Dual functionality of cis-regulatory
elements as developmental enhancers
and Polycomb response elements

Jelena Erceg,'>* Tibor Pakozdi,”* Raquel Marco-Ferreres,"* Yad Ghavi-Helm,! Charles Girardot,!
Adrian P. Bracken,” and Eileen E.M. Furlong’

!Genome Biology Unit, European Molecular Biology Laboratory (EMBL), Heidelberg D69117, Germany; >Smurfit Institute
of Genetics, Trinity College Dublin, Dublin 2, Ireland

Developmental gene expression is tightly regulated through enhancer elements, which initiate dynamic spatio—
temporal expression, and Polycomb response elements (PREs), which maintain stable gene silencing. These two cis-
regulatory functions are thought to operate through distinct dedicated elements. By examining the occupancy of the
Drosophila pleiohomeotic repressive complex (PhoRC) during embryogenesis, we revealed extensive co-occupancy
at developmental enhancers. Using an established in vivo assay for PRE activity, we demonstrated that a subset of
characterized developmental enhancers can function as PREs, silencing transcription in a Polycomb-dependent
manner. Conversely, some classic Drosophila PREs can function as developmental enhancers in vivo, activating
spatio-temporal expression. This study therefore uncovers elements with dual function: activating transcription in
some cells (enhancers) while stably maintaining transcriptional silencing in others (PREs). Given that enhancers
initiate spatio-temporal gene expression, reuse of the same elements by the Polycomb group (PcG) system may help
fine-tune gene expression and ensure the timely maintenance of cell identities.
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Polycomb group (PcG) proteins are an evolutionarily con-
served chromatin-modifying system that functions to
maintain gene silencing during development, having an
essential role in lineage commitment and differentiation
(Schwartz and Pirrotta 2013; Simon and Kingston 2013;
Geisler and Paro 2015; Piunti and Shilatifard 2016). The
system was first identified in Drosophila, where PcG
loss-of-function mutations cause derepression of Hox
genes in body segments where they are normally not ex-
pressed, leading to dramatic changes in segment identity
(Lewis 1978; Struhl 1981; Duncan 1982). Biochemically,
PcG proteins form several multiprotein complexes, in-
cluding Polycomb-repressive complex 1 (PRC1) and
PRC?2 (for review, see Muller and Verrijzer 2009; Simon
and Kingston 2009; Beisel and Paro 2011). PRC2 contains
an enzyme that methylates Lys27 of H3 to generate
H3K27me3 (Czermin et al. 2002; Muller et al. 2002), a
chromatin modification essential for PRC2-mediated si-
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lencing (Pengelly et al. 2013), while PRC1 contains pro-
teins that recognize H3K27me3, which may help direct
its recruitment (Czermin et al. 2002). H3K27me3 often
spreads across large domains (Schuettengruber et al.
2009) such that a gene’s entire regulatory landscape
(including the promoter, gene body, and enhancers) may
be part of a repressed three-dimensional PcG state (Bantig-
nies and Cavalli 2011). This stable repression is antago-
nized by the Trithorax (Trx) group proteins, which
function as anti-repressors to counteract PcG function
(Klymenko and Muller 2004).

How PcG proteins are targeted to specific genomic loca-
tions remains a topic of active debate (Muller and Kassis
2006; Bauer et al. 2016). Although almost all components
of the PcG system are maternally deposited and ubiqui-
tously expressed, at least in Drosophila, they target only
a subset of genes. In Drosophila, PcG proteins are recruit-
ed to chromatin via Polycomb response elements (PREs),
cis-regulatory elements that silence transcription in a
PcG-dependent manner (Simon et al. 1993). Pho, which,
together with dSfmbt, forms the pleiohomeotic repressive
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complex (PhoRC) (Klymenko et al. 2006), binds to PREs in
a sequence-specific manner (Brown et al. 1998; Fritsch
et al. 1999). PhoRC directly interacts with components
of PRC1 (Frey et al. 2016) and PRC2 (Wang et al. 2004)
and is thus thought to recruit these complexes to specific
regions of the genome. PREs are operationally defined as
genomic elements capable of mediating PcG-dependent
transcriptional silencing of associated target genes; for in-
stance, in transgenic reporter assays (Kassis and Brown
2013). There are ~30 operationally defined Drosophila
PREs to date (Supplemental Table S1), which appear to
act in a dominant manner to silence transcription of any
linked gene (Sengupta et al. 2004). While some PREs are
located several kilobases away from the silenced gene’s
promoter (e.g., in the Hox loci), most non-Hox target
PREs are close to the transcriptional start site (TSS) (Sup-
plemental Fig. 2; Oktaba et al. 2008). Recent genome-wide
studies in whole embryos and tissue culture cells have
identified thousands of regions bound by Pho and/or com-
ponents of PRC1 or PRC2 (Negre et al. 2006; Schwartz
et al. 2006; Tolhuis et al. 2006; Kwong et al. 2008; Schuet-
tengruber et al. 2009, 2014; Ray et al. 2016), suggesting
that there are hundreds if not thousands of PREs through-
out the Drosophila genome. However, the functional re-
quirement and general properties of these elements
remain poorly characterized.

