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Polycomb repressive complexes are a family of chromatin modifier enzymes which are
critical for regulating gene expression and maintaining cell-type identity. The reversible
chemical modifications of histone H3 and H2A by the Polycomb proteins are central to
its ability to function as a gene silencer. PRC2 is both a reader and writer of the tri-
methylation of histone H3 lysine 27 (H3K27me3) which serves as a marker for transcrip-
tion repression, and heterochromatin boundaries. Over the last few years, several studies
have provided key insights into the mechanisms regulating the recruitment and activation
of PRC2 at Polycomb target genes. In this review, we highlight the recent structural
studies which have elucidated the roles played by Polycomb cofactor proteins in mediat-
ing crosstalk between histone post-translational modifications and the recruitment of
PRC2 and the stimulation of PRC2 methyltransferase activity.

Introduction
Eukaryotic cells pack their DNA (~6 billion bases) into the small volume of the nucleus (1 x 10%-1 x
10° pm?) by organizing their DNA into complex but defined structures, with the fundamental unit of
such a structure being the nucleosome. The nucleosome is a hetero octamer consisting of two copies
of four different histone proteins (H2A, H2B, H3 and H4) with a 147 bases of DNA wrapped around
the histone protein octamer core [1,2]. One hallmark of the nucleosome is that its higher-order organ-
ization as well as access to the DNA can be modulated by chemical modifications of the histone pro-
teins, termed histone post-translational modifications. Some histone post-translational modifications
such as tri-methylation of histone H3 at lysine 4 or 36 (H3K4me3 or H3K36me3) mark them as
regions with active transcription, whereas others such as H3K27me3 or H3K9me3 mark them for
transcription repression where the DNA and histones are in a compact configuration which does not
allow access to transcription machinery [3,4]. The chromatin architecture changes mediated by these
epigenetic histone post-translational modifications are hence crucial for the transcriptional regulation
underlying key cellular events such as cell differentiation and maintenance of cell-type identity [5,6].
The enzymes that read, write, or erase histone post-translational modifications are collectively known
as chromatin modifiers [4]. The Polycomb group of proteins (PcG) are evolutionarily conserved chro-
matin modifier enzymes which play critical roles in cell differentiation, pluripotency, maintenance of
cell type identity, epigenetic memory during imprinting, and are also one of the most frequently
mutated enzymes in cancers [7,8]. The first Polycomb gene was discovered almost a century ago in D.
melanogaster [9]. However, it wasn’t until two decades later that both the Polycomb (PcG and
Trithorax (Trx)) group of proteins were discovered to play vital roles in gene-body patterning and
development in D. melanogaster through the regulation of Homeotic (Hox) genes [9-14]. PcG and
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(PRC1), Polycomb Repressive Complex 2 (PRC2) and Polycomb Repressive De-ubiquitinase (PR-DUB)
[7,18,19]. PRC2 is a methyltransferase (HMTase) that catalyzes the mono-, di- and tri-methylation of histone
H3 at lysine 27 (H3K27mel/2/3) marking them for transcription repression [20-22]. PRC2 is also responsible
for the spreading of the transcriptionally repressive H3K27me3 mark to neighboring nucleosomes resulting in
heterochromatin boundaries [23]. Recent studies have shown that all three members of the PRC family of pro-
teins work together in a hierarchical manner to regulate the transcriptional landscape during cellular differenti-
ation [24,25].

