at the interaction maps around pairs
of PHO non-TSS sites within Polycomb domains, we observed a
high degree of enrichment of interactions within 10 kb of the
sites compared with regions more distal (~50 kb) to the sites
(Figure 6E). Contact enrichment was significantly weaker for
non-TSS sites in active domains (Figure 6F). Furthermore, we
observed enrichment of contacts between non-TSS and TSSs
sites within Polycomb domains, but not in active domains. For
TSSs within Polycomb domains, the contact enrichment was
localized, whereas for TSSs in active domains, we observed
preferential contacts on the TSSs but also some potential con-
tacts over the gene body (the diagonal of increased contacts in
the lower-right quadrant of the Hi-C submatrix). We also quanti-
fied the absolute (rather than regionally normalized) fraction of
contacts that PHO-binding sites form with other PHO sites
(with or without DSP1 cobinding; Figure 6G). We found that
PHO sites preferentially contact each other in Polycomb do-
mains, but not in active or null domains, showing that in addition
to the spatial preferences identified in Figure 6E, genomic clus-
tering of PHO sites and intradomain compaction give rise to a
distinct topological environment around PHO sites in Polycomb
domains. These data raise some questions about the role of
PHO- and PRC1-bound chromatin hubs in combining the low
specificities of several unlinked genomic loci into a more stable
folded structure.

PRC1 Knockout Results in a Polycomb-Domain-Specific
Reduction in PHO Binding

To further test the cooperative nature of PHO and PRC1 recruit-
ment within Polycomb domains, we analyzed PHO binding
within or outside of Polycomb domains in PH mutant embryos.
Notably, in these mutants, PC recruitment was also strongly
reduced (Figure 7D), suggesting that the stability of the whole
PRC1 complex was affected. qChlIP experiments revealed a
reduced binding of PHO to PREs within Polycomb domains in
PH mutant embryos, whereas binding of PHO to active pro-
moters outside the Polycomb context was not significantly
affected (Figures 7A and S7A). In order to extend this analysis
to a genome-wide scale, we performed PHO ChIP-seq in PH
mutant embryos. Analysis of differential PHO binding in different

contexts showed a highly significant decrease in PHO recruit-
ment specifically in Polycomb domains (Figures 7B and 7C).
This was concomitant with a significant reduction in PRC1 bind-
ing, as expected (Figure 7D). Interestingly, in PH mutant em-
bryos, we detected a significant correlation between pho motifs
and PHO binding even within Polycomb domains (rho =0.17, p <
6 x 10°%in non-TSS loci, rho = 0.44 p< 10~8in TSSs), in contrast
to the lack of such dependency in wild-type (WT) (rho = 0.08, p <
0.07 in non TSSs, rho = 0.28, p < 3 % 10~%in TSSs). We next
wished to test whether outside of Polycomb domains and
PRC1 presence, PHO-binding sites are colocalized with some
alternative chromosomal factor. Analysis of domain-type-
dependent colocalization of PHO and DSP1 with insulator pro-
teins (Negre et al., 2010) showed that in non-PcG contexts,
TSS PHO sites were strongly colocalized with CP190 and
BEAF32 (Figure S7A), and possibly linked to active transcription
(Figure S7B) and enrichment of long-range contacts (Fig-
ure S7C). We did not detect significant insulator enrichment on
DSP1 sites, or on PHO sites in a non-TSS context. Together,
these data indicate that PHO recruitment to DNA within Poly-
comb domains involves a feedback interaction with PRC1. This
feedback is likely facilitated through local cooperativity, but
also occurs within the context of long-range contacts formed
in PcG hubs as described above. Even outside of Polycomb do-
mains, PHO binding may be promoted by and/or promote the
formation of long-range contacts via colocalization with the gen-
eral, non-sequence-specific CP190 protein.

