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As the process that silences gene expression ensues during
development, the stage is set for the activity of Polycomb-
repressive complex 2 (PRC2) to maintain these repressed
gene profiles. PRC2 catalyzes a specific histone posttrans-
lationalmodification (hPTM) that fosters chromatin com-
paction.PRC2also facilitates the inheritanceof thishPTM
through its self-contained “write and read” activities, key
topreservingcellular identityduringcelldivision.Asthese
changes in gene expression occurwithout changes inDNA
sequence and are inherited, the process is epigenetic in
scope. Mutants of mammalian PRC2 or of its histone sub-
strate contribute to the cancer process and other diseases,
and research into these aberrant pathways is yielding via-
ble candidates for therapeutic targeting. The effectiveness
ofPRC2hingeson its being recruited to theproperchroma-
tin sites; however, resolving the determinants to this pro-
cess in the mammalian case was not straightforward and
thus piqued the interest of many in the field. Here, we
chronicle the latest advances towardexposingmammalian
PRC2 and its high maintenance.

Past studies have developed a rich description of Droso-
phila body plan segmentation during development, which
entails appropriate, spatially, and temporally regulated
Hox gene expression. The Polycomb group (PcG) genes
were found to be integral to this process along with the
Trithorax group (TrxG) genes that function in opposition.
PcG proteins safeguard the repressive state of gene expres-
sion through a self-perpetuating mechanism which has
not yet been demonstrated for TrxG proteins that are
functionally coupled with and downstream from tran-
scription factors for the active state of gene expression
(Reinberg and Vales 2018).
Key breakthroughs clarified the requirement for PcG

proteins in maintaining the gene repression pattern once
established early in development by the Gap proteins
(e.g., Kruppel and Hunchback) (Pelegri and Lehmann

1994; Beuchle et al. 2001). As levels of these Gap proteins
subside very early in development, it is the PcG proteins
that preserve this established gene repression profile
throughout development and into adulthood. Moreover,
it is the PcG proteins that are pivotal for perpetuating
the appropriate gene repression patterns in daughter cells
after cell division, requisite for propagating a given cell
lineage. PcG proteins do not function as DNA sequence-
specific transcription factors as do many of the Gap pro-
teins. Instead, PcG proteins are recruited to chromatin
and facilitate its compaction to maintain appropriate
gene repression profiles.
Similar to the case inDrosophila, mammalian PcG pro-

teins assemble into two major multisubunit enzymatic
complexes, Polycomb-repressive complex 1 (PRC1) and
PRC2. Each of them harbors distinct enzymatic activities
directed toward specific histone substrates, with PRC1
catalyzing monoubiquitination of Lys119 of histone
H2A (H2AK119ub) and PRC2 catalyzing themonomethy-
lation, dimethylation, and trimethylation of Lys27 of his-
tone H3 (H3K27me1/me2/me3) (Fig. 1A). PRC1 can
compact chromatin independently of its catalytic activity
as can a specific version of PRC2 (see “EZH1 and EZH2,
PRC2 Writers with Different Functions”). While Droso-
phila and mammalian PRC2 share many functional simi-
larities, a key distinction is their mode of recruitment to
chromatin, which entails interaction with sequence-spe-
cific DNA-binding proteins and a requirement for cis-act-
ing DNA elements termed Polycomb response elements
(PREs) in the case of Drosophila PRC2 (Coleman and
Struhl 2017; Laprell et al. 2017). Thismode of recruitment
requires the constant presence of PRE for maintenance
and propagation ofH3K27methylation passed to daughter
cells after each round of DNA replication and cell divi-
sion, which is not the case in mammalian cells (see “Fea-
tures of Mammalian PRC2 Recruitment”). PRC1 and
PRC2 often target the same genomic loci, functioning to-
gether tomaintain gene silencing such that a deficiency in
either complex results in defects in lineage differentiation
and thus disruptions to normal development in fruit flies,
mammals, and plants (Margueron and Reinberg 2011).
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Mammalian PcG proteins are also involved in establish-
ing X-chromosome dosage compensation as well as “par-
ent of origin” gene imprinting (Plath et al. 2003; Inoue
et al. 2017). Interestingly, in nematodes, PcG proteins ap-
pear to be dispensable for normal development but are in-
volved in X-chromosome repression during germline
development (Gaydos et al. 2014). Dysregulation of PcG
proteins has been implicated in human developmental
diseases, type II diabetes as well as neurodegenerative dis-
eases (Chen et al. 2009; Seong et al. 2010; Gibson et al.
2012; von Schimmelmann et al. 2016; Imagawa et al.
2017; Lu et al. 2018). PcG genes are also found to be mu-
tated in some types of human cancer, including either
gain-of-function or loss-of-function mutations (Laugesen
et al. 2016). Moreover, a naturally occurring mutant of
the PRC2 substrate, a lysine-to-methionine substitution
at Lys27 (K27M) in a small subset of histone H3 is func-
tionally dominant, inhibiting wild-type PRC2 activity in
a specific subtype of pediatric glioma, diffuse intrinsic
pontine glioma (DIPG) (Schwartzentruber et al. 2012;
Sturm et al. 2012; Lewis et al. 2013). How cancer cells hi-
jack these dysregulated pathways to facilitate their pro-
gression is being rigorously investigated. Of late, PRC2
enzymatic activity has been recognized as a potential
pharmacological target and is being clinically assessed
for the treatment of different types of cancer.

In the past decade, a number of seminal breakthroughs
have greatly expanded our grasp of the regulation and biol-
ogy of the PRC complexes. This review focuses on the am-
ple progress made in the field regarding the properties of
PRC2 in mammalian systems, including insights gained
from structural analyses, the multilayered regulation of
PRC2 activity, mechanisms of its recruitment, and its
dysregulation in disease states. However, we describe im-
portant discoveries on Polycomb function derived from
model organisms such as plants, worms, flies, and some

yeast strains in the context of understanding mammalian
PRC2 function.

Interplay between PRC1 and PRC2

PRC1 and PRC2 are present in all the metazoans. Howev-
er, PRC1 is yet to be found in unicellular eukaryotes
whereas PRC2 exists in some, such as Tetrahymena ther-
mophila, marine diatom Phaeodactylum tricornutum,
yeast strainsChaetomium thermophilum andCryptococ-
cus neoformans, but not in the commonmodel organisms,
Saccharomyces cerevisiae and Saccharomyces pombe
(Veluchamyet al. 2015;Pirrotta 2017).TheyeastC.neofor-
mans harbors H3K27 methylation only at subtelomeric
regions in a partial overlap with H3K9-methylated con-
stitutive heterochromatin, suggesting that PRC2 might
have evolved from redundant gene silencing functions
arising from the H3K9me pathway (Lhuillier-Akakpo
et al. 2014; Dumesic et al. 2015). Importantly, the evolved
partnership between PRC1 and PRC2 in metazoans sug-
gests that H2AK119 ubiquitinated and/or H3K27-methyl-
ated facultative heterochromatin at gene-rich loci was
acquired to regulate complex transcriptional networks
and define cell type-specific gene expression profile

Extensive genetic, functional and molecular studies
demonstrate a tight link between PRC1 and PRC2. Mam-
malian PRC1 complexes are numerous, being classified as
canonical and noncanonical, with some components be-
ing mutually exclusive (Gao et al. 2012; Tavares et al.
2012). Similar to the case in Drosophila, canonical ver-
sions contain one of several different CBX subunits that
binds to H3K27me2/me3 through its chromodomain
(CD), suggesting that PRC2 fosters PRC1 recruitment.
Apparently, the chromatin-associated catalytic product
of PRC1, H2AK119ub (Wang et al. 2004; Cao et al.
2005), can also facilitate recruitment of PRC2 during X

PRC1

CBX

H2AK119 ubiquitination

by non-canonical PRC1

H2AK119 ub H3K27me3

H2AK119ub-mediated

H3K27 methylation by PRC2

A

Allosteric activation

(“Write-and-Read”)

EED

Reader

EZH2

Writer

SUZ12

B

H3K27me2H3K27me1

EED
EZH2

SUZ12

Accessory

 protein(s)

Ub

Ub

Ub

PRC1

RYBP

H3K27me3-mediated

H2AK119 ubiquitination 

by canonical PRC1 

Ub

Ub
Ub

Figure 1. Interplay between Polycomb proteins: PRC1
and PRC2. (A) A model for reciprocal recruitment be-
tween PRC1 and PRC2. RYBP-containing PRC1 (nonca-
nonical PRC1) catalyzes H2AK119ub, which in turn
putatively recruits PRC2 through its accessory protein
(i.e., JARID2) interaction with H2AK119ub. The cataly-
sis of H3K27me3 by PRC2 recruits CBX-containing
PRC1 (canonical PRC1). CBX-containing PRC1 harbors
an intrinstic activity for chromatin compaction and a
relatively low activity for the catalysis of
H2AK119ub. (B) Schematic illustration of allosteric ac-
tivation of PRC2 involving its “write and read”
mechanism.
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chromosome inactivation in female mice, yet the mecha-
nism and its generality remains controversial (Blackledge
et al. 2014; Cooper et al. 2014; Kalb et al. 2014; Żylicz et al.
2019). Since PRC1 also has noncanonical versions that
lack CBX proteins but remain catalytically active for
H2AK119ub, it is conceivable that additional pathways
also regulate this cascade recruitment of noncanonical
PRC1/PRC2. Several previous and excellent reviews on
PRC1 and/or PRC2 put the models forward to account
for a PRC1/PRC2 joint recruitment pathway (Fig. 1A;
Cooper et al. 2016; Brockdorff 2017; Holoch and
Margueron 2017), yet the existence of different PRC1
complexes complicates our understanding of PRC1 re-
cruitment in mammals and a clear picture of this process
is still underdeveloped. What is clear is that a subset of
PRC1 can functionally compact chromatin upon binding
to H3K27me2/me3 through their CBX subunits. Also, it
is clear that such compaction is independent of the
PRC1 catalytic activity (Francis et al. 2004; Eskeland
et al. 2010; Illingworth et al. 2015; Pengelly et al. 2015).
Since all of the studies investigating PRC1–PRC2 inter-
play thus far involve steady-state analyses, the design of
dynamic experimental systems that can follow de novo
Polycomb domain formation as PRC1 and PRC2 are re-
cruited to chromatin (see “De Novo Mammalian PRC2
Recruitment to Chromatin”), might pave the way to sort-
ing out their functional connection in generating faculta-
tive heterochromatin.

Chromatin regions comprising methylated H3K27

In mammals, PRC2 is the sole histone methyltransferase
(HMT) that catalyzes the three different methyla-
tion states of H3K27: H3K27me1, H3K27me2, and
H3K27me3. The levels of these products are inversely re-
lated to the degree ofmethylation in vitro, withme1 being
most favored and me3 least favored kinetically (Zheng
et al. 2012). As described below, PRC2 is subject to an al-
losteric activation (Fig. 1B) that elevates the levels of the
kinetically unfavored trimethylated product in vitro and
in vivo. Additionally, distinct PRC2-associated factors fa-
cilitate the deposition of H3K27me3 (see “Features of the
PRC2 Holoenzyme Regulated by Distinct Accessory Fac-
tors”). Extensive genomic studies detail the distinct local-
ization of each of these states of H3K27 methylation. In
mouse embryonic stem cells (mESCs), H3K27me1 is gen-
erally associated with active genes, although its function-
al importance is not yet understood. It is unlikely that the
presence of H3K27me1 is due to inefficient demethyla-
tion by H3K27 demethylases (Ferrari et al. 2014). Instead,
as transcription can evict PRC2 and subsequently nucleo-
somes modified with H3K27me2 or H3K27me3 (Riising
et al. 2014; Braun et al. 2017; Kadoch et al. 2017) and as na-
scent RNA transcripts can compete with chromatin for
PRC2 binding (Kaneko et al. 2013; Beltran et al. 2016),
the transient nature of PRC2 interaction with active chro-
matin likely thwarts higher states of methylation.
H3K27me1 at active genesmight be deposited to facilitate
a rapid PRC2-mediated conversion to H3K27me2 or
H3K27me3 once target gene expression is shut off, as in

the case during lineage commitment. In Drosophila and
mice, H3K27me2 fills the gaps of large intragenic regions
toward the boundary of euchromatic regions (Ferrari et al.
2014; Lee et al. 2015a; Streubel et al. 2018). As acetylated
versions of histones H3 and H4 are associated with active
transcription, H3K27me2 is proposed to inhibit pervasive
transcription by antagonizing inappropriate histone acet-
ylation on enhancers (Ferrari et al. 2014).
In mESCs, H3K27me3 occupies promoters of repressed

genes serving as a docking site for canonical PRC1 to com-
pact chromatin (see “Interplay BetweenPRC1 and PRC2”;
Margueron andReinberg 2011). Notably, H3K27me3 is in-
termixed with a histone modification associated with
transcription activation (H3K4me3) within bivalent pro-
moters (Bernstein et al. 2006; Voigt et al. 2013). These lat-
ter promoters are presumably poised for a specific
transcriptional outcome to be implemented bymaster reg-
ulators (DNA sequence-specific transcription factors) dur-
ing lineage commitment. Some of the genes associated
with bivalent promoters will become transcriptionally ac-
tive, a process inhibitory toPRC2.Otherswill be subject to
transcription repression such that PRC2 can now spread
H3K27me2/me3 throughout the promoter and the gene
body, being driven by a positive feedback loop (Fig. 1B) as
discussed below.

