REVIEW

MOLECULAR BIOLOGY

Regulation of gene transcription by

Polycomb proteins

Sergi Aranda,"? Gloria Mas,"? Luciano Di Croce'*3*

2015 © The Authors, some rights reserved;
exclusive licensee American Association for
the Advancement of Science. Distributed
under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC).
10.1126/sciadv.1500737

The Polycomb group (PcG) of proteins defines a subset of factors that physically associate and function to maintain
the positional identity of cells from the embryo to adult stages. PcG has long been considered a paradigmatic
model for epigenetic maintenance of gene transcription programs. Despite intensive research efforts to unveil
the molecular mechanisms of action of PcG proteins, several fundamental questions remain unresolved: How many
different PcG complexes exist in mammalian cells? How are PcG complexes targeted to specific loci? How does PcG
regulate transcription? In this review, we discuss the diversity of PcG complexes in mammalian cells, examine newly
identified modes of recruitment to chromatin, and highlight the latest insights into the molecular mechanisms
underlying the function of PcGs in transcription regulation and three-dimensional chromatin conformation.

INTRODUCTION

The genome of eukaryotic cells is packaged in the nucleus of cells in a
macromolecular complex termed chromatin, which is formed by DNA
together with RNA, histone, and non-histone proteins (Fig. 1). The com-
plex was initially identified by the German cytologist Walter Flemming,
who defined “chromatin” as the cellular structure visually detectable
under the microscope after staining with a basic dye (“stainable mate-
rial,” originally from the Latinized version of the Greek term Khroma)
(I). The minimal structural unit of the chromatin is the nucleosome,
which is composed of 147 base pairs of DNA wrapped around an oc-
tamer formed by two of each of the histones H3, H2A, H2B, and H4
(2). Over the last few years, technological advancements, including the
development of high-resolution microscopy technologies and chromo-
some conformation assays, have revealed that the genome packaging
within the nucleus is nonrandom, but hierarchically structured into
dynamically regulated structures. At the largest scale, interphase chro-
mosomes occupy discrete regions in the nucleus known as “chromosome
territories” (3). At increased resolution, distal regions within interphase
chromosomes establish long-range interactions (with an average size in
mammals of 1 Mb), forming structures known as “topologically asso-
ciated domains” (TADs) (4-7). Finally, chromatin loops within TADs
organize transcriptionally co-regulated genes and are important for
defining cellular identity and other physiological processes (Fig. 1).
The cell type-specific transcription activation of the genome is a
major determinant of the cellular diversity found in multicellular or-
ganisms. The specific transcriptional program is initially induced by a
triggering signal and can be sustained by epigenetic information across
cell divisions until an additional input induces and establishes an
alternative transcriptional program; this in turn can be sustained by an-
other epigenetic mechanism (8). The epigenetic information is thought
to reside in the following: (i) self-propagating transcriptional networks,
such as the pluripotent network in embryonic stem cells (ESCs); (ii) ncRNAs,
such as the X-inactive specific transcript (Xist) RNA; and (iii) chemical
modifications of chromatin, including DNA modifications (that is, cy-
tosine methylation and hydroxymethylation) and histone PTMs (8). To be
considered as such, any epigenetic information must fulfill two criteria:
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(i) it must regulate gene transcription, and (ii) once present in a cell, it
must self-propagate across cell divisions independently of the input
signal and until the appearance of a replacing signal.

The Polycomb group (PcG) of proteins has long been considered
to be a paradigmatic model for epigenetic regulation of gene silencing.
PcG proteins are a collection of transcriptional regulatory factors that
can control gene expression, whose transcriptional imposed silencing
can be transmitted from embryos to adulthood (9, 10). In this review,
we will discuss recent advances in PcG-mediated gene regulation. Spe-
cifically, we will focus on (i) the diversity of the Polycomb complexes
that have been defined in mammals, (ii) their modes of recruitment to
specific chromatin domains, and (iii) their roles in transcription reg-
ulation and chromatin architecture.

HOW MANY POLYCOMB COMPLEXES ARE PRESENT IN
MAMMALIAN CELLS?

Polycomb proteins were initially identified in Drosophila melanogaster.
Analysis of a fly mutant containing additional sex combs not only on
the first but also on the second and third pairs of legs allowed researchers
to identify the first Polycomb member (Pc) (11). Later, the Pc protein
was suggested to be a negative regulator of homeotic genes, which are
necessary for proper body segmentation of Drosophila during devel-
opment. The characterization of mutants showing similar Polycomb
phenotypes enabled the identification of 18 PcG genes in Drosophila that
are required to regulate the proper activation of the Hox gene cluster
(12). The number of PcG ortholog genes expanded remarkably during
the metazoan evolution, from 18 up to 37 members in mammals, most
likely by multiple duplication events (12, 13). In addition, the sequences
of mammalian paralogs diverged significantly, correlating with the
evolution of complex traits in vertebrates (13). In the last few years,
a growing number of additional proteins have been identified as mem-
bers of the PcG complexes, adding an extra layer of complexity in
mammals (14).

The different PcG proteins associate to form functionally distinct
complexes that belong to two major families: the Polycomb repressive
complexes 1 and 2 (PRC1 and PRC2, respectively) (Fig. 2). The differ-
ent complexes of each family have catalytic activity: PRC1 complexes
have E3 ligase activity, and their main characterized substrate is the
monoubiquitinated form of histone H2A at lysine 119 (H2Aubl),
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Fig. 1. Hierarchical layers of chromatin organization in mammalian cells. Individual chromosomes cover a distinct region within the nucleus known
as chromosome territory. At increasing resolution, chromosomes are composed of topologically associating domains (TADs), which are structural units
defined by the high frequency of chromatin interactions between their loci that are partitioned by sharp boundaries. Within TADs, enhancer elements and
active proximal promoters (both depicted in red) form chromatin loops, which are mediated and/or stabilized by protein effectors, noncoding RNAs
(ncRNAs), and histone posttranslational modifications (PTMs). Enhancers and promoters are characterized by the presence of specific histone variants
and PTMs on the histone tails. Upon transcription activation, elongating RNA polymerase Il (RNAP, in green) is phosphorylated at Ser® and Ser? on its
C-terminal domain (CTD) and begins to produce mRNA. Genomic regions that are transcriptionally silenced form repressed chromatin domains that
are also stabilized by ncRNA and other repressive protein complexes. Finally, tracks of repetitive sequence are found in specific functional regions of the

5-MethylC

genome, including CpG islands (CGls), in which cytosines can be modified (5-methylC and 5-hydroxymethylC).

whereas PRC2 complexes contain methyltransferase activity and are
mainly involved in generating the di-/trimethylated form of lysine
27 on histone H3 (H3K27me2/3) (14). Both the PRCI1 and PRC2 com-
plexes comprise core components that are always present and that
contain basal catalytic activity in vitro (Fig. 2). In PRCI, the core com-
ponents include the E3 ubiquitin ligase RinglB and one Polycomb
group of ring finger (Pcgf) protein (Fig. 2). The PRC2 core compo-
nents are Suzl2 (suppressor of zeste 12), which contains a Zinc finger
domain; Eed (embryonic ectoderm development), which contains a
WD40 repeat domain that recognizes trimethylated peptides; and
Ezh1/2 (enhancer of zeste 1 or 2) protein, which contains the SET do-
main responsible for the methyltransferase activity of the complex. PRC1
and PRC2 core components then interact with additional partners that
regulate the enzymatic activity and/or define the mode of recruitment to
chromatin of the complex (see below for details). Currently, the mam-
malian PRCI family is subdivided into two subfamilies of canonical
PRC1 (cPRCI; the functional homolog to Drosophila PRC1) and non-
canonical PRC1 (ncPRC1), which include a heterogeneous group of
several complexes (Fig. 2) (15, 16). Likewise, the core components of
PRC2 can associate with up to six different proteins (that have been
identified to date), which then determine its functional specificity (17).

Aranda, Mas, Di Croce Sci. Adv. 2015;1:e1500737 4 December 2015

This complexity can result in terminology issues because the same
Polycomb term can be equally used to refer to two related but func-
tionally different PcG complexes. Although attempts to uniquely iden-
tify different PRC1 complexes have been undertaken (15, 16), a unified
nomenclature is still missing. The growing number of partners and
functions attributed to the PcG complexes demand a consensus in the
nomenclature used by the scientific community (Fig. 2).

PRC1 complex classification

The PRC1 complexes have a very diverse composition. An initial classifi-
cation differentiated between cPRC1 and ncPRCI1 complexes (15, 16).
This classification is mainly based on the presence of one Chromobox
(Cbx) protein in cPRC1 complexes and of the Ring1B and Yy1-binding
protein (Rybp), or its homolog YAF2, in ncPRC1 complexes (15, 16).
However, this initial classification simplifies the actual diversity of the
PRCI1 complexes.

All PRCI complexes contain RinglB (also known as Ring2/RNF2),
which has the E3 ubiquitin ligase activity of the complex (18, 19), as
well as one of the Pcgf proteins (Pcgfl-6) (15). In an attempt to classify
the different PRC1-containing Pcgf complexes, Gao and collaborators
defined six different groups (PRC1.1-6) according to the Pcgf member
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Fig. 2. PcG complexes in mammals. (A and B) PcG complexes are classified into two major families: (A) PRC1 and (B) PRC2. Both families contain core
subunits present in all the subcomplexes of the family. The interaction of the core complex with other accessory proteins defines the complete
composition of each subcomplex. These accessory proteins have been found to regulate recruitment to specific chromatin domains and/or to modulate
the catalytic activity of the core complex. PRC1 complexes are divided into cPRC1 and ncPRC1 (A). The core complex can associate with distinct Pcgf
proteins, which allows for an alternative nomenclature. Therefore, Pcgf2 and Pcgf4 are present in the cPRC1 complexes (PRC1.2 and PRC1.4, respectively),
Pcgf2 and Pcgf4 are also associated with ncPRC1-containing Rybp or YAF proteins, Pcgf3 and Pcgf5 are present in the ncPRCT complexes (PRC1.3 and
PRC1.5), Pcgf1 is present in the ncPRC1 complex PRC1.1 (also known as BCOR), and Pcgf6 is present in the ncPRC1 complex PRC1.6 (also known as E2F6.

com). (B) The trimeric PRC2 core complex can associate with different proteins present in the PRC2 complex at the same time.

associated to the complex (Fig. 2) (15). Hence, the PRC1.2 and PRC1.4 com-
plexes include RinglB in association with Pcgf4/BMI-1 or Pcgf2/Mel-18,
which stimulate the E3 ligase activity (19, 20), together with a Cbx protein
(Cbx2, Cbx4, Cbx6, Cbx7, or Cbx8) and a polyhomeotic homolog pro-
tein (HPH1-3). On the other hand, PRC1.1, PRC1.3, PRCL1.5, and PRC1.6
include Pcgf1/NsPC1, Pcgf3, Pcgf5, and Pcgf6/MBLRS, respectively, and
the Ringl and Yy1-binding protein Rybp or its homologous YAF1 (Fig.
2). However, this second classification excluded the complexes contain-
ing Rybp-Ring1B found in association with Pcgf2 and Pcgf4. An alter-
native nomenclature should also consider these last complexes.

cPRC1 complexes
The Cbxs proteins are considered to be determinants for the recruit-
ment of cPRCI1 to chromatin. In mammals, the Cbx protein family is
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composed of eight members (Cbx1-8), all of which contain a conserved
C-terminal Cbx domain that binds methylated lysine residues. In addi-
tion, Cbx2, Cbx4, Cbx6, Cbx7, and Cbx8 contain a conserved N-terminal
PcG box required for its interaction with Ringl A/B (21-23). In Drosophila,
the orthologous Pc protein shows a discriminatory binding for H3K27me3
as compared to H3K9me3, although both lysines are contained within
an identical peptide sequence of ARKS (24, 25). However, the mam-
malian Cbx proteins associated to RinglB have a wide range of affin-
ities toward both marks without a distinct selectivity for one (26, 27).
For instance, Cbx2 chromodomain shows a more clear binding for
H3K27me3; Cbx4 and Cbx7 chromodomains bind with similar affin-
ity to H3K9me3 and H3K27me3, but with a slight preference for H3K9me3;
and the Cbx6 and Cbx8 chromodomains show a very weak affinity for
both marks (26, 27). Although it has a poor discrimination for methylated

30of 15



REVIEW

peptides in vitro, PRC1 containing the Cbx7 protein is depleted from
chromatin in Eed knockout ESCs that lack H3K27me3 (28), suggesting
that alternative mechanisms might exist to ensure the selective chroma-
tin binding of PcG complexes. In this regard, Cbx2 also contains a
putative DNA binding domain (23), and Cbx7 has a binding affinity
for RNA via its chromodomain (29).

ncPRC1 complexes

The PRCI.1 complex, also named BCOR (30, 31), is the homolog com-
plex of the Drosophila dRAF complex. In this complex, Pcgfl enhances
the catalytic activity of Ring1B in vitro and in vivo (30-32). A key factor
in the complex is the histone demethylase Kdm2b, which harbors a
CxxC domain involved in DNA binding and drives the targeting of
PRC1 complex to CGls (32-34). Ectopic tethering of Kdm2b results in
the de novo recruitment of PRCI, and hemizygous loss of the CxxC do-
main of Kdm2b results in a homeotic transformation and loss of ncPRC1
genomic occupancy, supporting its role in targeting the complex to
specific locus (35).

The complexes PRC1.3 and PRC1.5 contain Ring1B associated with
casein kinase 2 (CK2). In neurons, the PRCL.5 complex also contains
AUTS2 (autism susceptibility candidate 2), and phosphorylation of
Ring1B by CK2 inhibits its catalytic activity (36). Genome-wide studies
suggested that PRC1.5 is recruited to active genes, uncovering a new
function of the PRC1.5 complex in gene transcription (36).

