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Abstract

The Polycomb Repressive Complex 2 (PRC2) is a chromatin-associated methyltransferase 

catalyzing mono-, di- and trimethylation of lysine 27 on histone H3 (H3K27). This activity is 

required for normal organismal development and maintenance of gene expression patterns to 

uphold cell identity. PRC2 function is often deregulated in disease and is a promising candidate for 

therapeutic targeting in cancer. In this review, we discuss the molecular mechanisms proposed to 

take part in modulating PRC2 recruitment and shaping H3K27 methylation patterns across the 

genome. This includes consideration of factors influencing PRC2 residence time on chromatin and 

PRC2 catalytic activity with a focus on the mechanisms giving rise to regional preferences and 

differential deposition of H3K27 methylation. We further discuss existing evidence for functional 

diversity between distinct subsets of PRC2 complexes with the aim of extracting key concepts and 

highlighting major open questions towards a more complete understanding of PRC2 function.

50-word ‘blurb’

PRC2 function is crucial for the specification and maintenance of cellular identity during normal 

development and is often deregulated in disease. Laugesen et al. discuss the orchestration of PRC2 

recruitment and deposition of H3K27 methylation by factors influencing PRC2 residence time at 

specific chromatin regions and modulating its catalytic activity.

Introduction

Specification and preservation of cellular identity require intricate regulation of gene 

expression and tight control of transcriptional states over cell generations. Gene expression 
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patterns are established by networks of transcription factors (TFs) with chromatin-associated 

proteins contributing an additional layer of transcriptional control. Polycomb group (PcG) 

proteins are important chromatin-associated factors contributing to the maintenance of 

transcriptional repression (Schuettengruber et al., 2017).

In line with their crucial role in stabilizing transcriptional patterns and maintaining cell fate, 

many PcG proteins are essential for normal cellular functions and organismal development 

(Laugesen and Helin, 2014; Margueron and Reinberg, 2011). In recent years, genes 

encoding PRC2 subunits have been found mutated or deregulated in diseases including 

cancer, and small-molecule inhibitors abolishing PRC2 function have entered clinical trials 

for the treatment of several cancer types (Laugesen et al., 2016). Comprehensive insight into 

the molecular mechanisms governing PRC2 function is therefore crucial for a better 

understanding of both normal biology and human disease and to guide the development of 

novel therapeutic strategies.

Here, we discuss the recent surge of interesting data breaking new ground for our 

understanding of the molecular mechanisms underlying PRC2 recruitment to chromatin and 

deposition of its catalytic products.

Polycomb Repressive Complexes

PcG proteins assemble in large multimeric protein complexes with distinct catalytic 

activities and cellular functions. The most widely studied are the Polycomb Repressive 

Complexes 1 and 2 (PRC1 and PRC2). While PRC1 mono-ubiquitylates lysine 119 on 

histone H2A (H2AK119ub1) through its catalytic subunit, the RING1A or RING1B 

ubiquitin ligase, PRC2 catalyzes mono-, di- and tri-methylation on lysine 27 on histone H3 

(H3K27me1, H3K27me2 and H3K27me3). Both PRC1 and PRC2 exist in different forms 

with distinct subunit compositions potentially influencing the structure and mechanistic 

properties of the complexes (Chittock et al., 2017).

The core PRC2 subunits, SUZ12, EED, and the methyltransferase EZH2 or its closely 

related homolog EZH1, associate with equimolar stoichiometries and are all required for the 

catalytic activity of the complex (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 

2002; Margueron et al., 2008; Muller et al., 2002; Shen et al., 2008; Smits et al., 2013). 

Along with a histone-binding protein, RBBP4 or RBBP7, the PRC2 core complex forms 

distinct subcomplexes by incorporating different combinations of substoichiometric 

interaction partners with suggested roles in PRC2 recruitment or regulation of PRC2 activity. 

Protein interaction data shows segregation into two main subtypes of PRC2 termed PRC2.1 

(containing a PCL homolog (PCL1-3) along with EPOP (C17ORF96) or PALI 

(C10ORF12)) and PRC2.2 (containing JARID2 and AEBP2) (Hauri et al., 2016) (Figure 1).

H3K27 methylation

PRC2 is the only identified methyltransferase with activity towards H3K27 and is 

responsible for all H3K27 methylation in mouse embryonic stem cells (mESCs) (Hojfeldt et 

al., 2018). The different degrees of H3K27 methylation (H3K27me1/me2/me3) show 

distinct genomic distributions: H3K27me1 is found on 5-10 % of all histone H3 in a cell and 
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enriched within gene bodies of actively transcribed genes, H3K27me2 is very abundant, 

marking 50-70% of total histone H3 and covering inter- and intragenic regions with 

suggested roles in prevention of inappropriate promoter or enhancer activity, and H3K27me3 

(present on 5-10 % of histone H3) is strongly enriched at sites overlapping with PRC2 

binding, but also found at lower levels in other genomic regions (Ferrari et al., 2014; 

Hojfeldt et al., 2018; Jung et al., 2010) (Figure 2).

