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Abstract: Three-dimensional genome organization represents an additional layer in the epigenetic
regulation of gene expression. Active transcription controlled by enhancers or super-enhancers has
been extensively studied. Enhancers or super-enhancers can recruit activators or co-activators to
activate target gene expression through long-range chromatin interactions. Chromatin interactions
and phase separation play important roles in terms of enhancer or super-enhancer functioning.
Silencers are another major type of cis-regulatory element that can mediate gene regulation by
turning off or reducing gene expression. However, compared to active transcription, silencer studies
are still in their infancy. This review covers the current knowledge of human silencers, especially the
roles of chromatin interactions and phase separation in silencers. This review also proposes future
directions for human silencer studies.

Keywords: silencers; chromatin interactions; phase separation

1. Introduction

Humans are complex multicellular organisms made up of 30–40 trillion cells, all
containing the same DNA sequences [1]. Yet, different cell types express distinct sets
of genes to perform vastly different functions within the human body. Cis-regulatory
elements (CREs) are non-coding sequences that play an important role in regulating these
cell type-specific transcriptional programs that allow for heterogeneous gene expression
from a common DNA template [2,3]. CREs are enriched for transcription factor binding
sites that activate or repress the transcription of associated genes [4]. In this review, we
cover the present knowledge about repressive CREs known as silencers, including how
three-dimensional (3D) genome organization participates in repressing gene expression.

Extensive research has been done on two classes of activating CREs: promoters and
enhancers. Promoters are located proximal to transcription start sites and contain binding
sites for RNA polymerase II and other general transcription factors that initiate transcrip-
tion [5–7]. Enhancers are similarly enriched in binding sites for activating transcription
factors and cofactors, but are located linearly distant from gene promoters in either direc-
tion [8]. Chromatin looping brings enhancers and their target promoters close together
in three-dimensional space, allowing regulatory signals to be transmitted from enhancers
to promoters across the long linear distances [9–11]. Active promoters and enhancers
are respectively marked by trimethylation and monomethylation of lysine 4 of histone
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H3 (H3K4me3 and H3K4me1) [12], and both are marked by acetylation of lysine 27 of
histone H3 (H3K27ac) [13]. Multiple enhancers can cooperate additively or synergistically
to regulate gene expression [8].

Just as activating CREs are required to activate selected genes for cell type-specific
functions, so too are repressive CREs required to curb the expression of genes that need
to be switched off. Although activating CREs are well characterized, repressive CREs
remain poorly understood. Silencers are one type of repressive CRE, broadly defined
as sequence-specific CREs that switch off or reduce the expression of their target genes.
Unfortunately, very few human silencers have been identified and characterized. In Table 1,
we show a partial list of experimentally validated human silencers.

Silencers can be classified into proximal and distal silencers depending on their po-
sition relative to the gene promoter. Promoter-proximal silencers are usually position
dependent and contain binding sites for repressor proteins that can switch off gene ex-
pression by inhibiting transcriptional machinery binding or function [14]. Promoter-distal
silencers are usually position and orientation independent and can loop to target promoters
to repress gene expression, functioning as the repressive analogue to enhancers [14,15].

Table 1. Validated examples of human silencers.

Silencer Position Target Gene Proximal or
Distal Reference

Promoter synapsin I (SYN1) proximal [16]
Promoter interferon gamma (IFNG) proximal [17]
Promoter platelet-derived growth factor subunit A (PDGFA) proximal [18]

Intron human CD4 molecule (CD4) proximal [19,20]
Exon chimerin 1 (CHN1) proximal [21]
Intron collagen type IV alpha 2 chain (COL4A2) proximal [22]

Promoter thyroid-stimulating hormone subunit beta (TSHB) proximal [23]
Promoter serpin family B member 2 (SERPINB2) proximal [24]
Promoter glutathione S-transferase pi 1 (GSTP1) proximal [25]

Intron apolipoprotein A2 (APOA2) proximal [26]
Intron and UTR methyl CpG-binding protein 2 (MECP2) proximal [27]

15 putative silencers unknown (silencing activity characterized using
functional assays) distal [28]

Intergenic cyclinD1 (CCND1) distal [29]
Intron Rho GTPase-activating protein 6 (ARHGAP6) proximal [30]

5 H3K27me3-DNase
hypersensitive sites

unknown (silencing activity characterized using
functional assays) distal [31]

Methylation-rich region human fibroblast growth factor 18 (FGF18) distal [32]
Methylation-rich region human insulin like growth factor 2 (IGF2) distal [32]

2. Genome-Wide Identification of Silencers

With more and more individual silencer examples, systematic methods identifying
human silencers have been proposed. Huang et al. [31] identified silencers in the human
genome by selecting for heterochromatic loci that were accessible to transcription regulation
machinery, using H3K27me3 ChIP-seq peaks and DNase I hypersensitive sites (DHS)
(Figure 1A). They assigned these H3K27me3-DHS sites to the nearest genes and explored
their correlation with expression across multiple cell lines. H3K27me3-DHS sites that were
negatively correlated with gene expression in different cell lines were termed as putative
silencers. Five out of ten putative silencers showed decreased luciferase reporter gene
activity, demonstrating the prediction power of this method. Moreover, transcriptional
repressors such as CCCTC-binding factor (CTCF), SMAD family member 4 (SMAD4), and
snail family transcriptional repressor 3 (SNAI3) were enriched at these putative silencers.
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Figure 1. Different identification methods of human silencers. (A) H3K27me3-DHS sites that were
negatively correlated with expression of nearby genes in different cell lines were termed silencers. DHS—
DNase I hypersensitive sites. (B) Identifying silencers using the subtractive approach. (C) Identifying
human silencers by high-throughput functional screen via measuring the repressive ability of silencer
elements (ReSE). (D) Identifying H3K27me3-rich regions (MRRs) as silencers.

Doni Jayavelu et al. [33] adopted a subtractive approach to identifying putative si-
lencers (Figure 1B). They first used DNase I hypersensitive sites to denote open chromatin
regions in the genome. Enhancers, promoters, insulators, and active transcription start sites
were then subtracted from the open chromatin regions, and the remaining open chromatin
regions were termed as putative silencers. They performed validation on 7430 putative
silencer elements via massively parallel reporter assays (MPRA) using self-transcribing
active regulatory region sequencing (STARR-seq) in K562 cells. The validation results
showed that the putative silencer elements in K562 had comparable transcription activities
compared with randomly selected regions, demonstrating limited predictive power. Only
around half of the putative silencer elements had lower transcription activity compared to
the median of randomly selected regions. Nevertheless, they still found that these putative
silencer elements enriched for known repressors such as RE1 silencing transcription factor
(REST), YY1, zinc finger and BTB domain-containing 33 (ZBTB33), SUZ12, and EZH2.

In contrast to the above methods, Pang and Snyder [34] systematically identified
silencers through a high-throughput functional screen rather than predicting using epige-
netic marks or chromatin interactions (Figure 1C). This method measured the repressive
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ability of silencer elements (ReSE) by screening for genomic fragments that repress the
transcription of an apoptosis-inducing protein (a modified caspase 9 fused to an FK506-
binding protein (FKBP-Casp9)). If the inserted fragments have silencer activity, it will
repress the transcription of the FKBP-Casp9 gene in the cells, thus preventing apoptosis. By
expanding surviving cells and sequencing the inserts within these cells, silencer regions can
be identified. Overall, they identified 2664 putative silencer regions in K562 cells, and three
silencer regions located in the intron regions of HRH1, SYNE2, and CDH23 were validated
via CRISPR/Cas9 deletion.

Our group followed a similar approach to Huang et al. [31] and identified H3K27me3-rich
regions (MRRs) as putative silencers based on H3K27me3 ChIP-seq signal (Figure 1D) [32].
H3K27me3 peaks in close proximity were clustered together, and these clusters were ranked
by their H3K27me3 enrichment. Similar to super-enhancer identification, clusters with the
highest H3K27me3 ChIP-seq signals were termed as H3K27me3-rich regions (MRRs). A total
of 974 MRRs were identified in K562 cells, and 2 MRRs were validated for their silencing
functions via CRISPR/Cas9 deletion.

