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Abstract

Polycomb group (PcG) proteins are evolutionary conserved chromatin-modifying complexes,
essential for the regulation of developmental and cell-identity genes. Polycomb-mediated
transcriptional regulation is provided by two multi-protein complexes known as Polycomb
repressive complex 1 (PRC1) and PRC2. Recent studies positioned PRC1 as a foremost executer
of Polycomb-mediated transcriptional control. Mammalian PRC1 complexes can form multiple
sub-complexes that vary in their core and accessory subunit composition, leading to fascinating
and diverse transcriptional regulatory mechanisms employed by PRC1 complexes. These
mechanisms include PRC1-catalytic activity towards monoubiquitination of histone H2AK119, a
well-established hallmark of PRC1 complexes whose importance has been long debated. In this
review, we will emphasize the central roles that PRC1-catalytic activity plays in transcriptional
repression and discuss the recent evidence supporting a role for PRC1 complexes in gene
activation.

Graphical Abstract

Mammalian PRC1 complex composition is highly diverse, resulting in a variety of molecular
mechanisms by which they regulate gene expression. Here, we discuss the molecular mechanisms
underlying PRC1-mediated repression, focusing on the role of the PRCL1 catalytic activity,
H2AK119 mono-ubiquitination, and review the evidence linking PRC1 to gene activation.
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1. Introduction

Transcriptional regulation is a key process underlying the formation and maintenance of
cellular diversity and tissue patterns. Transcriptional regulation is a complex process
achieved by multiple mechanisms, including transcription factors binding, modification of
DNA and histones, and large-scale chromatin architecture organization.[X] Among these
transcriptional regulatory mechanisms, the Polycomb group (PcG) proteins have emerged as
a paradigm for epigenetic regulation and transcriptional repression. PcG proteins are
evolutionary conserved chromatin modifiers,[?l initially discovered in Drosophila
melanogaster as critical repressors of homeotic genes, controlling body segmentation.[3!
Mutations in different PcG genes result in similar defects in the fly body plan, suggestive of
a common pathway/function.[3 4] Later, extensive biochemical studies revealed that PcG
proteins function as two multi-subunit complexes, Polycomb repressive complex 1 (PRC1)
and 2 (PRC2).[51 PRC2 consists of the core subunits EED, SUZ12 and EZH1/2, and
catalyzes mono-, di- or tri-methylation on lysine 27 of histone H3 (H3K27mel, 2, or 3,
respectively).[®: 71 PRC1 complex composition is more heterogeneous and PRC1 can form
several complexes (Fig. 1), all of which containing the E3 ligase RING1A or RING1B that
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catalyzes monoubiquitination on lysine 119 of histone H2A (H2AK119ub).[8-10] Together,
PRC1 and PRC2 localization to chromatin results in the formation of Polycomb domains,
characterized by compacted chromatin demarcated by H2AK119ub and H3K27me3.[11. 12]
Historically, Polycomb complexes were proposed to function through a simplistic
hierarchical model, where PRC2 recruitment and H3K27me3 deposition is recognized by
so-called canonical PRC1 (cPRC1) complexes, leading cPRC1 recruitment, deposition of
H2AK119 monoubiquitination and chromatin compaction.[®: 13-15] Research progress during
the past decade brought to our attention the diversity of mammalian Polycomb complexes,
with an emphasis on variant types of PRC1 complexes, better known as non-canonical PRC1
(ncPRC1) complexes.[8: 11 This diversity has revealed previously unknown and surprising
functions of ncPRC1 complexes as regulators of gene expression,[16] including a reversed
Polycomb recruitment model governed by PRC1 complexes!: 18-20] and the identification
of PRC1 complexes at active genes.[21-24] |n this review, we will focus on PRC1 complexes
and explore the known and unknowns in their modulation of gene expression.