The PRC1.6, also named E2F6.com (37-39), contains the tran-
scriptional repressor E2F6 in association with RinglB-Pcgf6. Deletion
of E2F6 in mice causes homeotic transformation of the axial skeleton
(40). In addition, the complex contains the oncoprotein L3MBTL2,
the deletion of which, in mice, leads to early embryonic lethality,
and the transcription factors Max and Mga, suggested to target the
complex to E-boxes (39, 41). The complex is completed by its associ-
ation with the Cbx3 protein, which interacts with H3K9me3, histone
deacetylases HDAC1 and HDAC?2, the transcription factor Dp-1, the
H3K9 methyltransferase G9a, the H3K4 demethylase Jarid1C, and the
WDA40 repeat protein Wdr5 (15, 41). However, the functions of these
proteins in the context of PRC1.6 are not yet known.

cPRC1 versus ncPRC1

cPRC1 and ncPRC1 complexes have been compared to each other at
the molecular and functional levels. At the molecular level, the cPRC1-
Cbx and ncPRC1-Rybp complexes co-occupy common as well as dis-
tinct subsets of target genes (15, 42). Their distribution correlates with
the levels of H3K27me3, with the co-occupancy of H3K27me3 by PRCI-
Cbx higher than that by PRC1-Rybp (15, 42). Furthermore, the presence
of PRCI1-Cbx7 (the most expressed Polycomb Cbx in ESCs) correlates
with robust gene silencing, whereas genes uniquely occupied by PRCI-
Rybp are moderately expressed (42). At the functional level, both com-
plexes can compact nucleosomes in vitro. However, PRC1-Rybp exhibits
increased E3 ligase activity as compared to PRC1-Cbx2 and PRCI-Cbx8,
but not to PRC1-Cbx7 (15, 16).

Although this detailed comparative analysis has not been performed
at the cellular level, recent data suggest that the PRC1 complexes that
contain different Pcgf proteins exhibit cell type-specific functions. For
instance, PRC1-Pcgf6 is required for ESC self-renewal (43), and PRCI-
Pcgf4 is required for proliferation and self-renewal of neural stem cells
(44, 45) and hematopoietic stem cells (HSCs) (46, 47). Overall, these
studies suggest that Pcgfs determine specific, nonoverlapping functions
of Ring1B complexes.
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Similarly, the presence of different Cbx proteins dictates nonover-
lapping functions of PRCI complexes (28, 48, 49). Both in ESCs and
HSCs, the PRC1 complex containing Cbx7 represses the lineage spec-
ification program. Conversely, PRC1-Cbx2, PRC1-Cbx4, and PRC1-
Cbx8 repress the expression of genes involved in stem cell self-renewal
(28, 48, 49). These results indicate that, first, PRC1 with distinct Cbx
proteins exhibit nonredundant functions in stem cells; second, PRC1
complexes with specific Cbx subunits are recruited to specific loci in
ESCs and differentiating cells; and last, these complexes exhibit a con-
served molecular mechanism to regulate self-renewal in both embry-
onic and adult stem cells.

PRC2 core complex

As mentioned above, the three core protein subunits of PRC2 complex
are Suz12 (with a Zinc finger domain), Eed (with a WD repeat domain that
recognizes trimethylated peptides), and Ezh1/2 (with a catalytic subunit
within its SET domain). These three components are present in a 1:1:1
stoichiometry (50) and are sufficient for the PRC2 core complex to have
basal levels of methyltransferase activity in vitro (51). Considering the
number of paralogs and splicing isoforms of Ezh and Eed proteins, there
are several potential trimeric complexes that can be assembled (Fig. 2).

The Ezh1 and Ezh2 proteins are mutually exclusive in the complex,
and their expression seems to be complementary; for instance, Ezh?2 is
highly expressed in embryonic tissues and proliferating cells, whereas
Ezh1 is mostly present in adult tissues and nondividing cells (52-56).
Although PRC2 with Ezh2 efficiently methylates H3K27, PRC2 with
Ezh1 has only a minor methyltransferase activity against this lysine,
both in vitro (53) and in vivo (54). The function of PRC2-Ezh2 in me-
diating gene repression has been well characterized (9, 57, 58), but the
function of PRC2-Ezh1 remains controversial. Both Ezh1 and Ezh2 tar-
get the same genes and repress transcription in mouse carcinoma cells
(53). Nevertheless, in muscle cells, Ezh1 and Ezh2 occupy distinct sets
of genes, with Ezh2 associated to the H3K27me3 mark and transcrip-
tionally repressed genes, and Ezh1 present in active chromatin marked
with H3K4me3 (55). Additionally, recent studies indicate that PRC2-
Ezh2 is replaced by PRC2-Ezh1 during differentiation of myoblasts,
and in HSCs and hippocampal cells, resulting in an activation of com-
mon target genes (56, 59, 60). These studies suggest that alternative
assembly of core PRC2 components can result in different functions,
rather than complementary active complexes.

In addition to the two related Ezh1 and Ezh2 genes, four isoforms
of the Eed protein can be produced by an alternative translation start site
from the same mRNA (58). However, the functional differences between
PRC2 complexes containing distinct Eed isoforms still remain unclear
(58, 61).

PRC2 partners and their function

Detailed proteomic analyses of the PRC2 complex indicate that the
core trimeric PRC2 complex can associate with additional polypeptides
at a substoichiometric level, resulting in different PRC2 complexes
assembled in the same cell type (17, 50). The PRC2 cofactors identified
to date are the retinoblastoma binding proteins 4 and 7 (Rbbp4/7; also
known as RbAp48/p46), the adipocyte enhancer-binding protein 2 (Aebp2),
the Jumonji AT-rich interactive domain 2 (Jarid2) protein, the Polycomb-
like 1 [PCL1 or PHD finger protein 1 (PHF1)] protein, the related PCL2
[also known as metal response element binding transcription factor
2 (MTF2)] protein, PCL3 [also known as the PHD finger protein 19
(Phf19)], and two mammalian-specific proteins (C170rf96 and C10orf12)
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(17, 50). Some of these subunits can be present in the same PRC2 sub-
complex, and their main functions are to regulate PRC2 enzymatic activ-
ity and/or its recruitment to specific genomic loci (Fig. 2) (17, 51, 62-65).
However, considering that histone modifications and RNA can also
regulate PRC2 activity (65-70), it is difficult to distinguish whether
the effects on PRC2 methyltransferase activity in vivo are mediated
directly by an allosteric effect of the partner present in the complex or
indirectly by the partner-mediated recruitment of the core complex to
a specific chromatin context.

The histone binding proteins Rbbp7/4 are the mammalian homo-
logs of the Drosophila Nurf55 protein, which enhances dPRC2 activity
in vitro (51, 62). Accordingly, the formation of the tetrameric complex
(trimeric core plus Rbbp7/4) is thought to constitute a fully competent
methyltransferase complex in vivo. In Drosophila, Nurf55 together with
dSuz12 anchor the dEzh2 enzyme at chromatin, whereas dEed boosts
its catalytic activity (62). The addition of Aebp2 enhances the enzymatic
activity of PRC2 (51), and its DNA binding motif may be necessary to
target the complex to specific genomic loci (71). The structure of human
PRC2 complex was recently characterized in association with Aebp2,
further supporting a possible function of this protein in stabilizing the
complex (72). Despite the potential role of Aebp2 as a recruiter of PRC2
to DNA, its genomic occupancy has not been documented to date.

The fact that the PRC2 methyltransferase activity is enhanced by
H3K27me3 (66, 67) and inhibited by H3K4me3 and H3K36me3 (73)
offers an attractive model to explain how the PRC2-mediated spread-
ing of H3K27me3 might be prevented by transcriptionally active chro-
matin domains. In addition, this model predicts that removing the
H3K4me3 or H3K36me3 mark relieves the PRC2 enzymatic inhibi-
tion and allows transcriptionally active regions to be converted to silent
chromatin domains. In line with this, Phf19/PCL3 contains a TUDOR
domain that selectively binds to H3K36me3 (74, 75). Phf19 binds to
active genes in ESCs and recruits the PRC2 complex together with a
histone demethylase, such as NO66 and Kdm2b (74, 75). Experimen-
tal evidence indicates that, upon differentiation, the demethylases remove
the H3K36me3 mark at target genes, thereby releasing the H3K36me3-
mediated PRC2 inhibition and allowing for H3K27me3-induced
transcription silencing (74, 75). Similarly, the TUDOR domains of
Phf1/Pcll and Mtf2/Pcl2 bind H3K36me3 (76). Pcll targets the PRC2
complex to DNA damage sites decorated by H3K36me3, thus acting
as a cofactor during early DNA damage response (76). The PRC2-Pcl2
complex was found to bind to pluripotent genes to negatively regulate
its expression in ESCs; the authors proposed that PRC2 containing
PCL2 proteins are placed at the promoter of pluripotent genes to
achieve a rapid repression upon differentiation stimulus (77).

Jarid2 is the best characterized PRC2 accessory protein. Jarid2 is an
inactive member of the Jumonji family of transcriptional repressors
and, in addition to the Jumonji domains, has two DNA binding do-
mains. Several studies in ESCs highlight the strong relationship be-
tween Jarid2 and PRC2 (78-82). First, Jarid2 and PRC2 physically
interact; second, their genome-wide occupancies largely overlap; third,
co-occupancy is broadly interdependent, although this is lost during X
chromosome inactivation (XCI) when Jarid2 is recruited independent-
ly of PRC2 (83); and fourth, both Jarid2 and PRC2 are required for
proper differentiation of ESCs (78-82). At the molecular level, Jarid2
has been reported to play a role in PRC2 catalytic activity as both an
activator (63, 79, 84, 85) and an inhibitor (78, 81). These contradictory
results might be resolved by recent studies that show that Jarid2 ac-
tivity on PRC2 can be modulated by Ezh2-mediated methylation (85).
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The methylated Jarid2 enhances the catalytic activity of PRC2 on re-
combinant nucleosomes in vitro. However, the methylated form also
competes with H3K27me3 binding with Eed and H3K27me3-
mediated stimulatory effects. The results suggest that the role of Jarid2
on catalytic activity depends on the chromatin context. Finally, Jarid2
stabilizes PRC2’s occupancy at chromatin through its ability to inter-
act with nucleosomes (84), ncRNAs (86), and H2Aub1 (87).

The last two partners identified, the mammalian specific proteins
C170rf96 (also known as esPRC2p48) and C10orfl12, are poorly char-
acterized. Quantitative proteomic assays show a strong interaction be-
tween C170rf96 and the trimeric core complex (50). Although C170rfo6
lacks chromatin binding domains, it has been shown to interact with
unmethylated DNA and nucleosomes (88). Recent data indicates that
C170rf96 is located in CGIs in ESCs irrespective of the presence of
PRC2 or H3K27me3 (89). Unexpectedly, knockdown of C170rf96 in-
creases the association of Suz12 to chromatin and increases the levels
of H3K27me3, in contrast to previous studies that show that aC170rf96
knockdown reduces the levels of H3K27me3 also in ESCs and en-
hances PRC2 activity in vitro (63). Further studies on these novel
PRC2 interactors will clarify these seemingly contradictory results.

HOW ARE PRC1 AND PRC2 RECRUITED TO SPECIFIC LOCI?

Initial studies in Drosophila provided experimental evidences for a se-
quential binding of PcG complexes at PcG response elements (PREs).
These elements are stretches of DNA that contain motifs for several
sequence-specific DNA binding proteins and that can be located thou-
sands of base pairs from the gene they regulate (90). The following
sequential mode of recruitment was proposed: (i) dPRC2 targets PREs
by interacting with sequence-specific DNA binding proteins, such as
the PHO and PHO-like transcription factors; (ii) recruitment stimulates
H3K27 methylation at the PRE loci; and (iii) this methylation provides
a docking site for PRC1 complex recruitment through the chromo-
domain of Pc protein. Transcription silencing is then imposed by block-
ing the access of chromatin remodeling complexes and/or directly
inhibiting the transcriptional machinery at any step, from its recruitment
to elongation (90). However, several indications support an alternative
mode of recruitment of dPRC1: the low affinity of Pc for H3K27me3,
the narrow distribution of PRC1 over PRE elements while H3K27me3
is spread over several kilobases of PRE-centered regions, and the phys-
ical interaction of PRC1 with PHO (90).

In mammals, several lines of evidence also argue against the initial-
ly proposed model as a general mechanism of action. First, among the
thousands of binding regions in PcG, only two functional PRE ele-
ments have been identified (91, 92). Second, PRC1 genome-wide dis-
tribution does not completely overlap with PRC2 and H3K27me3
(15, 16, 42, 48). Last, the distribution of PRCI at some occupied loci
and global levels of H2Aub1 remains unaffected after H3K27me3 de-
pletion in PRC2-depleted mouse ESCs (16). Rather than a unique
mode of recruitment, several mechanisms have been proposed during
the past decade to explain these anomalies; these include interactions
with sequence-specific DNA binding proteins, histone modifications,
ncRNAs, and unmodified DNA (Fig. 3).

Recruitment mediated by DNA sequences and modifications

On the basis of sequence homology, the Zinc finger protein Yyl was
found to be the mammalian ortholog of the DNA binding protein
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Fig. 3. Mechanisms of PcG recruitment to chromatin. (A to C) Three major mechanisms of recruitment of PcG complexes have been proposed: (A) a
DNA-based mechanism in which PcG complexes are targeted to defined DNA sequences. DNA binding domains (DBD) present in different PcG
complexes, such as Kdm2b or Aebp2, can mediate the recruitment to CGls of CG-rich regions. Transient interaction with transcription factors (TF), such
as Snail, can also mediate the recruitment of PcG to DNA-specific sequences; (B) histone modifications can also mediate the recruitment of PcG by its
interaction with chromatin “readers” present in the PcG complexes, such as Cbx and PCL proteins; (C) ncRNAs also interact with PcG complexes and are
required for their recruitment to chromatin. Two examples of this are PRC2 recruitment mediated by Xist during XCl and by short nascent transcripts from
active promoters. In this latter case, interaction with 5-nascent RNAs negatively regulates PRC2 methyltransferase activity.

PHO. Studies in HeLa cells suggest that Yyl could mediate PcG bind-
ing to specific loci (93). However, genome-wide analysis showing a
poor overlap between PcG and Yyl and an absence of Yyl DNA bind-
ing elements on PcG targets sites indicate that Yyl is not a major reg-
ulator of PcG recruitment in mammals (94, 95). Additionally, other
DNA binding proteins have been suggested to direct the binding of
PcG to specific loci, such as Rest (96, 97) and Runx1 (98) for PRCI,
and Snail for PRC2 (99). This suggests that PcG complexes can be re-
cruited to discrete loci in particular circumstances, for which silencing
needs to be efficiently imposed. The presence of Max and Mga on the
PRC1-E2F6 complex, and the moderate enrichment in E-boxes suggest
that this PRCI variant could be recruited by these sequence-specific
transcription factors (41).