Although various systematic methods have been proposed [31–35], there is no con-
sensus yet in terms of how to identify human silencers. Each of these methods identifies
different genomic regions as human silencers; however, validation of these silencers has not
been sufficient. MRRs from Cai et al. [32] were compared to ReSE silencer elements from
Pang and Snyder [34] in the K562 cell line; only 10.66% of putative silencers overlapped
between both sets, although the overlap was still significantly higher than with random
control. This suggests that there are indeed some common human silencers which can be
called upon by the cell for different functions; however, unique human silencers found by
particular methods also exist, raising the possibility that there may be different classes of
human silencers. Therefore, establishing a gold standard for the identification of human
silencers would be an important future direction for this field.

3. Silencers Interfere with Binding of Activators and Transcriptional Machinery

In general, silencers function in two ways: First, repressors may bind at silencers to
block binding sites for activators and transcription machinery (Figure 2A). For example,
transcriptional repressor BCL6 can repress interleukin 4 (IL4) gene expression in B cells
by competing with signal transducer and activator of transcription 6 (STAT6) and CCAAT
enhancer binding protein beta (CEBPB) for promoter binding [36].

Second, silencers may prevent activators and/or GTFs from accessing promoters by
establishing a repressive chromatin structure through the recruitment of histone modifiers
or chromatin stabilizing factors (Figure 2B). In particular, the repressive remodeling of
chromatin structure frequently involves histone methylation and deacetylation.
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Figure 2. Mechanisms for silencer repression. Silencers can repress gene expression in two ways:
(A) One way is to compete with activators or general transcription factors (GTF) for binding sites.
For example, BCL6 competes with STAT6 and CEBPB for binding at the IL4 promoter to prevent
transcription [36]. (B) Another way is to generate a repressive chromatin environment, for example
by methylating the histones at the gene promoter, thereby preventing the binding of activators and
transcriptional machinery. For example, the REST complex binds at the promoter of STMN2 [37],
recruiting the PRC2 complex and depositing H3K27me3. (C) Silencers can interact with linearly
distant gene promoters through chromatin looping, to perform their repressive functions. The IGF2
promoter interacts with a distal H3K27me3-rich region (MRR) and forms a repressive chromatin
structure [32]. CRISPR/Cas9 excision of the MRR increases IGF2 transcription.

4. Histone Methylation at Silencers

Histone proteins are decorated by an array of post-translational modifications, includ-
ing methylation and acetylation, that regulate chromatin accessibility and transcription
factor binding [38]. Methylation of different histone lysine residues are recognized by spe-
cific ‘reader’ proteins that can activate or repress transcription [39]. In particular, repressed
constitutive (stable) and facultative (dynamic) heterochromatin domains are associated
with H3K9me3 and H3K27me3. Although it is not completely clear how these histone
methylation modifications direct transcription silencing, recent research suggests that they
interact with H1 linker histones to compact chromatin and repress transcription [40,41].
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Polycomb group (PcG) proteins form Polycomb repressive complexes (PRC) that
deposit H3K27me3 marks on facultative heterochromatin [42]. Global screens for human
silencers indicate that PRC complexes are enriched at these CREs [32–34]. EZH2, which
is the enzymatic subunit of PRC2 that catalyzes H3K27 tri-methylation, was found to be
enriched at putative human silencers identified by Doni Jayavelu et al. [33] and Pang and
Snyder [34]. Our recent work also uncovered exquisite enrichment of EZH2 at putative
silencers, with exceptionally high enrichment of H3K27me3 (termed as methylation-rich
regions or MRRs) compared to typical H3K27me3 peaks [32].

Individual silencers have been shown to be enriched for repressors that recruit PcG
proteins for their repressive function. The repressor element 1 (RE-1) is a silencer first identified
in humans upstream of the stathmin 2 gene (STMN2) [37], and subsequently identified
upstream of the synapsin I gene (SYN1) [16]. RE-1 was shown to be occupied by a repressor
protein (RE-1 silencing transcription factor REST) in non-neuronal cell lines, but the repressor
was absent in neuronal cell lines, demonstrating cell-type specificity in function [16,37]. Using
a luciferase reporter assay, RE-1 was shown to silence reporter gene expression, and mutation
or deletion of this silencer induced upregulation of the reporter gene [16].

The multifunctional transcriptional factor YY1 can repress gene expression in some
specific conditions by recruiting PRC2 [43–45], creating a repressive chromatin structure
that prevents activator binding. Together, these pieces of evidence suggest that PcG proteins
are involved in a class of silencer function.

5. Histone Deacetylation at Silencers

Besides histone methylation, chromatin compaction is also correlated with histone
deacetylation. Acetyl groups reduce the positive charges on histones, which decreases
electrostatic interactions with chromatin, thereby relaxing and opening the chromatin
structure for transcription factor binding [38]. Hence, the removal of these acetyl groups by
histone deacetylases creates a more compact chromatin structure that inhibits the binding
of activators and transcriptional machinery. Notably, many repressors recruit histone
deacetylases HDAC1 and HDAC2, which are found in multiple histone deacetylation
complexes such as the SIN3A-HDAC complex, the nucleosome remodeling and deacetylase
complex (NuRD), and the CoREST complex structure [38].

For example, SP1 and SP3 have been shown to function as repressors by recruiting
SIN3A-HDAC complexes, inhibiting the expression of genes such as luteinizing hormone
receptor (LHCGR) [46,47], telomerase reverse transcriptase (TERT) [48], interleukin 1 alpha
(IL1A) [49], cyclin dependent kinase inhibitor 1A (CDKN1A) [50], and endothelial PAS
domain protein 1 (EPAS1) [51]. The RUNX family transcription factor 1 (RUNX1) binds
at a silencer in the first intron of the CD4 gene [52], recruiting SIN3A/HDAC complexes
to repress transcription [53]. Notably, this silencer exhibited both orientation and position
independent negative regulatory activity [20,54], and demonstrated cell type-specificity in
function, repressing reporter gene expression selectively in CD4-/CD8- double-negative
and CD4-/CD8+ single-positive T cells but not in CD4+/CD8- single-positive T cells [20].
POU2F1 acts as a repressor when binding to an A+T rich silencer motif at promoters by
recruiting the NuRD complex [55], inhibiting transcription of genes such as TSHB [23],
CYP1A1 [56], POU1F1 [57], and NOS2 [58].

6. Distal Silencers Loop to Promoters to Inhibit Gene Expression

Just as enhancers or super-enhancers form chromatin interactions with distant gene
promoters to activate transcription [59–61], so too can distal silencers loop to distant target
genes to repress transcription. In particular, H3K27me3-marked domains connect together
via a network of chromatin interactions to create a compact and inaccessible structure.

Looping silencers have been well documented in Drosophila [62]. The Drosophila
Snail (Sna) protein is a well-known repressor of non-mesodermal genes in the developing
mesoderm [63]. Gisselbrecht et al. [64] showed that a subgroup of silencers was significantly
enriched for chromatin interactions with transcription start sites, and H3K27me3 signals
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at these silencers were anti-correlated with the expression of interacting genes. This
suggests that some silencers work through recruiting repressors to mediate silencing
activity. Chromatin loops also connect H3K27me3-marked Polycomb repressive elements
(PREs) and promoters, repressing gene expression [62,65,66].

Chromatin loops similarly connect H3K27me3-marked domains in mice. Using Chro-
matin Interactions Analysis with Paired-End Tag sequencing (ChIA-PET), Ngan et al. [35]
enriched for chromatin interactions in mouse embryonic stem cells that involve PRC2,
which deposits H3K27me3 modifications. They revealed that genes interacting with PRC2-
bound loci tend to be lowly expressed, demonstrating long-range repression via chromatin
looping. CRISPR/Cas9-mediated deletion of 21 PRC2-bound loci reactivated expression
of interacting genes, adding to the evidence that chromatin interactions play important
roles in silencers function. In vivo deletion of 6 PRC2-bound silencers caused pleiotropic
developmental defects in mice, highlighting the importance of silencers in development.