DISCUSSION

Multilayer Organization and the Evolutionary Buffering
of Polycomb Domains

We used comparative epigenomics to demonstrate that Poly-
comb domains are an extremely well conserved feature of
the genome during fly evolution. In fact, the evolutionary profile
of epigenomic domain organization in embryos of five Drosophila
species indicates a complete lack of divergence of H3K27me3-
marked Polycomb domains in syntenic regions. A similar high
conservation of the H3K27me3 pattern across Drosophila spe-
cies was recently described (Arthur et al., 2014). Polycomb do-
mains typically harbor several PH-marked PREs, and a compar-
ative analysis showed that these are also highly conserved and
the few loci that show a divergence of PRC1 occupancy patterns
are not correlated with overall domain divergence. Likewise, the
binding of PHO and DSP1 is highly conserved (to a degree at

(D) Cumulative distributions (left) of the distances between PHO sites and the nearest adjacent PHO site outside of PcG domains (red) and within PcG domains on
three levels of motif energy (blue, high; gray, medium; black, low). Right: cumulative distribution of differential PHO-to-PHO distances for syntenic loci between
D.mel and D.pse, again stratifying according to domain context. Kolmogorov-Smirnov statistics for the PcG versus non-PcG distributions are indicated.

(E) 2D submatrices derived from Hi-C data, centered according to pairs of PHO-binding sites within PcG domains. The submatrices are oriented according to the
strand of the closest TSS. Site pairs are classified as non-TSS (left), TSS (right), and mixed contexts (middle). The total number of observed contacts in each
spatial bin was divided by the number expected from a technical correction model. Ratios were then further normalized according to the mean ratio in the outer
7 kb frame of each matrix. A fixed color scale was then applied to visualize the matrices.

(F) Similar to (E), but using PHO-binding sites in active domains.

(G) The total (marginal) number of contacts observed for 2 kb elements centered on PHO sites were counted and normalized to the total number of contacts
between PHO sites and other sites, classed according to sites binding only PHO, only DSP1, or both PHO and DSP1. This analysis is distinct from that shown in (E)
because it omits the regional normalization and thus reflects the absolute frequency of recruiter-recruiter interactions within Polycomb domains.

(H) Similar to (G), but based on control sites that show DSP1 enrichment without PHO.

See also Figure S6.
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Figure 7. PRC1 Knockout Selectively Impairs PHO Recruitment to
Polycomb Domains

(A) qChlIP experiments of WT or PH mutant embryos (PH™") using PHO an-
tibodies. Primers specific for PREs (left) or active promoters bound by PHO
outside the PcG context (right) were used. Results are represented as the
percentage of input chromatin precipitated. The SD was calculated from at
least four independent replicate experiments (*p < 0.05 as calculated from a
two-tailed t test).

(B) PHO ChlIP-seq intensities of WT and PH mutant embryos, color-coded
according to context.

(C) Boxplot depicting differential PHO ChlP-seq binding in WT and PH mutant
embryos, classified according to domain type (color), co-occurrence of DSP1
(both/PHO), and TSS context (N, non-TSS; T, TSS).

(D) Similar to (C), but showing differential PC ChIP-seq intensities.

See also Figure S7 and Table S2.
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least as strongly, and possibly more strongly, than binding of
individual factors; Bradley et al., 2010; He et al., 2011), but
even cases of diverged factor occupancies are usually not corre-
lated with overall PRE divergence. In marked contrast, the se-
quences underlying PREs and Polycomb domains are diverging
extensively, and sequence-based prediction of PREs across
Drosophila species suggested that divergence of PREs could
occur frequently (Hauenschild et al., 2008). However, neither
our ChlP-seq experiments nor our transgenic reporter assays
support this dynamic behavior (Figure S3). Instead, we show
that such sequence divergence is buffered by the epigenetic
targeting mechanisms to maintain Polycomb domains. We sug-
gest that the multilayered organization uses redundancy and
cooperativity to facilitate the remarkable Polycomb domain con-
servation. This is occurring both in cis, where several TFs collab-
orate to define a regulatory element even when the underlying
sequence is imperfect (see, e.g., Stefflova et al., 2013), and at
the domain level, where several PREs participate to define the
PcG domain structure and possibly stabilize each other.