Most studies probing PRC2 function focus on H3K27me3, which is considered a hallmark 

of PRC2-mediated gene repression. While data from Drosophila (Muller et al., 2002; 

Pengelly et al., 2013) clearly support a biological role of H3K27 methylation, the functional 

significance of each degree of H3K27 methylation and the molecular basis for their 

differential genomic deposition remain incompletely understood.

PRC2 occupancy and differential deposition of H3K27 methylation

As evidenced by many ChIP-seq studies, detectable PRC2 binding is observed at a relatively 

small part of the genome, primarily overlapping with the H3K27me3-positive CpG island 

(CGI) promoters of silent genes (Ku et al., 2008; Tanay et al., 2007), while its catalytic 

products are found on 70-80 % of all histone H3 in mESCs (Jung et al., 2010; Peters et al., 

2003). With PRC2 being responsible for all H3K27 methylation in mESCs (Hojfeldt et al., 

2018) and bulk methylation of nascent histones occurring after DNA replication (Reveron-

Gomez et al., 2018), it is clear that PRC2 must interact with chromatin throughout most of 

the genome.

Thus, the widely dispersed H3K27me2 and intragenic H3K27me1 are products of PRC2 

interactions occurring along the genome, where PRC2 cannot be detected in ChIP-seq 

studies. These interactions are most likely transient with very short residence times, but their 

‘ChIP-invisibility’ could also reflect that they occur with minimally involved interaction 

surfaces such as just the PRC2 catalytic site engaged with the histone H3 tail, which could 

further hamper efficient cross-link capture. In accordance with this, single-molecule 

microscopy studies of PRC2 dynamics confirm that ∼80% of PRC2 is highly mobile, while 

the remaining PRC2 is stably bound with long residence time (Youmans et al., 2018). The 

stably bound PRC2 molecules likely represent the pool of PRC2 that is CGI-bound and 

captured in ChIP studies.

Interestingly, PRC2 is most efficient at catalyzing the initial methylation steps to produce 

H3K27me1 and H3K27me2, while conversion to H3K27me3 is more time-consuming 

(Sneeringer et al., 2010; Zee et al., 2012). This is reflected in rapid restoration of global 

levels of H3K27me1, followed by H3K27me2, and finally H3K27me3 after DNA replication 

(Alabert et al., 2014) or upon release from PRC2 inhibition (Hojfeldt et al., 2018). Genomic 

mapping of the rapidly occurring H3K27me1/me2 reveal that it is initially produced at sites 

ultimately proceeding to become H3K27me3-positive, demonstrating that strongly PRC2-

bound sites have the highest catalytic rates (Hojfeldt et al., 2018; Reveron-Gomez et al., 

2018). The strong overlap of H3K27me3 with sites identified as PRC2-bound in ChIP 

analyses could therefore indicate a requirement for stable PRC2 binding in order to allow the 

more time-consuming catalytic conversion of H3K27me2 to H3K27me3 (Sneeringer et al., 
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2010; Zee et al., 2012), while the more rapidly produced H3K27me1 and H3K27me2 may 

arise through more transient interactions. Importantly, however, H3K27me3 is also detected 

at lower levels in regions without stably associated PRC2. In this context, it is interesting to 

consider that a minimal, catalytically competent, truncated PRC2 (consisting of just EZH2, 

EED and the C-terminal VEFS domain of SUZ12) is able to catalyze normal global levels of 

H3K27 methylation, despite having undetectable chromatin binding as measured by ChIP 

analysis (Hojfeldt et al., 2018). This surprising observation demonstrates that stable PRC2 

binding is not a requirement for the formation of high global levels of H3K27me3, and 

stabilization of PRC2 at CGIs could therefore be viewed as a way of focusing the 

H3K27me3 distribution.

On the term ‘recruitment’

The molecular mechanisms that facilitate PRC2 occupancy at CGIs are colloquially, and in 

this review, termed ‘recruitment’. The term implies a mechanism similar to what in gene 

regulation is mediated by TFs, which target genomic regions through sequence-specific 

DNA-binding domains and recruit cofactors through protein-protein interaction domains. 

However, no such recruiter is known for PRC2. Sequence-specific factors are likely not 

involved in direct recruitment, as CGIs lack recurring motifs and PRC2 binding can be 

achieved by synthetic or non-evolved sequences (Lynch et al., 2012; Mendenhall et al., 

2010; Wachter et al., 2014). Instead, PRC2-bound CGIs are characterized by high CpG 

content, unique DNA conformations, lack of transcription and co-occupancy of PRC1 and 

H2AK119ub1. Thus, PRC2 subunits or interactors utilizing these features to support long 

residence time at CGIs might be considered as PRC2 recruiters.

In addition to such recruiters, factors directly influencing the catalytic activity of PRC2 may 

modulate the local deposition of H3K27 methylation. Patterns of H3K27 methylation might 

be further modulated through active demethylation by the KDM6 family of demethylases. 

