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appear to be exceptions in other organisms. Using gas-
trula stage Xenopus embryos undergoing the midblastula
transition, Akkers et al. (2009) detected very few bi-
valent domains. Moreover, genes with signals for
H3K4me3 and H3K27me3 originated largely from dis-
tinct areas of the embryo, often being expressed in parts of
the embryo, and only a minority of them corresponding
to bivalent genes in mouse ES cells (Akkers et al. 2009).
Although the use of late stage Xenopus embryos that
have already undergone substantial lineage specification
may partially explain this discrepancy with the zebrafish
studies, it nevertheless seems plausible that modes of
gene regulation differ between Xenopus, zebrafish, and
higher vertebrates.

This notion is supported by the comparatively late
appearance of repressive histone marks during lineage
specification in Xenopus development (Schneider et al.
2011), suggesting that bivalent domains might be re-
stricted to certain organisms. Indeed, while Drosophila
features a repertoire of PcG and trxG complexes similar
to that in mammals, bivalent domains appear to be
absent. Analysis of Drosophila embryos and testis-de-
rived stem cells did not yield evidence for significant
coexistence of both marks (Schuettengruber et al. 2009;
Gan et al. 2010). Inherent differences in gene regulation
between arthropods, lower vertebrates, and mammals
may account for this apparent discrepancy. For example,
CpG island promoters, the sites of bivalent domains, are
overwhelmingly more common in mammals. Instead,
regulation of RNA polymerase II (Pol II) pausing may









complex that is associated with elongating RNA Pol II,
mediating recruitment of SET1 to transcribed loci during
early elongation (Krogan et al. 2003). A similar mecha-
nism might recruit SET1 and MLL complexes in mam-
mals, leading to additional deposition of H3K4me3 during
transcription. Active transcription might therefore re-
inforce H3K4me3 deposition at actively transcribed genes
and, to a lesser extent, at minimally transcribed bivalent
loci.

CpG islands and PRCs

CpG islands likewise play an important role in establish-
ing and maintaining H3K27me3 at bivalent domains
(Fig. 4B). In contrast to H3K4me3, however, not all CpG
islands are marked with H3K27me3. Moreover, whereas
H3K4me3 is highly localized at promoters and thus
marks only a minute fraction of nucleosomes, the dis-
tribution patterns of H3K27me3 are more complex.
H3K27me3 marks ;10%–15% of all H3 histones in ES
cells as assessed by quantitative MS (Peters et al. 2003;
Voigt et al. 2012). If considering H3K27me2 as well,
;50% of all nucleosomes in ES cells are modified by
PRC2 (Voigt et al. 2012). Many ChIP-seq studies revealed
‘‘lawns’’ of H3K27me3 mostly spanning intergenic re-
gions and inactive genes (e.g., see Pauler et al. 2009;
Young et al. 2011; Marks et al. 2012). H3K27me3 is also
enriched in subtelomeric regions (Rosenfeld et al. 2009)
and at long terminal repeat retrotransposons (Leeb et al.
2010). These regions likely account for the bulk of
H3K27me2/3 present in the ES cell genome. In addition,
a relatively smaller amount of H3K27me3 also exhibits
more localized patterns around the TSS, sometimes
extending into the promoter (e.g., see Mikkelsen et al.
2007; Young et al. 2011). In ES cells, these TSSs are almost
exclusively bivalent (Mikkelsen et al. 2007; Ku et al.



with a slight bias toward GC-rich sequences (Fig. 4B; Li
et al. 2010). Recruitment of Jarid2 and the PRC2 core
component Ezh2 appear to be codependent, but the exact
role of Jarid2 in recruiting PRC2 remains unclear. Simi-
larly, AEBP2, a zinc finger protein that binds DNA with
low specificity, interacts and colocalizes with PRC2 at
some promoters (Kim et al. 2009). PHF1 (PCL1), MTF2
(PCL2), and PHF19 (PCL3), orthologs of Drosophila Poly-
comb-like (PCL), also interact with PRC2 and have been
implicated in its recruitment (Margueron and Reinberg
2011; Simon and Kingston 2013). These and other pro-
teins shown to transiently interact with PRC2 may
mediate its recruitment to specific loci, but it remains
unclear whether any of these proteins can completely
account for its preference for CpG islands in ES cells.