The composition of the functional core-PRC2 enzyme is conversed across species and consists of four pro-
teins: Enhancer of Zester Homolog 1 or 2 (EZH1 or EZH2), Embryonic Ectoderm Development (EED),
Suppressor of Zeste 12 (SUZ12), and Retinoblastoma Binding Protein 46 or 48 (RBAP46 or RBAP48) [7].
Several biochemical and functional studies have identified EZH1 or EZH2 to be the catalytic subunit which
contains the SET (Su(var)3-9, Enhancer-of-zeste and Trithorax) domain responsible for HMTase activity
[20,26-28]. It was further shown that the EZH1 or EZH2 SET domain in isolation had no activity with the
minimal functional complex for the methyltransferase activity required EED and the VEFS-domain of SUZ12
[26]. In vitro studies have shown that PRC2-EZH]1 has relatively weak methyltransferase activity compared
with PRC2-EZH2 on mono- and oligo-nucleosome substrates [29,30]. However, negative-stain electron micros-
copy studies with oligo-nucleosomes have shown that PRC2-EZH1 rather than PRC2-EZH2 could play a role
in chromatin compaction [29,31]. In vivo studies together with mass spectrometry based proteomics analyses
have identified that core-PRC2 associates with several accessory factors such as Adipocyte Enhancer-Binding
Protein 2 (AEBP2), Jumonji and AT-Rich Interaction Domain 2 (JARID2), Metal Response Element Binding
Transcription Factor 2 (MTF2), Plant Homeodomain Finger Protein 1 or 19 (PHF1/PHF19), Elongin BC and
Polycomb repressive complex 2-associated protein (EPOP), and PRC2-associated LCOR isoform 1 or 2 (PALI1/2)
[32,33]. These studies have categorized PRC2 to form distinct sub-complexes named PRC2.1 and PRC2.2, each
containing different set of cofactors [32]. PRC2.1 complexes contain cofactors such as Polycomb-like proteins
(PHF1/PHF19/MTEF2) or EPOP or PALI1/2 [34-39], whereas PRC2.2 contains cofactors JARID2 and AEBP2
[31,32]. The cofactors of PRC2 have been shown to be crucial for the regulation of the HMTase activity by sta-
bilizing the PRC2 complex and assembly, and together with long non-coding RNAs (IncRNA) also play a vital
role in the recruitment of PRC2 to specific gene loci [40-48]. While the recruitment of PRC2 to polycomb
targets in D. melanogaster are aided by the presence of specific DNA sequences termed Polycomb Recognition
Elements (PRE), PRC2 recruitment in humans seems to be more complex [49-51]. However, in both D. mela-
nogaster and humans, PRC2 is enriched in gene loci with CpG islands [51]. In this review, we focus exclusively
on the recent structural studies that have advanced our understanding of how both PRC2.1 and PRC2.2 activ-
ities and recruitment to chromatin are regulated by different cofactors (Figure 1 and Table 1). For other aspects
of Polycomb regulation, we would like to refer the readers to these recent reviews [7,19,37-39,42,43,52-54].

Early insights into Polycomb structure and function (before
2020)

Architecture and interaction landscape of PRC2 subunits

The earliest structural studies of PRC2 focused on individual domains or subunits. These studies highlighted
for the first time how the WD40 repeat within EED recognizes specific regions within EZH2 [55]. In addition,
EED also binds to specific histone H3 peptides and is shown to bind transcriptionally repressive H3K9me3 or
H3K27me3 peptides with higher affinity than H3K4me3 or H3K36me3 peptide which mark regions of active
transcription [23]. JARID2 aa K116 and more recently PALI1 aa 1241 have both been shown to be trimethy-
lated by PRC2 and in its trimethylated state (JARID2 K116me3 or PALI1 K1241me3) mimic H3K27me3 in
their binding to EED [48,56,57]. This preferential binding of EED to select trimethylated lysine residues is
important and necessary for the allosteric activation of EZH2 (SET) HMTase activity [23,42,58]. Besides EED,
the Nurf55 subunit (RBAP46/48 in human) which also contains WD40 repeats is found to bind both the
N-terminal tail of the unmodified H3 as well as a segment of SUZ12 (aa 79-91) [59]. Structural studies com-
plemented biochemical studies on the interaction landscape of PRC2 with the identification of a C-terminal
segment of SUZ12, containing the VEFS domain, as necessary for the EZH2 (SET) HMTase activity [26]. Such
studies also showed that cofactors AEBP2, JARID2, PHF1/19 co-localize with EZH2, EED and SUZ12 subunits
in H3K27me3 rich regions in vivo in embryonic stem cells [26,47,57,60-64]. Moreover, AEBP2 and JARID2
were also observed to co-localize with PRC2 components in H3K4me3 enriched promoter regions [40,65-67].
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Figure 1. Schematic overview of the various structural studies of PRC2-EZH1, PRC2.1 and PRC2.2.

A recent study found that JARID2 and MTF2 regulate a distinct set of Polycomb target genes hinting at the
distinct functional role of PRC2.1 and PRC2.2 [68]. Biochemical studies have also identified EZH2, EED and
SUZ12 together with these cofactors to be important for interaction with CpG DNA and IncRNA [38,39,44-
46,69-71]. JARID2 binding to EED is also thought to be important for the allosteric stimulation of PRC2 activ-
ity [48,57]. PHF1 or PHF19 recruits both PRC2 and NO66 (H3K36me3 demethylase) to H3K36me3 containing
regions in stem cells [35]. All three of PHF1, PHF19 and MTF2 are known to stimulate the H3K27me3 activity
of core-PRC2, yet the precise mechanism for how these cofactors stimulate PRC2 activity remains unknown
[34,36,39]. Crystal structures of PHF1 and MTF2 with H3K36me3 containing H3 peptide (aa 34-41) and
unmethylated CpG DNA hinted at the role played by histone post-translational modifications together with
these cofactors in mediating PRC2 recruitment [72].

