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Abstract: Epigenetic regulation plays an essential role in driving precise transcriptional programs dur-
ing development and homeostasis. Among epigenetic mechanisms, histone mono-ubiquitination has
emerged as an important post-transcriptional modification. Two major histone mono-ubiquitination
events are the mono-ubiquitination of histone H2A at lysine 119 (H2AK119ub), placed by Polycomb
repressive complex 1 (PRC1), and histone H2B lysine 120 mono-ubiquitination (H2BK120ub), placed
by the heteromeric RNF20/RNF40 complex. Both of these events play fundamental roles in shaping
the chromatin epigenetic landscape and cellular identity. In this review we summarize the current
understandings of molecular concepts behind histone mono-ubiquitination, focusing on their recently
identified roles in tissue development and pathologies.
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1. Introduction

The mammalian genome is organized and packed as a highly dynamic nucleoprotein
complex–chromatin, whose architecture is constantly altered by epigenetic regulators in
response to various cues [1–4]. The basic unit of the chromatin is the nucleosome, where
DNA is associated and wrapped around a histone octamer that encompass two copies of
histones H2A, H2B, H3, and H4 [5,6]. The tails of the heteromeric histones stick out from
the nucleosome core and can undergo a wide range of post-transcriptional modifications
(PTMs), including methylation, acetylation, phosphorylation, and ubiquitination [7,8].
Histone PTMs affect the chromatin structure and accessibility, and thus play important
roles in key biological processes such as gene expression and DNA repair [9]. Here, we will
specifically focus on the role of histone mono-ubiquitination in transcriptional control.

Histone mono-ubiquitination involves the covalent attachment of ubiquitin, a highly
conserved 76 amino acid polypeptide, to a lysine residue in the modified histone [10,11].
This occurs through sequential enzymatic reactions: first, a ubiquitin-activating enzyme
(E1) activates ubiquitin in an ATP-dependent manner; then a cystine residue on a ubiquitin-
conjugating enzyme (E2) is conjugated to the ubiquitin via a thioester bond; and finally,
RING finger ubiquitin-ligases (E3) transfer the ubiquitin from E2 to a target lysine residue
in the histone substrate [12–17] (Figure 1A). The E3 ubiquitin ligases determine histone
substrate recognition and the catalysis of its ubiquitination [18,19]. A number of RING
finger proteins involved in various cellular processes have been identified as E3 ligases that
modify histone substrates (Figure 1). These include the BRCA1 tumor suppressor, as well
as CUL4/B and RNF168, which are all involved in DNA damage response (DDR) [20–26].
Other E3 ligases such as the RING1A/B members of the Polycomb repressive complex 1
(PRC1), RNF20/40, and NEDD4 are involved in transcriptional regulation [27–34], while
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UHRF1-mediated histone mono-ubiquitination regulates chromatin structure and accessi-
bility by promoting DNA methylation [35,36]. In addition, several E3 ligases, such as RNF8
that is involved in DDR, promote poly-ubiquitination rather than mono-ubiquitination of
histone substrates [37–39]. Several histone lysine residues in the mammalian genome have
been identified as substrates for histone ubiquitination, and their modifications play a role
in various processes including chromatin regulation, DNA repair, and transcription [40–42].
The most prevalent ubiquitinated histones are H2A and H2B, with an estimated occur-
rence rate of up to 15% and 1–2%, respectively, although H3 and H4 ubiquitination also
occurs [41–47] (Figure 1B).

Cells 2022, 11, x FOR PEER REVIEW 2 of 23 
 

 

(DDR) [20–26]. Other E3 ligases such as the RING1A/B members of the Polycomb repres-
sive complex 1 (PRC1), RNF20/40, and NEDD4 are involved in transcriptional regulation 
[27–34], while UHRF1-mediated histone mono-ubiquitination regulates chromatin struc-
ture and accessibility by promoting DNA methylation [35,36]. In addition, several E3 lig-
ases, such as RNF8 that is involved in DDR, promote poly-ubiquitination rather than 
mono-ubiquitination of histone substrates [37–39]. Several histone lysine residues in the 
mammalian genome have been identified as substrates for histone ubiquitination, and 
their modifications play a role in various processes including chromatin regulation, DNA 
repair, and transcription [40–42]. The most prevalent ubiquitinated histones are H2A and 
H2B, with an estimated occurrence rate of up to 15% and 1–2%, respectively, although H3 
and H4 ubiquitination also occurs [41–47] (Figure 1B). 

 
Figure 1. E3 ubiquitin ligases and histone ubiquitination events. (A) The process of histone mono-
ubiquitination. Ubiquitin is first attached to E1 enzyme and activated in an ATP-dependent manner. 
Next, activated ubiquitin is transferred to E2 enzyme. Finally, E2 interacts with an E3 ubiquitin lig-
ase that covalently attaches the ubiquitin to a target lysine residue in the histone. (B) A schematic 
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sponding E3 ubiquitin ligases. Mono-ubiquitination at K13 and K15 on histone H2A (H2AK13ub 
and H2AK15ub) placed by RNF168 are associated with DDR and DNA replication. Notably, K13 
and K15 on histone H2A and K4 on histone H3 are targets for poly-ubiquitination by RNF8. Mono-
ubiquitination at K119 on histone H2A (H2AK119ub) is written by RING1A/B members of the Pol-
ycomb-repressive complex 1 (PRC1). The mono-ubiquitination of K124, K127, and K129 on histone 
H2A (H2AK124ub, H2AK127ub, and H2AK129ub) involved in DDR, is catalyzed by the BRCA1-
BARD1 complex. The mono-ubiquitination of K18 and K23 on histone H3 (H3K18ub and H3K23ub) 
written by UHRF1 is associated with the maintenance of DNA methylation. Mono-ubiquitination 
of K14, K121, K122, and K125 on histone H3 (H3K14ub, H3K121ub, H3K122ub, and H3K125ub) is 
catalyzed by CUL4A/B, and is involved in regulation of chromatin structure, while CUL4A/B-me-
diated mono-ubiquitination of K31 on histone H4 (H4K31ub) is associated with DDR. Finally, mono-

Figure 1. E3 ubiquitin ligases and histone ubiquitination events. (A) The process of histone mono-
ubiquitination. Ubiquitin is first attached to E1 enzyme and activated in an ATP-dependent manner.
Next, activated ubiquitin is transferred to E2 enzyme. Finally, E2 interacts with an E3 ubiquitin ligase
that covalently attaches the ubiquitin to a target lysine residue in the histone. (B) A schematic repre-
sentation of histone lysine (K) residues that undergo ubiquitination (Ub), and their corresponding E3
ubiquitin ligases. Mono-ubiquitination at K13 and K15 on histone H2A (H2AK13ub and H2AK15ub)
placed by RNF168 are associated with DDR and DNA replication. Notably, K13 and K15 on histone
H2A and K4 on histone H3 are targets for poly-ubiquitination by RNF8. Mono-ubiquitination at
K119 on histone H2A (H2AK119ub) is written by RING1A/B members of the Polycomb-repressive
complex 1 (PRC1). The mono-ubiquitination of K124, K127, and K129 on histone H2A (H2AK124ub,
H2AK127ub, and H2AK129ub) involved in DDR, is catalyzed by the BRCA1-BARD1 complex. The
mono-ubiquitination of K18 and K23 on histone H3 (H3K18ub and H3K23ub) written by UHRF1 is
associated with the maintenance of DNA methylation. Mono-ubiquitination of K14, K121, K122, and
K125 on histone H3 (H3K14ub, H3K121ub, H3K122ub, and H3K125ub) is catalyzed by CUL4A/B,
and is involved in regulation of chromatin structure, while CUL4A/B-mediated mono-ubiquitination
of K31 on histone H4 (H4K31ub) is associated with DDR. Finally, mono-ubiquitination of K120 on
histone H2B by the RNF20/40 complex is associated with transcriptional elongation.
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Similar to other histone PTMs, histone ubiquitination is a dynamic and reversible
process. The ubiquitin modification can be removed by a group of specialized deubiquiti-
nating enzymes (DUBs), that hydrolyze the peptide bond between the ubiquitin and its
histone substrate [48,49]. Interestingly, while each DUB can recognize a specific histone
ubiquitination modification, in some cases there are several different DUBs that overlap
in the ubiquitinated histone substrate [42,46], suggesting context-dependent functions.
Histone ubiquitination crosstalk with other PTMs and specific “readers” of the histone
modification [50–59], thus the addition or removal of ubiquitin on histone tails affects the
epigenetic landscape and can alter local chromatin accessibility, DDR related processes, or
gene expression.

Among the various histone mono-ubiquitination modifications, two of the most well-
studied events that regulate transcription are the mono-ubiquitination of histone H2A at
lysine 119 (H2AK119ub) by the PRC1 complex and the mono-ubiquitination of histone
H2B at lysine 120 (H2BK120ub) by the RNF20/RNF40 complex [28,29,31,34,60–63]. Inter-
estingly, these two separate histone mono-ubiquitination events have contrasting impacts
on transcriptional regulation, emphasizing the functional complexity behind histone PTMs.
In this review we will discuss the current understanding on how histone-specific mono-
ubiquitination by PRC1 and RNF20/RNF40 complexes regulates transcription, focusing on
their emerging roles in tissue development and disease.

2. Roles of Histone Mono-Ubiquitination in Transcriptional Regulation
2.1. PRC1-Mediated H2AK119 Mono-Ubiquitination and Transcriptional Repression

The deposition of H2AK119 mono-ubiquitination is catalyzed by PRC1—a multimeric
complex that functions in concert with the PRC2 complex and together represent one of the
most studied evolutionarily conserved epigenetic mechanisms for gene silencing [64–66].
PRC1 and PRC2 largely overlap in their genomic binding, and their associated histone
modifications, H2AK119ub and H3K27me3, are enriched in the promoter regions of silent
developmental genes [66–69]. PRC1 is a highly diverse complex that consists of several sub-
complexes, each containing a RING finger E3 ubiquitin ligase, either RING1A or RING1B,
which is responsible for the catalysis of H2AK119ub [28,31,60]. In mammalian systems,
PRC1 sub-complexes are defined by the specific Polycomb group RING finger 1 to 6 (PCGF1–
6) subunit that composes the complex core together with RING1A or RING1B [60,70]. A
further classification of PRC1 complexes can be made into canonical PRC1 (cPRC1) and
non-canonical PRC1 (ncPRC1) complexes. cPRC1 complexes contain in their core PCGF2
(also known as MEL18) or PCGF4 (also known as BMI1) and a Chromobox (CBX) protein
(CBX2, 4, 6, 7, or 8) that can recognize PRC2-mediated histone H3 lysine 27 tri-methylation
(H3K27me3) and provides a molecular link between PRC1 and PRC2 [70–74]. ncPRC1
complexes lack the CBX subunit, and contain in their core RYBP or YAF2 and one of the
PCGF1–6 proteins (ncPRC1.1–ncPRC1.6) [70] (Figure 2A). The recruitment of ncPRC1 com-
plexes is not dependent on PRC2/H3K27me3, and instead can be mediated by the KDM2B
subunit of ncPRC1.1 in a generic fashion to non-methylated DNA sequences enriched
for CpG islands [75–79], or can be directed to sequence-specific loci via the interaction of
ncPRC1 complexes with accessory transcription factors [80–83]. While PRC1 complexes are
all capable of catalyzing H2AK119ub, cPRC1 complexes possess a weaker catalytic activity
when compared to ncPRC1 complexes, where the RYBP/YAF2 subunit further stimulates
the E3 ubiquitin ligase activity of RING1A/B [70,84–87]. Furthermore, RYBP possesses a
ubiquitin binding domain (UBD) and acts as a reader of H2AK119ub, forming a positive
feedback mechanism that supports the spreading of PRC1 and H2AK119ub to adjacent
nucleosomes [55,87,88]. Within ncPRC1 complexes, evidence from studies in embryonic
stem cells (ESCs) and epidermal progenitors suggests that the majority of H2AK119ub
deposition is performed by PCGF3/5-containing ncPRC1 complexes [89–91]. However,
additional experiments in other tissues and cell types are necessary in order to determine
how generic these observations are.
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Figure 2. Transcriptional regulation by PRC1-mediated H2AK119ub. (A) Polycomb complexes are
divided into two principal groups: canonical PRC1 (cPRC1) and non-canonical PRC1 (ncPRC1).
ncPRC1 complexes are proficient for H2AK119ub catalysis, and their recruitment is independent
of PRC2. The deposition of H2AK119ub promotes the recruitment of PRC2 via its JARID2 subunit.
cPRC1 complexes are recruited in a PRC2/H3K27me3-dependent manner via their CBX subunit
and possess low H2AK119ub catalytic activity. Instead, cPRC1 complexes synergize with PRC2
to compact chromatin and establish transcriptionally silent Polycomb domains. (B) Schematic il-
lustration of H2AK119ub direct role in transcriptional repression. The deposition of H2AK119ub
may affect transcription at multiple levels, by limiting accessibility of chromatin remodeling com-
plexes and the transcription initiation machinery, as well as by blocking and interfering with RNA
Polymerase II activity.

The deposition of H2AK119ub on histone H2A tails is a reversible process. H2AK119ub-
specific DUBs, ubiquitin specific peptidase 16 (USP16) and 2A-DUB (also known as
MYSM1), were shown to be associated with promoters of active genes and to counter-
act the deposition of H2AK119ub [92,93]. H2AK119ub is also being erased by the BRCA1
associated protein 1 (BAP1), which forms together with ASXL proteins the Polycomb
repressive deubiquitinase complex (PR-DUB) [94]. On the one hand, BAP1 constrains
H2AK119ub deposition and increases PRC1 stability at target genes by preventing diffused
accumulation of H2AK119ub at atypical genomic loci. Yet, on the other hand, the loss of
BAP1 in mouse ESCs leads to spreading and genome-wide accumulation of H2AK119ub, re-
sulting in reductions in global gene expression [95,96]. The recruitment of ZRF1, which acts
as a reader of H2AK119ub via its UBD motif, also counteracts PRC1 activity and promotes
the displacement of PRC1 [97,98]. Altogether, these examples demonstrate the existence of
various mechanisms that regulate the deposition and removal of the H2AK119ub mark.

Although it is well-known that the H2AK119ub histone modification regulates tran-
scriptional repression, the mechanisms of this regulation are not fully understood. In part,
H2AK119ub regulates transcription by promoting the recruitment of PRC2 to chromatin
through interactions with the PRC2 subunit JARID2. JARID2 can recognize H2AK119ub-
containing nucleosomes via its UBD motif, leading to the deposition of PRC2-mediated
H3K27me3 on H2AK119ub-marked genomic loci (Figure 2A) [54,55,99,100]. In turn, cPRC1
complexes are recruited, synergize with PRC2, and play important roles in shaping the
3D organization of the chromatin [64,101–104]. Specifically, the polymerization activity
of cPRC1 Polyhomeotic homologue (PHC) proteins promote sub-nuclear clustering of
PRC1, in which high-order chromatin organization and long-range interactions between
Polycomb-bound loci are established and contribute to chromatin compaction—a sig-
nature of Polycomb-mediated transcriptional repression [105–107]. Such observations
have questioned the functional importance of the H2AK119ub histone modification for
transcriptional repression per se, which remained controversial up until recently [60].
However, several studies using catalytic-inactive PRC1 mutant cells have shown that
the catalysis of H2AK119ub plays a central role in transcriptional repression, and that
the loss of PRC1 catalysis results in similar defects in gene repression as seen in PRC1-
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null cells [90,108]. Mechanistically, H2AK119ub may repress gene expression by interfer-
ing with the transcriptional machinery during its assembly by RNA polymerase II and
the pre-initiation complex [52,109–111], or by blocking the release of poised RNA poly-
merase II from promoter regions and thus affecting the transcriptional elongation process
(Figure 2B) [112–114]. In part, this can be indirectly through the stabilization of PRC1
and PRC2 complexes binding at silent genes, due to their ability to act as readers of
the H2AK119ub modification [54,55,88,99,100]. Further genomic and biochemical stud-
ies focused on the direct interactions between H2AK119ub and the transcriptional ma-
chinery are required in order to determine the exact mechanisms by which H2AK119ub
impacts transcription.

