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Development requires the expression ofmaster regulatory
genes necessary to specify a cell lineage. Equally
significant is the stable and heritable silencing of master
regulators that would specify alternative lineages. This
regulated gene silencing is carried out by Polycomb group
(PcG) proteins, which must be correctly recruited only to
the subset of their target loci that requires lineage-
specific silencing. A recent study by Erceg and colleagues
(pp. 590–602) expands on a key aspect of that targeting:
The same DNA elements that recruit PcG complexes to a
repressed locus also encode transcriptional enhancers
that function in different lineages where that locus must
be expressed. Thus, PcG targeting elements overlap with
enhancers.

Polycomb group (PcG) proteins are conserved in most eu-
karyotic organisms—spanning plants, flies, andmammals
—and are primarily grouped into Polycomb-repressive
complex 1 (PRC1) and PRC2. These complexes are target-
ed to repressed loci by PcG response elements (PREs). Un-
raveling the complexities of PcG targeting, which is
essential to understanding mammalian development
and several human developmental disorders and cancers,
is complicated by the dual function of PRE sequences in
both repression and activation (Erceg et al. 2017). As has
been thoroughly reviewed recently (Bauer et al. 2016),
the complex interactions between different PcG complex-
es make the elucidation of rules for PcG targeting even
more difficult. Here, we focus on studies that characterize
PREs and their functions in Drosophila and describe
how lessons learned in this powerful model system relate
to the ongoing quest to understand mammalian PRE
targeting.
In some studies, the identification of PRE sequences has

been misled by an overreliance on what is now known to
be an oversimplified functional paradigm: PRC2 methyl-
ates histone H3 on Lys27 (H3K27me3), and PRC1 is
then recruited to its target by recognizing H3K27me3
via its chromodomain-containing subunit. The belief

that this is a universal pathway has led to the faulty notion
that mapping H3K27me3-enriched sites will map PREs.
However, there are multiple forms of PRC1, some of
which bind target loci independently of H3K27me3 (Far-
cas et al. 2012; Tavares et al. 2012; Blackledge et al.
2014). Thus, H3K27me3 is not necessary to define a
PRE. There are also numerous sites in the genome where
H3K27me3 is present on genes that are still expressed
(e.g., “bivalent” promoters) (Bernstein et al. 2006; Ku
et al. 2008), indicating that H3K27me3 is also not suffi-
cient for targeting gene silencing. While H3K27me3 is
known to be essential for proper PcG function in flies
(Pengelly et al. 2013), measuring it alone can yield only
a partial picture of PcG function and targeting and must
be augmented by other analyses.
Differences in the cellular contexts and organization of

PcG-repressed loci further complicate establishing uni-
versal rules for the identification of PREs. For example,
the HOX gene loci in flies and mammals encode several
key homeotic regulators and are central to development.
HOX genes are distributed in a characteristic pattern
that reflects where they function along the body axis to
determine anterior–posterior patterning. Expression of a
transgene reporter fused to a PRE from the flyHox cluster
BX-C results in varying “strengths” of a remembered re-
pressive chromatin state that appear to differ according
to anatomical position and hence the cell-specific cast of
activators (Coleman and Struhl 2017). This indicates
that the ability of theBX-C PRE to establish a heritable re-
pressive state is dependent on surrounding signals. This
analysis also adds further complexity to the role for
H3K27me3 in targeting gene silencing that is maintained
across cell division, the hallmark of PREs. Methylated
H3K27 is not sufficient to encode robust memory, as
methylation and hence silencing are diluted through cell
division (Coleman and Struhl 2017; Laprell et al. 2017).
Other analyses, based on mutation of components of the
PRC1 complex, show that the BX-C PRE differs in PRC1
requirement from other PREs in the fly genome (Kahn
et al. 2016).Thus, PRE function can differ based on local
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environment and can depend on different PcG interac-
tions at the PRE. Therefore, in flies, there is no universal
model to explain PRE function; extant data imply that
this is likely as complex, if not more so, in mammals.

These considerations mean that defining PcG targeting
and PRE functionmust go beyond identifying genomic lo-
cations of methylation and specific PcG factors. We need
to understand not only the cross-talk between disparate
PcGmembers but also the local interfaces with activating
factors. Readouts for the repressed state in specific organ-
ismal locations (i.e., specific tissue types) during develop-
ment are required to unravel PRE function and determine
which specific factors define the function of a specific PRE
in its endogenous genomic location. This is most readily
accomplished in Drosophila, where the ability of a PRE
to function can bemeasured in different tissues during de-
velopment via the expression of a reporter transgene.