In addition to cis-regulatory elements dedicated to gene
silencing, the activation of gene expression is regulated
through enhancer elements, cis-regulatory elements that
recruit multiple transcription factors (TFs) to activate spe-
cific patterns of spatio-temporal expression (Spitz and
Furlong 2012). Drosophila has served as an excellent mod-
el system to study enhancer activity in vivo; the spatial
and temporal activity of ~5000 enhancers has been char-
acterized during Drosophila embryogenesis to date (Vien-
na tiles [Kvon et al. 2014], RedFly [Gallo et al. 2011], and
CAD [Bonn et al. 2012a]), providing a rich resource of reg-
ulatory elements that activate transcription in a huge
diversity of cell types and developmental stages. While en-
hancers act as the key drivers to initiate very dynamic
temporal and spatial gene expression, the PcG system
helps to maintain these expression states through stable
silencing in cells where the gene should not be expressed
(Schwartz and Pirrotta 2013; Simon and Kingston 2013;
Geisler and Paro 2015; Piunti and Shilatifard 2016). Both
types of regulatory elements—enhancers and PREs—are
assumed to act as separate dedicated elements, recruiting
different sets of TFs and associated complexes.

To better understand the relationship between PREs
and enhancer elements, we performed an in-depth analy-
sis of the functional properties of cis-regulatory elements
during embryonic development. To initiate this study, we
performed ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) of
both components of the PhoRC (Pho and dSfmbt) during
a narrow 2-h time window of embryogenesis when major
cell lineages are specified within the mesoderm and ecto-
derm. This identified almost 1000 regions cobound by
both proteins, a surprising fraction of which is bound to
characterized developmental enhancers. To determine

Developmental enhancers can function as PREs

whether Polycomb can mediate silencing through these
elements, we investigated whether PhoRC-bound en-
hancers can act as PREs in vivo. Using two established
functional assays for PRE activity, we demonstrated that
50% of enhancers tested can function as PREs in vivo, si-
lencing transcription in a PcG-dependent manner. Con-
versely, we show that a subset of characterized “classic”
PREs can function as developmental enhancers in vivo,
activating transcription in specific spatial domains.
Therefore, in addition to dedicated enhancers and dedicat-
ed PREs, this study identified cis-regulatory elements
with dual activity, functioning as developmental enhanc-
ers to activate spatio-temporal expression in one cell type
and PREs that stably silence transcription in another.
Having both functions mediated through the same ele-
ment may provide more fine-tuning of gene expression
and ensure that key enhancers are rapidly and stably si-
lenced during key lineage transitions.

Results

PhoRC binds to developmental enhancers during
embryogenesis

To dissect the role of PhoRC in the regulation of cell type-
specific developmental programs, we obtained a high-
resolution map of Pho and dSfmbt occupancy specifically
in mesodermal cells using BiTS-ChIP-seq (batch isolation
of tissue-specific chromatin for immunoprecipitation
[BiTS-ChIP] combined with high-throughput sequencing)
(Bonn et al. 2012a) during two consecutive 2-h windows
of embryogenesis. These time points span stages when me-
sodermal cells are multipotent (4-6 h) and are specified
into mesodermal sublineages (6-8 h) and represent a
more refined spatio-temporal resolution than previously
examined in whole embryos (Kwong et al. 2008; Oktaba
et al. 2008; Schuettengruber et al. 2009, 2014). We identi-
fied 1248 and 2460 high-confidence peaks for Pho and
dSfmbt (6-8 h), respectively (combining peaks from 4-6 h
and 6-8 h), 994 of which are co-occupied by both proteins
(Supplemental Table S2), representing 79.6 % of Pho-bound
regions and 40% of dSfmbt-bound regions (Fig. 1A; Supple-
mental Fig. Sla,b). These cobound regions, referred to as
PhoRC-bound regions, have quantitatively higher levels
of both Pho and dSfmbt ChIP signal compared with regions
bound by either protein alone (Supplemental Fig. S1c), sug-
gesting that they bind with higher affinity as a complex to
target sites. There is also a difference in the distribution of
regions bound by PhoRC compared with regions bound by
either protein alone (Supplemental Fig. S1): The majority
(72.3%) of dSfmbt-only peaks is located very close to the
promoter (97-base-pair [bp] median distance to the closest
TSS), while Pho-only peaks are more loosely distributed
around promoters (1890-bp median distance from the clos-
est TSS) (Supplemental Fig. Sla,b), as observed in whole
embryos (Kwong et al. 2008; Oktaba et al. 2008; Schuetten-
gruber et al. 2009). The 994 PhoRC peaks have a distribu-
tion intermediate between that of dSfmbt and Pho alone
(Fig. 1A, histogram; Supplemental Fig. S1d).
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Distribution of PhoRC binding at developmental enhancers. (A) Frequency of PhoRC ChIP peaks relative to the distance from

the closest TSS (histogram). Percentage of PhoRC peaks (doughnut) overlapping five genomic categories; 22.6% of PhoRC peaks are within
developmental enhancers (5.2% characterized in transgenic embryos; 17.4% TF-ChIP-defined enhancers). (B) Mesodermal Pho (red) and
dSfmbt (blue) binding (input-subtracted ChIP signal) at characterized PREs (black boxes) (Bloyer et al. 2003) with PRC2-associated
H3K27me3 (gray; H3 subtracted) (Bonn et al. 2012a). (C) De novo discovered Pho motif at PhoRC-bound promoters and developmental
enhancers. (D) Quantitative ChIP signal (read counts) for Pho (red) and dSfmbt (blue) at 6-8 h at enhancer-bound, intergenic-bound, intra-
genic-bound, and promoter-bound regions. The PhoRC ChIP signal is significantly higher at enhancers versus promoters. P-value = 1.62 x
107'° for Pho; P-value = 7.71 x 1071 for dSfmbt, Mann-Whitney two-sided U-test. (E,F) Mesodermal Pho binding (red), dSfmbt binding
(blue) (input-subtracted ChIP signal), and H3K27me3, (gray; H3 subtracted) (Bonn et al. 2012a) and whole-embryo H3K4me3 (green)
and H3K27ac (purple; H3 subtracted, from modENCODE). Examples illustrate the PhoRC-bound promoter (E) and PhoRC-bound enhanc-
er (green box) (F). Arrows point to the direction of the gene’s transcription.