While dispensable for early embryonic development and their loss not leading to global 

increases in H3K27 methylation (Shpargel et al., 2014), in vitro studies suggest that they 

may be required for gene activation in response to specific signaling events (reviewed in 

(Kooistra and Helin, 2012)). Moreover, recent results indicate that histone turnover could be 

an important mechanism contributing to the establishment of H3K27 methylation patterns 

(Chory et al., 2019).

Factors impacting PRC2 recruitment and activity

Many different factors have been proposed to modulate PRC2 recruitment and catalytic 

activity. These include direct interaction of core PRC2 members and a set of non-core PRC2 

subunits with DNA and histones and further modulation of residence time and catalytic 

activity by local chromatin context, RNA, PRC1-mediated H2AK119ub1 and other histone 

modifications (summarized in Figure 3 and Table 1). In the following, we will review the 

potential impact of each of these factors on PRC2 recruitment and their role in shaping 

H3K27 methylation patterns.
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Physical properties of PRC2-bound regions

PcG proteins were originally identified in Drosophila and PRC recruitment has been studied 

extensively in this context. Here, they are recruited to Polycomb Response Elements (PREs), 

which are long DNA stretches with binding sites for TFs that contribute to the recruitment of 

PRCs to chromatin. Most of the TFs involved in PRC recruitment in Drosophila are not 

conserved in mammals, and while several other TFs have been shown to interact with 

mammalian PRCs, they do not confer a general mechanism for PRC recruitment in 

mammals (Schuettengruber et al., 2017).

Mammalian PRC1 and PRC2 display largely overlapping genomic binding patterns (Boyer 

et al., 2006; Bracken et al., 2006), primarily enriched near the transcription start site in CpG-

rich promoters of non-transcribed genes (Ku et al., 2008; Tanay et al., 2007), implicating 

CGIs as the mammalian cis element required for PRC recruitment. Ectopic, unmethylated 

CGI-like DNA is able to recruit PRC2, when incorporated into transcriptionally inactive 

genomic regions (Jermann et al., 2014; Lynch et al., 2012; Mendenhall et al., 2010; Wachter 

et al., 2014) and PRC2 is recruited to CpG-rich promoters of previously active genes upon 

excision of activating motifs (Hosogane et al., 2016; Mendenhall et al., 2010) or drug-

induced blockage of transcription (Riising et al., 2014).

It has been speculated whether cis-regulatory PRC2-binding elements might be conserved 

that are not defined by sequence motifs recognized by TFs, but rather DNA compositions 

that impart physical properties such as nucleosome spacing, DNA shape or overall 

chromatin conformation. In this context, the PCL proteins, a family of non-core PRC2 

subunits, were recently shown to bind CpG-rich DNA through a mechanism suggested to 

include recognition of specific DNA shape (Li et al., 2017; Perino et al., 2018), but the 

significance of DNA shape as a determinant of PRC2 recruitment is unclear. Interestingly, 

both core PRC2 and PCL-containing PRC2 have been shown to interact most strongly with 

naked DNA, indicating that nucleosome-depleted regions with extended linker DNA 

observed at PRC2-bound CGIs and Drosophila PREs (Deal et al., 2010; Mito et al., 2007; 

Riising et al., 2014) may directly contribute to PRC2 binding (Choi et al., 2017; Wang et al., 

2017).

While extended linker DNA promotes increased residence time and deposition of H3K27 

methylation, dense chromatin has been shown to stimulate PRC2 activity in a SUZ12-

dependent manner (Yuan et al., 2012). The functional implication of this observation, and 

whether it might influence deposition of H3K27me3 in heterochromatic non-CGI contexts 

remains to be explored.

Proposed roles of RNA in modulating PRC2 recruitment

There have been many reports of RNAs interacting with PRC2, and some have been 

proposed to guide PRC2 to specific loci. Examples of PRC2-associated ncRNAs include the 

cis-acting XIST-RepA transcript proposed to guide PRC2 recruitment to the X chromosome 

during X chromosome inactivation (Kohlmaier et al., 2004), and the ncRNA HOTAIR 
transcribed from the HOXC locus and proposed to drive PRC2 recruitment and silencing in 

trans to the HOXD locus (Rinn et al., 2007). However, while RepA is required for X 
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inactivation, it is dispensable for PRC2 binding (da Rocha et al., 2014), and HOTAIR-
mediated repression of the HOXD locus has been shown to be independent of PRC2 

(Portoso et al., 2017). Therefore, it still remains uncertain whether long ncRNAs play a 

direct role in recruiting PRC2 to chromatin.