In humans, few examples of looping silencers have been identified. Hi-C and ChIA-
PET analysis in K562 cells identified a silencer proximal to the ABCC2 gene that connected
to CPN1 through chromatin looping [34]. CRISPR/Cas9-mediated deletion of this silencer
significantly upregulated the expression of both the proximal ABCC2 and the distal CPN1,
validating the long-range repressive function of this silencer. Apart from the validated
ABCC2 looping silencer, the same study also intersected promoter capture Hi-C data from
human primary blood cells and silencers identified from K562 cells, and identified around
4000 silencer–promoter chromatin interactions, suggesting a high prevalence of looping
silencers [34]. Another promoter-capture Hi-C analysis revealed chromatin interactions
between 12,321 candidate silencers and 17,250 genes in GM12878 cells, while 5907 candidate
silencers were found to interact with 8599 genes in CD34+ cells [33]; however, their long-
range repressive functions were not validated through gene expression analysis.

In our recent work, we identified MRRs with exquisite enrichment of H3K27me3 as
putative human silencers and found that MRRs were highly associated with chromatin
interactions [32]. MRRs showed extensive looping within clusters and to distant genes.
Genes located proximal to MRRs and genes distal to MRRs were both associated with low
gene expression to a similar extent, indicating that silencers can function effectively across
long distances through chromatin looping. CRISPR/Cas9-mediated excision of an MRR
targeting IGF2 led to the upregulation of both proximal and distal genes, including genes
associated with erythroid differentiation and cell adhesion, as well as growth inhibition
in xenograft models, suggesting that looping silencers are important in establishing cell
identity. Removing the silencer led to decreased H3K27me3 and increased H3K27ac histone
modifications at distal loops, opening up the chromatin structure. This suggests that
looping silencers function by maintaining a repressive chromatin structure. Taken together,
these recent works demonstrate the importance of silencers in maintaining cell identity and
show that silencer looping is likely to be a major mechanism of repression.

To the best of our knowledge, apart from our characterization of the IGF2 looping
silencer, there has been no detailed exploration on the mechanism and function of looping
silencers. We speculate that repressors may facilitate the formation of chromatin interac-
tions between repressed regions (Figure 2C). Conversely, chromatin interactions may also
increase the enrichment of repressors at the gene promoter region, just as how looping
enhancers activate target genes by increasing the enrichment of activators (Figure 2C).
There is some evidence to support this speculation. For example, YY1 was found to enrich
at silencers in multiple cell lines, including K562, H1, GM12878, and HEPG2 cells [32,33].
YY1 has been implicated as a chromatin structural protein in enhancer–promoter chromatin
interactions through homodimer formation [67]. Hence, we speculate that YY1 may also
function as a repressor by mediating repressive chromatin interactions. Moreover, PRC2
complex subunits EZH2 and SUZ12 were found to enrich at silencers as well [32,66]. PRC2
contributes to chromatin compaction by mediating nucleosome bridging across distances,
facilitating chromatin looping [68]. EZH2 inhibition leads to changes in chromatin in-
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teractions and increased expression of associated genes [32,69,70], suggesting that PRC2
participates in looping silencer function.

7. Phase Separation in Silencing

Recent studies have proposed that transcription activation is mediated by liquid–
liquid phase separation (LLPS), concentrating transcription activators within biomolecular
condensate compartments at promoter–enhancer interactions [71–75] (reviewed in [76]).
These condensates form when their components segregate themselves from other nuclear
components because they have higher affinity for each other, leading to liquid–liquid
demixing not unlike a mixture of water and oil [77]. LLPS has also been implicated in
transcription silencing, notably in constitutive heterochromatin domain formation and
facultative heterochromatin-silencing by PcG proteins (Figure 3).

Figure 3. Phase separation in silencing. Repressors bind to heterochromatin domains and form
protein–protein interactions with each other, assembling into a phase-separated condensate that
selectively incorporates repressive factors and excludes transcription activators.

The formation of constitutive heterochromatin domains is mediated by the chromobox
5 protein (CBX5, also known as HP1α), which recognizes and binds to H3K9me2/3 [78,79].
CBX5 oligomerizes and phase-separates in solution in vitro to form liquid-like droplets,
compacting bound DNA at the same time [80,81]. CBX5 condensates selectively incorporate
heterochromatin-associated factors, including shugoshin 1 (SGO1) [80], methyl-CpG bind-
ing protein 2 (MECP2) [82], scaffold attachment factor B (SAFB) [83], and major satellite
RNAs [83]. At the same time, these condensates exclude activating transcription factors
such as general transcription factor IIB (GTF2B) [84]. The individual interactions between
condensate constituents are weak, allowing for dynamic movement within the compart-
ment; however, the accumulation of weak interactions contributes to resistance against
mechanical disruptions [85].

Facultative heterochromatin compaction may also be mediated by LLPS of PcG pro-
teins. Canonical Polycomb repressive complex 1 (cPRC1) is assembled from RING1A
and RING1B histone ubiquitin ligase proteins, a Polycomb group ring-finger domain
protein (PCGF2/4), a Polyhomeotic homologous protein (PHC1/2/3), and a chromobox
protein (CBX2/4/6/7/8). CBX7/8 mediates the binding of cPRC1 to H3K27me3-marked
regions [86], while CBX2-cPRC1 complexes compact these domains through oligomeriza-
tion [70,87,88]. Recent papers have shown that CBX2 forms phase-separated condensates
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on its own [89,90]. These CBX2 condensates can incorporate other components of cPRC1
and H3K27me3-marked chromatin, condensing these domains.

Although preliminary studies have provided strong evidence of heterochromatin con-
densates in vitro and in vivo, important questions about the formation of these condensates
remain unanswered: How do these condensates assemble and disassemble dynamically, es-
pecially during cell cycles? Does the formation of these condensates require initial seeding
of heterochromatin proteins at specific nucleation sites? The answers to these questions
will greatly improve our understanding of chromatin organization and gene regulation.

8. Potential Role of Non-Coding RNA (ncRNA) in Silencing

Non-coding RNAs (ncRNA) are key regulators of gene expression. Recently, Long et al. [91]
found that PRC2 required ncRNA binding for precise repression of gene expression and cellular
differentiation. Specifically, RNase A digestion did not inhibit PRC2 assembly and activity, but
disrupted PRC2 chromatin occupancy and localization in human pluripotent stem cells [91].
Additionally, Gavrilov et al. [92] identified a variety of cis-acting ncRNAs enriched at PRC2 binding
sites in human embryonic stem cells using RedChIP, including previously known PRC2-associated
ncRNAs such as KCNQ1OT1 [93]. These results highlight the importance of ncRNAs in the process
of gene repression. Besides mediating PRC2 recruitment to promoters, ncRNAs also interact
with chromatin structural proteins such as CTCF, suggesting a potential role in the formation of
CTCF-dependent chromatin loops. However, Barutcu et al. [94] found that TAD boundaries were
largely unchanged upon RNase treatment, which makes it unclear what the exact role of ncRNAs
during loop and TAD formations is. These results highlight the importance of ncRNAs in the
process of gene repression.

Although there are no examples of ncRNA-mediated silencers to date, various ncR-
NAs have been shown to play a direct role in silencing gene transcription. One of the most
well-known examples is X inactive-specific transcript (XIST), which orchestrates X chro-
mosome inactivation (XCI) in females [95]. The XIST ncRNA triggers a cascade of events,
including loss of histone acetylation [96], recruitment of PRCs to deposit H3K27me3 [97],
and mediation of chromosome compaction [98]. This results in transcriptional silencing of
most genes across one of the two copies of chromosome X in females. XIST binds first to
chromatin in close spatial proximity to its gene locus, before spreading further to binding
sites across the entire chromosome [99], indicating that ncRNAs can exploit the chromatin
conformation landscape to effect gene silencing. Other ncRNAs have been implicated in
gene repression (for recent reviews, see Guttman and Rinn [100] and Engreitz et al. [99]).

