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Histone modifications and chromatin-associated protein
complexes are crucially involved in the control of gene
expression, supervising cell fate decisions and differenti-
ation. Many promoters in embryonic stem (ES) cells
harbor a distinctive histone modification signature that
combines the activating histone H3 Lys 4 trimethylation
(H3K4me3) mark and the repressive H3K27me3 mark.
These bivalent domains are considered to poise expres-
sion of developmental genes, allowing timely activation
while maintaining repression in the absence of differen-
tiation signals. Recent advances shed light on the estab-
lishment and function of bivalent domains; however,
their role in development remains controversial, not
least because suitable genetic models to probe their
function in developing organisms are missing. Here, we
explore avenues to and from bivalency and propose that
bivalent domains and associated chromatin-modifying
complexes safeguard proper and robust differentiation.

Histone proteins and their post-translational modifica-
tions have emerged as important players in the regula-
tion of gene expression and other chromatin-associated
processes. The four core histones—H2A, H2B, H3, and
H4—are subject to a host of covalent modifications, in-
cluding methylation, acetylation, phosphorylation, and
ubiquitination, among others (Vaquero et al. 2003; Campos
and Reinberg 2009; Bannister and Kouzarides 2011). These
marks are thought to exert their function through direct
modulation of chromatin structure and through effector
proteins that feature modification-specific binding domains
(Taverna et al. 2007; Voigt and Reinberg 2011). Moreover,
several histone modifications have been implicated as
carriers of epigenetic information that can be transmitted
through cell division, instructing gene expression patterns
in the daughter cells (Probst et al. 2009; Margueron and
Reinberg 2010).
Two prominent systems of chromatin-modifying activ-

ities are the Trithorax group (trxG) and Polycomb group
(PcG) proteins. trxG proteins were discovered as activa-
tors of Hox genes in Drosophila (Schuettengruber et al.
2007). A subset of trxG protein complexes in flies, yeast,

and mammals catalyze the trimethylation of histone H3
Lys 4 (H3K4me3), a mark generally associated with active
transcription. In mammals, the responsible enzymes are
SET1A, SET1B, and mixed lineage leukemia (MLL) pro-
teins 1–4 (Shilatifard 2012). These proteins require addi-
tional subunits for activity, forming the multisubunit
SET1A/B and MLL1–4 complexes. The PcG proteins
were identified as silencers of Hox genes in Drosophila

(Schuettengruber et al. 2007; Simon and Kingston 2009).
Mutations in PcG genes lead to ectopic expression of key
developmental regulators in flies, giving rise to charac-
teristic body patterning defects. In vertebrates and flies,
PcG proteins form themultisubunit Polycomb-repressive
complexes (PRCs) 1 and 2 (Margueron and Reinberg
2011; Simon and Kingston 2013). PRC2 catalyzes
H3K27me3, a pivotal mark in the establishment of re-
pressive chromatin in both early development and adult
organisms. PRC1 subsumes a diverse range of com-
plexes that all contain the RING1A/B ubiquitin ligase
and several additional subunits (Gao et al. 2012;
Tavares et al. 2012; Simon and Kingston 2013). Some
PRC1 complexes catalyze ubiquitination of H2A Lys
119 (H2AK119ub), whereas others likely act by directly
compacting chromatin.
Even though the molecular decoding of histone marks

such as H3K4me3 and H3K27me3 is far from being
understood, genome-wide studies have provided intrigu-
ing clues as to how some of these marks might function
in vivo. In particular, extensive efforts have been exerted
toward mapping and understanding the chromatin land-
scape of embryonic stem (ES) cells, in part owing to the
great promise of these cells for biological research and
medical application. ES cells are derived from the inner
cell mass of mammalian preimplantation blastocysts.
They are capable of self-renewal, yielding offspring of
equivalent developmental potential. ES cells are also
pluripotent and can differentiate into all lineages of the
developing and adult organism. Unraveling the mecha-
nisms that govern ES cell self-renewal and pluripotency is
crucial to our understanding of development. The ES cell
state is controlled through a network of core transcription
factors (TFs), most notably Nanog, Sox2, and Oct4 (Orkin
and Hochedlinger 2011; Young 2011). Even though the
action of suchmaster regulator TFs is primarily guided by
DNA sequences, it has become increasingly clear that
chromatin and its associated factors provide additional
layers of regulation in gene expression.
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Genome-wide mapping studies of chromatin modifica-
tions in ES cells have revealed the presence of distinct
histone marks at certain genomic domains, such as
H3K4me1 and acetylation of H3K27 (H3K27ac) within
active enhancers as well as H3K4me3 and H3K27me3
within active and repressed promoters, respectively
(Zhou et al. 2011; Calo and Wysocka 2013). Although
these correlations hold true for virtually all mammalian
cell types, certain chromatin signatures do appear to be
more specific to ES cells. For example, there is a large
cohort of developmental gene promoters that are simul-
taneously marked by both activating H3K4me3 and re-
pressive H3K27me3modifications (Fig. 1). These patterns
of seemingly opposing histone marks on the same pro-
moter are referred to as ‘‘bivalent’’ domains, a term first
coined by Bernstein et al. (2006). Although first described
for ES cells, where they are most prevalent, later obser-
vations also detected bivalent domains in cell types of
restricted potency. By exhibiting both active and repressive
features, bivalent genes are posited as being in a poised
state, enabling them to be rapidly activated upon suitable
developmental cues and/or environmental stimuli.
In this review, we first summarize the studies describ-

ing bivalent domains in different systems and explore the
role of PcG and trxG group proteins in their establish-
ment. We also discuss the controversy surrounding the
general importance of bivalency in development. Based
on recent advances in the field, we propose a model for
the formation and interpretation of bivalent domains in
ES cells and finally discuss the functional implications of
bivalency as a means to fine-tune gene expression and
license proper differentiation.

Discovery of bivalent domains in ES cells and beyond

By combining chromatin immunoprecipitation (ChIP)
and DNA tiling arrays, Bernstein et al. (2006) analyzed
H3K4me3 and H3K27me3 modification patterns in re-
gions containing highly conserved noncoding elements in
mouse ES cells. These regions are enriched for develop-
mental genes such as the Hox genes. As observed in
previous studies (Bernstein et al. 2005; Kim et al. 2005),
the vast majority of transcriptional start sites (TSSs) were

found as being marked by H3K4me3. The distribution of
H3K27me3 was generally broader, and ;75% of the
H3K27me3 sites spanned TSSs that were also marked
by H3K4me3 (Bernstein et al. 2006). Sequential ChIP
demonstrated that TSSs of select genes were simulta-
neously marked by both modifications (Bernstein et al.
2006). Strikingly, most such bivalent genes encode TFs
of developmental importance. Despite the presence of
H3K4me3, the bivalent genes under study were expressed
only at low levels (Bernstein et al. 2006). Upon differen-
tiation toward the neuronal lineage, some bivalent genes
became expressed and lost the H3K27me3 mark, whereas
those that were silenced lost H3K4me3 but retained
H3K27me3 (Bernstein et al. 2006). These observations
led to the intriguing model that bivalent domains main-
tain developmental genes in a silent state in ES cells while
keeping them poised for subsequent expression upon
differentiation.
A different approach to study the specifics of ES cell

chromatin was taken by the Fisher laboratory (Azuara
et al. 2006). Replication timingwas assessed as a surrogate
for chromatin accessibility and the transcriptional status
of genes, with early replicating regions being typically
more transcriptionally active and accessible. Some neural
genes replicated early despite not being expressed in ES
cells. In differentiated, nonneuronal cells, these genes
remained unexpressed but replicated at the expected later
stages (Azuara et al. 2006). Early replicating but inactive
genes in ES cells were marked by active marks such
as H3K9ac and H3K4me3 but also with the repressive
H3K27me3 (Azuara et al. 2006). To explore the role of
H3K27me3 at those genes, Azuara et al. (2006) analyzed
ES cells lacking the Eed subunit of PRC2. This deficiency
results in an almost complete absence of H3K27me3.
Several bivalent genes were significantly up-regulated
in Eed�/� cells, indicating their premature expression
(Azuara et al. 2006). This study thus provided indepen-
dent evidence for the existence of bivalent domains.
Subsequent reports extended these observations to

a genome-wide scale. Mikkelsen et al. (2007) employed
ChIP combined with next-generation sequencing (ChIP-
seq) to analyze the genome-wide distribution of various
trimethylation marks. Virtually all promoters with high