In addition to the long ncRNAs with proposed roles in PRC2 recruitment, several RNA 

immunoprecipitation experiments have shown massive ‘non-specific’ RNA binding by 

EZH2 or SUZ12 (Davidovich et al., 2013; Kaneko et al., 2014; Kaneko et al., 2013; Zhao et 

al., 2010). Some have considered that short transcripts from PRC2-bound genes might play a 

role in ‘tethering’ PRC2 to it target gene promoters (Kanhere et al., 2010), but the functional 

relevance of this model remains unclear. Others have proposed that RNA precludes PRC2 

from binding to actively transcribed regions through competition or interference with 

chromatin binding interfaces (Beltran et al., 2016). This is supported by findings that RNA 

competes with DNA binding to PRC2, while the PRC2 autocatalytic activity is unaffected by 

the presence of RNA (Wang et al., 2017).

Thus, while a general role of sequence-specific ncRNAs in targeting PRC2 seems tenuous, 

competitive displacement of PRC2 by small RNAs preventing PRC2 binding in transcribed 

regions may explain how PRC2 ‘senses’ transcriptional activity.

Reciprocal relationship between PRC1 and PRC2

The coinciding binding patterns of PRC1 and PRC2 along with observations that PRC1-

binding is abolished in E(z) (the Drosophila ortholog of EZH1/2) mutant flies (Rastelli et al., 

1993), and the preference for H3K27me2/me3-binding by chromodomains in the CBX-

components of PRC1 (Cao et al., 2002) led to the proposal of the classical, hierarchical 

model of PRC recruitment. This model proposes that initial PRC2 binding and methylation 

of H3K27 directs the recruitment of PRC1, which in turn facilitates chromatin compaction 

and stable repression of non-transcribed genes (Francis et al., 2004). Accordingly, PRC1 

recruitment was considered secondary to PRC2 binding and much focus was put on 

elucidation of the mechanisms governing PRC2 recruitment. However, RING1A/B form 

distinct subcomplexes (termed PRC1.1-1.6), of which only the ‘canonical’ PRC1 complexes, 

PRC1.2 and PRC1.4, contain a CBX subunit (Blackledge et al., 2015; Gao et al., 2012; 

Lagarou et al., 2008). These findings correlate well with the observation that PRC2 

depletion has relatively mild effects on global H2AK119ub1 levels (Leeb et al., 2010), 

indicating that at least a subset of PRC1 complexes, catalyzing a substantial fraction of total 

H2AK119ub1, relies on PRC2- and H3K27me3-independent recruitment mechanisms 

(Tavares et al., 2012). One such mechanism was identified by findings that KDM2B 

mediates recruitment of PRC1.1 through its CXXC-domain, which binds unmethylated 

CpG-rich DNA (Farcas et al., 2012; He et al., 2013; Wu et al., 2013). Along with indications 

that H2AK119ub1 modulates binding and/or catalytic activity of PRC2 through interaction 

with JARID2 (Blackledge et al., 2014; Cooper et al., 2014; Cooper et al., 2016; Kalb et al., 

2014), this points to an, as of yet incompletely understood, reciprocal relationship between 

PRC1 and PRC2, which may contribute synergistically to the development of strongly 

bound and modified Polycomb domains (reviewed in (Blackledge et al., 2015)).
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Histone modifications influencing PRC2 binding or activity

In addition to the above-mentioned interaction of H2AK119ub1 with JARID2-containing 

PRC2 complexes, several other histone modifications may influence PRC2 binding or 

catalytic activity, including the PRC2 product H3K27me3 as well as H3K36me2/me3 and 

H3K4me3.

The methyltransferase activity of EZH2 can be allosterically activated by binding of 

H3K27me3 by an aromatic cage in the core PRC2 subunit EED, located proximally to the 

PRC2 active site. This binding has been suggested to be required for effective deposition and 

spreading of H3K27me3 in PRC2- bound regions (Hansen et al., 2008; Margueron et al., 

2009; Oksuz et al., 2018). Structural studies show that a single PRC2 complex may indeed 

bind between two nucleosomes, allowing H3K27me3 from one nucleosome to contact EED, 

while the active site of EZH2 contacts the neighboring nucleosome (Poepsel et al., 2018). 

The allosteric effect is proposed to arise via subtle conformational changes reaching from 

the EED-EZH2 interface to the active site in the EZH2 SET domain (Jiao and Liu, 2015, 

2016; Lee et al., 2018b) and may contribute to the enrichment of H3K27me3 domains in 

regions that already contain the modification. While EED-mediated H3K27me3-binding 

may well modulate PRC2 activity to facilitate ‘spreading’ of H3K27me3, it is certainly 

dispensable for PRC2 recruitment, since SUZ12 binds independently of PRC2 complex 

formation and H3K27 methylation (Hojfeldt et al., 2018), and H3K27me3-binding by EED 

is also not sufficient to facilitate recruitment and maintenance of H3K27me3 domains 

(Coleman and Struhl, 2017; Laprell et al., 2017).