The Sequence Specificities of PREs Are Not Fully
Encoded in cis

Although PREs are associated with several known sequence
features (such as GAGA- and PHO-binding motifs) in a statisti-
cally significant way, these features are not sufficient to distin-
guish many PREs from the genomic background and from other
PHO- or DSP1-bound active chromatin elements (Schuetten-
gruber et al., 2009). There are many possible explanations for
this lack of specificity, including the existence of additional,
yet-to-be-characterized sequence-specific recruiting factors;
the involvement of nucleosome positioning; transcription of non-
coding RNAs; or imperfect modeling of the sequence specificity
of the known factors. The data presented here, however, intro-
duce a new perspective that can help resolve this conundrum.
In contrast to previous hypotheses, the data show that even
when strong binding sites are lacking, PHO and DSP1 may
bind PREs directly through weak (but highly nonrandom) motifs.
Remarkably, sequence affinities that are completely nonspecific
on a genomic scale (possibly defining millions of spurious sites)
are still highly informative for predicting the binding intensity
within the context of a PRE. The strong correlation of PHO
binding with weak but nonrandom motifs makes it unlikely that
binding to these sites represents indirect binding via interac-
tion/looping with strong binding sites. The data show that in
order to understand PRE sequence specificity, we must take
into account multiple potential binding sites with variable affin-
ities and fidelities, and consider their cooperative interaction in
the context of the PRE chromosomal landscape. This idea is
compatible with the evolutionary constraints on PRE sequences,
which we have demonstrated here to affect a spectrum of bind-
ing affinities rather than to conserve classical binding sites alone.

Cooperative Rather than Hierarchical Interactions of
PHO and PRC1 Contribute to PRE and Domain
Specification

What might be the molecular mechanism that allows the specific
binding of weak sites in the context of Polycomb domains? One
possibility is that cooperative binding of TFs at PREs supports



their occupancy of weak motifs. Indeed, we found that PHO
and DSP1 are bound jointly at PREs (with weak underlying
sequence motifs), whereas at other regions of the genome where
the factors bind alone, they are usually associated with strong
sequence motifs. This observation is in agreement with the
recently proposed “TF collective model,” according to which
combinatorial TF binding occurs with little or no apparent
sequence motifs for at least a subset of the bound factors (Ju-
nion et al., 2012).

In addition, we show that transient interactions of DNA-bind-
ing proteins with weak affinity sites are stabilized by the pres-
ence of the PcG proteins themselves. A similar observation of
a positive feedback of PRC1 on PHO binding was recently re-
ported (Kahn et al., 2014) and is further supported by the fact
that cooperative binding of PHO and Polycomb to PREs can
occur even in vitro (Mohd-Sarip et al., 2005). In vivo, long-range
contacts involving remote PREs within the same (or even a
different) Polycomb domain may contribute to this process (Ban-
tignies et al., 2011; Lanzuolo et al., 2007; Sexton et al., 2012).
Clustering of multiple flanking PREs in the 3D space of the nu-
cleus might generate Polycomb compartments characterized
by high concentrations of PcG proteins as well as their recruit-
ing DNA-binding proteins. In this scenario, loss of occupancy
following the dissociation of any of these factors from DNA
may be more easily replenished by the concentrated stock of
factor within a Polycomb compartment compared with individual
binding sites present elsewhere in the genome. This may push
the equilibrium toward increased PHO and DSP1 binding to
low-affinity sites and partially reduce the evolutionary pressure
to maintain the nucleotidic sequence of recruiter motifs at
PREs. Structural long-range effects may also inhibit PcG recruit-
ment in cases where active enhancers and TSSs are in prox-
imity to a candidate PRE sequence. Our analysis suggests
that H3K4me3-marked loci are also highly conserved, but the
low-affinity PHO- or DSP1-binding sites in them are completely
uncorrelated with occupancy of these factors, further supporting
a model of highly organized and cooperative epigenomic
organization.