Figure 1. Bivalent domains mark CpG-rich pro-
moters of developmental genes in ES cells. Whereas
promoters of housekeeping genes such as Polm are
marked solely with H3K4me3, bivalent promoters
carry both H3K4me3 and H3K27me3. The latter
genes either are expressed at low levels or are silent
in ES cells but may become activated upon differ-
entiation to neural precursor cells (NPCs) or be
expressed in cells of reduced differentiation poten-
tial, such as MEFs. Conversely, other genes may
become silent upon differentiation. Promoters with
low CpG content may be activated during differen-
tiation by other means, as they lack H3K4me3 and
H3K27me3 in ES cells, and their regulation is likely
distinct from CpG-rich promoters. The ChIP-seq
traces are based on data from Mikkelsen et al.
(2007).
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CpG density (CpG islands), were marked by H3K4me3 in
mouse ES cells. About 22% of these promoters (;2500)
additionally exhibited H3K27me3 and were expressed
only at low levels (Fig. 1; Mikkelsen et al. 2007). Genes
carrying this bivalent signature included developmental
TFs, morphogens, and cell surface molecules. To assess
whether bivalent domains are a unique feature of plu-
ripotent cells, differentiated cells were analyzed as well.
After differentiation of mouse ES cells to neural pro-
genitor cells, most bivalent genes lost one of the marks,
whereas 8% remained bivalent (see Fig. 1 for examples).
In mouse embryonic fibroblasts (MEFs), 4% of CpG-rich
promoters were bivalent (Mikkelsen et al. 2007). Genes
associated with unrelated lineages resolved to monova-
lent markings, whereas some genes of related lineages
retained bivalency. These studies were the first to in-
dicate that nonpluripotent cells also contain bivalent
domains.
The Schübeler group (Mohn et al. 2008) monitored

bivalent domains of mouse ES cells during terminal
differentiation to glutamatergic pyramidal neurons via
radial glial neuronal progenitor cells, steps resembling the
differentiation process in vivo. Interestingly, even though
675 bivalent domains were resolved, ;550 genes gained
H3K27me3 and formed novel bivalent domains in the
neural progenitors (Mohn et al. 2008). Upon terminal dif-
ferentiation, ;1000 bivalent domains were lost, and ;340
reformed. Nonpluripotent cells may thus contain bivalent
genes that are not present in ES cells.
Bivalent genes were further identified in human ES

cells (Pan et al. 2007; Zhao et al. 2007). They largely
overlap with those found in mouse ES cells, and 2157
genes were classified as bivalent in at least two of the
three studies (Mikkelsen et al. 2007; Pan et al. 2007;
Sharov and Ko 2007; Zhao et al. 2007). As in mice,
bivalent genes in human ES cells are highly enriched for
TFs and other developmental genes, and genes induced
upon ES cell differentiation lose H3K27me3 (Pan et al.
2007; Zhao et al. 2007). Somatic cells such as fibroblasts
can be reprogrammed to so-called induced pluripotent
stem cells (iPSCs) by expression of select pluripotency
factors (Takahashi and Yamanaka 2006; Stadtfeld and
Hochedlinger 2010). The chromatin state of iPSCs closely
resembles that of ES cells, and the vastmajority of bivalent
domains are recapitulated in iPSCs (Maherali et al. 2007;
Mikkelsen et al. 2008; Guenther et al. 2010). Human T
cells retain restricted differentiation potential and feature
many genes that are only weakly expressed despite the
presence of H3K4me3 and H3K9/H3K14 acetylation (Roh
et al. 2006; Barski et al. 2007). These promoters were
marked additionally with H3K27me3 (Roh et al. 2006).
Moreover, multipotent human hematopoietic stem cells
contain ;3000 bivalently marked promoters (Cui et al.
2009). Taken together, these studies show that bivalent
domains also exist in human stem cells.
Several reports suggested both the existence of bivalent

domains in cancer cells and a link between bivalent
domains in ES cells and genes deregulated in cancer.
Various cancer cells exhibit bivalent genes partially over-
lapping the set of bivalent genes in ES cells (e.g., see

Rodriguez et al. 2008; Bapat et al. 2010). However, these
genes often exhibit DNA methylation in cancer cells and
thus are completely silenced (Rodriguez et al. 2008), and
some CpG island promoters only establish bivalency af-
ter drug-induced DNA demethylation (McGarvey et al.
2008). Loci bivalent in ES cells are often found to be
DNA-hypermethylated in adult cancers, and it was spec-
ulated that bivalency or the presence of PcG proteins might
predispose those genes for later DNA hypermethylation
(Ohm et al. 2007; Schlesinger et al. 2007; Widschwendter
et al. 2007).

Existence of bivalent domains in developing embryos
and other organisms

Studies initially reporting bivalent domains were based
on cultured ES cells, which are kept in an artificial state
of permanent pluripotency. Stem cells in developing
embryos are only transiently pluripotent, raising the
question as to whether bivalency and other characteris-
tics of ES cell chromatin are present in developing
organisms as well. Using a ChIP protocol suitable for
low numbers of cells, Rugg-Gunn et al. (2010) demon-
strated that bivalent domains do exist in pluripotent
epiblast cells of early post-implantation embryos in mice.
Trophoblast and extraembryonic endoderm stem cells,
however, contain few bivalent domains, owing to low
levels of PRC2 that catalyzes H3K27me3 (Rugg-Gunn
et al. 2010). Strikingly, H3K9me3 appears to functionally
replace H3K27me3 in these stem cells, with H3K9me3
bivalent genes being similarly repressed in stem cells and
resolved upon differentiation (Rugg-Gunn et al. 2010).
The simultaneous presence of H3K9me3 and H3K4me3
was confirmed by sequential ChIP. Notably, H3K9me3 is
present along with H3K4me3 and H3K27me3 at a subset
of bivalent genes in cultured ES cells as well (Bilodeau
et al. 2009; Yeap et al. 2009; Yuan et al. 2009). Bivalent
domains were further detected in the pluripotent inner
cell mass of preimplantation embryos and, to a lesser
extent, in the extraembryonic tissue and trophectoderm
of mouse blastocysts (Alder et al. 2010; Dahl et al. 2010).
Pluripotent cells in the mouse embryo thus contain
bivalent domains, demonstrating their existence beyond
ES cells cultured in vitro.
Additional evidence for bivalent domains in developing

embryos came from studies with zebrafish. Similar to
other vertebrates, zebrafish embryos initiate transcrip-
tion during the maternal–zygotic transition. H3K4me3
and H3K27me3 patterns emerge during that process,
and bivalent domains detectable by sequential ChIP are
formed at inactive genes, including the Hox clusters
and other developmental TFs (Vastenhouw et al. 2010).
According to another study, H3K4me3, H3K27me3, and
bivalent domains are present even before the onset of
zygotic transcription, albeit to a lesser extent (Lindeman
et al. 2011). Although differing with regard to when
bivalency is established during embryogenesis, both stud-
ies further affirm its existence in vivo.
While there is ample evidence supporting the exis-

tence of bivalent marks inmammals and zebrafish, there
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appear to be exceptions in other organisms. Using gas-
trula stageXenopus embryos undergoing themidblastula
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
constitute an alternative means to coordinate the expres-
sion of early developmental genes in Drosophila (Muse
et al. 2007; Zeitlinger et al. 2007; Boettiger and Levine
2009).

Molecular conformation of bivalent domains

In accordance with their posited function in gene regula-
tion, bivalent promoters must contain H3K27me3 and
H3K4me3 simultaneously. ChIP assays performed indi-
vidually for each mark are often drawn upon to establish
bivalency at a given locus. However, these assays are
unable to unequivocally establish the coexistence of both
marks on the same allele in a given cell. Thus, it has been
argued that the observed bivalency simply reflects
cellular heterogeneity arising from the averaging of cells
that carry either, but not both, marks at a given locus
(Fig. 2). However, given that bivalent domains can still
be observed—albeit in lower proportion—in unipotent
cells such as T cells and MEFs, an admixture of cell
populations appears to be an unlikely explanation for the
observed coexistence of these marks. Experiments on
sorted populations of T cells, ES cells, and embryonic
tissue likewise argue against an admixture of cells with
active expression or gene silencing feigning bivalency
(Roh et al. 2006; Pan et al. 2007; Alder et al. 2010; Dahl
et al. 2010).
In further addressing cellular heterogeneity as a cause

of apparent bivalency, a recent study assessed the epige-
netic landscape of naı̈ve pluripotent mouse ES cells.