Structural studies of PRC2

The mammalian PRC2 core complex comprises EZH1/2
(EZH1 and/or EZH2), EED, and SUZ12, which associate
with one of the histone-binding proteins, RBAP46/48
(Fig. 2A). EZH1/2 are the catalytic subunits of PRC2
each containing a SET domain through which a methyl
moiety from the cofactor S-adenosyl-L-methionine
(SAM) is transferred to Lys27 of histoneH3 (H3K27). How-
ever, PRC2 comprising EZH1 versus EZH2 does exhibit
several distinguishing features (discussed below). Interest-
ingly, PRC2 containing EZH1/2 exhibits an automethyla-
tion activity at two main residues within their respective
unstructured loop between the SANT2L and CXC do-
mains (Fig. 2A; Lee et al. 2018a; Wang et al. 2018b), the
function of which is currently being investigated but like-
ly serves to positively regulate PRC2.
The first crystal structureof acharacteristic SETdomain

(the Rubisco large subunit methyltransferase) reveals
two pore entry sites: one for substrate (H3K27me0,
H3K27me1, or H3K27me2 in the case of PRC2) and the
other for SAM (Fig. 2A). Interestingly, crystal structures
of the EZH2 SET domain in isolation reveal an autoinhibi-
tory conformation: the EZH2 post-SET domain and SET-
inserted (SET-I) domain block the binding channel for its
substrate (H3K27), and the binding pocket for the cofactor
(SAM) exhibits a suboptimal configuration (Fig. 2B; Anto-
nysamyet al. 2013; Jiao andLiu 2015; Justin et al. 2016). In-
deed, biochemical studies demonstrate that EZH2 alone is
catalytically inactive and requires minimally an interac-
tion with EED and SUZ12 for HMT activity (Cao et al.
2002; Kuzmichev et al. 2002). Since then, many groups
have attempted to solve the structure of the PRC2 core
complex.
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Electron microscopy analyses at a low resolution (21 Å)
provide an important first step toward elucidating the or-
ganization of the core PRC2 (Ciferri et al. 2012), revealing
the important physical contacts within human PRC2
comprising an accessory protein, AEBP2 (Cao et al.
2002). Soon after, details of the physical interactions be-
tween the minimal core PRC2 subunits required to form
an active complex: EZH2, EED, and the VEFS domain of
SUZ12 (Fig. 2B, right) were discovered and, notably, how
these interactions change the conformation of the EZH2
SET domain to relieve its autoinhibition. These structural
studies include thermophilic fungus Chaetomium ther-
mophilum PRC2 (CtPRC2) (Jiao and Liu 2015), human
PRC2 (Justin et al. 2016), and a chimeric PRC2 consisting
of human EED and SUZ12 together with EZH2 from the
American chameleon Anolis carolinensis (Hs/Ac PRC2)
(Brooun et al. 2016). Comparison between the structures
of the EZH2 SET domain and the PRC2 core complex in-
dicate that EZH2 interaction with EED and the VEFS
domain of SUZ12 conveys stability to an active configura-
tion of the SET domain. EZH2 autoinhibition is relieved
through rotation of its SET-I domain and realignment of
its post-SET domain, thereby generating the full cofac-
tor-binding pocket and unblocking its substrate channel
(Fig. 2B).

‘Write and read’ mechanism

PRC2 comprises both a “writer” and a “reader” module
that catalyzes and binds tomethylatedH3K27, respective-
ly. These functions segregate into two different subunits,
EZH1/2 and EED, respectively. The PRC2 terminal enzy-
matic product, H3K27me3, is recognized with an appar-
ently higher affinity relative to H3K27me2 and its

unmodified counterpart by the aromatic cage of EED
(“reader”), which sits atop a β-propeller structure formed
by seven WD40 repeated domains (Fig. 2A,B; Margueron
et al. 2009). EED–H3K27me3 interaction results in an in-
duced conformational change in PRC2 and most impor-
tantly, in EZH2 (“writer”) that further stabilizes its
catalytic SET domain, thereby markedly enhancing its
HMT activity (Fig. 2B; Jiao and Liu 2015; Justin et al.
2016). This allosteric activation of the complex arising
from its interaction with the product of its catalysis fos-
ters a positive feedback loop (Fig. 1B) such that
H3K27me2/me3 can spread into large genomic regions,
forming extended repressive domains. This “write and
read” mechanism can also account for the inheritance of
H3K27me3-repressive domains by daughter cells during
cell division (see “Restoring H3K27me3-Repressive Do-
mains After DNA Replication”; Hansen et al. 2008;
Oksuz et al. 2018; Reinberg and Vales 2018).

The overall changes elicited upon allosteric activation
of PRC2 are evidenced by the structure of CtPRC2 with
and without an H3K27me3 peptide bound to EED (Jiao
and Liu 2015). One of the most striking differences is
that the stimulatory-responsive motif (SRM) (Fig. 2A,
right) of EZH2 is unstructured and disordered in the ab-
sence of the H3K27me3 (“basal state”) but ordered upon
binding (“stimulated state”) (Fig. 2B, middle and right).
The trimethyl-lysine is directly recognized by the aromat-
ic cageofEEDand theSRMofEZH2 interactswith theoth-
er side of the H3K27me3 tail, generating a sandwich-like
structure with H3K27me3 positioned in the middle (Fig.
2B, right). In addition, theSRMformshydrophobic interac-
tions with SET-I thereby stabilizing the SET domain and
promoting the HMT activity of PRC2. Of note, prior to
these structural studies of PRC2, the SET-I reorientation
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was proposed as being key to the stable conformation of
the SET domain, which fosters proper HMT activity for
SET-domain containing proteins (Southall et al. 2009).
Therefore, the SRM and SET-I interaction is considered a
hallmark of allosteric PRC2 activation. These findings
are substantiated by the studies of human PRC2 cocrystal-
izedwith the JARID2-K116me3peptide (Justin et al. 2016),
a similar allosteric activator of PRC2 (see “Features of
the PRC2 Holoenzyme Regulated by Distinct Accessory
Factors”), highlighting the evolutionary conservation of
this activation mechanism from fungi to humans. Al-
though these studies demonstrate the molecular basis of
H3K27me3- or JARID2-K116me3-mediated allosteric ac-
tivation of PRC2, these crystal structures were generated
by inhibiting the SET domain using either a peptide con-
taining a naturally occurring methionine substitution at
Lys27 (H3K27M) (see “The H3K27M Oncohistone”; Jiao
and Liu 2015; Justin et al. 2016) or a PRC2 inhibitor that
binds closely to the pocket that recognizes the cofactor
SAM (Brooun et al. 2016). Therefore, the full spectrum of
conformational changes during allosteric activation still
remain elusive. This issue was partly addressed through
cryo-EM structural studies of PRC2 in complex with two
of its partner proteins, AEBP2 and JARID2 (Kasinath
et al. 2018a), indicating that multiple activation states ex-
ist during allosteric activation. These active states not
only include the conformational change in the SRM, but
also in the SBD, EBD, and SANT1L domain within EZH2
(Fig. 2A, right; Kasinath et al. 2018b).
Similar to the case with PRC2, the two histone

H3K9 methyltransferases, SUV39H1/2, responsible for
H3K9me2/3 in Drosophila and mammals, along with
CLR4 in fission yeast, exhibit a “write and read” mecha-
nism, but in these cases, the mechanism is self-contained
within a single polypeptide. TheCDof SUV39H1/2/CLR4
forms a cage that recognizes H3K9me3 (Fig. 3A; Rea et al.
2000; Zhang et al. 2008). Mutation of this CD blocks the
positive feedback loop, leading to a large reduction in
HMT activity (Muller et al. 2016). That the “writer” and
“reader” modules are segregated into two proteins in the
case of PRC2 (Fig. 3B) and that its allosteric activation dif-
fers as a function of the presence of EZH1versusEZH2 (see

“EZH1 and EZH2, PRC2 Writers with Different Func-
tions”) (Lee et al. 2018c), suggests that this HMT activity
is modulated by the ratio of EZH1 and EZH2 in a cell
context-dependent manner. Such a difference between
SUV39H1/2 and PRC2might also reflect a more dynamic
temporospatial regulation inherent to facultative hetero-
chromatin that comprises H3K27me2/me3 relative to
constitutive heterochromatin that comprises H3K9me2/
me3 (Fig. 3).Moreover, PRC2can formhomodimers orhet-
erodimers with EZH1 and/or EZH2 in vitro (Davidovich
et al. 2014) and while being ectopically overexpressed in
cells (Son et al. 2013), which could provide additional lay-
ers of PRC2 regulation (Fig. 3B). Thus far, such PRC2/
EZH1 and PRC2/EZH2 homodimers and heterodimers
are detectedonly in solutionbutnot yet through structural
studies. These observations remain to be further investi-
gated in the context of distinct cell types andmost impor-
tantly, throughout the process of differentiation by
analyzing homogenous (single) populations of cells.

Features of the PRC2 holoenzyme regulated by distinct
accessory factors

Recent structural studies revealed that SUZ12 functions
as a structural platform that coordinates not only the as-
sembly of core PRC2, but also most of its interactions
with accessory proteins that define distinct PRC2 sub-
complexes. These interactions could occur “transiently,”
generating dynamic PRC2 holoenzyme complexes (Fig. 4;
Chen et al. 2018; Kasinath et al. 2018a). We hypothesize
that the formation of different PRC2 complexes is likely
tissue-specific and important during differentiation to
specific lineages (Son et al. 2013; A. Schaefer, unpubl.).
While SUZ12 interacts with EZH2 and EED through its
C-terminal VEFS domain, essential for the catalytic activ-
ity of PRC2, the N-terminal region of SUZ12 interacts
with the histone-binding proteins RBAP46/48 as well
as other PRC2 accessory factors, including AEBP2, the
PCL family of proteins (PHF1/PCL1, MTF2/PCL2, and
PHF19/PCL3), JARID2, EPOP, and other recently de-
scribed proteins with ill-defined functions (Fig. 4). Among
these factors, AEBP2 and the individual PCL proteins
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interact with the C2 domain of SUZ12 in a mutually ex-
clusive manner (Fig. 4; Grijzenhout et al. 2016; Chen
et al. 2018). Similarly, JARID2 and EPOP compete for
binding to the ZnB-Zn domain of SUZ12 (Chen et al.
2018). Intriguingly, through their binding to disparate do-
mains of SUZ12, AEBP2 and JARID2 cooperatively inter-
act and stabilize the holoenzyme complex (Fig. 4; Chen
et al. 2018; Kasinath et al. 2018a) and functionally stimu-
late catalysis through different mechanisms (Sanulli et al.
2015; Wang et al. 2017b; Lee et al. 2018c).

Biochemical approaches directed at analyzing a specific
function of PRC2 accessory proteins, including AEBP2,
JARID2, and the PCL family of proteins, show that these
proteins regulate PRC2 activity in part by increasing its af-
finity for nucleosomes and/or DNA (Son et al. 2013;Wang
et al. 2017b; Lee et al. 2018c). Among them, AEBP2 stabi-
lizes the PRC2 complex by bridging the EZH2 SET
domain, SUZ12 and RBAP46/48 (Kasinath et al. 2018a),
and enhances PRC2 binding to nucleosomes through its
KR motif (Fig. 5A,B), thereby stimulating the HMT activ-
ity (Lee et al. 2018c). AEBP2 binds DNA through its Zn
finger domain (Kim et al. 2009) and apparently confers
to PRC2 a preference for bindingmethylatedDNA in vitro

(Wang et al. 2017b). It remains unclear as to whether this
DNA-binding activity is required for PRC2 stimulation or
PRC2 recruitment to chromatin (Fig. 5A,B), asmethylated
CpG-containing DNA appears to inhibit PRC2 binding (Li
et al. 2017). However, this surprising observation might
become important in the coexistence of PRC2 and im-
printed genes. Similar to AEBP2, JARID2 also stimulates
PRC2 activity and does so in part by contributing to nucle-
osome binding through a region in the middle of the pro-
tein that includes its JmjN domain (Son et al. 2013).
Moreover, JARID2 also binds to H2AK119ub through its
ubiquitin-interacting motif (UIM) and exhibits DNA-
binding activity through its C terminus, including the
AT-rich interaction domain (ARID) (Li et al. 2010; Cooper
et al. 2016), each of which fosters PRC2 recruitment. The
PCL proteins bind to unmethylated CpG islands (CGIs)
(see below) in the context of a reduced helical twist arising
from their conserved extended homologous (EH) regions
that fold into a winged-helix structure (Fig. 5A,B; Li
et al. 2017; Perino et al. 2018). This interaction with
DNA is critical for PRC2 recruitment to developmentally
regulated genes and importantly, increases its residence
time on chromatin, likely facilitating catalysis of the
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trimethylated state of H3K27 (Sarma et al. 2008; Choi
et al. 2017; Li et al. 2017).
Moreover, PCLs contain a Tudor domain that recogniz-

es H3K36me2/me3 in vitro, twomodifications that antag-
onize PRC2 activity (Ballare et al. 2012; Brien et al. 2012;
Musselman et al. 2012, 2013; Cai et al. 2013). Indeed,
PHF19/PCL3 facilitates the recruitment of both PRC2
and an H3K36me3 demethylase (e.g., NO66 or KDM2B)
to active loci during their transition to a Polycomb-re-
pressed state (Ballare et al. 2012; Brien et al. 2012). Al-
though the three mammalian PCL proteins have highly
conserved functional domains (Fig. 5B), their respective
role in PRC2 regulation might be nonredundant. Interest-
ingly, the binding affinity of MTF2 to an H3K36me3 pep-
tide is much lower than that of PHF1 due to loss of a key
aromatic residue (Fig. 5A; Gatchalian et al. 2015; Li et al.
2017). Thus, while all PCLs stimulate PRC2 activity, we
speculate that MTF2 mediates PRC2 recruitment to sites
devoid of H3K36me2/me3, while PHF1 and PHF19 stabi-
lize PRC2 on sites occupied by H3K36me2/me3. In this
scenario, an H3K36 demethylase recruited by PHF19
could remove H3K36 methylation, thereby facilitating
methylated-H3K27 deposition (Ballare et al. 2012).
JARID2 stands alone in stimulating PRC2 activity

through its “write and read” mechanism (Sanulli et al.
2015). In addition to H3K27, PRC2 methylates the
Lys116 residue of JARID2 and similar to H3K27me3,
JARID2-K116me3 allosterically activates PRC2 (Sanulli
et al. 2015). Cryo-EM studies of PRC2–AEBP2–JARID2
(Kasinath et al. 2018a) show that unmethylated JARID2
and JARID2-K116me3 can reside at the EZH2 active site
and the EED aromatic cage, respectively. JARID2-
K116me3 might “jump-start” the positive feedback loop
inherent to PRC2 even before its initial recruitment to
chromatin and without its encountering H3K27me3, and
this property might facilitate the de novo deposition of
H3K27me3 during differentiation (see “PRC2 Dynamics
in ESCs and Early Development”).
While recently identified PRC2 factors are found associ-

ated with the core complex (e.g., EPOP and PALI), their
functions are unknown (Zhang et al. 2011; Conway et al.
2018) and, in some instances, contradictory. EPOP, previ-
ously known as C17ORF96 and esPRC2p48, is a mamma-
lian PRC2-associated protein (Zhang et al. 2011;
Alekseyenko et al. 2014; Liefke and Shi 2015; Beringer
et al. 2016; Liefke et al. 2016) that interacts with PRC2
through its C-terminal region. However, conflicting
studies exist regarding both the function and types of com-
plexes formed by EPOP.Using immunoprecipitation tech-
niques, one study finds the presence of a trimeric complex
composed of EPOP, PRC2, and the Elongin BC, a submod-
ule of the Elongin complex (Beringer et al. 2016; Liefke
et al. 2016), which apparently functions to maintain a
low level of gene expression from PRC2 genomic targets
(Beringer et al. 2016). However, gel filtration experiments
lead another group to conclude that EPOP forms two dis-
tinct complexes: one with Elongin BC and another with
PRC2 (Liefke et al. 2016) and that EPOP functions as a
transcriptional activator independent of PRC2. Thus,
EPOP function in the context of PRC2 remains to be de-

