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Abstract Mono-ubiquitination of histone H2A at lysine 119 (H2AK119Ub) is deposited by the Polycomb
repressive complex 1 (PRC1) and represents an abundant post-translational modification (PTM) of histones.
H2AK119Ub is crucially involved in the regulation of a wide range of biological processes, including organization
of the genome into distinct functional domains, gene silencing, and the maintenance of cell identities during
development, among others. Biochemically, the deposition and removal of H2AK119Ub are tightly controlled in
cells owing to a dynamic balance between the specific “writers” (i.e., PRC1) and “erasers” (i.e., deubiquitinases
(DUBs) such as BAP1 and USP16). Furthermore, the increasing evidence establishes a notion that H2AK119Ub
serves as a signal for recruiting specific “readers” (such as JARID2, DNMT3A, RYBP, SSX, and RSF1), which
elicit the critical downstream effects such as modulating gene transcription, maintaining genome integrity, and
shaping cell identity. This H2AK119Ub-based signaling is often perturbed in human diseases, pointing to a
connection between its dysregulation and pathological development. This review is aimed at providing a timely,
in-depth analysis of the molecular machinery governing H2AK119Ub, its interactions with other chromatin
factors, and its causal role in the onset and progression of diseases, notably cancer.
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Introduction

Histone post-translational modifications (PTMs), such as
acetylation,  phosphorylation,  ubiquitination  and
methylation, are critical regulators of chromatin dynamics
and the epigenetic states of cells [1]. Ubiquitination of the
histone H2A represents an abundant type of histone
PTMs in the mammals, present on roughly 10% of all
H2A molecules. Ubiquitination occurs at multiple sites of
H2A, such as its lysine residues 13, 15, 119, and 129, and
these modifications have been reported to mediate distinct
biological processes. For example, H2AK13/15Ub,
catalyzed by the RNF8—RNF168 cascade, plays a critical
role in the DNA damage response by recruiting 53BP1
and coordinating assembly of repair factors [2-5]. In
contrast, H2AKI129Ub contributes to chromatin
compaction and genome stability through PRCI1-
independent mechanisms [6—8]. The most prominent and
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extensively characterized ubiquitination of H2A is the
one at the residue K119, H2AK119Ub, which this review
article is focused on. Catalyzed by Polycomb repressive
complex 1 (PRCI1), H2AK119Ub is essential for the
establishment and maintenance of gene silencing, as well
as determination of cellular states and fates, during
organismal development; when mis-regulated, is critically
linked to pathogenesis such as cancer [9,10].
Accumulating evidence supports that H2AK119Ub
functions as a platform for recruiting the effector proteins,
or “readers,” which can modulate the gene-expression
programs and the epigenetic states under various
biological contexts. Traditionally, H2AK119Ub has been
viewed as a histone PTM downstream of PRC2 and the
PRC2-deposited trimethylation of histone H3 lysine 27
(H3K27me3); however, studies now show that it also
serves as an instructive signal that precedes and facilitates
the PRC2 recruitment, leading to the establishment of
H3K27me3 [11-13]. Indeed, the identification of the
PRC1 variant subcomplex termed vPRC1—which lacks
the canonical chromobox (CBX) subunit but contains
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Readout of H2AK119Ub mediates epigenetic regulation

RINGI and YY1 binding protein (RYBP) or YYI-
associated factor 2 (YAF2) instead—has redefined the
Polycomb complexes-mediated regulatory axes, showing
that the deposition of H2AKI19Ub can occur
independently of H3K27me3 and is essential for initiating
the de novo establishment of Polycomb domains (positive
for H2AK119Ub and H3K27me3; Fig. 1), particularly at
the developmental gene promoters [11-13].

Recently, several H2AK119Ub “readers” (Table 1)—
notably, Jumonji and AT-rich interaction domain-
containing 2 (JARID2), DNA methyltransferase 3A
isoform 1 (DNMT3Al), RYBP, and remodeling and
spacing factor 1 (RSF1)—have been identified, greatly
expanding the current understanding of how this histone
PTM is interpreted and relayed into a variety of
downstream events in the cell. In general, these “readers”
recognize H2AK119Ub in a nucleosomal context through
distinct structural modules, which include the ubiquitin-
interacting motif (UIM) of JARID2 [14], the ubiquitin-
dependent recruitment region (UDR) of DNMT3A1
[15-17], the Npl4 zinc finger (NZF) domain of RYBP
[18,19], and the ubiquitin-associated binding (UAB)
domain of RSF1 [20]. Structural studies of these factors
and the H2AK119Ub-containing nucleosome further
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demonstrated their interactions to be highly specific, with
“readers” acting as the scaffold to recruit the functionally
distinct chromatin-modifying and gene-regulatory
complexes. For instance, JARID2 and DNMT3A1, two of
the H2AKI119Ub  “readers,” act to reinforce
transcriptional silencing at the target genes [21,22].
Notably, the H2AK119Ub “readers” are not exclusively
repressors. RSF1, for example, has been shown to bind
the H2AK119Ub-marked nucleosomes and facilitate the
PRC1 displacement from chromatin, promoting
transcriptional activation at select genomic loci [20].
Therefore, the dual roles for H2AK119Ub were reported
to either stabilize a gene-repressive state or permit
reactivation, depending on the “reader” identity and
cellular contexts.

Dysregulation of H2AK119Ub signaling is implicated
in a spectrum of human diseases, pointing to the
importance of this pathway in biology and medicine. It is
conceivable that H2AKI119Ub malfunction, due to
inherited mutation or altered expression of H2ZAK119Ub
“readers,” can cause inappropriate activation or
repression of developmentally crucial genes and the
increase of cellular plasticity, thereby contributing to
malignant transformation and/or congenital disorders. For
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Fig. 1 Synergistic actions of PRC1 and PRC2 lead to stable epigenetic repression. (A) Schematic illustration of the crosstalk and feedback

regulation among PRC1, PRC2, and “readers” of their deposited histone

PTMs (i.e., H3K27me3 and H2AK119Ub). Left panel: H3K27me3, which

is deposited by PRC2 (the H3K27me3 “writer”), is directly bound by the chromodomain (CD) harbored in the CBX protein (the H3K27me3

“reader”), which recruits the canonical PRC1 (cPRC1) complex (the

H2AK119Ub “writer”). Right panel: PRC1 (the H2AK119Ub “writer”)

catalyzes H2AK119Ub, which facilitates the PRC2 recruitment via JARID2 (the H2AK119Ub “reader”) to enhance the H3K27me3 deposition.
Middle panel: a bidirectional communication, enforced at least by a PRC1-H2AK119Ub-JARID2:PRC2-H3K27me3 axis and a PRC2-H3K27me3-
CBX:PRC1-H2AK119Ub axis, establishes the so-called “Polycomb domain,” a more stable repressive chromatin state. (B) Structural model of the
PRC2-AEBP2-JARID2 complex bound to an H2AK119Ub-modified nucleosome (PDB: 6WKR). JARID2 directly engages the ubiquitin moiety
via its UIM, anchoring the associated PRC2 to the nucleosome and stimulating its catalytic activity. Right panels are zoomed-in views of the boxed
part shown in the left panel. Individual subunits of the complex and nucleosomal components are color-coded and labeled as indicated.
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Table 1 Summary of H2AK119Ub readers