Conventional mouse ES cell culture requires the presence
of serum, and the heterogeneous expression of pluripo-
tency factors and developmental regulators has been
partly attributed to serum components (Chambers et al.
2007; Hayashi et al. 2008; Toyooka et al. 2008). Interest-
ingly, the requirement for serum can be bypassed through
the use of two small-molecule inhibitors (2i conditions)
(Ying et al. 2008; Wray et al. 2011). The 2i inhibitors
PD0325901 and CHIR99021 target mitogen-activated
protein kinase kinase (Mek) and glycogen synthase ki-
nase-3 (Gsk3), respectively. ES cells cultured under this
‘‘2i’’ regime are more homogeneous and exhibit tighter
control of developmental gene expression. Interestingly,
these naı̈ve pluripotent ES cells display reduced levels
of H3K27me3 at developmental promoters, and, conse-
quently, fewer genes were classified as bivalent (Marks
et al. 2012) because they fell below an arbitrary threshold
previously used to identify H3K27me3 peaks. Neverthe-
less, it should be noted that the averaged H3K27me3
signals over these weakly expressing/inactive promoters
were still appreciably higher compared with active pro-
moters, which are typically devoid of H3K27me3. While
it is clear that the relative abundance of bivalent loci (as
defined by a certain computational signal cutoff) may
differ in a context-dependent manner, unambiguous bi-
valent promoters are still present in highly homogeneous
ES cells. Thus, we argue that bivalency cannot be solely
a consequence of an admixture of cell populations.
Brookes et al. (2012) took an interesting approach to

address the issue of ES cell heterogeneity by combining

Figure 2. Bivalent domains and heterogeneity. Two scenarios
could potentially explain the co-occurrence of H3K4me3 and
H3K27me3 observed by ChIP-seq on bivalent promoters. As
ChIP-seq cannot establish physical co-occurrence of two marks
on the same allele, admixture of cells that either express (green)
or do not express (red) the gene in focus could explain the
occurrence of both marks as well as the low expression level in
the overall population. In contrast, in the case of ‘‘true’’
bivalency, virtually all cells in the population carry both marks
simultaneously at the promoter in question, leading to low, if
any, expression for that gene in all cells.
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single-cell approaches with genome-wide analyses. First,
they determined that of the ;3600 genes classified as
bivalent in this study based on the presence of H3K27me3
and H3K4me3 in ChIP-seq, ;2400 were bound by RNA
Pol II phosphorylated at Ser 5 (S5P) within its C-terminal
domain (CTD), the form of RNA Pol II that initiates
transcription. However, the levels of RNA Pol II phos-
phorylated at Ser 2 (S2P) within its CTD, a hallmark of
productive mRNA elongation, were insignificant. Accord-
ingly, these genes undergo transcription initiation but not
elongation. Considering the incompatibility of H3K27me3
with transcription elongation (e.g., see Schmitges et al.
2011; see also below) and the association of RNA Pol II
(S5P) with H3K4 trimethylases (Ng et al. 2003; Milne
et al. 2005; see also below), this observation is supportive
of a simultaneous rather than a separate occurrence of
H3K27me3 and H3K4me3. Indeed, using sequential ChIP,
the co-occurrence of PRC1 and PRC2 with the initiating
S5P form of RNA Pol II was further confirmed on select
bivalent promoters (Brookes et al. 2012). In contrast, the
remaining ;1200 genes initially classified as bivalent
also contained the elongating form of RNA Pol II (S2P)
with detectable transcript levels and thus likely exist in
distinct active and repressed states in different subpopu-
lations (Brookes et al. 2012). Further supporting this
notion, FISH analysis revealed that the Lefty locus was
marked by RNA Pol II S2P in some cells, indicating
productive transcription, but by the catalytic PRC2 sub-
unit Ezh2 in others, indicating repression in those cells
(Brookes et al. 2012). Therefore, by integrating the tran-
scriptional status of bivalent promoters with H3K27me3
and H3K4me3, this study clarified that while heteroge-
neity can lead to apparent bivalency at some loci, ‘‘true’’
bivalency exists at the majority of loci. However, it will
be interesting to address the extent to which cell-intrinsic
heterogeneity such as allelic differences may contribute
to this overall abundance in bivalency. This will entail the
use of more comprehensive single-cell-based approaches,
possibly in combination with allele-specific ChIP.
To accommodate both H3K4me3 and H3K27me3 in a

bivalent configuration, promoters may principally adopt
one of several conformations. The active and repressive
histone modifications may be present on adjacent nucle-
osomes, the same nucleosome, or even the same copy
of H3 within a nucleosome (Fig. 3). Sequential ChIP
has been instrumental in showing that H3K4me3 and
H3K27me3 are present on the same nucleosome or on
neighboring ones at or around the TSS of bivalent genes.
Bernstein et al. (2006) performed re-ChIP on three genes,
and subsequent studies on T cells (Roh et al. 2006),
human ES cells (Pan et al. 2007; De Gobbi et al. 2011),
mouse trophoblast stem cells (Alder et al. 2010), zebrafish
embryos (Vastenhouw et al. 2010), and 3T3 cells (Xie et al.
2012) provided re-ChIP-based evidence for the coexis-
tence of these marks at genes in various systems. These
studies employed sonicated chromatin fragments with
one to three nucleosomes and thus indicate mark co-
existence on either neighboring or the same nucleosomes.
These conformations may confer equivalent bivalent
functionality; however, potential differences between

them have not been analyzed yet. Sequential ChIP on
mononucleosomes generated by micrococcal nuclease
digestion resolves both conformations and demonstrates
mark coexistence on single nucleosomes. Such assays have
been performed for select genes in C2C12 (Seenundun et al.
2010) and mouse ES cells (Voigt et al. 2012). However, to
date, genome-wide sequential ChIP analysis has not been
reported, and the results obtained on single genesmay not
extend to all genes that were classified as bivalent based
on conventional ChIP-seq.
With these issues in mind, Voigt et al. (2012) sought to

develop alternative strategies to directly probe for biva-
lency. Assessing the overall extent of H3K4me3/H3K27me3
co-occurrence on single nucleosomes in a quantitative
fashion could provide strong support for the widespread
existence of bivalent domains. With an approach com-
bining mononucleosome ChIP with mass spectrometry
(MS)-based quantitative profiling of histone modifica-
tions, Voigt et al. (2012) recently showed that ;15% of
all H3 histones within H3K4me3-carrying mononucleo-
somes were marked with H3K27me3. These MS-based
findings indicate that both marks coexist at a sizable
number of nucleosomes in ES cells, supporting wide-
spread co-occurrence of H3K27me3 and H3K4me3
at thousands rather than a few select promoters. For
MEFs, a lower amount of H3K27me3 was found on

Figure 3. Potential conformations of bivalent domains. At
bivalent promoters, H3K4me3 and H3K27me3 marks may be
present in different conformations. As illustrated in A, H3K4me3
and H3K27me3 may occupy neighboring nucleosomes in the
vicinity of the TSS. Alternatively, both modifications may co-
occupy the same nucleosome in either an asymmetric fashion
featuring differentially modified copies of H3 within a single
nucleosome (B) or a symmetric conformation involving H3
molecules that carry both modifications simultaneously (C).
Recent data indicate that the latter conformation is unlikely to
be present in cells, whereas an asymmetric conformation can be
observed. See the text for details.
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H3K4me3-containing nucleosomes (Voigt et al. 2012), in
line with MEFs exhibiting fewer bivalent genes.
It has been argued that H3K4me3 and H3K27me3

cannot coexist on nucleosomes because PRC2 is in-
hibited by the active marks H3K4me3 and H3K36me3
(Schmitges et al. 2011). Moreover, MS-based studies
found that H3K4me3 and H3K27me3 do not coexist on
individual histones in HeLa cells (Young et al. 2009).
Given the recent observation that sister histones within
a nucleosome are often unequally modified (Voigt et al.
2012), bivalent domains could feature asymmetrically
modified nucleosomes. Indeed, nucleosomes with only
one H3K4me3 mark could still be methylated by PRC2,
presumably on the unmodified H3 tail, whereas inhibi-
tion of PRC2 required the presence of H3K4me3 on both
copies of H3 (Voigt et al. 2012). MS analysis of ES cell-
derived histones confirmed the presence of these marks
on distinct copies of H3 in vivo. In conclusion, these data
suggest that bivalent domains feature nucleosomes that
carry H3K4me3 and H3K27me3 on opposite H3 copies.
Of note, this observed asymmetry in H3K27me3 and
H3K4me3 is compatible with the reported reduction in
H3K27me3 signals at someH3K4me3-marked nucleosomes
relative to their neighbors that do not carry H3K4me3
(Pan et al. 2007; Marks et al. 2012).