Taken together, these pieces of evidence suggest that ncRNAs may play important roles
in silencer function, potentially by recruiting repressors to proximal silencers, or mediating
long-range chromatin interactions between distal silencers and target promoters. It would
be interesting to dissect the exact role of ncRNAs regarding loop and TAD formation, and
repressor recruiting. Specifically, revealing detailed looping silencer examples involving
ncRNAs is necessary.

9. Silencers in Health and Disease

Human silencers have been shown to repress target genes during development and
differentiation processes. For example, a lineage-specific silencer of CD4 gene was reported
to repress CD4 gene expression during T cell lymphocyte development, which can play
roles in cell date determination [20]. The RE1-silencing transcription factor (REST) plays a
role in preventing ectopic expression of L1 cell adhesion molecule (L1CAM) and other target
genes in non-neural tissues during early embryonic development [101]. REST, together with
corepressor RCOR1, recruits histone deacetylases, such as the SIN3A- HDAC complexes,
and histone methyltransferases, such as EHMT2 and KDM1A, to compact chromatin and
reduce accessibility [102].

Genome-wide identification of human silencers has revealed that these CREs are
cell line-specific and may function as enhancers or silencers depending on the cellular
context [31–34]. Most MRRs are unique to individual cell lines and may overlap with super-
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enhancers in other cell types [32]. For example, a MRR near the CPED1 gene was identified
in GM12878 cells, but the same genomic locus was identified as a super-enhancer in K562
cells, indicating the importance of silencers in the precise control of gene transcription in
different cells [32]. Pang and Snyder [34] treated K562 cells with phorbol 12-myeistate
12-acetate (PMA) to induce megakaryocytic differentiation, and identified 1,245 silencers
that were different between the differentiated cells and the wild-type K562. This suggests
that the repressive role of silencers is tissue-specific and necessary for cell differentiation.
The cell type specificity of human silencers was also reported by Huang et al. [31] and
Doni Jayavelu et al. [33]. Such uniqueness and specificity of human silencers suggests
they might be primed for specific gene regulation in different cellular environments and
different developmental stages.

Silencers have also been suggested to function in drug resistance. Deletion of silencer
regions linked to the drug transporter genes ABCC2 and ABCG2 increased chemo-resistance
to doxorubicin, daunorubicin, and etoposide [34], suggesting that genetic variation in
silencer regions may impact both drug delivery and personalized medicine. Apart from
roles in development, differentiation, and drug resistance, silencers may also play roles in
various diseases such as cancer.

10. Silencer and Repressor Dysregulation in Cancer

Altered expression of PcG proteins has been commonly observed in human cancers.
EZH2, the enzymatic subunit of PRC2 [103], is recurrently mutated and highly expressed in
numerous cancers [104]. EZH2 silences genes coding for transcription factors and cell-cycle
regulators in metastatic hormone-refractory prostate cancer, and EZH2 overexpression
was associated with worse disease progression [105]. Similar findings correlating high
levels of EZH2 with aggressiveness and advanced disease have emerged in other human
cancers [104]. Besides EZH2 overexpression, various point mutations in EZH2 have also
been reported to result in high levels of H3K27me3 signals, including mutations at tyrosine
641 (Y641) [106,107], alanine 677, and alanine 687 (A677 and A687) [108,109], thereby
inhibiting tumor suppressor genes to favor cancer progression.

Besides EZH2, overexpression of other PcG proteins such as SUZ12 and BMI1 have
also been shown to favor cancer progression. In epithelial ovarian cancer, high expres-
sion of SUZ12 inhibited cell apoptosis by inhibiting pro-apoptotic genes such as harakiri
(HRK) [110]. In non-small cell lung cancer, SUZ12 promotes cell proliferation and metastasis
by decreasing E2F transcription factor 1 (E2F1) gene expression [111]. Overexpression of
BMI1 occurs in both solid tumors and hematological cancers and is linked to proliferation,
invasion, and poor patient survival [112]. BMI1 is also implicated in the self-renewal of can-
cer stem cells [113,114]. Together, these results suggest that aberrant Polycomb repression
plays an important role in cancer.

Apart from curbing the expression of neuronal-specific genes in non-neuronal tissues,
REST also functions as a tumor suppressor gene [115]. Loss of REST function in colon, lung,
breast, and prostate cancers increased expression of genes involved in cell proliferation
and survival [116]. In particular, reduced REST function activated neuroendocrine genes,
leading to an aggressive neuroendocrine carcinoma-like phenotype [116,117].

Taken together, silencers play important roles such as cell development, differentiation,
and perhaps even evolution. Several lines of evidence suggest that alteration of silencer
sequence or the silencer-associated repressor can lead to various diseases, including cancers.

11. Conclusions and Future Directions

Spatial and temporal control of gene expression is crucial for multicellular organism
development, and dysregulation of these regulatory mechanisms can lead to various
diseases such as cancer [118,119]. CREs are thought to control precise gene expression
patterns. Activating CREs such as enhancers and super-enhancers have been extensively
studied [120,121], while repressive CREs such as silencers are less well understood.
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Human silencers have been shown to exist to play gene repression roles, and multiple
human silencer examples including proximal silencers and looping silencers have been
elucidated in different cellular contexts. Although multiple experimental and bioinfor-
matics methods have been proposed for systematic genome-wide identification of human
silencers, [31–34], these works are still at the nascent stage, and the scientific community
has not arrived at a consensus on the definition and identification of silencers. Further work
needs to be done to improve on these current methods and to formulate novel methods, in
order to identify a gold standard for the genome-wide identification of human silencers.

Different subclasses of silencers may be endowed with subclass-specific chromatin
signatures or repressor binding profiles. In different cellular contexts and different devel-
opmental stages, the chromatin signatures and repressor binding profiles of these elements
can switch between repressive and activating modes, functioning as both silencers and
enhancers [32,33,122], allowing for lineage-specific enhancer/silencer function and pre-
cise gene expression patterns. As we improve on silencer identification methods, it is
imperative that we determine the mechanism and cellular context in which these elements
operate as silencers. The ENCODE consortium has generated an encyclopedia of candidate
human CREs using histone modification and chromatin accessibility signatures, identifying
potential promoter and enhancers across different cell types [123]. We look forward to
an expansion of this registry to encompass candidate silencer elements, by applying a
similar approach with repressive histone modifications such as H3K27me3 and H3K9me3.
This will allow us to better dissect the active and repressive functions of CREs in different
cellular contexts and lineages.

There are heated debates on whether super-enhancers are merely an assembly of
nearby enhancers or whether the constituent enhancers work cooperatively to regulate
the same gene [124,125]. Enhancers have been shown to function in different modes,
including hierarchically [126], additively [127], or redundantly [128]. Similar questions
need to be asked about silencers as well, including whether silencers function additively or
synergistically to silencer gene expression. In particular, do silencer clusters, such as MRRs,
have greater repressive function, similar to super-enhancers?

Super-enhancers are enriched with various activators such as BRD4, and have been
shown to control cell identity [120]. In cancer, aberrant acquisition of super-enhancers
can drive oncogene expression, and mutations of super-enhancers have been found in
multiple cancer cell types [129,130]. Given the prevalence of super-enhancer dysregulation
in cancer, inhibition of super-enhancer-driven gene expression has become a popular
therapeutic strategy, with drugs targeting BRD4 and CDK7 [131–133] being developed for
anticancer therapies.

Similar to super-enhancers, the importance of silencers towards cell identity has been
demonstrated, and perturbation of silencers has been shown to lead to changes in cell iden-
tity [32]. Genome-wide association studies (GWAS) have demonstrated that disease-associated
single-nucleotide polymorphisms (SNPs) are enriched at silencer regions [31,33,134], indi-
cating that mutations at silencers can have phenotypic consequences. However, further
experimental validation using knock-out or point mutation studies are needed to connect
disease-specific silencer mutations to their target genes. Targeting dysregulated silencer func-
tion in cancer by inhibiting repressors and ncRNAs or perturbing chromatin interactions and
phase separated condensates may be an important novel therapeutic strategy against cancer.
We propose three major research directions to focus on: 1. Explore the factors and mechanisms
that control silencer function; 2. Identify disease-specific silencer dysregulation by comparing
healthy people and cancer patients; 3. Screen for drugs that perturb silencer function.