2. Canonical PRC1 complexes mediate gene repression by multiple

mechanisms

Mammalian PRC1 complexes can be divided into two main groups, cPRC1 and ncPRC1
complexes, depending on the presence or absence of a chromobox domain family (CBX)
protein, respectively (Fig. 1a).[8 111 cPRC1 complexes consist of a catalytic subunit,
RING1A or RING1B, PCGF2 (MEL18) or PCGF4 (BMI1), one of three PHC subunits
(PHC1 - 3), and one of five CBX subunits (CBX2, 4, 6, 7, or 8).[2°] The CBX proteins
provide the first molecular link between PRC1 and PRC2 complexes, based on their ability
to bind the PRC2-mediated H3K27me3 modification via their chromobox domain.[13. 15. 26]
Moreover, PRC2 loss of function or manipulation of H3K27me3 levels affects PRC1
binding, further demonstrating the strong interplay between Polycomb complexes.[7: 13, 27]
The observed interdependence of PRC1 and PRC2 has led to the hypothesis that PRC2 is
recruited to chromatin first, and H3K27me3 serves as a cue to recruit PRC1. This hypothesis
is well-known as the canonical Polycomb recruitment model.

In line with the recruitment of cPRC1 complexes to chromatin by PRC2-mediated
H3K27me3, similar roles have been identified for PRC2 complex and cPRCL1 proteins in
regulating the Drosophilabody plan, early mouse embryonic development, and the control
of cell proliferation and survival.[28: 29. 301 Among these roles, cPRC1 proteins are mostly
recognized for their role in repression of the CaknZalocus, encoding the cell-cycle inhibitor
INK4A and the pro-apoptotic protein ARF.I31: 321 Aplation of the cPRC1 subunits BMIL1,
CBX7, or CBX8 in several cell types results in de-repression of the CaknZalocus, decreased
cell proliferation, and premature senescence.[32: 331 Overexpression of BMI1 or CBX8 in
murine embryonic fibroblasts leads to immortalization of these cells.[29: 32] Finally, deletion
of CdknZain mice where RING1B has been ablated partially rescues early developmental
arrest in mouse embryos, supporting the hypothesis that cPRC1 promotes proliferation and
survival during gastrulation by repressing Cakn2a.[30] While these studies highlight essential
roles for cPRC1 complexes in cell proliferation/survival and early tissue development, recent
studies in embryonic stem cells have shown that cPRC1 complexes have low contribution to
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transcriptional repression.[34 351 Separate roles of cPRC1 and ncPRC1 in somatic stem cells
have been recently characterized in neonatal skin epidermis, highlighting both cPRC1-
depedent and ncPRC1-dependent essential functions in skin epithelium development.[21. 3¢]
However, such roles remain to be elucidated in other tissues and other developmental stages.

The aforementioned prominent roles of cPRC1 complexes as repressors have led to
extensive research focusing on the molecular mechanisms underlying PRC1 repression.
Recent gain- and loss-of-function studies of PRC1 complexes with monitoring H2AK119ub
by chromatin immunoprecipitation (ChlIP) have shown that cPRC1 complexes have a smaller
contribution to H2AK119ub levels relative to ncPRC1 complexes,[20: 351 suggesting that
cPRC1 complexes execute other mechanisms to mediate transcriptional repression. Earlier
studies of PRC1 function have shown that PRC1 complexes can mediate chromatin
compaction, and that this function is conserved from fruit flies to mammals.[14 371 The
chromatin compaction region is conserved among PRC1 complexes of multiple organisms
but can be found on different complex subunits, depending on the organism. In mammals,
the compaction function is attributed to the CBX2 subunit. In Drosophila and other non-
mammals, chromatin compaction function has been attributed to BMI1, MEL18, CBX6 and
CBX8.[38] Mutations in the mammalian CBX2 basic region result in upregulation of gene
expression and homeotic transformations on the anterior-posterior axis. These findings
propose nucleosome compaction as a key mechanism for gene silencing during the
establishment of body patterning.[3% In addition, the basic region of CBX2 is linked to
another repressive mechanism, related to PRC1 localization in condensed nuclear foci called
PcG bodies.[4%] In mouse ES cells, CBX2 is localized to these nuclear condensates and is
required for the assembly of PRC1-CBX2 condensates.l41] Point mutations in the internal
domain of CBX2 that disrupt phase separation also impair PcG bodies formation.[41. 42]
Interestingly, phase separation is driven by the basic region of CBX2,[41: 421 which also
mediates chromatin compaction and essential for axial patterning,[38: 391 suggesting that
phase separation mediates repression side by side with chromatin compaction during
development. Finally, cPRC1 complexes can mediate transcriptional repression by sub-
nuclear clustering. The sterile alpha motif (SAM) domain of the cPRC1 component, PHC2,
is able to polymerize, thus enabling interactions between different PRC1 complexes bound
to distant genomic areas, supporting the formation of high-order chromatin structures.[43]
Mutations in the SAM domain polymerization prevent the formation of PRC1 clusters and
result in homeotic transformations, directly linking the function of cPRC1 polymerization
domains to gene repression.[44]