PhoRC-bound regions overlap 93% (28 out of 30) of all
functionally characterized Drosophila PREs, including
those at hox loci (Fig. 1B; Supplemental Fig. S2), and con-
tain the known Pho motif (Fig. 1C; Oktaba et al. 2008;
Schuettengruber et al. 2009), demonstrating the quality
and sensitivity of the data. In many cases, our data further
refine the boundaries of the characterized PREs (Supple-
mental Fig. S2) and identify many more putative PREs
within these loci; e.g., abd-A (Supplemental Fig. S2d),
cad (Supplemental Fig. S2k) and Sox21b (Supplemental
Fig. S2n). The only exceptions are the prod and a-PKC
loci (Supplemental Fig. S2p,q), which show no evidence
of Polycomb-mediated repression in mesodermal cells at
these developmental stages.

Although PhoRC often binds in close proximity to gene
promoters (47% within 500 bp), more than half of the
PhoRC peaks are found at greater distances (Fig. 1A, histo-
gram). To examine where these non-TSS peaks reside, we
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categorized PhoRC peaks into five distinct genomic re-
gions: (1) promoter TSSs (within 500 bp); (2) characterized
developmental enhancers defined by a large collection of
characterized enhancers tested in transgenic embryos
(Gallo et al. 2011; Bonn et al. 2012a; Kvon et al. 2014);
(3) ChIP-defined putative enhancers that we identified
previously by TF occupancy (Zinzen et al. 2009; Junion
et al. 2012) (importantly, we collectively tested >100 of
these in transgenic embryos, and >95% function as devel-
opmental enhancers in vivo [Zinzen et al. 2009; Junion
et al. 2012; Ciglar et al. 2014; Cannavo et al. 2015]); (4)
intergenic regions, excluding enhancers; and (5) intragenic
regions, including introns and exons.

In addition to binding close to TSSs, 225 of the 994
PhoRC sites reside within developmental enhancers,
characterized either from transgenic embryos (52 ele-
ments, 5.2%) or within ChIP-defined putative enhancers
(173 elements, 17.4%), representing 22.6% of all bound
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regions (Fig. 1A, Supplemental Table S3). This fraction
represents a significant enrichment over matched back-
ground regions (4.85 log, odds ratio; P-value =8.53 x
107%; Fisher’s exact test) (Supplemental Fig. S3) and is
likely an underestimate, since an additional 16.2% of
PhoRC peaks reside within intergenic regions (Fig. 1A)
containing H3K4mel signal (Supplemental Fig. S4) and
may represent as yet unidentified enhancer elements.

PhoRC occupancy at developmental enhancers repre-
sents prominent peaks as opposed to a low-level signal
that may represent spurious binding; the level of Pho
and dSfmbt-ChlIP signal is higher at enhancer elements
compared with promoter-bound regions (P-value = 1.62 x
107! for Pho signals; P-value = 7.71 x 10~'° for dSfmbt sig-
nals, Mann-Whitney U-test, two-sided) (Fig. 1D). More-
over, de novo motif discovery identified the known Pho
motif (Kwong et al. 2008; Oktaba et al. 2008; Schuetten-
gruber et al. 2009) in enhancer-bound peaks as well as in
promoter-bound peaks (Fig. 1C), indicating that these en-
hancers have the capacity to directly recruit Pho. Taken
together, these data indicate that, in addition to character-
ized PREs and promoter-proximal regions (Fig. 1BE;
Oktaba et al. 2008), a significant fraction of PhoRC bind-
ing occurs at developmental enhancers, many of which
are located at large distances from promoter sequences
(Fig. 1F).

PhoRC is part of a functional PcG-repressive system
at enhancers

The extensive occupancy of PhoRC at enhancers suggests
that a proportion of Polycomb’s activity is mediated
through developmental enhancers and not only via spread-
ing from previously characterized PREs and promoters
(Fig. 1, cf. E and F). To assess whether PhoRC-bound en-
hancers can recruit a functional PcG system, we first deter-
mined whether other PcG proteins bind to enhancers.
Available ChIP-seq data from whole embryos (Schuetten-
gruber et al. 2009) indicate that two PRC1 components,
Pc and Ph, are enriched at PhoRC-bound enhancers com-
pared with PhoRC-bound promoters (Fig. 2A). Interesting-
ly, the two general TFs Dorsal switch protein 1 (Dspl)
(Dejardin et al. 2005) and GAGA factor (Gaf; also known
as Trx-like [Trl]) (Muller and Kassis 2006), suggested to
aid in the recruitment of PcG proteins to PREs, are more
depleted at PhoRC-bound enhancers compared with pro-
moter-proximal regions (Fig. 2A). This suggests that our
newly discovered PhoRC-bound enhancers may have dif-
ferent properties than promoter-proximal elements.