fined. On the other hand, PALI1/2 (PRC2-associated
LCOR isoform 1/2) is a vertebrate-specific PRC2 interact-
ing protein. The LCOR locus exhibits five alternative
splicing variants, one of which encodes both LCOR and
C10ORF12, generating the LCOR/C10ORF12 fusion pro-
tein PALI1/2 (Conway et al. 2018). PALI1 competes with
AEBP2, JARID2, and EPOP for PRC2 interaction, but
can form a complex with PRC2 comprising the PCLs.
PALI1 stimulates PRC2 activity in vitro and its knockout
in mice leads to a global loss in H3K27me2/me3 (Conway
et al. 2018), pointing to PALI being a positive regulator of
PRC2.
These studies of PRC2 interactionwith different factors

point to PRC2 being dynamically regulated in vivo, most
likely in a cell type-specific manner. The limitation of the
studies with PRC2 interactors thus far is that most, if not
all, have been performed at steady-state levels in cultured
cells. Given the stochastic nature of biomolecules, studies
using cell populations provide a static and average readout
of PRC2 subcomplexes that likely obscure the exact distri-
bution and dynamics of PRC2 subcomplexes at a single
cell level. Since PRC2 is a complex that maintains rather
than establishes patterns of gene repression, ascertaining
its function during development and differentiation in
an in vivo context is paramount. For example, studies in
some types of neurons are starting to shed light on the
complexity of PRC2, as some neurons mainly harbor ei-
ther PRC2/EZH1 or PRC2/EZH2, while others have
both (A. Schaefer, pers. comm.). Whether the dimeric
state of PRC2 (i.e., PRC2/EZH1–PRC2/EZH2 hetero-
dimer) is relevant during the course of neural develop-
ment remains unknown. These recent observations also
point to the presence of JARID2 in some neurons. This
finding is unexpected given previous reports of JARID2 ex-
pression being limited to uncommitted cells and lost dur-
ing lineage differentiation as in the case of myogenesis:
JARID2 is high in ESCs declines in myoblasts and disap-
pears in myotubes (Son et al. 2013). The latter observa-
tions led to the hypothesis that JARID2 function is
essential during cell lineage commitment, but once a lin-
eage is established, JARID2 as well as EZH2 are no longer
required, such that the PRC2–EZH1 complex “passively”
maintains the repressed pattern of gene expression in a
cell type-specificmanner (Son et al. 2013). Indeed, JARID2
and EZH2 are essential to actively maintain the previous-
ly instructed pattern of gene repression upon the initial
steps of differentiation to a specific lineage (Son et al.
2013). We look forward to future advancements in imag-
ing and single-cell analysis technology for amore in-depth
investigation of PRC2-regulated processes.

PRC2 and its chromatin substrates

PRC2 activity is regulated by the chromatin structure.
Early studies show that PRC2 favors dinucleosome and
oligonucleosome substrates over mononucleosomes,
octamers, histone H3 or H3-derived peptides in vitro
(Cao and Zhang 2004; Kuzmichev et al. 2004; Martin
et al. 2006), suggesting that neighboring nucleosomes
stimulate its activity. Indeed, dense nucleosome arrays
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activateDrosophila PRC2 activity, which corroborates its
functional role in facultative heterochromatin formation
(Yuan et al. 2012). In addition, PRC2 is significantly stim-
ulated by a specific length of the DNA linking two nucle-
osomes (Wang et al. 2017b; Lee et al. 2018c), with 40 bp
being the optimal linker length in vitro (Lee et al.
2018c). These results suggest that PRC2 binds dinucleo-
someswith a preferred orientation, such that EED binding
to one nucleosome containing H3K27me3would position
the EZH2 SET domain in close proximity to the histone
H3 tail from the second, unmodified nucleosome (Fig.
6A). Indeed, cryo-EM of PRC2–AEBP2 complexed with
such heterodinucleosomes, shows that H3K27me3 re-
sides in the EED aromatic cage, while unmethylated
H3K27 is at the EZH2 active site (Poepsel et al. 2018). In
this case, the SBD and SANT1L domains of EZH2 are in
contact with the H3K27me3-containing nucleosome and
the CXC domain of EZH2 interacts with the unmethy-
lated nucleosome, thereby bridging the two (Fig. 6A).

Structural studies of the RBAP46/48 component of
PRC2 reveal that the histone H4 tail binds to a pocket
on the side of the WD40 domain, with the histone H3
tail being positioned atop (Fig. 6B; Schmitges et al. 2011).
Lys4 of histone H3 interacts with the WD40 domain, but
this interaction is significantly weakened when H3K4 is
methylated (Schmitges et al. 2011), stressing that H3K4
methylation that is associated with active transcription
is antagonistic to PRC2 activity. However, such histone-
binding activity of RBAP46/48might actually be negative-
ly regulated in the context of PRC2 given that SUZ12 and
AEBP2 overlapwith its H3 andH4 tail-binding region (Fig.
6B; Chen et al. 2018; Kasinath et al. 2018a). We speculate
that the RBAP46/48-nucleosome interactionmight be dy-
namic based on the structural flexibility of either SUZ12
or AEBP2. Of note, a small population of PRC2–AEBP2
in complex with heterodinucleosomes (H3K27me3–
H3K27) indicates that RBAP48 is in contact with the nu-
cleosomes (Poepsel et al. 2018), supporting that RBAP48
contributes to PRC2 stabilization on chromatin. Thus,
RBAP46/48 likely enhances PRC2 affinity for its target
sites as previously proposed (Margueron and Reinberg
2011), thereby promoting PRC2 activity. The significance
of the interaction between RBAP46/48 and the histoneH3
or H4 tail under physiological conditions warrants further

investigation; however, it is important to stress that
RBAP46/48 are components of a large number of chroma-
tin associated complexes (Margueron and Reinberg 2011;
Millard et al. 2016; Moody et al. 2018), and their function
is likely providing stable binding to chromatin, perhaps in
a dynamic way.

De novo mammalian PRC2 recruitment to chromatin

Some histone modifications, including H3K27 methyla-
tion, are reset during early development in mice (Heard
and Martienssen 2014; Liu et al. 2016; Zheng et al.
2016). For example, H3K27me3 is depleted from promot-
ers in preimplantation embryos and de novo H3K27me3
is deposited in the epiblast, illustrating a massive epige-
netic reprogramming (Zheng et al. 2016). In agreement,
upon neuronal differentiation of mESCs, novel targets of
PRC2 repression surface at both the progenitor and the
terminal neuron states, which requires a dynamic regula-
tion of PRC2 recruitment to chromatin (Mohn et al.
2008). Tremendous efforts have been extended to home
in on exactly how PRC2 achieves its targeting of different
sets of genes specific to individual cellular lineages in
mammals.

Features of mammalian PRC2 recruitment

Inmammals, PRC2 acts as a general factor tomaintain re-
pressed states of distinct gene types: active protein-coding
genes that are shut off, imprinted genes, and developmen-
tally regulated genes. Accordingly, its recruitment to
chromatin in these cases is regulated distinctively (Mar-
gueron and Reinberg 2011; Riising et al. 2014). At active
protein-coding genes, PRC2 is sequestered by RNA in
ESCs (Kaneko et al. 2013; Beltran et al. 2016), wherein
its concentration is much higher than in other cell types
analyzed (Stafford et al. 2018). However, at imprinted
genes it is likely that binding of PRC2 to noncoding
RNA (ncRNA) originating from the imprinted locus is im-
portant in its recruitment to aid in attaining an allele-spe-
cific repressed state. At developmentally regulated genes,
PRC2 recruitment is more complex, requiring the partic-
ipation of accessory factors (Oksuz et al. 2018).
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RBAP46/48 interacting with the histone H3 and H4 tails. These interactions are competitive with RBAP46/48 interaction with SUZ12
and AEBP2.

Yu et al.

8 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Active protein-coding genes Seemingly paradoxical,
PRC2 is sequestered by RNA transcribed from active pro-
tein-coding genes as its EZH2 core subunit interacts with
the 5′ region of nascent RNAs (Fig. 7A; Davidovich et al.
2013; Kaneko et al. 2013; Zhang et al. 2019). Of note,
SET domain-containing proteins in general interact with
ssDNA and ssRNA (Krajewski et al. 2005). In the case of
PRC2 however, RNA interaction inhibits itsmethyltrans-
ferase activity in vitro and in cells (Cifuentes-Rojas et al.
2014; Kaneko et al. 2014b). However, as RNAdoes not im-
pede PRC2-intrinsic automethylation activity (Wang
et al. 2017b), its interaction with PRC2 is later ascribed
to an RNA “decoy” effect, essentially blocking stable
PRC2 interactions with chromatin (Wang et al. 2017b).
Another hypothesis is that RNA interferes with the allo-
steric activation of PRC2 by interacting with the SRM
of EZH2 (Zhang et al. 2019). These two hypotheses need
not be mutually exclusive given that the RNA-binding
sites within EZH2 identified by many groups are indeed
critical for both nucleosome/DNA contact and PRC2 ac-
tivity (He et al. 2016; Long et al. 2017). In accordance,
the major RNA-binding sites are within the SRM and
the N terminus of the CXC domain (Long et al. 2017;
Zhang et al. 2019), which are key to allosteric activation
and nucleosome binding, respectively. Although PRC2
and its accessory subunit JARID2 interact withmultitudi-
nous RNAs without sequence specificity (Davidovich
et al. 2013; Cifuentes-Rojas et al. 2014; Kaneko et al.
2014a), the activity of PRC2/JARID2 appears to be regulat-
ed by phosphorylation (Kaneko et al. 2014a), and it is also
inhibited by poly(G) RNA, which forms a G-quadruplex
structure, but not by an unfolded poly(A) RNA (Kaneko
et al. 2014b). Indeed, PRC2 exhibits a high-affinity binding
for one type of G-quadruplex RNA (Wang et al. 2017a). Al-
though current technologies are limited in detecting G-

quadruplex structures in cells, sequence analysis suggests
their abundance in the human transcriptome (Wang et al.
2017a). PRC2 association with the 5′ end of nascent RNA
weakens its binding to chromatin and potentially keeps
PRC2 in close proximity to the promoters of active pro-
tein-coding genes (Kaneko et al. 2013, 2014b; Beltran
et al. 2016). Should nascent transcripts be shut off by
DNA sequence-specific transcription repressors, PRC2
would now be free to associate with chromatin and depos-
it H3K27me2/me3, pointing to its general role in main-
taining gene repression (Kaneko et al. 2014b; Riising
et al. 2014); such a scenario is observed in cells when pre-
mature transcription termination is promoted by insert-
ing a poly(A) site near the 5′ end of a gene (Kaneko et al.
2014b).

Imprinted genes PRC2 is recruited to the transcription-
ally silent alleles of imprinted genes by long ncRNAs
(lncRNAs), apparently generated from the same loci in
cis (Fig. 7B). As RNA-binding inhibits the activity of
PRC2, how does PRC2 establish repression in cis upon
the intial recruitment by lncRNAs? We speculate that,
unlike the active loci, the lack of transcriptional machin-
ery as well as active histone modifications (e.g., H3K4me
or H3K36me) at imprinted genes likely allows PRC2 to
slowly deposit H3K27me3 across several cell cycles in
spite of the low activity in association with lncRNA. As
RNA-mediated inhibition of PRC2 activity is antagonistic
to its allosteric activation, RNA likely serves as an initial
recruiter of PRC2 to such imprinted genes, but its inhibi-
tory effect is gradually alleviated by the accumulation of
H3K27me3, eventually leading to stable establishment
of repression. The RNA-mediated recruiting process was
first detected in the case of PRC2 occupancy of the inac-
tive X chromosome (Xi) in female mESCs upon X-

RNA

PII

nascent RNA

Active protein coding genes

PRC2

lncRNA

Imprinted genes

PRC2 PRC2

Developmental genes

                       Nucleation sites

CGIs with GA-rich and/or GCN tandem repeat motifs

PRC2
On rate is increased by

- MTF2

- JARID2
hit & run 

GC-/GA-rich

PRC2

JARID2

Erk1/2

RNA

PII

Ser5P

Nucleosome turnover
ii. Specific CGIs

A

B

C

H3K27me3 

D
GCN GA

GCN GA

Strong nucleation site

Weak nucleation site

DNA hypomethylation

DNA hypermethylation

i. Promoter Architecture

Figure 7. Three modes of PRC2 recruitment
to chromatin in mammals. (A) At active pro-
tein coding genes, the 5′ region of the nascent
RNA recruits PRC2 through interaction with
its core EZH2 subunit. This interaction pre-
cludes PRC2 activity. (B) At imprinted genes,
long ncRNAs (lncRNAs) produced from the
same loci recruit PRC2 in cis. PRC2 deposits
H3K27me3 on these transcriptionally silent
genes. (C ) At developmental genes, promoter
architecture and specific CGIs recruit PRC2.
(Panel i) Erk1/2 localizes to GC-/GA-rich re-
gions on the genome, mediating nucleosome
turnover as well as phosphorylation of RNAPII
at its C-terminal domain (CTD)-Ser5 residue.
These events provide a promoter architecture
conducive to PRC2/JARID2 recruitment. (Pan-
el ii) Through its low-affinity interactions with
chromatin, PRC2 can recognize nucleation
sites that contain hypomethylated CGIs with

GA-rich and/orGCN tandem repeatmotifs via a “hit and run”mechanism, but its on rate is lower than its off rate. The on rate is increased
by PRC2 interaction with MTF2/PCL2 and/or JARID2. (D) Nucleation sites (both strong and weak) are enriched for dense CGIs, which
have a high number of CG dinucleotides within the island (blue boxes). Both types of nucleation sites are enriched for “GA” and/or
“GCN” tandem repeat motifs, however strong nucleation sites have longer GCN tandem repeats (red boxes) and a different distribution
of GA content (light-green and dark-green boxes), compared to weak ones.