Protein Recognition domain/motif Principal biological function Disease/pathological association
JARID2 UIM (ubiquitin-interacting Links PRC1-deposited H2AK119Ub to Overexpression in solid tumors (e.g., the lung, colon,
motif) PRC2.2-mediated H3K27me3 deposition; breast, etc.) promotes oncogenesis; loss in myeloid
maintains Polycomb repression during neoplasms impairs PRC2 recruitment and promotes
development leukemogenesis
DNMT3A1 UDR (ubiquitin-dependent Couples the Polycomb-dependent DNMT3A1 PWWP mutations in cancers release the
recruitment region) H2AK119Ub marking with DNA UDR-based reading of H2AK119Ub and leads to
methylation aberrant DNA hypermethylation at the Polycomb-
targeted genomic sites
RYBP NZF (Npl4 Zinc Finger) Engages H2AK119Ub and stabilizes VPRC1  Dysregulated in several cancers; RYBP loss linked to
on chromatin enhanced tumor growth and poor prognosis
SS18::SSX or  C-terminal repression domain SS18::SSX retargets the BAF complex and SS18::SSX, generated by the t(X;18)(p11.2;q11.2)
SSX perturbs the Polycomb—BAF balance, chromosomal translocation, is the hallmark mutation and
driving aberrant transcription oncogenic driver of synovial sarcoma
ZRF1 UBD (ubiquitin binding Displaces PRC1 to allow target gene Dysregulated ZRF1 impairs differentiation and is
domain) reactivation during differentiation implicated in cancer and neurodevelopmental disorders
RSF1 UAB (ubiquitin-associated) Facilitates chromatin remodeling at RSF1 amplification in ovarian and breast cancers;
domain Polycomb target sites and DNA damage loci  contributes to genomic instability

example, the overexpression of a key H2AKI119Ub
deubiquitinase (DUB), USP16, in a Ts65Dn mouse model
of Down’s syndrome resulted in the reduced self-renewal
of hematopoietic stem cells and impaired expansion of
neural progenitors, concurrent with aberrant erasure of
H2AK119Ub [23]. On the other hand, USP16 deletion in
murine bone marrow caused the accumulation of
H2AK119Ub, impairing appropriate commitment of
hematopoietic cell lineages [24]. Furthermore, the
germline mutation of BAPI, another key regulator of
H2AK119Ub, defines a syndrome predisposed to cancer
such as uveal melanoma, mesothelioma, and cutaneous
melanoma [25]. Likewise, aberrant expression of RYBP
or JARID2 was reported to alter the crosstalk between
PRC1 and PRC2, Ileading to misexpression of
developmental genes and promotion of tumor progression
in lung, breast, and myeloid cancers [14,26,27].

In this review, we summarize the emerging insights
into the cellular machineries involved in the sensing and
readout of H2AK119Ub, as well as the underlying
molecular mechanisms and biological functions during
various biological processes. We particularly focus on
how the H2AKI119Ub is interpreted under different
cellular contexts, the structural principles of such
recognition, and the implications of H2AKI119Ub
dysregulation in human diseases.

JARID2 functions as a “reader” of
H2AK119Ub, establishing Polycomb
domains across the genome

Initially, JARID2 was identified in 1995 by Takeuchi and
colleagues through a genetic screen in searching for the
regulators of mouse embryogenesis [28]. Mice deficient
in JARID2 displayed cardiac malformations, such as

aberrant heart morphogenesis and ventricular septal
defects, highlighting its essential role in development
[29]. Although JARID2 contains a JmjC domain, a
structural motif typically associated with demethylase
activity, subsequent studies demonstrated that it lacks
catalytic activity due to the absence of conserved residues
required for binding iron and o-ketoglutarate, the two
cofactors of demethylase [30,31]. Despite a lack of
catalytic function, JARID2 has been reported to act as a
transcriptional corepressor and emerged as a key non-
enzymatic regulator of chromatin dynamics, especially at
the repressive genomic regions [32,33]. Proteomic studies
using PRC2 as the bait revealed that JARID2 physically
associates with the core PRC2 complex; together with
AEBP2, JARID2 was identified as a defining component
of a PRC2 complex variant termed PRC2.2 [30,34,35].
Terminology and definition of different subcomplexes for
PRC2 and PRCI1 have been covered in previous reviews
[36,37] and therefore will not be explained here. JARID2
was shown to modulate the chromatin binding and
histone methyltransferase activity of PRC2.2, thereby
maintaining the Polycomb-mediated transcriptional
repression [37-39].

While the above studies established JARID2 as a
PRC2-regulatory factor, JARID2 has recently emerged as
a functional bridge between the two major Polycomb
complexes, PRC1 and PRC2, through its ability to
recognize and bind H2AK119Ub directly. This discovery
marked a significant advancement in the current
understanding of the crosstalk between PRC1 and PRC2.
In 2014, Kalb and colleagues identified JARID2 as a
direct interactor of H2AK119Ub using quantitative
proteomic approaches [40]. By incubating either
unmodified or H2AK119Ub-modified nucleosomes with
nuclear extracts from mouse embryonic stem cells



Readout of H2AK119Ub mediates epigenetic regulation

(mESCs), they discovered that JARID2 preferentially
binds the H2AK119Ub-marked nucleosomes [40]. This
finding unveiled a functional connection between the
PRCl1-deposited H2AK119Ub and PRC2 recruitment,
leading to subsequent deposition of H3K27me3 (Fig. 1A,
right panel). In parallel, the chromodomain (CD) of CBX
family proteins within the canonical PRC1 (cPRC1)
complex specifically recognizes and binds H3K27me3 to
deposit H2AK119Ub, thereby reinforcing gene repression
through a feedforward regulatory loop (Fig. 1A, left
panel). As mentioned above, JARID2 not only facilitates
the chromatin occupancy of PRC2 at H2AKI119Ub-
enriched regions but also enhances its histone
methyltransferase  activity, promoting H3K27me3
deposition at the Polycomb-targeted genomic regions.
Such a dual role of JARID2 positions it to be a critical
integrator of the PRC1 and PRC2 functions.

Cooper et al. subsequently investigated the molecular
basis for JARID2-mediated H2AK119Ub recognition,
identifying a UIM located within the N-terminal amino
acids 24-40 of JARID2 [14]. A recent cryo-EM structure
of the JARID2-AEBP2-PRC2 bound to the
H2AK119Ub-modified nucleosomes has further revealed
a multivalent “read-and-recruit” mechanism [21]
(Fig. 1B). The UIM of JARID2 adopts an L-shaped
conformation that enables multivalent interactions with
the H2AK119Ub-harboring nucleosome (Fig. 1B, middle
panel). Structurally, an o-helix region of the UIM
establishes extensive contacts with both ubiquitin and
nucleosomal DNA, anchoring the complex onto
nucleosomes with high affinity. Concurrently, a C-

terminal positively charged segment of the UIM
establishes the electrostatic interaction with the
H2A-H2B acidic patch, further stabilizing the

nucleosome binding. On the opposite side of the
nucleosome, Adipocyte Enhancer Binding Protein 2
(AEBP2), a zinc finger protein, contributes to the binding
specificity by engaging ubiquitin through two of its three
C2H2 zinc finger motifs (Fig. 1B, right panel). This
multivalent interaction interface formed by JARID2 and
AEBP2 greatly enhances both the affinity and specificity
of binding by the PRC2.2 complex to the H2AK119Ub-
marked nucleosome. Functionally, this interaction is
critical for the PRC2 recruitment and H3K27me3
deposition at Polycomb-targeted genomic loci. Indeed,
loss of JARID2 leads to the diminished PRC2 binding
and the globally reduced H3K27me3, placing JARID2 to
be a player that acts upstream of the H3K27me3 “writers”
[14,34,35,40]. In addition to being a regulator of
developmental genes, JARID2 also plays a central role
during the X chromosome inactivation (XCI). During
early embryogenesis, Xist RNA triggers the PRCI-
mediated deposition of H2AK119Ub across the inactive
X chromosome. In this process, H2ZAK119Ub is then
recognized by JARID2, which facilitates the recruitment

of PRC2 and spreading of H3K27me3, establishing a
transcriptionally — repressive chromatin  environment
during XCI [14,39,41,42].