To evaluate PRC2 activity, we examined the levels and
spread of the H3K27me3 signal at developmental en-
hancers compared with promoter-bound regions either
bound or unbound by PhoRC using mesoderm-specific
information on their chromatin state (Bonn et al.
2012a). Centering on the peak of PhoRC occupancy, the
H3K27me3 signal at promoter-bound regions has two dis-
tributions—53.4% of promoters have a focused peak of
H3K27me3 + 500 bp of the PhoRC peak (Fig. 2B, bottom),
which most likely represents PhoRC binding to stalled
promoters (Enderle et al. 2011) and not classic Polycomb

Developmental enhancers can function as PREs

silencing. The remaining 46.6% of promoters have an ap-
proximately three times higher level of H3K27me3 signal,
which spreads to approximately +10 kb (Fig. 2B, middle).
This broad H3K27me3-enriched promoter class includes
all known Polycomb-repressed genes (e.g., the Antp and
Bithorax hox loci) and is referred to here as “repressed pro-
moters.” The bimodal distribution of H3K27me3 at re-
pressed promoters (Schwartz et al. 2006) is in contrast to
the unimodal peak at the nonrepressed promoters (Fig.
2B, right).

At PhoRC-bound enhancers, both the levels and spread
of H3K27me3 are almost identical to that of PhoRC-
bound repressed promoters (Fig. 2B, top). Moreover,
PhoRC-bound enhancers have a nucleosome-depleted re-
gion (NDR) at the position of PhoRC binding (Fig. 2B),
leading to a bimodal distribution of H3K27me3, similar
to repressed promoters. This indicates that the quantita-
tive levels and spread of PcG-mediated repression are sim-
ilar regardless of whether it is emanating from a PhoRC-
bound promoter-proximal element or a distal develop-
mental enhancer (e.g., Fig. 1, E vs. F). To examine this fur-
ther, we directly compared the activity state of enhancers
bound by PhoRC with those bound by transcriptional ac-
tivators (TFs) specifically in the mesoderm at these stages
of development (Bonn et al. 2012a). PhoRC-bound-charac-
terized enhancers are significantly enriched in the pres-
ence of H3K27me3 in mesodermal cells and depleted on
PhoRC-nonbound enhancers (Fig. 2C). Conversely, the
presence of H3K27ac, a mark associated with active en-
hancers (Creyghton et al. 2010; Rada-Iglesias et al. 2011;
Bonn et al. 2012a), is depleted at PhoRC-bound enhancers
in mesodermal cells while enriched at PhoRC-nonbound
enhancers (Fig. 2C).

As H3K27me3 is genetically required for PRC2-mediat-
ed repression (Pengelly et al. 2013), these results suggest
that PhoRC—and thereby H3K27me3—emanating from
characterized enhancer elements could have a significant
effect on transcriptional silencing, similar to H3K27me3
emanating from PcG-repressed promoters and character-
ized PREs. To assess this, we examined transcript levels
of genes with PhoRC-bound promoters versus PhoRC-
bound enhancers in their vicinity. Using mesoderm-spe-
cific RNA sequencing (RNA-seq) data (Gaertner et al.
2012), transcript levels for ubiquitous and mesoderm-spe-
cific genes were high, while genes not expressed in meso-
derm were low (Fig. 2D), thereby serving as a reference for
genes in an active and inactive state, respectively. The
transcript levels of genes with broad H3K27me3 at their
promoters are significantly reduced compared with that
of active genes, as expected (PhoRC-repressed promoter)
(Fig. 2D). Importantly, genes in the vicinity of PhoRC-
bound-characterized enhancers (assigning to the nearest
gene) appear strongly silenced, with transcript levels in
the range of PhoRC-repressed promoters (Fig. 2D). In con-
trast, genes in the vicinity of characterized enhancers not
bound by PhoRC but bound by mesoderm-specific TFs
have significantly higher levels of expression (Fig. 2D).

These four lines of evidence—namely, the quantitative
levels of H3K27me3 at PhoRC-bound enhancers, the
spread of H3K27me3 from PhoRC-bound enhancers, the
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Genes with PcG-bound enhancers have low transcription, with RPKM levels similar to inactive genes.

lack of H3K27ac at PhoRC-bound enhancers, and the tran-
script levels of the associated nearest genes—strongly sug-
gest that PhoRC enhancer binding is associated with
actively silenced enhancers, leading to the silencing of
the associated genes’ expression.

A subgroup of developmental enhancers functions as
PREs in vivo

The extensive occupancy of PhoRC at previously charac-
terized developmental enhancers is surprising and sug-
gests that these elements may also function as PREs in
vivo. In support of this, a PRE in the eve locus, which me-
diates PcG-mediated silencing in cells where eve is not ex-
pressed, also acts to maintain eve expression in the ventral
nerve cord (Fujioka et al. 2008). Interestingly, although the
mechanism is not understood, this activating function is
also PcG-dependent. A PRE in the en locus was similarly
shown to have positive effects on transcription in a man-
ner independent of Trx genes (DeVido et al. 2008). Howev-
er, other studies have concluded that PREs act solely to
silence transcription (Simon et al. 1993), lacking enhanc-
er-like properties to activate transcription (Kassis and
Muller 2015).

To examine the functional properties of PhoRC-bound
enhancers, we selected 16 regulatory elements, nine of
which are characterized developmental enhancers, six of
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which are characterized PREs, and one, the eve element,
that has been characterized as both. All elements contain
a single DNase hypersensitivity site (DHS), with the ex-
ception of four regions that have no detectable DHS signal
(using whole-embryo DHS data from Thomas et al. 2011).
We reasoned that, depending on the cell state, the same
regulatory element might act as a developmental enhanc-
er in one context, recruiting tissue-specific TFs to initiate
transcription, while acting as a PRE in another, recruiting
PhoRC and PcG proteins to stably repress transcriptional
activity.