PRC2 is high maintenance

GENES & DEVELOPMENT 9

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


chromosome inactivation (XCI), directed by its interac-
tion with the Xi-specific transcript (Xist) (Zhao et al.
2008; da Rocha et al. 2014). Xist RNA can apparently me-
diate PRC2 recruitment to the Xi through its binding to
EZH2, JARID2, and a chromatin remodeler, ATRX
(Zhao et al. 2008; da Rocha et al. 2014; Sarma et al.
2014; Almeida et al. 2017). Since this recruitment ismedi-
ated by RNA, whether G-quadruplex structures proposed
to bind PRC2 with high affinity (Wang et al. 2017a) are in-
volved is unknown. As well, the domains on Xist RNA
that mediate recruitment (direct or indirect) of PRC2 re-
main controversial (Kohlmaier et al. 2004; Zhao et al.
2008). Nevertheless, a recent study indicates that the
RepB domain of Xist mediates the interdependent recruit-
ment between Xist, PRC1, and PRC2 (Colognori et al.
2019). Surprisingly, some studies suggest that PRC2 re-
cruitment in response to XCI at the mouse female Xi is
accomplished by one of the noncanonical PRC1 complex-
es through its catalysis of H2AK119ub (Almeida et al.
2017; Pintacuda et al. 2017), which appears to precede
H3K27me3 deposition upon experimental induction of
Xist (Żylicz et al. 2019). Of note, JARID2 mediates the in-
teraction betweenH2AK119ub and PRC2 through its con-
served ubiquitin interaction motif during XCI (Figs. 1A,
5B; Cooper et al. 2016).While these ongoing studies are in-
triguing, they have been performed in steady-state sys-
tems. To clarify the sequence of events and determinants
to this process, experimental systems designed to follow
de novo Polycomb domain formation as PRC1 and PRC2
are recruited to the Xiwould be highly beneficial. Another
example is the recruitment of PRC2 to the KCNQ1-over-
lapping transcript 1 (Kcnq1ot1) locus on the paternally im-
printed region by lncRNAs transcribed from this locus in
mouse (Pandey et al. 2008). These results highlight the
role of PRC2 in maintaining transcriptional inactivity at
imprinted genes, consistent with a recent report demon-
strating that some imprinted genes use an H3K27me3-de-
pendent pathway, in lieu ofDNAmethylation (Inoue et al.
2017).

Developmental genes Exactly how PRC2 is recruited to
establish bivalent promoters (“PRC2 Dynamics in ESCs
andEarlyDevelopment”; Bernsteinet al. 2006) or retain re-
pressed expression at its target developmental genes has
been challenging to identify in the mammalian case, rela-
tive to that in Drosophila (Schuettengruber et al. 2009;
Voigt et al. 2013). While Drosophila is devoid of bivalent
domains (Schuettengruber et al. 2009), its PRC2 accesses
developmental genes through the more familiar mode of
high-affinity interactions with DNA sequence-specific
transcription factors (Brown et al. 1998; Grimaud et al.
2006; Geisler and Paro 2015), for which there is little
evidence in the case of mammalian PRC2. Nonetheless,
many low-affinity chromatin interactions exhibited
by both PRC2 and its associated factors can facilitate
PRC2 recruitment to andmaintenance at its targets (Mar-
gueron and Reinberg 2011). Importantly, within the last
decade, extensivestudiesbymany in the fieldhaveexpand-
ed and clarified the multiple, key criteria inherent to this
process.

Promoter architecture: The promoters of mammalian
developmental genes are associated with CpG-rich DNA
(see below) and are bivalent, containing both H3K27me3
and H3K4me3 within the same nucleosome, but on dif-
ferent H3 tails (Voigt et al. 2012, 2013). The following
evidence supports that modulation of the promoter archi-
tecture can set the stage for promoter bivalency at devel-
opmental genes in mESCs (Voigt et al. 2013). Upon its
activation, the extracellular signal-regulated kinase
(Erk1/2) binds to and colocalizes with a subset of PRC2
target genes enriched in GC-/GA-rich motifs in vivo
(Fig. 7C, panel i). Activated Erk1/2 enhances local nucleo-
some turnover, facilitating the access of PRC2 to target
genes; whether this access applies to MLL family mem-
bers that catalyze H3K4me3 is not known. Surprisingly,
Erk1/2 also promotes the phosphorylation of the C-termi-
nal domain (CTD) of RNA polymerase II at Ser5, a modi-
fication primarily catalyzed by Cdk7, the conventional
kinase found in TFIIH. Such phosphorylation fosters pro-
moter “disengagement” whereby RNA polymerase II
breaks its interaction with most of the general transcrip-
tion factors necessary for its recruitment to promoters
(Usheva et al. 1992; Komarnitsky et al. 2000; Tee et al.
2014). This swapping of Cdk7 activity is novel and likely
arises from the promoter architecture and its G-C content
(Parvin and Sharp 1993; Goodrich and Tjian 1994); accord-
ingly, transcription from these developmental genes is in-
dependent of Cdk7 in vitro and in vivo (Tee et al. 2014).

Indeed, CGIs (see below) correlatewith lownucleosome
occupancy, and PRC2 is recruited to CGIs in response to
transcription inhibition in mESCs (Deaton and Bird
2011; Fenouil et al. 2012; Riising et al. 2014). Earlier stud-
ies in Drosophila demonstrate that homeotic gene clus-
ters, which are targets of PcG and TrxG proteins, show
rapid histone turnover and low nucleosome density
(Mito et al. 2007; Deal et al. 2010).

CGIs: Themost obvious feature of PRC2-binding sites at
developmental genes is the presence of CGIs, ∼1- to 2-kb
DNA elements comprising CpG-rich DNA near the tran-
scriptional start sites (TSSs) of promoters (Illingworth
and Bird 2009; Mendenhall et al. 2010; Lynch et al. 2012;
Long et al. 2013). They are generally found at promoters
lacking DNA methylation (Fig. 7C, panel ii). Integration
ofDNAelements containingCpG-rich sequences to an ex-
ogenous locus is sufficient to nucleate PRC2 in vivo (Men-
denhall et al. 2010; Lynch et al. 2012; Jermann et al. 2014).
However, and of importance, theseCGIsmust be devoid of
transcription-activatingmotifs (Mendenhall etal. 2010). In
accordance, transcription inhibition leads to an increased
occupancy of PRC2 at CGIs in mESCs in keeping with its
role inmaintaining gene silencing (Riising et al. 2014).Col-
lectively, these results point to CGIs as being critical to
mammalian PRC2 recruitment. This scenario is some-
what similar to the case inDrosophila, where PRC2 is re-
cruited to PREs that contain high-affinity DNA-binding
sites for sequence-specific DNA-binding proteins with
which PRC2 interacts (Grimaud et al. 2006; Geisler and
Paro 2015). However, in the case of mammalian PRC2, in-
teraction with CGIs is direct and a consequence of many
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low-affinity interactions with some specificity in the
DNA sequence, as described below. These low-affinity se-
quence-specific interactions are exhibited by a subset of
PRC2 accessory proteins (e.g., JARID2 andMTF2) (see be-
low) and are stabilized by interactions with nucleosomes
and DNA (e.g., through RBAP48, JARID2, and AEBP2)
(see Figs. 5B, 6B; “Features of the PRC2 Holoenzyme Reg-
ulated by Distinct Accessory Factors”).
Given that the majority of mammalian gene promoters

do contain CGIs, those that are targeted by PRC2 should
have additional features (Illingworth and Bird 2009; Long
et al. 2013). Indeed, a recent report finds them to be distin-
guished by an enrichment in “GA” and/or “GCN” tan-
dem repeat motifs in mESCs (Fig. 7C, panel ii; Oksuz
et al. 2018). This study devised a system in mESCs to fol-
low the kinetics of initial PRC2 recruitment and its subse-
quent establishment de novo of extensive chromatin
domains with H3K27me. PRC2 integrity is first disrupted
through an EED knockout such that H3K27me2/me3 is
depleted from the cell, and then PRC2 is rescued by an in-
ducible expression of EED. By tracking the de novo PRC2
occupancy on chromatin, PRC2 sites of “nucleation” are
identified and grouped as strong or weak to reflect the lev-
els of PRC2 andH3K27me3 deposition (Oksuz et al. 2018).
Although the majority of nucleation sites are enriched for
“GA”- and/or “GCN”-rich tandem repeat motifs, the dis-
tribution ofGA content is slightly different and in the case
of weak sites, the GCN tandem repeats are shorter (Fig.
7D). Importantly, these nucleation sites correspond to bi-
valent promoters in mESCs (see below). H3K27me3 also
exhibits a delayed deposition at genomic locales termed
“spreading” sites that initially comprise a stretch of
H3K27me2 (see below). Consistent with the established
correlation between CGIs and PRC2 binding, the nucle-
ation sites are enriched with those CGIs, comprising a
higher average CpG count relative to CGIs genome-wide
and those within spreading sites. This study points to
the key role of nucleation sites in de novo PRC2 targeting
(Oksuz et al. 2018), and is consistent with a recent study
suggesting, not surprisingly, that H3K27me is not the pri-
mary recruitment factor for PRC2 (Hojfeldt et al. 2018).

DNA methylation status

Another feature of CGI targets is their hypomethylation.
Genome-wide studies demonstrate that cytosine DNA
methylation at CGIs adversely affects PRC2 binding (Hol-
och and Margueron 2017). However, PRC2 and DNA
hypermethylation do coexist in the case of mouse XCI
and/or other imprinted genes (Brockdorff 2017). Impor-
tantly, the mechanism for PRC2 recruitment to the Xi is
still under debate and is likely to differ from that at devel-
opmental genes, perhaps being CGI-independent (see
“Imprinted Genes”). As AEBP2 appears to mediate bind-
ing of PRC2 to methylated DNA in vitro (see “Features
of the PRC2 Holoenzyme Regulated by Distinct Accesso-
ry Factors”; Wang et al. 2017b), AEBP2 might exert a
role in recruiting PRC2 to the mouse Xi and perhaps to
a small set of defined genomic loci and/or transposons
in vivo.

Partners aiding mammalian PRC2 recruitment to
developmental genes

What then is themolecular link between PRC2 andCGIs?
Intriguingly, JARID2 and PCL proteins that associatewith
PRC2 also bind directly to unmethylated CGIs at a subset
of promoters (Li et al. 2010, 2017). Importantly, the knock-
out of either JARID2 or MTF2 (the predominant PCL pro-
tein in mESCs) in steady-state mESCs abolishes stable
PRC2 binding to chromatin, but is ineffectual with re-
spect to the extent of H3K27me3 deposition (Shen et al.
2009; Landeira et al. 2010; Li et al. 2010, 2017; Pasini
et al. 2010; Casanova et al. 2011). Nonetheless, some
detectable H3K27me3 foci do become evident in EED res-
cue experiments performed in cells devoid of both JARID2
andMTF2, albeit considerably later, suggesting that PRC2
can still access its targets in a weak and unstable manner
(Fig. 7C, panel ii), as core PRC2 does bind to chromatin via
its many low-affinity interactions (Fig. 6; Margueron and
Reinberg 2011; Poepsel et al. 2018). In accordance, a recent
report demonstrates preferential but transient interaction
of PRC2 to GC-rich DNA in vitro (Wang et al. 2017b).
There appears then to be a redundancy of factors affecting
PRC2 recruitment and its stability on chromatin. While
PRC2 cannot be readily detected on chromatin by ChIP
(chromatin immunoprecipitation) assays using a popula-
tion of cultured cells, H3K27me3 eventually recovers dur-
ing G1 and G2–M phase as its turnover mainly occurs at
the S phase of the cell cycle. Importantly, in fast-develop-
ing early stage embryos, amore stable association of PRC2
with chromatin is likely a necessity to deposit H3K27me3
expeditiously.
Given that core PRC2, JARID2, and MTF2 can interact

independently with GC-rich DNA, we propose that PRC2
recruitment can occur via a “hit and run” mechanism
whereby core PRC2 transiently interacts with the nucle-
ation sites and inefficiently catalyzes H3K27me3 on chro-
matin (Oksuz et al. 2018). Indeed, recent live-cell single-
molecule imaging studies demonstrate the dynamic inter-
action of PRC2 with chromatin in human osteosarcoma
cells (U2OS) (Youmans et al. 2018). Still, in complex
with JARID2/MTF2, PRC2 is stabilized at the nucleation
sites leading to efficient H3K27me3 catalysis. The newly
identified PRC2-interacting factors such as EPOP, PALI1/
2, and others, can also affect PRC2 interaction with
chromatin, even in a way to dislodge PRC2 from target
sites (Beringer et al. 2016; Holoch and Margueron 2017;
Conway et al. 2018). Furthermore, although not required
for initial PRC2 recruitment, H3K27me3 does stabilize
its binding on chromatin, as initial structural and kinetic
studies demonstrate that PRC2 displays a higher binding
affinity toward those nucleosomes containingH3K27me3
relative to unmodified ones (Margueron et al. 2009; Hoj-
feldt et al. 2018; Oksuz et al. 2018). Such increased
PRC2 stability on chromatin as a function of the presence
of H3K27me3 has direct implications for H3K27me3
transmission during DNA replication (see below; Hansen
et al. 2008; Margueron et al. 2009).
Taken together and in agreement with our previously

proposed model (Margueron and Reinberg 2011), the
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stability of PRC2 on chromatin is reflected by the sum of
its chromatin interactions that vary in affinity, as evi-
denced by: PRC2 core constituents, PRC2 accessory sub-
units, EED–H3K27me3 interaction, and PRC2–RNA
interactions. In isolation, the low-affinity interactions
might synergize to enable detectable PRC2 catalysis on
chromatin. Notably, some PRC2 accessory factors, in-
cluding MTF2 and JARID2, are expressed at very low lev-
els in most differentiated cells (Li et al. 2010; Zhang et al.
2011; Son et al. 2013). In these cases, the remaining low-
affinity interactions might be sufficient to replenish
H3K27me levels. For example, EZH1 maintains targeting
of PRC2 in terminally differentiatedmyoblasts that do not
express JARID2 or EZH2 (see “EZH1 and EZH2, PRC2
Writers with Different Functions”; Son et al. 2013). Alter-
natively, cell type-specific PRC2-interacting factors that
have yet to be identified might facilitate PRC2 recruit-
ment in different cell lineages.

Spreading of PRC2 activity

Following its recruitment to nucleation sites, PRC2 gen-
erates extensive regions of H3K27me2/me3 domains
across the genome that range in size from a few kilobases
to >100 kb, as found across the Hox clusters (Boyer et al.
2006). Though distant with respect to each other on the
linear genome, these domains often colocalize within
the nucleus, forming a network of intrachromosomal
and interchromosomal interactions in mESCs and inDro-
sophila (Bantignies et al. 2011; Tolhuis et al. 2011; Den-
holtz et al. 2013; Joshi et al. 2015; Schoenfelder et al.
2015; Vieux-Rochas et al. 2015; Ogiyama et al. 2018). In-
terestingly, these long-range interactions are not essen-
tially dependent on PRC2, as many are retained in the
absence of EED and H3K27me2/me3, but they do require
PRC1 (Denholtz et al. 2013; Schoenfelder et al. 2015;
Kundu et al. 2017; Oksuz et al. 2018). Importantly, the
identified nucleation sites are enriched within spatially
interacting Polycomb targets, wherein initial H3K27me3
catalysis is observed as foci by immunofluorescence (Fig.
8A;Oksuz et al. 2018) Thus, not all, but specific, CGIs par-
ticipate in a network of interactions that function to nu-
cleate PRC2. How, then, are the large H3K27me2 or
H3K27me3 domains established and maintained after
PRC2 recruitment to a nucleation site? Also, what is the
contribution of genomic clustering (through long-range
interactions) of polycomb targets in this process?