Author Contributions: Y.Z.; Literature search, writing, graphics, review, and editing. Y.X.S.; Liter-
ature search, writing, graphics, review, and editing. V.T.: Review, editing, and supervision. M.J.F.;
Conceptualization, review, editing, and supervision. All authors have read and agreed to the pub-
lished version of the manuscript.



Cells 2022, 11, 1560 12 of 17

Funding: This research is supported by the RNA Biology Center at the Cancer Science Institute of
Singapore, NUS, as part of funding under the Singapore Ministry of Education Academic Research
Fund Tier 3 grant awarded to Daniel Tenen (MOE2014-T3-1-006). This research is supported by the
NRF Singapore, and the Singapore Ministry of Education under its Research Centres of Excellence
initiative and a Singapore Ministry of Education Academic Research Fund Tier 2 grant awarded to
M.J.F. (MOET2EP30120-0009).

Acknowledgments: We thank the members of M.J.F. lab for their input and comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016, 14,

e1002533. [CrossRef] [PubMed]
2. Goode, D.K.; Obier, N.; Vijayabaskar, M.S.; Lie-A-Ling, M.; Lilly, A.J.; Hannah, R.; Lichtinger, M.; Batta, K.; Florkowska, M.;

Patel, R.; et al. Dynamic Gene Regulatory Networks Drive Hematopoietic Specification and Differentiation. Dev. Cell 2016, 36,
572–587. [CrossRef] [PubMed]

3. Heintzman, N.D.; Hon, G.C.; Hawkins, R.D.; Kheradpour, P.; Stark, A.; Harp, L.F.; Ye, Z.; Lee, L.K.; Stuart, R.K.; Ching, C.W.; et al.
Histone modifications at human enhancers reflect global cell-type-specific gene expression. Nature 2009, 459, 108–112. [CrossRef]
[PubMed]

4. Spitz, F.; Furlong, E.E.M. Transcription factors: From enhancer binding to developmental control. Nat. Rev. Genet. 2012, 13,
613–626. [CrossRef] [PubMed]

5. Roeder, R.G. The role of general initiation factors in transcription by RNA polymerase II. Trends Biochem. Sci. 1996, 21, 327–335.
[CrossRef]

6. Kadonaga, J.T. Perspectives on the RNA polymerase II core promoter. WIREs Dev. Biol. 2012, 1, 40–51. [CrossRef]
7. Haberle, V.; Stark, A. Eukaryotic core promoters and the functional basis of transcription initiation. Nat. Rev. Mol. Cell Biol. 2018,

19, 621–637. [CrossRef]
8. Buecker, C.; Wysocka, J. Enhancers as information integration hubs in development: Lessons from genomics. Trends Genet. 2012,

28, 276–284. [CrossRef]
9. Smallwood, A.; Ren, B. Genome organization and long-range regulation of gene expression by enhancers. Curr. Opin. Cell Biol.

2013, 25, 387–394. [CrossRef]
10. Schoenfelder, S.; Fraser, P. Long-range enhancer–promoter contacts in gene expression control. Nat. Rev. Genet. 2019, 20, 437–455.

[CrossRef]
11. Akincilar, S.C.; Khattar, E.; Boon, P.L.; Unal, B.; Fullwood, M.J.; Tergaonkar, V. Long-Range Chromatin Interactions Drive Mutant

TERT Promoter Activation. Cancer Discov. 2016, 6, 1276–1291. [CrossRef] [PubMed]
12. Heintzman, N.D.; Stuart, R.K.; Hon, G.; Fu, Y.; Ching, C.W.; Hawkins, R.D.; Barrera, L.O.; Van Calcar, S.; Qu, C.; Ching, K.A.; et al.

Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome. Nat. Genet. 2007,
39, 311–318. [CrossRef] [PubMed]

13. Creyghton, M.P.; Cheng, A.W.; Welstead, G.G.; Kooistra, T.; Carey, B.W.; Steine, E.J.; Hanna, J.; Lodato, M.A.; Frampton, G.M.;
Sharp, P.A.; et al. Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc. Natl. Acad.
Sci. USA 2010, 107, 21931. [CrossRef] [PubMed]

14. Ogbourne, S.; Antalis, T.M. Transcriptional control and the role of silencers in transcriptional regulation in eukaryotes. Biochem J.
1998, 331 Pt 1, 1–14. [CrossRef]

15. Maston, G.A.; Evans, S.K.; Green, M.R. Transcriptional Regulatory Elements in the Human Genome. Annu. Rev. Genom. Hum.
Genet. 2006, 7, 29–59. [CrossRef] [PubMed]

16. Li, L.; Suzuki, T.; Mori, N.; Greengard, P. Identification of a functional silencer element involved in neuron-specific expression of
the synapsin I gene. Proc. Natl. Acad. Sci. USA 1993, 90, 1460–1464. [CrossRef] [PubMed]

17. Ye, J.; Ghosh, P.; Cippitelli, M.; Subleski, J.; Hardy, K.J.; Ortaldo, J.R.; Young, H.A. Characterization of a silencer regulatory
element in the human interferon-gamma promoter. J. Biol. Chem. 1994, 269, 25728–25734. [CrossRef]

18. Kaetzel, D.M., Jr.; Maul, R.S.; Liu, B.; Bonthron, D.; Fenstermaker, R.A.; Coyne, D.W. Platelet-derived growth factor A-chain
gene transcription is mediated by positive and negative regulatory regions in the promoter. Biochem. J. 1994, 301 Pt 2, 321–327.
[CrossRef]

19. Donda, A.; Schulz, M.; Bürki, K.; De Libero, G.; Uematsu, Y. Identification and characterization of a human CD4 silencer. Eur. J.
Immunol. 1996, 26, 493–500. [CrossRef]

20. Sawada, S.; Scarborough, J.D.; Killeen, N.; Littman, D.R. A lineage-specific transcriptional silencer regulates CD4 gene expression
during T lymphocyte development. Cell 1994, 77, 917–929. [CrossRef]

21. Dong, J.M.; Smith, P.; Hall, C.; Lim, L. Promoter region of the transcriptional unit for human alpha 1-chimaerin, a neuron-specific
GTPase-activating protein for p21rac. Eur. J. Biochem. 1995, 227, 636–646. [CrossRef] [PubMed]

22. Haniel, A.; Welge-Lussen, U.; Kuhn, K.; Poschl, E. Identification and characterization of a novel transcriptional silencer in the
human collagen type IV gene COL4A2. J. Biol. Chem. 1995, 270, 11209–11215. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pbio.1002533
http://www.ncbi.nlm.nih.gov/pubmed/27541692
http://doi.org/10.1016/j.devcel.2016.01.024
http://www.ncbi.nlm.nih.gov/pubmed/26923725
http://doi.org/10.1038/nature07829
http://www.ncbi.nlm.nih.gov/pubmed/19295514
http://doi.org/10.1038/nrg3207
http://www.ncbi.nlm.nih.gov/pubmed/22868264
http://doi.org/10.1016/0968-0004(96)10050-5
http://doi.org/10.1002/wdev.21
http://doi.org/10.1038/s41580-018-0028-8
http://doi.org/10.1016/j.tig.2012.02.008
http://doi.org/10.1016/j.ceb.2013.02.005
http://doi.org/10.1038/s41576-019-0128-0
http://doi.org/10.1158/2159-8290.CD-16-0177
http://www.ncbi.nlm.nih.gov/pubmed/27650951
http://doi.org/10.1038/ng1966
http://www.ncbi.nlm.nih.gov/pubmed/17277777
http://doi.org/10.1073/pnas.1016071107
http://www.ncbi.nlm.nih.gov/pubmed/21106759
http://doi.org/10.1042/bj3310001
http://doi.org/10.1146/annurev.genom.7.080505.115623
http://www.ncbi.nlm.nih.gov/pubmed/16719718
http://doi.org/10.1073/pnas.90.4.1460
http://www.ncbi.nlm.nih.gov/pubmed/8381968
http://doi.org/10.1016/S0021-9258(18)47308-5
http://doi.org/10.1042/bj3010321
http://doi.org/10.1002/eji.1830260232
http://doi.org/10.1016/0092-8674(94)90140-6
http://doi.org/10.1111/j.1432-1033.1995.tb20183.x
http://www.ncbi.nlm.nih.gov/pubmed/7867622
http://doi.org/10.1074/jbc.270.19.11209
http://www.ncbi.nlm.nih.gov/pubmed/7744753