First, we determined whether PhoRC-bound enhancers
can function as PREs in vivo using two functional assays:
(1) pairing-sensitive silencing (PSS) (Kassis 1994; Kassis
and Brown 2013), which is a feature of most, although
not all, characterized PREs, and (2) the ability to repress
transcription in a PcG-dependent manner, an essential op-
erational definition of a PRE (Americo et al. 2002; Kassis
and Brown 2013). We used an established PSS assay based
on the mini-white (mw) reporter, which does not contain
any inherent enhancers and is therefore ideal to assay en-
hancers for PRE activity. Ten developmental enhancers
with characterized spatio-temporal activity and occupan-
cy of PhoRC were placed in front of a mw promoter in a
construct where, upon successful integration of the plas-
mid into a specific landing site in the Drosophila genome,
it reconstituted a functional mw reporter gene (Fig. 3A,B;
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Figure 3. A subset of developmental enhancers mediates PSS. (A) An established split mw transgenic assay was used for PSS (Okulski
etal. 2011): A donor vector (pKC27) containing a test PRE (in our case, an enhancer), the first exon of mw, and part of intron 1 (gray boxes;
[P] mw promoter) was recombined into a genomic landing site (using ¢C31 integrase) that contains the rest of intron 1 and remaining exons
of mw. (B) Upon successful site-specific integration, the mw gene was reconstituted, and orange/red eye color was restored. Integration at
the same genomic site allowed eye color to be directly compared between age-matched flies with the control vector (mw reporter without
PRE) and those with a PRE (green box). (C) The level of mw eye expression is indicated by eye color. All pictures were taken with the same
settings on the same day for sibling pairs of 4-d-old adults. Comparing heterozygous eye color (across the top panels): Seven of the 10 en-
hancers have lighter eye color than the control (indicated by +). Comparing homozygous transgenic lines with their heterozygous siblings
(cf. top and bottom panels for a given enhancer): (C) Three enhancers have a lighter eye color when homozygous compared with hetero-
zygous, suggesting PSS; i.e., repression of the mw reporter gene (indicated by +). Five enhancers have darker eye color when homozygous,
as for standard enhancers (indicated by —). In two enhancers, PSS is unclear (indicated by ?), as the heterozygous eye color is more brown
than dark red. Enhancers tested were ey_UEQ.9 (Adachi et al. 2003), E1.6 (Emmons et al. 2007), eve_RP (McDonald et al. 2003), wg_del-wg
(Von Ohlen and Hooper 1997), Dad (Weiss et al. 2010), Mef2_II-E (Nguyen and Xu 1998), ss_E2.0_531 (Emmons et al. 2007), rpr_4S4 (Loh-
mann 2003), eve_MHE (Halfon et al. 2000; Knirr and Frasch 2001; Han et al. 2002), and Ubx_BXD-C (Christen and Bienz 1992).

Okulski et al. 2011). mw expression is clearly visible in Dad [Weiss et al. 2010]) may have PSS, although the re-

the control transgenic line as a transition from the typical sults are less clear. Together, this indicates that a subset
orange eye color in heterozygous flies carrying one copy of of enhancers likely contains the required regulatory infor-
the mw gene to red eyes in homozygous flies carrying two mation to act as PREs, as suggested previously for eve_RP
copies (Fig. 3C). When a PRE is placed in front of the pro- (McDonald et al. 2003; Fujioka et al. 2008).
moter, it can suppress transcriptional activity in the het- To definitively show that these PhoRC-bound enhanc-
erozygous state, and this silencing is even stronger in ers can function as PREs in vivo in a PcG-dependent man-
the homozygous state. Rather than going from orange to ner, we placed the same 10 developmental enhancers
red eyes, homozygous flies with PSS therefore have a ligh- tested above into a PRC1 loss-of-function mutant back-
ter eye color than their heterozygous siblings (Kassis ground by crossing the homozygous enhancer transgenes
2002). While many of the previously characterized PREs to a characterized ph-null allele (Parks et al. 2004; Feng
mediate PSS, not all contain this function (Kassis 1994; et al. 2011). Enhancer activity was then examined in ph
Kassis 2002). heterozygous and homozygous mutant backgrounds by
Seven out of 10 enhancers tested have lighter eye color in situ hybridization against the mw reporter in embryos
when heterozygous compared with the heterozygous con- at late stages of embryogenesis (when ph zygotic pheno-
trol without the putative PRE (Fig. 3C, top panels), the ex- types are visible). Upon the removal of ph, the enhancer’s
ceptions being the wg_del-wg and Dad enhancers. Three activity was dramatically expanded in five out of 10 cases
enhancers have even lighter eye color when homozygous (50%), and therefore the maintenance of tissue-specific
compared with their heterozygous siblings, indicative of repression was lost (Fig. 4; Supplemental Fig. S5). Addi-
reporter gene silencing through PSS (ey_UEQ0.9 [Adachi tionally, the corresponding endogenous gene activity
et al. 2003], E1.6 [Emmons et al. 2007], and eve_RP was also disturbed as observed previously in a ph mutant
[McDonald et al. 2003]) (Fig. 3C), while two additional en- background (Dura and Ingham 1988; Oktaba et al. 2008;