Generation of bivalent domains

Controlling their access to genomic loci is thought to be
a major way of regulating the activity of trxG and PcG
proteins, the central players in setting up and maintain-
ing bivalency. Several recruitment mechanisms have
been proposed, including specific DNA sequence ele-
ments, DNAmethylation status, particular histone mod-
ifications, TFs, and noncoding RNAs (ncRNAs), among
others. Not surprisingly, many of these elements have
been implicated in the generation of bivalent domains as
well. One of the key clues as to how bivalent domains
might be generated came from analyses of their underlying
DNA sequences. It was uncovered early on that bivalent
domains strongly correlate with CpG islands in ES cells
(Bernstein et al. 2006). CpG islands are a prominent fea-
ture of promoters in vertebrate genomes and are present
at ;70% of all promoters (Saxonov et al. 2006; Deaton
and Bird 2011). Virtually all CpG-rich promoters in ES
cells are devoid of DNA methylation (Weber et al. 2007;
Fouse et al. 2008; Meissner et al. 2008; Mohn et al. 2008)
while being trimethylated at H3K4 (Guenther et al.
2007; Mikkelsen et al. 2007). Conversely, essentially
all H3K4me3 sites map to CpG islands (Mikkelsen
et al. 2007; Pan et al. 2007), which consequently holds
true for all bivalent domains as well. CpG islands thus
appear to play a major role in the establishment of
bivalent domains. Indeed, artificially introduced CpG
islands obtain both modifications, indicating that they
suffice to recruit activities placing these marks (Mendenhall
et al. 2010; Thomson et al. 2010; Woo et al. 2010; Lynch
et al. 2012). Here we summarize how CpG islands to-
gether with associated factors may guide H3K4me3
and H3K27me3.

Establishment of H3K4me3 at bivalent loci

Unmethylated CpG islands are key factors in controlling
H3K4me3 levels through recruitment of H3K4 methyl-
transferases (Fig. 4A). The SET1A/B complexes are re-
sponsible for the bulk of H3K4me3, while the MLL com-
plexes likely assume more gene-specific roles (Shilatifard
2012). MLL1 and MLL2 contain so-called CXXC or zinc
finger CXXC (ZF-CXXC) DNA-binding domains that
specifically recognize unmethylated CpG islands (Birke
et al. 2002; Bach et al. 2009), likely helping in the
recruitment of these MLL complexes. Conversely, the
specificity of CXXC domains for unmethylated CpG
islands excludes them from sites of DNA methylation.
Similarly, the CXXC finger protein 1 (Cfp1) subunit of
SET1A/B complexes possesses a DNA-binding domain
that is specific for unmethylated CpG (Lee et al. 2001).

Figure 4. Modes of H3K4 methyltransferase and PRC recruit-
ment to CpG-rich promoters. (A) SET1A/B and MLL complexes
are recruited in both transcription-independent and transcrip-
tion-dependent ways. Mechanisms involve recognition of unme-
thylated CpG islands by CXXC domain proteins, interactions
with the OGT/TET system, TFs, H3K4me3 itself, and the
transcription machinery. (B) Recruitment of PRC2 likely relies
on interactions with DNA, histones, histone modifications,
auxiliary proteins, and ncRNAs. PRC1 is targeted by recognition
of unmethylated CpG islands through CXXC proteins such as
KDM2B (by binding to H3K27me3) and through interaction
with TFs. The box denotes the histone and DNA modifications
present in this figure as well as in Figures 5 and 6.
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Knockdown of Cfp1 strongly diminishes H3K4me3 levels
at CpG islands in 3T3 cells (Thomson et al. 2010). Cfp1 is
recruited to engineered insertions of nonpromoter CpG
islands, which gain H3K4me3 (Thomson et al. 2010). This
establishment of H3K4me3 at ectopic CpG islands was
confirmed in mouse ES cells (Mendenhall et al. 2010). A
recent study found that loss of Cfp1 most strongly affects
H3K4 methylation at promoters of highly expressed
genes in ES cells (Clouaire et al. 2012). Correspondingly,
H3K4me3 was not significantly altered at bivalent genes
(Clouaire et al. 2012). A recent study revealed that
Cfp1—like its yeast ortholog, SPP1 (Shi et al. 2007)—con-
tains a plant homeodomain (PHD) finger that binds to
H3K4me3 (Eberl et al. 2013), indicating a potential feed-
forward mechanism for the deposition of H3K4me3 at
active genes. These findings indicate a less crucial role for
Cfp1 at weakly transcribing bivalent promoters, where
CXXC-mediated recruitment of MLL1/2 might be more
prevalent.
Host cell factor 1 (HCF1) is an integral component of

the SET1A/B and MLL1/2 complexes. HCF1 interacts
with and is modified by O-linked b-N-acetylglucosamine
(O-GlcNAc) transferase (OGT) (Capotosti et al. 2011).
OGT modifies serine and threonine residues by the ad-
dition of O-GlcNAc (Hanover et al. 2012). Recent studies
found that OGT also interacts with the ten-eleven trans-
location (TET) family of proteins (Chen et al. 2013; Deplus
et al. 2013; Vella et al. 2013). TET proteins are viewed as
potential mediators of active DNA demethylation, as their
hydroxylase function can convert 5-methylcytosine to
5-hydroxymethylcytosine, 5-formylcytosine, and 5-carbox-
ylcytosine (Wu and Zhang 2011; Williams et al. 2012).
Interestingly, TET proteins seem to recruit OGT to CpG-
rich promoters in ES cells (Fig. 4A; Chen et al. 2013;
Deplus et al. 2013; Vella et al. 2013). TET1 and TET3
contain CXXC domains, whereas localization of TET2 to
CpG islands is mediated by the CXXC domain protein
IDAX (Ko et al. 2013). Knockdown of TET1 or TET2 led to
loss of OGT from chromatin (Chen et al. 2013; Vella et al.
2013), while knockdown of TET2 also reduced O-GlcNAc
modification of histones (Chen et al. 2013). Moreover,
interaction with TET2/3 stimulates OGT activity toward
HCF1 (Deplus et al. 2013). Given this connection between
OGT, TET proteins, and HCF1, it appears likely that TET
proteins are key factors in recruiting SET1A/B and/or
MLL1/2 complexes to CpG islands (Fig. 4A). In line with
this notion, OGT- and TET-binding sites overlap to a large
extent with H3K4me3 sites at promoters (Deplus et al.
2013; Vella et al. 2013). Both OGT activity and its in-
teraction with TET2/3 promoted chromatin association of
SET1A complexes and H3K4methylation in HEK293 cells
(Deplus et al. 2013). Taken together, TET proteins and
OGT may play a central role in establishing H3K4me3 at
CpG-rich promoters in ES cells.
Recent studies also suggested a CpG-dependent role of

certain histone variants in bivalency. Unlike canonical
histones, which are synthesized and deposited in a strictly
replication-coupled fashion during S phase, histone vari-
ants are expressed throughout the cell cycle and can be
deposited independently of DNA replication (Sarma and

Reinberg 2005; Talbert and Henikoff 2010). Genome-wide
studies have shown that both H2A.Z and H3.3 are highly
enriched on CpG-rich promoters, correlating with H3K4
methylation states at active and bivalent promoters as
well as enhancers (Barski et al. 2007; Goldberg et al. 2010;
Ku et al. 2012; Hu et al. 2013). Interestingly, depletion of
H2A.Z impairs recruitment of MLL complexes primarily
to enhancers but also to active and bivalent promoters
(Hu et al. 2013). In addition, OCT4 levels are significantly
decreased at one-third of its binding sites upon H2A.Z
depletion, indicating that H2A.Z further plays a role in
directing OCT4 to promoters and active enhancers (Hu
et al. 2013). Taken together with studies showing in-
teraction of OCT4 with MLL complexes (Ang et al. 2011)
andwith OGT/HCF1 (Pardo et al. 2010; van den Berg et al.
2010), these findings may indicate a role for pluripotency
factors such as OCT4 and for the histone variant H2A.Z
in targeting MLL complexes. In addition to pluripotency
factors, other TFs such as the estrogen receptor and E2F6
also have been shown to interact with MLL complexes,
adding further potential avenues for their recruitment
(Ruthenburg et al. 2007).
Several ncRNA species, especially long ncRNAs, have