Cells 2022, 11, 1560 13 of 17

23. Kim, M.K.; Lesoon-Wood, L.A.; Weintraub, B.D.; Chung, J.H. A soluble transcription factor, Oct-1, is also found in the insoluble
nuclear matrix and possesses silencing activity in its alanine-rich domain. Mol. Cell Biol. 1996, 16, 4366–4377. [CrossRef] [PubMed]

24. Antalis, T.M.; Costelloe, E.; Muddiman, J.; Ogbourne, S.; Donnan, K. Regulation of the plasminogen activator inhibitor type-2
gene in monocytes: Localization of an upstream transcriptional silencer. Blood 1996, 88, 3686–3697. [CrossRef] [PubMed]

25. Moffat, G.J.; McLaren, A.W.; Wolf, C.R. Functional characterization of the transcription silencer element located within the human
Pi class glutathione S-transferase promoter. J. Biol. Chem. 1996, 271, 20740–20747. [CrossRef]

26. Bossu, J.P.; Chartier, F.L.; Fruchart, J.C.; Auwerx, J.; Staels, B.; Laine, B. Two regulatory elements of similar structure and placed in
tandem account for the repressive activity of the first intron of the human apolipoprotein A-II gene. Biochem. J. 1996, 318 Pt 2,
547–553. [CrossRef]

27. Liu, J.; Francke, U. Identification of cis-regulatory elements for MECP2 expression. Hum. Mol. Genet. 2006, 15, 1769–1782.
[CrossRef]

28. Petrykowska, H.M.; Vockley, C.M.; Elnitski, L. Detection and characterization of silencers and enhancer-blockers in the greater
CFTR locus. Genome Res. 2008, 18, 1238–1246. [CrossRef]

29. French, J.D.; Ghoussaini, M.; Edwards, S.L.; Meyer, K.B.; Michailidou, K.; Ahmed, S.; Khan, S.; Maranian, M.J.; O’Reilly, M.;
Hillman, K.M.; et al. Functional variants at the 11q13 risk locus for breast cancer regulate cyclin D1 expression through long-range
enhancers. Am. J. Hum. Genet. 2013, 92, 489–503. [CrossRef]

30. Qi, H.; Liu, M.; Emery, D.W.; Stamatoyannopoulos, G. Functional validation of a constitutive autonomous silencer element. PLoS
ONE 2015, 10, e0124588. [CrossRef]

31. Huang, D.; Petrykowska, H.M.; Miller, B.F.; Elnitski, L.; Ovcharenko, I. Identification of human silencers by correlating cross-tissue
epigenetic profiles and gene expression. Genome Res. 2019, 29, 657–667. [CrossRef] [PubMed]

32. Cai, Y.; Zhang, Y.; Loh, Y.P.; Tng, J.Q.; Lim, M.C.; Cao, Z.; Raju, A.; Lieberman Aiden, E.; Li, S.; Manikandan, L.; et al. H3K27me3-
rich genomic regions can function as silencers to repress gene expression via chromatin interactions. Nat. Commun. 2021, 12, 719.
[CrossRef] [PubMed]

33. Doni Jayavelu, N.; Jajodia, A.; Mishra, A.; Hawkins, R.D. Candidate silencer elements for the human and mouse genomes. Nat.
Commun. 2020, 11, 1061. [CrossRef] [PubMed]

34. Pang, B.; Snyder, M.P. Systematic identification of silencers in human cells. Nat. Genet. 2020, 52, 254–263. [CrossRef]
35. Ngan, C.Y.; Wong, C.H.; Tjong, H.; Wang, W.; Goldfeder, R.L.; Choi, C.; He, H.; Gong, L.; Lin, J.; Urban, B.; et al. Chromatin

interaction analyses elucidate the roles of PRC2-bound silencers in mouse development. Nat. Genet. 2020, 52, 264–272. [CrossRef]
36. Harris, M.B.; Mostecki, J.; Rothman, P.B. Repression of an interleukin-4-responsive promoter requires cooperative BCL-6 function.

J. Biol. Chem 2005, 280, 13114–13121. [CrossRef]
37. Mori, N.; Schoenherr, C.; Vandenbergh, D.J.; Anderson, D.J. A common silencer element in the SCG10 and type II Na+ channel

genes binds a factor present in nonneuronal cells but not in neuronal cells. Neuron 1992, 9, 45–54. [CrossRef]
38. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [CrossRef]
39. Hyun, K.; Jeon, J.; Park, K.; Kim, J. Writing, erasing and reading histone lysine methylations. Exp. Mol. Med. 2017, 49, e324.

[CrossRef]
40. Kim, J.-M.; Kim, K.; Punj, V.; Liang, G.; Ulmer, T.S.; Lu, W.; An, W. Linker histone H1.2 establishes chromatin compaction and

gene silencing through recognition of H3K27me3. Sci. Rep. 2015, 5, 16714. [CrossRef]
41. Healton Sean, E.; Pinto Hugo, D.; Mishra Laxmi, N.; Hamilton Gregory, A.; Wheat Justin, C.; Swist-Rosowska, K.; Shukeir, N.;

Dou, Y.; Steidl, U.; Jenuwein, T.; et al. H1 linker histones silence repetitive elements by promoting both histone H3K9 methylation
and chromatin compaction. Proc. Natl. Acad. Sci. USA 2020, 117, 14251–14258. [CrossRef] [PubMed]

42. Guo, Y.; Zhao, S.; Wang, G.G. Polycomb Gene Silencing Mechanisms: PRC2 Chromatin Targeting, H3K27me3 ‘Readout’, and
Phase Separation-Based Compaction. Trends Genet. TIG 2021, 37, 547–565. [CrossRef] [PubMed]

43. Gordon, S.; Akopyan, G.; Garban, H.; Bonavida, B. Transcription factor YY1: Structure, function, and therapeutic implications in
cancer biology. Oncogene 2006, 25, 1125–1142. [CrossRef] [PubMed]

44. Srinivasan, L.; Atchison, M.L. YY1 DNA binding and PcG recruitment requires CtBP. Genes Dev. 2004, 18, 2596–2601. [CrossRef]
45. Basu, A.; Wilkinson, F.H.; Colavita, K.; Fennelly, C.; Atchison, M.L. YY1 DNA binding and interaction with YAF2 is essential for

Polycomb recruitment. Nucleic Acids Res. 2014, 42, 2208–2223. [CrossRef]
46. Zhang, Y.; Dufau, M.L. Silencing of transcription of the human luteinizing hormone receptor gene by histone deacetylase-mSin3A

complex. J. Biol. Chem 2002, 277, 33431–33438. [CrossRef]
47. Zhang, Y.; Dufau, M.L. Repression of the luteinizing hormone receptor gene promoter by cross talk among EAR3/COUP-TFI,

Sp1/Sp3, and TFIIB. Mol. Cell Biol. 2003, 23, 6958–6972. [CrossRef]
48. Won, J.; Yim, J.; Kim, T.K. Sp1 and Sp3 recruit histone deacetylase to repress transcription of human telomerase reverse

transcriptase (hTERT) promoter in normal human somatic cells. J. Biol. Chem. 2002, 277, 38230–38238. [CrossRef]
49. Enya, K.; Hayashi, H.; Takii, T.; Ohoka, N.; Kanata, S.; Okamoto, T.; Onozaki, K. The interaction with Sp1 and reduction in the

activity of histone deacetylase 1 are critical for the constitutive gene expression of IL-1α in human melanoma cells. J. Leukoc. Biol.
2008, 83, 190–199. [CrossRef]