Collectively, these studies demonstrate that cPRC1 subunits are important for chromatin
compaction and large-scale chromatin organization, allowing efficient repression of
unwanted genes, and proper patterning and tissue development. That been said, and although
Polycomb-occupied promoters are typically more compact than promoters lacking
Polycomb complexes,[4°] the loss of PRC1 or PRC2 in ES cells has minor effect on
chromatin accessibility,[6] suggesting that other mechanisms that restrict promoter
accessibility are independent of Polycomb activity.
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3. Recruitment of Non-canonical PRC1 complexes involves both general
and context-specific mechanisms.

The canonical Polycomb recruitment model, governed by PRC2-mediated recruitment of the
PRC1 complex, has been recently challenged by the discovery of ncPRC1 complexes that
can be recruited to chromatin and establish H2AK119ub independently of PRC2.[8: 20, 47, 48]
These findings are further reinforced by observations that the genome-wide distribution of
PRC1 and PRC2 does not fully overlap [8: 21, 491 and that the global levels of H2AK119ub
are maintained in mouse embryonic stem cells and mouse epithelial stem cells lacking the
core PRC2 subunits.[21. 48, 50, 51]

Mammalian ncPRC1 complexes are defined by the absence of CBX proteins that can bind
H3K27me3, the histone mark deposited by PRC2. Instead of CBX and PHC subunits,
ncPRC1 complexes contain RYBP or its homolog YAF2, together with a catalytic subunit
RING1A or RING1B and one of six PCGF1-6 subunits (ncPRC1.1-ncPRC1.6) (Fig. 1b).[8]

Several mechanisms have been proposed for PRC2-independent recruitment of PRC1
complexes. The high prevalence of Polycomb complexes at unmethylated CpG islands,
mostly around promoter regions, suggests a key role for CpG islands in Polycomb complex
recruitment. The molecular link between Polycomb recruitment and CpG islands is mainly
attributed to KDM2B, a H3K36 histone lysine demethylase that binds to unmethylated CpG
islands through its CxxC-zinc finger domain.[32] Interestingly, the majority of PRC1/
RING1B-bound promoter regions are also bound by KDM2B in several systems, including
mouse embryonic stem cells and mouse epidermal stem cells.[21: 35. 53] |nitial biochemical
studies in cancer cells have identified that KDM2B is associated with PRC1 complex
components, including RING1B, RYBP, and BCOR.[54 Further dissection of PRC1 sub-
complexes demonstrated that KDM2B forms a PRC1 complex with PCGF1/PRC1
(ncPRC1.1),[8 55 and contributes to generic recruitment of the PRC1 complex to
unmethylated CpG islands.[53 55 56 |n addition, artificial tethering of KDM2B is sufficient
for the recruitment of PRC1 and de novo deposition of H2AK119ub.[20] However, despite
the practically indistinctive binding of KDM2B to all unmethylated CpG islands, PRC1
occupancy is mostly enriched at repressed sites marked by PRC2-mediated H3K27me3.

[53, 55, 56] Moreover, loss of KDM2B or PCGF1 does not lead to complete loss of PRC1
binding or H2AK119ub deposition,[20: 34. 35, 53, 55] gyggesting additional mechanisms that
guide and/or stabilize PRC1 complex binding to their targets. Such additional mechanism
includes the PCGF6-containing ncPRC1.6 complexes. ncPRC1.6 complexes are enriched at
PRC1-bound sites in ES cells!34 35. 571 and maintains RING1B binding and H2AK119ub
deposition in the absence of PCGF1 or PCGF2/4 at ncPRC1.6 bound loci,[34 351 suggesting
for alternative non-canonical binding mechanism employed by ncPRC1.6 complexes. This
genomic recruitment relies on the presence of ncPRC1.6 accessory subunits with DNA-
binding activity, such as E2F6, MGA, and MAX transcription factors. Indeed, PCGF6-
bound loci are enriched for MGA/MAX and E2F6 DNA-binding motifs and functional
studies have demonstrated that MGA/MAX heterodimers are required for global ncPRC1.6
binding, while loss of E2F6 resulted in locus-specific loss of ncPRC1.6 binding. [34 57. 58]
Additional context-dependent recruitment mechanisms of PRC1 complexes have been
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shown to include sequence-specific transcription factors such as REST and RUNX1.[5]
Together, these mechanisms direct both generic and context-specific recruitment of PRC1
complexes to their genomic targets.