Targeting of PRC2 complexes to specific genomic sites
in mammals likely occurs through multiple means.
Given the paucity of sequence-specific factors identified
to date, other modes of interaction may explain PRC2
recruitment to CpG islands. PRC2 forms multiple con-
tacts with nucleosomes that generate affinity for chro-
matin in a sequence-independent fashion (Fig. 4B; see also
Margueron and Reinberg 2011). Although each such
interaction is of low affinity, the combination of these
interactions may allow for a consolidated and spatially
accurate recruitment of PRC2 based on local chromatin
features, akin to coincidence detection (Margueron and
Reinberg 2011; Voigt and Reinberg 2011). Specifically,
Jarid2 and AEBP2 each interact with DNA and with
PRC2, and the PRC2 core components RbAp46/48 and
Eed bind to histones H3 and H4. Whereas Eed also binds
to H3K27me3 and might function in perpetuating the
mark (Margueron et al. 2009), H3K4me3 abrogates
RbAp46/48 recognition of H3 and inhibits PRC2 activity
(Schmitges et al. 2011). Similarly, H3K36me3 inhibits
PRC2 activity (Schmitges et al. 2011; Yuan et al. 2011)



ligase and a member of the PCGF protein family, bridging
RING1B and its interaction partners. PRC1 forms several
subcomplexes with unique subunit composition (Gao
et al. 2012; Tavares et al. 2012; Simon and Kingston
2013). RING1B occupies ;40%–50% of all bivalent
domains in ES cells (Ku et al. 2008; Brookes et al. 2012).
RING1B-bound bivalent genes are highly enriched for
developmental factors and are well conserved between
mice and humans. Moreover, they exhibit larger regions
of H3K27me3 and are more likely to remain repressed
upon differentiation (Ku et al. 2008). PRC1 complexes
that contain CBX proteins may be recruited, at least in
part, by binding to H3K27me3. In mouse ES cells, CBX7 is
likely the predominant CBX protein that helps recruit
PRC1 to H3K27me3-containing sites (Morey et al. 2012,
2013). However, other H3K27me3-independent determi-
nants control PRC1 targeting and depend on the subunit
composition of each particular PRC1 complex (Fig. 4B).
Candidates include TFs such as E2F6, YY1, and REST as
well as ncRNAs (Simon and Kingston 2013).

Notably, Fbxl10/KDM2B was recently shown to recruit
some PRC1 complexes to unmethylated CpG islands via
its CXXC domain, rendering it an intriguing candidate for
targeting some PRC1 complexes to bivalent promoters
(Farcas et al. 2012; He et al. 2013; Wu et al. 2013). KDM2B
is present at low levels at virtually all unmethylated CpG
islands in ES cells but is excluded from sites of DNA
methylation. However, substantial KDM2B-PRC1 bind-
ing is observed only at a fraction of all unmethylated CpG
islands. This suggests a ‘‘sampling’’ mechanism whereby
KDM2B-PRC1 complexes continually probe unmeth-
ylated CpG loci for their susceptibility to repression,
and stable recruitment may further depend on pre-exist-
ing repressive determinants (Farcas et al. 2012). Likewise,
factors involved in transcription may prevent accumula-
tion of high levels of these PRC1 complexes at active loci.

Several studies have connected PRCs to H2A.Z. As
mentioned above, H2A.Z is enriched at both active and
bivalent promoters but not at loci marked exclusively by
H3K27me3 (Ku et al. 2012; Hu et al. 2013). Loss of H2A.Z
reduces PRC2 occupancy at both bivalent promoters and
enhancers (Creyghton et al. 2008; Hu et al. 2013). Initial
reports suggested that targeting of H2A.Z to bivalent
promoters may depend on PRC1/2 complexes and vice
versa (Creyghton et al. 2008). However, recent studies
indicate that H2A.Z deposition is independent of the
PRCs (Illingworth et al. 2012). Nevertheless, understand-
ing H2A.Z recruitment may shed light on how PRCs
are targeted to specific loci. This question is of special
interest given that OCT4 targeting is dependent on H2A.Z
in ES cells (Hu et al. 2013). In addition to interacting
with the MLL complexes, OCT4 has also been shown
to interact with PRC1 subcomplexes as well as with
the histone deacetylase-containing NuRD complex (Pardo
et al. 2010; van den Berg et al. 2010). The NuRD complex
facilitates PRC2 recruitment through its deacetylation
of H3K27 (Reynolds et al. 2012). Notably, depletion of
NuRD leads to deregulation of several bivalent genes and
is accompanied by increased H3K27ac and reduced
H3K27me3 (Reynolds et al. 2012). Taken together, these
studies underscore the importance of H2A.Z as a central
player orchestrating the deposition of pluripotency fac-
tors and epigenetic regulators at bivalent loci.