Structural organization and allosteric activation of PRC2 activity

The first complete structure of the human PRC2 containing cofactor AEBP2 came from a negative-stain elec-
tron microscopy study which showed that PRC2-AEBP2 can be divided into two regions: top and bottom
lobes [47]. EZH2, EED and parts of the C-terminus of SUZ12 was shown to localize to the top lobe with
AEBP?2 linking the top lobe with RBAP46/48 and N-terminus of SUZ12 which were localized to the bottom
lobe [47]. This structure provided the first hint that besides the role played by AEBP2 in the recruitment of
PRC2, AEBP2 is required for the structural stability of PRC2.2, agreeing with biochemical studies which have
shown that PRC2 containing AEBP2 was a better methyltransferase than core-PRC2 [31]. Following this study,
high-resolution structures of the catalytic lobe of PRC2 containing EZH2, EED and the C-terminus of SUZ12
containing the VEFS domain from different organisms provided a detailed look into how the EZH2 (SET)
active site formation required the co-assembly of EZH2 with both EED and the SUZ12 (VEFS) domain
[58,73,74]. These structures also showed for the first time how EED binding to H3K27me3, the catalytic
product of PRC2 HMTase activity, initiates a feed-forward mechanism of H3K27 methylation through the allo-
steric stimulation of EZH2 (SET) domain. The cryo-EM structure of the human PRC2 with cofactors AEBP2
and JARID2 provided the first high-resolution snapshots of PRC2, both top and bottom lobes. This study iden-
tified two active confirmations of PRC2 and discovered how both cofactors, AEBP2 and JARID2, simultan-
eously mimic histone tails in their interaction with PRC2 [48]. The structures showed that JARID2 is both a
substrate (binds EZH2 (SET) active site) and mimics H3K27me3 when trimethylated at aa 116 resulting in its
interaction with EED, which in turn allosterically stimulates PRC2 activity. The structural visualization in this
study agreed excellently with previous biochemical studies which identified JARID2 as a substrate for PRC2 [57].
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Table 1 Structural studies on Polycomb Repressive Complexes Part 1 of 2
Citation

Year # Title PDB EMDB Method Organism

2007 [55] Structural Basis of EZH2 2QxV X-ray Mus musculus
Recognition by EED

2009 [23] Role of the polycomb protein EED 3w X-ray Homo sapiens
in the propagation of repressive
histone marks

2011 [59] Histone Methylation by Prc2 is 2YBA X-ray Drosophila
Inhibited by Active Chromatin melanogaster
Marks. 2YB8 X-ray Drosophila

melanogaster

2012 [36] Phf19 links methylated Lys36 of 4BD3 NMR Homo sapiens
histone H3 to regulation of
Polycomb activity

2012 [47] Molecular architecture of human 2236 EM Homo sapiens
polycomb repressive complex 2

2013 [63] An H3K36 Methylation-Engaging 2M0O X-ray Homo sapiens
Tudor Motif of Polycomb-like
Proteins Mediates PRC2 Complex
Targeting.

2015 58] Structural basis of histone H3K27 B5KJH X-ray Chaetomium
tri-methylation by an active thermophilum
polycomb repressive complex 2 5KJI X-ray Chaetomium

thermophilum

2016 [73] Structural basis of oncogenic 5HYN X-ray Homo sapiens
histone H3K27M inhibition of
human polycomb repressive
complex 2

2016 [74] Polycomb repressive complex 2 51J7 X-ray Anolis
structure with inhibitor reveals a carolinensis,
mechanism of activation and drug Homo sapiens
resistance.

2017 [72] Polycomb-like proteins link the 5XFR X-ray Homo sapiens
PRC2 complex to CpG islands 5XFQ X-ray Homo sapiens

2018 [48] Structures of human PRC2 with 6C23 7334 cryo-EM Homo sapiens
its cofactors AEBP2 and JARID2. 6C24 7335 cryo-EM Homo sapiens

2018 [77] Cryo-EM structures of PRC2 7306 Cryo-EM Homo sapiens
simultaneously engaged with two
functionally distinct nucleosomes.