4. H2AK119 monoubiquitination plays a critical role in Polycomb domain

formation

Genome-wide studies have demonstrated that ncPRC1 complexes are bound at genomic loci
together with cPRC1 and PRC2 complexes or at loci lacking cPRC1 and PRC2 complexes
[8, 21, 35, 60, 61] 5ggesting intricate and diverse mechanisms behind ncPRC1 complexes
functions. If ncPRC1 complexes recruitment is independent of PRC2, what is the rationale
for colocalization between ncPRC1 and PRC2 complexes? A possible answer lies within the
recently proposed reversed Polycomb recruitment model.l1”] According to this alternative
model, ncPRC1 complex recruitment and H2AK119ub deposition drives PRC2 recruitment,
resulting in Polycomb domain formation and transcriptional repression of unwanted genes.
Indeed, artificial recruitment of PRC1 to genomic regions normally devoid of Polycomb
complexes leads to H2AK119 monoubiquitination followed by PRC2 recruitment and
H3K27me3 deposition.[18-201 The molecular link between PRC1 and PRC2 complexes in
this model relies on the interaction between PRC1-mediated H2AK119ub and the PRC2
subunit JARID2. JARID2 recognizes nucleosomes containing H2AK119ub via its ubiquitin
interacting motif and facilitates PRC2 complex localization and H3K27me3 deposition on
PRC1-marked nucleosomes.[18: 621 |n line with these observations, loss of PRC1-catalytic
activity toward H2AK119 monoubiquitination leads to marked reduction in PRC2 subunits
binding and deposition of H3K27me3.[21. 63] Because ncPRC1 complexes, rather than
cPRC1 complexes, are proficient for H2AK119 monoubiquitination,[8 20 64] the reversed
Polycomb recruitment model therefore positions ncPRC1 complexes and H2AK119
monoubiquitination as critical components of Polycomb domain formation and
transcriptional repression.

5. Therole of PRC1-catalytic activity and H2AK119ub in transcriptional

repression is context-dependent.

Histone modifications are thought to be important features regulating gene expression. Yet,
the functional significance of many histone modifications, including PRC1-mediated
H2AK119ub, is poorly understood. Early studies proposed that PRC1-mediated
H2AK119ub interferes with transcriptional elongation.[65] However, initial studies testing
whether PRC1 catalytic activity is necessary for gene repression in ES cells yielded
conflicting results,[63. 66. 671 |eaving the functional role of PRC1 catalytic activity and the
H2AK119ub histone mark highly controversial. Arguing against a functional role, studies in
PRC1-mutant flies have reported that both catalytic-inactive PRC1 clones and mutated
histone H2A/H2Av residues in Drosophila maintain the repression of classical Polycomb
targets that are typically de-repressed upon loss of PRC1 or PRC2 complexes.[®8] Similarly,
catalytic-inactive RING1B mutants have been shown to be largely sufficient for maintenance
of gene repression in ES cells and to promote early mouse embryonic development,
otherwise impaired in the absence of RING1B.[30: 63.67] However, at later stages of

Bioessays. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cohen et al.

Page 7

development, catalytic-inactive PRC1 mutant flies and catalytic-inactive RING1B mutant
mice exhibit developmental defects and lethality,[53 68] suggesting that PRC1 catalytic
activity is essential but may function in a gene-specific or cell type-specific manner. Indeed,
in neuronal progenitor cells, catalytic-dependent repression of developmental genes has been
shown to be unique to poised genes marked by H3K27ac in neurogenic neuronal progenitor
cells, while these genes are repressed by PRC1 in a catalytic-independent manner in non-
neurogenic neuronal progenitor cells. (69 Studies of catalytically inactive PRC1 mutant
complexes in the skin epidermis have also demonstrated a requirement for catalytic-
dependent PRC1 activity in gene repression in vivo. Comparison between PRC1 catalytic-
inactive and PRC1-null epidermal progenitors demonstrates that hundreds of PRC1-
dependent genes that are de-repressed upon global loss of PRC1 function were also de-
repressed upon the loss of PRC1 catalytic activity. [21] Importantly, loss of PRC1 catalytic
activity /n vivo leads to de-repression of Merkel-lineage commitment transcription factors
and ectopic formation of mechanosensory Merkel cells.[21: 70. 71] Taken together, these
studies provide compelling evidence of essential roles for PRC1 catalytic activity in
Polycomb-mediated gene repression.