A recent study (Erceg et al. 2017) used reporter trans-
genes to examine numerous sequences that have PRE
function in Drosophila. The findings offered a dramatic
extension of previous work that suggested that PRE se-
quences either overlapwith or are in close proximity to se-
quences that activate transcription. Specifically, elements
that function as PREs also guide the action of Trithorax

group proteins, which function in transcriptional activa-
tion (Ringrose and Paro 2007). In this new study, known
developmental enhancers such asUbx_BXD-Cwere fused
to amini-white reporter, and, upon knockdown of ph, tis-
sue-specific repression was lost, and the enhancer became
active in new cell types. In turn, a number of known PREs,
including bx, were sufficient to activate expression of a
lacZ reporter in specific tissues. Thus, the same DNA el-
ement can provide silencing in one part of the organism
and activation in another (Fig. 1).

Why might there be an overlap between PRE function
and enhancer sequences? There are mechanistic advan-
tages that might have driven the evolution of this ar-
rangement. The first advantage is simple: If an element
is needed to stably repress an enhancer, what better place
to locate it than immediately adjacent to, or interspersed
with, that enhancer? This simplifies interaction and pre-
sumably also provides exclusiveness or strengthens the
impact of the regulatory mechanism due to proximity.
However, there are hints of more complicated cross-talk
in which the repressing and activating components might
coordinate to generate more efficient function. For exam-
ple, both activation by enhancers and repression by the
PcG proteins are known to involve higher-order

Figure 1. Cis-regulatory elements with dual activity facilitate cell type specificity and dynamic regulation of gene expression. DNA el-
ements can act as enhancers or PREs to provide spatiotemporal context to gene regulation during embryonic development. A regulatory
element could be bound by PhoRC (in flies) or other recruiters such as YY1 (inmammals), whichwould in turn recruit PcG complexes and
repress the target gene. The same regulatory element could instead be bound by lineage-specific transcriptional activators in a different
cell type, thereby leading to expression of that target gene. In cell typeA, PcG binding causes compaction of the locus and repression of the
target gene. In contrast, activators are recruited to the dual enhancer/PRE in cell type B. This triggers a different chain of events, such as
binding of additional downstream activators, transcription by RNA polymerase II, and chromatin loops between the target gene and its
regulatory elements.
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interactions that place distant regions adjacent to one
another by either looping or forming discrete domains
of interaction (Deng et al. 2012; Williamson et al. 2012;
Kundu et al. 2017). There have been suggestions
that PcG-mediated looping might help with driving acti-
vating interactions (Cruz-Molina et al. 2017). Another
area of mechanistic overlap involves the necessity of al-
tering chromatin structure to facilitate binding by the
full complement of factors that are needed to generate a
PRE or an enhancer. Mechanisms that facilitate the bind-
ing of activating proteins to enhancers in chromatin
might also be co-opted to facilitate binding of PcG
factors.
There is evidence for similar functional overlap in

mammals. For example, there are sequences that have
been shown to have both PRE and enhancer functions in
different cell lineages ofmouse embryos (vanArensbergen
et al. 2017). Activating and repressing elements frequently
overlap in mammals, as has also been observed in Droso-
phila (Rickels et al. 2016). For example, noncanonical
PRC1 is recruited to active genes in leukemic stem cells
(van den Boom et al. 2016). Thus, overlap of sequences
and possible duality in mechanistic function are also
seen in mammals, indicating that these might represent
a general set of phenomena. This complicates the current
paradigm that PREs drive only repression and that en-
hancers drive only activation.
There are lessons in this complex interplay for those

characterizing PRE function in mammals. The first in-
volves a technical challenge; it is clear from analysis in
flies that the most informative measures of PRE function
are done in the developing organism. There have been
studies of PRE function using cell culture systems and re-
porter genes in mammals (Woo et al. 2013; van Arensber-
gen et al. 2017), but even these are cumbersome.
Analysis of PRE function in, for example, an intact devel-
oping mouse embryo, would be analogous to what has
been useful in flies but has significant technical barriers
that might be addressed with the application of CRISPR
and reporter gene methodologies. A second inference is
that PREs might be distinguished from other sequences
by the presence of covalent modifications that reflect
both activation and repression. It is known that a subset
of GC-rich sequences associates with PRE function in
mammals; a recent study proposed, based on analogy to
Drosophila, that the presence of MLL2-deposited methyl-
ation of Lys4 of histoneH3might be an indicator of “true”
PRE function. This raises the possibility that duality of
functionmight be used to help with PRE prediction (Rick-
els et al. 2016).
Scientists like to pigeonhole mechanisms into simp-

lified models. However, appropriate maintenance of
repression and activation is central to proper animal de-
velopment and hence requires robust and probably redun-
dant mechanisms that are multilayered and complex.
Forcing simplified models on such complex processes
and assuming that the same regulatory rules apply in ev-
ery setting can be misleading. A tractable number of over-
lapping mechanisms for regulating developmental genes
appear to be emerging. Learning how these might inter-

face not only will yield interesting insights into biology
but might also give rise to methodologies for specifically
impacting regulation that have therapeutic use. Under-
standing the cross-talk between complexes that maintain
repression and those that maintain activation—the yin-
yang of development—appears to be a key area for in-
creased analysis.
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