hancers (wg_del-wg [Von Ohlen and Hooper 1997] and Gambetta and Muller 2014). These elements therefore
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Figure 4. Developmental enhancers can function as PREs to mediate PcG-dependent silencing. (A-C) Genomic locus and activity of
PhoRC-bound enhancers: wg_del-wg (A) (Von Ohlen and Hooper 1997), ey_UEOQ.9 (B) (Adachi et al. 2003), and Ubx_BXD-C (C) (Christen
and Bienz 1992; Emmons et al. 2007). (Left panels) ChIP-seq signal for Pho (red), dSfmbt (blue; background subtracted), and H3K27me3
(Bonn et al. 2012a) from mesodermal cells and H3K4me3 and H3K27ac from whole embryos (modENCODE; H3 subtracted). Green boxes
indicate developmental enhancers, and promoter arrows indicate the direction of the genes’ transcription. (Right panels) In situ hybrid-
ization against mw driven by the developmental enhancer (green) and the associated endogenous gene (red). Expression is shown in het-
erozygous ph*/~ (wild-type [wt]) and homozygous ph~/~ genetic backgrounds. In ph~/~ mutant embryos, enhancer activity is expanded for
the wg_del-wg enhancer in ectodermal stripes (arrowhead) and the mandibular segment (asterisk; A), the ey_UE0.9 enhancer in the ventral
nerve cord (arrowhead) and brain (arrow) (B), and the Ubx_BXD-C enhancer in the ventral nerve cord (C). The arrowhead marks the an-
terior expression boundary in the ph*/~ (wild-type) background, indicating the extent of anterior enhancer derepression in the ph~/~ mu-
tant. The blue asterisk depicts background staining of the endogenous white gene (Fjose et al. 1984). Embryos are ventro-laterally (A) or
ventrally (B,C) oriented with anterior to the left. (D) H3K27me3 ChIP-qPCR on chromatin isolated from embryos from five transgenic
enhancer lines (orange) and a control transgenic line with empty vector (no enhancer; gray). The histogram shows the percentage recovery
of ChIP over input; an average of two biological replicates was used. Error bars indicate standard errors of the mean.

seem to act as an enhancer and a PRE for the same target on the endogenous wg gene (Fig. 4A). This element there-

gene.

For example, the wg-del-wg enhancer (Von Ohlen and
Hooper 1997) upstream of the wg gene activates reporter
gene expression in segmental ectodermal strips mirroring
that of the gene’s expression (Fig. 4A, top panels). In a ph
mutant background, there is a dramatic expansion of the
enhancer’s activity along the anterio—posterior axis and
head region, which recapitulates the effect of PcG removal
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fore acts as a developmental enhancer to activate expres-
sion in cells located in segmental stripes while acting as
a PcG-dependent silencer of gene expression (i.e., a PRE)
in the surrounding cells along the dorso-ventral axis.
Similarly, an enhancer in the first intron of the ey gene,
ey_UEQ0.9 (Adachietal.2003), activates expression in a sub-
set of neurons in the ventral nerve cord. In ph mutants, this
enhancer’s activity becomes dramatically derepressed,



becomingactive throughout whatlooks like the entire ner-
vous system and parts of the peripheral nervous system
(Fig. 4B). Although Pho is ubiquitously expressed, given
the expression of endogenous ph in the nervous system
(Deatrick 1992; de Camillis and Brock 1994; Fauvarque
et al. 1995), this tissue may be more primed for derepres-
sion in ph mutants. A similar PcG-mediated silencing
was observed for the eve_RP (McDonald et al. 2003) and
E1.6 (Emmons et al. 2007) enhancers, both of which are
strongly derepressed in the nervous system in ph™/~ mu-
tants (Supplemental Fig. S5a,b). The well-characterized
Ubx_BXD-C enhancer (Christen and Bienz 1992), located
~15 kb upstream of the Ubx gene within the intron of
bxd, drives expression in a subset of neuroblasts in the ven-
tral nerve cord in abdominal segments matching that of
Ubx expression (Akam and Martinez-Arias 1985). In ph
mutants, both the enhancer and the gene become dere-
pressed within more anterior regions of the mesoderm
and ectoderm, cells where the enhancer and Ubx gene
are normally never active (Fig. 4C).

For these five enhancer elements with clear PRE activity
(wg-del-wg, ey_UEO0.9, Ubx BxD-C, eve-RP, and E1.6), we
next determined whether they are sufficient to recruit
the Polycomb system to the transgenic enhancer de
novo. Embryos were collected from each of the five trans-
genic reporter lines in addition to a transgenic line with
an integrated empty vector and used for ChIP-qPCR
against H3K27me3 as an indicator of PRC2 recruitment.
H3K27me3 was detected using primers that specifically
amplify signal from the integrated transgenic enhancer.
The ChIPs on all five transgenic enhancer lines indicate
that H3K27me3 is highly enriched on the integrated en-
hancer transgenes, which is not the case in the transgenic
line with the empty vector (Fig. 4D). These enhancers are
therefore sufficient to recruit PRC2 activity de novo, sup-
porting our functional data that they can act as dual-func-
tion enhancer/PREs.

Taken together, these three inherent properties (direct
recruitment of the PcG system to the enhancer, PSS,
and genetic dependence on PcG for silencing) indicate
that a subset of characterized developmental enhancers
can function as PREs in a PcG-dependent manner. The
latter two requirements are fulfilled in five out of 10
(50%) enhancers tested, suggesting that PcG-bound en-
hancers may be PcG-responsive (i.e. able to silence mw re-
porter gene expression) only in specific permissive
contexts. This may reflect the inherent properties of
each enhancer’s sequence, its potential to interact with
the local genomic environment such as nearby silencers,
or the relative levels of PhoRC occupancy. The latter,
for example, may explain our results in the eve locus,
where we tested two enhancers for PRE activity: the neu-
ronal eve RP enhancer (Supplemental Fig. S5a), which
has high levels of PhoRC occupancy and is PcG-respon-
sive (Supplemental Fig. S5a), and the muscle-heart
eve_MHE enhancer, which has a smaller PhoRC peak
and cannot function as a PRE, at least in this transgenic
context (Supplemental Fig. S5¢). In fact, rather than being
silenced by polycomb, the MHE enhancer appears to lose
activity in the visceral muscle in ph mutants (Supplemen-
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tal Fig. S5¢), suggesting that it may even be positively in-
fluenced by PcG.