2018 [75] Unique Structural Platforms of S5WAI X-ray Homo sapiens,
Suz12 Dictate Distinct Classes of Neovison vison
PRC2 for Chromatin Binding SWAK X-ray Homo sapiens

2020 [103] Structural basis for histone variant BWAV X-ray Homo sapiens
H3tK27me3 recognition by PHF1
and PHF19.

2020 [89] Structural basis for PRC2 11912 Cryo-EM Drosophila
decoding of active histone
methylation marks H3K36me2/3.

2020 [94] A Dimeric Structural Scaffold for 6NQ3 X-ray Homo sapiens
PRC2-PCL Targeting to CpG
Island Chromatin.

2020 [96] A partially disordered region eU4Y X-ray Homo sapiens

connects gene repression and
activation functions of EZH2.

Continued
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Table 1 Structural studies on Polycomb Repressive Complexes Part 2 of 2
Citation
Year # Title PDB EMDB Method Organism
2021 [566] Crystal structure of EED in B6V3X X-ray Homo sapiens
complex with PALI1-K1241me3
peptide
2021 [76] JARID2 and AEBP2 regulate B6WKR 21707 cryo-EM Homo sapiens
PRC?2 in the presence of
H2AK119ub1 and other histone
modifications.
2021 [82] Structures of monomeric and 23024 cryo-EM Homo sapiens

dimeric PRC2:EZH1 reveal flexible
modules involved in chromatin
compaction.

Unexpectedly, AEBP2 is found to mimic unmodified histone H3 tail in its interaction with RBAP46/48 and
this was also subsequently observed in a structural study of the bottom lobe of PRC2 [48,75]. The observation
that both AEBP2 and JARID2, and more recently PALI1 mimic histone tails in their interaction with PRC2
prompts the question as to whether other cofactors such as PHF1/PHF19/MTF2 could also employ a yet
unknown but similar mechanism as part of the PRC2.1 complex. The cryo-EM structure of PRC2-AEBP2-
JARID2 provided a structural visualization of why SUZ12 was known to be critical for PRC2 activity [76].
SUZ12 is required for the assembly of the full PRC2 complex and does so by interacting with all the
core-PRC2 subunits namely EZH2, EED and RBAP46/48, and interacts with both cofactors AEBP2 and
JARID2. In addition, the SUZ12 N-terminus (aa 100-400) folds into an RRM-like fold, rich in beta-sheet and
is shown to be relevant for the interaction with XIST IncRNA [48]. This structure provided the first clues to
how PRC2 can be bound to both a substrate and an allosteric activator at the same time, a mechanism which
could be important for the spreading of H3K27me3 to neighboring nucleosomes. This feed-forward mechanism
of H3K37 methylation was directly visualized in the cryo-EM structure of PRC2 containing AEBP2 bound to
di-nucleosome [77]. This structure showed for the first time that both EED and EZH2 (SET, CXC) formed the
primary interface for interaction with nucleosome [77]. Surprisingly, PRC2 interacts predominantly with the
nucleosome DNA unlike most other chromatin modifiers which interact with both the DNA and the conserved
histone acidic patch surface [78]. The structure showed that the nucleosome containing H3K27me3 bound to
EED such that the H3K27me3 is threaded into the EED aromatic-cage, while the substrate nucleosome contain-
ing unmodified H3 tail binds to EZH2 (SET, CXC) in a configuration that allows the H3 tail to bind the active
site. This simultaneous interaction of H3K27me3 with EED and unmodified H3 tail with EZH2 (SET), respect-
ively, provided a mechanistic explanation for biochemical studies which showed that PRC2 displayed higher
activity for di-nucleosomes compared with mono-nucleosome substrates [77,79,80]. Besides the EED and
EZH2 (SET, CXC) interface for nucleosome interaction, a crystal structure of the bottom lobe of PRC2 contain-
ing RBAP46/48, SUZ12 (C2), AEBP2 and JARID2 suggested that the bottom lobe of PRC2 could also poten-
tially be a site for nucleosome interaction [75]. Negative-stain 2D class average analysis from the cryo-EM
study of PRC2-AEBP2 bound to di-nucleosome had previously hinted at a di-nucleosome arrangement such
that one nucleosome may interact with the bottom lobe [77]. These studies together with previous crystal struc-
ture of Nurf55 bound to unmodified H3 tail suggest that there may be more complex PRC2-nucleosome inter-
actions possible which play a role in the spreading of the transcriptionally repressive H3K27me3 mark. The
structural studies of PRC2 with cofactors together with biochemical studies have provided insight into the
assembly and regulation of PRC2, piece-by-piece [43,54]. Insights into the regulation of PRC2 activity at chro-
matin have so far come from biochemical studies which demonstrate how different histone post-translational
marks, particularly H3K4me3 and H3K36me3, affect PRC2 activity [59,80,81]. However, structural, and mech-
anistic insights into how histone post-translational marks together with cofactors both recruit and regulate
PRC2 HMTase activity on chromatin remains to be studied in more detail. In the next section, we highlight
recent structural studies which have begun to address some of these questions.
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Recent structural insights into Polycomb Repressive