2.2. The Action Mechanism of RNF20/RNF40 Complex during Transcription

RNF20 and RNF40 are two RING finger E3 ubiquitin ligases that cooperate to form
a heteromeric complex that catalyzes H2BK120 mono-ubiquitination. While RNF20 and
RNF40 are paralogues that share amino acid identity of 72% and a similarity of 86% [115],
both seem to be obligatory for complex formation and the catalysis of H2BK120ub. The
deletion or silencing of either RNF20 or RNF40 decreases global H2BK120ub levels, suggest-
ing that both complexes are required for the catalysis of H2BK120ub in a non-redundant
manner [116,117], although it should be noted that each of these E3 ligases is capable of
forming a functional homodimer that catalyzes H2BK120ub in vitro [118].

RNF20 and RNF40 are tightly linked to the transcriptional machinery (Figure 3), and
the deposition of H2BK120ub typically correlates with transcriptional elongation and high
levels of gene expression [30,34,119,120]. Accordingly, H2BK120ub is enriched in gene
bodies of transcribed genes, and overlaps with additional marks of active genes such as
H3K79me3 [116,121–123]. The activity of the RNF20/40 complex depends on specific E2 en-
zymes, either UBE2A (also known as RAD6A), UBE2B (also known as RAD6B), or UBE2E1
(also known as UbcH6), that interact with RNF20/40 and provide it with the ubiquitin.
Several additional proteins also interact with RNF20/40 to form a functional complex that
stimulates the catalysis of H2BK120ub by RNF20/40 (Figure 3A). Specifically, RNF20/40
and an E2 ubiquitin conjugating enzyme have been shown to form a complex together
with the RNA polymerase associated factor 1 (PAF1) complex, which plays a role in tran-
scriptional elongation [30,34,124]. In a cascade mediated by the Cyclin-dependent kinase
9 (CDK9) subunit of the positive transcription elongation factor b (pTEFb) heterodimer,
PAF1 complex is recruited and regulates RNF20/40-mediated H2BK120ub, which facilitates
transcription elongation through CDK9-dependent phosphorylation of RNA polymerase
II at its carboxyl-terminal domain (CTD) [32,34,125–127]. Overexpression of RNF20 or
CDK9 results in increased levels of H2BK120ub and gene expression, while the deletion or
silencing of RNF20, CDK9, or PAF1 complex components, results in reduced H2BK120ub
levels and downregulation of gene expression [32,34,125,128].

WW domain-containing adaptor with coiled-coil (WAC) is another functional partner
of RNF20/40 that is required for its E3 ligase activity. WAC directly interacts with RNF20/40
and provides a molecular link between the RNF20/40 complex and RNA polymerase II,
through the binding of WAC to the phosphorylated serine 2 residue of RNA polymerase II
CTD domain [129]. Similar to CDK9 and the PAF1 complex subunits, the activity of WAC
is required for RNF20/40-mediated catalysis of H2BK120ub [129].

The deposition of H2BK120ub is also involved in epigenetic crosstalk with histone methyl-
transferase complexes that regulate gene expression. Specifically, H2BK120ub stimulates the
catalytic activity of disruptor of telomere silencing 1 (DOTL1) towards the methylation of his-
tone H3 at lysine 79 (H3K79me), which is associated with the transcriptional machinery and
transcriptional elongation [51,130–133]. The depletion of RNF20 leads to a reduction in DOTL1-
mediated H3K79me3, while the overexpression of RNF20 or the in vitro use of nucleosomes
bearing H2BK120ub stimulates DOTL1 catalytic activity [34,130,134]. Similarly, H2BK120ub
was also shown to stimulate the catalytic activity of the complex of proteins associated with
SET1 (COMPASS) towards the methylation of histone H3 at lysine 4 (H3K4me), which is
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associated with active transcription [57,135–137]. These examples highlight the connection be-
tween H2BK120ub deposition and transcription; however, as with other histone PTMs, the
H2ABK120ub modification is dynamic and can be removed by specific DUBs. The Spt-Ada-Gcn5
acetyltransferase (SAGA) complex, which contains a DUB module via its USP22 subunit (or
Ubp8 in yeast), is required for the removal of H2BK120ub and transcription of SAGA-dependent
genes [138–140]. Loss of Ubp8 or the SAGA DUB module component ATXN7L3 increases
global H2BK123 or H2BK120ub levels, respectively, while silencing of USP22 did not change
global levels of H2BK120ub [122,139–143], suggesting that other DUBs may control the levels of
H2BK120ub. In line, two USP22 homologous, USP27X and USP51, were recently shown to inter-
act with ATXN7L3 to form complexes not associated with SAGA, which function as H2BK120ub
DUBs [144]. However, further analysis is required in order to determine the differences between
these DUBs and whether they act in a context dependent manner.
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termine the differences between these DUBs and whether they act in a context dependent 
manner. 

Figure 3. RNF20/40 and H2BK120ub facilitates transcriptional elongation. (A) To initiate H2B
ubiquitination, RNF20/40, an E2 enzyme (UBE2A/B), and PAF1 create a complex that links to
RNA polymerase II (Pol II) through WAC, following CDK9-dependent RNA Pol II phosphorylation.
(B) H2BK120ub promotes FACT accumulation via interactions with the Spt16 subunit of FACT
complex. In turn, the activity of FACT enables RNA Pol II transcriptional elongation by displacing
the H2A/H2B dimer from the nucleosome. Subsequently, H2BK120ub and Spt16 also cooperate to
promotes nucleosome reassembly and stabilization.

Interestingly, the DUB module of the SAGA complex regulates H2BK120ub both in the
context of nucleosomes and in disassembled H2A-H2B dimers that are associated with the
facilitates chromatin transcription (FACT) complex [138], indicating that the involvement
of H2BK120ub in several different stages of transcription. Indeed, RNF20/40-mediated
H2BK120ub is also associated with the activity of the FACT complex in nucleosome disas-
sembly and reassembly during transcription (Figure 3B). H2BK120ub promotes the accumu-
lation of the FACT subunit SPT16, which in turn disassembles histone H2A-H2B dimer from
the core nucleosome, thereby removing the nucleosome barrier and enabling RNA poly-
merase II to pass along the gene body and perform transcription [30,145–148]. Interestingly,
SPT16 also cooperates with H2BK120ub to promote nucleosome reassembly and stability
following RNA polymerase II elongation [30,145]. Thus, although H2BK120ub is generally
associated with active transcription, these somewhat opposing functions of H2BK120ub
on nucleosome dynamics can lead to gene activation or repression in a context-dependent
manner [149]. One such potential mechanism by which the deposition of H2BK120ub can
exert suppressive function has been reported to occur on oncogenes, where H2BK120ub
was shown to interfere with the binding of transcriptional elongation factors and impede
RNA polymerase II transcription elongation [150,151]. In addition, genome-wide studies of
H2BK123ub deposition in yeast (H2BK120ub in mammals) demonstrated that suppressive
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H2BK123ub deposition is enriched at quiescent promoters, whereas ubiquitination at active
gene bodies promotes transcription [152].

3. Roles of PRC1-Mediated H2AK119ub in Tissue Development and Disease

The PRC1 complex have been shown to play critical roles in stem cells and tissue
development, starting from its requirement for the progression past the gastrulation stage
to the control of proper spatiotemporal tissue patterning during development [153–156].
PRC1 activity also plays important roles in maintenance of the transcriptional identity
of adult stem cells to maintain tissue homeostasis and is often implicated in different
types of cancer [153,155,157–159]. While the catalysis of H2AK119ub is a hallmark of
PRC1 activity [60], it is becoming increasingly clear that, in addition to canonical enzy-
matic functions that promote histone PTMs, many chromatin regulators, including PRC1,
also possess non-enzymatic roles involved in transcriptional control [160]. Indeed, in
addition to the catalysis of H2AK119ub, cPRC1 complexes can exert gene repression by
promoting phase separation [161–163] and high-order chromatin organization and nuclear
sub-clustering [102,103,164–166], leading to a compacted and transcriptionally silent chro-
matin. In addition, ncPRC1 complexes are enigmatically localized to active genes, where, in
some cases, their localization promotes gene expression [90,167–172]. Here, we will specifi-
cally discuss recent discoveries from studies focused on the importance of H2AK119ub for
mammalian tissue development and homeostasis (Table 1).

Table 1. Genetic mouse models for catalytic-inactive PRC1 complexes.

Ligase Mouse Model Used Tissue Phenotypes Observed Reference

RING1B Ring1bI53A/I53A Germline mutation
Perinatal lethality;

delayed/impaired embryonic
development; edema; exencephaly.

[173]

RING1A, RING1B K14-Cre; Ring1a−/− Ring1bflox/I53A Embryonic skin epithelium
Ectopic formation and increased
Merkel cell numbers in newborn

mouse back skin.
[90]

RING1A, RING1B K14-CreERT2; Ring1a−/− Ring1bflox/I53A Adult skin epidermis Increase in epidermal melanocytes
and skin pigmentation. [174]

3.1. PRC1-Mediated H2AK119ub Plays Essential Roles in Tissue Development

The deposition of H2AK119ub can be detected as early as the process of oogenesis
as shown in growing oocytes of 7-days old mouse females, with increased levels in fully
grown oocytes [175]. The deposition of H2AK119ub in early embryogenesis is highly dy-
namic. During fertilization and preimplantation stages, maternally inherited H2AK119ub
at canonical Polycomb target genes (developmental genes enriched for PRC1/2 binding in
mouse ESCs) is being equalized and reaches to similar high levels in the paternal allele at
the two-cell stage, while being depleted from atypical targets and gene deserts [175,176].
Moreover, genetic deletion of ncPRC1 subunits PCGF1 and PCGF6 in mouse oocytes
causes a reduction in H2AK119ub and results in lower fetus implantation rates and im-
paired imprinting associated with enlarged placenta [175]. Interestingly, overexpression
of PR-DUB [94,177] in zygotes rapidly depletes H2AK119ub levels and results in arrested
development at the 4-cell stage [176]. Together, these studies highlight the essential role of
PRC1 and H2AK119ub in early embryonic development.

PRC1-mediated H2AK119ub also plays context-dependent roles in development.
Using catalytic-inactive Ring1b mutants, Illingworth and colleagues demonstrated that the
deposition of H2AK119ub by the RING1B subunit of PRC1 is essential for late but not early
mouse development [173]. While complete germline deletion of Ring1b results in early
embryonic lethality before gastrulation [178], catalytic-inactive Ring1b mutants progress
past gastrulation. In line, transcriptional analysis in catalytic-inactive Ring1b mutant ESCs
demonstrated that the majority of genes upregulated in Ring1b-null ESCs remained silent
when only RING1B catalysis was impaired [173]. However, although catalytic-inactive
Ring1b mutant mice progressed past gastrulation, later during development mutant mice
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showed developmental defects and prenatal lethality [173]. Similar observations were also
made in drosophila, where the repression of homeotic genes normally upregulated upon the
loss of PRC1 global activity was maintained in PRC1 catalytic inactive mutant flies during
early development, but resulted in late developmental defects and lethality [179]. It is worth
mentioning that deletion of Ring1b catalytic activity in a Ring1a-null ESCs background, was
shown to result in a massive upregulation of PRC1 target genes, similar to the upregulation
of PRC1 target genes observed in Ring1a/b-null ECSs [108]. Thus, differential requirement
for H2AK119ub levels during development may exist and potentially can be partially
compensated through the activity of RING1A.

A tissue-specific requirement for PRC1 catalysis and H2AK119ub in somatic stem cell
differentiation was recently reported in the developing skin epithelium. On the molecular
level, the deletion of PRC1 catalysis in embryonic epidermal progenitors resulted in a rapid
loss of H2AK119ub and a broad upregulation of canonical Polycomb target genes [90], indi-
cating the importance of H2AK119ub for transcriptional repression. At the cellular levels,
the loss of H2AK119ub in embryonic epidermal progenitors enables cellular plasticity and
resulted in ectopic formation of Merkel cells [90]—a specialized sensory cells of epidermal
origin essential for fine-touch sensations [180]. Importantly, the loss of PRC1 catalysis and
H2AK119ub in the developing skin of PRC1 mutants recapitulates the main phenotypic
alterations of mechanosensory Merkel cell expansion observed upon global deletion of
PRC2 activity [181,182], further emphasizing the central role of H2AK119ub in controlling
Polycomb-mediated transcriptional regulation.

3.2. Emerging Roles for H2AK119ub in Somatic Stem Cells and Tissue Homeostasis

In adult stem cells, epigenetic regulators are thought to play fundamental roles in
facilitating changes in gene expression to maintain tissue homeostasis in response to
internal and external cues [2,183–185]. While the specific role of H2AK119ub in adult stem
cells is understudied, a recent study sheds light into the importance of H2AK119ub in
tissue homeostasis and response to ultra-violet (UV) exposure. Li et al., showed that the
deletion of PRC1 catalysis (i.e., H2AK119ub) in adult murine skin epidermis led to the
activation and migration of melanocytes into the skin epidermis and results in atypical
and dramatically increased skin pigmentation [186]. The deletion of global PRC1 or PRC2
activity in murine skin epidermis results with similar increase in epidermal pigmentation,
suggesting that this phenotype involves canonical Polycomb repressive functions.

Increased epidermal pigmentation is a process that occurs upon exposure to UV,
where epidermal cells become pigmented by melanocytes to prevent DNA damage that
can lead to skin cancer [187,188]. Interestingly, exposure of mouse skin to low-dose UV
radiation leads to the downregulation of the PRC1 subunit RING1B and its associated
H2AK119ub [174], suggesting that dynamic deposition of H2AK119ub in the skin may be
involved in UV-mediated signaling and skin cancer. Although the role of H2AK119ub in
cutaneous melanoma is yet to be determined, the progression of uveal melanoma—a rare
and deadly form of melanoma located at the ocular region [186], was recently reported to
be driven by loss of PRC1 activity. Specifically, high-risk uveal melanoma cells exhibit low
levels of H2AK119ub with nearly complete loss at PRC1 target loci when compared to low-
risk uveal melanoma cells [189]. Moreover, pharmacological inhibition of PRC1 catalysis
in low-risk uveal melanoma resulted in acquisition of features related to high-risk cells,
including the upregulation of genes associated with high-risk and poor prognosis [189].
Taken together, these studies indicate that H2AK119ub plays a role in modulating the
behavior of pigment cells. Further dissection of H2AK119ub roles in somatic stem cells
is expected to provide much needed insights into the epigenetic regulatory mechanisms
controlling tissue homeostasis and disease.

4. The Importance of RNF20/40 and H2BK120ub in Tissue Development and Disease

The activity of RNF20/40 and H2BK120ub have been reported to control various
cellular processes, including differentiation, proliferation, survival, DNA repair, and in-
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flammatory responses [117,121,190–193]. In addition, either the gain or loss of RNF20/40
expression is associated with human malignancy [47,149,194], altogether suggesting a
central role for H2BK120ub in tissue development and disease. Indeed, in the mammalian
system the importance of RNF20/40 is evident from genetic studies in which a germline
deletion of Rnf20 was embryonic lethal [193], hence heterozygous mice or conditional
deletions were used for in vivo studies. Here, we summarize the recent findings regarding
the in vivo roles of RNF20 and RNF40 related to tissue development and disease (Table 2).

Table 2. Genetic mouse models of RNF20 and RNF40.

Ligase Mouse Model Used Tissue Phenotypes Observed References

RNF20 Stra8-Cre; Rnf20flox/flox Testis Impaired spermatogenesis, and male
infertility. [195]

RNF20 GFAP-Cre; Rnf20flox/flox Brain Decreased astrocyte production
during brain development. [196]

RNF40 Dhh-Cre; Rnf40flox/flox Peripheral nervous system Sever hypomyelination and
axonal degeneration. [192]

RNF40 Runx2-Cre; Rnf40flox/flox Bone

Impaired osteoblast differentiation
into mature osteocytes, reduced bone

formation and matrix apposition
rates, and increased bone mass.

[197]

RNF40 Bglap-Cre; Rnf40flox/flox Bone

No change in osteocytes, but
decreased number of osteoclasts, and

increased cortical and trabecular
bone mass.

[197]

RNF40 Dmp1-Cre; Rnf40flox/flox Bone No change in osteoblast
differentiation, or bone mass. [197]

RNF20 R26-Cas9; CASAAV-Rnf20 and
AAV-TnT-Cre; Rnf20flox/flox

Immature cardiomyocytes
phenotype in neonatal mice, and

disrupted T-tubule organization in
adult mice.