A model for the generation and maintenance
of bivalent domains



SET1A/B/MLL complexes is mediated at least in part by
CXXC domain-containing proteins or through the action
of TET enzymes, OGT, and histone variants. In the
presence of activating signals and TFs such as OCT4,
H3K4me3 at these promoters is reinforced and sustained
by cotranscriptional deposition. The act of productive
transcription as well as the ensemble of TFs and coac-



analysis of PcG and trxG gene knockouts. Although loss
of H3K4me3 or H3K27me3 is not limited to bivalent loci
in these models, valuable information can be obtained
especially for PcG proteins, as the vast majority of their
genic targets in ES cells correspond to bivalent genes.
Nonetheless, the absence of H3K27me3 and PRCs at
repetitive elements and other targets must be considered
when interpreting PcG mutant phenotypes. Different
groups have observed a general propensity of PcG mutant
ES cells to up-regulate developmental genes, supporting
a crucial role for PcG proteins and thus bivalent domains
in development. For instance, several bivalent genes are
prematurely expressed in Eed�/� ES cells (Azuara et al.
2006; Boyer et al. 2006). Likewise, Suz12�/� ES cells show
higher expression of lineage-specific genes (Pasini et al.
2007). However, despite the misexpression of lineage
genes, cell viability and self-renewal are not compro-
mised in PRC2-deficient ES cells (Pasini et al. 2007;
Chamberlain et al. 2008; Shen et al. 2008; Leeb et al.
2010). The overall mild defects of PRC2-deficient ES cells
in self-renewal may be partially explained by PRC1-
mediated compensatory effects and the absence of TFs
that could robustly activate the affected genes in the
undifferentiated state. Indeed, simultaneous depletion of
RING1B and EED in ES cells provokes an even stronger
inclination toward differentiation, although self-renewal
can still be preserved under careful culture conditions
(Leeb et al. 2010). In contrast to the relatively mild
effects on self-renewal, all PRC2-deficient ES cells
exhibit aberrant differentiation potential (Pasini et al.
2007; Chamberlain et al. 2008; Shen et al. 2008; Leeb
et al. 2010), which parallels the post-implantation lethality
phenotypes observed in PRC2 knockout mouse models
(Faust et al. 1995; O’Carroll et al. 2001; Pasini et al. 2004).
Taken together, these knockout models demonstrate that
PRCs—presumably to a large degree through control of
bivalent target genes encoding developmental factors—are
vital for proper differentiation.

Notably, the recent discovery that FBXL10/KDM2B is
key in targeting a subset of PRC1 complexes to CpG-rich
promoters may allow for the specific modulation of PRCs
at bivalent loci (Farcas et al. 2012; He et al. 2013; Wu et al.
2013). Its depletion in ES cells causes derepression of PcG
target genes comparable with RING1B knockout cells
and leads to premature and defective differentiation (He
et al. 2013; Wu et al. 2013), underscoring the importance
of PcG repression as a safeguard mechanism at bivalent
loci for proper development, especially in the context of
lineage specification.

Histone modifications, binding proteins, and PRCs
in reversible silencing at bivalent promoters

Both the histone modifications and the protein com-
plexes present at bivalent promoters likely mediate the
impact of bivalency on transcription. Many proteins that



absence of DNA methylation at those sites (Wu and
Zhang 2011; Williams et al. 2012). Moreover, H2A.Z at
CpG-rich promoters may further antagonize DNA meth-
ylation (Zilberman et al. 2008). H3K4me3, possibly along
with other factors such as H2A.Z, may thus function to
a large degree by keeping genes in a state permissive for
activation by precluding irreversible repression through
DNA methylation (Fig. 6). Avoidance of DNA methyla-
tion is essential for bivalent genes as well, as they are
required to retain plasticity for subsequent activation or
repression.

However, an inevitable consequence of such a permis-
sive chromatin state may be a resultant low level of
transcription emanating from these bivalent promoters.
Indeed, as previously mentioned, most promoters of pro-
tein-coding genes (Guenther et al. 2007) and essentially
all bivalent promoters (Brookes et al. 2012) harbor the
initiating (S5P) form of RNA Pol II in ES cells, indicative
of transcriptional competence. Furthermore, several groups
have ascertained the presence of low but appreciable
levels of regulated transcription arising from PRC-bound
bivalent loci (Kanhere et al. 2010; Walker et al. 2010;
Min et al. 2011; Brookes et al. 2012). Interestingly, the





Several studies have shown that PcG proteins are
removed from specific loci following developmental
signals through the action of TFs, histone demethylases,
and enhancers and through the introduction of modifica-
tions that counteract binding of PcG proteins (Delest
et al. 2012). Both UTX and JMJD3 are capable of demeth-
ylating H3K27me3, and both proteins are required for
proper differentiation (Agger et al. 2007; Lee et al. 2007).
UTX is part of the MLL3/4 complexes (Lee et al. 2007),
whereas JMJD3 interacts with proteins involved in tran-
scriptional elongation, such as the FACT subunit SPT16,
and with KIAA1718, a demethylase for H3K9me2,
H3K27me2, and H4K20me1 (Chen et al. 2012). Intrigu-
ingly, KIAA1718 recognizes H3K4me3 via its PHD finger
(Horton et al. 2010), rendering it an ideal candidate for