Results from several genomic and functional experiments indicate
a strong correlation between PRC2 binding and CGIs. Genome-wide
analysis of Suzl2, Ezh2, and H3K27me3 occupancy shows a remark-
able association of PRC2 to a particular subset of CGIs that lack pre-
dicted binding for transcriptional activators in pluripotent cells (94).
Tethering assays using engineered ESCs that harbor artificial bacterial
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chromosomes containing CGI motifs indicate that these motifs are
sufficient to induce de novo recruitment of a catalytically competent
PRC2 (100). These results argue that the local configuration of chro-
matin is a major regulator of PRC2 recruitment and that the mere pres-
ence of permissive chromatin would be sufficient to induce PRC2
binding. Along these lines, Riising and colleagues recently showed that
gene silencing is a signal that triggers PRC2 recruitment to CGIs (101).
They showed that drug-mediated inhibition of RNAPII is followed by
de novo recruitment of PRC2 to transcriptionally silenced chromatin
in ESCs. After transcription inhibition, the ectopic recruitment of
PRC2 is nonrandom and rather is directed to specific loci that contain
nucleosomal-free CGI, which appear to be genuine PRC2 targets in
other tissues and cell types (101). The fact that loss of PRC2 does not
cause global changes in the transcriptome and that transcription silenc-
ing precedes PRC2 binding indicates that PRC2 acts to maintain silencing
rather than to initiate the signaling cascade. The link between PcG and
CGlI is further supported by a redistribution of H3K27me3 and H2Aubl
when global DNA methylation is abrogated in Dnmt1/3 ESCs mutants
(102, 103). In addition, genomic analysis of the protein Ten-eleven
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translocation (Tetl), an enzyme that converts methyl-cytosine to
hydroxymethyl-cytosine, indicates that 95% of the Ezh2 target genes
and 84% of Suz12 target genes are co-occupied by Tet1 in ESCs (104, 105).
Tetl deletion increases CGI methylation and results in a reduction of
Ezh2 binding (104). Consistent with this functional relationship in
ESCs, Tetl interacts with the PRC2 complex, and Suz12 knockdown
affects Tet1 binding and the hydroxymethyl-cytosine levels in bivalent
promoters (105).

Nevertheless, a major question remains unanswered: How is PRC2
recruited to permissive CGIs? Several scenarios have been proposed
that would increase DNA accessibility and potentially explain the recruit-
ment of PRC2 to CGlIs: the loss of cytosine methylation, the depletion
of nucleosomes, and/or the eviction of transcription factors. Supporting
the first option, the components of the PRC2 complex Aebp2 and Ezh2
have affinity for unmodified CpG-containing chromatin arrays in vitro,
and cytosine methylation reduces their affinity (106). Alternatively,
PRC1 has been proposed to bind unmethylated CGI and thus trigger
PRC2 recruitment. The recruitment of PRC1 is mediated by the his-
tone demethylase Kdm2b, which contains a Zinc finger CxxC domain
that targets the ncPRC1 complex to unmethylated CGI (32, 33). As
further discussed below, ubiquitination of H2A mediated by PRC1
would then trigger PRC2 recruitment (35, 87).

Recruitment mediated by histone modifications

Affinity purification of Drosophila embryo nuclear extracts using H2Aubl
oligonucleosomes recovered several dPRC2 subunits, including Jarid2
and Aebp2 (87). The presence of H2Aub1 enhances the methyltrans-
ferase activity of PRC2 in vitro, an effect mediated by Aebp2 (87). An
independent study showed that forced tethering of specific Pcgf sub-
units of the ncPRCI to an artificial locus induces the de novo recruitment
of an enzymatically competent PRCI complex (35), in a PRC2-independent
fashion. Moreover, ectopic recruitment of PRC1 correlates with an in-
crease in H2Aubl deposition and de novo recruitment of PRC2 (35).
Remarkably, acute deletion of RinglA and RinglB in ESCs reduces
the binding of PRC2 in a genome-wide manner (35). Whether there
is a direct link between H2Aubl and PRC2 recruitment, or whether both
PRC1 and PRC2 complexes mutually sustain and/or stabilize their
binding to chromatin, remains unknown.

Recently, a link between H3K9me3 and PRC2 has been explored.
In tethering assays, the H3K9 methyltransferase G9a can recruit an en-
zymatically active PRC2 to target genes (107). Both methyltransferases
interact physically and co-occupy a subset of genes in ESCs. The re-
cruitment of PRC2 to common target genes relies on a catalytically
active G9a (107). The fact that Eed can also efficiently bind methylated
H3K9 mononucleosomes (66), and that G9a can monomethylate
H3K27, suggests that both marks could provide an anchoring site for
the PRC2 complex.

In addition to being methylated, H3K27 can also be acetylated by
the acetyltransferases CBP and P300 (108). Acetylation and methyla-
tion at the same residue are mutually exclusive (108-110) and correspond
to opposing transcription outcomes (111). Several pieces of evidence
suggest that regions containing H3K27ac are nonpermissive for PRC2
binding (109, 110). A prior deacetylation by histone deacetylases is a
prerequisite for PRC2 to bind to, and be active at, specific loci in ESCs
and leukemia cells (109, 110). These results suggest a model in which
the transition between the active (H3K27ac) and repressed (H3K27me3)
states is mediated by the action of erasers and writers of methyl- or
acetyl-modified H3K27 (109, 110).
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Histone variants also play a role in PRC1 and PRC2 occupancy at
their target genes. In ESCs, the histone variant H2AZ co-occupies a
large number of bivalently marked developmental genes (at which
both repressive H3K27me3 and active H3K4me3 are present), togeth-
er with Suzl12 and H3K27me3 (112, 113). However, a number of data
shed some doubt on the mutual interdependence of genome occupancy.
On the one side, in addition to bivalent genes (112), H2AZ occupancy
seems to expand to active genes that lack PRC2 (113). Moreover,
whereas one study shows that knockdown of either H2AZ or Suzl2
affects the genome occupancy for the other (112), a further study found
that H2AZ remains cobound to active and silent genes in RinglB or
Eed knockout ESCs (113). In addition, colocalization of PRC2 and
H2AZ is lost in differentiated ESCs, in which H3K27me3 associates
to repressed regions and H2AZ occupancy switches toward active chro-
matin domains (112). Therefore, co-occupancy of PRC2 with H2AZ at
bivalent genes may result merely from a configuration of bivalent re-
gions. In ESCs, the histone variant H3.3 is also enriched at bivalent
developmental genes together with H3K27me3 (114). Although nucleo-
some occupancy remains unaffected after H3.3 knockdown, H3K27me3
is severely reduced, as are Jarid2 and Suzl2 occupancies. The physical
interaction between PRC2 and the H3.3 chaperone HIRA, and the loss
of PRC2 recruitment after HIRA knockdown further support a func-
tional link between PRC2 and this H3 variant. However, H3.3 is not
enriched in strongly repressed genes lacking H3K4me3, suggesting a
differential mechanism of PRC2 recruitment between bivalent and
repressed genes.

Recruitment mediated by ncRNAs and coding RNAs
Several laboratories have reported a physical association of PRC2 com-
ponents with thousands of both coding RNAs and ncRNAs in different
cell types, which could indicate a possible promiscuity of PRC2 in RNA
binding (86, 115-119). In contrast, other studies argue in favor of a
more specific RNA binding (29, 69, 120-123). Attempts to decipher this
apparent contradiction have been recently made, resulting in a model in
which PRC2 binds RNAs with different affinities that range from mid
to low nanomolar affinities in vitro (124). Nevertheless, whether this
broad range of binding affinity is relevant in vivo remains unknown.
The models proposed for RNA-PcG functionality suggest that
these RNAs can regulate gene transcription in cis (115, 118, 120, 121)
as well as in trans (122, 123). For instance, a model for RNA-PcG in-
teraction is given during mammalian XCIL In mammalian females, the
extra gene dosage attributed to the X chromosomes is compensated by
a mitotically stable transcription silencing of one of the X chromosomes.
XCI is mediated by the action of a specific long ncRNA, Xist RNA,
encoded in an X-linked gene. Once expressed, Xist coats the X chro-
mosome in cis and triggers the recruitment of chromatin remodeling
machineries, including PcG proteins, which impose repressive DNA
and histone methylation (120, 121). Despite numerous efforts to de-
fine the molecular mechanisms underlining XCI, there are still some
experimental discrepancies. For instance, although the initial PRC2
binding region on Xist defined in vitro is required for XCI (121, 125),
it seems to be dispensable for PRC2 recruitment in vivo (83). In un-
differentiated ESCs, H3K27me3 is enriched over gene bodies and is ex-
cluded from CGI upon ectopic induction of Xist (126). However, in
differentiated ESCs, PRC2 and H3K27me3 are broadly distributed along
the X chromosome (83, 127). During the early onset of Xist induction
in pluripotent ESCs, the silenced X-linked genes do not associate with
H3K27me3 (126). This correlates with a poor local colocalization of
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Xist with Ezh2, Eed, Suz12, and RinglB, as analyzed with superresolu-
tion microscopy (126). These results temporally separate the initial
silencing of X-linked genes with PRC2 recruitment and activity, chal-
lenging the prevalent model of PRC2 function on XCL

Another connection between a cis regulatory IncRNA and PcG was
also reported at the INK4b-ARF-INK4a locus (29, 128). The antisense
IncRNA ANRIL is expressed from the INK4 gene and physically inter-
acts with both Suz12 and the chromodomain of Cbx7, which recruit
PRC2 and PRCI, respectively, to this locus. This leads to the deposi-
tion of H3K27me3 and H2Aub1 and causes transcription silencing of
the INK4b-ARF-INK4a locus. Ultimately, repression of this tumor-
suppressor locus triggers cell proliferation and inhibits senescence,
therefore inappropriately driving oncogenesis.

Understanding the link between HOTAIR and PRC2 has also been
the subject of intense research. HOTAIR is a conserved IncRNA of
~2 kb that acts in trans to impose the transcription silencing through-
out the genome (122, 123, 129, 130). It is transcribed from the HOXC
locus in humans and mice and is thought to provide information
about cell positioning by repressing other HOX loci (129, 131). Its de-
letion in mice causes homeotic transformation by derepression of the
HOXD cluster, which correlates with a reduction in H3K27me3 and
an increase in H3K4me3 (129, 131). HOTAIR binds to both PcG pro-
teins and the histone demethylase LSD1, driving their occupancy at
hundreds of different GA-enriched loci and resulting in H3K27me3
deposition and loss of H3K4me3. Detailed functional studies in hu-
man cells have shown that interaction of HOTAIR and PRC2 is regu-
lated by phosphorylation of Ezh2 by the cell cycle-regulated kinase Cdk1
(132). Additionally, a highly structured minimal region of 89 nucleo-
tides in HOTAIR is sufficient to interact with the Ezh2-Eed dimer
(133), which may provide insight to understanding the structural basis
of PcG’s RNA binding,

In addition to the RNA interactions with Xist, ANRIL, and HOTAIR,
PRC2 components such as Ezh2 also bind the 5’'-terminal part of
nascent transcripts (118, 119, 134). Binding to the nascent RNAs
inhibits the catalytic activity of PRC2 by an unknown mechanism
(118, 134). The model proposed suggests that PRC2 initially “samples”
the chromatin, and, on active genes, its activity is somehow inhibited
by direct contact with nascent RNAs. When a signal triggers the re-
cruitment of gene silencers, transcription of nascent RNAs disappears,
and PRC2 actively imposes the mitotically stable silencing. Following
the widely accepted idea, this model suggests that PRC2 is dispensable
for initiating the transcription silencing, but rather is required for the
mitotic maintenance of repressive states.

HOW DOES PcG MEDIATE TRANSCRIPTION REGULATION?

PRC1 and PRC2 regulate RNA polymerase
Seemingly, PcG complexes can alter the chromatin environment both
through their catalytic activity, by imposing PTMs on histones, and in-
dependently of their catalytic activity, by inducing chromatin conden-
sation (Fig. 4) (135-137). Although chromatin condensation restricts
the actions of the ATP (adenosine 5'-triphosphate)-dependent chroma-
tin remodeling complex SWI/SNF in vitro (135, 136, 138, 139), the phys-
iological relevance of this mechanism of action remains unknown.
Transcription is a stepwise process by which the transcriptional
machinery, led by the RNA polymerase (RNAPII), is first recruited to
promoters, a process facilitated by transcription factors bound to
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proximal-promoter and distal regulatory enhancer regions. After an
initial short transcription, RNAPII is phosphorylated in a serine located
in a fifth position (S5-Pi) of a heptapeptide that is repeated 52 times in
the CTD. At this stage, the RNAPII is held close to the TSS poised for
productive transcription elongation. Next, the RNAPII is fired by phos-
phorylation in a second serine of the same heptapeptide (S2-Pi) of the
CTD and is released from the proximity of the TSS toward the gene
body. The transcriptional machinery then travels along the gene body
together with chromatin remodeling factors that modify nucleosome
conformation to favor the elongation of the complex. Finally, the tran-
scription terminates at the 3’ end of the gene (140).

The monoubiquitination of lysine 119 on H2A and the di-/trimethylation
of lysine 27 on H3, by PRC1 and PRC2, respectively, are thought to
block gene transcription directly (Fig. 4), although an indirect action
of PcG over additional non-histone substrates that regulate transcrip-
tion cannot be completely ruled out.

Globally, the H3K27me3 mark encompasses distal enhancers, prox-
imal promoters/TSS, and gene bodies (141, 142), suggesting that its
functional role could be dependent on the chromatin context. For in-
stance, studies in Drosophila analyzing the genome-wide distribution
of RNPAII, H3K27me3, and H3K4me3 in both wild-type and mutants
of extra sex combs (the ortholog of mammalian Eed) indicate that
H3K27me3 limits RNAPII recruitment to gene promoters (143). In ad-
dition, studies in human myeloid cells show that demethylation of
H3K27me3 at genes also marked with H3K4me3 induces a release of
paused polymerase but does not significantly affect RNAPII recruitment
(144). Accordingly, during differentiation of muscle cells, demethylation
of H3K27me3 on gene bodies is required for proper RNAPII elongation
of developmentally regulated genes (Fig. 4) (145).