In conclusion, the data presented here indicate that sequence
conservation collaborates with 3D chromatin architecture to
maintain an exceptional evolutionary stability of Polycomb-regu-
lated loci in fly genomes. This phenomenon highlights the contri-
bution of chromosome domains and their particular looping
structures to epigenomic specificity and genome evolution. Hi-
C analysis in mammals has revealed that topological domains
are a strikingly conserved feature between the mouse and hu-
man genomes (Dixon et al., 2012). Our data raise the possibility
that, beyond combinatorial contributions by TF-binding sites in
close proximity, the confinement of regulatory elements within
TADs and their frequent DNA contacts constitute significant
driving forces that also affect DNA sequence evolution in these
and possibly many other species.

EXPERIMENTAL PROCEDURES
Fly Strains

Drosophila species were obtained from the Drosophila Stock Center (http://
cis.arl.arizona.edu/stock.htm; stock numbers: D.sim 14021-0251.195, D.yak

14021-0261.01, D.pse 14011-0121.94, and D.vir 15010-1051.17). In addition,
the Oregon-R w1118 line of D.mel (R. Paro, Center of Biosystems, Science and
Engineering, Basel, Switzerland) was used.

Generation of Transgenic Fly Lines

Approximately 1.6 kb DNA fragments corresponding to conserved or
diverged PRE regions from both D.mel and D.pse were obtained by PCR
using specific primers. Each PCR fragment was cloned into a slightly modi-
fied attB-P[acman]-CmR-BW vector (BACPAC Resources Center) at the
BamHI restriction site. Plasmids were sent to BestGene for site-specific
integration using the PhiC31 integrase system into attp2 (chromosome
3L, cytological position 68A4) or VK7 sites (chromosome 3R, cytological
position 82A1). Site-specific integration was verified by standard PCR
analyses.

Eye Color Pigmentation Assay and Eye Imaging

For the eye pigmentation assay, 10 or 20 heads (depending on the eye color)
of 4-day-old male flies were collected and homogenized in EPE buffer (30%
EtOH-HCL [pH 2]) and incubated for 1 hr at 25°C in the dark. After centrifu-
gation, eye pigmentation was quantified by spectrometry at 480 nm. The
PSS score was calculated from mean pigment levels as heterozygote/homo-
zygote for each diverged PRE region, normalized to the same ratio calcu-
lated for the “vector only” control line. Transgenic flies were photographed
with a standard light microscope, always using the same time of exposure
for each diverged PRE and controls (*p < 0.01 as calculated from a two-tailed
t test).

ChIP Experiments
ChIP experiments on whole Drosophila embryos 4-12 hr after egg laying were
performed essentially as described in Schuettengruber et al. (2009). Anti-
bodies were diluted 1:100 for IP. For qChlIP, after immunoprecipitation and
DNA purification, enrichment of specific DNA fragments was analyzed by
real-time PCR using Roche Light Cycler equipment and accessories as
described in Comet et al. (2006). Data are expressed as the percentage of
input chromatin precipitated for each region examined. As a negative control,
Rp49 was included in the PCR experiments. For primer sequences, see
Table S2.

For ChIP-seq, 20 ng of the ChIP reaction and input DNA were used for the
library preparation. ChlP-seq was performed by the Montpellier GenomiX facil-
ity (MGX, http://www.mgx.cnrs.fr/index.php).

Antibodies

Antibodies against modified histones were obtained from Millipore (H3K4me3
[#04-745] and H3K27me3 [#07-449)). Antibodies against the proteins PC, PH,
and DSP1 are described in Schuettengruber et al. (2009). The antibody against
PHO used for ChIP-seq in the different Drosophila species is described in
Klymenko et al. (2006).

Sorting of PH Mutant Flies

Ph9®" mutant flies (Feng et al., 2011) were crossed to a balancer line ex-
pressing GFP from the Kriippel promoter. Homozygous Ph?'/Ph®' embryos
were collected from the heterozygous stock by selecting for GFP-negative
embryos using an embryo sorter (COPAS SELECT; Union Biometrica).
ChIP on WT and Ph9"? embryos was performed as described above.
The PHO antibodies used are described in Schuettengruber et al. (2009).
Note that this antibody gives essentially the same ChIP-seq profiles as the
PHO antibody used in the species ChIP-seq (Klymenko et al., 2006), but
seems to have reduced affinity in some non-melanogaster strains (data
not shown).