H3K27me3 could spread to neighboring regions on the
genome via its “write and read” mechanism and form
large domains of H3K27me3 (Reinberg and Vales 2018).
Based on results from the in vivo EED rescue experiments,
we propose the following two-step mechanism (nucle-
ation and spreading) to portray the formation of large re-
pressive chromatin domains via PRC2 (Oksuz et al.
2018). PRC2 in complex with accessory proteins (such
as JARID2 and/or MTF2 or other factors depending on
the cell type) recognizes and stably binds to the nucleation
sites wherein H3K27me2 is deposited initially and con-
verted to H3K27me3 once a “critical” PRC2 concentra-
tion is attained. From this initial nucleation event,

PRC2 binds to its own product, H3K27me3, undergoes
an allosteric stimulation and rapidly spreads H3K27me2
domains. H3K27me2 is then converted to H3K27me3
proximally as well as distally via long-range 3D contacts,
all within Polycomb foci. The mechanistic basis for
H3K27me2 rather than H3K27me3 being spread initially
is currently unclear, but likely reflects the slower kinetics
of trimethyl catalysis, in keepingwith the necessity for al-
losteric activation of PRC2. Of note, these initial tracks of
H3K27me2 do exhibit peaks of H3K27me3. In some cases,
these peaks correspond to those nucleation sites designat-
ed as “weak” based on their CGI sequence (see above),
while others might arise from long-range 3D contacts
with other nucleation sites. As PRC2 “travels” even fur-
ther from its nucleation sites, its residency time on chro-
matin decreases resulting in a more pronounced
deposition of H3K27me2 than H3K27me3 (Fig. 8A,B).

The nucleation and spreadingmodel point to the impor-
tance of genome organization in the establishment and
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Figure 8. Spreading of PRC2 activity after initial recruitment.
(A) PRC2 targets are engaged in a network of interactionswherein
nucleation sites are concentrated, formingPolycomb foci. Follow-
ing the nucleation event, PRC2 spreads H3K27me2/3 domains
across the genome proximally as well as distally via long-range
3D contacts, all within Polycomb foci. (B) Detailed mechanism
by which PRC2 spreads the products of its catalysis. PRC2 first
catalyzes H3K27me2 at the nucleation sites (strong or weak),
which are then converted to H3K27me3 once PRC2 reaches suf-
ficient concentrations. Through binding to H3K27me3, PRC2 is
allosterically stimulated, and rapidly spreads H3K27me2 to adja-
cent chromatin.H3K27me2 is then converted toH3K27me3, and,
as PRC2 moves further from the nucleation sites, its stability on
chromatin decreases such that H3K27me3 domains remain prox-
imal and H3K27me2 domains remain distal to its nucleation
sites. The strong and weak nucleation sites engage in long-range
interactions.
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maintenance of repressive H3K27me domains. In Droso-
phila, a transgenic locus containing a PRE and its endoge-
nous counterpart located in a different chromosome
engage in physical contact mediated by long-range chro-
mosomal interaction (Ciabrelli et al. 2017). This interac-
tion promotes a stable epigenetic state that nonetheless
could be stably reverted by disrupting the chromatin con-
tacts, underscoring the significance of chromatin archi-
tecture in the formation of epigenetically inherited
repressive H3K27me chromatin domains (Ciabrelli et al.
2017; Ogiyama et al. 2018).

Boundaries to spreading

How then does H3K27me2/me3 spreading eventually
stop? The classic phenomenon of position effect variega-
tion (PEV) in Drosophila arises from the spreading of a
translocated region of H3K9me3-type constitutive hetero-
chromatin into adjacent euchromatic genes, with resul-
tant silencing (Talbert and Henikoff 2006). A similar
scenario might be expected in the case of H3K27me3-
rich domains. However, the following findings indicate
the opposite.
TheHOXA cluster of genes has a number of CTCF cog-

nate DNA-binding sites, several of which border the pro-
moters of specific HoxA genes that are repressed in
ESCs but temporally expressed upon induction to differ-
entiation (Mazzoni et al. 2013). The DNA sequence-spe-
cific transcription factor CTCF is well-known to
function as an insulator and to engage in the formation
of topologically associated domains (TADs) in vivo (Phil-
lips-Cremins and Corces 2013). mESCs exhibit repression
of the HOX cluster and these repressed genes are con-

tained within independent single TADs, all decorated
with H3K27me2/me3 (Narendra et al. 2015). Upon differ-
entiation into cervical motor neurons, the HOXa1 to
HOXa6 genes are expressed in themidst of active chroma-
tin features such as H3K4me3 and RNA polymerase II,
and now are within a new TAD delineated by preexisting
CTCF sites. Under these conditions, the proximalHOXa7
gene normally remains repressed. However, upon deletion
of the CTCF site caudal to the HOXa7 promoter, the
HOXa7 gene is inappropriately activated in both cell cul-
ture and mice, resulting in homeotic transformations
(Narendra et al. 2015, 2016). As such, it is the actual pro-
cess of transcription that results in the loss of H3K27me2/
me3 domains with the concomitant gain of histone mod-
ifications associated with active transcription, such as
H3K4me3, giving rise to expression of the Hoxa7 gene
and its relocation to the TAD containing the Hoxa1 to
Hoxa6 genes. Thus, in contrast to PEV in Drosophila, an
active chromatin domain can invade the repressive
H3K27me3-domain, the integrity of which depends on
CTCF binding to its cognate DNA site (Fig. 9A,B). Given
that the stability of CTCF on chromatin requires its
RNA binding activity (Hansen et al. 2018; Saldana-Meyer
et al. 2019), we suspect that disrupting this latter activity
would give rise to similar developmental defects.
In keeping with the homeotic transformations that

arise upon loss of H3K27me2/me3 domains in the
HOXA cluster, disruption to chromatin compaction me-
diated by the CBX2 component of a class of canonical
PRC1 complexes also disturbs body patterning in mice
(Lau et al. 2017). Mutation of the CBX2 residues responsi-
ble for chromatin compaction leads to homeotic transfor-
mation. These findings with PRC2 and PRC1 underscore
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A Figure 9. How does PRC2 spreading stop? (A) Upon
differentiation of ESCs to motor neurons, a tight boun-
dary between transcriptionally active domains and
PRC2-mediated repressive domains is maintained by
CTCF binding to its cognate sites in the HoxA cluster.
In this case, active loci are sequestered in a TAD inde-
pendent from that sequestering repressed domains. (B)
Deletion of CTCF-binding sites result in homeotic trans-
formation inmice. (Left) Proper ribs do not protrude from
the T13 position. (Right) An extra rib aberrantly pro-
trudes from the C7 position (adapted from Narendra
et al. 2016).
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their joint roles in maintaining gene repression, such that
the curtailment of either undermines the endurance of the
developmental process.

PRC2 dynamics in ESCs and early development

Perhaps the considerable fascination with PRC2 rests on
its regulation in ESCs, given that 95% of EZH2 occupies
the promoters of developmentally regulated genes that
are bivalent and silent or expressed at low levels (Bern-
stein et al. 2006). However, as ESCs differentiate, most
of these genes lose their bivalency and are subsequently
activated or remain stably repressed depending on the lin-
eage pathway (Voigt et al. 2013). In ESCs, although loss of
PRC2 increases expression from some target bivalent
genes, it does not prevent them from being maintained
in the “ground state” (i.e., not activated or repressed by
DNA sequence-specific transcription factors, as occurs
during differentiation) (Boyer et al. 2006; Shan et al.
2017). Instead, PRC2-deficient ESCs manifest a more
drastic and aberrant activation of bivalent genes during
induction to differentiation (Boyer et al. 2006). Thus,
PRC2 is essential to securing repression after bivalent
genes are silenced during differentiation. Bivalent pro-
moters are also present in adult stem cells, albeit being
fewer than and distinctive to those in ESCs (Jadhav
et al. 2016). However, loss of PRC2 in adult stem cells
mainly derepresses these tissue-restricted bivalent genes
(Jadhav et al. 2016).

While bivalent promoters are crucial in developing
and adult tissues, how are the active and repressive his-
tone modifications spatially organized? Mass spectrome-
try studies reveal that H3K4me3 usually coexists with
H3K27me3 asymmetrically at the two histone H3 tails
within a histone octamer of each nucleosome (Voigt
et al. 2012). In accordance, biochemical studies show
thatH3K4me3 directly inhibits PRC2 activity, preventing
H3K27me3 catalysis in cis (Schmitges et al. 2011). Like-
wise, H3K27me3 inhibits H3K4 methyltransferases
(Kim et al. 2013a), as described above (“PRC2 and Its
Chromatin Substrates”). Together, these features consti-
tute the basis of gene bivalency and demonstrate the an-
tagonistic nature of these active and repressive histone
marks while being compatible at a bivalent gene. How bi-
valent genes acquire this balance and coordinate the coex-
istence between these two marks at distinct genomic loci
in a cell type-dependent manner remains largely un-
known. Of note, most current studies on gene bivalency
use populations of cultured cells and as such, the stochas-
tic variation of histone modifications should be consid-
ered using single-cell analysis tools in the future.

The identification of PRC2 nucleation sites within
developmental genes raises the question as to how cells
adapt to use different nucleation sites upon changing their
cellular state, especially given that not all “GA”-rich and/
or “GCN” tandem repeat motifs within CGIs serve as nu-
cleation sites in mESCs. For example, there are ∼2700
CGIs with “GCN” tandem repeat motifs in mESCs, but
only a subset of these (17%) act as nucleation sites for
PRC2 (Oksuz et al. 2018). Certainly, these other candi-

dates might function as nucleation sites in other cell
types. For example, during differentiation, a subset of
PRC2 target genes are selectively activated, while others
are subject to repression. Once an active gene containing
a PRC2-unoccupied nucleation sites is silenced by DNA
sequence-specific transcription repressors during differen-
tiation and all the active chromatin features are cleared,
PRC2 would be able to nucleate this GCN motif within
a CGI near the TSS. PRC2would thenmaintain transcrip-
tional repression through its catalysis of H3K27me3
(Fig. 10). On the other hand, some of the nucleation sites
for PRC2 in mESCs might be overriden by transcriptional
activators and in this case, PRC2 is evicted as seen
in the case of the HoxA cluster during differentiation,
whereupon the dynamics of transcription clear the
H3K27me3-containing chromatin domains as described
above (“Boundaries to Spreading”). In accordance, studies
in Drosophila show that the TrxG proteins, which antag-
onize Polycomb-dependent silencing, can also bind to
PREs (Steffen and Ringrose 2014).
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Figure 10. Establishment of PRC2 on chromatin during cellu-
lar state transitions. When a given nucleation site is occupied
by active chromatin modifications within an actively transcrib-
ing gene, PRC2 binding is precluded. Should this gene be bound
by transcriptional repressors in response to a change in the cel-
lular state, histone deacetylases and demethylases would then
clear all of the active chromatin features. PRC2 can now bind
to the cleared nucleation site and maintain repression of this
gene in this specific cellular lineage. This process is conceivably
reversible, as binding of transcriptional activatiors and histone-
modifiying enzymes such as histone acetyltransferases and
methyltransferases could evict PRC2 and reactivate this gene
in response to a reversal of the cellular state.
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PRC2 recruitment to appropriate targets during differ-
entiation requires JARID2 nucleosome-binding activity
and JARID2K116me3-mediated allosteric stimulation of
PRC2 activity (Sanulli et al. 2015). While the loss of
JARID2 or a K116 alanine substitution mutant (JARID2-
K116A) has little impact on the level and distribution of
H3K27me3 in the ground state of mESCs, the pattern of
H3K27me3 deposition is significantly altered upon differ-
entiation in JARID2 knockout cells (Sanulli et al. 2015).
H3K27me3 is deposited aberrantly in intergenic regions
and nongenic regions of the genome with mis-targeted re-
gions skewed towardCGI-containing regions in the case of
JARID2K116A, which retains nucleosome-binding activi-
ty. This finding not only substantiates the role of JARID2
in the appropriate recruitment of PRC2 but suggests that
during differentiation, PRC2 activation by methylated
JARID2 is important in stabilizing its occupancy at the ap-
propriate sites. However, as JARID2 and EZH2 expression
decline upon differentiation, PRC2/EZH1must somehow
compensate (see “EZH1 and EZH2, PRC2 Writers with
Different Functions”; Son et al. 2013).

EZH1 and EZH2, PRC2 writers with different functions

At this juncture, the properties of the two catalytic homo-
logs ofmammalian PRC2 are contrasted to showcase their
disparate expression levels and distinctive roles as a func-
tion of development. EZH1 and EZH2 likely arose during
evolution from the duplication of the single catalytic sub-
unit of PRC2, E(z), found in Drosophila. EZH1 and EZH2
share a highly conserved (94% identical) SET domain and

lesser conservation in other regions (64% identical) (Fig.
11A). However, this apparent redundancy belies their
seemingly specialized roles during development. Deletion
of EZH2 in mESCs impairs cell differentiation due to un-
scheduled gene expression, and deletion of both EZH1 and
EZH2 results in more significant differentiation defects
(Shen et al. 2008). However, an EZH2 null mutation re-
sults in lethality at early stages of mouse development,
while EZH1 null mice are viable (O’Carroll et al. 2001;
Ezhkova et al. 2011). However, EZH1 is required for
hematopoietic stem cell maintenance, hair follicle ho-
meostasis, and protection from neurodegeneration in the
absence of EZH2, indicating its important role(s) in adult
tissues (Ezhkova et al. 2009, 2011; Hidalgo et al. 2012; von
Schimmelmann et al. 2016; Vo et al. 2018). Intriguingly,
while EZH1 is dispensable during heart development,
EZH1, but not EZH2, is required for efficient neonatal
heart regeneration in an experimental mouse model (Ai
et al. 2017).
How do these two catalytic subunits differ? First, PRC2

comprising EZH2 (PRC2/EZH2) exhibits a markedly
higher level of catalytic activity than PRC2/EZH1 (Mar-
gueron et al. 2008; Son et al. 2013). Second, allosteric acti-
vation of PRC2/EZH1 by H3K27me3 is much less
efficient than that of PRC2/EZH2 (Lee et al. 2018c), at
least partially due to a difference in a key residue within
their SRM domains (Fig. 11A). In accordance, recently dis-
covered EED inhibitors that target allosteric activation are
less effective against PRC2/EZH1 than PRC2/EZH2 (He
et al. 2017;Qi et al. 2017; Lee et al. 2018c). Third, although
PRC2/EZH1 contains lower catalytic activity, it does
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Figure 11. Two distinct catalytic subunits, EZH1 and
EZH2. (A) Schematic representation depicting the resi-
dues/regions that distinguish EZH2 and EZH1. While
the SAL, SRM, CXC, and SET domains are well con-
served, the SBD, EBD, BAM, SANT1L, and SANT2L do-
mains are less conserved (highlighted in red and pink).
Distinct residues within the SRM and SET domains are
indicated. The EZH1-specific nucleosome-binding re-
gions (SANT1L, MCSS, and SANT2L) (Son et al. 2013)
are poorly conserved with EZH2. (B) The distinct func-
tions of PRC2/EZH2 and PRC2/EZH1 during develop-
ment are indicated. (C ) A summary of the comparsion
between PRC2/EZH2 and PRC2/EZH1 activities.