PRC2 is also required for deposition of mono- and dimethylation
of H3K27 (146, 147). Recent data show that H3K27mel is located in
actively transcribed regions, promoting their transcription. Converse-
ly, H3K27me2 is broadly located along the repressed chromatin do-
mains, which represents 70% of total H3 (147). These results suggest
that fine-tuning the methyltransferase activity of PRC2 might result in
different transcriptional outputs.

H2Aubl has also been implicated in acting to restrain RNAPII
elongation. Zhou and colleagues proposed that H2Aub1 prevents
the recruitment of the histone chaperone FACT at promoter regions,
thus inhibiting H2A-H2B dimer eviction and, consequently, RNAPII
release (148). As an alternative model, Stock and collaborators sug-
gested that H2Aubl favors the switch of RNPAII to a yet-uncharacterized
conformation that has less processive activity (149). Supporting this
notion, deletion of Ringlb in ESCs causes the activation of poised de-
velopmental genes without affecting the transcription elongation-
associated RNAPII, which is phosphorylated at serine 2/5 on its CTD
(149). However, allele-specific genomic characterizations of PcG co-
occupancy with RNAPII at different stages of the transcription process
indicate that PcG repression is associated only with RNAPII phos-
phorylated at serine 5 on its CTD (RNAPII-S5P), across CpG-rich genes
(150). At silent developmental genes, PcG and unproductive RNAPII-
S5P co-occupy promoters and coding regions, which produce imma-
ture RNAs (Fig. 4). In a subset of moderately expressed genes that are
mostly related to development and metabolism, the distribution of PcG
and elongating RNAPII is allele-specific and mutually exclusive, with
PcG and RNAPII-S5P co-occupying the repressed allele and elongating
RNAPII-S2P/S5P/S7P co-occupying the other active allele (150). Alter-
natively, H2Aubl has been proposed to inhibit transcription initiation
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Fig. 4. Mechanisms of PcG-mediated transcription regulation. PcG proteins mediate repression and activation of transcription. (A) Three major
mechanisms of repression have been proposed. First, in bivalent promoters marked with both repressive (H3K27me3) and active (H3K4me3) histone
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matin. For PRCT, its ability to compact chromatin appears to be independent of its catalytic activity. Chromatin compaction is proposed to block the
accessibility of chromatin remodeling complexes, such as the SWI/SNF complex, which is required during transcription activation. Third, deubiquitination
and demethylation of histone H3 at gene bodies are required for efficient transcription elongation by RNAPII. Thus, the histone modifications imposed by
PcG at gene bodies might prevent RNAPII processivity during transcription elongation. (B) PRC1 complexes can also regulate gene activation. Two dif-
ferent mechanisms have been proposed, both of which require the action of a protein kinase. The first mechanism involves the phosphorylation by Aurora
B kinase of the deubiquitinase Usp16 and the E2-conjugating enzyme Ube2d3, which act in a coordinated manner to block PRC1 activity. Usp16 phos-
phorylation activates its deubiquitinase activity and hence leads to removal of the ubiquitin from H2AK119. In contrast, Ube2d3 phosphorylation inhibits
its activity, thus impairing the E3 ligase activity of PRC1. Therefore, a catalytically impaired PRC1 complex would favor the recruitment of RNAPII to activate
gene transcription. In the second mechanism, the CK2 within the PRC1.5 complex phosphorylates Ring1B on serine 168 and inhibits its catalytic activity.
Additionally, the subunit Auts2 of the complex triggers the recruitment of the acetyltransferase P300, which acetylates histone tails and enhances
transcription.

but not elongation, by preventing H3K4 ditrimethylation during hepa-  (153). In this context, PRC1 co-occupies active target genes together

tocyte regeneration (151).

Transcription activation by PRC1

In recent years, a radically opposite scenario has emerged that places
PcG complexes as activators of gene expression (36, 152, 153). During
the differentiation of ESCs toward an ectodermal fate, PRC1 is required
for the initial activation of developmental genes (152). This switch in
the PRCI role from repressor to activator is due to a switch in subunits
from Cbx7 to Cbx8 (152). In this case, PRC1 also occupies H3K36me3-
decorated active genes. How this switch favors gene activation remains
unknown. In a study using quiescent lymphocytes, PRC1 was shown
to be recruited to actively transcribed genes independently of PRC2
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with the Aurora B kinase. This kinase phosphorylates and activates the
Uspl6 deubiquitinase, which then deubiquitinates H2Aubl1 (Fig. 4).
Additionally, Aurora B phosphorylates the E2-conjugating enzyme
Ube2d3 to inhibit its catalytic activity, which is required for Ring1B
E3 ligase function (Fig. 3) (153). The authors suggest that the activating
role of PRCI relies in the capacity of the complex to recruit active RNA-
PII (149, 150). Thus, in contrast to ESCs, in which the active form of
PRCI retains RNAPII in a poised state, the inactive PRC1 in quiescent
lymphocytes would enable the processivity of RNAPIL

Recently, it has become clear that the PRC1.5 complex is involved
in gene activation after its phosphorylation: the CK2 protein present
in the complex phosphorylates RinglB at serine 168 (36). This
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phosphorylation severely reduces the catalytic activity of RinglB. Ad-
ditionally, another subunit of the complex, the Auts2 protein, triggers
the recruitment of p300, which acetylates histone tails and thereby
favors transcription activation (Fig. 4) (36).

Finally, PcG seems to be a coactivator of gene expression by reg-
ulating local topological interactions. A recent study demonstrated
that Ringl1B plays a role in enhancer-promoter interactions at the de-
velopmental mouse gene Meis2 (154). Meis2 is repressed during early
development and becomes active during midbrain development. The
transition from the repressive to the active state correlates with the
topological interaction of the Meis2 promoter and a midbrain-specific
enhancer (MBE) within the gene. This expression transition is facili-
tated by Ring1B, which functions as a molecular bridge, thus facilitating
the interaction of MBE, the Meis2 promoter, and a RinglB-binding site
located downstream of the poly(A) site of the gene (154). Considering
that 25% of RinglB-binding sites are outside of promoter regions in
mouse neural ESCs (154), this suggests that the role of PRC1 on
topological organization could be extended to other genes.

Regulation of chromatin structure by PcG

TADs are three-dimensional (3D) structures of the genome that are
highly conserved across cell types and species. TADs segregate from
each other by sharp boundaries that contain binding sites for architec-
tural proteins such as CTCF and cohesion (Fig. 5). Different TADs
segregate according to transcriptional levels, histone modifications,
chromatin accessibility, and replication timing (4, 155, 156). Corre-
spondingly, regions of the genome featuring transcriptionally permis-
sive (or euchromatic) histone marks tend to form active TADs and are
mainly found within the active nuclear environment or “HiC com-
partment A.” Active TADs spatially segregate from transcriptionally
repressed TADs, which are associated with facultative heterochro-
matin (“HiC compartment B”) or the peripheral nuclear lamina (lamina-
associated domains) (156).

Since the discovery of TADs and chromatin loops, particular atten-
tion has been paid to how these 3D genomic structures change during
development and cellular differentiation, when cells need to precisely
and dynamically tune the lineage-specific gene expression programs
that are essential for maintaining cell identity (157). In ESCs, two spe-
cial types of chromatin loops spatially organize the genes involved in cell
identity. On the one hand, genes involved in ESC self-renewal are contained
within the so-called super-enhancer domains. Transcription of these
genes is governed by super-enhancers, intergenic regions characterized
by an exceptionally high occupancy of the RNPAII subunit Mediator,
core pluripotent factors (Oct4, Sox2, and Nanog), and the histone mark
H3K27ac. On the other hand, similar to the super-enhancer domains,
the genes specifying repressed lineage are organized within chromatin
structures known as PcG domains. PcG domains average 112 kilo-base
pair (kbp) and include most (70%) of the PcG-associated genes, con-
tained within a loop of densely marked H3K27me3 chromatin flanked
by CTCF/cohesin sites (142). Accordingly, PcG domains contain an ex-
ceptionally high density of PRC2 subunits along with their associated
histone marks. Some of the best characterized PcG domains are the
Hox gene clusters (HoxA-D). High-resolution 3C studies have revealed
that inactive Hox genes form large H3K27me3-marked TADs located
within HiC compartment A in the nucleus of ESCs and away from the
lamina-associated nuclear periphery (158). Recent studies indicate that
H3K27me3 regions may aggregate due to the intrinsic affinity between
H3K27me3-decorated loci and the overall chromosome folding patterns
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of each cell type (158). During embryonic development, Hox genes
are sequentially activated to allow for the correct patterning of the
vertebrate body axis. When transcription is activated, specific Hox genes
progressively segregate into an active TAD compartment (Fig. 4)
(159, 160). This TAD reorganization is accompanied by a switch in
histone modifications, whereby H3K27me3-marked regions are labeled
with the opposing H3K4me3 mark during transcription activation
(159, 158, 161).

TADs therefore change with the reorganization of chromatin
marks, but is PcG/H3K27me3 required for TAD formation or mainte-
nance? Chromosome conformation assays in ESCs show that loss of
PRC2 (and therefore its associated H3K27me3 mark) had a minimal
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Fig. 5. PcG shapes intra-TAD interactions. In ESC nuclei, the genome is
compartmentalized on the basis of the preferential interactions between
genomic elements, forming multilooped structures called TADs (see text)
of active chromatin (depicted in green) and transcriptionally repressed
chromatin (in orange). Chromatin loops are flanked by insulator proteins
such as the CTCF transcription factor (in gray). Top panel: Hypothetical
chromosome conformation capture (3C) data showing pairwise interaction
frequencies (in red) occurring between two active TADs (green) segregated
from an inactive TAD (orange). The active and inactive TADs are densely
marked by H3K4me3 and H3K27me3, respectively. Bottom panel: Upon
ESCs differentiation, the overall TAD structure and location of TAD bound-
aries are not altered, but small rearrangements occur, which correlate with
a redistribution of histone PTMs.
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effect on global genome conformation, only causing the disruption of
specific interactions between regions densely enriched by Polycomb
within the TAD (162). Similar conclusions were obtained when analyz-
ing the TAD organization of the inactive X chromosome, which showed
no differences in TAD size or position in Eed knockout cells, whereas
deletion of a 58-kbp region inside the TAD boundary led to changes
in long-range interactions and transcription misregulation (7). Togeth-
er, these results suggest that PRC2 is not a major driver of global ge-
nome architecture, although higher-resolution 3C experiments should
be performed to rule out the possibility that PRC2 is required to main-
tain specific enhancer-promoter interactions during development and
cellular differentiation.

Nonetheless, from these and other studies, the notion emerges that
the integrity of the PcG domain boundaries is a strong determinant of
TAD organization and transcriptional output. Accordingly, the pres-
ence of intact boundaries flanking PcG domains is required for full
transcriptional repression of the genes within the domain, as specific
mutations that disrupt CTCF boundaries lead to a relocalization of
PcG proteins outside the boundaries, with a resulting increase in ex-
pression of the genes within the domain (142, 161, 163). Analogous
results were found in Drosophila, in which depletion of dCTCF caused
a decrease in H3K27me3 within the Polycomb domain (164). Overall,
these data indicate that high occupancy of PcG proteins within TADs
might help to stabilize and consolidate—but not to establish—topological
domains of transcriptionally inactive regions of the genome.

CONCLUDING REMARKS

PcG complexes are evolutionarily conserved proteins that regulate
gene expression. We have highlighted the current understanding of
the molecular mechanisms by which PcG complexes regulate transcrip-
tion. To the best of our knowledge, PcG proteins can modulate tran-
scription by (i) associating with each other in a rational manner to
form distinct functional complexes; (ii) targeting silenced as well as
actively transcribed regions in a controlled fashion; (iii) imposing PTMs
on histone tails and compacting chromatin, thus altering the chromatin
environment; and (iv) modulating directly the transcriptional machin-
ery, by regulating its accessibility to DNA and/or the processivity of
RNAPIL Despite having obtained a broad overview, elucidating the
details of this still faces some major challenges. First, although there
have been efforts to comprehensively characterize the complex subunits
at the proteomic level, we lack an in-depth structural model of the
PcG complexes, because their size and heterogeneity hamper a com-
prehensive and precise characterization of the tridimensional struc-
tures. Additionally, elucidation of the complex 3D structures will require
different structural approaches to be integrated, from nuclear magnetic
resonance spectroscopy to proximity-ligation strategies combined with
mass spectrometry. Constructing such structural models is important,
because it will provide insight not only into the complex assembly but
also for its genome targeting and mechanisms of regulation. Second,
chromatin immunoprecipitation combined with massive parallel se-
quencing have been widely used to define the genomic distribution
of different PcG proteins, which supports both redundant and non-
overlapping functions. A major goal in the future will be to understand
the interplay between different complexes in a temporal manner, such
as during cellular differentiation, as well as during oncogenic transfor-
mation. Third, despite the strong correlation between H3K27me3 and
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H2Aubl with gene repression, it is not fully understood how these
marks affect transcription. The identification of H3K27M gain-of-
function mutations in a subset of highly aggressive pediatric gliomas
might contribute to decipher the impact of H3K27me3 methylation in
gene regulation. A single mutation of histone H3.3 Lys*’-to-Met*’
results in a blockage of the PRC2 methyltransferase activity and
H3K27me depletion (165). Recent proteomic studies from Drosophila
animal models for this mutation show that nucleosomes containing
the mutated histone H3 are devoid of PRC2 components and are
enriched on bromodomain proteins (166). The extensive characteriza-
tion of similar models at the molecular level will clarify the role of this
PTM in gene transcription. Fourth, the emerging 3C technologies are
providing new avenues on how transcription of subsets of genesis

Box 1. Modes of epigenetic inheritance of H3K27me3.