Operational PREs can function as developmental
enhancers in vivo

Having demonstrated that a subset of developmental en-
hancers can also function as PREs, we next assessed
whether classic operationally defined Drosophila PREs
can function as developmental enhancers in vivo. Our
hypothesis is that these PREs would act as developmen-
tal enhancers in another tissue. Rather than a standard
PRE reporter construct (which contains an enhancer
linked to a promoter) (Americo et al. 2002), we used a
standard transgenic reporter construct used to test en-
hancer activity, which contains a minimal promoter
and a lacZ reporter (Fig. 5A). Six well-characterized
PREs were placed in front of the hsp70 minimal promoter
and stably integrated into the same genomic location us-
ing the ¢C31 integrase system (Fig. 5A; Bischof et al.
2007). Enhancer activity from the PRE was assayed using
in situ hybridization against the lacZ reporter. By com-
paring enhancer activity with the spatio-temporal pat-
tern of the PRE-associated genes, we also assessed
whether PREs can enhance the gene that they repress.
Four of the six tested elements were sufficient to function
as an enhancer in vivo, activating tissue-specific expres-
sion, with three having overlapping activity with the
PRE'’s associated target gene during embryonic develop-
ment (Fig. 5; Supplemental Fig. S6). For example, the
PcG-dependent PRE P{C4-418bis} (Bloyer et al. 2003) is
sufficient to activate strong expression throughout the
developing ventral nerve cord and brain at stages 11 and
12 (Fig. 5B), where it recapitulates the expression of the
endogenous PcG gene ph-p (Deatrick 1992; de Camillis
and Brock 1994; Fauvarque et al. 1995). Similarly, a
PRE within the Antennapedia Hox complex, Scr10Xba.1
PRE, acts to silence the Scr gene’s expression outside of
its normal expression domain in a PcG-dependent man-
ner (Gindhart and Kaufman 1995; Kapoun and Kaufman
1995; Ringrose et al. 2003). Here we show that this ele-
ment is sufficient to activate transcription, recapitulating
part of the spatio-temporal expression of the endogenous
Scr gene in the labial lobe and the nearby Dfd gene in the
maxillary and optical lobes (Fig. 5C). The bx PRE in the
bithorax complex (Orlando et al. 1998), the second major
Hox cluster, activates expression in the amnioserosa, a
pattern also observed at much lower levels for the endog-
enous gene Ubx (Fig. 5D; Akam and Martinez-Arias
1985). The bulk of activated expression is in more anteri-
or regions that do not overlap the expression of Ubx, sug-
gesting that this element acts as a PRE for Ubx and an
enhancer for a different gene.

Taken together, these results indicate that, in different
developmental contexts, the same regulatory element can
confer either an enhancer or a PRE activity, suggesting
dual potential of a subset of regulatory elements depend-
ing on the context of recruited factors. Hence, fine-tuning
the interplay between tissue-specific TFs and PcG pro-
teins on these PhoRC enhancers likely switches their

GENES & DEVELOPMENT 597


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.292870.116/-/DC1

Erceg et al.

function from activating spatio-temporal activity (en-
hancer) to stably maintaining a silenced state (PRE).

Discussion

While enhancers initiate spatio-temporal transcriptional
activity, PREs maintain a previously determined tran-
scriptional state of their target genes, thus leading to tran-
scriptional memory (Schuettengruber et al. 2011; Bauer
et al. 2016). PREs are generally thought to be dedicated
solely to gene silencing and not to contain enhancer-like
features to activate gene expression (Kassis and Muller
2015). Here we present evidence to the contrary, that
both functions can be encoded in the same cis-regulatory
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element, depending on the cellular context. This is not a
rare event—almost 25% of PhoRC occupancy is at devel-
opmental enhancers. Of the 16 elements that we tested
experimentally (either enhancers for PRE activity or
PREs for enhancer activity), nine have dual function,
being sufficient to activate transcription in a specific spa-
tio-temporal pattern and mediate PcG-dependent silenc-
ing in vivo.

These dual elements have interesting implications for
transcriptional regulation during embryonic develop-
ment. First, at the level of PcG protein recruitment, this
subset of enhancers is highly enriched in the Pho motif,
which distinguishes them from other developmental en-
hancers. This suggests that the recruitment of Pho to
PhoRC enhancers is direct via sequence-specific DNA
binding, consistent with an instructive model of recruit-
ment (Klose et al. 2013), although other factors are likely
involved. PcG proteins and developmental TFs bind in
close proximity to each other within the same element
(a single DNase hypersensitive site), raising the possibility
of direct interplay between the two. Our results indicate
that the activity of PhoRC-bound enhancers is dominated
by tissue-specific TFs that activate transcription in some
cells while being dominated by a functional PcG complex
in other cells (Fig. 6). Is this due to mutually exclusive oc-
cupancy of developmental TFs and PcG proteins in differ-
ent tissues, or do they compete functionally at these
elements? The dramatic derepression of enhancer activity
in different cell types upon PcG protein removal suggests
that other tissue-specific TFs must occupy these enhanc-
ers in the PcG silenced cell. This has interesting impli-
cations for enhancer activity, as it is well known that
TFs bind to thousands of sites (tens of thousands in mam-
malian cells), but only a subset of associated target genes
changes expression when the TF is removed. This has led
to the general assumption that the majority of binding