PRC2 is high maintenance

GENES & DEVELOPMENT 15

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


exhibit a higher intrinsic nucleosome/DNA-binding affin-
ity relative to PRC2/EZH2 (Son et al. 2013; Lee et al.
2018c). Last, only PRC2/EZH1 can compact chromatin ro-
bustly in vitro and in vivo and does so independently of its
catalytic activity (Margueron et al. 2008). Whether this
property is due to its strong nucleosome binding activity
is yet to be determined. Nonetheless, these intrinsic prop-
erties of PRC2/EZH1 and PRC2/EZH2 point to their dif-
fering roles as a function of cell differentiation and
development (Fig. 11B,C).

EZH2 activity and expression levels predominate over
EZH1 in ESCs and EZH2 expression is associated with ac-
tively proliferating cells (Bracken et al. 2003). The molec-
ular understanding of its elevated catalytic activity and
proficient use of its “write and read” mechanism (Lee
et al. 2018b,c) underscores why PRC2/EZH2 is most suit-
able for robustly maintaining H3K27me3-repressive do-
mains after cell division in constitutively dividing cells.
Moreover, JARID2/PRC2/EZH2 can drive cells early in
differentiation with high levels of methylated H3K27 at
appropriate genomic regions given its strong HMT activi-
ty and JARID2-mediated allosteric activation and recruit-
ment of PRC2. However, as ESCs differentiate, EZH2 and
JARID2 levels decline rapidly in some types of cells, in-
cluding myotubes (Son et al. 2013) and some neurons
(von Schimmelmann et al. 2016; A Schaefer, pers.
comm.), while EZH1 is rather stable in all cell types, in-
cluding terminally differentiated resting cells (Shen
et al. 2008), ormight even show increasedmRNA and pro-
tein expression in the postnatal brain (von Schimmel-
mann et al. 2016). The higher intrinsic nucleosome-
binding activity of PRC2/EZH1 could compensate for
the loss of JARID2 in differentiated cells, with respect to
accessing nucleosomes. As repressive domains are already
established in nondividing cells, its lower catalytic activ-
ity likely functions to maintain/restore the levels of
H3K27me2/me3 in nondividing cells after DNA damage
or other injuries to the PRC2-repressed genomic regions.
Additionally, the unique property of EZH1 to compact
chromatin as well as the presence of PRC2 accessory pro-
teins could also compensate for its low catalytic activity
in functionally maintaining repression.

Restoring H3K27me3-repressive domains after DNA
replication

During DNA replication, parental nucleosomes contain-
ing the histone isoforms H3.1 and H3.2 are disassembled
into intact H3–H4 tetramers and H2A–H2B dimers
(Yamasu and Senshu 1990; Xu et al. 2010). Nucleosomes
reassemble onto newly synthesized daughter DNA from
a pool of histones, which consist of parentally modified
octamers as well as newly synthesized naïve histones
(Fig. 12). The twofold dilution of parental histone post-
translational modifications (hPTMs) are fully restored in
daughter cells after DNA replication and/or cell division
(Alabert et al. 2015). This arrangement contrasts with
the idea that some histone modifications are erased and
then re-established in each cell division (Petruk et al.
2012, 2013, 2017a,b). In agreement with the preservation

of parental hPTMs during cell division, two repressive
hPTMs (H3K27me3 and H3K9me3) persist on chromatin
in the absence of their respectivemodifying enzymatic ac-
tivity and, as expected, are diluted during subsequent
rounds of cell division (Hansen et al. 2008; Zhang et al.
2008; Gaydos et al. 2014; Audergon et al. 2015; Coleman
and Struhl 2017; Laprell et al. 2017). For daughter cells
to maintain parental cellular identity through appropriate
gene expression profiles, the levels of some hPTMs and
their parental-specific localization on the genome must
be fully restored in daughter cells. The parental levels of
either H3K9me2/me3 or H3K27me3 could be attained
in daughter cells through the “write and read” mecha-
nism inherent to SUV39H1/2-CLR4 (for fission yeast) or
PRC2, respectively (Reinberg and Vales 2018). However,
do these parentally “modified” nucleosomes segregate
dependably to the same chromatin domain in daughter
cells after DNA replication?

Indeed, there is evidence from in vitro studies to support
local segregation of histones (Madamba et al. 2017). More-
over, a recent report suggests that repressive H3K27me3
as well as active histone marks such as H3K4me3,
H3K36me3, and H3K79me3 are locally redeposited on
newly synthesized DNA by histone recycling (Reveron-
Gomez et al. 2018). However, whether the active histone
marks are derived from recycled parental ones or are n-
ewly and rapidly synthesized after naïve nucleosome dep-
osition is not distinguished. Another recent report
describes an in vivo experimental system capable of for-
mally testing local or distal (dispersed) segregation of nu-
cleosomes/octamers (Escobar et al. 2018). In this case,
biotin-tagged parental histones within single genes of ac-
tive versus repressed chromatin domains are followed

Replication

Machinery

Nucleation

site

Allosteric 

stimulation
EED

Reader

EZH2

Writer

SUZ12

Parentally modified histones

Newly synthesized naïve histones

Figure 12. Maintenance of Polycomb repression after DNA rep-
lication. Following replication of an H3K27me3-modified region,
parentally modified (dark gray) and newly synthesized naïve
octamers (green) are randomly deposited to daughter DNA
strands. The EED subunit of PRC2 can recognize H3K27me3-
modified nucleosomes, with resultant allosteric activation of
PRC2. This “write and read” mechanism stimulates catalysis of
H3K27me3 to adjacent nucleosomes. In parallel, PRC2 could rec-
ognize a nucleation site and spread the modification accordingly.

Yu et al.

16 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


temporally during DNA replication. Their local redeposi-
tion does occur at the repressive but not at the active chro-
matin, suggesting that only repressive chromatin domains
transmit epigenetic information to daughter cells. In line
with this model, H3K27me3 contributes to the transmis-
sion of repressive chromatin domains to daughter cells in
mESCs (Hansen et al. 2008) as well as across organismal
generations in Caenorhabditis elegans (see Box 1,
“PRC2 in Transgenerational Inheritance”; Gaydos et al.
2014). In mESCs, transient recruitment of PRC2 and the
deposition of H3K27me2/me3 to a reporter system is suf-
ficient tomaintainH3K27me3 levels and repression of the
reporter for several cell divisions (Hansen et al. 2008), sug-
gesting that, once established, H3K27me3 can provide a
platform for PRC2 tomaintain themark using its self-sus-
taining “write and read” mechanism (Fig. 12). Moreover,
that H3K27me2/me3 deposition is limited to nucleation
sites when PRC2 contains an EED cage mutant that can-
not interact with nor be allosterically activated by
H3K27me3, demonstrates the importance of these latter
properties for propagating H3K27me2/me3 domains
(Oksuz et al. 2018).
Interestingly, after H3K27me3 is established at a re-

porter gene in Drosophila, removal of the PRE causes
inefficient copying of H3K27me3, promoting its replica-
tion-coupled serial dilution (Coleman and Struhl 2017;
Laprell et al. 2017). Since Drosophila and mammalian
PRC2 both exhibit the “write and read” mechanism,
this discrepancy in their long-term maintenance of
H3K27me3 is likely due to their distinct recruitment
mechanisms. A recent study identified allele-specific in-

heritance of H3K27me3 domains at imprinted genes
that are not regulated by DNA methylation, but harbor
maternal allele-specific deposition of H3K27me3 in
mice (Inoue et al. 2017). Strikingly, ectopic removal of
H3K27me3 by overexpressing an H3K27me3-specific
demethylase, led to increased expression of these mater-
nal-specific alleles. These H3K27me3 domains are likely
maintained through the PRC2-H3K27me3 self-sustaining
mechanism as both alleles have the same DNA sequence
but only the premodified allele propagates these domains
(Inoue et al. 2017).

Aberrant PRC2 regulation during development
and in disease

Underscoring its critical role during early development, a
genetic deficiency in any core PRC2 component results in
embryonic lethality in mice, except for EZH1 due to the
presence of themore potent and redundant EZH2 ortholog
(Margueron et al. 2008). Interestingly, EZH2 heterozygous
mutant mice are viable and fertile, but are born at a sub-
mendelian ratio (O’Carroll et al. 2001; Simon et al.
2012). Heterozygous EED or SUZ12mutations in hemato-
poietic progenitors impair the integrity of hematopoiesis,
and germline SUZ12 heterozygous mutant mice manifest
diverse malformations of the brain and neural tube (Miró
et al. 2009; Lee et al. 2015b; Ikeda et al. 2016; Yu et al.
2017). These genetic analyses indicate the haploinsuffi-
ciency of PRC2 in regulating the proper gene expression
program during mouse development. As the levels of
PRC2 core subunits, with the exception of EZH1 (see

Box 1. PRC2 in transgenerational inheritance

Similar to mammalian PRC2, the core
components of PRC2 are conserved, albeit
duplicated, in plants. InArabidopsis thali-

ana, there are 12 homologs for the three
core proteins, and they assemble into
three forms of holoenzymes: EMF-PRC2,
VRN-PRC2, and FIS-PRC2 (Derkacheva
and Hennig 2014). However, unlike mam-
malian PRC2 that catalyzes all states of
H3K27 methylation, plants have two dis-
tinct H3K27 monomethyltransferases:
ATRX5 and ATXR6 (Jacob et al. 2009).
While ATXR5/6 and the three PRC2 com-
plexes are crucial for plant development at
distinct phase transitions, one of the most
compelling processes involving PRC2 is
vernalization, the cold-induced flowering.
During vernalization, the floral repressor
FLOWERING LOCUS C (FLC) is tran-
scriptionally silenced, and, subsequently,
PRC2 is recruited de novo to the FLC lo-
cus by an antisense noncoding transcript
from the locus that acts in cis, resulting
in H3K27me3 deposition (Bastow et al.
2004; Swiezewski et al. 2009; Liu et al.
2010). The PRC2-dependent FLC repres-

sion is maintained throughout the life-
time in Arabidopsis but undergoes an
epigenetic resetting and FLC reactivation
during germline development (Choi et al.
2009). Strikingly, a loss-of-function muta-
tion in ELF6, a plantH3K27me3 demethy-
lase, results in an incomplete erasure of
the vernalization memory at FLC, allow-
ing a transgenerational inheritance of the
vernalized state to subsequent genera-
tions (Crevillén et al. 2014).
In the case of C. elegans, PRC2 is dis-

pensable for most developmental pro-
cesses except for XCI during germline
development (Gaydos et al. 2014). C. ele-

gans comprise males with one X chromo-
some (XO) and hermaphrodites with two
X chromosomes (XX). The X chromosome
in germ cells is globally repressed except
during late oogenesis. Thus, the X chro-
mosome is silent in sperms but unsi-
lenced in oocytes. In PRC2-deficient
male (XO) worms, those that inherit an
X chromosome from a paternal origin are
mostly fertile, whereas those with an X
chromosome of maternal origin exhibit a

germline defect and are sterile (Gaydos
et al. 2014). Interestingly, the PRC2-
deficient males use H3K9me2 as an al-
ternative mechanism to maintain the
repressed X state, suggesting an evolu-
tionary redundancy in these pathways. In
the same study, the paternal H3K27me
is transmitted to daughter chromatids
through several rounds of cell division
in the absence of maternal PRC2, while,
in its presence, H3K27me is restored on
the “gamete of origin” chromosomes
throughout embryogenesis (Gaydos et al.
2014). These findings are consistent
with an epigenetic memory being trans-
mitted to the next generation as a
function of the presence of the PRC2-
H3K27me self-sustaining “write and read”
mechanism.
While these uniquemodes of epigenetic

memory regulated by PRC2 have been
elegantly demonstrated in plants and
worms, the role of PRC2 in mammalian
transgenerational inheritance is still un-
der debate and warrants further investiga-
tion.
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below), decline during development, it has been noted
that appropriate levels of PRC2 are needed at specific
developmental stages of the nervous system to control
the balance between self-renewal and lineage differentia-
tion as well as the switch in cell fate (Hirabayashi et al.
2009; Pereira et al. 2010). Thus, disrupting the dynamic
expression of PRC2 during the natural course of develop-
ment can lead to several developmental defects in hu-
mans and mice.

In humans, genetic and nongenetic dysregulation of
PRC2 can occur in postzygotic or adult stem cell tissues,
leading to the pathogenesis of developmental diseases as
well as cancer (Table 1). A case in point is the germline
or de novo postzygotic loss-of-function and heterozygous
mutations in EZH2 or EED found in patients affected by
Weaver syndrome (Gibson et al. 2012; Imagawa et al.
2017). Weaver patients exhibit an overgrowth of various
tissues and are also more susceptible to hematopoietic
malignancies in which PRC2 loss-of-function mutations
are frequently found (Imagawa et al. 2017). While the ef-
fect of a haploinsufficiency of PRC2 on development is
well-described in mice and humans, the timing and exact
mechanism remain obscure. Themolecular basis of PRC2
haploinsufficiency likely rests on the antagonism be-
tween PRC2 and TrxG proteins, such that a disturbance
in their appropriate balance leads to a loss in gene biva-
lency and the firing of undesired promoters.

While there is no known genetic alteration in PRC2 to
date in diabetic patients, a reduction in H3K27me3 is
found in insulin-producing pancreatic β-cell islets com-
pared with healthy individuals (Lu et al. 2018). Condition-
al knockoutmousemodels for EED or EZH2 in pancreatic
β cells suggest that PRC2 activity is required to maintain
repression of genes associated with diabetes pathogenesis
(Chen et al. 2009; Lu et al. 2018). However, a dedifferentia-
tion phenotype of pancreatic β cells is observed only in a
mouse model having a conditional knockout of EED but
not of EZH2, while a drastic loss in H3K27me3 is seen in
bothmodels (Chen et al. 2009; Lu et al. 2018). This discrep-
ancy suggests that while inefficient in H3K27me3 cataly-

sis, the PRC2/EZH1 complex is still partly safeguarding
cell identity, possibly through its high nucleosome-bind-
ing activity. Although the data in mice are highly indica-
tive, how PRC2 activity is dampened during the natural
course of diabetes progression still remains unclear.