The Tudor domains of PCL proteins have been shown to interact with H3K36me3, and the 

interaction of PCLs with H3K36me3 has been proposed to promote PRC2 recruitment, 

deposition of H3K27me3 and transcriptional repression (Ballare et al., 2012; Brien et al., 

2012; Cai et al., 2013). Conversely, findings that H3K36me2/me3 and H3K4me3 inhibit 

PRC2 activity and that H3K4me3 inhibits PRC2 binding in vitro have given rise to a 

putative role of these modifications in exclusion of PRC2 activity from transcribed regions 

(Schmitges et al., 2011). While PCL1-mediated recognition of H3K36me3 has been 

confirmed to inhibit the catalytic activity of PRC2 both in vitro and in vivo, chromatin 

binding remains unperturbed (Li et al., 2017; Musselman et al., 2012; Yuan et al., 2011). 

Furthermore, a recent study found that PRC2 binds nucleosomes carrying different histone 

modifications with similar affinities, and the affinities of PRC2 to histones are much lower 

than those observed between PRC2 and DNA (Wang et al., 2017). Thus, it seems likely that 

PCL proteins promote stabilization of PRC2-binding to DNA, while any local interactions 

with H3K36me2/me3 or H3K4me3 might limit the catalytic efficiencies rather than affecting 

chromatin binding.

Collectively, the functional implication of histone modifications in regulating PRC2 binding 

or activity are incompletely understood and may well be influenced by the exact molecular 

composition of PRC2 according to the incorporation of different non-core subunits with 

distinct properties. Importantly, however, none of the described modifications explain the 

specific binding of PRC2 to CGIs, and co-occurring histone modifications appear to 

primarily influence PRC2 function through modulation of its catalytic activity, rather than 

through orchestration of binding patterns.
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Properties of PRC2 subunits

Both core and non-core PRC2 subunits contain several putative DNA- or histone-binding 

domains (reviewed in (Margueron and Reinberg, 2011)), but no single factor has been shown 

to be solely responsible for establishing PRC2 binding at CGIs. The potential role of each 

domain and subunit in mediating PRC2 recruitment has been addressed through loss-of-

function studies, mutational analyses and assessment of in vitro or in vivo PRC2 binding. In 
vitro binding assays with recombinant PRC2 show that core PRC2 has intrinsic affinity for 

chromatin with the highest affinities observed for linker DNA (Choi et al., 2017; Wang et al., 

2017). As described in more detail below, this interaction can be modulated by the presence 

of different non-core PRC2 subunits.

The SUZ12 N-terminal is required for chromatin-binding

It was recently found that the N-terminal part of SUZ12 (lacking the VEFS domain) 

localizes to PRC2 target genes in the absence of PRC2 complex formation and H3K27 

methylation (Hojfeldt et al., 2018). In accordance with this, single-molecule tracing in live-

cell imaging experiments shows that the fraction of chromatin-bound N-terminal SUZ12 

corresponds to that of holo-PRC2, while VEFS-PRC2 (comprised of the C-terminal SUZ12 

VEFS domain bound to EED and EZH2) displays increased cellular dynamics lacking 

chromatin interactions with long residence time. Interestingly, the chromatin-bound fraction 

is also reduced in cells expressing specific N-terminal mutations in SUZ12 disrupting the 

interaction with PCL2 and/or AEBP2, suggesting that these subunits contribute to the 

binding of PRC2 to chromatin (Youmans et al., 2018).

Thus, the interactions with H3 tails with various modifications mediated by EED and EZH2 

are not sufficient to mediate strong chromatin binding, while the N-terminal part of SUZ12 

is, either in itself or through interaction with other factors, mediating chromatin binding in a 

manner independent from the rest of the core PRC2 complex. In line with this, a host of 

recent structural studies illustrate that the non-core PRC2 subunits, suggested to contribute 

to PRC2 recruitment, bind to the N-terminal part of SUZ12 (reviewed in (Kasinath et al., 

2018b)) and may thus contribute to the observed chromatin localization of both N-terminal 

SUZ12 and PRC2 as a whole.

Non-core PRC2 subunits regulating PRC2 recruitment and activity

RBBP4/7 is present in both PRC2.1 and PRC2.2 complexes and binds PRC2 through the N-

terminal part of SUZ12 (Schmitges et al., 2011). Its incorporation increases the intrinsic 

activity of core PRC2 on oligonucleosome substrates (Cao and Zhang, 2004). The 

importance of histone-binding by RBBP4/7 for PRC2 recruitment is difficult to test 

experimentally, as they are subunits in several other chromatin-associated complexes and 

essential for cell proliferation. RBBP4 has been proposed to guide some of these complexes 

to genomic regions through recognition of unmethylated lysine 4 on histone H3 (H3K4me0) 

(Schmitges et al., 2011). However, pull-down assays with H3K4me0-peptides recover 

components of the NuRD deacetylase complex, but not PRC2, illustrating that incorporation 

of RBBP4 into PRC2 changes its H3K4me0-binding (Chen et al., 2018). Structural analyses 

further reveal that both SUZ12 and the non-core subunit AEBP2 can interact with RBBP4 
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via its known H3 tail binding surface (Chen et al., 2018; Kasinath et al., 2018a), which 

would preclude such binding. Thus, it appears unlikely that histone-binding by RBBP4/7 is 

involved in guiding PRC2 chromatin binding.