[121]

RNF20 Rnf 20+/− Germline deletion Mice were prone to severe
colonic inflammation. [193]

MMTV-Erbb2; MMTV-Cre;
Rnf40flox/flox Mammary gland Significant decrease in breast tumor

development and increased survival. [198]

RNF40 CAC-Cre; Rnf40flox/flox and
CAC-Cre; Rnf40wt/flox Colon Reduced inflammation, weight loss

and epithelial damage. [199]

RNF20/40

Villin-CreERT2; Rnf20flox/flox and
Villin-CreERT2; Rnf40flox/flox

and Villin-CreERT2;
Rnf20flox/flox; Rnf40flox/flox

Intestine

Spontaneous colorectal inflammation
in adult mice, reduced survival,
decreased colon length, severe

epithelial damage,
increased vascularization.

[200]

4.1. Roles of RNF20 and RNF40 in Embryonic Stem Cells and Tissue Development

The activity of RNF20/40 and H2BK120ub plays a role in various stages of embryonic
development, from spermatogenesis to lineage-specific differentiation processes. RNF20
and H2BK120ub levels are high in precursor spermatocytes, but low in round spermatids
and mature sperms [195], suggesting a stage-specific role in this process. Indeed, cell-
specific genetic deletion of Rnf20 in mouse germ cells resulted in reduced testis size,
impaired meiotic recombination, and infertility. Interestingly, chromatin relaxation using
chloroquine partially rescued the impaired spermatogenesis process in Rnf20-deficient
spermatocytes, resulting in meiotic recombination and increased numbers of mature sperm
cells [195]. Likewise, stage-specific role for H2BK120ub was also reported in ESCs, where
H2BK120ub is increased substantially in early stages of differentiation and was shown to be
required for the differentiation of ESCs and mesenchymal stem cells [201–203]. Interestingly,
the catalysis of H2BK120ub was particularly important for transcriptional induction of
relatively long genes during ESC differentiation [202]. Manipulating H2BK120ub levels by
the silencing of Rnf20, H2BK120-deubiquitinase Usp44, or the ectopic expression of mutant
H2BK120R inhibits ESC differentiation, emphasizing the importance of H2BK120ub in
this process [202,203]. Furthermore, it was shown that RNF40 was specifically required
for the catalysis of H2BK120ub during the reprogramming of somatic cells into induced
pluripotent stem cells (iPSCs), and that deletion of Rnf40 impaired early gene activation and
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iPSC generation [204]. Similarly, RNF20 was highly expressed at early stages of somatic
cells reprogramming, and its knockout resulted in reprogramming failure [205]. Taken
together, these studies highlight the importance of H2BK120ub dynamics in ESC plasticity
and differentiation.

One example of the involvement of H2B120ub in tissue-specific stem cell differentiation
was shown in the production of astrocytes, a sub-type of glia cells differentiated from
neural precursor cells [206]. Specifically, conditional deletion of Rnf20 in the mouse brain
impaired astrocyte differentiation, while the overexpression of Rnf20 in primary neural
precursor cells promoted their differentiation into astrocytes [196]. The link between
H2BK120ub and glia cells was also demonstrated in Schwann cells, which represents
the major type of glia cells in the periphery nervous system [207]. Molecular dissection
indicated that RNF40 cooperates with early growth response 2 (EGR2) to regulate Schwann
cell maturation. RNF40 physically interacts with EGR2, a transcription factor critical for
peripheral nerve myelination [208,209], and the distribution of H2BK120ub deposition
overlaps with EGR2 genomic binding, including in genes related to myelin proteins and
lipid biosynthesis involved in myelin sheath formation [192]. The conditional deletion of
Rnf40 in Schwann cells resulted in impaired postnatal induction of Schwan cells terminal
differentiation, reduced myelin production, and progressive axonal degradation. Mice
lacking Rnf40 in Schwann cells exhibited progressive gait abnormalities, ataxia, tremor,
and hindlimb clasping during early postnatal stages, and by postnatal day 56 they showed
severe movement problems and did not reach normal age [192].

Another example is the case of osteoblast differentiation, where RNF40 was required
for the induction of specific differentiation markers and transcriptional reprogramming
during early stages of human mesenchymal stem cells differentiation in vitro [201] and
mouse in vivo studies [197]. Osteoblast-specific deletion of Rnf40 in mice during early
osteoblast differentiation stages resulted in defects in differentiation and decreased os-
teocytes number and function, leading to impaired bone formation [197]. Interestingly,
the deletion of Rnf40 during later stages of osteoblast differentiation using Bglap-driven
expression of Cre recombinase did not affect osteocytes number and no bone formation
defects were observed, although some increase in cortical and trabecular bone was detected.
The deletion of Rnf40 in late-stage osteoblast and osteocytes, however, did not result in
gross changes or bone mass [197]. Taken together, these indicate the stage-dependent
requirement for RNF40 activity in osteoblast differentiation and bone formation.

Finally, RNF20 and RNF40 are also involved in heart development. Using an in vivo
forward genetics screen, both Rnf20 and Rnf40 genes were identified as regulators of
cardiomyocytes maturation. Disruption of RNF20 or RNF40 expression impaired cardiomy-
ocyte maturation in young mouse neonates, causing cardiac dysfunction. RNF20 was also
required for maintenance of adult cardiomyocytes maturity features [121]. Furthermore,
RNF20/40 complex and H2BK120ub were shown to affect cilia motility and regulate heart
development in Xenopus and mice [210]. Human genetic studies revealed a contribution of
mutations in RNF20/40 to congenital heart disease, which is a born structural abnormality
of the heart [210,211]. On the other hand, RNF20 chromatin localization and H2BK120ub
deposition were found to be lost in the differentiated state of muscle cells, [212] although
the exact mechanism involving RNF20 and H2BK120ub during myogenic differentiation is
still unclear.

4.2. Roles of RNF20 and RNF40 in Tissue Homeostasis and Human Malignancy

As reviewed extensively in the literature, there is a tight connection between the
activity of RNF20/40 and H2BK120ub and cancer development [47,115,149,213]. Decreased
H2BK120ub levels have been shown in various malignant cancer types, including breast,
colorectal, lung, and parathyroid [193,213–215], suggesting that H2BK120ub and related fac-
tors may be used as cancer indicators and novel targets for therapy. Intriguingly, however,
RNF20 and RNF40 levels were correlated with both promotion and suppression of tumori-
genesis. For example, RNF20-depleted human MCF10A non-malignant epithelial cells
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and mouse NIH-3T3 fibroblasts showed higher oncogenic potential in various oncogenic
cell behavior tests, suggesting that RNF20 is a tumor suppressor [150], while in laminal
breast cancer cells RNF20 silencing reduced proliferation, migration, and tumorigenic and
metastatic capacity, indicating its tumor promoting role [216].

The mechanism of tumor suppression by RNF20/40 may be through its association
with tumor suppressor genes, such as the p53 tumor suppressor gene, involved in DDR and
cell cycle arrest. Specifically, the RNF20/40 complex was shown to interact with p53 and
regulate p53 target genes, while depletion of RNF20 decrease the expression of canonical
p53 target genes [29,150,191,217]. Cell division cycle 73 (CDC73), which is a member of
the PAF1 complex, is another tumor suppressor that directly interacts with RNF20/40
and is required for maintenance of H2BK120ub levels [215]. Another mechanism may be
through genome instability associated with double strand breaks (DSBs) [218]. RNF20
is localized at sites of DSBs and is involved in DSB-induced H2B ubiquitination local
chromatin organization, so that DNA repair proteins such as RAD51 and BRCA1 can
be recruited to sites of DSBs [117]. Likewise, RNF40 is also required for the repair of
DSBs, and impairs cell cycle checkpoint activation [145]. Furthermore, RNF20/40-deficient
mouse fibrosarcoma cells showed compromised genome integrity and increased DSBs that
evolved to specific genomic rearrangements, which may induce formation of an invasive
phenotype [219].

In addition to the extensive cancer development research using mainly in vitro meth-
ods, there are several important studies that used mouse models to determine the roles of
RNF20/40 in this process. We hereby focus on published work including heterozygous
mice or conditional deletion in mice.

Tumor initiation and progression may result in some cases from chronic inflamma-
tion. RNF20 or RNF40 knockdown in human mammary MCF10A epithelial cells was
shown to downregulate non-inflammatory genes and upregulated mature cytokine mRNA
transcripts. Moreover, heterozygous Rnf20+/− mice showed increased proinflammatory
transcriptional response, and were shown to be more prone to severe colonic inflamma-
tion compared to wild-type mice following dextran sodium sulfate (DSS) treatment [193].
More immune cells were observed in Rnf20+/− under these conditions, and their T cell
functionality was reduced. Colons of Rnf20+/− mice showed compromised barrier func-
tion and were shorter. Treatment with a chemical carcinogen and DSS resulted in more
colorectal polyps in Rnf20+/− mice, which often progressed to inflammation-associated
colorectal cancer [193]. In correspondence with these results, samples from human patients
with ulcerative colitis, Crohn’s disease, and colorectal tumors, showed downregulation
of RNF20/40 and H2BK120ub in both epithelium and stroma [193,200]. Similarly, when
Rnf20 or Rnf40 were conditionally deleted in the mouse intestine, spontaneous colorectal
inflammation occurred, and these knockout mice displayed significantly decreased sur-
vival [200]. Colon length was also decreased in these mice, and their colons showed severe
epithelial damage and lymphoid infiltrates, while heterozygous Rnf20 or Rnf40 mice did not
show similar phenotypes. Furthermore, RNA-seq results showed that the deletion of Rnf20
or Rnf40 promoted inflammatory bowel disease-related gene expression programs [200].
In contrast, DSS treatment given to mouse models with colon-specific heterozygous or
homozygous deletion of Rnf40, resulted in lower weight loss, milder epithelial damage,
and reduced colon inflammation when compared to control mice, indicating that RNF40
activity promotes inflammatory pathways in the mouse colon [199].

A specific connection between RNF20/40 and cancer was also shown from studies of
human breast cancer patient’s samples, as well as from in vivo experiments [115,150,216,220].
Specifically, epithelial-specific deletion of Rnf40, either heterozygous or homozygous, in a
mammary carcinoma mouse model increased their tumor-free survival and decreased the
number of tumors they developed along with the kinetics of tumor growth. Complete deletion
of Rnf40 showed better results than partial deletion in this case, and no marked morphological
changes were observed [198]. Taken together, these studies indicate that the effect of RNF20/40
on tumorigenesis potential is context-dependent.
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5. Concluding Remarks

Tissue development and homeostasis in multicellular organisms relies on the ability to
activate distinct sets of transcriptional programs [1,221,222]. A deep understanding of the
exact mechanisms controlling these processes in a cell type-dependent and tissue-specific
manner remains one of the major challenges in modern biology. Here, we focused on the
two major forms of histone mono-ubiquitination involved in transcriptional regulation,
H2AK119ub and H2BK120ub, with an emphasis on their roles in tissue development
and disease.

While H2A119ub is generally associated with gene repression, H2BK120ub is mostly
associated with transcriptional activation and elongation. Their opposing roles may be
linked to the recognition by different readers, as well as their localization on opposing
edges of the nucleosome [42,223,224]. Nonetheless, both H2AK119ub and H2BK120ub have
emerged as critical regulators of stem cell identity, tissue development, and homeostasis, in
many tissues and cell types [61,154,155]. Intriguingly, a repeating theme which emerges
from different studies is that the role of each of these histone mono-ubiquitination events
seem to be context-dependent and can either promote stemness or differentiation programs.
Similarly, the deposition of H2AK119ub or H2BK120 exerts either tumor suppressive or
oncogenic functions in different tissues and cell types [60,104,115,149,169,216]. Recent
advances in sequencing-based platforms using low cell number inputs [225–227] now
enable researchers to get new insights into the in vivo genomic localization, epigenetic
landscape, and the dynamic changes of H2AK119ub and H2BK120ub in both rare and
abundant stem cell populations. Such techniques hence provide a promising avenue to
deepen our understanding of the molecular mechanisms controlling gene expression.

The use of genetic mouse models has also proven to be instrumental in elucidating
the roles of PRC1-mediated H2AK119ub, as well as RNF20/40-mediated H2BK120ub, in
somatic stem cells and their differentiated progenies (Tables 1 and 2). Further dissection
of their roles in additional tissues and cell types is expected to not only close the gaps
in our understanding of the transcriptional regulatory mechanisms controlling tissue
development, but also provide a better understanding of the mechanisms that go awry in
human pathologies.
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Abbreviations

BAP1 BRCA1 associated protein 1
CDC73 cell division cycle 73
CBX Chromobox
CDK Cyclin-dependent kinase
COMPASS complex of proteins associated with SET1
CTD carboxyl-terminal domain
DDR DNA damage response
DOTL1 disruptor of telomere silencing 1
DSBs double strand breaks
DSS dextran sodium sulfate
DUBs deubiquitinating enzymes
E1 ubiquitin-activating enzyme
E2 ubiquitin-conjugating enzyme
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E3 ubiquitin ligase
EGR2 early growth response 2
ESCs embryonic stem cells
FACT facilitates chromatin transcription
H2AK119ub histone H2A lysine 119 mono-ubiquitination
H2BK120ub histone H2B lysine 120 mono-ubiquitination
iPSCs induced pluripotent stem cells
PAF1 RNA polymerase associated factor 1
PCGF Polycomb group RING finger
PHC polyhomeotic homologue
PRC1 Polycomb repressive complex 1
cPRC1 canonical PRC1
ncPRC1 non-canonical PRC1
PRC2 Polycomb repressive complex 2
PR-DUB Polycomb repressive deubiquitinase
PTM post-transcriptional modification
SAGA Spt-Ada-Gcn5 acetyltransferase
UBD ubiquitin binding domain
USP ubiquitin specific peptidase
UV ultra-violet
WAC WW domain-containing adaptor with coiled-coil

References
1. Klemm, S.L.; Shipony, Z.; Greenleaf, W.J. Chromatin accessibility and the regulatory epigenome. Nat. Rev. Genet. 2019, 20,

207–220. [CrossRef] [PubMed]
2. Miroshnikova, Y.A.; Cohen, I.; Ezhkova, E.; Wickstrom, S.A. Epigenetic gene regulation, chromatin structure, and force-induced

chromatin remodelling in epidermal development and homeostasis. Curr. Opin. Genet. Dev. 2019, 55, 46–51. [CrossRef] [PubMed]
3. Tolsma, T.O.; Hansen, J.C. Post-translational modifications and chromatin dynamics. Essays Biochem. 2019, 63, 89–96. [CrossRef]

[PubMed]
4. Cavalli, G.; Heard, E. Advances in epigenetics link genetics to the environment and disease. Nature 2019, 571, 489–499. [CrossRef]

[PubMed]
5. McGhee, J.D.; Felsenfeld, G. Nucleosome structure. Annu. Rev. Biochem. 1980, 49, 1115–1156. [CrossRef] [PubMed]
6. Kornberg, R.D. Structure of chromatin. Annu. Rev. Biochem. 1977, 46, 931–954. [CrossRef] [PubMed]
7. Jenuwein, T.; Allis, C.D. Translating the histone code. Science 2001, 293, 1074–1080. [CrossRef]
8. Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41–45. [CrossRef]
9. Lawrence, M.; Daujat, S.; Schneider, R. Lateral Thinking: How Histone Modifications Regulate Gene Expression. Trends Genet.

2016, 32, 42–56. [CrossRef]
10. Goldknopf, I.L.; Busch, H. Isopeptide linkage between nonhistone and histone 2A polypeptides of chromosomal conjugate-protein

A24. Proc. Natl. Acad. Sci. USA 1977, 74, 864–868. [CrossRef]
11. Swatek, K.N.; Komander, D. Ubiquitin modifications. Cell Res. 2016, 26, 399–422. [CrossRef]
12. Buetow, L.; Huang, D.T. Structural insights into the catalysis and regulation of E3 ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 2016,

17, 626–642. [CrossRef]
13. Zheng, N.; Shabek, N. Ubiquitin Ligases: Structure, Function, and Regulation. Annu. Rev. Biochem. 2017, 86, 129–157. [CrossRef]
14. George, A.J.; Hoffiz, Y.C.; Charles, A.J.; Zhu, Y.; Mabb, A.M. A Comprehensive Atlas of E3 Ubiquitin Ligase Mutations in

Neurological Disorders. Front. Genet. 2018, 9, 29. [CrossRef]
15. Scheffner, M.; Nuber, U.; Huibregtse, J.M. Protein ubiquitination involving an E1-E2-E3 enzyme ubiquitin thioester cascade.