While the function of PRC2 has been rigorously in-
vestigated inmESCs andmany adult stem cells and differ-
entiation systems, it is also largely unclear as to whether
PRC2 remains operational in terminally differentiated,
nonproliferative cells. For example, in the first conditional
EZH2 knockout mouse model, its ablation in B-cell pro-
genitors led to severe deficiencies in B-cell development,
whereas its depletion in peripheral B cells showedno overt
functional defect (Su et al. 2003). As most neurogenesis is
completed during the embryonic stages and gives rise to
neurons that manifest extremely limited proliferative or
regenerative potential, the role of PRC2 throughout adult-
hood merits investigation. A recent report demonstrates
that H3K27me3 accumulates in striatal neurons in an
age-dependent manner, while, surprisingly, EZH2 expres-
sion declines and PRC2-EZH1 becomes dominant during
this process (von Schimmelmann et al. 2016). Thus, de-
spite its lower catalytic activity, PRC2-EZH1 might con-
tribute more than maintenance of presilenced genes in
this system. The codepletion of EZH1 and EZH2 in medi-
um spiny neurons (MSNs) leads to a slow but progressive
derepression of a specific group of bivalent-developmental
genes that encode transcription factors with autoregula-
tory activities and eventually, a neurodegenerative pheno-
type in mice (von Schimmelmann et al. 2016). Thus,
PRC2-mediated suppression of specific genes is critical
in differentiated cells as once activated the gene products
positively regulate further expression. Notably, PRC1 or
DNA methylation cannot compensate for this PRC2-de-
pendent maintenance (von Schimmelmann et al. 2016).
As distinct types of neurons express EZH1 and/or EZH2
as well as JARID2 (see “EZH1 and EZH2, PRC2 Writers
with Different Functions”), future investigations are war-
ranted to probe the dynamic regulation of PRC2 subcom-
plexes in the nervous system. These findings together

Table 1. Genetic mutations altering PRC2 activity in human cancer

Genetic alterations Relevant types of cancer Operating mechanisms

Excessive PRC2 activity
EZH2-Y646X mutation DLBCL, FL, and others Alteration of catalytic kinetics
EZH1-Q571R mutation Autonomous thyroid adenoma Unknown
UTX/JMJD3 inactivation Pan-cancer Reduction of H3K27 demethylation
BAP1 inactivationa Mesothelioma and others Reduction of H2AK119 deubiquitination
MLL3 inactivation Pan-caner Reduction of TrxG antagonism
H3K36M mutation Chondroblastoma Reduction of H3K36 methylation

Insufficient PRC2 activity
EED inactivation MPNST, T-ALL, and others Loss of active PRC2 core complex
SUZ12 inactivation MPNST, T-ALL, and others Loss of active PRC2 core complex
EZH2 inactivation T-ALL, MDS, and others Loss of active PRC2/EZH2 core complex
H3K27M mutation DIPG Inhibition of PRC2 activity

Mutations in the core subunits, substrates, or antagonistic regulators of PRC2 result in augmented or dampened activity of PRC2 in
cancer. (DLBCL) Diffuse large B-cell lymphoma; (FL) follicular lymphoma; (MPNST) malignent peripheral nerve sheath tumor; (T-
ALL) T-cell acute lymphoblastic leukemia; (MDS) myelodysplastic syndrome.
aThe effect of BAP1 inactivation is reported as being cancer type-dependent.
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with early elegant genetic experiments in Drosophila
demonstrate that PRC2 is not only required during devel-
opment, but also during adulthood to maintain cell
identity.

Dysregulation of PRC2 in cancer

Cancer genetics of PRC2

The explosive advancement in high-throughput sequenc-
ing technologies during the past decade has greatly bene-
fitted surveillance of the cancer genome. A large number
of mutations (Fig. 13A), deletions, amplifications, and
translocations in chromatin-modifying enzymes, includ-
ing those in different subunits of PRC2 are found in vari-
ous types of human cancer. For example, nonsense and
inactivating mutations in EED or SUZ12 are found in
70%–90% of malignant peripheral nerve sheath tumors
(MPNSTs), in EZH2, EED, or SUZ12 in 25% of T-cell
acute lymphoblastic leukemia (T-ALL) (Ntziachristos
et al. 2012; Lee et al. 2014), and in PRC2 core subunits

in other cancer typeswith lower frequencies, such asmye-
lodysplastic syndrome (MDS) and other myeloid malig-
nancies (Sashida et al. 2014; Ueda et al. 2016). Although
the functions of many other sense mutations in core
PRC2 subunits remain undetermined, most of them are
likely to be loss of function, as mutations tend to be dele-
terious rather than to evolve new functions. However, a
few exceptions include the hot spot mutations at
Tyr646 (Y646) of human EZH2, and to a lesser extent, mu-
tations at Ala682 and Ala692 (A682 and A692) (Morin
et al. 2010; Bödör et al. 2013). The EZH2-Y646mutations,
including tyrosine to serine, asparagine, phenylalanine,
cysteine, or histidine (EZH2Y646X; X = S, N, F, C, or H),
are gain-of-function “kinetic mutants” (Fig. 13B; see
“EZH2Y646X Mutant Tumors”) and are found in ∼20% of
diffuse large B-cell lymphoma (DLBCL), follicular lym-
phoma (FL), and ∼1% of cutaneous melanoma (Morin
et al. 2010; Harms et al. 2014). Intriguingly, recent reports
indicate that the EZH1Q571R mutation exhibits a gain-of-
function activity in ∼27% of autonomous thyroid adeno-
mas (ATA) (Calebiro et al. 2016). However, the underlying
mechanism and biological function of this hyperactive
mutation remain largely unknown. Overall, cancer genet-
ic data demonstrate that PRC2 exhibits a pleiotropic role
in human cancer. Depending on the cellular context, tu-
mor cells have hijacked PRC2 to facilitate transcriptional
programs favorable to their progression.
Another interesting genetic alteration of PRC2 is the

translocation of juxtaposedwith another Zn finger protein
1 (JAZF1) generating the JAZF1-SUZ12 fusion protein,
hallmarking 50%–80% of endometrial stromal sarcomas
(ESSs) (Hrzenjak 2016). Initially, the JAZF1-SUZ12 fusion
protein was thought to disrupt PRC2 assembly (Ma et al.
2017). However, a recent study demonstrated that the
JAZF1-SUZ12 fusion protein incorporates into PRC2
and precludes the binding of accessory factors JARID2
and EPOP (Chen et al. 2018). Overall, the de novo function
andmechanismof JAZF1-SUZ12 fusion protein in ESS on-
cogenesis remain to be determined. In addition, other
gene fusion events involving PRC2 core and accessory
proteins have been reported, such as MEAF6-PHF1,
EPC1-PHF1, and JAZF1-PHF1 (Micci et al. 2006, 2014),
and, similarly, their functions remain unclear.
Although the presence of overexpressed EZH2 in many

types of cancers led to speculation as to its role as an on-
cogene, recent evidence challenges this view (Wassef
et al. 2016). As EZH2 expression is coupled to cell cycle
progression by the Rb–E2F pathway (Bracken et al.
2003), tumors with high proliferative potential tend to ex-
press more EZH2 in order to restore H3K27 methylation
during cell division. However, little or no association of
EZH2 expression levels with either tumor progression or
poor patient survival is evidenced by the proliferation
gene signature in metastatic prostate cancer data sets
(Bracken et al. 2003). Of note, an increasing amount of lit-
erature suggests that EZH2 might exert a PRC2-indepen-
dent roles through other interacting partners (Kim and
Roberts 2016). However, most evidence relies on EZH2
immunoprecipitation results, and it remains unclear
whether such interactions are actually stable or
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Figure 13. Mutations of PRC2 and its substrate in cancer. (A)
Major groups of mutations that influence PRC2 function in can-
cer. Mutations that are found in the EED cage (EED I363M) (Ueda
et al. 2016) and SRM domain of EZH2 (P132S, D142V, and F145L)
inhibit allosteric activation of PRC2 (Lee et al. 2018c). Mutations
that are found in the catalytic SET domain (Y646X [X=S, N, F, C,
or H], A682G, A682V, and A692V) are gain-of-function “kinetic”
mutations. Histone H3K27M is a dominant-negative substrate
mutation that globally inhibits PRC2 activity. (B) Illustration de-
picting the kinetics of catalysis of each H3K27methylation state.
EZH2 mutants in Y646 specifically promote the catalysis of
H3K27me3 from H3K27me2 but dampen catalysis of the lower
methylation states.
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physiologically relevant. Moreover, given its autoinhibi-
tory state (see “Structural Studies of PRC2”), it is unlikely
that EZH2 canmethylate target proteins independently of
its PRC2 context. Below is an overview of cancers harbor-
ing genetic alterations in PRC2.

PRC2-inactivated tumors

PRC2-inactivating homozygous or heterozygous muta-
tions are found frequently in hematopoietic malignancies
as well as in MPNST. In a mouse model of T-ALL, MX1-
Cre driven homozygous deletion of EZH2 in the bone
marrow is sufficient to potentiate initial oncogenesis,
whereas mice with hemizygous EZH2 are protected (Si-
mon et al. 2012). In a mouse model of MPNST, either
hemizygous deletion of SUZ12 or NF1 is not sufficient
to drive tumorigenesis, but together exhibit a synergistic
effect on tumor initiation (Lee et al. 2014). Thus, PRC2 ap-
pears to act as a tumor suppressor in a dosage-dependent
manner. A partial or full elimination of PRC2 along
with H3K27me2/me3 would allow transcription factors
access to previously silenced target genes. Depending
then on the availability of such transcription and other
chromatin factors, some genes can be derepressed, where-
as somemight remain poised. In theNF1mutantMPNST,
partial or full depletion of EED or SUZ12 augments the
transcriptional output downstream from the NF1–RAS–
MAPKpathway (DeRaedt et al. 2014). Similarly, silencing
of SUZ12 or EZH2 results in an enriched NOTCH1 gene
expression signature genome-wide in T-ALL (Ntziachris-
tos et al. 2012). In EED- or SUZ12-deficient MPNST,
two independent studies demonstrate that ectopic expres-
sion of EED or SUZ12, respectively, functionally sup-
presses cancer cell proliferation (De Raedt et al. 2014;
Lee et al. 2014). This outcome is surprising as once
PRC2 is aberrantly inactivated, genes that allow access
to transcriptional machineries and HMTs that deposit
H3K4me3 and H3K36me2/me3 would inhibit, in princi-
ple, subsequent PRC2 recruitment and activity. Thus, fur-
ther studies are warranted to examine the chromatin
dynamics in PRC2-rescued MPNST cells. Overall, in
these tumors, PRC2-mediated gene repression is a key an-
titumormechanism protecting against aberrant gene acti-
vation downstream from oncogenic signal transduction
and transcription during the course of cancer progression.

EZH2Y646X mutant tumors

EZH2Y646X mutations were initially reported as loss of
function due to an inability to catalyze H3K27 methyla-
tion in vitro using an unmethylatedH3 tail peptide as sub-
strate (Morin et al. 2010). Of note, the Y646 residue of full-
length human EZH2 is equivalent to Y641 of a shorter
EZH2 isoform found in both humans and mice. Further
biochemical studies demonstrate that EZH2Y646X mu-
tants do fail to efficiently catalyze H3K27me1 and
H3K27me2, but manifest a strikingly enhanced conver-
sion of H3K27me2 to H3K27me3 (Yap et al. 2011). Such
findings correlatewith thehigh levels ofH3K27me3 found
in EZH2Y646X mutant tumors in vivo, and an excess of

H3K27me3 at certain tumor suppressors and lineage dif-
ferentiation genes facilitates oncogenesis (Velichutina
et al. 2010; Yap et al. 2011; Béguelin et al. 2013). Of note,
the EZH2A682 and EZH2A692 mutations behave similarly
to EZH2Y646X (Bödör et al. 2013). These mutations are
more precisely “kinetic mutants” (Fig. 13A,B) and are al-
ways found to be heterozygous as the wild-type EZH2 al-
lele must provide the H3K27me2 substrate (Morin et al.
2010; Bödör et al. 2013). Mechanistically, Y646, A682,
and A692 are present within the substrate-binding pocket
of the SET domain of EZH2, such that the pocket size and
substrate orientation is altered to selectively favor
H3K27me3 (McCabe et al. 2012a). Surprisingly, the condi-
tional expressionof EZH2Y646N in lymphoid progenitors of
mouse models is sufficient to drive lymphomagenesis, in-
dicating that EZH2Y646N is a bona fide oncogene in B-cell
lymphoma (Velichutina et al. 2010; Béguelin et al. 2013).
More importantly, in human DLBCL and FL, tumor cells
harboringEZH2Y646X exhibit a dependencyonPRC2activ-
ity and the use of PRC2 inhibitors are currently undergo-
ing rigorous clinical development.

Similarly, accumulating evidence indicates that tumors
harboring loss-of-function mutations in the negative or
antagonistic regulators of PRC2 and H3K27me3 can also
be hypersensitive to PRC2 inhibitors. These mutations
are found in the H3K27 demethylases (UTX and JMJD3),
the H2AK119 deubiquitinase (BAP1), and MLL3 (one of
the H3K4 methyltransferases that functions specifically
at enhancers, yet its enzymatic activity is dispensable)
(van Haaften et al. 2009; LaFave et al. 2015; Dorighi
et al. 2017; Wang et al. 2018a). Of note, some of these mu-
tations leading to excessive PRC2 activity appear to be
context- and cancer type-dependent, at least in the case
of BAP1 (LaFave et al. 2015; Schoumacher et al. 2016).
While conceptually reasonable to target the augmented
PRC2 activity in these tumors, the therapeutic index
of PRC2 inhibitors in these contexts remains to be
investigated.