Figure 5. PREs can function as developmental enhancers to acti-
vate spatio-temporal expression. (A) Standard enhancer transgen-
ic assay in which an enhancer (in our case, a PRE; dark green) is
placed in front of a minimal promoter (gray box; [P] promoter)
and lacZ reporter gene (light-green box) and stably integrated
into the same genomic location using ¢C31 integrase. (B-D) Ge-
nomic locus and activity of characterized PREs: (Top panels)
ChIP-seq signal for Pho (red) and dSfmbt (blue; background sub-
tracted), H3K27me3 (Bonn et al. 2012a) from mesodermal cells,
and H3K4me3 and H3K27ac from whole embryos (modENCODE;
H3 subtracted). Black boxes indicate characterized PREs: P{C4-
418bis} PRE (B) (Bloyer et al. 2003), Scr10Xba.1 PRE (C) (Gindhart
and Kaufman 1995; Kapoun and Kaufman 1995; Ringrose et al.
2003), and bx PRE (D) (Orlando et al. 1998). (Bottom panels) Dou-
ble in situ hybridization against the lacZ reporter gene driven by
the characterized PRE (green) and the associated endogenous
gene (red). Expression driven by P{C4-418bis}, Scr10Xba.1, and
bx PREs extensively (B) or partially (C,D) overlaps that of the en-
dogenous gene in the developing brain (white arrowhead) and ven-
tral nerve cord (asterisk) (B); maxillary (blue arrow), labial (white
arrow), and optical lobes (blue arrowhead) (C); and amnioserosa
(gray arrowhead) (D). Embryos are laterally (B [stage 11], C,D) or
dorsally (B; stage 14) oriented with anterior to the left.
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can act as an enhancer (bottom panel) through the recruitment of tissue-specific TFs (green spheres) to initiate spatio-temporal gene

expression.

events is nonfunctional or neutral. Our data suggest that
at least a subset of this embryonic occupancy can be func-
tional if not actively antagonized by the presence of PcGs.

Second, enhancer-mediated polycomb recruitment
has interesting implications for the mechanism of PcG-
mediated silencing. The current models suggest that
PcG proteins silence transcription mainly by silencing a
gene’s promoter (Papp and Muller 2006), in keeping with
PcG recruitment to CpG islands in vertebrates, or by coor-
dinating a three-dimensional repressive topology, where
the entire gene’s locus is silenced (Bantignies and Cavalli
2011; Simon and Kingston 2013). In either mode, a gene’s
promoter would not be permissive to enhancer activation.
Our data suggest that there may be a third mode of very
local silencing at an individual enhancer, leaving the pro-
moter and the rest of the gene’s regulatory landscape open
for activation by other enhancers, as we observed at the
prat2 locus (Fig. 1F). This would allow for much more
fine-tuning of silencing in individual tissues and stages.
It also suggests that PcG proteins could play a more dy-
namic role, similar to a “standard” transcriptional repres-
sor at enhancers.

Third, this may have broader implications for cell fate
decisions during rapid developmental transitions. When
multipotent cells become specified into different lineages,
a specific transcriptional program often needs to be acti-
vated in one cell while being repressed in other cells
from the same progenitor population (Ciglar et al. 2014).
Having active enhancers in the precursor cells remain ac-
cessible to directly recruit the PcG complexes would en-
sure that these enhancers become silenced in a timely
manner. Conversely, having maternally deposited PcG
proteins already bound to enhancers early in development
may serve as placeholders to ensure that these dual ele-

ments remain open and available for TFs to activate at
the appropriate development stage. Interestingly, in the
majority of the tested cases, PcG proteins and develop-
mental TFs use these dual elements to regulate the
same target gene (Fig. 4; Supplemental Fig. S5), the vast
majority of which is key developmental regulators of
cell identity.

The identification of PREs in other species has re-
mained a key challenge, with only a handful of PREs iden-
tified in mammals (Bauer et al. 2016) and plants (Xiao and
Wagner 2015) to date. In mammals, the PcG system is re-
cruited to inactive CpG islands (Di Croce and Helin 2013;
Riising et al. 2014, with few specific sequence features.
Although there are mammalian homologs of the Droso-
phila Pho and dSfmbt proteins, Yin Yang 1 (YY1) and
SFMBT, respectively, the conservation of PhoRC as a
complex and its involvement in mammalian PcG silenc-
ing remain unclear (Bauer et al. 2016). We propose that
such dual enhancers/PREs will also exist in mammals,
although, given this apparent lack of conservation of
YY1 function, their mechanism of PcG recruitment may
have diverged.

Materials and methods

Genome-wide binding profiles for Pho and dSfmbt in mesodermal
embryonic nuclei were obtained using BiTS-ChIP (Bonn et al.
2012b) using characterized antibodies for both proteins (Kly-
menko et al. 2006). ChIP was performed at two consecutive
time points for Pho (4-6 h and 6-8 h after egg laying [AEL]) and
one for dSfmbt (6-8 h AEL), with two independent biological rep-
licates for each condition. Libraries were amplified from 2-3 ng of
immunoprecipitated material and sequenced on either an Illu-
mina GA_IIx (Pho) or Hi-Seq (dSfmbt) machine. The data were
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analyzed as described in the Supplemental Material. Transgenic
assays were carried out in vivo on characterized enhancers using
a PSS assay in Drosophila eyes and in the mutant genetic back-
ground in embryos using in situ hybridization. Operational
PREs were tested for enhancer activity in vivo in transgenic re-
porter assays using in situ hybridization. All raw data have been
submitted to the EBI ArrayExpress and European Nucleotide Ar-
chive (ENA) databases under accession numbers E-MTAB-4585
and ERP000560, and processed data are provided on the Furlong
laboratory’s Web site (http://furlonglab.embl.de/data).
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