JARID2 dysregulation has been linked to diseases,
most notably neurodevelopmental disorders and cancers.
The mutation or altered expression of JARID2 was
associated with syndromic intellectual disability and
neurodevelopmental disorder [43—46]. In the context of
cancers, JARID2 shows complex context-dependent
roles. On one hand, JARID2 overexpression was
positively correlated with enhancement of the PRC2
activity and suppression of tumor suppressor genes
(TSGs), contributing to the genesis of lung cancer, colon
cancer, and breast cancer [26,47]. Conversely, the loss of
JARID2 in myeloid neoplasms was found to be
associated with impairment of the PRC2 recruitment and
failure to silence the developmental genes, contributing to
leukemic transformation through the enhanced progenitor
self-renewal [27]. These findings highlight JARID2 as a
molecular rheostat that fine-tunes PRC2 activity,
functioning as either a TSG or an oncogene depending on
cellular and developmental contexts.

Together, JARID2 acts as a central epigenetic
integrator that links the repressive H2AK119Ub mark
catalyzed by PRCI to the methylation activity of PRC2
(Table 1). Alongside a parallel signaling involving the
CBX-directed reading of H3K27me3, these findings
establish a “two-way” communication that reinforces the
Polycomb silencing (Fig. 1A). Depending on the cellular
contexts, JARID2’s regulatory roles have been
established in the epigenetic gene repression,
developmental fidelity, and oncogenesis.

DNMT3A1 recognizes H2AK119Ub,
thereby connecting the Polycomb-based
gene repression with the de novo DNA
methylation

Three DNA methyltransferases—DNMT1, DNMT3A,
and DNMT3B—mediate cytosine methylation in
mammals. DNMTI1 primarily functions as the
maintenance methyltransferase, faithfully copying the
existing methylation patterns onto newly synthesized
DNA strands by targeting the hemi-methylated sites
during DNA replication [48]. In parallel, DNMT3A and
DNMTS3B act as de novo methyltransferases, establishing
the CpG methylation patterns during embryonic
development and cellular differentiation [49]. Despite
sharing considerable sequence identity, DNMT3A and
DNMT3B are not functionally redundant [50,51].
DNMT3A has two predominant isoforms, a long isoform
1 (DNMT3A1) and a shorter isoform 2 (DNMT3A2),
with the latter generated through alternative promoter
usage and lacking the 223 N-terminal amino acids present
in DNMT3A1 [52,53] (Fig. 2A). Despite displaying the
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comparable methyltransferase activity in vitro [53],
DNMT3A1 and DNMT3A2 show distinct expression
patterns across the cellular types and chromatin
association  across the  genome. DNMT3A2,
predominantly expressed in ESCs and germline cells, is
preferentially localized to the euchromatic regions

expressed across various somatic tissues and
demonstrates the enrichment at heterochromatic domains
[57]. Isoform-specific distribution in the genome,
accompanied by differential interaction with chromatin-
associated regulators, establishes the distinct regulatory
role for DNMT3A1 and DNMT3A2 in shaping the

[52-56]. In contrast, DNMT3A1l is more broadly landscape of DNA methylation.
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Fig. 2 The recognition of H2AK119Ub by DNMT3Al for DNA methylation. (A) Domain architecture of DNMT3A1, DNMT3A2 and
DNMT3B1. DNMT3AL1 harbors a unique N-terminal ubiquitin-dependent recruitment (UDR) region that is absent in DNMT3A2 and DNMT3B1.
Each domain has been colored as indicated. (B) Structural model of DNMT3A1 bound to a nucleosome carrying H2AK119Ub (PDB: 8U5H). An
N-terminal region of DNMT3A1’s UDR engages the H2A-H2B acidic patch, while its C-terminal region simultaneously interacts with
nucleosomal DNA and the ubiquitin moiety. These multivalent interactions stabilize DNMT3A1 association with the H2AK119Ub-modified
chromatin. (C) A proposed competitive model between DNMT3A1 and JARID2 for binding the H2AK119Ub-modified nucleosomes. The two
“readers” utilize distinct ubiquitin-interacting motifs to recognize this histone mark, suggesting a potential regulatory competition that may
influence the balance between Polycomb-mediated repression and de novo DNA methylation. 5SmC, 5-methylcytosine. (D) A switch-binding
model of DNMT3AL carrying the PWWP-domain-defective mutation detected in cancers. In wild-type (WT) cells, the DNMT3A1 PWWP domain
binds H3K36me2/3 to direct DNA methylation. In PWWP-mutated cancers, loss of H3K36me2 binding capacity of PWWP leads a UDR-based
shift in DNMT3A1’s chromatin occupancy toward the H2AK119Ub-rich genomic loci, resulting in aberrant DNA hypermethylation at Polycomb-
regulated regions. Colors and labels of protein domains, nucleosomal elements, and interaction interfaces correspond to those depicted in the
figure.
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DNMT3A’s genomic targeting and catalytic activity are
orchestrated by a series of tandemly arranged functional
modules. A key distinction between the two major
isoforms lies at the N terminus—DNMT3AT1 possesses an
extended regulatory region absent in DNMT3A2
(Fig. 2A). Positioned downstream of this variable N
terminus are a proline-tryptophan-tryptophan-proline
(PWWP) domain, which recognizes and binds the histone
H3 di- or tri-methylated at lysine 36 (H3K36me2/3)
[58-60], and an adjacent ATRX-DNMT3-DNMT3L
(ADD) domain, which recognizes and specifically binds
the histone H3 non-methylated at lysine 4 (H3K4me0)
[61]. The ADD domain provides a crucial autoinhibitory
mechanism—in the absence of its cognate H3K4me0
ligand, it physically blocks access to DNMT3A’s
catalytic pocket, thus preventing spurious DNA
methylation and ensuring activity is unleashed only upon
the engagement with appropriate chromatin context
[62,63]. At the C terminus, the catalytic methyltransferase
domain (MTase) executes the enzyme’s primary
function—it catalyzes the transfer of a methyl group from
the cofactor S-adenosylmethionine (SAM), to cytosine
residues, preferentially in the CpG dinucleotides, thereby
establishing de novo DNA methylation [62,64—66].