Nature 1995, 373, 81–83. [CrossRef]
16. Fang, S.; Weissman, A.M. A field guide to ubiquitylation. Cell. Mol. Life Sci. 2004, 61, 1546–1561. [CrossRef]
17. Hochstrasser, M. Ubiquitin-dependent protein degradation. Annu. Rev. Genet. 1996, 30, 405–439. [CrossRef]
18. Metzger, M.B.; Pruneda, J.N.; Klevit, R.E.; Weissman, A.M. RING-type E3 ligases: Master manipulators of E2 ubiquitin-conjugating

enzymes and ubiquitination. Biochim. Biophys. Acta 2014, 1843, 47–60. [CrossRef]
19. Budhidarmo, R.; Nakatani, Y.; Day, C.L. RINGs hold the key to ubiquitin transfer. Trends Biochem. Sci. 2012, 37, 58–65. [CrossRef]
20. Gatti, M.; Pinato, S.; Maiolica, A.; Rocchio, F.; Prato, M.G.; Aebersold, R.; Penengo, L. RNF168 promotes noncanonical K27

ubiquitination to signal DNA damage. Cell Rep. 2015, 10, 226–238. [CrossRef]
21. Mattiroli, F.; Vissers, J.H.; van Dijk, W.J.; Ikpa, P.; Citterio, E.; Vermeulen, W.; Marteijn, J.A.; Sixma, T.K. RNF168 ubiquitinates

K13-15 on H2A/H2AX to drive DNA damage signaling. Cell 2012, 150, 1182–1195. [CrossRef]
22. Becker, J.R.; Clifford, G.; Bonnet, C.; Groth, A.; Wilson, M.D.; Chapman, J.R. BARD1 reads H2A lysine 15 ubiquitination to direct

homologous recombination. Nature 2021, 596, 433–437. [CrossRef]

http://doi.org/10.1038/s41576-018-0089-8
http://www.ncbi.nlm.nih.gov/pubmed/30675018
http://doi.org/10.1016/j.gde.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31112907
http://doi.org/10.1042/EBC20180067
http://www.ncbi.nlm.nih.gov/pubmed/31015385
http://doi.org/10.1038/s41586-019-1411-0
http://www.ncbi.nlm.nih.gov/pubmed/31341302
http://doi.org/10.1146/annurev.bi.49.070180.005343
http://www.ncbi.nlm.nih.gov/pubmed/6996562
http://doi.org/10.1146/annurev.bi.46.070177.004435
http://www.ncbi.nlm.nih.gov/pubmed/332067
http://doi.org/10.1126/science.1063127
http://doi.org/10.1038/47412
http://doi.org/10.1016/j.tig.2015.10.007
http://doi.org/10.1073/pnas.74.3.864
http://doi.org/10.1038/cr.2016.39
http://doi.org/10.1038/nrm.2016.91
http://doi.org/10.1146/annurev-biochem-060815-014922
http://doi.org/10.3389/fgene.2018.00029
http://doi.org/10.1038/373081a0
http://doi.org/10.1007/s00018-004-4129-5
http://doi.org/10.1146/annurev.genet.30.1.405
http://doi.org/10.1016/j.bbamcr.2013.05.026
http://doi.org/10.1016/j.tibs.2011.11.001
http://doi.org/10.1016/j.celrep.2014.12.021
http://doi.org/10.1016/j.cell.2012.08.005
http://doi.org/10.1038/s41586-021-03776-w


Cells 2022, 11, 2404 14 of 21

23. Densham, R.M.; Garvin, A.J.; Stone, H.R.; Strachan, J.; Baldock, R.A.; Daza-Martin, M.; Fletcher, A.; Blair-Reid, S.; Beesley, J.;
Johal, B.; et al. Human BRCA1-BARD1 ubiquitin ligase activity counteracts chromatin barriers to DNA resection. Nat. Struct. Mol.
Biol. 2016, 23, 647–655. [CrossRef]

24. Kalb, R.; Mallery, D.L.; Larkin, C.; Huang, J.T.; Hiom, K. BRCA1 is a histone-H2A-specific ubiquitin ligase. Cell Rep. 2014, 8,
999–1005. [CrossRef]

25. Wang, H.; Zhai, L.; Xu, J.; Joo, H.Y.; Jackson, S.; Erdjument-Bromage, H.; Tempst, P.; Xiong, Y.; Zhang, Y. Histone H3 and H4
ubiquitylation by the CUL4-DDB-ROC1 ubiquitin ligase facilitates cellular response to DNA damage. Mol. Cell 2006, 22, 383–394.
[CrossRef] [PubMed]

26. Oya, E.; Nakagawa, R.; Yoshimura, Y.; Tanaka, M.; Nishibuchi, G.; Machida, S.; Shirai, A.; Ekwall, K.; Kurumizaka, H.; Tagami, H.; et al.
H3K14 ubiquitylation promotes H3K9 methylation for heterochromatin assembly. EMBO Rep. 2019, 20, e48111. [CrossRef] [PubMed]

27. Cao, R.; Tsukada, Y.; Zhang, Y. Role of Bmi-1 and Ring1A in H2A ubiquitylation and Hox gene silencing. Mol. Cell 2005, 20,
845–854. [CrossRef] [PubMed]

28. de Napoles, M.; Mermoud, J.E.; Wakao, R.; Tang, Y.A.; Endoh, M.; Appanah, R.; Nesterova, T.B.; Silva, J.; Otte, A.P.; Vidal, M.; et al.
Polycomb group proteins Ring1A/B link ubiquitylation of histone H2A to heritable gene silencing and X inactivation. Dev. Cell 2004, 7,
663–676. [CrossRef] [PubMed]

29. Kim, J.; Hake, S.B.; Roeder, R.G. The human homolog of yeast BRE1 functions as a transcriptional coactivator through direct
activator interactions. Mol. Cell 2005, 20, 759–770. [CrossRef]

30. Pavri, R.; Zhu, B.; Li, G.; Trojer, P.; Mandal, S.; Shilatifard, A.; Reinberg, D. Histone H2B monoubiquitination functions
cooperatively with FACT to regulate elongation by RNA polymerase II. Cell 2006, 125, 703–717. [CrossRef]

31. Wang, H.; Wang, L.; Erdjument-Bromage, H.; Vidal, M.; Tempst, P.; Jones, R.S.; Zhang, Y. Role of histone H2A ubiquitination in
Polycomb silencing. Nature 2004, 431, 873–878. [CrossRef]

32. Wu, L.; Li, L.; Zhou, B.; Qin, Z.; Dou, Y. H2B ubiquitylation promotes RNA Pol II processivity via PAF1 and pTEFb. Mol. Cell
2014, 54, 920–931. [CrossRef]

33. Zhang, X.; Li, B.; Rezaeian, A.H.; Xu, X.; Chou, P.C.; Jin, G.; Han, F.; Pan, B.S.; Wang, C.Y.; Long, J.; et al. H3 ubiquitination by
NEDD4 regulates H3 acetylation and tumorigenesis. Nat. Commun. 2017, 8, 14799. [CrossRef]

34. Zhu, B.; Zheng, Y.; Pham, A.D.; Mandal, S.S.; Erdjument-Bromage, H.; Tempst, P.; Reinberg, D. Monoubiquitination of human
histone H2B: The factors involved and their roles in HOX gene regulation. Mol. Cell 2005, 20, 601–611. [CrossRef]

35. Nishiyama, A.; Yamaguchi, L.; Sharif, J.; Johmura, Y.; Kawamura, T.; Nakanishi, K.; Shimamura, S.; Arita, K.; Kodama, T.;
Ishikawa, F.; et al. Uhrf1-dependent H3K23 ubiquitylation couples maintenance DNA methylation and replication. Nature 2013,
502, 249–253. [CrossRef]

36. Qin, W.; Wolf, P.; Liu, N.; Link, S.; Smets, M.; La Mastra, F.; Forne, I.; Pichler, G.; Horl, D.; Fellinger, K.; et al. DNA methylation
requires a DNMT1 ubiquitin interacting motif (UIM) and histone ubiquitination. Cell Res. 2015, 25, 911–929. [CrossRef]

37. Mailand, N.; Bekker-Jensen, S.; Faustrup, H.; Melander, F.; Bartek, J.; Lukas, C.; Lukas, J. RNF8 ubiquitylates histones at DNA
double-strand breaks and promotes assembly of repair proteins. Cell 2007, 131, 887–900. [CrossRef]

38. Thorslund, T.; Ripplinger, A.; Hoffmann, S.; Wild, T.; Uckelmann, M.; Villumsen, B.; Narita, T.; Sixma, T.K.; Choudhary, C.;
Bekker-Jensen, S.; et al. Histone H1 couples initiation and amplification of ubiquitin signalling after DNA damage. Nature 2015,
527, 389–393. [CrossRef]

39. Geng, F.; Tansey, W.P. Polyubiquitylation of histone H2B. Mol. Biol. Cell 2008, 19, 3616–3624. [CrossRef]
40. Mark, K.G.; Rape, M. Ubiquitin-dependent regulation of transcription in development and disease. EMBO Rep. 2021, 22, e51078.

[CrossRef]
41. Cao, J.; Yan, Q. Histone ubiquitination and deubiquitination in transcription, DNA damage response, and cancer. Front. Oncol.

2012, 2, 26. [CrossRef] [PubMed]
42. Mattiroli, F.; Penengo, L. Histone Ubiquitination: An Integrative Signaling Platform in Genome Stability. Trends Genet. 2021, 37,

566–581. [CrossRef] [PubMed]
43. Matsui, S.I.; Seon, B.K.; Sandberg, A.A. Disappearance of a structural chromatin protein A24 in mitosis: Implications for molecular

basis of chromatin condensation. Proc. Natl. Acad. Sci. USA 1979, 76, 6386–6390. [CrossRef] [PubMed]
44. Goldknopf, I.L.; Taylor, C.W.; Baum, R.M.; Yeoman, L.C.; Olson, M.O.; Prestayko, A.W.; Busch, H. Isolation and characterization

of protein A24, a “histone-like” non-histone chromosomal protein. J. Biol. Chem. 1975, 250, 7182–7187. [CrossRef]
45. West, M.H.; Bonner, W.M. Histone 2A, a heteromorphous family of eight protein species. Biochemistry 1980, 19, 3238–3245.

[CrossRef]
46. Vaughan, R.M.; Kupai, A.; Rothbart, S.B. Chromatin Regulation through Ubiquitin and Ubiquitin-like Histone Modifications.

Trends Biochem. Sci. 2021, 46, 258–269. [CrossRef]
47. Marsh, D.J.; Dickson, K.A. Writing Histone Monoubiquitination in Human Malignancy-The Role of RING Finger E3 Ubiquitin

Ligases. Genes 2019, 10, 67. [CrossRef]
48. Reyes-Turcu, F.E.; Ventii, K.H.; Wilkinson, K.D. Regulation and cellular roles of ubiquitin-specific deubiquitinating enzymes.

Annu. Rev. Biochem. 2009, 78, 363–397. [CrossRef]
49. Komander, D.; Clague, M.J.; Urbe, S. Breaking the chains: Structure and function of the deubiquitinases. Nat. Rev. Mol. Cell Biol.

2009, 10, 550–563. [CrossRef]

http://doi.org/10.1038/nsmb.3236
http://doi.org/10.1016/j.celrep.2014.07.025
http://doi.org/10.1016/j.molcel.2006.03.035
http://www.ncbi.nlm.nih.gov/pubmed/16678110
http://doi.org/10.15252/embr.201948111
http://www.ncbi.nlm.nih.gov/pubmed/31468675
http://doi.org/10.1016/j.molcel.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16359901
http://doi.org/10.1016/j.devcel.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15525528
http://doi.org/10.1016/j.molcel.2005.11.012
http://doi.org/10.1016/j.cell.2006.04.029
http://doi.org/10.1038/nature02985
http://doi.org/10.1016/j.molcel.2014.04.013
http://doi.org/10.1038/ncomms14799
http://doi.org/10.1016/j.molcel.2005.09.025
http://doi.org/10.1038/nature12488
http://doi.org/10.1038/cr.2015.72
http://doi.org/10.1016/j.cell.2007.09.040
http://doi.org/10.1038/nature15401
http://doi.org/10.1091/mbc.e08-01-0050
http://doi.org/10.15252/embr.202051078
http://doi.org/10.3389/fonc.2012.00026
http://www.ncbi.nlm.nih.gov/pubmed/22649782
http://doi.org/10.1016/j.tig.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33485674
http://doi.org/10.1073/pnas.76.12.6386
http://www.ncbi.nlm.nih.gov/pubmed/293727
http://doi.org/10.1016/S0021-9258(19)40926-5
http://doi.org/10.1021/bi00555a022
http://doi.org/10.1016/j.tibs.2020.11.005
http://doi.org/10.3390/genes10010067
http://doi.org/10.1146/annurev.biochem.78.082307.091526
http://doi.org/10.1038/nrm2731


Cells 2022, 11, 2404 15 of 21

50. Pan, M.R.; Peng, G.; Hung, W.C.; Lin, S.Y. Monoubiquitination of H2AX protein regulates DNA damage response signaling.
J. Biol. Chem. 2011, 286, 28599–28607. [CrossRef]

51. Ng, H.H.; Xu, R.M.; Zhang, Y.; Struhl, K. Ubiquitination of histone H2B by Rad6 is required for efficient Dot1-mediated
methylation of histone H3 lysine 79. J. Biol. Chem. 2002, 277, 34655–34657. [CrossRef]

52. Nakagawa, T.; Kajitani, T.; Togo, S.; Masuko, N.; Ohdan, H.; Hishikawa, Y.; Koji, T.; Matsuyama, T.; Ikura, T.; Muramatsu, M.; et al.
Deubiquitylation of histone H2A activates transcriptional initiation via trans-histone cross-talk with H3K4 di- and trimethylation.
Genes Dev. 2008, 22, 37–49. [CrossRef]

53. Shilatifard, A. Chromatin modifications by methylation and ubiquitination: Implications in the regulation of gene expression.
Annu. Rev. Biochem. 2006, 75, 243–269. [CrossRef]

54. Blackledge, N.P.; Farcas, A.M.; Kondo, T.; King, H.W.; McGouran, J.F.; Hanssen, L.L.P.; Ito, S.; Cooper, S.; Kondo, K.; Koseki, Y.; et al.
Variant PRC1 complex-dependent H2A ubiquitylation drives PRC2 recruitment and polycomb domain formation. Cell 2014, 157,
1445–1459. [CrossRef]

55. Kalb, R.; Latwiel, S.; Baymaz, H.I.; Jansen, P.W.; Muller, C.W.; Vermeulen, M.; Muller, J. Histone H2A monoubiquitination
promotes histone H3 methylation in Polycomb repression. Nat. Struct. Mol. Biol. 2014, 21, 569–571. [CrossRef]

56. Zhang, T.; Cooper, S.; Brockdorff, N. The interplay of histone modifications—Writers that read. EMBO Rep. 2015, 16, 1467–1481.
[CrossRef]

57. Lee, J.S.; Shukla, A.; Schneider, J.; Swanson, S.K.; Washburn, M.P.; Florens, L.; Bhaumik, S.R.; Shilatifard, A. Histone crosstalk
between H2B monoubiquitination and H3 methylation mediated by COMPASS. Cell 2007, 131, 1084–1096. [CrossRef]

58. Wu, L.; Zee, B.M.; Wang, Y.; Garcia, B.A.; Dou, Y. The RING finger protein MSL2 in the MOF complex is an E3 ubiquitin ligase for
H2B K34 and is involved in crosstalk with H3 K4 and K79 methylation. Mol. Cell 2011, 43, 132–144. [CrossRef]

59. Dover, J.; Schneider, J.; Tawiah-Boateng, M.A.; Wood, A.; Dean, K.; Johnston, M.; Shilatifard, A. Methylation of histone H3 by
COMPASS requires ubiquitination of histone H2B by Rad6. J. Biol. Chem. 2002, 277, 28368–28371. [CrossRef]