The PCL proteins, part of PRC2.1, have recently been shown to bind CpG-rich DNA 

through their winged helix DNA-binding domains in their N-terminal extended homology 

(EH) region. Supporting the role of PCLs in PRC2 recruitment, knockout of Pcl2/Mtf2, 

leads to reduced SUZ12-binding at CGIs. While one data set shows a strong concomitant 

depletion of H3K27me3 (Perino et al., 2018), in a separate study, H3K27me3 patterns were 

only modestly affected upon Pcl2 knockout (Li et al., 2017). The remaining H3K27me3 has 

been suggested to stem from redundancy from the other PCL homologs. In support of this 

notion, PCL3/PHF19 has also been suggested to promote PRC2 recruitment to a subset of 

Polycomb target genes (Ballare et al., 2012; Brien et al., 2012). The role of PCLs in PRC2 

recruitment was further substantiated by findings that PCL1/PHF1-containing PRC2 

complexes associate two-to-three-fold more stably with nucleosome arrays compared to core 

PRC2 alone. The stabilization is dependent on the N-terminal part of PCL1/PHF1 and yields 

increased deposition of H3K27me3 (Choi et al., 2017). This study confirms other 

observations that PRC2 binds linker DNA with affinities several orders of magnitude higher 

than those observed for PRC2-histone interactions mediated by EED and RBBP4/7 (Cao et 

al., 2002; Choi et al., 2017; Lee et al., 2018a; Margueron et al., 2009). These recent studies 

on the PCL proteins suggest an important role for these proteins in PRC2 chromatin binding 

and potentially provide an interaction that contribute to CGI binding strength and preference 

of PRC2.1.

The PRC2.1 component EPOP has been demonstrated to interact with CGIs regardless of 

their transcriptional status. Despite described roles in stimulating PRC2 activity (Zhang et 

al., 2011), depletion of EPOP has been shown to promote increased PRC2 binding and 

H3K27me3 at PRC2 targets (Beringer et al., 2016; Liefke and Shi, 2015), and its role in 

modulating PRC2 binding or H3K27 methylation remains incompletely understood. In 

PRC2.1, EPOP is mutually exclusive with PALI1/2 (Alekseyenko et al., 2014; Hauri et al., 

2016), and Pali1/2 knockout was found to yield slightly reduced H3K27me3 at some PRC2 

target genes (Conway et al., 2018), suggesting that the specific incorporation of either 

subunit might further differentiate PRC2.1 function.

Addition of the PRC2.2 component AEBP2 to RBBP4-PRC2 further potentiates the 

methylation readout of in vitro studies (Cao and Zhang, 2004). A recent study confirmed the 

stimulatory effect, showing that AEBP2 promotes both increased oligonucleosome-binding 

and stimulation of catalytic activity of both EZH1-PRC2 and EZH2-PRC2 in a mechanism 

distinct from the allosteric stimulation of the H3K27me3-EED interaction (Lee et al., 

2018a).

Another PRC2.2 subunit, JARID2, has been suggested as a potential PRC2 recruiter and 

modulator of PRC2 activity based on its interaction with PRC2, significant overlap in 

genomic target sites and slight affinity for GC-rich DNA through its ARID domain. While 

loss of Jarid2 in mESCs leads to differentiation defects, it yields only modest effects on 

PRC2 binding and H3K27me3 patterns (Landeira et al., 2010; Li et al., 2010; Pasini et al., 
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2010; Peng et al., 2009; Shen et al., 2009). Interestingly, JARID2 has been directly linked to 

PRC1-facilitated PRC2 recruitment by studies showing that forced deposition of 

H2AK119ub1 promotes PRC2 recruitment in a manner dependent on a ubiquitin-interaction 

motif in the JARID2 N-terminal, and in vitro binding preference of JARID2 with 

H2AK119ub1-modified nucleosomes over unmodified nucleosomes (Cooper et al., 2016). 

Conversely, JARID2 does not enhance nucleosome-binding beyond five-component PRC2 in 

the absence of H2AK119ub1, but its inclusion in methyltransferase assays leads to increased 

catalytic output (Kalb et al., 2014; Son et al., 2013; Wang et al., 2017). This may stem from 

an autostimulatory feedback loop involving trimethylation of JARID2K116 by PRC2, which 

allosterically activates PRC2 via recognition by EED in a manner analogous to allosteric 

stimulation by H3K27me3 (Justin et al., 2016; Sanulli et al., 2015). As a consequence of 

H2AK119ub1 enrichment at CGIs, JARID2-mediated H2AK119ub1-binding could 

contribute to the CGI-preference of PRC2.2. The modest loss of H3K27me3 globally and 

locally at CGIs in cells lacking JARID2, however, does not support a critical role of the 

proposed stimulatory role of JARID2K116me3, and any potential role in conferring CGI 

preference through H2AK119ub1-binding would at least be covered by redundancy from 

other mechanisms.