Recent studies have uncovered a previously
unappreciated mechanism in which the regulation of
DNMT3A1’s enzymatic activity involves recognition of
H2AK119Ub and the corresponding region termed
ubiquitin-dependent recruitment (UDR; residues 164-219
of DNMT3A1), which is unique to DNMT3A1 and
absent from DNMT3A2 [16,17,67]. Functional
significance of the UDR emerged when DNMT3A is
defective in the PWWP-mediated recognition of
H3K36me2/3, leading to DNMT3Al’s aberrant
accumulation at genomic loci marked by H2AK119Ub
[68]. Biochemical and structural studies confirmed that
DNMT3A1’s UDR directs high-affinity and highly
specific  binding to the H2AKI119Ub-modified
nucleosome [15-17]. These studies also reveal a
multivalent binding mechanism involving at least three
synergistic ~ protein—protein  interaction interfaces
(Fig. 2B). First, an UDR segment spanning the residues
R171 to R181 adopts a positively charged U-turn motif
that docks onto the conserved H2A-H2B acidic patch, a
canonical chromatin-interacting surface frequently used
by Polycomb group complexes and other epigenetic
regulators [69]. Within this motif, R171 and RI18lI
directly engage the acidic patch, whereas W176 is
anchored within a hydrophobic cage formed by H2A.
Second, a central UDR segment immediately following
the U-turn motif (L188, F190, and Y196) inserts into a
hydrophobic groove formed by the C-terminal tail of
H2A and an adjacent dimer interface of H3. Furthermore,
the R183 residue of DNMT3AL is oriented toward the
ubiquitin moiety of H2AK119Ub and engages in an

electrostatic interaction with E51 of ubiquitin. Third, the
C-terminal o-helix within UDR makes additional contacts
with both the conjugated ubiquitin at H2AK119 and the
adjacent nucleosomal DNA. Interestingly, the N-terminal
region of JARID2 also engages the H2AKI119Ub-
modified nucleosome through a structurally analogous
interface, albeit in an opposite orientation [15].
Furthermore, DNMT3A1 and JARID2 have been shown
to compete with one another for binding to H2AK119Ub-
modified nucleosome in vitro in a mutually exclusive
manner, indicative of antagonism between DNA
methylation and Polycomb complex-mediated repression
in cells (Fig. 2C).

These above observations point to a gene-regulatory
mechanism in which H2AK119Ub serves as a hub that
can potentially be engaged by distinct “readers” to elicit
divergent biological effects. In support, a majority of
Polycomb target sites exhibit a pattern of DNA
hypomethylation during development [70]; here, JARID2
was shown to facilitate PRC2 recruitment and H3K27me3
deposition to establish the Polycomb complexes-based
repression [14,17]. In contrast, the DNMT3A1 binding to
H2AK119Ub promotes DNA methylation—a pattern
typically associated with more stable gene silencing and
heterochromatin formation. Chen et al. demonstrated that
mutation of key residues within the DNMT3A1 UDR not
only impaired the binding to H2AKI119Ub-modified
nucleosomes in vitro but also compromised the DNA
methylation activity of DNMT3A1 in vitro and in vivo
[15]. However, Wapenaar et al. reported that
H2AK119Ub can increase the binding affinity of
DNMT3AI1 to nucleosomes in vitro but did not stimulate
its catalytic activity, contrasting sharply with the
activating role of H3K36me2/3 [17]. Furthermore,
Gretarsson et al. conducted the DNMT3A1 re-expression
in the Dnmt3a/3b/1 triple-knockout mESCs and showed
that H2AKI119Ub alone is insufficient to stimulate
DNMT3AT1’s de novo methylation activity in cells [16].
Together, these findings support a model in which
H2AK119Ub serves as a “positioning signal,” recruiting
DNMT3AI1 to the Polycomb-repressed genomic regions
(such as bivalent promoters and unmethylated CpG
islands) but leaving its catalytic activity latent in the
absence of additional activating cues (such as
H3K36me2/3, which is sensed by DNMT3A1’s PWWP
module). This working model aligns well with the
genome-wide methylation profiling data, which showed
that the H2AK119Ub-demarcated regions often remain
hypomethylated under physiologic conditions [50,59,71],
suggesting that UDR-mediated genomic targeting of
DNMT3A1 primes, but does not alone trigger, the de
novo methylation.

However, DNMT3A1l malfunction under the
pathological context such as developmental disorders and
cancers can lead to the perturbed activity of DNMT3A1
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and the resultant reprogramming of DNA methylation
patterns. Indeed, the cancer-associated mutations in
DNMT3A1l’s PWWP domain disrupt its ability to
recognize H3K36me2/3, thereby unleashing the latent
chromatin-binding capacity of the UDR. As a result,
DNMT3A1 becomes mistargeted to the H2AK119Ub-
enriched facultative heterochromatin, particularly at the
bivalent promoters and unmethylated CpG islands—
regions normally protected from de novo methylation
(Fig. 2D and Table 1). This mistargeting ultimately leads
to aberrant DNA hypermethylation, a hallmark often
observed in the diseased contexts [72-75]. These
mechanistic insights into DNMT3A1l mislocalization
have opened new avenues for therapeutic intervention.
Small molecules or peptides that selectively disrupt UDR’
s interaction with H2AK119Ub-modified nucleosomes
could prevent aberrant DNMT3A1 recruitment to
Polycomb-repressed regions, thus restoring normal DNA
methylation patterns in those DNMT3A1 mutant cancers
or developmental syndromes. Moreover, the engineered
UDR derivatives could also serve as dominant-negative
inhibitors, competitively  blocking endogenous
DNMT3A1 from accessing the H2AKI119Ub-marked
targets.

RYBP functions as a “reader” and
amplifier of H2AK119Ub signaling

RYBP was first identified as a transcriptional corepressor
that directly interacts with both RINGI1 and the
transcription factor YY1, suggesting a role in Polycomb-
mediated gene silencing [76]. Subsequent biochemical
studies revealed that RYBP contains a conserved NZF
domain capable of recognizing ubiquitinated substrates,
including H2AK119Ub [18]. Later, a series of studies
established RYBP as a defining component of vPRC1. In
contrast to canonical PRC1, which harbors a CBX subunit
to recognize H3K27me3, vPRCI lacks CBX and instead
utilizes the RYBP-directed recognition of H2AK119Ub
for the chromatin recruitment [11,12,19,77,78]. This
RYBP-based binding enables the vPRC1 complexes to be
recruited to genomic sites independently of H3K27me3,
thereby facilitating de novo establishment and spreading
of Polycomb-repressed domains.

Genome-wide profiling studies of mESCs and early
embryos have shown that the RYBP-harboring vPRCI
complexes often co-occupy the genomic regions marked
by H3K27me3 [19,77,79]. Importantly, genetic ablation
of RYBP disrupted the vPRC1 recruitment and led to the
defective H3K27me3 deposition by PRC2, indicating that
the RYBP-containing vPRCI acts not only as a “reader”
of H2AK119Ub but also as an important upstream
regulator of PRC2 and H3K27me3 [77,79]. Besides
Polycomb-targeted developmental genes, RYBP is also

essential for the maintenance of silencing of inactive X
chromosome during XCI. In response to Xist RNA, the
PCGF3/5-containing PRC1 complexes initiate deposition
of H2AK119Ub, which is subsequently “read” by the
RYBP-containing vVPRC1 complexes. These complexes
thus amplify H2AK119Ub and facilitate the PRC2
recruitment, leading to widespread H3K27me3 deposition
and chromosome-wide transcriptional repression [42].
Zhao et al. further demonstrated that both RYBP and its
homolog YAF2 can directly recognize H2AK119Ub and,
in turn, recruit RYBP/YAF2—containing vPRCI
complexes to catalyze H2AKI19Ub at adjacent
nucleosomes [19]. This process establishes a feedforward
loop that reinforces both the formation and the spreading
of Polycomb-repressed chromatin.