During DNA replication, parental histones marked with PTMs are
deposited back onto nascent DNA (767). Deposition of newly synthe-
sised histones supplies the extra demand of nucleosomes at nascent
DNA. The coexistence of both parental and new histones supports a
model of precise maintenance of histone marks on mature DNA after
replication fork progression, in which the marks on parental histones
serve as a blueprint for the modification of new histones placed in the
vicinity (167). For H3K27me3, the affinity of different PRC2 subunits,
such as Eed, to the methyl mark would ensure its self-propagation by re-
cruiting their cognate enzyme (66, 168). Therefore, considering this mech-
anism of propagation, the H3K27me3 would fulfill the criteria to be
considered an epigenetic feature stably maintained at a specific loci
across cell divisions. However, recent proteomic analysis of radioactive
labeled histones on Hela cells challenge the view that H3K27me3 is
inherited at specific nucleosomal positions. These studies indicate that,
after the replication, the total levels of H3K27me3 are not fully reestab-
lished until the G1 phase of the next cell cycle (169-171). Indeed,
detailed analyses show that faithful propagation of total levels of
H3K27me3 requires the continuous modification of new histones as well
as previously unmodified parental histones during several cell genera-
tions (771). This model of transmission indicates that, rather than requir-
ing H3K27me3 to be deposited at a specific nucleosomal position, the
mark is distributed throughout the locus to reach a threshold level re-
quired to maintain its epigenetic state (170, 171).

As an alternative model of transmission, data from the Drosophila
embryo indicate that the PcG proteins themselves convey epigenetic
information to impose stable silencing and self-perpetuate across cell
divisions (772).In Drosophila, proximity ligation assays have shown that
the PcG proteins Pc and E(z), and the Trithorax protein Trx are asso-
ciated with nascent DNA within 200 bp of the replication fork (172).
The authors suggest that PcG and TrxG remain associated to the chro-
matin during replication fork progression and are ready to resume the
marks at the nucleosomes on nascent DNA (772). In contrast to the sit-
uation in Hela cells (177), trimethylated H3K27 and H3K4 were not de-
tected in the initial 200 bp of nascent DNA in Drosophila embryos,
although this cannot exclude that parental histones are loaded after this
initial DNA track. Accordingly, specific deletion of a PRE, using the FLP
recombinase at different time points during Drosophila development,
leads to loss of silencing within one or a few cell generations (70).
These data indicate that the PRE is required not only to initiate but also
to maintain the silencing state, whereas the histone marks, once
established, do not self-perpetuate throughout development, there-
fore questioning their epigenetic nature.
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regulated in a coordinated manner during biological processes. The
role of PcG in defining global chromosome architecture is still unclear.
However, detailed changes on promoter-enhancer interactions are miss-
ing due to the resolution of the 3C studies currently published. Hence,
strategies to improve the genome interaction maps will enlighten the
precise role of PcG on regulating 3D chromatin architecture.

REFERENCES AND NOTES

20.

21.

22.

23.

24,

25.

26.

Ara

. W. Flemming, Zellsubstanz, Kern und Zelltheilung (F. C. W. Vogel, Leipzig, 1882).

. T. Kouzarides, Chromatin modifications and their function. Cell 128, 693-705 (2007).

. D. U. Gorkin, D. Leung, B. Ren, The 3D genome in transcriptional regulation and pluripotency.
Cell Stem Cell 14, 762-775 (2014).

. J. R. Dixon, S. Selvaraj, F. Yue, A. Kim, Y. Li, Y. Shen, M. Hu, J. S. Liu, B. Ren, Topological
domains in mammalian genomes identified by analysis of chromatin interactions. Nature
485, 376-380 (2012).

. J. H. Gibcus, J. Dekker, The hierarchy of the 3D genome. Mol. Cell 49, 773-782 (2013).

. N. Naumova, M. Imakaev, G. Fudenberg, Y. Zhan, B. R. Lajoie, L. A. Mimy, J. Dekker, Organi-
zation of the mitotic chromosome. Science 342, 948-953 (2013).

. E.P.Nora, B. R. Lajoie, E. G. Schulz, L. Giorgetti, . Okamoto, N. Servant, T. Piolot, N. L. van Berkum,
J. Meisig, J. Sedat, J. Gribnau, E. Barillot, N. Bliithgen, J. Dekker, E. Heard, Spatial partitioning of
the regulatory landscape of the X-inactivation centre. Nature 485, 381-385 (2012).

. R. Bonasio, S. Tu, D. Reinberg, Molecular signals of epigenetic states. Science 330, 612-616 (2010).

. J. Miiller, Transcriptional silencing by the Polycomb protein in Drosophila embryos. EMBO
J. 14, 1209-1220 (1995).

. A. Busturia, C. D. Wightman, S. Sakonju, A silencer is required for maintenance of transcrip-
tional repression throughout Drosophila development. Development 124, 4343-4350 (1997).

. P. H. Lewis, PC: Polycomb. Drosophila Information Service 21, 69 (1949).

. L. Ringrose, R. Paro, Epigenetic regulation of cellular memory by the Polycomb and
Trithorax group proteins. Annu. Rev. Genet. 38, 413-443 (2004).

. S. J. Whitcomb, A. Basu, C. D. Allis, E. Bernstein, Polycomb Group proteins: An evolutionary
perspective. Trends Genet. 23, 494-502 (2007).

. L. Di Croce, K. Helin, Transcriptional regulation by Polycomb group proteins. Nat. Struct.
Mol. Biol. 20, 1147-1155 (2013).

. Z. Gao, J. Zhang, R. Bonasio, F. Strino, A. Sawai, F. Parisi, Y. Kluger, D. Reinberg, PCGF
homologs, CBX proteins, and RYBP define functionally distinct PRC1 family complexes.
Mol. Cell 45, 344-356 (2012).

. L. Tavares, E. Dimitrova, D. Oxley, J. Webster, R. Poot, J. Demmers, K. Bezstarosti, S. Taylor,
H. Ura, H. Koide, A. Wutz, M. Vidal, S. Elderkin, N. Brockdorff, RYBP-PRC1 complexes me-
diate H2A ubiquitylation at polycomb target sites independently of PRC2 and H3K27me3.
Cell 148, 664-678 (2012).

. P.Vizéan, M. Beringer, C. Ballaré, L. Di Croce, Role of PRC2-associated factors in stem cells
and disease. FEBS J. 282, 1723-1735 (2015).

. H. Wang, L. Wang, H. Erdjument-Bromage, M. Vidal, P. Tempst, R. S. Jones, Y. Zhang, Role
of histone H2A ubiquitination in Polycomb silencing. Nature 431, 873-878 (2004).

. R. Cao, Y. Tsukada, Y. Zhang, Role of Bmi-1 and Ring1A in H2A ubiquitylation and hox

gene silencing. Mol. Cell 20, 845-854 (2005).

S. Elderkin, G. N. Maertens, M. Endoh, D. L. Mallery, N. Morrice, H. Koseki, G. Peters, N. Brockdorff,

K. Hiom, A phosphorylated form of Mel-18 targets the Ring1B histone H2A ubiquitin ligase to

chromatin. Mol. Cell 28, 107-120 (2007).

J. Schoorlemmer, C. Marcos-Gutiérrez, F. Were, R. Martinez, E. Garcia, D. P. E. Satijn, A. P. Otte,

M. Vidal, Ring1A is a transcriptional repressor that interacts with the Polycomb-M33 pro-

tein and is expressed at rhombomere boundaries in the mouse hindbrain. EMBO J. 16,

5930-5942 (1997).

J. 1. Bardos, A. J. Saurin, C. Tissot, E. Duprez, P. S. Freemont, HPC3 is a new human polycomb

orthologue that interacts and associates with RING1 and Bmi1 and has transcriptional repression

propetrties. J. Biol. Chem. 275, 28785-28792 (2000).

R. Senthilkumar, R. K. Mishra, Novel motifs distinguish multiple homologues of Polycomb

in vertebrates: Expansion and diversification of the epigenetic toolkit. BMC Genomics 10,

549 (2009).

J. Min, Y. Zhang, R-M. Xu, Structural basis for specific binding of Polycomb chromodomain to

histone H3 methylated at Lys 27. Genes Dev. 17, 1823-1828 (2003).

W. Fischle, Y. Wang, S. A. Jacobs, Y. Kim, C. D. Allis, S. Khorasanizadeh, Molecular basis for

the discrimination of repressive methyl-lysine marks in histone H3 by Polycomb and HP1

chromodomains. Genes Dev. 17, 1870-1881 (2003).

E. Bernstein, E. M. Duncan, O. Masui, J. Gil, E. Heard, C. D. Allis, Mouse polycomb proteins

bind differentially to methylated histone H3 and RNA and are enriched in facultative

heterochromatin. Mol. Cell. Biol. 26, 2560-2569 (2006).

nda, Mas, Di Croce Sci. Adv. 2015;1:e1500737 4 December 2015

27

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

. L. Kaustov, H. Ouyang, M. Amaya, A. Lemak, N. Nady, S. Duan, G. A. Wasney, Z. Li, M. Vedadi,
M. Schapira, J. Min, C. H. Arrowsmith, Recognition and specificity determinants of the human
Cbx chromodomains. J. Biol. Chem. 286, 521-529 (2011).

L. Morey, G. Pascual, L. Cozzuto, G. Roma, A. Wutz, S. A. Benitah, L. Di Croce, Nonoverlapping
functions of the Polycomb group Cbx family of proteins in embryonic stem cells. Cell Stem
Cell 10, 47-62 (2012).

K. L. Yap, S. Li, A. M. Munoz-Cabello, S. Raguz, L. Zeng, S. Mujtaba, J. Gil, M. J. Walsh, M-M. Zhou,
Molecular interplay of the noncoding RNA ANRIL and methylated histone H3 lysine 27 by
Polycomb CBX7 in transcriptional silencing of INK4a. Mol. Cell 38, 662-674 (2010).

M. D. Gearhart, C. M. Corcoran, J. A. Wamstad, V. J. Bardwell, Polycomb group and SCF
ubiquitin ligases are found in a novel BCOR complex that is recruited to BCL6 targets.
Mol. Cell. Biol. 26, 6880-6889 (2006).

C. Sénchez, |. Sdnchez, J. A. A. Demmers, P. Rodriguez, J. Strouboulis, M. Vidal, Proteomics
analysis of Ring1B/Rnf2 interactors identifies a novel complex with the FbxI10/Jhdm1B
histone demethylase and the Bcl6 interacting corepressor. Mol. Cell. Proteomics 6, 820-834
(2007).

X. Wy, J. V. Johansen, K. Helin, FbxI10/Kdm2b recruits Polycomb repressive complex 1 to
CpG islands and regulates H2A ubiquitylation. Mol. Cell 49, 1134-1146 (2013).

A. M. Farcas, N. P. Blackledge, I. Sudbery, H. K. Long, J. F. McGouran, N. R. Rose, S. Lee, D. Sims,
A. Cerase, T. W. Sheahan, H. Koseki, N. Brockdorff, C. P. Ponting, B. M. Kessler, R. J. Klose,
KDM2B links the polycomb repressive complex 1 (PRC1) to recognition of CpG islands. Elife
1, e00205 (2012).

J. He, L. Shen, M. Wan, O. Taranova, H. Wu, Y. Zhang, Kdm2b maintains murine embryonic
stem cell status by recruiting PRC1 complex to CpG islands of developmental genes. Nat. Cell
Biol. 15, 373-384 (2013).

N. P. Blackledge, A. M. Farcas, T. Kondo, H. W. King, J. F. McGouran, L. L. P. Hanssen, S. Ito,
S. Cooper, K. Kondo, Y. Koseki, T. Ishikura, H. K. Long, T. W. Sheahan, N. Brockdorff, B. M. Kessler,
H. Koseki, R. J. Klose, Variant PRC1 complex-dependent H2A ubiquitylation drives PRC2 recruit-
ment and polycomb domain formation. Cell 157, 1445-1459 (2014).

Z. Gao, P. Lee, J. M. Stafford, M. von Schimmelmann, A. Schaefer, D. Reinberg, An
AUTS2-Polycomb complex activates gene expression in the CNS. Nature 516, 349-354
(2014).

H. Ogawa, K-. Ishiguro, S. Gaubatz, D. M. Livingston, Y. Nakatani, A complex with chro-
matin modifiers that occupies E2F- and Myc-responsive genes in G cells. Science 296,
1132-1136 (2002).

C. Attwooll, S. Oddi, P. Cartwright, E. Prosperini, K. Agger, P. Steensgaard, C. Wagener, C. Sardet,
M. C. Moroni, K. Helin, A novel repressive E2F6 complex containing the polycomb group protein,
EPC1, that interacts with EZH2 in a proliferation-specific manner. J. Biol. Chem. 280, 1199-1208
(2005).

P. Trojer, A. R. Cao, Z. Gao, Y. Li, J. Zhang, X. Xu, G. Li, R. Losson, H. Erdjument-Bromage,
P. Tempst, P. J. Farnham, D. Reinberg, L3MBTL2 protein acts in concert with PcG protein-
mediated monoubiquitination of H2A to establish a repressive chromatin structure. Mol. Cell
42, 438-450 (2011).

J. Storre, H.-P. Elsasser, M. Fuchs, D. Ullmann, D. M. Livingston, S. Gaubatz, Homeotic
transformations of the axial skeleton that accompany a targeted deletion of £2f6. EMBO
Rep. 3, 695-700 (2002).

J. Qin, W. A. Whyte, E. Anderssen, E. Apostolou, H.-H. Chen, S. Akbarian, R. T. Bronson,
K. Hochedlinger, S. Ramaswamy, R. A. Young, H. Hock, The polycomb group protein L3mbtl2
assembles an atypical PRC1-family complex that is essential in pluripotent stem cells and
early development. Cell Stem Cell 11, 319-332 (2012).

L. Morey, L. Aloia, L. Cozzuto, S. A. Benitah, L. Di Croce, RYBP and Cbx7 define specific
biological functions of polycomb complexes in mouse embryonic stem cells. Cell Rep. 3,
60-69 (2013).

D. Zdzieblo, X. Li, Q. Lin, M. Zenke, D. J. lllich, M. Becker, A. M. Miiller, Pcgf6, a Polycomb
group protein, regulates mesodermal lineage differentiation in murine ESCs and functions in
iPS reprogramming. Stem Cells 32, 3112-3125 (2014).