The specific functions of PRCL1 catalytic activity in Polycomb-mediated transcriptional
repression are currently unclear. As suggested by the reversed PRC1-mediated recruitment
model, one possibility is that PRC1 catalytic activity and H2AK119ub are required to
facilitate the efficient recruitment of PRC2. This notion is supported by several studies
showing a reduction in chromatin-bound PRC2 subunits and lower H3K27me3 deposition in
catalytic-inactive PRC1 mutants.[2. 63. 68, 72] Sych a reduction in PRC2-mediated
H3K27me3, can lead to impaired binding of cPRC1 complexes that contribute to Polycomb-
mediated transcriptional repression by mediating long-range interactions between Polycomb
domains.[73: 741 On this note, it is important to mention that PRC2 complexes can be divided
into two main subtypes,[7®] PRC2.1 complexes that contain PCL proteins and bind to
unmethylated CpG islands[’8 771 and PRC2.2 complexes that contain the JARID2 subunit
that recognizes H2AK119ub to promote PRC2 recruitment.[18 62. 76, 78] Therefore, it would
be interesting to test whether specific loci enriched for PRC2.2 are more susceptible to loss
of PRC1-mediated H2AK119ub compared with loci enriched for PRC2.1-type complexes,
as suggested by recent studies in mouse ES cells[79]. Alternatively, H2AK119ub may also
contribute to PRC1-mediated transcriptional repression in a PRC2/cPRC1-independent
fashion through direct interference with RNA polymerase 11 activity[85] or through
H2AK119ub-dependent interactions with reader proteins, other than JARID2, that possess
repressive functions.[8%] PRC2/cPRC1-independent roles for ncPRC1 complexes and
H2AK119ub are also supported by the observation that the cPRC1 complex contribution to
H2AK119ub and transcriptional repression is minimal relative to that of ncPRC1 complexes.
[35] |_jkewise, the transcriptional changes and /7 vivo phenotypes associated with loss of
PRC1 or its catalytic activity are in many cases more pronounced compared with the loss of
cPRC1 or PRC2 (Fig. 2a).[21. 35, 36,50, 70, 72, 81] Remarkably, for a subset of PRC2-
independent genes, loss of PRC1-catalytic activity results in gene de-repression without
altering RING1B binding, suggesting a direct role for H2AK119ub in gene repression (Fig.
2b).[21] Therefore, these studies provide examples of essential roles of PRC1-catalytic
activity, and most likely H2AK119ub, in Polycomb-mediated transcriptional repression.
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However, dissection of the molecular mechanisms downstream of PRC1 catalytic activity is
required to elucidate whether gene repression is PRC2/cPRC1-dependent or -independent.

ncPRC1 complexes can facilitate gene activation.