Recently, a high-resolution cryo-EM study elucidated
the “read-write” mechanism by which the RYBP-
containing VPRC1 complexes recognize the H2AK119Ub-
modified nucleosomes to propagate Polycomb-mediated
repression [22]. This work revealed that RYBP-PRC1
complexes engage chromatin through two distinct modes:
one targeting unmodified nucleosomes and the other
specifically recognizing the H2AKI119Ub-modified
nucleosomes (Fig.3A). In the first mode, the
RING1B-BMII1 heterodimer, which forms the catalytic
core of PRCI1, binds directly to the nucleosome core
particle in a ubiquitin-independent manner (Fig. 3A).
Here, the basic residues R81, R97, and R98 of RING1B
contact the acidic patch of H2A (Fig. 3B), while BMI1
engages residues on the histones H3 and H4. This
interaction is crucial for initiating H2A mono-
ubiquitination. In contrast, the second binding mode—
specific  to  H2AK119Ub-modified chromatin—is
mediated by RYBP, which uses its conserved NZF
domain to directly recognize the ubiquitin moiety of
H2AK119Ub (Fig. 3C). A cluster of positively charged
residues (R47-R56) adjacent to the NZF domain engages
the acidic patch of H2A via electrostatic interactions
(Fig. 3D), further stabilizing the association with
modified nucleosomes. Moreover, the key residues within
the NZF domain—T31, F32, and I143—interact with the
144 hydrophobic patch of ubiquitin, following a
conserved interaction pattern characteristic of the Npl4-
type zinc finger ubiquitin binders [80] (Fig. 3D). These
two binding modes are mutually exclusive (Fig.3E),
ensuring spatial regulation of PRCI activity. Biochemical
assays demonstrated that RINGIB-BMI1 binds both
unmodified and H2AK119Ub-modified nucleosomes
with comparable affinity, indicating that H2AK119Ub
does not enhance its chromatin association [22]. In
contrast, RYBP binds to the H2AK119Ub-harboring
nucleosomes with nearly 10-fold higher affinity than the
RING1B-BMII dimer, highlighting its critical role as a
selective “reader” of this histone mark [22]. Such
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Fig. 3 A model illustrating the variant PRC1 (vPRC1)-directed “read”—“write” feedforward loop. (A, B) A structural model of the RING1B-
BMI1-nucleosome (A; PDB: 8PP7), as well as a zoomed-in view (B) of the interaction between RING1B and the acidic patch of H2A. (C, D) A
structural model of the RYBP-H2AK119Ub nucleosome (C; PDB: 8PP6), as well as a zoomed-in view (D) showing that the NZF domain of
RYBP recognizes the H2AK119Ub-harboring nucleosome. Positively charged residues within the NZF domain interact with the H2A acidic patch,
whereas a hydrophobic pocket formed by T31, F32, and 143 engages the 144 hydrophobic patch of ubiquitin. (E) Mutually exclusive binding sites
of RYBP and RINGI1B on the nucleosome. Structural alignment indicates that RYBP and RING1B cannot simultaneously bind to the same
nucleosome due to spatial clash. (F) A proposed model illustrating the “read”—“write” feedforward loop enforced by vPRC1. The catalytic subunit
RINGI1B deposits the H2AK119Ub mark on nucleosomes (“write””), which is specifically recognized by the ubiquitin binding NZF domain of
RYBP (“read”). This recognition promotes the recruitment of additional vPRC1 complexes through the interaction between the RID of RYBP and
the RAWUL domain of RING1B, thereby reinforcing H2AK119Ub deposition through a self-amplifying feedforward loop. Colors and labels of
protein domains, nucleosomal elements, and interaction interfaces correspond to those depicted in the figure.

preferential recognition by RYBP may explain why, in
structural reconstruction of vPRC1-modified nucleosome
complexes, RYBP is observed bound to H2AK119Ub-
modified nucleosomes whereas the RINGIB-BMI1
catalytic core is not. In addition to its NZF domain,
RYBP harbors a second critical module—the RING1B-
interacting domain (RID)—which directly recruits the
enzymatic RING1B-BMIl module. Based on these
structural and functional insights, a positive feedback
model emerges. RYBP first recognizes and anchors to the
H2AK119Ub-marked nucleosomes via its NZF domain,
and subsequently, through its RID, recruits
RING1B-BMII to neighboring unmodified nucleosomes,
thereby catalyzing de novo H2A ubiquitination (Fig. 3F,
Table 1). This spatial coupling of recognition and
enzymatic activity allows the RYBP-containing vPRCI
complexes to function as both “readers” and amplifiers of
H2AK119Ub.

Taken together, RYBP exemplifies a dual-function
chromatin effector that not only decodes but also
amplifies the Polycomb-mediated gene silencing through
a structurally coordinated “read-write” mechanism.

S$S818::SSX onco-fusion protein “reads”
H2AK119Ub, leading to aberrant activation
of developmental genes and pathogenesis
of synovial sarcoma

Chromatin-modifying and remodeling factors play a
fundamental role in regulating DNA accessibility and
transcriptional control, ensuring precise gene expression.
Aberrant regulation of these factors is now appreciated to
be a hallmark of human diseases, particularly cancer
[81-84]. Synovial sarcoma, a rare and aggressive soft
tissue sarcoma that primarily affects adolescents and
young adults, provides evidence to support this principle.
Nearly all cases of synovial sarcoma are driven by a
disease-unique chromosomal translocation that results in
the generation of an oncogenic fusion termed SS18::SSX
(also known as SYT::SSX) [85-88]. This characteristic
chromosomal translocation, t(X;18)(p11.2;q11.2), fuses
the synovial sarcoma-associated 18 (SS18) gene on
chromosome 18 to one of the synovial sarcoma X (SSX)
breakpoint gene family members (most commonly SSX1
or SSX2) located on the X chromosome (Fig.4A)
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Fig. 4 A model illustrating the SSX-based “reading” of H2AK119Ub-modified nucleosomes. (A) Schematic representation of SS18::SSX, a
hallmark gene translocation of synovial sarcoma. The t(X;18)(p11.2;q11.2) chromosomal translocation fuses SS18 on the chromosome 18 with
SSX, generating an SS18::SSX fusion protein comprising 379 N-terminal residues from SS18 and 78 C-terminal residues from SSX. (B, C) A
structural model of the SSX-H2AK119Ub nucleosome complex (PDB: 8HQY). (D, E) SSX engages the H2AK119Ub nucleosome via a bipartite
recognition mechanism. The N-terminal region associates with the H2A—H2B surface (D), securing the protein to the nucleosome, while its C-
terminal acidic tail docks into a basic groove formed by H3 and ubiquitin (E), thus ensuring both specific and stable recognition of the
H2AK119Ub modification. (F) A model showing the SS18::SSX-mediated transcriptional dysregulation and potential therapeutic interventions.
SS18::SSX hijacks coactivators (such as the ssBAF complex, the WDR-KMT2/MLL complexes, SUMO2-related modifiers, among others); the
collective actions of which convert the normally repressive chromatin architecture to an activated one (featured with the increased levels of
chromatin accessibility and H3K4me1/2/3 deposition), leading to oncogenic transcriptomic programs seen in synovial sarcoma. WDRS5-targeting
PROTAC:s (such as MS67) suppress the WDR-KMT2/MLL-dependent target gene activation whereas TAK-981, a SUMO?2 inhibitor, restores
cBAF function, thereby counteracting the SS18::SSX-driven transcriptional programs.