PRC2 inhibitors

Many pharmaceutical companies have invested vigorous-
ly in the development of inhibitors to tackle PRC2-addict-
ed human cancers (Gulati et al. 2018). An initial inhibitor,
3-deazaneplanocin A (DZNep) that blocks S-adenosylho-
mocysteine (SAH) synthesis was developed. However,
DZNep functions by reducing the intracellular levels of
SAMand consequently is a nonspecific inhibitor targeting
different HMTs (Miranda et al. 2009). Thereafter, high-
throughput screening efforts yielded pyridone-containing
competitive inhibitors of SAM (SAM-competitive inhibi-
tors), such as El1 (Qi et al. 2012), UNC1999 (Konze et al.
2013), GSK-126 (McCabe et al. 2012b), tazemetostat
(Knutson et al. 2014), CPI-1205 (Vaswani et al. 2016),
and DS-3201, an EZH1/2 dual inhibitor (Honma et al.
2017; Fujita et al. 2018). While many SET domain-con-
taining HMTs have a SAM-binding pocket, pyridone-
based inhibitors specifically block SAM binding to
PRC2/EZH2 (Brooun et al. 2016). In addition, residues
within EED and the SAL and SET domains of EZH2
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anchor this inhibitor, further explaining its specificity for
PRC2. However, those residues are conserved in EZH1. A
few residues are different between the highly conserved
SET domains of EZH1 and EZH2 and one of these (Fig.
11A) is determinant to their respective specificity with
pyridone-based inhibitors (Bratkowski et al. 2018; Lee
et al. 2018c).
On the other hand, studies that reveal the critical role of

the EED aromatic cage in PRC2 allosteric activation (Mar-
gueron et al. 2009) have led to the development of a novel
type of PRC2 inhibitor that blocks a keymechanism of al-
losteric activation rather than targeting the catalytic site.
While SAM-competitive inhibitors completely abrogate
the catalytic activity of PRC2, an EED inhibitor could tar-
get only allosteric activation, likely preserving some
PRC2 basal activity. These structure-guided EED inhibi-
tors, including A-395, EED-226, and UNC5115, directly
bind to the aromatic cage of EED inhibiting its interaction
with H3K27me3 (Barnash et al. 2017; He et al. 2017;
Huang et al. 2017; Qi et al. 2017), and are quite effective
on cells with acquired resistance to SAM-competitive in-
hibitors (He et al. 2017; Qi et al. 2017). Amolecule derived
from the EED-226 compound, MAK683, recently entered
Phase I clinical testing.
Another potential strategy against PRC2 activity

involves targeting an interaction interface within the
PRC2 complex, including that of EZH2/EED, EZH2-
SRM/EZH2-SET-I, or EZH2-SRM/EED (Kim et al.
2013b; Lee et al. 2018b). For example, the α-helical EED-
binding domain (EBD) of EZH2 interactswith the opposite
side of the EED aromatic cage (Han et al. 2007) and an EBD
mimic peptide specifically inhibits EZH2/EED interac-
tion and impairs PRC2 activity in vivo (Kim et al.
2013b). Indeed, using structure based virtual screening
(SBVS), astemizole was identified as an inhibitor of
EZH2/EED interaction (Kong et al. 2014). Astemizole de-
stabilizes the PRC2 core subunits, thereby suppressing its
activity and arresting the proliferation of PRC2-driven
DLBCL. While astemizole is an Food and Drug Adminis-
tration-approved drug in the treatment of seasonal allergic
rhinitis through its histamine H1 antagonist activity, it
also causes rare, severe cardiotoxicity by inhibiting the
hERG potassium channel (Zhou et al. 1999). Therefore,
further studies are required to redevelop new structural
analogs.
At this time, there are three major targets of PRC2 in-

hibitors: the SAM binding pocket of PRC2/EZH2, the ar-
omatic cage of EED, and protein–protein interaction
interfaces (PPIs). Despite the challenges, targeting spe-
cific interfaces within the PRC2 complex could stream-
line the disruption to PRC2 functions. For instance,
targeting the interface between PRC2 and accessory fac-
tors (Fig. 4), or between PRC2 accessory factors and
nucleosomes (Fig. 5B) could inhibit specific PRC2 sub-
complexes. Recent structural studies revealing these in-
terfaces (Jiao and Liu 2015; Chen et al. 2018; Kasinath
et al. 2018a; Poepsel et al. 2018; Youmans et al. 2018),
provide the grist for discovering PPI inhibitors that
could be beneficial, alternative treatments for PRC2-as-
sociated cancer.

The H3K27M oncohistone

Similar to the disease-associated variations in PRC2 itself,
a mutation in its histone substrate, H3K27, has given
unique insight into PRC2 function. This mutation is a ly-
sine-to-methionine substitution at residue 27 on one copy
of H3.1, H3.2, or H3.3 variants (H3K27M) and characteriz-
es ∼80% of DIPG (Schwartzentruber et al. 2012; Wu et al.
2012). H3K27M has been dubbed an “oncohistone” as re-
cent studies suggest that it is likely an initial mutational
event inDIPG (Mackay et al. 2017; Filbin et al. 2018; Vinci
et al. 2018). Other histone mutations surrounding the
H3K27 residue have recently been described, such as
H3K36M and H3G34R/V in other malignancies. Howev-
er, we focus on H3K27M due to the dramatic loss in
H3K27me2/me3, a surprising result given that only
∼1%–15% of the total H3 pool in DIPG contains
H3K27M (Lewis et al. 2013). Our understanding of how
H3K27M impacts PRC2 has revealed subtleties in the dy-
namic nature of PRC2 interaction with its substrate as
well as the lasting impact of aberrant H3K27 substrates
on PRC2 function and downstream effects on other his-
tone modifications.
Converging lines of research have been particularly in-

structive with respect to the repercussions sustained by
PRC2 upon its interaction with H3K27M. The initial
event is a high-affinity interaction between H3K27M
and the EZH2 SET domain (Jiao and Liu 2015, 2016; Justin
et al. 2016) that depends on the presence of SAM in vitro
(Justin et al. 2016), similar to the interaction of other K-to-
M mutants (H3K9M and H3K36M) with their respective
SET domains (Jayaram et al. 2016; Yang et al. 2016).
This initial interaction is largely transient, as numerous
studies indicate that PRC2 andH3K27Mdo not colocalize
on chromatin as evidenced by ChIP-seq (ChIP combined
with high-throughput sequencing)-based (Herz et al.
2014; Piunti et al. 2017) and imaging-based (Hetey et al.
2017; Tatavosian et al. 2018) methodologies. A recent ki-
netic analysis confirms that H3K27M–PRC2 is not stable
on chromatin and that their interaction is transient (Staf-
ford et al. 2018). Following their initial interaction, the
steady-state outcome is that the vast majority of PRC2
is redistributed to loci that are mutually exclusive of
H3K27M, such that PRC2 must be largely released from
H3K27M at some point (Fig. 14; Fang et al. 2018; Piunti
et al. 2017; Stafford et al. 2018 ). How PRC2 is evicted is
not yet clear but likely relates to a combination of compet-
ing factors at the region of H3K27M deposition, such as
antagonistic histone modifications, active transcription,
and modulation of PRC2 itself (see below). Nonetheless,
these studies help reconcile discrepant findings in the lit-
erature by showing that H3K27M does indeed recruit
PRC2 but transiently, thereby accounting for its higher af-
finity for H3K27M and the loss of their colocalization af-
ter long periods of H3K27M expression.
One implication of this dynamic H3K27M–PRC2 inter-

action is that despite its transient nature,H3K27me2/me3
is lost in a widespread manner, and this phenomenon
might arise from a lasting inhibitory effect of H3K27M
on PRC2. Indeed, a recent study shows that PRC2 purified
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from H3K27M cells displays deficits in its activity (Staf-
ford et al. 2018). Results from a fully reconstituted system
comprising highly purified core PRC2 and recombinant
oligonucleosome arrays further demonstrates that PRC2
exhibits a persistent inhibition after its interaction with
and release from H3K27M (Fig. 14). This lasting effect
might relate to PRC2 occupancy being uncoupled from
its catalytic activity, as observed with PRC2 allosteric
mutants (Lee et al. 2018b). The mechanistic basis for
how PRC2 retains a functional “memory” upon its con-
tact with H3K27M is an active area of investigation but
might entail: a direct conformational change in PRC2 as
observed in other cases (e.g., prions and MAD2) (Telling
et al. 1996; Hara et al. 2015), and/or a posttranslational
modification of PRC2, such as EZH2 automethylation
(Lee et al. 2018a; Wang et al. 2018b). Future studies as to
how PRC2 activity is changed following its interaction
with H3K27M-chromatin might provide novel insights

into polycomb function as well as how proteins retain a
memory of their substrate.

Remarkably, a fewselect foci inH3K27M-DIPGcells ex-
hibit sharp gains in H3K27me3 despite the large-scale loss
inH3K27me2/me3, offering novel insights intohowPRC2
establishes repressive domains. Importantly, these re-
mainingH3K27me2/me3 loci are important in DIPG biol-
ogy given that they associate with alterations in various
cell-cycle pathways (Mohammad et al. 2017; Piunti et al.
2017). Beyond the disease relevance, basic insights into
this counterintuitive observation can be gleaned from ele-
gant studies in S. pombe.Here, a gain inH3K9me3 and oc-
cupancy of its methyltransferase (Clr4) at H3K9me3
recruitment sites is observed in cells that express an anal-
ogous K-to-M substitution at H3K9 (H3K9M). Of note,
H3K9me3 can no longer be spread from that recruitment
site to form a repressive domain (Shan et al. 2016). This
scenario is similar to the H3K27M case in that there is a
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loss in H3K27me3 spreading around regions that show its
focal gain (Bender et al. 2013;Chan et al. 2013; Funato et al.
2014; Mohammad et al. 2017; Stafford et al. 2018). As re-
gions showing focal H3K27me3 gains are largely devoid
of H3K27M, it is not likely that H3K27M directly traps
PRC2 or influences its activity at those regions (Moham-
madet al. 2017;Piunti et al. 2017; Fanget al. 2018). Instead,
H3K27M is more likely affecting the allosteric activity of
PRC2 given that H3K27me3-activated PRC2 displays an
increased affinity and heightened sensitivity to the inhib-
itory effects of H3K27M (Stafford et al. 2018). In addition,
strong polycomb targets remain “protected” from
H3K27M as H3K27me3 domains and polycomb targets
form very dense long-range intrachromosomal and inter-
chromosomal interacting domains that are extremely ro-
bust (Denholtz et al. 2013; Schoenfelder et al. 2015;
Vieux-Rochas et al. 2015; Oksuz et al. 2018). Thus, the fo-
cal gains in H3K27me3 appear to arise from a failure of
PRC2 to allosterically activate and spread H3K27me3
within higher-order chromatin domains, leading to the de-
limited accumulation of H3K27me3 at strong PRC2 tar-
gets (Fig. 14).
An emerging theme of particular relevance to therapeu-

tic approaches for H3K27M DIPG is that the suboptimal
PRC2 function leads to other downstream alterations in
the epigenome. One of the most striking is an increase
in deposition of euchromatic marks (e.g., acetylation of
histone H3 and H4 together with dimethylation of
H3K36), which occur in concert with their binders (e.g.,
BRDs) (Bender et al. 2013; Chan et al. 2013; Pathak et al.
2015; Piunti et al. 2017; Stafford et al. 2018). These com-
bined factors lead to a cascade that not only further im-
pacts PRC2 occupancy, but redistributes a host of
histone modifications resulting in an altered chromatin
landscape. Each of the direct and indirect consequences
of H3K27M on chromatin are beginning to reveal poten-
tial therapeutic vulnerabilities in DIPG. These strategies
include the direct targeting of H3K27me3 itself and the
abnormal function of PRC2 generated byH3K27M (Hashi-
zume et al. 2014; Grasso et al. 2015;Wiese et al. 2016;Mo-
hammad et al. 2017). Recent strategies focus on the
abnormalities in histone acetylation by targeting either
histone deacetylases, bromodomain proteins or a combi-
nation thereof (Grasso et al. 2015; Taylor et al. 2015;
Nagaraja et al. 2017; Piunti et al. 2017). Other histone
marks and chromatin factors that are also perturbed in
H3K27M–DIPG (e.g., H3K36me2) (Stafford et al. 2018),
represent viable, yet to be exploited vulnerabilities. While
it remains to be seen how any of these approacheswill fare
in the clinic, H3K27M–DIPG will continue to provide a
unique opportunity to study basic biology that will surely
impact this devastating disease.

Concluding remarks

Through the elegant genetic screens designed to identify
genes important for early development in Drosophila,
two gene families with antagonistic functions were dis-
covered: the Trithorax and Polycomb group (PcG) genes.
Most important to the studies discussed in this review is

the seminal finding that these PcG genes maintain rather
than establish patterns of gene repression. As such, their
misregulation during development or postdevelopment
are expected to result in homeotic and/or cellular transfor-
mation, respectively; predictions that are confirmed by
many studies in multicellular organisms. In this review,
we summarize important findings related to the PcG
genes that maintain a silent state of gene expression, spe-
cifically PRC2. As PRC2 functions tightly with PRC1, we
highlight their functional interrelationship as well as
their differences, focusing primarily on the mammalian
complexes. From the studies described herein, it is clear
that mammalian PRC2 is subject to multiple types of reg-
ulation, some of which also operate inDrosophila, but we
attempted to stress their functional differences. PRC2 reg-
ulation is manifested at the structural level as well as by
its multiple interactors. The most striking feature is its
regulation through an allosteric activation manifested
by important structural changes in the complex induced
upon interaction of one of its subunits with the product
of its catalysis, H3K27me3.
While mammalian PRC2 can form complexes with two

different catalytic subunits, EZH1or EZH2, andEZH1dis-
plays a deficiency in response to allosteric activation due
to a specific amino-acid substitution, only one catalytic
subunit, E(z), exists in Drosophila. Thus, the regulation
of the mammalian and Drosophila complexes are clearly
different, particularly in differentiated cells as EZH1 ex-
pression predominates over that of EZH2 in themammali-
an case. However, one of their most important differences
lies in their mode of recruitment to target genes. InDroso-
phila, PRC2 is recruited through its interactions with pro-
teins that display high-affinity binding for specific DNA
elements present in the so called PREs. PREs are absent
inmammals and those proteins binding to PREs are either
absent or display different functions in mammals and do
not recruit PRC2. These differences relate directly to the
respective mechanism of propagation of the repressed
state of target genes (H3K37me2/3). If PREs are deleted
in Drosophila, the repressed state of target genes will be
propagated through only a few cell divisions, operating
through the “write and read”-induced allosteric activation
of PRC2. However, as cells continue to divide without an
efficient mode to recruit the complex to maintain the his-
tone modification, the epigenetic effect is lost as the
H3K27me modification is diluted. In contrast, mammali-
an PRC2 is recruited toCGI elements distributed through-
out its target genes and independent of proteins displaying
high affinity for specific DNA elements.
Whether the different PRC2 interacting proteins form

transient or more stable associations with the core com-
plex, their roles within defined programs during differen-
tiation or in differentiated, postmitotic cells are most
pivotal. Recent advances point to some of these roles,
but also engender further questions on the dynamic regu-
lation of distinct PRC2 subcomplexes in tissue-specific
contexts during the course of development and in disease
states. A full appreciation of the biological relevance of
these different PRC2 complexes and the contributing
functions of the various associated proteins will require

PRC2 is high maintenance

GENES & DEVELOPMENT 23

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


the development of assays that can detect PRC2 in action.
The introduction of single-cell gene expression profiles in
conjunction with the dynamic association of core PRC2
with different polypeptides within different differentia-
tion programs will be highly informative. Indeed, increas-
ing the sensitivity of mass spectrometry to identify the
interactomes in single cells will be extremely valuable,
an ambitious goal, but with multiple effort in new tech-
nology, we expect this to be possible in the future. The
combination of such new technology with the existing
PRC2 structural studies and the rich biochemistry de-
scribed (and to be described) will provide an expansive re-
source for future studies. One could ask why is it so
important to elucidate the precise cellular programs con-
trolled by PRC2? In our opinion, any combination of genes
that function together to maintain a gene expression
profile dictated early in development bymaster regulators
and a program that incurs alterations through naturally
occurring mutations calls for such comprehensive
studies.
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