Functional interplay between PRC2.1 and PRC2.2?

Based on observations from mass spectrometry data that non-core PRC2 subunits segregate 

into two distinct classes of complexes (PRC2.1 and PRC2.2) (Hauri et al., 2016), it is 

interesting to speculate about potential functional distinctions of these subcomplexes. 

Comprehensive comparisons of genomic binding sites of each subcomplex remain to be 

seen. As of yet, however, distinct sets of PRC2 target genes dependent on PRC2.1 or 

PRC2.2, respectively, have not been demonstrated. ChIP-seq studies of the different non-

core subunits show large overlaps with core PRC2 (Brien et al., 2012; Grijzenhout et al., 

2016; Li et al., 2017; Pasini et al., 2010), and it therefore seems likely that they support 

PRC2 recruitment to overlapping sites rather than each subcomplex orchestrating PRC2 

recruitment to distinct sets of target sites.

In mESCs, knockout of either Pali1/2 or Aebp2 leads to increased chromatin association of 

the other factor and subtle effects on expression levels of other non-core subunits. The 

observed effects on H3K27me3 are modest, but the study highlights how loss of individual 

subunits may, in addition to removing the targeted factor, skew the ‘balance’ of PRC2 

subcomplexes with potentially different catalytic competences or binding affinities (Conway 

et al., 2018). Studies of de novo PRC2 recruitment and H3K27 methylation upon re-

expression of EED in Eed knockout mESCs show that combined knockout of Jarid2 and 

Pcl2 exacerbate the phenotype observed upon single knockout of Pcl2 (Oksuz et al., 2018), 

indicating that PRC2.1 and PRC2.2 both contribute to the establishment of PRC2 binding. It 

is worth noting that knockout of these non-core subunits appears to influence the expression 

levels of both core and non-core PRC2 components to different degrees. Thus, these recent 

studies illustrate the difficulty in assigning effects on PRC2 binding or catalytic activities to 

single factors in an intricately regulated network of interaction partners with partially 

redundant functions.
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A range of in vivo studies illustrate that knockout of non-core PRC2 subunits yield milder 

phenotypes with later embryonic lethality compared with knockout of core PRC2 (Brien et 

al., 2012; Conway et al., 2018; Grijzenhout et al., 2016; Laugesen and Helin, 2014; Li et al., 

2017; Liefke and Shi, 2015; Pasini et al., 2010), indicating that the non-core subunits 

collaborate and compensate for each other in guiding PRC2 recruitment and H3K27 

methylation. In addition to such partial molecular redundancy providing biological 

robustness, the different features of each non-core subunit in regulating chromatin binding 

and catalytic activity of PRC2 could yield flexibility to PRC2 function. While the studied 

subunits are all expressed in mESCs, differential expression patterns during development or 

variation in expression levels over the cell cycle or in response to intrinsic or extrinsic 

stimuli could influence PRC2 function. Modulation of the exact composition of PRC2 

complexes may thus provide plasticity and responsiveness to distinct molecular cues in 

different cellular contexts.

Concluding remarks

The recent surge of data probing PRC2 structure and function highlights that control of 

PRC2 function and specification of H3K27 methylation patterns encompass an intricate 

interplay of factors modulating PRC2 residence time in specific chromatin regions and 

factors directly impacting the catalytic activity of PRC2. Collectively, the emerging picture 

is that core PRC2 is capable of binding linker DNA (Choi et al., 2017; Wang et al., 2017), 

while CGI-binding is stabilized by PCL proteins (Choi et al., 2017; Li et al., 2017). Other 

subunits seem to contribute to shaping H3K27 methylation patterns by further modulating 

binding patterns and/or influencing PRC2 catalytic rate. Negative regulation includes 

potential preclusion of PRC2 binding by RNA transcripts (Beltran et al., 2016; Wang et al., 

2017) and prevention of aberrant deposition of H3K27me3 in transcribed regions through 

inhibition of catalytic activity by H3K4me3 and H3K36me2/me3 (Li et al., 2017; Schmitges 

et al., 2011). Conversely, other factors colocalizing with PRC2 at CGIs, including non-core 

PRC2 subunits, H3K27me3, and PRC1-deposited H2AK119ub1, may further stimulate 

activity in these regions (Cooper et al., 2016; Lee et al., 2018b; Margueron et al., 2009; 

Sanulli et al., 2015).

The definition of PRC2.1 and PRC2.2 together with recent structural insight and functional 

studies provide a very strong framework for understanding how the PRC2 complex is bound 

to specific sites of the genome. However, a number of open questions remain. In our view, 

some of the most pertinent challenges to undertake include studies to address the role of 

nucleosome density and nucleosome exchange in regulating H3K27 methylation patterns 

and PRC2 activity, studies to understand what role, if any, RNA plays in regulating PRC2 

chromatin binding or catalytic activity, comprehensive studies addressing the individual and 

overlapping roles of non-core PRC2 subunits, and structural studies demonstrating how the 

N-terminal part of SUZ12, in association with non-core subunits and/or other factors, 

interacts with CpG-containing DNA.