50. Lagger, G.; Doetzlhofer, A.; Schuettengruber, B.; Haidweger, E.; Simboeck, E.; Tischler, J.; Chiocca, S.; Suske, G.; Rotheneder, H.;
Wintersberger, E.; et al. The tumor suppressor p53 and histone deacetylase 1 are antagonistic regulators of the cyclin-dependent
kinase inhibitor p21/WAF1/CIP1 gene. Mol. Cell Biol. 2003, 23, 2669–2679. [CrossRef]

http://doi.org/10.1128/MCB.16.8.4366
http://www.ncbi.nlm.nih.gov/pubmed/8754837
http://doi.org/10.1182/blood.V88.10.3686.bloodjournal88103686
http://www.ncbi.nlm.nih.gov/pubmed/8916932
http://doi.org/10.1074/jbc.271.34.20740
http://doi.org/10.1042/bj3180547
http://doi.org/10.1093/hmg/ddl099
http://doi.org/10.1101/gr.073817.107
http://doi.org/10.1016/j.ajhg.2013.01.002
http://doi.org/10.1371/journal.pone.0124588
http://doi.org/10.1101/gr.247007.118
http://www.ncbi.nlm.nih.gov/pubmed/30886051
http://doi.org/10.1038/s41467-021-20940-y
http://www.ncbi.nlm.nih.gov/pubmed/33514712
http://doi.org/10.1038/s41467-020-14853-5
http://www.ncbi.nlm.nih.gov/pubmed/32103011
http://doi.org/10.1038/s41588-020-0578-5
http://doi.org/10.1038/s41588-020-0581-x
http://doi.org/10.1074/jbc.M412649200
http://doi.org/10.1016/0896-6273(92)90219-4
http://doi.org/10.1038/cr.2011.22
http://doi.org/10.1038/emm.2017.11
http://doi.org/10.1038/srep16714
http://doi.org/10.1073/pnas.1920725117
http://www.ncbi.nlm.nih.gov/pubmed/32513732
http://doi.org/10.1016/j.tig.2020.12.006
http://www.ncbi.nlm.nih.gov/pubmed/33494958
http://doi.org/10.1038/sj.onc.1209080
http://www.ncbi.nlm.nih.gov/pubmed/16314846
http://doi.org/10.1101/gad.1228204
http://doi.org/10.1093/nar/gkt1187
http://doi.org/10.1074/jbc.M204417200
http://doi.org/10.1128/MCB.23.19.6958-6972.2003
http://doi.org/10.1074/jbc.M206064200
http://doi.org/10.1189/jlb.0106008
http://doi.org/10.1128/MCB.23.8.2669-2679.2003


Cells 2022, 11, 1560 14 of 17

51. Biddlestone, J.; Batie, M.; Bandarra, D.; Munoz, I.; Rocha, S. SINHCAF/FAM60A and SIN3A specifically repress HIF-2α
expression. Biochem. J. 2018, 475, 2073–2090. [CrossRef] [PubMed]

52. Taniuchi, I.; Osato, M.; Egawa, T.; Sunshine, M.J.; Bae, S.-C.; Komori, T.; Ito, Y.; Littman, D.R. Differential Requirements for Runx
Proteins in CD4 Repression and Epigenetic Silencing during T Lymphocyte Development. Cell 2002, 111, 621–633. [CrossRef]

53. Lutterbach, B.; Westendorf, J.J.; Linggi, B.; Isaac, S.; Seto, E.; Hiebert, S.W. A Mechanism of Repression by Acute Myeloid
Leukemia-1, the Target of Multiple Chromosomal Translocations in Acute Leukemia. J. Biol. Chem. 2000, 275, 651–656. [CrossRef]
[PubMed]

54. Siu, G.; Wurster, A.L.; Duncan, D.D.; Soliman, T.M.; Hedrick, S.M. A transcriptional silencer controls the developmental expression
of the CD4 gene. EMBO J. 1994, 13, 3570–3579. [CrossRef] [PubMed]

55. Shakya, A.; Kang, J.; Chumley, J.; Williams, M.A.; Tantin, D. Oct1 Is a Switchable, Bipotential Stabilizer of Repressed and Inducible
Transcriptional States. J. Biol. Chem. 2011, 286, 450–459. [CrossRef] [PubMed]

56. Bhat, R.; Weaver, J.A.; Sterling, K.M.; Bresnick, E. Nuclear transcription factor Oct-1 binds to the 5’-upstream region of CYP1A1
and negatively regulates its expression. Int. J. Biochem. Cell Biol. 1996, 28, 217–227. [CrossRef]

57. Delhase, M.; Castrillo, J.-L.; de la Hoya, M.; Rajas, F.; Hooghe-Peters, E.L. AP-1 and Oct-1 Transcription Factors Down-regulate
the Expression of the Human PIT1/GHF1 Gene. J. Biol. Chem. 1996, 271, 32349–32358. [CrossRef]

58. Bentrari, F.; Chantôme, A.; Knights, A.; Jeannin, J.-F.; Pance, A. Oct-2 forms a complex with Oct-1 on the iNOS promoter and
represses transcription by interfering with recruitment of RNA PolII by Oct-1. Nucleic Acids Res. 2015, 43, 9757–9765. [CrossRef]

59. Deng, W.; Lee, J.; Wang, H.; Miller, J.; Reik, A.; Gregory, P.D.; Dean, A.; Blobel, G.A. Controlling long-range genomic interactions
at a native locus by targeted tethering of a looping factor. Cell 2012, 149, 1233–1244. [CrossRef]

60. Tolhuis, B.; Palstra, R.J.; Splinter, E.; Grosveld, F.; de Laat, W. Looping and interaction between hypersensitive sites in the active
beta-globin locus. Mol. Cell 2002, 10, 1453–1465. [CrossRef]

61. Cao, F.; Fang, Y.; Tan, H.K.; Goh, Y.; Choy, J.Y.H.; Koh, B.T.H.; Hao Tan, J.; Bertin, N.; Ramadass, A.; Hunter, E.; et al. Super-
Enhancers and Broad H3K4me3 Domains Form Complex Gene Regulatory Circuits Involving Chromatin Interactions. Sci. Rep.
2017, 7, 2186. [CrossRef]

62. Ogiyama, Y.; Schuettengruber, B.; Papadopoulos, G.L.; Chang, J.-M.; Cavalli, G. Polycomb-Dependent Chromatin Looping
Contributes to Gene Silencing during Drosophila Development. Mol. Cell 2018, 71, 73–88. [CrossRef] [PubMed]

63. Stathopoulos, A.; Levine, M. Localized repressors delineate the neurogenic ectoderm in the early Drosophila embryo. Dev. Biol.
2005, 280, 482–493. [CrossRef] [PubMed]

64. Gisselbrecht, S.S.; Palagi, A.; Kurland, J.V.; Rogers, J.M.; Ozadam, H.; Zhan, Y.; Dekker, J.; Bulyk, M.L. Transcriptional Silencers
in Drosophila Serve a Dual Role as Transcriptional Enhancers in Alternate Cellular Contexts. Mol. Cell 2020, 77, 324–337.e328.
[CrossRef] [PubMed]

65. Comet, I.; Savitskaya, E.; Schuettengruber, B.; Nègre, N.; Lavrov, S.; Parshikov, A.; Juge, F.; Gracheva, E.; Georgiev, P.; Cavalli, G.
PRE-Mediated Bypass of Two Su(Hw) Insulators Targets PcG Proteins to a Downstream Promoter. Dev. Cell 2006, 11, 117–124.
[CrossRef] [PubMed]

66. Eagen, K.P.; Aiden, E.L.; Kornberg, R.D. Polycomb-mediated chromatin loops revealed by a subkilobase-resolution chromatin
interaction map. Proc. Natl. Acad. Sci. USA 2017, 114, 8764–8769. [CrossRef] [PubMed]