Complexes (2020 — present)

JARID2, AEBP2 recognize H2AK119ub1 and CpG DNA to recruit PRC2

Despite several studies identifying the roles played by RNA, histone post-translational marks, CpG DNA, and
cofactors in the recruitment of PRC2, specific mechanistic insight into how these factors contribute to the
recruitment and activation of PRC2 on chromatin has remained elusive. Recent studies have provided the first
structural snapshots of different PRC2 complexes interacting with complex chromatin substrates which has
enabled the identification of specific role played by the different factors [76,77,82]. Besides the PRC2.2-specific
cofactors AEBP2 and JARID2, biochemical studies have shown that histone post-translational marks such as
PRC1-mediated H2AK119ubl, are necessary for the proper recruitment of PRC2 [24,83,84]. In addition,
JARID2 has also been identified recently to harbor a ubiquitin-interaction like motif (UIM) which interacts
with H2AK119ub1 and is hence thought to be important for the H2AK119ub1-mediated recruitment of PRC2
to chromatin [85]. The recent cryo-EM structure of PRC2-AEBP2-JARID2 bound to a H2AK119ubl and CpG
DNA-containing nucleosome revealed that JARID2 not only allosterically activates PRC2 but also specifically
interacts with H2AK119ubl-containing nucleosome (Figure 2) [76]. Cryo-EM structures of PRC2-AEBP2-
JARID2 with or without the UIM region in complex with nucleosome with or without H2AK119ubl demon-
strated that the presence of both the JARID2 UIM as well as the H2AK119ubl is necessary for the stable inter-
action of JARID2 with nucleosome [76]. In addition to JARID2, AEBP2 was previously uncovered to be
important for interaction with CpG DNA through its lysine-arginine rich motif [70,86]. The recent cryo-EM
study directly observed and verified this interaction between AEBP2 and CpG DNA [76]. Interestingly, this
study also identified a previously unrecognized role of the tandem zinc-fingers of AEBP2 in its interaction with
H2AK119ubl. While the tandem zinc-fingers of AEBP2 was previously observed to bind CpG DNA [70], this
role of AEBP2’s tandem zinc-fingers in recognizing H2AK119ubl has previously not been shown. The results
from this cryo-EM structural study will guide further biochemical and in vivo studies on the precise role played
by cofactors JARID2 and AEBP2 in the recruitment and activation of PRC2.

Regulation of PRC2 HMTase activity by histone post-translational

modifications and RNA

As important as it is to recruit PRC2 to specific genomic loci, it is equally critical to restrict PRC2 activity to
these specific regions to avoid aberrant gene repression. Several studies have shown that both nascent RNA as
well as active histone post-translational marks such as H3K4me3 and H3K36me3 play key roles in this
process [59,69,70,87-89]. While structural insight into how RNA regulates PRC2 activity remains elusive,
RNA has been shown to bind several different regions within PRC2 including the catalytic EZH2 (SET)
domain [76,90]. Since EZH2(SET) is one of the primary site of interaction with nucleosome substrates, the
current hypothesis is that that RNA likely competes with PRC2’s natural substrate to inhibit PRC2 activity
(Figure 3) [45,69,76,77,91]. Besides RNA, the inhibitory effect of active transcription marks namely H3K4me3
and H3K36me3, on core-PRC2 complex (lacking cofactors) has been well studied [59,92]. However, the
precise molecular mechanism through which H3K4me3 and H3K36me3 inhibit PRC2 activity has remained
unclear. While H3K4me3 and H3K36me3 do indeed inhibit core-PRC2 activity, the HMTase activity of
PRC2 containing cofactors JARID2 and AEBP2 seems to only be partially inhibited [76]. Cryo-EM structures
of PRC2-AEBP2-JARID2 bound to H3K4me3 containing nucleosome show the presence of multiple confor-
mations, one with H3 tail engaged in the EZH2(SET) catalytic domain and one without (Figure 2) [76]. The
partial inhibition of PRC2-AEBP2-JARID2 HMTase activity on H3K4me3-containing nucleosomes could
hence likely be due to the increased conformational flexibility of the H3 tail (Figure 2) [93]. The in vitro
HMTase activity assays carried out with nucleosome substrates containing H3K4me3 or H3K36me3 on both
H3 tails detected the co-presence of H3K27me3 [76]. However, mass spectrometry analysis had previously
failed to detect nucleosomes in vivo containing both H3K4me3 or H3K36me3 and H3K27me3 on the same
histone H3 tail [81,92]. While the lack of detection does not necessarily imply absence, it does pose the ques-
tion of the in vivo functional relevance of JARID2 and AEBP2 mediated partial activity on H3K4me3 or
H3K36me3 containing nucleosomes. This is an interesting avenue for future studies since JARID2 and
AEBP2 have previously been shown to co-localize to H3K4me3-enriched gene promoter regions [40,65].
Perhaps other mechanisms such as the RNA-mediated inhibition and/or eviction of PRC2 by chromatin
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Figure 2. JARID2, AEBP2 regulate PRC2.2 activity in the presence of histone post-translational modification.