Further dissection of PRC2 function and the role of its catalytic products will provide 

important insight to the biological processes regulated by this complex and help guide the 

design of novel therapeutic strategies targeting PRC2 activity.
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Figure 1: Structure of PRC2 with associated non-core subunits.
A. Crystal structures, PDB ID: 5WAI (Chen et al., 2018) and PDB ID: 5LS6 (Vaswani et al., 

2016), superimposed onto Cryo-EM structure, PDB ID: 6C23 (Kasinath et al., 2018a), 

showing core PRC2 (SUZ12 (yellow), EED (green), EZH2 (blue)) with fragments of 

AEBP2 (red) and JARID2 (turquoise). B. Schematic drawing of PRC2 with indication of 

core subunits and potential for incorporation of distinct sets of non-core subunits to form 

PRC2.1 and PRC2.2 ((Hauri et al., 2016)).

Laugesen et al. Page 18

Mol Cell. Author manuscript; available in PMC 2020 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Overview of the genomic distribution of H3K27 methylation.
A. Average ChIP-seq signals for H3K27me1 (light blue), H3K27me2 (medium blue), and 

H3K27me3 (dark blue) over active and inactive genes (relative gene lengths +/− 20 kb) 

based on tracing of plotted ChIP-seq data from (Hojfeldt et al., 2018). B. Stylized 

representation of genomic snapshots of plotted ChIP-seq tracks of H3K27 methylation and 

SUZ12 (red) illustrating overlapping patterns of SUZ12 and H3K27me3 by an inactive gene, 

enrichment of H3K27me1 over an active gene and intergenic H3K27me2. TSS: 

Transcription start site, TTS: Transcription termination site, CGI: CpG island, kb: kilobases.
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Figure 3: Schematic representation of factors potentially influencing PRC2 recruitment or 
catalytic activity.
SUZ12 acts as scaffold for the complex, containing a C-terminal VEFS domain binding to 

EED and EZH2/1 and a N-terminal domain with associated non-core subunits. Chromatin 

binding is dependent on the N-terminal part of SUZ12, and CGI residence time may be 

modulated by non-core subunits, transcriptional activity and colocalizing factors including 

PRC1, H2AK119ub1 and H3K27me3. The catalytic activity of PRC2 may be influenced by 

non-core subunits and post-translational modifications of histones (H3K27me3, H3K4me3 

and H3K36me2/me3).
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Table 1.

Mammalian 
a
 PRC2 subunits and their potential roles in PRC2 function

Chromatin binding Catalytic activity References

Core PRC2 subunits

EZH1/2 H3 tail (substrate) via SET domain. 
Nucleosome-binding by EZH1.

Catalytic subunit. EZH2 activity > EZH1 
activity.

(Cao et al., 2002; Czermin et al., 2002; 
Kuzmichev et al., 2002; Lee et al., 2018a; 
Muller et al., 2002; Son et al., 2013)

EED H3K27me3 (aromatic cage).
Required for catalytic activity. Allosteric 
activation via binding of H3K27me3 and 
potentially JARID2K116me3.

(Cao and Zhang, 2004; Lee et al., 2018a; Lee 
et al., 2018b; Margueron et al., 2009)

SUZ12 N-terminal SUZ12 required for 
chromatin binding in vivo.

VEFS-domain required for catalytic 
activity in vitro and in vivo. Stimulation 
of activity by dense chromatin.

(Choi et al., 2017; Hojfeldt et al., 2018; Yuan 
et al., 2012)

Non-core PRC2 subunits

RBBP4/7 Core histone binding. Stimulation of in vitro activity. (Cao and Zhang, 2004; Murzina et al., 2008; 
Schmitges et al., 2011)

PRC2.1

EPOP Stimulation of in vitro activity. (Zhang et al., 2011)

PALI Stimulation of in vitro activity. (Conway et al., 2018)

PCL1-3 CGI-binding (EH domain). Stimulation of in vitro activity. (Cao et al., 2008; Li et al., 2017; Sarma et al., 
2008; Wang et al., 2017)

PRC2.2

AEBP2 Stimulation of in vitro activity. (Cao and Zhang, 2004; Lee et al., 2018a)

JARID2 H2AK119ub1-binding (N-terminal 
ubiquitin-interaction motif).

Allosteric activation through EED-based 
recognition of EZH2-deposited 
JARID2K116me3.

(Blackledge et al., 2014; Cooper et al., 2014; 
Cooper et al., 2016; Kalb et al., 2014; Sanulli 
et al., 2015; Son et al., 2013)

a
While Table 1 summarizes the properties of mammalian PRC2 subunits and their roles in PRC2 function, some cited references include data from 

other species, in particular Drosophila.
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