60. Cohen, I.; Bar, C.; Ezhkova, E. Activity of PRC1 and Histone H2AK119 Monoubiquitination: Revising Popular Misconceptions.
Bioessays 2020, 42, e1900192. [CrossRef]

61. Marsh, D.J.; Ma, Y.; Dickson, K.A. Histone Monoubiquitination in Chromatin Remodelling: Focus on the Histone H2B Interactome
and Cancer. Cancers 2020, 12, 3462. [CrossRef] [PubMed]

62. Wood, A.; Krogan, N.J.; Dover, J.; Schneider, J.; Heidt, J.; Boateng, M.A.; Dean, K.; Golshani, A.; Zhang, Y.; Greenblatt, J.F.; et al.
Bre1, an E3 ubiquitin ligase required for recruitment and substrate selection of Rad6 at a promoter. Mol. Cell 2003, 11, 267–274.
[CrossRef]

63. Hwang, W.W.; Venkatasubrahmanyam, S.; Ianculescu, A.G.; Tong, A.; Boone, C.; Madhani, H.D. A conserved RING finger protein
required for histone H2B monoubiquitination and cell size control. Mol. Cell 2003, 11, 261–266. [CrossRef]

64. Blackledge, N.P.; Klose, R.J. The molecular principles of gene regulation by Polycomb repressive complexes. Nat. Rev. Mol. Cell
Biol. 2021, 22, 815–833. [CrossRef]

65. Schuettengruber, B.; Bourbon, H.M.; Di Croce, L.; Cavalli, G. Genome Regulation by Polycomb and Trithorax: 70 Years and
Counting. Cell 2017, 171, 34–57. [CrossRef]

66. Cohen, I.; Bar, C.; Liu, H.; Valdes, V.J.; Zhao, D.; Galbo, P.M., Jr.; Silva, J.M.; Koseki, H.; Zheng, D.; Ezhkova, E. Polycomb
complexes redundantly maintain epidermal stem cell identity during development. Genes Dev. 2021, 35, 354–366. [CrossRef]

67. Tolhuis, B.; de Wit, E.; Muijrers, I.; Teunissen, H.; Talhout, W.; van Steensel, B.; van Lohuizen, M. Genome-wide profiling of PRC1
and PRC2 Polycomb chromatin binding in Drosophila melanogaster. Nat. Genet. 2006, 38, 694–699. [CrossRef]

68. Ku, M.; Koche, R.P.; Rheinbay, E.; Mendenhall, E.M.; Endoh, M.; Mikkelsen, T.S.; Presser, A.; Nusbaum, C.; Xie, X.; Chi, A.S.; et al.
Genomewide analysis of PRC1 and PRC2 occupancy identifies two classes of bivalent domains. PLoS Genet. 2008, 4, e1000242.
[CrossRef]

69. Boyer, L.A.; Plath, K.; Zeitlinger, J.; Brambrink, T.; Medeiros, L.A.; Lee, T.I.; Levine, S.S.; Wernig, M.; Tajonar, A.; Ray, M.K.; et al.
Polycomb complexes repress developmental regulators in murine embryonic stem cells. Nature 2006, 441, 349–353. [CrossRef]

70. Gao, Z.; Zhang, J.; Bonasio, R.; Strino, F.; Sawai, A.; Parisi, F.; Kluger, Y.; Reinberg, D. PCGF homologs, CBX proteins, and RYBP
define functionally distinct PRC1 family complexes. Mol. Cell 2012, 45, 344–356. [CrossRef]

71. Fischle, W.; Wang, Y.; Jacobs, S.A.; Kim, Y.; Allis, C.D.; Khorasanizadeh, S. Molecular basis for the discrimination of repressive
methyl-lysine marks in histone H3 by Polycomb and HP1 chromodomains. Genes Dev. 2003, 17, 1870–1881. [CrossRef]

72. Min, J.; Zhang, Y.; Xu, R.M. Structural basis for specific binding of Polycomb chromodomain to histone H3 methylated at Lys 27.
Genes Dev. 2003, 17, 1823–1828. [CrossRef]

73. Wang, L.; Brown, J.L.; Cao, R.; Zhang, Y.; Kassis, J.A.; Jones, R.S. Hierarchical recruitment of polycomb group silencing complexes.
Mol. Cell 2004, 14, 637–646. [CrossRef]

74. Di Croce, L.; Helin, K. Transcriptional regulation by Polycomb group proteins. Nat. Struct. Mol. Biol. 2013, 20, 1147–1155.
[CrossRef]

75. Blackledge, N.P.; Zhou, J.C.; Tolstorukov, M.Y.; Farcas, A.M.; Park, P.J.; Klose, R.J. CpG islands recruit a histone H3 lysine
36 demethylase. Mol. Cell 2010, 38, 179–190. [CrossRef]

76. Farcas, A.M.; Blackledge, N.P.; Sudbery, I.; Long, H.K.; McGouran, J.F.; Rose, N.R.; Lee, S.; Sims, D.; Cerase, A.; Sheahan, T.W.; et al.
KDM2B links the Polycomb Repressive Complex 1 (PRC1) to recognition of CpG islands. Elife 2012, 1, e00205. [CrossRef]

http://doi.org/10.1074/jbc.M111.256297
http://doi.org/10.1074/jbc.C200433200
http://doi.org/10.1101/gad.1609708
http://doi.org/10.1146/annurev.biochem.75.103004.142422
http://doi.org/10.1016/j.cell.2014.05.004
http://doi.org/10.1038/nsmb.2833
http://doi.org/10.15252/embr.201540945
http://doi.org/10.1016/j.cell.2007.09.046
http://doi.org/10.1016/j.molcel.2011.05.015
http://doi.org/10.1074/jbc.C200348200
http://doi.org/10.1002/bies.201900192
http://doi.org/10.3390/cancers12113462
http://www.ncbi.nlm.nih.gov/pubmed/33233707
http://doi.org/10.1016/S1097-2765(02)00802-X
http://doi.org/10.1016/S1097-2765(02)00826-2
http://doi.org/10.1038/s41580-021-00398-y
http://doi.org/10.1016/j.cell.2017.08.002
http://doi.org/10.1101/gad.345363.120
http://doi.org/10.1038/ng1792
http://doi.org/10.1371/journal.pgen.1000242
http://doi.org/10.1038/nature04733
http://doi.org/10.1016/j.molcel.2012.01.002
http://doi.org/10.1101/gad.1110503
http://doi.org/10.1101/gad.269603
http://doi.org/10.1016/j.molcel.2004.05.009
http://doi.org/10.1038/nsmb.2669
http://doi.org/10.1016/j.molcel.2010.04.009
http://doi.org/10.7554/eLife.00205


Cells 2022, 11, 2404 16 of 21

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

78. Wu, X.; Johansen, J.V.; Helin, K. Fbxl10/Kdm2b recruits polycomb repressive complex 1 to CpG islands and regulates H2A
ubiquitylation. Mol. Cell 2013, 49, 1134–1146. [CrossRef]

79. Lagarou, A.; Mohd-Sarip, A.; Moshkin, Y.M.; Chalkley, G.E.; Bezstarosti, K.; Demmers, J.A.; Verrijzer, C.P. dKDM2 couples histone
H2A ubiquitylation to histone H3 demethylation during Polycomb group silencing. Genes Dev. 2008, 22, 2799–2810. [CrossRef]

80. Endoh, M.; Endo, T.A.; Shinga, J.; Hayashi, K.; Farcas, A.; Ma, K.W.; Ito, S.; Sharif, J.; Endoh, T.; Onaga, N.; et al. PCGF6-PRC1
suppresses premature differentiation of mouse embryonic stem cells by regulating germ cell-related genes. Elife 2017, 6, e21064.
[CrossRef]

81. Stielow, B.; Finkernagel, F.; Stiewe, T.; Nist, A.; Suske, G. MGA, L3MBTL2 and E2F6 determine genomic binding of the non-
canonical Polycomb repressive complex PRC1.6. PLoS Genet. 2018, 14, e1007193. [CrossRef]

82. Scelfo, A.; Fernandez-Perez, D.; Tamburri, S.; Zanotti, M.; Lavarone, E.; Soldi, M.; Bonaldi, T.; Ferrari, K.J.; Pasini, D. Functional
Landscape of PCGF Proteins Reveals Both RING1A/B-Dependent-and RING1A/B-Independent-Specific Activities. Mol. Cell
2019, 74, 1037–1052.e7. [CrossRef]

83. Dahlet, T.; Truss, M.; Frede, U.; Al Adhami, H.; Bardet, A.F.; Dumas, M.; Vallet, J.; Chicher, J.; Hammann, P.; Kottnik, S.; et al. E2F6
initiates stable epigenetic silencing of germline genes during embryonic development. Nat. Commun. 2021, 12, 3582. [CrossRef]

84. Tavares, L.; Dimitrova, E.; Oxley, D.; Webster, J.; Poot, R.; Demmers, J.; Bezstarosti, K.; Taylor, S.; Ura, H.; Koide, H.; et al.
RYBP-PRC1 complexes mediate H2A ubiquitylation at polycomb target sites independently of PRC2 and H3K27me3. Cell 2012,
148, 664–678. [CrossRef]

85. Rose, N.R.; King, H.W.; Blackledge, N.P.; Fursova, N.A.; Ember, K.J.; Fischer, R.; Kessler, B.M.; Klose, R.J. RYBP stimulates PRC1
to shape chromatin-based communication between Polycomb repressive complexes. Elife 2016, 5, e18591. [CrossRef]

86. Taherbhoy, A.M.; Huang, O.W.; Cochran, A.G. BMI1-RING1B is an autoinhibited RING E3 ubiquitin ligase. Nat. Commun. 2015,
6, 7621. [CrossRef]

87. Zhao, J.; Wang, M.; Chang, L.; Yu, J.; Song, A.; Liu, C.; Huang, W.; Zhang, T.; Wu, X.; Shen, X.; et al. RYBP/YAF2-PRC1 complexes
and histone H1-dependent chromatin compaction mediate propagation of H2AK119ub1 during cell division. Nat. Cell Biol. 2020,
22, 439–452. [CrossRef]

88. Arrigoni, R.; Alam, S.L.; Wamstad, J.A.; Bardwell, V.J.; Sundquist, W.I.; Schreiber-Agus, N. The Polycomb-associated protein Rybp
is a ubiquitin binding protein. FEBS Lett. 2006, 580, 6233–6241. [CrossRef]

89. Zhao, W.; Huang, Y.; Zhang, J.; Liu, M.; Ji, H.; Wang, C.; Cao, N.; Li, C.; Xia, Y.; Jiang, Q.; et al. Polycomb group RING finger
proteins 3/5 activate transcription via an interaction with the pluripotency factor Tex10 in embryonic stem cells. J. Biol. Chem.
2017, 292, 21527–21537. [CrossRef]

90. Cohen, I.; Zhao, D.; Bar, C.; Valdes, V.J.; Dauber-Decker, K.L.; Nguyen, M.B.; Nakayama, M.; Rendl, M.; Bickmore, W.A.;
Koseki, H.; et al. PRC1 Fine-tunes Gene Repression and Activation to Safeguard Skin Development and Stem Cell Specification.
Cell Stem Cell 2018, 22, 726–739.e7. [CrossRef]

91. Fursova, N.A.; Blackledge, N.P.; Nakayama, M.; Ito, S.; Koseki, Y.; Farcas, A.M.; King, H.W.; Koseki, H.; Klose, R.J. Synergy
between Variant PRC1 Complexes Defines Polycomb-Mediated Gene Repression. Mol. Cell 2019, 74, 1020–1036.e8. [CrossRef]
[PubMed]

92. Yang, W.; Lee, Y.H.; Jones, A.E.; Woolnough, J.L.; Zhou, D.; Dai, Q.; Wu, Q.; Giles, K.E.; Townes, T.M.; Wang, H. The histone
H2A deubiquitinase Usp16 regulates embryonic stem cell gene expression and lineage commitment. Nat. Commun. 2014, 5, 3818.
[CrossRef] [PubMed]

93. Zhu, P.; Zhou, W.; Wang, J.; Puc, J.; Ohgi, K.A.; Erdjument-Bromage, H.; Tempst, P.; Glass, C.K.; Rosenfeld, M.G. A histone H2A
deubiquitinase complex coordinating histone acetylation and H1 dissociation in transcriptional regulation. Mol. Cell 2007, 27,
609–621. [CrossRef] [PubMed]

94. Scheuermann, J.C.; de Ayala Alonso, A.G.; Oktaba, K.; Ly-Hartig, N.; McGinty, R.K.; Fraterman, S.; Wilm, M.; Muir, T.W.; Muller, J.
Histone H2A deubiquitinase activity of the Polycomb repressive complex PR-DUB. Nature 2010, 465, 243–247. [CrossRef]
[PubMed]

95. Conway, E.; Rossi, F.; Fernandez-Perez, D.; Ponzo, E.; Ferrari, K.J.; Zanotti, M.; Manganaro, D.; Rodighiero, S.; Tamburri, S.;
Pasini, D. BAP1 enhances Polycomb repression by counteracting widespread H2AK119ub1 deposition and chromatin condensa-
tion. Mol. Cell 2021, 81, 3526–3541.e8. [CrossRef]

96. Fursova, N.A.; Turberfield, A.H.; Blackledge, N.P.; Findlater, E.L.; Lastuvkova, A.; Huseyin, M.K.; Dobrinic, P.; Klose, R.J. BAP1
constrains pervasive H2AK119ub1 to control the transcriptional potential of the genome. Genes Dev. 2021, 35, 749–770. [CrossRef]

97. Richly, H.; Rocha-Viegas, L.; Ribeiro, J.D.; Demajo, S.; Gundem, G.; Lopez-Bigas, N.; Nakagawa, T.; Rospert, S.; Ito, T.; Di Croce, L.
Transcriptional activation of polycomb-repressed genes by ZRF1. Nature 2010, 468, 1124–1128. [CrossRef]

98. Richly, H.; Di Croce, L. The flip side of the coin: Role of ZRF1 and histone H2A ubiquitination in transcriptional activation. Cell
Cycle 2011, 10, 745–750. [CrossRef]

99. Cooper, S.; Grijzenhout, A.; Underwood, E.; Ancelin, K.; Zhang, T.; Nesterova, T.B.; Anil-Kirmizitas, B.; Bassett, A.; Kooistra, S.M.;
Agger, K.; et al. Jarid2 binds mono-ubiquitylated H2A lysine 119 to mediate crosstalk between Polycomb complexes PRC1 and
PRC2. Nat. Commun. 2016, 7, 13661. [CrossRef]

http://doi.org/10.1038/ncb2702
http://doi.org/10.1016/j.molcel.2013.01.016
http://doi.org/10.1101/gad.484208
http://doi.org/10.7554/eLife.21064
http://doi.org/10.1371/journal.pgen.1007193
http://doi.org/10.1016/j.molcel.2019.04.002
http://doi.org/10.1038/s41467-021-23596-w
http://doi.org/10.1016/j.cell.2011.12.029
http://doi.org/10.7554/eLife.18591
http://doi.org/10.1038/ncomms8621
http://doi.org/10.1038/s41556-020-0484-1
http://doi.org/10.1016/j.febslet.2006.10.027
http://doi.org/10.1074/jbc.M117.804054
http://doi.org/10.1016/j.stem.2018.04.005
http://doi.org/10.1016/j.molcel.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/31029541
http://doi.org/10.1038/ncomms4818
http://www.ncbi.nlm.nih.gov/pubmed/24784029
http://doi.org/10.1016/j.molcel.2007.07.024
http://www.ncbi.nlm.nih.gov/pubmed/17707232
http://doi.org/10.1038/nature08966
http://www.ncbi.nlm.nih.gov/pubmed/20436459
http://doi.org/10.1016/j.molcel.2021.06.020
http://doi.org/10.1101/gad.347005.120
http://doi.org/10.1038/nature09574
http://doi.org/10.4161/cc.10.5.14795
http://doi.org/10.1038/ncomms13661


Cells 2022, 11, 2404 17 of 21

100. Cooper, S.; Dienstbier, M.; Hassan, R.; Schermelleh, L.; Sharif, J.; Blackledge, N.P.; De Marco, V.; Elderkin, S.; Koseki, H.;
Klose, R.; et al. Targeting polycomb to pericentric heterochromatin in embryonic stem cells reveals a role for H2AK119u1 in PRC2
recruitment. Cell Rep. 2014, 7, 1456–1470. [CrossRef]

101. Eskeland, R.; Leeb, M.; Grimes, G.R.; Kress, C.; Boyle, S.; Sproul, D.; Gilbert, N.; Fan, Y.; Skoultchi, A.I.; Wutz, A.; et al. Ring1B
compacts chromatin structure and represses gene expression independent of histone ubiquitination. Mol. Cell 2010, 38, 452–464.
[CrossRef]

102. Boyle, S.; Flyamer, I.M.; Williamson, I.; Sengupta, D.; Bickmore, W.A.; Illingworth, R.S. A central role for canonical PRC1 in
shaping the 3D nuclear landscape. Genes Dev. 2020, 34, 931–949. [CrossRef]

103. Schoenfelder, S.; Sugar, R.; Dimond, A.; Javierre, B.M.; Armstrong, H.; Mifsud, B.; Dimitrova, E.; Matheson, L.; Tavares-Cadete, F.;
Furlan-Magaril, M.; et al. Polycomb repressive complex PRC1 spatially constrains the mouse embryonic stem cell genome. Nat.
Genet. 2015, 47, 1179–1186. [CrossRef]

104. Kim, J.J.; Kingston, R.E. Context-specific Polycomb mechanisms in development. Nat. Rev. Genet. 2022. [CrossRef]
105. Kundu, S.; Ji, F.; Sunwoo, H.; Jain, G.; Lee, J.T.; Sadreyev, R.I.; Dekker, J.; Kingston, R.E. Polycomb Repressive Complex 1 Generates

Discrete Compacted Domains that Change during Differentiation. Mol. Cell 2017, 65, 432–446.e5. [CrossRef]
106. Robinson, A.K.; Leal, B.Z.; Chadwell, L.V.; Wang, R.; Ilangovan, U.; Kaur, Y.; Junco, S.E.; Schirf, V.; Osmulski, P.A.; Gaczynska, M.; et al.