(A) Atomic model of PRC2.2 bound to nucleosome containing H2AK119ub1 (PDB: 6WKR) showing cryo-EM density for
JARID2 UIM region (magenta), ubiquitin (orange) and AEBP2 tandem zinc fingers (red). (Left) Close-up of the JARID2 UIM
interaction with ubiquitin (indicated by black box) is shown with arrow representing the hydrophobic interface of interaction.
(Right) Close-up of the interaction between AEBP2 zinc-fingers and ubiquitin. The interaction interface is a mix of hydrophobic
and electrostatic interactions. (B) Cryo-EM reconstruction of PRC2.2 bound to nucleosome containing H3K4me3 showing the
absence of H3 tail engagement within the EZH2 (SET) active site. The canonical H3 tail binding groove within EZH2 (SET) is
shown in green. In addition to the absence of H3 tail engagement, changes in the EZH2 (SANT1) (indicated in gold) is also
shown. (C) Overlay of the cryo-EM reconstructions of the two states observed for PRC2.2 interact with nucleosome containing
H3K4me3. The close-up view of the changes between state 1 (white) and state 2 (pink) are shown on the right. These changes
are primarily localized to regions 1 (EZH2 (SANT1) and EED allosteric binding site) and region 2 (H3 tail binding groove within
EZH2 (SET).
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Figure 3. RNA binding regions with PRC2.

(A) Schematic representation of the RNA-binding regions within PRC2.2. The color schemes are kept the same as in [48,76].
Regions marked with striped boxes are known RNA-binding regions but have so far not been visualized in structural studies.
(B) Spatial mapping of the known RNA-binding regions, 1 through 5, to the atomic model of PRC2.2 (PDB: 6WKR). The regions
are colored to distinguish their known roles in the binding to different nucleic acid substrates such as nucleosomes, and RNA:
(gold, #1) EED:EZH2 (SANT1) region known to interact with RNA, and nucleosome containing H3K27me3, (brown, #2): EZH2
(SET, CXC) and region within AEBP2 (not observed so far) known to interact with RNA and substrate nucleosome, (blue, #3):
SUZ12 (BSD (B-sheet domain) or C2 known to interact with IncRNA (XIST), (salmon, #4): SUZ12 (zinc-finger), SUZ12 (neck
region), JARID2 (HTH), AEBP2 (lysine-arginine rich segment) known to interact with RNA and CpG DNA, (yellow, #5): EZH2
(SRM, SET) regions known to interact with RNA. The nucleic acid (DNA/RNA) binding for regions #1,#2,#5 [77,90], and regions
#3, #4 [48,71], respectively are inferred from the indicated references.

remodelers and RNA Polymerase are primarily responsible for the inhibition of PRC2 activity on actively
transcribed genes.