been implicated in the recruitment and function of many
chromatin-modifying enzymes (for review, see Wang and
Chang 2011; Rinn and Chang 2012; Mercer and Mattick
2013). Expression profiles of several types of ncRNAs
suggest that they are involved in cell fate decisions
(Jacquier 2009; Guttman et al. 2011; Pauli et al. 2011).
Even though ncRNAs are mostly implicated in targeting
of repressive complexes, at least one study suggests a role
for ncRNAs in the recruitment of MLL complexes. The
long ncRNAHOTTIP is transcribed from the 59 end of the
HoxA locus and is bound by the WDR5 protein, which is
a subunit of SET1/MLL complexes (Wang et al. 2011),
ATAC (Wang et al. 2008) and NSL (Cai et al. 2010)
acetyltransferase complexes, and the CHD8 chromatin
remodeling factor (Thompson et al. 2008). Knockdown of
HOTTIP diminished the presence of MLL1 complexes at
several TSSs within the 59 end of the HoxA locus, sug-
gesting that HOTTIP mediates targeting of the MLL1
complex in cis to neighboring loci (Wang et al. 2011).
Further studies are required to explore whether as yet
unidentified long ncRNAs may be involved in targeting
SET1 and MLL complexes to additional loci and whether
RNA-mediated targeting is a common theme for these
complexes.
In addition to the recruitment mechanisms described

above, the process of transcription itself likely plays
important roles in the establishment and reinforcement
of H3K4me3 (Fig. 4A). The underlying mechanisms have
been studied mostly in yeast, but analogous events likely
take place during transcription in metazoans as well (for
review, see Ruthenburg et al. 2007; Smith and Shilatifard
2010). In yeast, SET1 is recruited to the 59 end of actively
transcribed loci through direct interaction with the RNA
Pol II CTD in its S5P form (Ng et al. 2003). HumanMLL1/
2 complexes were shown to similarly interact with S5P
(Milne et al. 2005). Moreover, yeast SET1 also interacts
with polymerase-associated factor 1 (Paf1), a protein
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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.
2008). Interestingly, when analyzing the genomic locali-
zation of components of the PRC2 complex, defined
peaks are predominantly found around gene promoters
(Boyer et al. 2006; Bracken et al. 2006; Ku et al. 2008),
indicating more efficient recruitment or retention at
promoters. PRC2 appears to be more spread out over
inactive regions and repeats, giving rise to a flat distribu-
tion rather than defined peaks. Here, we focus on modes
of H3K27me3 establishment at bivalent loci; however,
aspects of PRC2 recruitment to these loci may hold true
for more extensive areas of PRC2 activity, such as in-
active regions and transposons, as well.
The correlation between promoter-associated H3K27me3

and CpG islands was noted early on (Bernstein et al. 2006;
Boyer et al. 2006; Mikkelsen et al. 2007). Subsequent
studies aimed to distinguish CpG islands that feature
H3K4me3 alone from those carrying H3K27me3 as well.
A key difference appears to be the transcriptional status
of the associated genes. In human and mouse ES cells,
>97% of all promoter-associated Ezh2 recruitment sites
corresponded to CpG islands (Ku et al. 2008). Interest-
ingly, further analysis revealed that Ezh2-positive CpG
islands contain binding sites for TFs that were either absent
or inactive in ES cells or corresponded to transcriptional

repressors. Conversely, Ezh2-free CpG islands featured
binding sites for transcriptional activators that are highly
expressed and active in ES cells, such as Myc, NFY, and
Ets1 (Ku et al. 2008). CpG island promoters may thus
assume and maintain a bivalent conformation by default
if transcriptional activators are absent (Ku et al. 2008).
This concept implies that productive transcription,

through proper assembly of TFs, coactivators, and the
splicing machinery, is likely to preclude stable PRC2
recruitment or binding around the TSS, whereas either
the absence of transcription or transcription at levels
below a certain threshold is sufficient to allow PRC2
recruitment to promoter CpG islands. In support of this,
introduction of ectopic CpG islands is sufficient to recruit
PRC2 as long as these CpG islands are devoid of activat-
ing sequences (Mendenhall et al. 2010). A CpG island-
containing region of the HoxD locus was similarly
sufficient to recruit PRC1 and PRC2; however, this re-
cruitment was chiefly attributed to other sequence ele-
ments within the region (Woo et al. 2010). Moreover,
replacement of a fragment of the murine a-globin locus
with its CpG island-containing human counterpart suf-
ficed to induce H3K4me3 and H3K27me3 modification
and recruit PcG proteins, establishing bivalency at the
normally nonbivalent mouse locus (Lynch et al. 2012). By
modulating the associated promoter sequences, Lynch
et al. (2012) further demonstrated that the presence of
H3K27me3 correlated inversely with the degree of acti-
vation. First, these data indicate that unmethylated CpG
islands mediate recruitment of both SET1/MLL and
PRC2 activities, as both H3K4me3 and H3K27me3 are
established at ectopically introduced CpG islands. More-
over, higher levels of transcription appear to displace
PRC2 and thus H3K27me3, whereas low levels permit
default recruitment of PRC2 to CpG islands.
These data suggest that PRC recruitment in mammals

likely employs mechanisms distinct from that in Dro-
sophila, where CpG islands are absent and Polycomb-
repressive elements (PREs) and associated TF binding
partially account for PRC recruitment (Schuettengruber
et al. 2007; Simon and Kingston 2009). Nonetheless,
certain TFs that chiefly act as repressors may augment
targeting of PRCs to CpG islands in the case of mammals.
Candidates include REST and SNAIL, whose target se-
quences are found at a subset of PRC targets (Dietrich
et al. 2012; Arnold et al. 2013) and might fulfill, at least in
part, the role of Drosophila PREs.

Targeting PRC1 and PRC2 to bivalent loci

As the core PRC2 complex does not contain any DNA-
binding domains itself, the mechanisms of its recruit-
ment to gene loci have remained elusive. Even though
PRC2 localizes to unmethylated CpG islands, no CXXC
domain-containing proteins are known to interact with
PRC2. Genomic binding sites of Jarid2, an interactor of
PRC2, exhibit significant overlap with PRC2 target sites
in ES cells (Peng et al. 2009; Shen et al. 2009; Landeira
et al. 2010; Li et al. 2010; Pasini et al. 2010). Jarid2 lacks
a CXXC domain but exhibits unspecific DNA binding
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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)
and may serve to exclude PRC2 from active genes. Besides
histone modifications, contact with H3 in neighboring
nucleosomes stimulates PRC2, leading to more efficient
methylation in compact chromatin regions (Yuan et al.
2012). On the other hand, CpG methylation abrogates
PRC2 interactionwith nucleosomes in vitro (Fig. 4B; Bartke
et al. 2010).
Additional interactions with nucleosomes may stem

from PCL proteins, which contain two PHD fingers and
a tudor domain. Unexpectedly, the tudor domains of PHF1
and PHF19 recognize H3K36me3 as well as H3K27me3,
althoughweakly in the latter case (Ballaré et al. 2012; Brien
et al. 2012; Musselman et al. 2012; Cai et al. 2013).
Corecruitment of the H3K36 demethylases NO66 and
possibly KDM2B (see below) resolves PRC2 inhibition by
H3K36me3, suggesting a pathway to repress previously
active genes (Ballaré et al. 2012; Brien et al. 2012). All
three PCL proteins are expressed in ES cells, and each co-
occupies subsets of PRC2-bound loci. Knockdown of
PHF19 diminished overall H3K27me3 levels and signifi-
cantly decreased binding of the PRC2 core component
Suz12 at;65% of overall target loci and >80% of bivalent
loci in ES cells (Hunkapiller et al. 2012). It is notable that
some bivalent promoters exhibit appreciable H3K36me3

in mouse ES cells (Cai et al. 2013). In this case, PHF19
may help target PRC2 to these bivalent domains in part
via H3K36me3 recognition to constrain further produc-
tive transcription.
Taken together, these findings might explain how