[86,89]. Structurally, the resultant SS18::SSX fusion In the normal settings, SS18 acts as a component of the
combines distinct functional domains from each partner SWI/SNF chromatin-remodeling complex known as
(Fig. 4A), implicating a disease-causing mechanism. BRG1/BRM-associated factor (BAF) complex, which
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functions to facilitate the dynamic regulation of
chromatin accessibility and contributes to various
processes such as normal development, cell
differentiation, and cellular homeostasis [90,91].
Structurally, the normal SS18 protein (Fig. 4A) contains a
transcriptional activation domain (AD) and intrinsically
disordered regions (IDRs), which enable the multivalent
protein—protein interactions within the BAF core complex
[92]. In particular, SS18’s IDR at the C terminus contains
a tyrosine-rich motif termed QPGY, which has been
shown to mediate formation of the nuclear condensates in
a mechanism consistent with phase separation [84]. The
precise role of SSX family proteins such as SSX1 and
SSX2 remains incompletely defined; however,
accumulating evidence suggests that SSX plays a role in
epigenetic gene silencing. Structurally, the SSX protein
(Fig. 4A) harbors a Kriippel associated box (KRAB)-like
transcriptional repression domain (RD) at its N terminus
[93], mediating interaction with co-repressors such as
transducin-like enhancer 1 (TLEl) [94]. SSX’s C-
terminal acidic domain has been shown to colocalize with
Polycomb group proteins (for example, RINGIB and
BMI1) [95] and contribute to formation of the repressive
chromatin, again pointing to a role in transcriptional
repression.

The SS18::SSX fusion protein consists of almost the
entire SS18 (residues 1-379) and a C-terminal segment

from SSX (residues 111-188) (Fig.4A). Thus,
SS18::SSX  contains the segments of SS18 for
incorporating into the BAF complex, recruiting

transcriptional coactivators and inducing condensation, as
well as SSX’s C-terminal segment for mediating
transcriptional repression and interacting with Polycomb
group proteins. Therefore, the SS18::SSX fusion protein
aberrantly links a gene-active SWI/SNF chromatin-
remodeling complex to Polycomb repressive machinery.
Indeed, SS18::SSX has been reported to disrupt the
canonical BAF complex by dispelling its subunit termed
SWI/SNF related BAF chromatin remodeling complex
subunit B1 (SMARCBI; also known as INI1 or SNFS5,
which was initially identified as a TSG), resulting in the
assembly of a non-canonical oncogenic BAF variant
termed “ssBAF” [90]. This aberrant complex has been
shown to retarget BAF complexes toward the Polycomb-
bound regions where it antagonizes the PRCI1 activity.
Additionally, recent studies demonstrated that SS18::SSX
directly recognizes H2AK119Ub, a hallmark of
Polycomb-associated silencing marker, and aberrantly
places the gene-active BAF complexes to the PRCI-
bound loci, thereby rewiring the local gene-expression
programs [92,96,97]. Recent work have further elucidated
the molecular mechanism underlying SS18::SSX’s
targeting to the H2AK119Ub-demarcated chromatin. Its
SSX moiety functions as a “reader” that binds to
H2AK119Ub [98-100]. Mechanistically, the SSX region

spanning the residues 162-184 adopts an extended,
snake-like conformation that enables multivalent binding
to the nucleosome surface [100]. This interaction is
mediated through two primary interfaces that confer the
chromatin binding specificity. First, a positively charged
N-terminal segment of this motif interacts with the acidic
patch formed by histones H2A and H2B (Fig. 4B and
4C)—a major landing “dock™ for various chromatin-
associated factors. In addition, the tyrosine 177 (Y177) of
SSX inserts into a hydrophobic pocket composed of the
02 helix (L65 and A69) and a3 helix (L85 and A86) of
H2A (Fig. 4D). Second, a negatively charged C-terminal
tail of SSX was enveloped by a positively charged groove
formed between H3 and ubiquitin, enabling the specifical
recognition of H2AK119Ub (Fig. 4E). Mutations of the
above key residues compromised SSX’s ability to bind
the H2AK119Ub-modified nucleosomes. Furthermore,
the interaction between SSX and the H2AKI119Ub-
containing nucleosome also appears to promote the DNA
unwrapping to some extent, a configuration associated
with chromatin remodeling and regulatory factor access,
which promotes chromatin accessibility and transcri-
ptional derepression at these Polycomb-repressed loci
[100]. In essence, SS18::SSX perturbs the Polycomb
factors-enforced gene-silencing programs, and as a result,
Polycomb factors are evicted from the H2AKI119Ub-
demarcated genomic regions, leading to the increased
chromatin accessibility and activation of transcripts
normally silenced in a developmental context [99,101].
Perturbation of such cell differentiation programs
facilitates the malignant transformation (Fig.4F and
Table 1).

Early detection of synovial sarcoma is critical for
effective disease treatment and improving patient
outcomes. Standard treatment typically involves a
combination of surgical resection [102], radiotherapy
[103,104], and cytotoxic chemotherapy [105]. However,
despite the aggressive multimodal therapy, the prognosis
for patients with advanced or metastatic synovial sarcoma
remains poor. New and more effective therapeutic
strategies are needed and under active investigation [106],
including immune checkpoint inhibitors, targeted
therapies directed at SS18::SSX, and the SS18::SSX-
associated epigenetic factors [107-110]. Proteolysis-
targeting chimeras (PROTACS) represent a promising
strategy for cancer therapy [111]. Selective degradation
of BRD9 using PROTAC has been shown to effectively
disrupt the SS18::SSX-related oncogenic transcriptional
programs and suppress tumor growth in vivo [112,113].
Recently, Yu and colleagues demonstrated that WDRS, a
core component of the KMT2/MLL H3K4
methyltransferase complexes, interacts with SS18::SSX
and that synovial sarcoma exhibits an exquisite WDRS
dependency [114]. This work demonstrated existence of a
previously unexplored interaction between SS18::SSX
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and the WDRS5-harboring KMT2/MLL complex, which
deposits H3K4me3/2 and contributes to the epigenetic
reprogramming driven by the fusion protein seen in
synovial sarcoma. Notably, the WDRS-targeting
PROTACs, such as MS67 and MS40 [114-116],
selectively degraded WDRS in synovial sarcoma, leading
to downregulation of the SS18::SSX—driven oncogenic
transcriptomic programs and suppression of synovial
sarcoma growth in vitro and in vivo (Fig.4F).
Furthermore, independent studies reported a critical role
of SUMOylation in the stabilization and/or functionality
of the SS18::SSX complexes [117,118]. In essence,
synovial sarcoma carrying SS18::SSX shows striking
dependency on the small ubiquitin-like modifier 2
(SUMO2)-related pathway genes both in vitro and
in vivo. TAK-981, a clinical-stage SUMO?2 inhibitor,
potently suppressed the growth of synovial sarcoma.
SUMO?2 inhibition by TAK-981 de-SUMOylated the
cBAF subunit SMARCEI and profoundly reduced the
global protein levels and chromatin occupancy of
SS18::SSX and the associated SWI/SNF complexes,
leading to the repression of gene-expression programs
orchestrated by the SS18::SSX onco-fusion (Fig. 4F).
How SUMOylation affects the function of SS18:SSX, the
associated complex, and H2AK119Ub remains to be
determined. These above findings underscore the
potential of targeting WDRS through protein-degradation
strategies, as well as blockade of the SUMOylation
pathway using small-molecule inhibitor, for the treatment
of synovial sarcoma.

Zuotin-related factor 1 (ZRF1) switches the
H2AK119Ub-mediated gene silencing to
activation

ZRF1, originally identified based on its homology to the
yeast ribosome-associated J protein Zuotin, exhibits the
functional specialization depending on its subcellular
location [119,120]. In the cytosol, ZRF1 acts as a co-
translational molecular chaperone, facilitating the nascent
polypeptide folding and stabilizing ribosome-associated
protein complexes during translation [119,120]. In
contrast, the nuclear role of ZRF1 emerged with the
discovery that it serves as a chromatin-associated factor
capable of engaging H2AK119Ub [121].