Insights from structural studies of PRC2.1 and PRC2-EZH1

Besides PRC2.2, there have been notable structural studies including those on PRC2.1, PRC2-EZHland a sub-
complex comprised of SUZ12-RBAP48-PHF19-JARID2 [82,89,94]. EZH1 is a paralog of EZH2 and shares
63% overall sequence identity with 94% identity in the catalytic SET domain [29]. PRC2-EZH1 and PRC2-
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EZH2 share the other three core components namely, EED, SUZ12, and RBAP46/48. While PRC2-EZH1 is a
catalytically weak methyltransferase compared with PRC2-EZH2 [31], PRC2-EZH]1 is thought to be important
for gene repression through its methyltransferase-independent chromatic compaction activity [29]. However, a
critical distinction between PRC2-EZH1 mediated chromatin compaction versus the canonical PRC1-mediated
chromatin compaction is that PRC2-EZH1 requires nucleosomes with histone tails whereas canonical PRC1
can compact tailless nucleosome arrays [29]. However, the structural description of the chromatin compaction
by PRC2-EZH1 or canonical PRC1 remains to be elucidated. The recent cryo-EM study of PRC2-EZH1
together with cofactors AEBP2 and JARID2 and mono-nucleosome provided the first visualization of PRC2-
EZH1 bound to nucleosome (Figure 4) [82]. PRC2-EZHI is seen to undergo a major conformational change
upon interaction with nucleosome, with the bottom lobe consisting of RBAP46, SUZ12, AEBP2, and JARID2
rotated ~170° such that this lobe interacts with another copy from a second PRC2-EZH1 which presumably is
bound to the other H3 histone tail of the nucleosome (Figure 4) [82]. This bottom lobe-bottom lobe interaction
is thought to be further stabilized by the domain swapped conformation seen previously in the crystal structure
of the bottom lobe sub-complex consisting of parts of SUZ12, RBAP46, PHF19 and JARID2 [94]. Similar
observations with two copies of PRC2-AEBP2-JARID2 bound to the same nucleosome has been seen before,
however, the two PRC2.2 complexes were not observed to directly interact with each other [76]. It is currently
unknown why two different interaction geometries, one with domain swapping and one without is observed for

RBAP48

A

Nucleosome

=

,/' O

SuUz12 Suz12
~BSD/C2M

BSD/C2M

Figure 4. Oligomeric forms of PRC2-EZH1 and PRC2.2.

(A) Cryo-EM reconstruction of PRC2-EZH1 dimer bound to nucleosome is shown with the model of PRC2-EZH1 and nucleosome represented in
cartoon format (EMDB: 23024). Close-up of the RBAP48-SUZ12 domain swapped dimer interaction (black dashed box) observed in the cryo-EM
reconstruction is shown. Schematic representation of the domain swapped dimer is shown above for clarity. (B) Cryo-EM reconstruction of two
PRC2-AEBP2-JARID2 (PRC2.2) complexes interacting with one nucleosome containing H2AK119ub1 is shown with the model represented in
cartoon format (EMDB: 21707). The interaction geometry of PRC2.2 is different from that observed for PRC2-EZH1 in (A). (C) (Left) Overlay of
PRC2-EZH1 in apo state (white) and PRC2-EZH1 in nucleosome bound state (colored the same as other figures) is shown to highlight the 170°
rotation of the RBAP48-SUZ12 (BSD or C2) in the nucleosome bound state. (Right) Model of the two PRC2.2 bound to nucleosome containing
H2AK119ub1 shows that the RBAP48-SUZ12 (BSD) are far apart (red arrow) and do not interact with each other.
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PRC2-EZH1 and PRC2-EZH2, respectively. Different PRC2-EZH2 dimer geometries without nucleosomes,
including the currently known SUZ12 domain-swapped dimer, have been observed using negative-stain elec-
tron microscopy (unpublished-) and small angle x-ray scattering [95]. In addition, a minimal EZH2-EED
complex has also been recently observed to form higher-order structures which is thought to be relevant for
the gene activation function of EZH2 in cancers independent of its canonical role within PRC2 [96]. The
higher-order oligomeric structures of PRC2 and their in vivo relevance for gene expression regulation remains
to be explored further.