PRC2 and H3K27me3 are largely excluded from actively
transcribed genes and regions silenced by DNA methyla-
tion. Instead of active recruitment to target loci, exclusion
of PRC2 from inappropriate regions might be a predomi-
nant mode of regulating its genomic localization. Bi-
valent domains form a special case, as H3K4me3 would
be expected to prevent PRC2 activity. However, as men-
tioned above, the presence of H3K4me3 on only one, but
not both, copies of H3 per nucleosome is permissive to
PRC2 activity (Voigt et al. 2012). Thus, the resulting asym-
metric conformation with H3K4me3 and H3K27me3 oc-
cupying opposite H3 tails allows the coexistence of active
and repressivemarks within single nucleosomes at bivalent
loci (Voigt et al. 2012).
We discussed how DNA elements, TFs, nucleosomes,

and their associated modifications may be highly in-
structive to PRC2 recruitment. However, they may not
fully explain the observed H3K27me3 patterns. In explor-
ing additional means for sequence-directed recruit-
ment, many groups have assessed a potential role for
RNA molecules. These endeavors were motivated by the
well-established action of the Xist ncRNA in X inactiva-
tion and studies showing a direct interaction between a
region of Xist and Ezh2 (for review, see Brockdorff 2013).
Ezh2 and other PRC2 subunits interact with a wide range
of long ncRNAs (Wang and Chang 2011; Rinn and Chang
2012), suggesting that these proteins recognize secondary
structures rather than primary sequences. Indeed, instead
of providing locus specificity based on sequence comple-
mentarity, secondary structures may direct recruitment in
a co- or post-transcriptional fashion to loci in cis or in trans.
Transcripts of 50–200 nucleotides (nt) originating from

several PRC2 target loci in ES cells have been implicated
in PRC2 recruitment (Kanhere et al. 2010). These short
ncRNAs span CpG-rich sequences and are predicted
to form stem–loop structures similar to those of long
ncRNAs. The Suz12 subunit of PRC2 interacts with these
short ncRNAs, potentially recruiting PRC2 in cis (Kanhere
et al. 2010). Notably, activation of bivalent genes abro-
gates production of their short ncRNAs (Kanhere et al.
2010). However, it remains unclear whether these short
transcripts directly elicit PRC2 recruitment in vivo.
Interestingly, the local abundance of CpG islands may
predict whether a locus is marked purely by H3K4me3
or also by H3K27me3, as the likelihood of H3K27me3
modification increases with CpG island density (Orlando
et al. 2012). Short transcripts from promoters with
multiple CpG islands are highly likely to form the
stem–loop structures implicated in ncRNA-mediated
PRC2 recruitment (Orlando et al. 2012). Nonetheless,
the underlying mechanisms remain unclear, rendering
the role of ncRNAs in recruitment as controversial at
present.
A subset of bivalent genes is further occupied by PRC1.

All PRC1 complexes contain the RING1A/B ubiquitin
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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. Inmouse 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

Based on the work described in the preceding sections, we
propose the following model for the establishment of
bivalent domains (Fig. 5). All promoters with a high CpG
content, including bivalent promoters, are ‘‘primed’’ with
basal levels of H3K4me3 in ES cells. Recruitment of

Figure 5. A step-wise model for the generation
of bivalent domains. MLL and SET1A/B com-
plexes ‘‘prime’’ CpG-rich promoters with basal
levels of H3K4me3. For recruitment mecha-
nisms, see Figure 4A. Loci where suitable TFs
and activators are present will experience re-
inforcement of H3K4me3 deposition through
cotranscriptional means, leading to sustained
activation (active loci). In the absence of activat-
ing TFs, H3K4 demethylases can counterbalance
the activity of MLL/SET1 complexes, allowing
PRC2 to methylate one copy of H3 at the pro-
moter to generate a bivalent set of marks. At
some bivalent loci, PRC2 is joined by PRC1,
reinforcing gene repression as well as PRC re-
cruitment in a feed-forward loop. See Figure 4 for
a key of the histone modifications present in this
figure.
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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-
tivators may suffice to exclude PcG proteins from active
genes through competition for binding to the underlying
GC-rich DNA sequences or through repulsion of PRC2 by
nucleosomes symmetrically modified with H3K4me3 or
H3K36me3. Spurious H3K27me3 may be removed from
active genes by demethylases such as UTX, a component
of MLL3/4 complexes (Agger et al. 2007; Lee et al. 2007).
In the case of bivalent genes, activating signals or

corresponding TFs are absent, and the associated genes
are either silent or transcribed at low levels. Under these
circumstances, H3K4me3 demethylases of the Jarid1/
KDM5 class (Mosammaparast and Shi 2010) can compete
with H3K4me3 deposition, leading to removal of H3K4me3
from at least one copy of H3 at the TSS-associated nu-
cleosome. An interesting candidate in this context is
RBBP2 (KDM5A), which interacts and colocalizes with
PRC2 (Pasini et al. 2008). PRC2 would then be able
to overcome H3K4me3-mediated exclusion, methylating
the available H3 to establish an asymmetric, bivalent
nucleosome. Again, demethylases may counterbalance
H3K27me3 deposition, leading to equilibrium between
H3K4me3 andH3K27me3. Directly or indirectly, PRC2 is
recruited to the bivalent promoters through their unmeth-
ylated CpG islands, for which it competes with SET1A/
B and MLL complexes. Interestingly, a higher density of
CpG islands correlates with more efficient PRC2 recruit-
ment andmay enable PRC2 to successfully compete with
the machinery that establishes basal H3K4me3 levels
but may not suffice to overcome transcription-associated
reinforcement of H3K4me3. The degree of transcrip-
tion may thus play a major role in controlling bi-
valency. PRC1 cooperates with PRC2 in setting up bi-
valency at many loci, and each may reinforce the other’s
recruitment. PRC1—targeted to CpG islands by, e.g.,
KDM2B—locally compacts chromatin, which stimulates
PRC2. Enhanced deposition of H3K27me3 in turn sup-
ports CBX-mediated recruitment of PRC1, resulting in a
feed-forward loop.
Notably, the correlation between CpG density and both

H3K4me3 and H3K27me3 appears weaker in differenti-
ated cell types, indicating that different or additional
mechanisms may control recruitment in those systems.
The factors mediating the establishment of bivalent do-
mains in ES cells likely control their maintenance as
well. As long as developmental signals are absent, the
equilibrium between activating and repressive signals
remains unchanged. The methyltransferase and demeth-
ylase activities involved remain targeted to these loci,
and their continuous interplay maintains the bivalent
modification status. As discussed in the next section, the
presence of the PRC1 and PRC2 complexes and their
associated marks may ensure repression of the appropri-
ate genes in ES cells while still allowing for subsequent

activation when activating TFs tip the balance toward
expression of the bivalent gene.

Function of bivalency—fine-tuning gene expression
and safeguarding differentiation

The initial observations uncovering bivalency (Azuara
et al. 2006; Bernstein et al. 2006) led to the elegant and
inherently appealing concept that bivalent domains keep
genes in a poised or primed state that allows for either
rapid activation or stable silencing upon differentiation
while maintaining low expression levels and a reversible,
silenced state in ES cells. Subsequent studies confirmed
this concept on a genome-wide scale, showing wide-
spread resolution of bivalent genes and associated expres-
sion changes upon differentiation (Mikkelsen et al. 2007;
Pan et al. 2007; Zhao et al. 2007). This striking correlation
has been seen as indicative of a causal role of bivalency
in the timely activation of genes during differentiation.
However, it was not evident from these studies whether
bivalent features indeed facilitate gene activation as well
as silencing and whether they are required for develop-
mental plasticity.
In this section, we summarize studies aimed at uncov-

ering the relevance of bivalent domains for development,
explore how reversible silencing of bivalent genes is
achieved in ES cells at the molecular level, and discuss
how bivalency may be resolved upon differentiation.
We suggest that bivalency acts as a means to fine-tune
expression of crucial factors during development and
defend against unscheduled gene activation, collectively
contributing to the robustness and reduced noise in these
processes.