. S. W. M. Bruggeman, M. E. Valk-Lingbeek, P. P. M. van der Stoop, J. J. L. Jacobs, K. Kieboom,
E. Tanger, D. Hulsman, C. Leung, Y. Arsenijevic, S. Marino, M. van Lohuizen, Ink4a and Arf
differentially affect cell proliferation and neural stem cell self-renewal in Bmil-deficient
mice. Genes Dev. 19, 1438-1443 (2005).

D. Zencak, M. Lingbeek, C. Kostic, M. Tekaya, E. Tanger, D. Hornfeld, M. Jaquet, F. L. Munier,
D. F. Schorderet, M. van Lohuizen, Y. Arsenijevic, Bmil loss produces an increase in astro-
glial cells and a decrease in neural stem cell population and proliferation. J. Neurosci. 25,
5774-5783 (2005).

H. Oguro, J. Yuan, H. Ichikawa, T. Ikawa, S. Yamazaki, H. Kawamoto, H. Nakauchi, A. Iwama,
Poised lineage specification in multipotential hematopoietic stem and progenitor cells
by the polycomb protein Bmi1. Cell Stem Cell 6, 279-286 (2010).

L.-L. Smith, J. Yeung, B. B. Zeisig, N. Popoyv, I. Huijbers, J. Barnes, A. J. Wilson, E. Taskesen,
R. Delwel, J. Gil, M. Van Lohuizen, C. W. E. So, Functional crosstalk between Bmil and
MLL/Hoxa9 axis in establishment of normal hematopoietic and leukemic stem cells. Cell
Stem Cell 8, 649-662 (2011).

12 of 15



REVIEW

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Aranda, Mas, Di Croce Sci. Adv. 2015;1:e1500737

A. O’Loghlen, A. M. Mufioz-Cabello, A. Gaspar-Maia, H.-A. Wu, A. Banito, N. Kunowska,
T. Racek, H. N. Pemberton, P. Beolchi, F. Lavial, O. Masui, M. Vermeulen, T. Carroll, J. Graumann,
E. Heard, N. Dillon, V. Azuara, A. P. Snijders, G. Peters, E. Bernstein, J. Gil, MicroRNA regulation of
Cbx7 mediates a switch of Polycomb orthologs during ESC differentiation. Cell Stem Cell 10,
33-46 (2012).

K. Klauke, V. Radulovi¢, M. Broekhuis, E. Weersing, E. Zwart, S. Olthof, M. Ritsema, S. Bruggeman,
X. Wu, K. Helin, L. Bystrykh, G. de Haan, Polycomb Cbx family members mediate the balance
between haematopoietic stem cell self-renewal and differentiation. Nat. Cell Biol. 15, 353-362
(2013).

A. H. Smits, P. W. T. C. Jansen, . Poser, A. A. Hyman, M. Vermeulen, Stoichiometry of
chromatin-associated protein complexes revealed by label-free quantitative mass spectrometry-
based proteomics. Nucleic Acids Res. 41, e28 (2013).

R. Cao, Y. Zhang, SUZ12 is required for both the histone methyltransferase activity and
the silencing function of the EED-EZH2 complex. Mol. Cell 15, 57-67 (2004).

A. P. Bracken, D. Pasini, M. Capra, E. Prosperini, E. Colli, K. Helin, EZH2 is downstream of
the pRB-E2F pathway, essential for proliferation and amplified in cancer. EMBO J. 22,
5323-5335 (2003).

R. Margueron, G. Li, K. Sarma, A. Blais, J. Zavadil, C. L. Woodcock, B. D. Dynlacht, D. Reinberg,
Ezh1 and Ezh2 maintain repressive chromatin through different mechanisms. Mol. Cell 32,
503-518 (2008).

X. Shen, Y. Liu, Y.-J. Hsu, Y. Fujiwara, J. Kim, X. Mao, G.-C. Yuan, S. H. Orkin, EZH1 mediates
methylation on histone H3 lysine 27 and complements EZH2 in maintaining stem cell
identity and executing pluripotency. Mol. Cell 32, 491-502 (2008).

K. Mousavi, H. Zare, A. H. Wang, V. Sartorelli, Polycomb protein Ezh1 promotes RNA polymer-
ase Il elongation. Mol. Cell 45, 255-262 (2012).

J. Xy, Z. Shao, D. Li, H. Xie, W. Kim, J. Huang, J. E. Taylor, L. Pinello, K. Glass, J. D. Jaffe, G-C. Yuan,
S. H. Orkin, Developmental control of polycomb subunit composition by GATA factors me-
diates a switch to non-canonical functions. Mol. Cell 57, 304-316 (2015).

R. Cao, L. Wang, H. Wang, L. Xia, H. Erdjument-Bromage, P. Tempst, R. S. Jones, Y. Zhang,
Role of histone H3 lysine 27 methylation in Polycomb-group silencing. Science 298,
1039-1043 (2002).

A. Kuzmichev, T. Jenuwein, P. Tempst, D. Reinberg, Different EZH2-containing complexes
target methylation of histone H1 or nucleosomal histone H3. Mol. Cell 14, 183-193 (2004).
L. Stojic, Z. Jasencakova, C. Prezioso, A. Stutzer, B. Bodega, D. Pasini, R. Klingberg, C. Mozzetta,
R. Margueron, P. L. Puri, D. Schwarzer, K. Helin, W. Fischle, V. Orlando, Chromatin regulated
interchange between polycomb repressive complex 2 (PRC2)-Ezh2 and PRC2-Ezh1 complexes
controls myogenin activation in skeletal muscle cells. Epigenetics Chromatin 4, 16 (2011).

B. Henriquez, F. J. Bustos, R. Aguilar, A. Becerra, F. Simon, M. Montecino, B. van Zundert,
Ezh1 and Ezh2 differentially regulate PSD-95 gene transcription in developing hippocampal
neurons. Mol. Cell. Neurosci. 57, 130-143 (2013).

. C. Martin, R. Cao, Y. Zhang, Substrate preferences of the EZH2 histone methyltransferase

complex. J. Biol. Chem. 281, 8365-8370 (2006).

M. Nekrasov, B. Wild, J. Miiller, Nucleosome binding and histone methyltransferase activity of
Drosophila PRC2. EMBO Rep. 6, 348-353 (2005).

Z.Zhang, A. Jones, C.-W. Sun, C. Li, C.-W. Chang, H.-Y. Joo, Q. Dai, M. R. Mysliwiec, L.-C. Wu,
Y. Guo, W. Yang, K. Liu, K. M. Pawlik, H. Erdjument-Bromage, P. Tempst, Y. Lee, J. Min,
T. M. Townes, H. Wang, PRC2 complexes with JARID2, MTF2, and esPRC2p48 in ES cells
to modulate ES cell pluripotency and somatic cell reprogramming. Stem Cells 29, 229-240
(2011).

R. Cao, H. Wang, J. He, H. Erdjument-Bromage, P. Tempst, Y. Zhang, Role of hPHF1 in
H3K27 methylation and Hox gene silencing. Mol. Cell. Biol. 28, 1862-1872 (2008).

K. Sarma, R. Margueron, A. lvanov, V. Pirrotta, D. Reinberg, Ezh2 requires PHF1 to efficiently
catalyze H3 lysine 27 trimethylation in vivo. Mol. Cell. Biol. 28, 2718-2731 (2008).

R. Margueron, N. Justin, K. Ohno, M. L. Sharpe, J. Son, W. J. Drury |ll, P. Voigt, S. R. Martin,
W. R. Taylor, V. De Marco, V. Pirrotta, D. Reinberg, S. J. Gamblin, Role of the polycomb
protein EED in the propagation of repressive histone marks. Nature 461, 762-767 (2009).
C. Xu, C. Bian, W. Yang, M. Galka, H. Ouyang, C. Chen, W. Qiu, H. Liu, A. E. Jones, F. MacKenzie,
P. Pan, S. S-C. Li, H. Wang, J. Min, Binding of different histone marks differentially regulates
the activity and specificity of polycomb repressive complex 2 (PRC2). Proc. Natl. Acad. Sci. U.S.A.
107, 1926619271 (2010).

S. J. Whitcomb, B. Fierz, R. K. McGinty, M. Holt, T. Ito, T. W. Muir, C. D. Allis, Histone mono-
ubiquitylation position determines specificity and direction of enzymatic cross-talk with
histone methyltransferases Dot1L and PRC2. J. Biol. Chem. 287, 23718-23725 (2012).

C. Cifuentes-Rojas, A. J. Hernandez, K. Sarma, J. T. Lee, Regulatory interactions between
RNA and polycomb repressive complex 2. Mol. Cell 55, 171-185 (2014).

V. A. Herzog, A. Lempradl, J. Trupke, H. Okulski, C. Altmutter, F. Ruge, B. Boidol, S. Kubicek,
G. Schmauss, K. Aumayr, M. Ruf, A. Pospisilik, A. Dimond, H. B. Senergin, M. L. Vargas, J. A. Simon,
L. Ringrose, A strand-specific switch in noncoding transcription switches the function of a
polycomb/trithorax response element. Nat. Genet. 46, 973-981 (2014).

H. Kim, K. Kang, J. Kim, AEBP2 as a potential targeting protein for Polycomb Repression
Complex PRC2. Nucleic Acids Res. 37, 2940-2950 (2009).

4 December 2015

72

73.

74.

75.

76.

77.

78.

79.

80.

8

82.

83.

84.

85.

86.

87.

88.

89.

90.

9

92.

93.

94.

. C. Ciferri, G. C. Lander, A. Maiolica, F. Herzog, R. Aebersold, E. Nogales, Molecular
architecture of human polycomb repressive complex 2. Elife 1, €00005 (2012).

F. W. Schmitges, A. B. Prusty, M. Faty, A. Stutzer, G. M. Lingaraju, J. Aiwazian, R. Sack, D. Hess,
L. Li, S. Zhou, R. D. Bunker, U. Wirth, T. Bouwmeester, A. Bauer, N. Ly-Hartig, K. Zhao, H. Chan,
J. Gu, H. Gut, W. Fischle, J. Miller, N. H. Thomd, Histone methylation by PRC2 is inhibited by
active chromatin marks. Mol. Cell 42, 330-341 (2011).

C. Ballaré, M. Lange, A. Lapinaite, G. M. Martin, L. Morey, G. Pascual, R. Liefke, B. Simon, Y. Shi,
0. Gozani, T. Carlomagno, S. A. Benitah, L. Di Croce, Phf19 links methylated Lys36 of histone
H3 to regulation of Polycomb activity. Nat. Struct. Mol. Biol. 19, 1257-1265 (2012).

G. L. Brien, G. Gambero, D. J. O’Connell, E. Jerman, S. A. Turner, C. M. Egan, E. J. Dunne,
M. C. Jurgens, K. Wynne, L. Piao, A. J. Lohan, N. Ferguson, X. Shi, K. M. Sinha, B. J. Loftus,
G. Cagney, A. P. Bracken, Polycomb PHF19 binds H3K36me3 and recruits PRC2 and
demethylase NO66 to embryonic stem cell genes during differentiation. Nat. Struct.
Mol. Biol. 19, 1273-1281 (2012).

C. A. Musselman, N. Avvakumov, R. Watanabe, C. G. Abraham, M.-E. Lalonde, Z. Hong,
C. Allen, S. Roy, J. K. Nufiez, J. Nickoloff, C. A. Kulesza, A. Yasui, J. Coté, T. G. Kutateladze,
Molecular basis for H3K36me3 recognition by the Tudor domain of PHF1. Nat. Struct.
Mol. Biol. 19, 1266-1272 (2012).

E. Walker, W. Y. Chang, J. Hunkapiller, G. Cagney, K. Garcha, J. Torchia, N. J. Krogan, J. F. Reiter,
W. L. Stanford, Polycomb-like 2 associates with PRC2 and regulates transcriptional networks
during mouse embryonic stem cell self-renewal and differentiation. Cell Stem Cell 6, 153-166
(2010).

X. Shen, W. Kim, Y. Fujiwara, M. D. Simon, Y. Liu, M. R. Mysliwiec, G.-C. Yuan, Y. Lee, S. H. Orkin,
Jumonji modulates polycomb activity and self-renewal versus differentiation of stem cells.
Cell 139, 1303-1314 (2009).

G. Li, R. Margueron, M. Ku, P. Chambon, B. E. Bernstein, D. Reinberg, Jarid2 and PRC2,
partners in regulating gene expression. Genes Dev. 24, 368-380 (2010).

D. Pasini, P. A. C. Cloos, J. Walfridsson, L. Olsson, J.-P. Bukowski, J. V. Johansen, M. Bak,
N. Tommerup, J. Rappsilber, K. Helin, JARID2 regulates binding of the Polycomb repressive
complex 2 to target genes in ES cells. Nature 464, 306-310 (2010).

. J. C. Peng, A. Valouev, T. Swigut, J. Zhang, Y. Zhao, A. Sidow, J. Wysocka, Jarid2/Jumoniji

coordinates control of PRC2 enzymatic activity and target gene occupancy in pluripotent
cells. Cell 139, 1290-1302 (2009).

D. Landeira, S. Sauer, R. Poot, M. Dvorkina, L. Mazzarella, H. F. Jergensen, C. F. Pereira,
M. Leleu, F. M. Piccolo, M. Spivakov, E. Brookes, A. Pombo, C. Fisher, W. C. Skarnes, T. Snoek,
K. Bezstarosti, J. Demmers, R. J. Klose, M. Casanova, L. Tavares, N. Brockdorff, M. Merkenschlager,
A. G. Fisher, Jarid2 is a PRC2 component in embryonic stem cells required for multi-lineage
differentiation and recruitment of PRC1 and RNA Polymerase Il to developmental regulators.
Nat. Cell Biol. 12, 618-624 (2010).

S.T. da Rocha, V. Boeva, M. Escamilla-Del-Arenal, K. Ancelin, C. Granier, N. R. Matias, S. Sanulli,
J. Chow, E. Schulz, C. Picard, S. Kaneko, K. Helin, D. Reinberg, A. F. Stewart, A. Wutz, R. Margueron,
E. Heard, Jarid2 is implicated in the initial Xist-induced targeting of PRC2 to the inactive
X chromosome. Mol. Cell 53, 301-316 (2014).