ZRF1 is conserved and contains several functional
modules [122,123] (Fig. 5SA, Table 1). Its N-terminal
segment harbors a DnaJ domain, a hallmark of J proteins
that mediates interaction with Hsp70 chaperones. This
domain is essential for ZRF1’s cytosolic role in co-
translational protein folding. Located downstream of the
DnalJ domain is a ubiquitin binding domain (UBD), which
confers the ability to recognize and bind H2AK119Ub in
the nucleus. This interaction is central to ZRF1’s function
in chromatin regulation and transcriptional activation

during cell differentiation. Structural prediction models of
the ZRF1-ubquitin complex suggested that the UBD
contains two potential interfaces capable of mediating this
interaction (Fig. 5B). However, the detailed mechanism
of recognition remains to be elucidated, particularly in the
context of H2AK119Ub-modified nucleosomes.

In 2010, Richly and colleagues identified ZRF1 as a
chromatin-associated factor that directly binds to
H2AKI119Ub wusing an affinity purification assay
followed by mass spectrometry [121]. Through a series of
deletion mapping and in vitro binding experiments, they
further delineated that the UBD of ZRF1 is sufficient for
the H2AK119Ub recognition. Surprisingly, ZRF1 and
RINGIB were found to compete for binding
H2AK119Ub, leading to displacement of the PRCI
complex from the chromatin (Fig.5C) [121]. This
competition highlights a molecular switch during cell fate
transition, in which ZRF1 effectively antagonizes
Polycomb-mediated gene silencing. Indeed, ZRF1 was
shown to be specifically recruited to promoters of those
developmental genes repressed by Polycomb, suggesting
that it acts as a key effector in relieving transcriptional
repression during differentiation. Upon binding to
H2AK119Ub-marked chromatin, ZRF1 can not only
facilitate the displacement of PRC1 but also mediate the
removal of the H2AK119Ub mark itself. This process
involves cooperation with the DUB USP21 (Fig. 5C)
[121]. Through this dual mechanism—eviction of PRCI
and erasure of H2AK119Ub—ZRF1 promotes the
transition from a silenced chromatin state to an active
one, enabling transcriptional activation of lineage-specific
genes during development [121-124]. In support of this
model, the induction of key developmental genes was
found to be markedly impaired in ZRF1-deficient cells,
underscoring ZRF1’s  functional requirement for
reactivation of those Polycomb-regulated gene. These
findings point to a context-dependent function of
H2AK119Ub, depending on its “readers.”

Recent studies have also linked ZRF1 to cancers. Given
its ability to modulate Polycomb-mediated gene silencing,
ZRF1 may function either as an oncogenic cofactor or as
a tumor suppressor, depending on the cellular context and
tumor type. In gastric carcinoma, ZRF1 is frequently
overexpressed, correlating with aggressive features such
as venous and lymphatic invasion, advanced stage, and
higher recurrence rates [125]. Notably, patients with
ZRF1-overexpressing tumors exhibit poorer outcomes.
Functional studies demonstrated that ZRFI knockdown
inhibited proliferation, migration, and invasion of gastric
cancer cell lines, while inducing apoptosis in a p53-
dependent manner, suggesting an oncogenic role for
ZRF1. Previous studies also reported that ZRF1 is
overexpressed in hematologic malignancies, including
acute myeloid leukemia (AML) [126,127]. In AML,
ZRF1 functions as an oncogenic epigenetic regulator,
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Fig. 5 A predicted model of ZRF1 binding to ubiquitin. (A) Domain organization of ZRF1, with each domain highlighted in a different color.
(B) An AlphaFold-predicted structural model of ZRF1 in complex with ubiquitin. ZRF1 engages ubiquitin through its UBD, suggesting a potential
mechanism for recognizing ubiquitinated chromatin. (C) A proposed model of ZRF1 function on chromatin. ZRF1 recognizes the H2AK119Ub-
modified nucleosomes and displaces PRC1 from the chromatin. By recruiting the DUB USP21, ZRF1 promotes the H2AK119Ub removal, further

switching the chromatin state toward transcriptional activation.

modulating transcriptional programs essential for
maintaining leukemic stemness and enforcing the
differentiation blockade. Mechanistic investigations

revealed that ZRF1 depletion in AML led to the reduced
proliferation, increased apoptosis, and enhanced myeloid
differentiation. Consistently, the knockdown of ZRFI
significantly impaired leukemia progression [127].
Importantly, ZRF1 inhibition exhibits a synergistic effect
with retinoic acid (RA) therapy, highlighting a potential
combinatorial approach for AML treatment. Conversely,
ZRF1 also exerts tumor-suppressive effects in certain
contexts. In oncogene-induced senescence, ZRF1 plays a
pivotal role by activating the INK4/ARF locus [128]. The
INK4/ARF activation inhibits cell proliferation and
prevents malignant transformation, underscoring the role
of ZRF1 as a TSG. In breast cancer, ZRF1 was reported
to act as a TSG during the early stages of metastasis
[129]. Together, ZRF1 has context-dependent functions.
While more studies are warranted, ZRF1 has emerged as
a promising biomarker of cancer progression and a
potential therapeutic target in certain cancer types,
particularly those exhibiting the aberrant Polycomb
activity or dysregulated histone ubiquitination.

RSF1 “reads” H2AK119Ub in Polycomb-
repressed chromatin

RSF1 (Table 1), a key component of the RSF chromatin-
remodeling complex, was previously identified to be a
“reader” of H2AK119Ub [20]. Using the approach of
stable isotope labeling of amino acids in cell culture
(SILAC)-based quantitative proteomics, Zhang and
colleagues screened for proteins showing the preferential
binding to H2AKI119Ub-modified nucleosomes, and
uncovered RSF1 as a H2AK119Ub binder. Subsequent
functional analyses revealed that RSF1 recognizes
H2AK119Ub-marked nucleosomes through a specialized
ubiquitinated H2A binding (UAB) module located in its
C-terminal region (residues 770-807). Chromatin
immunoprecipitation profiling revealed that the RSFI
occupancy to be significantly correlated with both
H2AK119Ub and RinglB binding. Functionally, it has
been reported that RSF1 repressed transcription from
H2AK119Ub-modified chromatin in vitro and was
essential for maintaining proper H2AK119Ub enrichment
at the targeted regions [20]. Furthermore, RSFI
cooperates with RinglB to regulate mesodermal
patterning and gastrulation during early Xenopus
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embryogenesis, underscoring the biological significance
of this H2AK119Ub-dependent “reader” interaction [20].
These findings place RSF1 within a growing class of
H2AK119Ub “reader” proteins that decode Polycomb-
deposited ubiquitin signals to enforce transcriptional
repression and epigenetic memory. Future structural
studies will be instrumental in elucidating the precise
molecular basis of RSF1’s recognition of H2AK119Ub in
the nucleosomal context.

H2AK119Ub signaling pathway serves as
the therapeutic target

Aberrant regulation of H2AK119Ub has been implicated
in various diseases such as cancer and developmental
disorder, positioning this signaling axis as a promising
therapeutic target. Recently, efforts have been made to
modulate the activity of H2AK119Ub catalytic “writers”
such as PRCI1, “erasers” or DUBs such as BRCAI
associated deubiquitinase 1 (BAP1), and “readers” such
as the cancer-specific SS18::SSX. In addition, innovative
approaches including PROTACs and small-molecule
disruptors are being employed to interfere with the
H2AK119Ub-reader interactions.