Probing the function of bivalency in development

It is beyond doubt that bivalently marked genes do
change expression during differentiation. Moreover, as
outlined in the preceding sections, strong evidence for
their existence both in vivo and in vitro have been pro-
vided by ChIP and other approaches. Nevertheless, it
remains contested whether bivalent features indeed
facilitate gene activation as well as silencing during
development and whether they are required for develop-
mental plasticity in a physiological context. The most
direct and convincing way to clarify the relevance of
bivalent domains during development would entail spe-
cifically ablating bivalent domains to analyze potential
developmental defects. Such an approach is nontrivial
and requires a better understanding of factors directing
trxG and PcG proteins to bivalent domains. To directly
address the role of bivalency in poising gene expression
would require specifically ablating PcG and trxG protein
targeting to bivalent loci without affecting the expression
of other genomic features normally bound by these com-
plexes. Such studies have yet to be performed but are
certainly tenable with the advent of programmable geno-
mic editing tools.
Nevertheless, some insights into the relevance of bi-

valent domains for development can still be gained from
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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 PcGmutant
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
bind H3K4me3 and function as effectors have been de-
scribed, most of which are associated with active tran-
scription (Fig. 6). The PHD finger of the TAF3 subunit
of TFIID recognizes H3K4me3 (Vermeulen et al. 2007),

whereas the TAF1 subunit binds to acetylated lysines
on histones H3 and H4 via its bromodomains (Jacobson
et al. 2000). These interactions likely contribute to re-
cruitment of this general TF. Indeed, a recent study
demonstrated that the TAF3–H3K4me3 interaction di-
rectly contributes to preinitiation complex formation in
a reconstituted transcription system and to TFIID re-
cruitment in vivo (Lauberth et al. 2013). As mentioned
above, H3K4me3 binding by the PHD finger of Cfp1 may
be instrumental in mediating a feed-forward loop for
H3K4me3 methylation (Clouaire et al. 2012; Eberl et al.
2013). Other factors bound by H3K4me3 include the
chromatin remodeler CHD1, the SAGA complex, and
the H3K9me2-, H3K27me2-, and H4K20me1-specific de-
methylase PHF8 (Horton et al. 2010; Vermeulen et al.
2010). In combination with other proteins involved in
transcription, these factors may also serve to exclude PcG
proteins from actively transcribed loci, contributing to
the equilibrium between transcription and repression
found at bivalent domains.
To ensure proper governance of potency, ES cells

employ elaborate schemes to prevent permanent DNA
silencing of developmental promoters; for example,
through the concerted actions of H3K4me3, TETenzymes,
and H2A.Z. Promoters with high CpG content contain
H3K4me3 but are virtually devoid of DNA methyla-
tion (Weber et al. 2007; Fouse et al. 2008; Meissner
et al. 2008). H3K4me3 interferes with the recruitment
of the de novo DNA methyltransferases DNMT3A and
DNMT3B (Ooi et al. 2007; Zhang et al. 2010), enforcing
the mutual exclusion of these marks. In addition to
affecting recruitment, H3K4me3 diminishes activity of
these enzymes in vitro (Zhang et al. 2010). The presence of
the TET enzymes at CpG islands may further ensure the

Figure 6. Histone mark-binding proteins at bivalent promoters.
Several binding proteins recognizing H3K4me3 and H3K27me3
may be present at bivalent genes. TFIID, SAGA, and CHD1
complexes, among others, are recruited at least in part by
H3K4me3. Cfp1 binds to H3K4me3 as a subunit of SET1A/B com-
plexes, supporting further H3K4me3 methylation. H3K4me3,
together with other factors, prevents DNMT3-mediated DNA
methylation. On the other hand, H3K27me3 recruits certain
PRC1 complexes but also reinforces binding of PRC2 itself
through interaction with its EED subunit. PRC1 complexes
compact chromatin and interfere with preinitiation complex
(PIC) assembly. Some PRC1 complexes further catalyze H2.Aub1,
which may impair FACT recruitment, among other effects. See
Figure 4 for a key of the histone modifications present in this
figure.
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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
extent of RNA Pol II engagement and elongation is
modulated by the presence of PRC1 and PRC2 (Stock
et al. 2007; Chopra et al. 2011; Min et al. 2011).
Thus, we propose that bivalency constitutes an appar-

ent ‘‘catch-22’’ situation but nevertheless a necessary one.
A key role of H3K27me3 as well as of the PcG machinery
on bivalent domains is to precisely curtail overt pro-
ductive transcription and fine-tune gene expression. In
this context, understanding the molecular underpinnings
of PcG protein-mediated gene repression is pertinent. In
the case of PRC2, the initial deposition of H3K27me3
may serve to impede subsequent deposition of H3K36me3,
given the noncompatibility of both modifications to co-
exist on the same histone tail (Schmitges et al. 2011; Voigt
et al. 2012). Conversely, in the event that developmental
genes are inappropriately expressed, the ability of PHF19
to recognize H3K36me3 may be a primary trigger for in-
creased PRC2 loading at these loci to dampen transcription.
To bring about robust silencing, H3K27me3 further

serves to recruit PRC1–CBX complexes, fortifying
gene repression. Mechanistically, this may be achieved
through enforcing a blockage to RNA Pol II engagement
(Fig. 6), a role that can be fulfilled by PRC1 through
chromatin compaction (for example, see Francis et al.
2004; Grau et al. 2011) and interference with the preini-
tiation transcription complex (Min et al. 2011; Lehmann
et al. 2012). The PRC1-associated H2AK119 monoubiq-
uitination (H2AK119ub1) modification may also inter-
fere with FACT recruitment (Zhou et al. 2008). However,
considering that PRC1 occupies only a subset of all
bivalent promoters, additional buffering mechanisms
are likely in place to keep these PRC2-only target genes in
a state of low activity or inactivity. On this note, global
run-on sequencing (GRO-seq) analysis in mouse ES cells
shows that in the absence of PRC1, RNA Pol II remains
engaged but largely confined to the 59 proximal regions of
bivalent promoters containing only PRC2 (Min et al.

2011). It is of great importance to identify what additional
determinants are in place to limit RNA Pol II progres-
sion on these genes and, in particular, how H3K27me3-
modified nucleosomes directly contribute to this pro-
cess in a manner that is independent of PRC1. It remains
theoretically possible that bivalency and its associated
marks are a consequence of the transcriptional status at
such genes rather than being instructive to their har-
boring initiating, not elongating, RNA Pol II. In vitro
transcription assays will help clarify how H3K27me3-
modified nucleosomes may affect the dynamics of RNA
Pol II transcription along chromatin templates and, of
special interest, whether (and how) different conforma-
tions of bivalent H3K4me3–H3K27me3 nucleosomes
regulate transcription.

Expanding bivalency—players beyond trxG and PcG
proteins

Thus far, we discussed how PcG and trxG complexes and
their associated cofactors help establish the bivalent
chromatin state. Many of these components are ubiqui-
tously expressed in all tissues. However, given the over-
whelming prevalence of bivalent domains in ES cells, it
is conceivable that the pluripotency factors themselves
may also play a regulatory role in landscaping this state.
Indeed, one such example is Utf1. Utf1 is a transcriptional
regulator whose expression is largely restricted to pluripo-
tent tissues as well as germ cells. Interestingly, Utf1 was
recently shown to bind to bivalent promoters, where it
fulfills disparate roles in both limiting PRC2 recruitment
and promoting mRNA degradation of spurious mRNAs
that are inappropriately transcribed from these loci (Jia
et al. 2012). In line with the facultative transcriptional
state of bivalent promoters, Utf1 provides yet another
layer of defense to limit spurious and unscheduled ex-
pression of lineage genes in ES cells. Taken together, an
interplay between PRCs and the (post-)transcriptional
apparatus is important in regulating expression of these
genes in anticipation of developmental cues.
As our understanding of bivalent chromatin states

increases, more novel players are likely to emerge. For
example, a recent assessment of H3K27me3-containing
mononucleosomes revealed an enrichment of H2A.Zub1,
likely imposed by RING1B (Ku et al. 2012). Interestingly,
a proportion of H2A.Zub1 can be further acetylated,
constituting a dual-modified form of H2A.Z. The co-
existence of these two seemingly opposing post-trans-
lational modifications on H2A.Z expands our current
concept of bivalency beyond the classical H3K4me3–
H3K27me3 definition, highlighting how different layers
of regulation are encoded within developmental gene
promoters. Again, how these disparate patterns of histone
modifications impinge on the transcriptional machinery
awaits investigation.

Resolution of bivalent domains during differentiation

During ES cell differentiation, a significant share of
bivalent loci undergoes either activation or silencing.
For activation to occur, a bivalent promoter needs to be
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cleared of repressive factors—most importantly, the
PRCs and their associated marks. Moreover, appropriate
TFs need to be recruited to the promoter and H3K4me3 to
be installed. Conversely, stable repression of the gene
requires removal of the H3K4me3 mark, exclusion of
cognate TFs, and efficient silencing through PcG pro-
teins, DNA methylation, and other means. These pro-
cesses are initiated by signaling events that communicate
developmental cues to the cell nucleus. These pathways
often culminate in activation of specific TFs, leading to
transcription of target genes. However, signals from the
cell surface may also modulate chromatin-modifying
activities, changing chromatin structure to facilitate or
preclude transcription (Badeaux and Shi 2013). Despite
advances toward unraveling both chromatin regulation
and signal transduction in development, it remains
largely unclear how these processes connect to guide
lineage commitment.
Compared with the establishment of bivalent domains,

less is known about the factors controlling their resolu-
tion. In line with our model for the establishment of
bivalent domains (Fig. 5), activation of bivalent genes can

be conceived of as shifting the metastable equilibrium of
the bivalent state toward activation (Fig. 7A). For many
bivalent genes, the cognate TFs are either absent or
inactive in ES cells (Ku et al. 2008), and their recruitment
during differentiation likely plays a key role in activating
transcription from these loci (Fig. 7A). In support of this
view, ectopic expression of developmental TFs in ES cells
leads to changes in transcriptional programs, strongly
affecting bivalent genes (Nishiyama et al. 2009; Sharov
et al. 2011). The presence of H3K27me3 thus not only
represses gene expression, but may also confer respon-
siveness to environmental changes (Sharov et al. 2011).
In contrast, expression of housekeeping genes remains
largely unaffected, likely due to the continuous presence
of active transcription complexes. To allow robust acti-
vation of bivalent genes, repressive marks and associated
complexes must be displaced from bivalent promoters
and gene bodies. We propose that this step introduces an
important barrier against spurious activation of develop-
mental genes, reducing noise and increasing activation
thresholds, thereby conferring robustness to the system
(Fig. 7B).