The growth-suppressive function of the polycomb group protein polyhomeotic is mediated by polymerization of its sterile alpha motif
(SAM) domain. J. Biol. Chem. 2012, 287, 8702–8713.e5. [CrossRef]

107. Kim, C.A.; Gingery, M.; Pilpa, R.M.; Bowie, J.U. The SAM domain of polyhomeotic forms a helical polymer. Nat. Struct. Biol.
2002, 9, 453–457. [CrossRef]

108. Blackledge, N.P.; Fursova, N.A.; Kelley, J.R.; Huseyin, M.K.; Feldmann, A.; Klose, R.J. PRC1 Catalytic Activity Is Central to
Polycomb System Function. Mol. Cell 2020, 77, 857–874.e9. [CrossRef]

109. Dobrinic, P.; Szczurek, A.T.; Klose, R.J. PRC1 drives Polycomb-mediated gene repression by controlling transcription initiation
and burst frequency. Nat. Struct. Mol. Biol. 2021, 28, 811–824. [CrossRef]

110. Dellino, G.I.; Schwartz, Y.B.; Farkas, G.; McCabe, D.; Elgin, S.C.; Pirrotta, V. Polycomb silencing blocks transcription initiation.
Mol. Cell 2004, 13, 887–893. [CrossRef]

111. Lehmann, L.; Ferrari, R.; Vashisht, A.A.; Wohlschlegel, J.A.; Kurdistani, S.K.; Carey, M. Polycomb repressive complex 1 (PRC1)
disassembles RNA polymerase II preinitiation complexes. J. Biol. Chem. 2012, 287, 35784–35794. [CrossRef]

112. Zhou, W.; Zhu, P.; Wang, J.; Pascual, G.; Ohgi, K.A.; Lozach, J.; Glass, C.K.; Rosenfeld, M.G. Histone H2A monoubiquitination
represses transcription by inhibiting RNA polymerase II transcriptional elongation. Mol. Cell 2008, 29, 69–80. [CrossRef]

113. Stock, J.K.; Giadrossi, S.; Casanova, M.; Brookes, E.; Vidal, M.; Koseki, H.; Brockdorff, N.; Fisher, A.G.; Pombo, A. Ring1-mediated
ubiquitination of H2A restrains poised RNA polymerase II at bivalent genes in mouse ES cells. Nat. Cell Biol. 2007, 9, 1428–1435.
[CrossRef]

114. Brookes, E.; de Santiago, I.; Hebenstreit, D.; Morris, K.J.; Carroll, T.; Xie, S.Q.; Stock, J.K.; Heidemann, M.; Eick, D.; Nozaki, N.; et al.
Polycomb associates genome-wide with a specific RNA polymerase II variant, and regulates metabolic genes in ESCs. Cell Stem Cell
2012, 10, 157–170. [CrossRef] [PubMed]

115. Fu, J.; Liao, L.; Balaji, K.S.; Wei, C.; Kim, J.; Peng, J. Epigenetic modification and a role for the E3 ligase RNF40 in cancer
development and metastasis. Oncogene 2021, 40, 465–474. [CrossRef] [PubMed]

116. Xie, W.; Nagarajan, S.; Baumgart, S.J.; Kosinsky, R.L.; Najafova, Z.; Kari, V.; Hennion, M.; Indenbirken, D.; Bonn, S.;
Grundhoff, A.; et al. RNF40 regulates gene expression in an epigenetic context-dependent manner. Genome Biol. 2017, 18, 32.
[CrossRef] [PubMed]

117. Nakamura, K.; Kato, A.; Kobayashi, J.; Yanagihara, H.; Sakamoto, S.; Oliveira, D.V.; Shimada, M.; Tauchi, H.; Suzuki, H.;
Tashiro, S.; et al. Regulation of homologous recombination by RNF20-dependent H2B ubiquitination. Mol. Cell 2011, 41, 515–528.
[CrossRef] [PubMed]

118. Foglizzo, M.; Middleton, A.J.; Day, C.L. Structure and Function of the RING Domains of RNF20 and RNF40, Dimeric E3 Ligases
that Monoubiquitylate Histone H2B. J. Mol. Biol. 2016, 428, 4073–4086. [CrossRef] [PubMed]

119. Minsky, N.; Shema, E.; Field, Y.; Schuster, M.; Segal, E.; Oren, M. Monoubiquitinated H2B is associated with the transcribed
region of highly expressed genes in human cells. Nat. Cell Biol. 2008, 10, 483–488. [CrossRef]

120. Jung, I.; Kim, S.K.; Kim, M.; Han, Y.M.; Kim, Y.S.; Kim, D.; Lee, D. H2B monoubiquitylation is a 5′-enriched active transcription
mark and correlates with exon-intron structure in human cells. Genome Res. 2012, 22, 1026–1035. [CrossRef]

121. VanDusen, N.J.; Lee, J.Y.; Gu, W.; Butler, C.E.; Sethi, I.; Zheng, Y.; King, J.S.; Zhou, P.; Suo, S.; Guo, Y.; et al. Massively parallel
in vivo CRISPR screening identifies RNF20/40 as epigenetic regulators of cardiomyocyte maturation. Nat. Commun. 2021,
12, 4442. [CrossRef]

122. Bonnet, J.; Wang, C.Y.; Baptista, T.; Vincent, S.D.; Hsiao, W.C.; Stierle, M.; Kao, C.F.; Tora, L.; Devys, D. The SAGA coactivator
complex acts on the whole transcribed genome and is required for RNA polymerase II transcription. Genes Dev. 2014, 28,
1999–2012. [CrossRef]

123. Wojcik, F.; Dann, G.P.; Beh, L.Y.; Debelouchina, G.T.; Hofmann, R.; Muir, T.W. Functional crosstalk between histone H2B
ubiquitylation and H2A modifications and variants. Nat. Commun. 2018, 9, 1394. [CrossRef]

http://doi.org/10.1016/j.celrep.2014.04.012
http://doi.org/10.1016/j.molcel.2010.02.032
http://doi.org/10.1101/gad.336487.120
http://doi.org/10.1038/ng.3393
http://doi.org/10.1038/s41576-022-00499-0
http://doi.org/10.1016/j.molcel.2017.01.009
http://doi.org/10.1074/jbc.M111.336115
http://doi.org/10.1038/nsb802
http://doi.org/10.1016/j.molcel.2019.12.001
http://doi.org/10.1038/s41594-021-00661-y
http://doi.org/10.1016/S1097-2765(04)00128-5
http://doi.org/10.1074/jbc.M112.397430
http://doi.org/10.1016/j.molcel.2007.11.002
http://doi.org/10.1038/ncb1663
http://doi.org/10.1016/j.stem.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22305566
http://doi.org/10.1038/s41388-020-01556-w
http://www.ncbi.nlm.nih.gov/pubmed/33199825
http://doi.org/10.1186/s13059-017-1159-5
http://www.ncbi.nlm.nih.gov/pubmed/28209164
http://doi.org/10.1016/j.molcel.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21362548
http://doi.org/10.1016/j.jmb.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27569044
http://doi.org/10.1038/ncb1712
http://doi.org/10.1101/gr.120634.111
http://doi.org/10.1038/s41467-021-24743-z
http://doi.org/10.1101/gad.250225.114
http://doi.org/10.1038/s41467-018-03895-5


Cells 2022, 11, 2404 18 of 21

124. Squazzo, S.L.; Costa, P.J.; Lindstrom, D.L.; Kumer, K.E.; Simic, R.; Jennings, J.L.; Link, A.J.; Arndt, K.M.; Hartzog, G.A. The
Paf1 complex physically and functionally associates with transcription elongation factors in vivo. EMBO J. 2002, 21, 1764–1774.
[CrossRef]

125. Xiao, T.; Kao, C.F.; Krogan, N.J.; Sun, Z.W.; Greenblatt, J.F.; Osley, M.A.; Strahl, B.D. Histone H2B ubiquitylation is associated with
elongating RNA polymerase II. Mol. Cell Biol. 2005, 25, 637–651. [CrossRef]

126. Wood, A.; Schneider, J.; Dover, J.; Johnston, M.; Shilatifard, A. The Bur1/Bur2 complex is required for histone H2B monoubiquiti-
nation by Rad6/Bre1 and histone methylation by COMPASS. Mol. Cell 2005, 20, 589–599. [CrossRef]

127. Laribee, R.N.; Krogan, N.J.; Xiao, T.; Shibata, Y.; Hughes, T.R.; Greenblatt, J.F.; Strahl, B.D. BUR kinase selectively regulates H3
K4 trimethylation and H2B ubiquitylation through recruitment of the PAF elongation complex. Curr. Biol. 2005, 15, 1487–1493.
[CrossRef]

128. Pirngruber, J.; Shchebet, A.; Schreiber, L.; Shema, E.; Minsky, N.; Chapman, R.D.; Eick, D.; Aylon, Y.; Oren, M.; Johnsen, S.A.
CDK9 directs H2B monoubiquitination and controls replication-dependent histone mRNA 3′-end processing. EMBO Rep. 2009,
10, 894–900. [CrossRef]

129. Zhang, F.; Yu, X. WAC, a functional partner of RNF20/40, regulates histone H2B ubiquitination and gene transcription. Mol. Cell
2011, 41, 384–397. [CrossRef]

130. McGinty, R.K.; Kim, J.; Chatterjee, C.; Roeder, R.G.; Muir, T.W. Chemically ubiquitylated histone H2B stimulates hDot1L-mediated
intranucleosomal methylation. Nature 2008, 453, 812–816. [CrossRef]

131. Briggs, S.D.; Xiao, T.; Sun, Z.W.; Caldwell, J.A.; Shabanowitz, J.; Hunt, D.F.; Allis, C.D.; Strahl, B.D. Gene silencing: Trans-histone
regulatory pathway in chromatin. Nature 2002, 418, 498. [CrossRef]

132. Kim, S.K.; Jung, I.; Lee, H.; Kang, K.; Kim, M.; Jeong, K.; Kwon, C.S.; Han, Y.M.; Kim, Y.S.; Kim, D.; et al. Human histone H3K79
methyltransferase DOT1L protein [corrected] binds actively transcribing RNA polymerase II to regulate gene expression. J. Biol.
Chem. 2012, 287, 39698–39709. [CrossRef]

133. Krogan, N.J.; Dover, J.; Wood, A.; Schneider, J.; Heidt, J.; Boateng, M.A.; Dean, K.; Ryan, O.W.; Golshani, A.; Johnston, M.; et al.
The Paf1 complex is required for histone H3 methylation by COMPASS and Dot1p: Linking transcriptional elongation to histone
methylation. Mol. Cell 2003, 11, 721–729. [CrossRef]

134. Wang, E.; Kawaoka, S.; Yu, M.; Shi, J.; Ni, T.; Yang, W.; Zhu, J.; Roeder, R.G.; Vakoc, C.R. Histone H2B ubiquitin ligase RNF20 is
required for MLL-rearranged leukemia. Proc. Natl. Acad. Sci. USA 2013, 110, 3901–3906. [CrossRef]

135. Shilatifard, A. The COMPASS family of histone H3K4 methylases: Mechanisms of regulation in development and disease
pathogenesis. Annu. Rev. Biochem. 2012, 81, 65–95. [CrossRef]

136. Worden, E.J.; Zhang, X.; Wolberger, C. Structural basis for COMPASS recognition of an H2B-ubiquitinated nucleosome. Elife 2020,
9, e53199. [CrossRef]

137. Kim, J.; Guermah, M.; McGinty, R.K.; Lee, J.S.; Tang, Z.; Milne, T.A.; Shilatifard, A.; Muir, T.W.; Roeder, R.G. RAD6-Mediated
transcription-coupled H2B ubiquitylation directly stimulates H3K4 methylation in human cells. Cell 2009, 137, 459–471. [CrossRef]
[PubMed]

138. Morgan, M.T.; Haj-Yahya, M.; Ringel, A.E.; Bandi, P.; Brik, A.; Wolberger, C. Structural basis for histone H2B deubiquitination by
the SAGA DUB module. Science 2016, 351, 725–728. [CrossRef] [PubMed]

139. Henry, K.W.; Wyce, A.; Lo, W.S.; Duggan, L.J.; Emre, N.C.; Kao, C.F.; Pillus, L.; Shilatifard, A.; Osley, M.A.; Berger, S.L.
Transcriptional activation via sequential histone H2B ubiquitylation and deubiquitylation, mediated by SAGA-associated Ubp8.
Genes Dev. 2003, 17, 2648–2663. [CrossRef] [PubMed]

140. Zhang, X.Y.; Varthi, M.; Sykes, S.M.; Phillips, C.; Warzecha, C.; Zhu, W.; Wyce, A.; Thorne, A.W.; Berger, S.L.; McMahon, S.B.
The putative cancer stem cell marker USP22 is a subunit of the human SAGA complex required for activated transcription and
cell-cycle progression. Mol. Cell 2008, 29, 102–111. [CrossRef]

141. Kosinsky, R.L.; Wegwitz, F.; Hellbach, N.; Dobbelstein, M.; Mansouri, A.; Vogel, T.; Begus-Nahrmann, Y.; Johnsen, S.A. Usp22
deficiency impairs intestinal epithelial lineage specification in vivo. Oncotarget 2015, 6, 37906–37918. [CrossRef]

142. Lang, G.; Bonnet, J.; Umlauf, D.; Karmodiya, K.; Koffler, J.; Stierle, M.; Devys, D.; Tora, L. The tightly controlled deubiquitination
activity of the human SAGA complex differentially modifies distinct gene regulatory elements. Mol. Cell Biol. 2011, 31, 3734–3744.
[CrossRef]

143. El-Saafin, F.; Devys, D.; Johnsen, S.A.; Vincent, S.D.; Tora, L. SAGA-Dependent Histone H2Bub1 Deubiquitination Is Essential for
Cellular Ubiquitin Balance during Embryonic Development. Int. J. Mol. Sci. 2022, 23, 7459. [CrossRef]

144. Atanassov, B.S.; Mohan, R.D.; Lan, X.; Kuang, X.; Lu, Y.; Lin, K.; McIvor, E.; Li, W.; Zhang, Y.; Florens, L.; et al. ATXN7L3 and
ENY2 Coordinate Activity of Multiple H2B Deubiquitinases Important for Cellular Proliferation and Tumor Growth. Mol. Cell
2016, 62, 558–571. [CrossRef]