Although the Polycomb complexes are historically viewed as key transcriptional repressors,
[5] early studies in Drosophilahave shown that PcG subunits binding to several Polycomb
response elements (PRES) nearby homeotic genes persist even when these genes are actively
transcribed.[82: 831 While most of the PREs near homeotic genes demonstrated repressor
functions in transgenic assays, some PREs were required for proper gene activation.[82. 84]
Recently, several genome-wide chromatin profiling studies have mapped PRC1 core
components and associating proteins to active genes in multiple mammalian cell types,
including ES cells,[23. 891 neural progenitors,[23] epidermal progenitors,[2] quiescent
lymphocytes,[24] leukemic cells,[22] and breast cancer cells.[85] In most of these cases,
PRC1-bound loci are devoid of PRC2 subunits or the H3K27me3 mark, suggesting for
PRC2-independent functions at those active genes. [21-23] Typically, PRC1-bound active
genes are enriched for ncPRC1 complexes rather than cPRC1 complexes, and are devoid of
or marked by low levels of H2AK119ub, whereas PRC1-bound silent genes contain cPRC1
and/or ncPRC1 complexes (Fig. 3a).[21: 23. 34,36, 60, 61, 86] The regulatory function of
ncPRC1 complexes at active genes is poorly understood. In some cases, however,
accumulating evidence suggests that ncPRC1 complexes function to promote the expression
of actively transcribed target genes, rather than repressing it, as loss of PRC1 binding and
function leads to the downregulation of those target genes (Fig. 3b).[21. 24, 36. 87] | addition,
reporter assay experiments have demonstrated that the recruitment of specific ncPRC1
complexes containing PCGF3 or PCGF5 (ncPRC1.3 and ncPRCL.5, respectively) leads to
increased reporter activity,[3% 871 supporting a role for ncPRC1 complexes in gene
activation. Paradoxically, ncPRC1 complexes are more proficient in H2AK119
monoubiquitination than cPRC1 complexes, while ncPRC1-bound active genes display low
levels of H2AK119ub.[21. 34,36, 87] Thys, molecular mechanisms underlying ncPRC1-
mediated regulation of actively transcribed genes should favor accessory subunit
composition or additional interacting partners that reduce PRC1-catalytic activity toward
H2AK119 monoubiquitination. Indeed, in quiescent lymphocytes, the Aurora B kinase
cooperates with RING1B to promote gene expression by modulating PRC1 activity and
H2AK119ub deposition through diverse mechanisms. On one hand, Aurora B
phosphorylates the E2-conjugating enzyme UBE2D3 and inhibits its catalytic activity
required for RING1B E3 ligase activity, thereby leading to reduced H2AK119ub deposition.
[24] On the other hand, Aurora B phosphorylates histone H3528 as well as the USP16
histone de-ubiquitinase, leading to enhanced USP16 binding and removal of the
H2AK119ub histone mark.[241 A somewhat similar mechanism was also reported in the
murine brain, where ncPRC1.3/ncPRCL1.5 forms a complex with AUTS2 that recruits the
casein kinase 2 (CK2) subunits CSNK2A1 and CSNK2A2.187] |n turn, CK2 phosphorylates
RINGB at serine 168 (S168) to inhibit the E3 ligase activity of RING1B.[87] Finally,
functional studies done in the developing epidermis and in epidermal progenitors have
demonstrated that PRC1-catalytic activity is dispensable for promoting the expression of
PRC1-dependent genes (Fig. 3b).[21] These studies therefore suggest that while PRC1-
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catalytic activity plays essential roles in Polycomb-mediated transcriptional repression, it
may be dispensable for PRC1 function in promoting the expression of active genes.

In addition to the suppression of PRC1-catalytic activity and displacement of H2AK119ub
deposition from active genes, PRC1-dependent transcriptional activation probably requires
additional mechanisms. PRCL1 plays an important role in regulating the genomic
architecture, securing proper topological promoter-promoter and promoter-enhancer
interactions.[74] Recently, the three-dimensional organization of enhancer-promoter
interactions mediated by PRC1 has been shown to be essential for the activation of Me/s2in
midbrain during embryonic development.[88] It is noteworthy that ncPRC1.3 and ncPRC1.5
complexes function to repress Meis2 at the distal forelimb bud,[8°] suggesting that specific
interactions with corepressors or coactivators might determine the switch between gene
repression and activation by PRC1. Indeed, in the central nervous system, PRCL1 interaction
with the tissue-specific transcription factor AUTS2 mediates the recruitment of P300 histone
acetyltransferase, which in turn activates transcription.[87] Future studies of tissue-specific
PRC1-interacting partners, as well as the dynamic changes in PRC1 accessory subunits
composition during cell differentiation, are expected to shed light on the mechanisms by
which PRC1 complexes contribute to gene activation.