J. Son, S. S. Shen, R. Margueron, D. Reinberg, Nucleosome-binding activities within JARID2
and EZH1 regulate the function of PRC2 on chromatin. Genes Dev. 27, 2663-2677 (2013).
S. Sanulli, N. Justin, A. Teissandier, K. Ancelin, M. Portoso, M. Caron, A. Michaud, B. Lombard,
S.T. da Rocha, J. Offer, D. Loew, N. Servant, M. Wassef, F. Burlina, S. J. Gamblin, E. Heard,
R. Margueron, Jarid2 methylation via the PRC2 complex regulates H3K27me3 deposition
during cell differentiation. Mol. Cell 57, 769-783 (2015).

S. Kaneko, R. Bonasio, R. Saldafia-Meyer, T. Yoshida, J. Son, K. Nishino, A. Umezawa, D. Reinberg,
Interactions between JARID2 and noncoding RNAs regulate PRC2 recruitment to chromatin.
Mol. Cell 53, 290-300 (2014).

R. Kalb, S. Latwiel, H. I. Baymaz, P. W. T. C. Jansen, C. W. Muller, M. Vermeulen, J. Mller,
Histone H2A monoubiquitination promotes histone H3 methylation in Polycomb repression.
Nat. Struct. Mol. Biol. 21, 569-571 (2014).

T. Bartke, M. Vermeulen, B. Xhemalce, S. C. Robson, M. Mann, T. Kouzarides, Nucleosome-
interacting proteins regulated by DNA and histone methylation. Cell 143, 470-484 (2010).
R. Liefke, Y. Shi, The PRC2-associated factor C170rf96 is a novel CpG island regulator in
mouse ES cells. Cell Disc. 1, 15008 (2015).

J. A. Simon, R. E. Kingston, Mechanisms of Polycomb gene silencing: Knowns and unknowns.
Nat. Rev. Mol. Cell Biol. 10, 697-708 (2009).

. A.Sing, D. Pannell, A. Karaiskakis, K. Sturgeon, M. Djabali, J. Ellis, H. D. Lipshitz, S. P. Cordes,

A vertebrate Polycomb response element governs segmentation of the posterior
hindbrain. Cell 138, 885-897 (2009).

C. J. Woo, P. V. Kharchenko, L. Daheron, P. J. Park, R. E. Kingston, A region of the human
HOXD cluster that confers Polycomb-group responsiveness. Cell 140, 99-110 (2010).

A. Basu, F. H. Wilkinson, K. Colavita, C. Fennelly, M. L. Atchison, YY1 DNA binding and inter-
action with YAF2 is essential for Polycomb recruitment. Nucleic Acids Res. 42, 2208-2223
(2014).

M. Ku, R. P. Koche, E. Rheinbay, E. M. Mendenhall, M. Endoh, T. S. Mikkelsen, A. Presser,
C. Nusbaum, X. Xie, A. S. Chi, M. Adlj, S. Kasif, L. M. Ptaszek, C. A. Cowan, E. S. Lander, H. Koseki,

13 of 15



REVIEW

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

.

2.

113.

114.

115.

116.

Aranda, Mas, Di Croce Sci. Adv. 2015;1:e1500737

B. E. Bernstein, Genomewide analysis of PRC1 and PRC2 occupancy identifies two classes of
bivalent domains. PLOS Genet. 4, €1000242 (2008).

P. Vella, I. Barozzi, A. Cuomo, T. Bonaldi, D. Pasini, Yin Yang 1 extends the Myc-related
transcription factors network in embryonic stem cells. Nucleic Acids Res. 40, 3403-3418 (2012).
N. Dietrich, M. Lerdrup, E. Landt, S. Agrawal-Singh, M. Bak, N. Tommerup, J. Rappsilber,
E. Sodersten, K. Hansen, REST-mediated recruitment of Polycomb repressor complexes
in mammalian cells. PLOS Genet. 8, €1002494 (2012).

X. Ren, T. K. Kerppola, REST interacts with Cbx proteins and regulates Polycomb repressive
complex 1 occupancy at RE1 elements. Mol. Cell. Biol. 31, 2100-2110 (2011).

M. Yu, T. Mazor, H. Huang, H.-T. Huang, K. L. Kathrein, A. J. Woo, C. R. Chouinard, A. Labadorf,
T. E. Akie, T. B. Moran, H. Xie, S. Zacharek, I. Taniuchi, R. G. Roeder, C. F. Kim, L. . Zon,
E. Fraenkel, A. B. Cantor, Direct recruitment of Polycomb repressive complex 1 to
chromatin by core binding transcription factors. Mol. Cell 45, 330-343 (2012).

N. Herranz, D. Pasini, V. M. Diaz, C. Franci, A. Gutierrez, N. Dave, M. Escriva, |. Hernandez-Murioz,
L. Di Croce, K. Helin, A. Garcia de Herreros, S. Peir, Polycomb complex 2 is required for
E-cadherin repression by the Snail1 transcription factor. Mol. Cell. Biol. 28, 4772-4781 (2008).
E. M. Mendenhall, R. P. Koche, T. Truong, V. W. Zhou, B. Issac, A. S. Chi, M. Ku, B. E. Bernstein,
GC-rich sequence elements recruit PRC2 in mammalian ES cells. PLOS Genet. 6, e1001244 (2010).
E. M. Riising, I. Comet, B. Leblanc, X. Wu, J. V. Johansen, K. Helin, Gene silencing triggers
Polycomb repressive complex 2 recruitment to CpG islands genome wide. Mol. Cell 55,
347-360 (2014).

J. P. Reddington, S. M. Perricone, C. E. Nestor, J. Reichmann, N. A. Youngson, M. Suzuki,
D. Reinhardt, D. S. Dunican, J. G. Prendergast, H. Mjoseng, B. H. Ramsahoye, E. Whitelaw,
J. M. Greally, I. R. Adams, W. A. Bickmore, R. R. Meehan, Redistribution of H3K27me3
upon DNA hypomethylation results in de-repression of Polycomb target genes. Genome Biol.
14, R25 (2013).

S. Cooper, M. Dienstbier, R. Hassan, L. Schermelleh, J. Sharif, N. P. Blackledge, V. De Marco,
S. Elderkin, H. Koseki, R. Klose, A. Heger, N. Brockdorff, Targeting Polycomb to pericentric
heterochromatin in embryonic stem cells reveals a role for H2AK119u1 in PRC2 recruitment.
Cell Rep. 7, 1456-1470 (2014).

H. Wu, A. C. D'Alessio, S. Ito, K. Xia, Z. Wang, K. Cui, K. Zhao, Y. E. Sun, Y. Zhang, Dual
functions of Tet1 in transcriptional regulation in mouse embryonic stem cells. Nature
473, 389-393 (2011).

F. Neri, D. Incarnato, A. Krepelova, S. Rapelli, A. Pagnani, R. Zecchina, C. Parlato, S. Oliviero,
Genome-wide analysis identifies a functional association of Tet1 and Polycomb repressive
complex 2 in mouse embryonic stem cells. Genome Biol. 14, R91 (2013).

H. Wu, V. Coskun, J. Tao, W. Xie, W. Ge, K. Yoshikawa, E. Li, Y. Zhang, Y. E. Sun, Dnmt3a-
dependent nonpromoter DNA methylation facilitates transcription of neurogenic genes.
Science 329, 444-448 (2010).

C. Mozzetta, J. Pontis, L. Fritsch, P. Robin, M. Portoso, C. Proux, R. Margueron, S. Ait-Si-Ali,
The histone H3 lysine 9 methyltransferases G9a and GLP regulate Polycomb repressive
complex 2-mediated gene silencing. Mol. Cell 53, 277-289 (2014).

D. Pasini, M. Malatesta, H. R. Jung, J. Walfridsson, A. Willer, L. Olsson, J. Skotte, A. Wutz, B. Porse,
O. N. Jensen, K. Helin, Characterization of an antagonistic switch between histone H3 lysine 27
methylation and acetylation in the transcriptional regulation of Polycomb group target genes.
Nucleic Acids Res. 38, 4958-4969 (2010).

N. Reynolds, M. Salmon-Divon, H. Dvinge, A. Hynes-Allen, G. Balasooriya, D. Leaford, A. Behrens,
P. Bertone, B. Hendrich, NuRD-mediated deacetylation of H3K27 facilitates recruitment of Poly-
comb Repressive Complex 2 to direct gene repression. EMBO J. 31, 593-605 (2012).

L. Morey, C. Brenner, F. Fazi, R. Villa, A. Gutierrez, M. Buschbeck, C. Nervi, S. Minucci, F. Fuks,
L. Di Croce, MBD3, a component of the NuRD complex, facilitates chromatin alteration and
deposition of epigenetic marks. Mol. Cell. Biol. 28, 5912-5923 (2008).

A. Rada-lglesias, R. Bajpai, T. Swigut, S. A. Brugmann, R. A. Flynn, J. Wysocka, A unique
chromatin signature uncovers early developmental enhancers in humans. Nature 470,
279-283 (2011).

M. P. Creyghton, S. Markoulaki, S. S. Levine, J. Hanna, M. A. Lodato, K. Sha, R. A. Young,
R. Jaenisch, L. A. Boyer, H2AZ is enriched at Polycomb complex target genes in ES
cells and is necessary for lineage commitment. Cell 135, 649-661 (2008).

R. S. lllingworth, C. H. Botting, G. R. Grimes, W. A. Bickmore, R. Eskeland, PRC1 and PRC2
are not required for targeting of H2A.Z to developmental genes in embryonic stem cells.
PLOS One 7, e34848 (2012).

L. A. Banaszynski, D. Wen, S. Dewell, S. J. Whitcomb, M. Lin, N. Diaz, S. J. Elsésser, A. Chapgier,
A. D. Goldberg, E. Canaani, S. Rafii, D. Zheng, C. D. Allis, Hira-dependent histone H3.3 dep-
osition facilitates PRC2 recruitment at developmental loci in ES cells. Cell 155, 107-120
(2013).

A. Kanhere, K. Viiri, C. C. Araujo, J. Rasaiyaah, R. D. Bouwman, W. A. Whyte, C. F. Pereira,
E. Brookes, K. Walker, G. W. Bell, A. Pombo, A. G. Fisher, R. A. Young, R. G. Jenner, Short
RNAs are transcribed from repressed polycomb target genes and interact with Polycomb
repressive complex-2. Mol. Cell 38, 675-688 (2010).

A. M. Khalil, M. Guttman, M. Huarte, M. Garber, A. Raj, D. Rivea Morales, K. Thomas, A. Presser,
B. E. Bernstein, A. van Oudenaarden, A. Regev, E. S. Lander, J. L. Rinn, Many human large

4 December 2015

17.

118.

119.

120.

121.

122

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

intergenic noncoding RNAs associate with chromatin-modifying complexes and affect gene
expression. Proc. Natl. Acad. Sci. U.S.A. 106, 11667-11672 (2009).

J. Zhao, T. K. Ohsumi, J. T. Kung, Y. Ogawa, D. J. Grau, K. Sarma, J. J. Song, R. E. Kingston,
M. Borowsky, J. T. Lee, Genome-wide identification of Polycomb-associated RNAs by RIP-
seq. Mol. Cell 40, 939-953 (2010).

S. Kaneko, J. Son, S. S. Shen, D. Reinberg, R. Bonasio, PRC2 binds active promoters and
contacts nascent RNAs in embryonic stem cells. Nat. Struct. Mol. Biol. 20, 1258-1264
(2013).

C. Davidovich, L. Zheng, K. J. Goodrich, T. R. Cech, Promiscuous RNA binding by Polycomb
repressive complex 2. Nat. Struct. Mol. Biol. 20, 1250-1257 (2013).

K. Plath, J. Fang, S. K. Mlynarczyk-Evans, R. Cao, K. A. Worringer, H. Wang, C. C. de la Cruz,
A.P. Otte, B. Panning, Y. Zhang, Role of histone H3 lysine 27 methylation in X inactivation.
Science 300, 131-135 (2003).

J. Zhao, B. K. Sun, J. A. Erwin, J.-J. Song, J. T. Lee, Polycomb proteins targeted by a short
repeat RNA to the mouse X chromosome. Science 322, 750-756 (2008).

R. A. Gupta, N. Shah, K. C. Wang, J. Kim, H. M. Horlings, D. J. Wong, M.-C. Tsai, T. Hung,
P. Argani, J. L. Rinn, Y. Wang, P. Brzoska, B. Kong, R. Li, R. B. West, M. J. van de Vijver, S. Sukumar,
H. Y. Chang, Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer
metastasis. Nature 464, 1071-1076 (2010).

M.-C. Tsai, O. Manor, Y. Wan, N. Mosammaparast, J. K. Wang, F. Lan, Y. Shi, E. Segal, H. Y. Chang,
Long noncoding RNA as modular scaffold of histone modification complexes. Science 329,
689-693 (2010).

C. Davidovich, X. Wang, C. Cifuentes-Rojas, K. J. Goodrich, A. R. Gooding, J. T. Lee, T. R. Cech,
Toward a consensus on the binding specificity and promiscuity of PRC2 for RNA. Mol. Cell 57,
552-558 (2015).

K. Sarma, C. Cifuentes-Rojas, A. Ergun, A. del Rosario, Y. Jeon, F. White, R. Sadreyev, J. T. Lee,
ATRX directs binding of PRC2 to Xist RNA and Polycomb targets. Cell 159, 869-883
(2014).

A. Cerase, D. Smeets, Y. A. Tang, M. Gdula, F. Kraus, M. Spivakov, B. Moindrot, M. Leleu,
A. Tattermusch, J. Demmerle, T. B. Nesterova, C. Green, A. P. Otte, L. Schermelleh, N. Brockdorff,
Spatial separation of Xist RNA and polycomb proteins revealed by superresolution microscopy.
Proc. Natl. Acad. Sci. US.A. 111, 2235-2240 (2014).

S. F. Pinter, R. I. Sadreyev, E. Yildirim, Y. Jeon, T. K. Ohsumi, M. Borowsky, J. T. Lee,
Spreading of X chromosome inactivation via a hierarchy of defined Polycomb stations.
Genome Res. 22, 1864-1876 (2012).