145. Kari, V.; Shchebet, A.; Neumann, H.; Johnsen, S.A. The H2B ubiquitin ligase RNF40 cooperates with SUPT16H to induce dynamic
changes in chromatin structure during DNA double-strand break repair. Cell Cycle 2011, 10, 3495–3504. [CrossRef]

146. Fleming, A.B.; Kao, C.F.; Hillyer, C.; Pikaart, M.; Osley, M.A. H2B ubiquitylation plays a role in nucleosome dynamics during
transcription elongation. Mol. Cell 2008, 31, 57–66. [CrossRef]

147. Belotserkovskaya, R.; Oh, S.; Bondarenko, V.A.; Orphanides, G.; Studitsky, V.M.; Reinberg, D. FACT facilitates transcription-
dependent nucleosome alteration. Science 2003, 301, 1090–1093. [CrossRef]

http://doi.org/10.1093/emboj/21.7.1764
http://doi.org/10.1128/MCB.25.2.637-651.2005
http://doi.org/10.1016/j.molcel.2005.09.010
http://doi.org/10.1016/j.cub.2005.07.028
http://doi.org/10.1038/embor.2009.108
http://doi.org/10.1016/j.molcel.2011.01.024
http://doi.org/10.1038/nature06906
http://doi.org/10.1038/nature00970
http://doi.org/10.1074/jbc.M112.384057
http://doi.org/10.1016/S1097-2765(03)00091-1
http://doi.org/10.1073/pnas.1301045110
http://doi.org/10.1146/annurev-biochem-051710-134100
http://doi.org/10.7554/eLife.53199
http://doi.org/10.1016/j.cell.2009.02.027
http://www.ncbi.nlm.nih.gov/pubmed/19410543
http://doi.org/10.1126/science.aac5681
http://www.ncbi.nlm.nih.gov/pubmed/26912860
http://doi.org/10.1101/gad.1144003
http://www.ncbi.nlm.nih.gov/pubmed/14563679
http://doi.org/10.1016/j.molcel.2007.12.015
http://doi.org/10.18632/oncotarget.5412
http://doi.org/10.1128/MCB.05231-11
http://doi.org/10.3390/ijms23137459
http://doi.org/10.1016/j.molcel.2016.03.030
http://doi.org/10.4161/cc.10.20.17769
http://doi.org/10.1016/j.molcel.2008.04.025
http://doi.org/10.1126/science.1085703


Cells 2022, 11, 2404 19 of 21

148. Laribee, R.N.; Fuchs, S.M.; Strahl, B.D. H2B ubiquitylation in transcriptional control: A FACT-finding mission. Genes Dev. 2007,
21, 737–743. [CrossRef]

149. Johnsen, S.A. The enigmatic role of H2Bub1 in cancer. FEBS Lett. 2012, 586, 1592–1601. [CrossRef]
150. Shema, E.; Tirosh, I.; Aylon, Y.; Huang, J.; Ye, C.; Moskovits, N.; Raver-Shapira, N.; Minsky, N.; Pirngruber, J.; Tarcic, G.; et al. The

histone H2B-specific ubiquitin ligase RNF20/hBRE1 acts as a putative tumor suppressor through selective regulation of gene
expression. Genes Dev. 2008, 22, 2664–2676. [CrossRef]

151. Shema, E.; Kim, J.; Roeder, R.G.; Oren, M. RNF20 inhibits TFIIS-facilitated transcriptional elongation to suppress pro-oncogenic
gene expression. Mol. Cell 2011, 42, 477–488. [CrossRef]

152. Batta, K.; Zhang, Z.; Yen, K.; Goffman, D.B.; Pugh, B.F. Genome-wide function of H2B ubiquitylation in promoter and genic
regions. Genes Dev. 2011, 25, 2254–2265. [CrossRef]

153. Vidal, M.; Starowicz, K. Polycomb complexes PRC1 and their function in hematopoiesis. Exp. Hematol. 2017, 48, 12–31. [CrossRef]
154. Aloia, L.; Di Stefano, B.; Di Croce, L. Polycomb complexes in stem cells and embryonic development. Development 2013, 140,

2525–2534. [CrossRef] [PubMed]
155. Flora, P.; Dalal, G.; Cohen, I.; Ezhkova, E. Polycomb Repressive Complex(es) and Their Role in Adult Stem Cells. Genes 2021,

12, 1485. [CrossRef] [PubMed]
156. Bajusz, I.; Kovács, G.; Pirity, M.K. From Flies to Mice: The Emerging Role of Non-Canonical PRC1 Members in Mammalian

Development. Epigenomes 2018, 2, 4. [CrossRef]
157. Di Carlo, V.; Mocavini, I.; Di Croce, L. Polycomb complexes in normal and malignant hematopoiesis. J. Cell Biol. 2019, 218, 55–69.

[CrossRef]
158. Koppens, M.; van Lohuizen, M. Context-dependent actions of Polycomb repressors in cancer. Oncogene 2016, 35, 1341–1352.

[CrossRef] [PubMed]
159. Chan, H.L.; Morey, L. Emerging Roles for Polycomb-Group Proteins in Stem Cells and Cancer. Trends Biochem. Sci. 2019, 44,

688–700. [CrossRef]
160. Aubert, Y.; Egolf, S.; Capell, B.C. The Unexpected Noncatalytic Roles of Histone Modifiers in Development and Disease. Trends

Genet. 2019, 35, 645–657. [CrossRef]
161. Plys, A.J.; Davis, C.P.; Kim, J.; Rizki, G.; Keenen, M.M.; Marr, S.K.; Kingston, R.E. Phase separation of Polycomb-repressive

complex 1 is governed by a charged disordered region of CBX2. Genes Dev. 2019, 33, 799–813. [CrossRef]
162. Tatavosian, R.; Kent, S.; Brown, K.; Yao, T.; Duc, H.N.; Huynh, T.N.; Zhen, C.Y.; Ma, B.; Wang, H.; Ren, X. Nuclear condensates of

the Polycomb protein chromobox 2 (CBX2) assemble through phase separation. J. Biol. Chem. 2019, 294, 1451–1463. [CrossRef]
163. Saurin, A.J.; Shiels, C.; Williamson, J.; Satijn, D.P.; Otte, A.P.; Sheer, D.; Freemont, P.S. The human polycomb group complex

associates with pericentromeric heterochromatin to form a novel nuclear domain. J. Cell Biol. 1998, 142, 887–898. [CrossRef]
164. Cheutin, T.; Cavalli, G. Loss of PRC1 induces higher-order opening of Hox loci independently of transcription during Drosophila

embryogenesis. Nat. Commun. 2018, 9, 3898. [CrossRef]
165. Wani, A.H.; Boettiger, A.N.; Schorderet, P.; Ergun, A.; Munger, C.; Sadreyev, R.I.; Zhuang, X.; Kingston, R.E.; Francis, N.J.

Chromatin topology is coupled to Polycomb group protein subnuclear organization. Nat. Commun. 2016, 7, 10291. [CrossRef]
166. Isono, K.; Endo, T.A.; Ku, M.; Yamada, D.; Suzuki, R.; Sharif, J.; Ishikura, T.; Toyoda, T.; Bernstein, B.E.; Koseki, H. SAM domain

polymerization links subnuclear clustering of PRC1 to gene silencing. Dev. Cell 2013, 26, 565–577. [CrossRef]
167. Zhang, Y.; Liu, T.; Yuan, F.; Garcia-Martinez, L.; Lee, K.D.; Stransky, S.; Sidoli, S.; Verdun, R.E.; Zhang, Y.; Wang, Z.; et al. The

Polycomb protein RING1B enables estrogen-mediated gene expression by promoting enhancer-promoter interaction and R-loop
formation. Nucleic Acids Res. 2021, 49, 9768–9782. [CrossRef]

168. Gao, Z.; Lee, P.; Stafford, J.M.; von Schimmelmann, M.; Schaefer, A.; Reinberg, D. An AUTS2-Polycomb complex activates gene
expression in the CNS. Nature 2014, 516, 349–354. [CrossRef]

169. Chan, H.L.; Beckedorff, F.; Zhang, Y.; Garcia-Huidobro, J.; Jiang, H.; Colaprico, A.; Bilbao, D.; Figueroa, M.E.; LaCava, J.;
Shiekhattar, R.; et al. Polycomb complexes associate with enhancers and promote oncogenic transcriptional programs in cancer
through multiple mechanisms. Nat. Commun. 2018, 9, 3377. [CrossRef]

170. Cohen, I.; Zhao, D.; Menon, G.; Nakayama, M.; Koseki, H.; Zheng, D.; Ezhkova, E. PRC1 preserves epidermal tissue integrity
independently of PRC2. Genes Dev. 2019, 33, 55–60. [CrossRef]

171. Frangini, A.; Sjoberg, M.; Roman-Trufero, M.; Dharmalingam, G.; Haberle, V.; Bartke, T.; Lenhard, B.; Malumbres, M.; Vidal, M.;
Dillon, N. The aurora B kinase and the polycomb protein ring1B combine to regulate active promoters in quiescent lymphocytes.
Mol. Cell 2013, 51, 647–661. [CrossRef] [PubMed]

172. Loubiere, V.; Papadopoulos, G.L.; Szabo, Q.; Martinez, A.M.; Cavalli, G. Widespread activation of developmental gene expression
characterized by PRC1-dependent chromatin looping. Sci. Adv. 2020, 6, eaax4001. [CrossRef] [PubMed]

173. Illingworth, R.S.; Moffat, M.; Mann, A.R.; Read, D.; Hunter, C.J.; Pradeepa, M.M.; Adams, I.R.; Bickmore, W.A. The E3 ubiquitin
ligase activity of RING1B is not essential for early mouse development. Genes Dev. 2015, 29, 1897–1902. [CrossRef] [PubMed]

174. Li, M.Y.; Flora, P.; Pu, H.; Bar, C.; Silva, J.; Cohen, I.; Galbo, P.M., Jr.; Liu, H.; Yu, X.; Jin, J.; et al. UV-induced reduction in Polycomb
repression promotes epidermal pigmentation. Dev. Cell 2021, 56, 2547–2561.e8. [CrossRef] [PubMed]

175. Mei, H.; Kozuka, C.; Hayashi, R.; Kumon, M.; Koseki, H.; Inoue, A. H2AK119ub1 guides maternal inheritance and zygotic
deposition of H3K27me3 in mouse embryos. Nat. Genet. 2021, 53, 539–550. [CrossRef] [PubMed]

http://doi.org/10.1101/gad.1541507
http://doi.org/10.1016/j.febslet.2012.04.002
http://doi.org/10.1101/gad.1703008
http://doi.org/10.1016/j.molcel.2011.03.011
http://doi.org/10.1101/gad.177238.111
http://doi.org/10.1016/j.exphem.2016.12.006
http://doi.org/10.1242/dev.091553
http://www.ncbi.nlm.nih.gov/pubmed/23715546
http://doi.org/10.3390/genes12101485
http://www.ncbi.nlm.nih.gov/pubmed/34680880
http://doi.org/10.3390/epigenomes2010004
http://doi.org/10.1083/jcb.201808028
http://doi.org/10.1038/onc.2015.195
http://www.ncbi.nlm.nih.gov/pubmed/26050622
http://doi.org/10.1016/j.tibs.2019.04.005
http://doi.org/10.1016/j.tig.2019.06.004
http://doi.org/10.1101/gad.326488.119
http://doi.org/10.1074/jbc.RA118.006620
http://doi.org/10.1083/jcb.142.4.887
http://doi.org/10.1038/s41467-018-05945-4
http://doi.org/10.1038/ncomms10291
http://doi.org/10.1016/j.devcel.2013.08.016
http://doi.org/10.1093/nar/gkab723
http://doi.org/10.1038/nature13921
http://doi.org/10.1038/s41467-018-05728-x
http://doi.org/10.1101/gad.319939.118
http://doi.org/10.1016/j.molcel.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24034696
http://doi.org/10.1126/sciadv.aax4001
http://www.ncbi.nlm.nih.gov/pubmed/31950077
http://doi.org/10.1101/gad.268151.115
http://www.ncbi.nlm.nih.gov/pubmed/26385961
http://doi.org/10.1016/j.devcel.2021.08.006
http://www.ncbi.nlm.nih.gov/pubmed/34473941
http://doi.org/10.1038/s41588-021-00820-3
http://www.ncbi.nlm.nih.gov/pubmed/33821003


Cells 2022, 11, 2404 20 of 21

176. Chen, Z.; Djekidel, M.N.; Zhang, Y. Distinct dynamics and functions of H2AK119ub1 and H3K27me3 in mouse preimplantation
embryos. Nat. Genet. 2021, 53, 551–563. [CrossRef]

177. Sahtoe, D.D.; van Dijk, W.J.; Ekkebus, R.; Ovaa, H.; Sixma, T.K. BAP1/ASXL1 recruitment and activation for H2A deubiquitination.
Nat. Commun. 2016, 7, 10292. [CrossRef]

178. Voncken, J.W.; Roelen, B.A.; Roefs, M.; de Vries, S.; Verhoeven, E.; Marino, S.; Deschamps, J.; van Lohuizen, M. Rnf2 (Ring1b)
deficiency causes gastrulation arrest and cell cycle inhibition. Proc. Natl. Acad. Sci. USA 2003, 100, 2468–2473. [CrossRef]

179. Pengelly, A.R.; Kalb, R.; Finkl, K.; Muller, J. Transcriptional repression by PRC1 in the absence of H2A monoubiquitylation. Genes
Dev. 2015, 29, 1487–1492. [CrossRef]

180. Oss-Ronen, L.; Cohen, I. Epigenetic regulation and signalling pathways in Merkel cell development. Exp. Dermatol. 2021, 30,
1051–1064. [CrossRef]

181. Perdigoto, C.N.; Dauber, K.L.; Bar, C.; Tsai, P.C.; Valdes, V.J.; Cohen, I.; Santoriello, F.J.; Zhao, D.; Zheng, D.; Hsu, Y.C.; et al.
Polycomb-Mediated Repression and Sonic Hedgehog Signaling Interact to Regulate Merkel Cell Specification during Skin
Development. PLoS Genet. 2016, 12, e1006151. [CrossRef]

182. Dauber, K.L.; Perdigoto, C.N.; Valdes, V.J.; Santoriello, F.J.; Cohen, I.; Ezhkova, E. Dissecting the Roles of Polycomb Repressive
Complex 2 Subunits in the Control of Skin Development. J. Investig. Dermatol. 2016, 136, 1647–1655. [CrossRef]

183. Sui, B.D.; Zheng, C.X.; Li, M.; Jin, Y.; Hu, C.H. Epigenetic Regulation of Mesenchymal Stem Cell Homeostasis. Trends Cell Biol.
2020, 30, 97–116. [CrossRef]

184. Placek, K.; Schultze, J.L.; Aschenbrenner, A.C. Epigenetic reprogramming of immune cells in injury, repair, and resolution. J. Clin.
Investig. 2019, 129, 2994–3005. [CrossRef]

185. Kang, S.; Chovatiya, G.; Tumbar, T. Epigenetic control in skin development, homeostasis and injury repair. Exp. Dermatol. 2019,
28, 453–463. [CrossRef]

186. Kaliki, S.; Shields, C.L. Uveal melanoma: Relatively rare but deadly cancer. Eye 2017, 31, 241–257. [CrossRef]
187. Brenner, M.; Hearing, V.J. The protective role of melanin against UV damage in human skin. Photochem. Photobiol. 2008, 84,

539–549. [CrossRef]
188. Dakup, P.; Gaddameedhi, S. Impact of the Circadian Clock on UV-Induced DNA Damage Response and Photocarcinogenesis.