Low-Level ChIP-Seq Analysis and Phylogenetic Projection

ChIP-seq mapping, normalization, and phylogenetic projection were per-
formed as described in Supplemental Experimental Procedures. Briefly, we
created binding profiles and identified nonmappable and nonalignable re-
gions for each of the species independently. We then projected all syntenic
and mappable regions onto the D.mel coordinate space to facilitate
comparison.
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Motif Finding

Discriminative motif finding was performed as previously described (Schuet-
tengruber et al., 2009). The positive set in each species consisted of 400 bp
elements around peaks of PH or H3K4me3. The background set was defined
by shifting the positive set by 1,000 bp.

Sequence Affinities

For each motif and each species, we generated the sequence affinity in 20 bp
bins with respect to the D.mel genome by summing over the position weight
matrix (PWM) likelihoods across the orthologous sequence in the appropriate
species. Each 20 bp bin was extended to the summation of the surrounded
400 bp window. Again, in order to control for variable sequence content in
the different species, we transformed the sum of PWM likelihoods value to
minus log2 of its (1 — quantile) value.

Phylogenetic Motif Tracing

To analyze the enrichment of the inferred motifs in PH or H3K4me3 sites along
the Drosophila phylogeny, we used multiple alignment of 12 Drosophila spe-
cies and computed the enrichments as defined above in sequences that are
orthologous to the D.mel and D.pse elements. To ensure that the orthologous
elements were of a uniform size, we always used 400 bp around the center of
the projected locus.

Sequence Conservation Analysis

We used our previously described context-aware inferred substitution sta-
tistics (Chachick and Tanay, 2012; Kenigsberg and Tanay, 2013) to extract
statistics on the observed and expected numbers of point substitutions for
each alignable D.mel locus. We then pooled together loci around given
landmarks (e.g., PH-binding sites or PHO/GAGA motifs) and summed up
the total number of such substitutions at each relative offset to the land-
mark. The conservation statistics were then derived as log2(observed/
expected).

PHO Syntenic Clustering

To create Figure 6D, we defined the PHO clustering score for each PHO site as
the distance to the nearest adjacent PHO site (in logarithmic scale). To deter-
mine the extent to which this clustering property is conserved, we projected all
D.mel PHO sites to the D.pse genome and computed the projected clustering
score for adjacent sites that maintain their co-occurrence on the same chro-
mosome or contig. We note that one must use caution when interpreting these
data, since the analysis disregards all sites that were mapped to different chro-
mosomes in D.pse, and the analysis is by definition asymmetric (e.g., perform-
ing a similar analysis starting from D.pse sites would not generate precisely the
same distribution).

Hi-C Analysis

Hi-C raw sequence filtering, mapping, and normalization were done as
previously described (Sexton et al., 2012). This provided statistics on the
observed number of contacts for each pair of restriction fragments and
the number expected from a technical background model. Given a set of
sites, we characterized the spatial contact structure around interactions be-
tween them (Figures 6E and 6F) by extracting and pooling observed and ex-
pected statistics from 100 kb x 100 kb submatrices centered on the contact
point of each pair. In cases of overlaps between such submatrices, we al-
ways assigned the contact to the pair of sites more proximal to it. We per-
formed our analysis at restriction fragment resolution and then pooled data
for 5 kb x 5 kb bins defined by distance to the contact point. Since the
matrices were extracted around contacts with variable distances (and there-
fore with variable background contact intensity), we normalized the pooled
matrix statistics using the average log(observed/expected) ratio of bins in
the outer 5 kb frame. We also used an alternative approach (Figure 6G) in
which we computed for windows of 2 kb around each site the total number
of observed contacts with other 2 kb windows around sites of the same
family, and divided this value by the total (marginal) number of contacts
observed for restriction fragments within this window. When we used this
normalization approach, we did not further normalize by the technical
correction model.
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