PRC1 inhibitors

Unlike the much advances in developing the PRC2-
specific inhibitors and next-generation degraders
[130,131], the small-molecule inhibitors targeting PRCI
are currently limited. Yet, early success in inhibiting the
RINGI1B/BMII catalytic core has shown high potential to
suppress oncogenic functions of PRCI1. It has been
reported that compounds such as PTC-209 and its
derivative PTC-028 reduced the expression or stability of
BMII, leading to derepression of the PRCl-silenced
genes and inhibition of tumor growth [132,133].
Although these agents lack strict selectivity for
RING1B/BMII, they have demonstrated the feasibility of
pharmacologically attenuating PRC1 catalytic function in
diseases, marking an early success in this area.
Furthermore, PROTACs designed to selectively degrade
PRC1 components have been developed, providing
improved specificity compared with the traditional
catalytic inhibitors. For example, BMI1- or CBX8-
targeting PROTACs were shown to effectively degrade
PRC1 subunits, leading to decreased H2AKI119Ub
deposition and reactivated expression of TSGs [134,135].

DUB modulators

The H2AK119Ub homeostasis is dynamically maintained
by both “writer” and “eraser” enzymes. Targeting DUBs
such as BAP1 [136-138] and USP16 ([23,24,139]
provides an alternative route to modulate the

H2AK119Ub-based signaling in diseases. Additional sex
combs like 1 (ASXL1), which encodes a BAPI-
interacting partner protein, is one of the most frequently
mutated genes in patients with AML and other
hematological cancers [140]. It has been reported that
somatic mutations of ASXL1, due to its truncation and
other damaging mutants targeting C-terminal region,
enhance the DUB activity of the so-called ASXL-BAP1
“PR-DUB” DUB complex, removing H2AK119Ub at a
global level in the cancer cells [141]. It is thus
conceivable that the BAP1 inhibitors can stabilize global
H2AK119Ub and enforce PRCI-mediated repression,
whereas enhancing DUB activity may benefit conditions
where excessive ubiquitination drives oncogenic
silencing. The recently solved cryo-EM structures of
BAP1-H2AK119Ub [142] and USP16-H2AK119Ub
complexes [143] offer high-resolution frameworks for
structure-guided drug design, which awaits further
studies.

Disruption of H2AK119Ub-reader interaction

The strategies involving small molecules or peptides to
disrupt the H2AK119Ub-reader binding are also being
explored. Although the clinically validated compounds
are not available, high-resolution structural studies of the
readers bound to H2AKI119Ub have revealed well-
defined ubiquitin-recognition pockets that could, in
principle, be exploited for inhibitor development
[15,21,22,100]. In parallel, fragment-based screening
efforts targeting UBDs have provided conceptual proof
that such interfaces are pharmacologically tractable
[144,145]. These advances highlight the potential to
selectively uncouple H2AKI119Ub signaling from
downstream reader-mediated chromatin regulation.

Conclusions and perspectives

In recent years, H2AK119Ub has emerged as a central
epigenetic mark that integrates the chromatin structure
and gene/genome regulation. Once regarded as a
downstream effector of PRC2, it is now recognized as a
versatile signal capable of eliciting context-dependent
effects, both repression and activation, through distinct
“reader” proteins. These “readers” (Table 1)—including,
but not limited to, JARID2, DNMT3A1, RYBP, ZRF,
and RSFl—regulate a quite diverse set of biological
processes, ranging from PRC2 recruitment and
functionality to DNA methylation, from chromatin
remodeling to transcriptional activation [15,21,22,100],
and from 3D genome organization [146] to biomolecular
condensation [147,148], among others, some of which are
not covered in this article due to space limitations. It has
been increasingly clear that the plasticity and dynamic
nature of the H2AK119Ub mark underscore its functional
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diversity in different chromatin environment and cellular
contexts, the details of which shall represent an exciting
area of investigation in the future.

Despite the above-mentioned advances, several
fundamental = questions  remain.  First,  distinct
H2AK119Ub “readers” engage the ubiquitinated

nucleosome through the structurally similar interfaces yet
elicit different regulatory outcomes. How cells selectively
deploy appropriate “readers” at a given genomic locus
remains unclear, which theoretically is crucial for
ensuring the precise spatial and temporal control of gene
expression. Factors such as the expression level, cofactor
availability, and/or PTMs are all possible molecular
determinants regarding the specificity in deployment of
select “readers.” Elucidating the underlying mechanisms
will be essential for understanding how H2AK119Ub can
act as a versatile regulatory platform in diverse chromatin
and cellular contexts.

Second, H2AKI119Ub exhibits the multi-faceted
function in cells, mediating gene silencing or activation
depending on which “reader” is engaged. How exactly a
balance between repression and activation is maintained
at these H2AKI119Ub-marked genomic loci requires
detailed investigation. There seems to be a consensus that
H2AK119Ub mainly serves as a gene-repressive mark,
recruiting Polycomb complexes, as well as DNMT3A1 in
certain contexts, to reinforce target gene silencing.
However, in specific contexts, H2AK119Ub is also
recognized and bound by non-canonical effectors such as
RSF1, which promotes chromatin remodeling and PRCI
eviction, ultimately facilitating transcriptional activation
and cell-fate transitioning. The coexistence of these
opposing regulatory “readers” raises a possibility that
local chromatin  context, combinatorial histone
modifications, and/or temporal and spatial expression of
“reader” proteins collectively determine the functional
outcome of the H2AK119Ub recognition.

Third, the interplay between H2AK119Ub and other
histone modifications remains incompletely understood.
H2AK119Ub’s cooperation with H3K27me3 in a
Polycomb feed-forward loop is well established, yet its
apparent antagonism with H3K36me2/3 suggests a more
complex regulatory landscape. Insights from DNMT3A1
provide a striking example of such crosstalk. The PWWP

domain of DNMT3A1 specifically recognizes
H3K36me2/3 while the adjacent ADD domain binds
H3K4me0O, an event that releases DNMT3A1’s

autoinhibition, which is caused by blockade of the
catalytic pocket in the absence of its cognate ligand. This
combinatorial recognition ensures that DNMT3A1’s
activity is confined to the transcriptionally repressive
chromatin and prevents aberrant DNA methylation.
Intriguingly, the disease-associated DNMT3A1 mutants
were found to be defective in the PWWP-mediated
H3K36me2/3 recognition, lose appropriate chromatin

targeting and aberrantly accumulate at the H2AK119Ub-
enriched loci, underscoring a reciprocal regulatory
relationship between these two histone marks. Whether
H2AK119Ub engages in functional interplays with
additional histone PTMs, such as H3K9me3 or histone
acetylation, remains an open question and warrants
further investigation.

Lastly, the recent discovery of new H2AK119Ub
“readers” or coregulators has significantly expanded our
current understanding of the functional readout of
H2AK119Ub in Dbiology. Traditional biochemical
approaches, such as ubiquitinated nucleosome pull-down
followed by mass spectrometry, have had some success in
identifying  high-affinity = H2AK119Ub  “readers.”
However, these methods are often insufficient to capture
those low-abundance or weakly interacting “readers” that
may be functionally relevant as well. The development of
innovative and robust screening strategies—such as
proximity labeling-based approaches or genome-wide
CRISPR screens—holds a promise for uncovering the
previously undetectable components in the H2AK119Ub
signaling networks.

In closing, the significance of H2AK119Ub is now
appreciated in quite diverse biological processes and
various human diseases. We look forward to seeing more
future studies aimed at unraveling how this histone PTM
governs chromatin dynamics, gene expression, and
cellular plasticity under both the normal and diseased
settings.
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