Photochem. Photobiol. 2017, 93, 296–303. [CrossRef]
189. Bakhoum, M.F.; Francis, J.H.; Agustinus, A.; Earlie, E.M.; Di Bona, M.; Abramson, D.H.; Duran, M.; Masilionis, I.; Molina, E.;

Shoushtari, A.N.; et al. Loss of polycomb repressive complex 1 activity and chromosomal instability drive uveal melanoma
progression. Nat. Commun. 2021, 12, 5402. [CrossRef]

190. Shiloh, Y.; Shema, E.; Moyal, L.; Oren, M. RNF20-RNF40: A ubiquitin-driven link between gene expression and the DNA damage
response. FEBS Lett. 2011, 585, 2795–2802. [CrossRef]

191. Meng, D.; Guo, K.; Zhang, D.; Zhao, C.; Sun, C.; Zhang, F. Ring finger 20/ring finger 40/WW domain-containing adaptor
with coiled-coil complex interacts with p53 to regulate gene transcription in DNA damage response. Oncol. Lett. 2021, 21, 436.
[CrossRef] [PubMed]

192. Wust, H.M.; Wegener, A.; Frob, F.; Hartwig, A.C.; Wegwitz, F.; Kari, V.; Schimmel, M.; Tamm, E.R.; Johnsen, S.A.; Wegner, M.; et al.
Egr2-guided histone H2B monoubiquitination is required for peripheral nervous system myelination. Nucleic Acids Res. 2020, 48,
8959–8976. [CrossRef] [PubMed]

193. Tarcic, O.; Pateras, I.S.; Cooks, T.; Shema, E.; Kanterman, J.; Ashkenazi, H.; Boocholez, H.; Hubert, A.; Rotkopf, R.;
Baniyash, M.; et al. RNF20 Links Histone H2B Ubiquitylation with Inflammation and Inflammation-Associated Cancer. Cell Rep.
2016, 14, 1462–1476. [CrossRef] [PubMed]

194. Espinosa, J.M. Histone H2B ubiquitination: The cancer connection. Genes Dev. 2008, 22, 2743–2749. [CrossRef]
195. Xu, Z.; Song, Z.; Li, G.; Tu, H.; Liu, W.; Liu, Y.; Wang, P.; Wang, Y.; Cui, X.; Liu, C.; et al. H2B ubiquitination regulates meiotic

recombination by promoting chromatin relaxation. Nucleic Acids Res. 2016, 44, 9681–9697. [CrossRef]
196. Liang, Q.; Xia, W.; Li, W.; Jiao, J. RNF20 controls astrocytic differentiation through epigenetic regulation of STAT3 in the developing

brain. Cell Death Differ. 2018, 25, 294–306. [CrossRef]
197. Najafova, Z.; Liu, P.; Wegwitz, F.; Ahmad, M.; Tamon, L.; Kosinsky, R.L.; Xie, W.; Johnsen, S.A.; Tuckermann, J. RNF40 exerts

stage-dependent functions in differentiating osteoblasts and is essential for bone cell crosstalk. Cell Death Differ. 2021, 28, 700–714.
[CrossRef]

198. Wegwitz, F.; Prokakis, E.; Pejkovska, A.; Kosinsky, R.L.; Glatzel, M.; Pantel, K.; Wikman, H.; Johnsen, S.A. The histone H2B
ubiquitin ligase RNF40 is required for HER2-driven mammary tumorigenesis. Cell Death Dis. 2020, 11, 873. [CrossRef]

199. Kosinsky, R.L.; Chua, R.L.; Qui, M.; Saul, D.; Mehlich, D.; Strobel, P.; Schildhaus, H.U.; Wegwitz, F.; Faubion, W.A.; Johnsen, S.A.
Loss of RNF40 Decreases NF-kappaB Activity in Colorectal Cancer Cells and Reduces Colitis Burden in Mice. J. Crohns Colitis
2019, 13, 362–373. [CrossRef]

200. Kosinsky, R.L.; Zerche, M.; Kutschat, A.P.; Nair, A.; Ye, Z.; Saul, D.; von Heesen, M.; Friton, J.J.; Schwarzer, A.C.; Paglilla, N.; et al.
RNF20 and RNF40 regulate vitamin D receptor-dependent signaling in inflammatory bowel disease. Cell Death Differ. 2021, 28,
3161–3175. [CrossRef]

201. Karpiuk, O.; Najafova, Z.; Kramer, F.; Hennion, M.; Galonska, C.; Konig, A.; Snaidero, N.; Vogel, T.; Shchebet, A.;
Begus-Nahrmann, Y.; et al. The histone H2B monoubiquitination regulatory pathway is required for differentiation of multipotent
stem cells. Mol. Cell 2012, 46, 705–713. [CrossRef]

http://doi.org/10.1038/s41588-021-00821-2
http://doi.org/10.1038/ncomms10292
http://doi.org/10.1073/pnas.0434312100
http://doi.org/10.1101/gad.265439.115
http://doi.org/10.1111/exd.14415
http://doi.org/10.1371/journal.pgen.1006151
http://doi.org/10.1016/j.jid.2016.02.809
http://doi.org/10.1016/j.tcb.2019.11.006
http://doi.org/10.1172/JCI124619
http://doi.org/10.1111/exd.13872
http://doi.org/10.1038/eye.2016.275
http://doi.org/10.1111/j.1751-1097.2007.00226.x
http://doi.org/10.1111/php.12662
http://doi.org/10.1038/s41467-021-25529-z
http://doi.org/10.1016/j.febslet.2011.07.034
http://doi.org/10.3892/ol.2021.12697
http://www.ncbi.nlm.nih.gov/pubmed/33868474
http://doi.org/10.1093/nar/gkaa606
http://www.ncbi.nlm.nih.gov/pubmed/32672815
http://doi.org/10.1016/j.celrep.2016.01.020
http://www.ncbi.nlm.nih.gov/pubmed/26854224
http://doi.org/10.1101/gad.1732108
http://doi.org/10.1093/nar/gkw652
http://doi.org/10.1038/cdd.2017.157
http://doi.org/10.1038/s41418-020-00614-w
http://doi.org/10.1038/s41419-020-03081-w
http://doi.org/10.1093/ecco-jcc/jjy165
http://doi.org/10.1038/s41418-021-00808-w
http://doi.org/10.1016/j.molcel.2012.05.022


Cells 2022, 11, 2404 21 of 21

202. Fuchs, G.; Shema, E.; Vesterman, R.; Kotler, E.; Wolchinsky, Z.; Wilder, S.; Golomb, L.; Pribluda, A.; Zhang, F.; Haj-Yahya, M.; et al.
RNF20 and USP44 regulate stem cell differentiation by modulating H2B monoubiquitylation. Mol. Cell 2012, 46, 662–673. [CrossRef]

203. Chen, S.; Li, J.; Wang, D.L.; Sun, F.L. Histone H2B lysine 120 monoubiquitination is required for embryonic stem cell differentiation.
Cell Res. 2012, 22, 1402–1405. [CrossRef]

204. Xie, W.; Miehe, M.; Laufer, S.; Johnsen, S.A. The H2B ubiquitin-protein ligase RNF40 is required for somatic cell reprogramming.
Cell Death Dis. 2020, 11, 287. [CrossRef]

205. Wang, L.; Xu, Z.; Wang, L.; Liu, C.; Wei, H.; Zhang, R.; Chen, Y.; Wang, L.; Liu, W.; Xiao, S.; et al. Histone H2B ubiquitination
mediated chromatin relaxation is essential for the induction of somatic cell reprogramming. Cell Prolif. 2021, 54, e13080. [CrossRef]

206. Qian, X.; Shen, Q.; Goderie, S.K.; He, W.; Capela, A.; Davis, A.A.; Temple, S. Timing of CNS cell generation: A programmed
sequence of neuron and glial cell production from isolated murine cortical stem cells. Neuron 2000, 28, 69–80. [CrossRef]

207. Jessen, K.R.; Mirsky, R. Schwann Cell Precursors; Multipotent Glial Cells in Embryonic Nerves. Front. Mol. Neurosci. 2019, 12, 69.
[CrossRef]

208. Srinivasan, R.; Sun, G.; Keles, S.; Jones, E.A.; Jang, S.W.; Krueger, C.; Moran, J.J.; Svaren, J. Genome-wide analysis of EGR2/SOX10
binding in myelinating peripheral nerve. Nucleic Acids Res. 2012, 40, 6449–6460. [CrossRef]

209. Topilko, P.; Schneider-Maunoury, S.; Levi, G.; Baron-Van Evercooren, A.; Chennoufi, A.B.; Seitanidou, T.; Babinet, C.; Charnay, P.
Krox-20 controls myelination in the peripheral nervous system. Nature 1994, 371, 796–799. [CrossRef]

210. Robson, A.; Makova, S.Z.; Barish, S.; Zaidi, S.; Mehta, S.; Drozd, J.; Jin, S.C.; Gelb, B.D.; Seidman, C.E.; Chung, W.K.; et al. Histone
H2B monoubiquitination regulates heart development via epigenetic control of cilia motility. Proc. Natl. Acad. Sci. USA 2019, 116,
14049–14054. [CrossRef]

211. Jin, S.C.; Homsy, J.; Zaidi, S.; Lu, Q.; Morton, S.; DePalma, S.R.; Zeng, X.; Qi, H.; Chang, W.; Sierant, M.C.; et al. Contribution
of rare inherited and de novo variants in 2,871 congenital heart disease probands. Nat. Genet. 2017, 49, 1593–1601. [CrossRef]
[PubMed]

212. Vethantham, V.; Yang, Y.; Bowman, C.; Asp, P.; Lee, J.H.; Skalnik, D.G.; Dynlacht, B.D. Dynamic loss of H2B ubiquitylation
without corresponding changes in H3K4 trimethylation during myogenic differentiation. Mol. Cell Biol. 2012, 32, 1044–1055.
[CrossRef] [PubMed]

213. Cole, A.J.; Clifton-Bligh, R.; Marsh, D.J. Histone H2B monoubiquitination: Roles to play in human malignancy. Endocr. Relat.
Cancer 2015, 22, T19–T33. [CrossRef] [PubMed]

214. Prenzel, T.; Begus-Nahrmann, Y.; Kramer, F.; Hennion, M.; Hsu, C.; Gorsler, T.; Hintermair, C.; Eick, D.; Kremmer, E.; Simons, M.; et al.
Estrogen-dependent gene transcription in human breast cancer cells relies upon proteasome-dependent monoubiquitination of histone
H2B. Cancer Res. 2011, 71, 5739–5753. [CrossRef]

215. Hahn, M.A.; Dickson, K.A.; Jackson, S.; Clarkson, A.; Gill, A.J.; Marsh, D.J. The tumor suppressor CDC73 interacts with the ring
finger proteins RNF20 and RNF40 and is required for the maintenance of histone 2B monoubiquitination. Hum. Mol. Genet. 2012,
21, 559–568. [CrossRef]

216. Tarcic, O.; Granit, R.Z.; Pateras, I.S.; Masury, H.; Maly, B.; Zwang, Y.; Yarden, Y.; Gorgoulis, V.G.; Pikarsky, E.; Ben-Porath, I.; et al.
RNF20 and histone H2B ubiquitylation exert opposing effects in Basal-Like versus luminal breast cancer. Cell Death Differ. 2017,
24, 694–704. [CrossRef]

217. Wu, C.; Cui, Y.; Liu, X.; Zhang, F.; Lu, L.Y.; Yu, X. The RNF20/40 complex regulates p53-dependent gene transcription and mRNA
splicing. J. Mol. Cell Biol. 2020, 12, 113–124. [CrossRef]

218. Kato, A.; Komatsu, K. RNF20-SNF2H Pathway of Chromatin Relaxation in DNA Double-Strand Break Repair. Genes 2015, 6,
592–606. [CrossRef]

219. Chernikova, S.B.; Razorenova, O.V.; Higgins, J.P.; Sishc, B.J.; Nicolau, M.; Dorth, J.A.; Chernikova, D.A.; Kwok, S.; Brooks, J.D.;
Bailey, S.M.; et al. Deficiency in mammalian histone H2B ubiquitin ligase Bre1 (Rnf20/Rnf40) leads to replication stress and
chromosomal instability. Cancer Res. 2012, 72, 2111–2119. [CrossRef]

220. Duan, Y.; Huo, D.; Gao, J.; Wu, H.; Ye, Z.; Liu, Z.; Zhang, K.; Shan, L.; Zhou, X.; Wang, Y.; et al. Ubiquitin ligase RNF20/40
facilitates spindle assembly and promotes breast carcinogenesis through stabilizing motor protein Eg5. Nat. Commun. 2016,
7, 12648. [CrossRef]

221. Reik, W. Stability and flexibility of epigenetic gene regulation in mammalian development. Nature 2007, 447, 425–432. [CrossRef]
222. Carter, B.; Zhao, K. The epigenetic basis of cellular heterogeneity. Nat. Rev. Genet. 2021, 22, 235–250. [CrossRef]
223. Gallego, L.D.; Ghodgaonkar Steger, M.; Polyansky, A.A.; Schubert, T.; Zagrovic, B.; Zheng, N.; Clausen, T.; Herzog, F.; Kohler, A.

Structural mechanism for the recognition and ubiquitination of a single nucleosome residue by Rad6-Bre1. Proc. Natl. Acad. Sci.
USA 2016, 113, 10553–10558. [CrossRef]

224. Barbour, H.; Daou, S.; Hendzel, M.; Affar, E.B. Polycomb group-mediated histone H2A monoubiquitination in epigenome
regulation and nuclear processes. Nat. Commun. 2020, 11, 5947. [CrossRef]

225. Johnson, K.L.; Qi, Z.; Yan, Z.; Wen, X.; Nguyen, T.C.; Zaleta-Rivera, K.; Chen, C.J.; Fan, X.; Sriram, K.; Wan, X.; et al. Revealing
protein-protein interactions at the transcriptome scale by sequencing. Mol. Cell 2021, 81, 4091–4103.e9. [CrossRef]

226. Buenrostro, J.D.; Wu, B.; Chang, H.Y.; Greenleaf, W.J. ATAC-seq: A Method for Assaying Chromatin Accessibility Genome-Wide.
Curr. Protoc. Mol. Biol. 2015, 109, 21.29.1–21.29.9. [CrossRef]

227. Skene, P.J.; Henikoff, J.G.; Henikoff, S. Targeted in situ genome-wide profiling with high efficiency for low cell numbers. Nat.
Protoc. 2018, 13, 1006–1019. [CrossRef]

http://doi.org/10.1016/j.molcel.2012.05.023
http://doi.org/10.1038/cr.2012.114
http://doi.org/10.1038/s41419-020-2482-4
http://doi.org/10.1111/cpr.13080
http://doi.org/10.1016/S0896-6273(00)00086-6
http://doi.org/10.3389/fnmol.2019.00069
http://doi.org/10.1093/nar/gks313
http://doi.org/10.1038/371796a0
http://doi.org/10.1073/pnas.1808341116
http://doi.org/10.1038/ng.3970
http://www.ncbi.nlm.nih.gov/pubmed/28991257
http://doi.org/10.1128/MCB.06026-11
http://www.ncbi.nlm.nih.gov/pubmed/22252316
http://doi.org/10.1530/ERC-14-0185
http://www.ncbi.nlm.nih.gov/pubmed/24891457
http://doi.org/10.1158/0008-5472.CAN-11-1896
http://doi.org/10.1093/hmg/ddr490
http://doi.org/10.1038/cdd.2016.126
http://doi.org/10.1093/jmcb/mjz045
http://doi.org/10.3390/genes6030592
http://doi.org/10.1158/0008-5472.CAN-11-2209
http://doi.org/10.1038/ncomms12648
http://doi.org/10.1038/nature05918
http://doi.org/10.1038/s41576-020-00300-0
http://doi.org/10.1073/pnas.1606863113
http://doi.org/10.1038/s41467-020-19722-9
http://doi.org/10.1016/j.molcel.2021.07.006
http://doi.org/10.1002/0471142727.mb2129s109
http://doi.org/10.1038/nprot.2018.015

	Introduction 
	Roles of Histone Mono-Ubiquitination in Transcriptional Regulation 
	PRC1-Mediated H2AK119 Mono-Ubiquitination and Transcriptional Repression 
	The Action Mechanism of RNF20/RNF40 Complex during Transcription 

	Roles of PRC1-Mediated H2AK119ub in Tissue Development and Disease 
	PRC1-Mediated H2AK119ub Plays Essential Roles in Tissue Development 
	Emerging Roles for H2AK119ub in Somatic Stem Cells and Tissue Homeostasis 

	The Importance of RNF20/40 and H2BK120ub in Tissue Development and Disease 
	Roles of RNF20 and RNF40 in Embryonic Stem Cells and Tissue Development 
	Roles of RNF20 and RNF40 in Tissue Homeostasis and Human Malignancy 

	Concluding Remarks 
	References