Figure 7. Bivalency represents a dynamic
equilibrium between activation and repres-
sion that keeps genes in a plastic, inducible
state and at the same time increases robust-
ness. (A) In the bivalent state, activating
stimuli and repressive complexes counter-
balance each other in a metastable equilib-
rium. Activating TFs in concert with H3K27
demethylases and H2.A-deubiquitinating en-
zymes (DUBs) shift the equilibrium toward
activation, ultimately displacing repressive
factors and converting bivalent loci to active
ones. In contrast, removal of the activating
stimuli that are present at low levels at
bivalent domains shifts genes to a repressed
state, a process that requires robust H3K4
demethylase activity. H3K9 methylation
and DNA methylation may buttress repres-
sion. (B) For proper differentiation, genes
need to be activated once a developmental
signal reaches a certain threshold, while
ensuring that significant expression of these
genes does not occur prior to reaching that
signal threshold. Only H3K4me3-marked
genes such as housekeeping genes are con-
stitutively active, regardless of signal levels.
In contrast, fully repressed genes may require
extremely high levels of signal for sufficient
activation. Genes carrying neither active nor
repressive marks may be induced, but the
absence of repressive signals renders them
vulnerable to noise and may lead to sub-
threshold activation. Bivalent genes exhibit
the correct activation thresholds because
higher levels of signal are required to dis-
place the counterbalancing repressive factors.
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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
removing H3K27 methylation in the context of bivalency.
Both UTX and JMJD3 rarely localize to bivalent promoters
in ES cells but are recruited upon differentiation and are
necessary for gene activation (Agger et al. 2007; Lan et al.
2007; Lee et al. 2007; Burgold et al. 2008). JMJD3 has also
been shown to interact with Smad2 and Smad3, leading to
its recruitment to Smad target genes in Nodal signaling
(Dahle et al. 2010; Kim et al. 2011). Correspondingly,
knockdown of JMJD3 diminishes expression of Nodal
target genes (Dahle et al. 2010). Alternative signaling-
dependent targeting mechanisms may exist that couple
demethylation to additional developmental signals. Nota-
bly, enhancers appear to be critically involved in clearance
of PcG proteins from bivalent promoters at least in part by
mediating demethylase recruitment (Seenundun et al.
2010; Taberlay et al. 2011; Vernimmen et al. 2011). Inter-
estingly, many enhancers likewise exist in a poised state
featuring H3K27me3, and activation of these enhancers
entails acetylation of H3K27 (Creyghton et al. 2010; Rada-
Iglesias et al. 2011), which must be preceded by demethyl-
ation of H3K27me3.
Removal of H3K27me3 is expected to render bivalent

promoters more amenable for transcription at least in
part due to the dissociation of CBX-containing PRC1
complexes and reduced compaction. Moreover, removal
of H3K27me3, an EED-binding target, will destabilize
binding of PRC2 itself, potentially initiating a negative
feedback loop augmented by the incurrence of symmetric
H3K4me3 when transcription commences. Notably,
JMJD3 has also been implicated in regulating the release
of paused RNA Pol II into productive elongation, travel-
ing along the gene body to clear H3K27me3 (Chen et al.
2012; Estarás et al. 2013). With respect to removal of
PRC1 and deubiquitinylation of H2A, multiple proteins
have been identified that possess deubiquitinylation
activity toward H2A in mammals, including MYSM1,
USP3, USP7, USP16, USP21, and USP22 (Weake and
Workman 2008; Atanassov et al. 2011). Their regulation
and targeting, however, remains largely elusive. Besides
demethylation of H3K27me3 and loss of CBX binding,
triggers that displace PRC1 are likewise mostly unchar-
acterized at present. The issue of PRC1 displacement is
especially crucial in light of findings that key develop-
mental genes are more likely to feature a bivalent state
involving both PRC2 and PRC1 complexes (Ku et al.

2008). The combined action of both repressive complexes
may further increase signaling thresholds, as displace-
ment of both silencing systems is required for activation
of those key genes.
After removal of H3K27me3 and other PcG signals,

robust H3K4me3 needs to be established at bivalent
promoters that become activated, presumably involving
recruitment of SET1A/B and MLL complexes and feed-
forward loops with active transcription as described
above. Importantly, whereas PRC2 cannot modify H3
copies that carry H3K4me3 (Schmitges et al. 2011; Voigt
et al. 2012), it is yet to be analyzed whether H3K4 tri-
methylases can act on the H3 copies that carry H3K27me3.
Given the potential role of bivalent domains as a means
to increase the activation threshold for developmental
genes, it appears likely that at least certain H3K4 tri-
methylases are sensitive to H3K27me3. Notably, recent
evidence suggests that the Cfp1 subunit of SET1A/B
complexes is excluded from CpG islands harboring PcG
proteins (Vernimmen et al. 2011), indicating the re-
quirement for H3K27me3 removal and PcG clearance
prior to H3K4 methylation by these complexes.
During differentiation, a sizable number of bivalent

domains also undergo silencing. In this case, the equilib-
rium established at these bivalent promoters shifts to
repression, implying a loss of activating input (Fig. 7A). In
ES cells, bivalent promoters are often bound by the core
pluripotency factors such as OCT4 (Boyer et al. 2005; Loh
et al. 2006), presumably contributing to a basal level of
activation at those promoters. Upon differentiation, these
factors are down-regulated and may disappear from bi-
valent loci, tipping the balance toward repression. This
reduction in activating signals may allow the PRCs to
establish a stronger foothold around those promoters,
forging repression, a process that is counterbalanced by
H3K4me3 and its associated factors in ES cells. Similar to
the presence of H3K27me3 as a barrier for activation,
H3K4me3 may function to raise the threshold required
to completely silence a gene upon differentiation, again
conferring robustness to the system.
Through the loss of activating signals and perhaps the

compromised recruitment of H3K4 trimethylases to bi-
valent domains that are being silenced, JARID1/KDM5
H3K4me3 demethylases may overcome counterbalanc-
ing activities and remove the singular, asymmetric
H3K4me3 from the bivalent nucleosomes, allowing those
H3 tails to be modified by PRC2. Both PRC2 and PRC1
may then establish a fully repressed environment. More-
over, other factors such as DNA methylation and H3K9
methylation may contribute to silencing at those loci.
Even though most bivalent promoters remain unmeth-
ylated, loss of H3K4me3 correlates with increased DNA
methylation at some loci (Meissner et al. 2008; Mohn
et al. 2008). Interestingly, promoters that lose both
H3K4me3 and H3K27me3 have a high probability of
becoming DNA-hypermethylated (Meissner et al. 2008),
supporting a role for both marks in preventing DNA
methylation. The extent of H3K9me2methylation mark-
edly increases during differentiation, spanning large re-
gions of silenced chromatin (Wen et al. 2009). Formerly
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bivalent genes may likely be included in those regions as
well, being subjected to additional means to stabilize
their silencing.

Conclusion

In the short history since their discovery, bivalent do-
mains have garnered great attention as a means to poise
gene expression in ES cells and beyond. Current evidence
suggests that bivalent domains function in the fine-
tuning of gene expression during development. The simul-
taneous presence of active and repressive modifications
and associated complexes helps to maintain bivalent loci
in a state that is both responsive to developmental cues
and at the same time refractory to subthreshold noise.
Despite tremendous progress toward understanding the
establishment of bivalency as well as the action of marks
and complexes in poising transcription, future work is
clearly required to directly probe the importance of biva-
lency in developing organisms and further our knowledge
of exactly how PcG proteins regulate transcription. The
bivalency field is still in development.
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