F. Aguilo, M-M. Zhou, M. J. Walsh, Long noncoding RNA, polycomb, and the ghosts
haunting INK4b-ARF-INK4a expression. Cancer Res. 71, 5365-5369 (2011).

J. L.Rinn, M. Kertesz, J. K. Wang, S. L. Squazzo, X. Xu, S. A. Brugmann, L. H. Goodnough,
J. A. Helms, P. J. Farnham, E. Segal, H. Y. Chang, Functional demarcation of active and silent
chromatin domains in human HOX loci by noncoding RNAs. Cell 129, 1311-1323 (2007).
C. Chu, K. Qu, F. L. Zhong, S. E. Artandi, H. Y. Chang, Genomic maps of long noncoding RNA
occupancy reveal principles of RNA-chromatin interactions. Mol. Cell 44, 667-678 (2011).

L. Li, B. Liu, O. L. Wapinski, M.-C. Tsai, K. Qu, J. Zhang, J. C. Carlson, M. Lin, F. Fang, R. A. Gupta,
J. A. Helms, H. Y. Chang, Targeted disruption of Hotair leads to homeotic transformation and
gene derepression. Cell Rep. 5, 3-12 (2013).

S. Kaneko, G. Li, J. Son, C.-F. Xu, R. Margueron, T. A. Neubert, D. Reinberg, Phosphorylation
of the PRC2 component Ezh2 is cell cycle-regulated and up-regulates its binding to
ncRNA. Genes Dev. 24, 2615-2620 (2010).

L. Wu, P. Murat, D. Matak-Vinkovic, A. Murrell, S. Balasubramanian, Binding interactions
between long noncoding RNA HOTAIR and PRC2 proteins. Biochemistry 52, 9519-9527
(2013).

S. Kaneko, J. Son, R. Bonasio, S. S. Shen, D. Reinberg, Nascent RNA interaction keeps PRC2
activity poised and in check. Genes Dev. 28, 1983-1988 (2014).

Z. Shao, F. Raible, R. Mollaaghababa, J. R. Guyon, C-T. Wu, W. Bender, R. E. Kingston,
Stabilization of chromatin structure by PRC1, a Polycomb complex. Cell 98, 37-46 (1999).
S. S. Levine, A. Weiss, H. Erdjument-Bromage, Z. Shao, P. Tempst, R. E. Kingston, The core
of the Polycomb repressive complex is compositionally and functionally conserved in
flies and humans. Mol. Cell. Biol. 22, 6070-6078 (2002).

N. J. Francis, R. E. Kingston, C. L. Woodcock, Chromatin compaction by a Polycomb group
protein complex. Science 306, 1574-1577 (2004).

D. J. Grau, B. A. Chapman, J. D. Garlick, M. Borowsky, N. J. Francis, R. E. Kingston, Com-
paction of chromatin by diverse Polycomb group proteins requires localized regions of
high charge. Genes Dev. 25, 2210-2221 (2011).

R. Eskeland, M. Leeb, G. R. Grimes, C. Kress, S. Boyle, D. Sproul, N. Gilbert, Y. Fan, A. I. Skoultchi,
A. Wutz, W. A. Bickmore, Ring1B compacts chromatin structure and represses gene expres-
sion independent of histone ubiquitination. Mol. Cell 38, 452-464 (2010).

I. Jonkers, J. T. Lis, Getting up to speed with transcription elongation by RNA polymerase
Il. Nat. Rev. Mol. Cell Biol. 16, 167-177 (2015).

M. D. Young, T. A. Willson, M. J. Wakefield, E. Trounson, D. J. Hilton, M. E. Blewitt, A. Oshlack,
1. J. Majewski, ChIP-seq analysis reveals distinct H3K27me3 profiles that correlate with tran-
scriptional activity. Nucleic Acids Res. 39, 7415-7427 (2011).

14 of 15



REVIEW

142.

143.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

Aranda, Mas, Di Croce Sci. Adv. 2015;1:e1500737

J. M. Dowen, Z. P. Fan, D. Hnisz, G. Ren, B. J. Abraham, L. N. Zhang, A. S. Weintraub, J. Schuijers,
T. 1. Lee, K. Zhao, R. A. Young, Control of cell identity genes occurs in insulated neighborhoods
in mammalian chromosomes. Cell 159, 374-387 (2014).

V. S. Chopra, D. A. Hendrix, L. J. Core, C. Tsui, J. T. Lis, M. Levine, The Polycomb group
mutant esc leads to augmented levels of paused Pol Il in the Drosophila embryo. Mol. Cell
42, 837-844 (2011).

. S. Chen, J. Ma, F. Wy, L-J. Xiong, H. Ma, W. Xu, R. Lv, X. Li, J. Villen, S. P. Gygi, X. S. Liu, Y. Shi,

The histone H3 Lys 27 demethylase JMJD3 regulates gene expression by impacting tran-
scriptional elongation. Genes Dev. 26, 1364-1375 (2012).

S. Seenundun, S. Rampalli, Q-C. Liu, A. Aziz, C. Palii, S. Hong, A. Blais, M. Brand, K. Ge, F. J. Dilworth,
UTX mediates demethylation of H3K27me3 at muscle-specific genes during myogenesis. EMBO J.
29, 1401-1411 (2010).

D. Pasini, A. P. Bracken, J. B. Hansen, M. Capillo, K. Helin, The Polycomb group protein
Suz12 is required for embryonic stem cell differentiation. Mol. Cell. Biol. 27, 3769-3779
(2007).

K. J. Ferrari, A. Scelfo, S. Jammula, A. Cuomo, |. Barozzi, A. Stiitzer, W. Fischle, T. Bonaldi,
D. Pasini, Polycomb-dependent H3K27me1 and H3K27me2 regulate active transcription and
enhancer fidelity. Mol. Cell 53, 49-62 (2014).

W. Zhou, P. Zhu, J. Wang, G. Pascual, K. A. Ohgi, J. Lozach, C. K. Glass, M. G. Rosenfeld,
Histone H2A monoubiquitination represses transcription by inhibiting RNA polymerase Il
transcriptional elongation. Mol. Cell 29, 69-80 (2008).

J. K. Stock, S. Giadrossi, M. Casanova, E. Brookes, M. Vidal, H. Koseki, N. Brockdorff, A. G. Fisher,
A. Pombo, Ring1-mediated ubiquitination of H2A restrains poised RNA polymerase Il at bi-
valent genes in mouse ES cells. Nat. Cell Biol. 9, 1428-1435 (2007).

E. Brookes, |. de Santiago, D. Hebenstreit, K. J. Morris, T. Carroll, S. Q. Xie, J. K. Stock,
M. Heidemann, D. Eick, N. Nozaki, H. Kimura, J. Ragoussis, S. A. Teichmann, A. Pombo,
Polycomb associates genome-wide with a specific RNA polymerase Il variant, and
regulates metabolic genes in ESCs. Cell Stem Cell 10, 157-170 (2012).

T. Nakagawa, T. Kajitani, S. Togo, N. Masuko, H. Ohdan, Y. Hishikawa, T. Koji, T. Matsuyama,
T. lkura, M. Muramatsu, T. Ito, Deubiquitylation of histone H2A activates transcriptional
initiation via trans-histone cross-talk with H3K4 di- and trimethylation. Genes Dev. 22,
37-49 (2008).

C. Creppe, A. Palau, R. Malinverni, V. Valero, M. Buschbeck, A Cbx8-containing Polycomb
complex facilitates the transition to gene activation during ES cell differentiation. PLOS
Genet. 10, e1004851 (2014).

A. Frangini, M. Sjoberg, M. Roman-Trufero, G. Dharmalingam, V. Haberle, T. Bartke, B. Lenhard,
M. Malumbres, M. Vidal, N. Dillon, The Aurora B kinase and the polycomb protein ring1B
combine to regulate active promoters in quiescent lymphocytes. Mol. Cell 51, 647-661
(2013).

T. Kondo, K. Isono, K. Kondo, T. A. Endo, S. Itohara, M. Vidal, H. Koseki, Polycomb potentiates
Meis2 activation in midbrain by mediating interaction of the promoter with a tissue-specific
enhancer. Dev. Cell 28, 94-101 (2014).

T. Sexton, E. Yaffe, E. Kenigsberg, F. Bantignies, B. Leblanc, M. Hoichman, H. Parrinello, A. Tanay,
G. Cavalli, Three-dimensional folding and functional organization principles of the Drosophila
genome. Cell 148, 458-472 (2012).

T. Sexton, G. Cavalli, The role of chromosome domains in shaping the functional genome.
Cell 160, 1049-1059 (2015).

G. Bonora, K. Plath, M. Denholtz, A mechanistic link between gene regulation and genome
architecture in mammalian development. Curr. Opin. Genet. Dev. 27, 92-101 (2014).

M. Vieux-Rochas, P. J. Fabre, M. Leleu, D. Duboule, D. Noordermeer, Clustering of mam-
malian Hox genes with other H3K27me3 targets within an active nuclear domain. Proc.
Natl. Acad. Sci. US.A. 112, 4672-4677 (2015).

D. Noordermeer, M. Leleu, E. Splinter, J. Rougemont, W. De Laat, D. Duboule, The dynamic
architecture of Hox gene clusters. Science 334, 222-225 (2011).

D. Noordermeer, M. Leleu, P. Schorderet, E. Joye, F. Chabaud, D. Duboule, Temporal dy-
namics and developmental memory of 3D chromatin architecture at Hox gene loci. Elife
3, e02557 (2014).

4 December 2015

161. T. Cheutin, G. Cavalli, Polycomb silencing: From linear chromatin domains to 3D chromo-
some folding. Curr. Opin. Genet. Dev. 25, 30-37 (2014).

M. Denholtz, G. Bonora, C. Chronis, E. Splinter, W. de Laat, J. Ernst, M. Pellegrini, K. Plath,
Long-range chromatin contacts in embryonic stem cells reveal a role for pluripotency
factors and Polycomb proteins in genome organization. Cell Stem Cell 13, 602-616 (2013).
V. Narendra, P. P. Rocha, D. An, R. Raviram, J. A. Skok, E. O. Mazzoni, D. Reinberg, CTCF
establishes discrete functional chromatin domains at the Hox clusters during differenti-
ation. Science 347, 1017-1021 (2015).

K. Van Bortle, E. Ramos, N. Takenaka, J. Yang, J. E. Wahi, V. G. Corces, Drosophila CTCF
tandemly aligns with other insulator proteins at the borders of H3K27me3 domains. Genome
Res. 22, 2176-2187 (2012).

P. W. Lewis, M. M. Miiller, M. S. Koletsky, F. Cordero, S. Lin, L. A. Banaszynski, B. A. Garcia,
T. W. Muir, O. J. Becher, C. D. Allis, Inhibition of PRC2 activity by a gain-of-function H3
mutation found in pediatric glioblastoma. Science 340, 857-861 (2013).

H.-M. Herz, M. Morgan, X. Gao, J. Jackson, R. Rickels, S. K. Swanson, L. Florens, M. P. Washburn,
J. C. Eissenberg, A. Shilatifard, Histone H3 lysine-to-methionine mutants as a paradigm to
study chromatin signaling. Science 345, 1065-1070 (2014).

C. Alabert, A. Groth, Chromatin replication and epigenome maintenance. Nat. Rev. Mol.
Cell Biol. 13, 153-167 (2012).

K. H. Hansen, A. P. Bracken, D. Pasini, N. Dietrich, S. S. Gehani, A. Monrad, J. Rappsilber,
M. Lerdrup, K. Helin, A model for transmission of the H3K27me3 epigenetic mark. Nat. Cell
Biol. 10, 1291-1300 (2008).

A. N. D. Scharf, T. K. Barth, A. Imhof, Establishment of histone modifications after chromatin
assembly. Nucleic Acids Res. 37, 5032-5040 (2009).

M. Xu, W. Wang, S. Chen, B. Zhu, A model for mitotic inheritance of histone lysine methyl-
ation. EMBO Rep. 13, 60-67 (2012).

C. Alabert, T. K. Barth, N. Reverén-Gémez, S. Sidoli, A. Schmidt, O. N. Jensen, A. Imhof, A. Groth,
Two distinct modes for propagation of histone PTMs across the cell cycle. Genes Dev. 29,
585-590 (2015).

S. Petruk, Y. Sedkov, D. M. Johnston, J. W. Hodgson, K. L. Black, S. K. Kovermann, S. Beck, E. Canaani,
H. W. Brock, A. Mazo, TrxG and PcG proteins but not methylated histones remain associated
with DNA through replication. Cell 150, 922-933 (2012).

162.

163.

164.

165.

166.

167.

168.

169.
170.

171.

172.

Acknowledgments: We are indebted to L. Morey, P. Vizan, and M. Beringer for critical reading
of the manuscript. We also thank all the members of Di Croce laboratory for helpful discus-
sions. We thank V. A. Raker for author’s editing. We apologize to any colleagues whose work
has not been cited due to space limitations. Funding: This work received the support of the
Secretary for Universities and Research of the Ministry of Economy and Knowledge of the
Government of Catalonia (to S.A. and G.M.), the Lady Tata Memorial Trust (to S.A.), and
“la Convocatoria de Ayudas Fundacion BBVA a Investigadores, Innovadores y Creadores Culturales”
(to G.MM.). This work in Di Croce’s laboratory is supported by grants from the Spanish “Ministerio
de Educacién y Ciencia” (SAF2013-48926-P), from AGAUR (Agéncia de Gesti6 d’Ajuts Universitaris
i de Recerca), from La Maraté TV3, from the Fundacién Vencer El Cancer (VEC), Spanish Ministry of
Economy and Competitiveness, “Centro de Excelencia Severo Ochoa 2013-2017" (SEV-2012-0208),
and from the European Commission’s 7th Framework Program 4DCellFate (grant number
277899). Author contributions: S.A,, GM,, and L.D.C. wrote the manuscript. Competing interests:
The authors declare that they have no competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 7 June 2015
Accepted 17 September 2015
Published 4 December 2015
10.1126/sciadv.1500737

Citation: S. Aranda, G. Mas, L. Di Croce, Regulation of gene transcription by Polycomb
proteins. Sci. Adv. 1, e1500737 (2015).

15 of 15