7. Concluding remarks and future perspectives

Here we describe some of the recent and exciting findings on PRC1 complexes, stressing the
complexity behind Polycomb systems and highlighting our incomplete understanding of the
diverse molecular mechanisms by which PRC1 complexes regulate gene expression. PRC1-
catalytic activity has recently emerged as a central feature required for Polycomb-mediated
transcriptional repression; yet we still do not entirely understand the specific function of
PRC1-mediated H2AK119ub in this process. It is currently unclear whether this histone
mark has a direct repressive role, or whether it mostly facilitates the recruitment of PRC2
complexes to chromatin. In addition to H2AK119 monoubiquitination, it is possible that
PRC1-catalytic activity represses transcription by modifying histone H2A.Z variant(% or
does so indirectly through the modification of RING1A/B itself and/or other protein
substrates.[1] Finally, the presence of ncPRC1 complexes at active genes is surprising and
fascinating, given the view of Polycomb complexes as classical transcriptional repressors.
Remarkably, it seems that ncPRC1 complexes are more abundant at active genes compared
with their relevant occupancy at silent genes. In some cases, PRC1 complexes attenuate the
expression of those active genes, whereas in other cases PRC1 complexes promote the
expression of their target genes.[21] Given the overwhelming diversity in PRC1 complexes
and their accessory subunit composition, understanding the dynamic changes in PRC1
complexes composition during transition from silent to active states is warranted. Careful
and in-depth dissection of these open questions should increase our knowledge and provide
novel insights into the precise functions and mechanisms behind PRC1-mediated
transcriptional control.
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RING1B
RING1B CBX7
CBX8
- High H2AK119ub catalysis
- Low H2AK119ub catalysis - PRC2-independent recruitment
- PRC2-dependent recruitment by H3K27me3 - Recruitment of PRC2 via H2AK119ub
- Chromatin compaction and transcriptional repression - Transcriptional repression and activation

Fig. 1. Schematic representation of PRC1 complexes.
PRC1 complexes are divided into two main groups, canonical PRC1 (cPRC1) complexes

and non-canonical PRC1 (ncPRC1) complexes. Both groups contain core subunits, present
in all sub-complexes of a subtype, which together with other accessory proteins define the
complete composition of each sub-complex. (A) At their core, cPRC1 complexes each
contain the E3-ligase subunit RING1A or RING1B that catalyzes the monoubiquitination of
histone H2AK119, together with either PCGF2 or PCGF4. The additions of a CBX protein
and PHC protein define a cPRC1 complex that can recognize the PRC2-mediated
H3K27me3 histone mark. (B) In ncPRC1 complexes, CBX and PHC proteins are replaced
by RYBP or YAF2 proteins, and the core complex is not restricted to PCGF2/4 and can be
formed with any other PCGF1-6 protein.
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Fig. 2. PRC1-catalytic activity is essential for PRC1-mediated transcriptional repression.

(A) Venn diagram showing the overlap in significantly upregulated genes in epidermal

-

progenitors for the indicated genotypes that are marked by H2AK119ub and H3K27me3 in
epidermal progenitors. (B) Integrative Genomics Viewer (IGV) ChIP-seq and RNA-seq
browser views for the indicated markers and genotypes in epidermal progenitors. Note that

some genes co-marked by H2AK119ub and H3K27me3 are de-repressed only upon loss of

PRC1-catalytic or -global activities, but not upon loss of PRC2 activity. In addition, note that
loss of PRC1-catalytic activity does not impair RING1B binding to those genes in epidermal
progenitors. Data was obtained from the Gene Expression Omnibus (GEO) database
(GSE112460) and was analyzed as previously described.[?1]
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Fig. 3. ncPRC1 core subunits are bound to both silent and active genes.

(A) Expression analysis of genes located near the indicated PRC1 subunits in control
epidermal progenitors. Note higher level of expression in genes bound by ncPRC1 subunits,
compared with genes bound by cRPC1 subunits. Gene expression data is presented as
FPKM values in box-and-whisker boxplots. Midline, median; box limits, 25th percentile
(lower quartile) and 75th percentile (upper quartile); upper whisker, 75th-95th percentile;
lower whisker, 5th-25th percentile. (B) Integrative Genomics Viewer (IGV) ChlP-seq and
RNA-seq browser views for the indicated markers and genotypes in epidermal progenitors.
Note that in active gene bound by ncPRC1 subunits, loss of PRC1-global activity results in
downregulation of gene expression, whereas loss of PRC1-catalytic activity or PRC2 does
not affect gene expression. Data was obtained from the Gene Expression Omnibus (GEO)

database (GSE112460) and was analyzed as previously described.[21]
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