Interaction of PRC2.1 with chromatin

While the last few years have seen several structural studies on PRC2.2 containing AEBP2 and JARID2 cofac-
tors, there have been no complete high-resolution structural information for PRC2.1 complexes involving cofac-
tors (PHF1, PHF19, MTF2, EPOP, PALI1). Structural information for individual domains of PHF1, PHF19,
MTEF2 bound to either modified histone tails or histone tails and DNA have alluded to their functional role in
mediating crosstalk with histone post-translational modifications and CpG DNA [72]. Recent biochemical
studies have identified key residues in SUZ12 that can dictate the formation of PRC2.1 versus PRC2.2 in vivo
[97]. This is particularly relevant since structural studies have shown that SUZ12 is critical for the assembly of
full PRC2 [48]. However, a functional description of core-PRC2 interaction with PHF/19, MTF2, and other
cofactors within PRC2.1 in both free and nucleosome bound states as well as a mechanistic description of how
these specific cofactors regulate PRC2 activity remains to be determined. This is particularly important for
understanding how these cofactors such as PHF1/19 regulate PRC2 activity in the presence of active transcrip-
tion marks such as H3K4me3 or H3K36me3 as well as how mutations in these cofactors or histone tails affect
PRC2 activity. To address these questions, a recent cryo-EM study aimed to visualize the structure of PRC2-
PHF1 bound to di-nucleosomes [89]. The overall structure agreed excellently with the previous cryo-EM study
of PRC2-AEBP2 bound to di-nucleosomes [77]. The structural and biochemical analysis from this study
showed that H3K36 is important for the proper channeling of the H3 tail into the catalytic site of the EZH2
(SET) domain. However, this structural study suffered from the same technical bottleneck as the previous
cryo-EM study by Poepsel et al. [77] where the bottom lobe of PRC2 was not visible. This perhaps could be
one of the reasons for the lack of visualization of the PHF1 cofactor and its potential role in the interaction of
PRC2 with nucleosome. However, this study and the recent cryo-EM study of PRC2-AEBP2-JARID2 bound to
H2AK119ubl containing nucleosome both visualized the histone H3 tail bound to the EZH2(SET) domain at
high resolution [76]. The H3K36 residue is found to be well positioned at the interface of the EHZ2(SET)
domain and the nucleosome DNA. It remains to be elucidated whether the presence of H3K36me3 disrupts the
positioning of H3 tail or results in an increase in the flexibility of the H3 tail, similar to H3K4me3, resulting in
reduced PRC2 HMTase activity.

Outlook

Despite the advances in structural and biochemical studies on understanding PRC2 regulation, there remains
several interesting questions unanswered. Here, we highlight three that are likely to be the subject of future
structural studies: (i) the structural assembly and characterization of PRC2.1, (ii) structural basis for
RNA-mediated regulation of PRC2, and (iii) the cofactor mediated crosstalk between histone post-translational
modifications (H3K4me3/K36me3) and PRC2.1/PRC2.2. In contrast with PRC2.2, visualization of the interac-
tions of cofactors PHF1/19, MTF2 and others with the complete core-PRC2 assembly remains to be elucidated.
Structural studies aimed at PRC2.1 will also serve as a platform for understanding the role played by these
cofactors in regulating both the activity and interactions of PRC2.1 with nucleosome. Despite extensive bio-
chemical studies highlighting the role played by RNA in the recruitment and regulation of PRC2 activity, there
have been no direct visualization or structural model of the interaction of RNA with PRC2. It remains to be
elucidated how RNA can orchestrate dual functions as a recruitment factor and an inhibitor of PRC2 activity.
In addition, the mechanistic insights into the alleviation of RNA-mediated inhibition post-recruitment are also
not clearly understood. Recent cryo-EM based structural studies have addressed some of the technical bottle-
necks such as air-water interface mediated damage which had hindered the characterization of
PRC2-nucleosome complexes [76,98-100]. These advances have not only provided the capability to assemble
intact PRC2-nucleosome complexes but have also allowed for the direct visualization of the role played by
cofactors. The application of these new methods for the structural studies of PRC2.1, and PRC2 with RNA,
both of which have so far eluded detailed mechanistic descriptions will open new avenues for biochemical and
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in vivo studies. Lastly, structural studies aimed at deciphering the functional relevance of the recently observed
higher-order PRC2 assemblies would provide a more complete picture of PRC2 function in vivo. A cross-
disciplinary approach involving in vivo cell biology, in vitro biochemistry, structural biology, and going forward
in situ structural cell biology approaches using cryo-electron tomography will be necessary to provide new
insights into the mechanisms underlying PRC2 function [101,102].

Perspectives

e Polycomb Repressive Complexes are key epigenetic regulators of cell differentiation and cell-
type identity. Polycomb Repressive Complexes are some of the most mutated enzymes in
various cancers. Structural and functional insights into Polycomb Repressive Complexes are
crucial for understanding how the activity of these enzymes are spatially and temporally
regulated.

e The recruitment and activity of various Polycomb Repressive Complexes are tightly regulated
by cofactor proteins, histone post-translational modifications and RNA.

e The crosstalk between cofactor proteins, histone post-translational modifications and RNA
remains unclear, and will be the subject of future studies. Structural insights into several
classes of Polycomb Repressive Complexes including PRC2.1 will likely be addressed in
future studies.
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