67. Weintraub, A.S.; Li, C.H.; Zamudio, A.V.; Sigova, A.A.; Hannett, N.M.; Day, D.S.; Abraham, B.J.; Cohen, M.A.; Nabet, B.;
Buckley, D.L.; et al. YY1 Is a Structural Regulator of Enhancer-Promoter Loops. Cell 2017, 171, 1573–1588. [CrossRef]

68. Leicher, R.; Ge, E.J.; Lin, X.; Reynolds, M.J.; Xie, W.; Walz, T.; Zhang, B.; Muir, T.W.; Liu, S. Single-molecule and in silico dissection
of the interaction between Polycomb repressive complex 2 and chromatin. Proc. Natl. Acad. Sci. USA 2020, 117, 30465. [CrossRef]

69. Schuettengruber, B.; Cavalli, G. Polycomb domain formation depends on short and long distance regulatory cues. PLoS ONE
2013, 8, e56531. [CrossRef]

70. 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.e435. [CrossRef]

71. Cho, W.-K.; Spille, J.-H.; Hecht, M.; Lee, C.; Li, C.; Grube, V.; Cisse, I.I. Mediator and RNA polymerase II clusters associate in
transcription-dependent condensates. Science 2018, 361, 412–415. [CrossRef] [PubMed]

72. Boija, A.; Klein, I.A.; Sabari, B.R.; Dall’Agnese, A.; Coffey, E.L.; Zamudio, A.V.; Li, C.H.; Shrinivas, K.; Manteiga, J.C.; Hannett,
N.M.; et al. Transcription Factors Activate Genes through the Phase-Separation Capacity of Their Activation Domains. Cell 2018,
175, 1842–1855.e1816. [CrossRef] [PubMed]

73. Boehning, M.; Dugast-Darzacq, C.; Rankovic, M.; Hansen, A.S.; Yu, T.; Marie-Nelly, H.; McSwiggen, D.T.; Kokic, G.; Dailey, G.M.;
Cramer, P.; et al. RNA polymerase II clustering through carboxy-terminal domain phase separation. Nat. Struct. Mol. Biol. 2018,
25, 833–840. [CrossRef] [PubMed]

74. Lu, H.; Yu, D.; Hansen, A.S.; Ganguly, S.; Liu, R.; Heckert, A.; Darzacq, X.; Zhou, Q. Phase-separation mechanism for C-terminal
hyperphosphorylation of RNA polymerase II. Nature 2018, 558, 318–323. [CrossRef]

75. Sabari, B.R.; Dall Agnese, A.; Boija, A.; Klein, I.A.; Coffey, E.L.; Shrinivas, K.; Abraham, B.J.; Hannett, N.M.; Zamudio, A.V.;
Manteiga, J.C.; et al. Coactivator condensation at super-enhancers links phase separation and gene control. Science 2018, 361,
eaar3958. [CrossRef]

76. Bhat, P.; Honson, D.; Guttman, M. Nuclear compartmentalization as a mechanism of quantitative control of gene expression. Nat.
Rev. Mol. Cell Biol. 2021, 22, 653–670. [CrossRef]

http://doi.org/10.1042/BCJ20170945
http://www.ncbi.nlm.nih.gov/pubmed/29784889
http://doi.org/10.1016/S0092-8674(02)01111-X
http://doi.org/10.1074/jbc.275.1.651
http://www.ncbi.nlm.nih.gov/pubmed/10617663
http://doi.org/10.1002/j.1460-2075.1994.tb06664.x
http://www.ncbi.nlm.nih.gov/pubmed/8062832
http://doi.org/10.1074/jbc.M110.174045
http://www.ncbi.nlm.nih.gov/pubmed/21051540
http://doi.org/10.1016/1357-2725(95)00122-0
http://doi.org/10.1074/jbc.271.50.32349
http://doi.org/10.1093/nar/gkv829
http://doi.org/10.1016/j.cell.2012.03.051
http://doi.org/10.1016/S1097-2765(02)00781-5
http://doi.org/10.1038/s41598-017-02257-3
http://doi.org/10.1016/j.molcel.2018.05.032
http://www.ncbi.nlm.nih.gov/pubmed/30008320
http://doi.org/10.1016/j.ydbio.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15882587
http://doi.org/10.1016/j.molcel.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31704182
http://doi.org/10.1016/j.devcel.2006.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16824958
http://doi.org/10.1073/pnas.1701291114
http://www.ncbi.nlm.nih.gov/pubmed/28765367
http://doi.org/10.1016/j.cell.2017.11.008
http://doi.org/10.1073/pnas.2003395117
http://doi.org/10.1371/journal.pone.0056531
http://doi.org/10.1016/j.molcel.2017.01.009
http://doi.org/10.1126/science.aar4199
http://www.ncbi.nlm.nih.gov/pubmed/29930094
http://doi.org/10.1016/j.cell.2018.10.042
http://www.ncbi.nlm.nih.gov/pubmed/30449618
http://doi.org/10.1038/s41594-018-0112-y
http://www.ncbi.nlm.nih.gov/pubmed/30127355
http://doi.org/10.1038/s41586-018-0174-3
http://doi.org/10.1126/science.aar3958
http://doi.org/10.1038/s41580-021-00387-1


Cells 2022, 11, 1560 15 of 17

77. Hyman, A.A.; Weber, C.A.; Jülicher, F. Liquid-Liquid Phase Separation in Biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39–58.
[CrossRef]

78. Bannister, A.J.; Zegerman, P.; Partridge, J.F.; Miska, E.A.; Thomas, J.O.; Allshire, R.C.; Kouzarides, T. Selective recognition of
methylated lysine 9 on histone H3 by the HP1 chromo domain. Nature 2001, 410, 120–124. [CrossRef]

79. Lachner, M.; O’Carroll, D.; Rea, S.; Mechtler, K.; Jenuwein, T. Methylation of histone H3 lysine 9 creates a binding site for HP1
proteins. Nature 2001, 410, 116–120. [CrossRef]

80. Larson, A.G.; Elnatan, D.; Keenen, M.M.; Trnka, M.J.; Johnston, J.B.; Burlingame, A.L.; Agard, D.A.; Redding, S.; Narlikar, G.J.
Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin. Nature 2017, 547, 236–240. [CrossRef]

81. Strom, A.R.; Emelyanov, A.V.; Mir, M.; Fyodorov, D.V.; Darzacq, X.; Karpen, G.H. Phase separation drives heterochromatin
domain formation. Nature 2017, 547, 241–245. [CrossRef] [PubMed]

82. Li, C.H.; Coffey, E.L.; Dall’Agnese, A.; Hannett, N.M.; Tang, X.; Henninger, J.E.; Platt, J.M.; Oksuz, O.; Zamudio, A.V.;
Afeyan, L.K.; et al. MeCP2 links heterochromatin condensates and neurodevelopmental disease. Nature 2020, 586, 440–444.
[CrossRef] [PubMed]

83. Huo, X.; Ji, L.; Zhang, Y.; Lv, P.; Cao, X.; Wang, Q.; Yan, Z.; Dong, S.; Du, D.; Zhang, F.; et al. The Nuclear Matrix Protein SAFB
Cooperates with Major Satellite RNAs to Stabilize Heterochromatin Architecture Partially through Phase Separation. Mol. Cell
2020, 77, 368–383.e367. [CrossRef] [PubMed]

84. Wang, L.; Gao, Y.; Zheng, X.; Liu, C.; Dong, S.; Li, R.; Zhang, G.; Wei, Y.; Qu, H.; Li, Y.; et al. Histone Modifications Regulate
Chromatin Compartmentalization by Contributing to a Phase Separation Mechanism. Mol. Cell 2019, 76, 646–659.e646. [CrossRef]
[PubMed]

85. Keenen, M.M.; Brown, D.; Brennan, L.D.; Renger, R.; Khoo, H.; Carlson, C.R.; Huang, B.; Grill, S.W.; Narlikar, G.J.; Redding, S.
HP1 proteins compact DNA into mechanically and positionally stable phase separated domains. eLife 2021, 10, e64563. [CrossRef]

86. Zhen, C.Y.; Tatavosian, R.; Huynh, T.N.; Duc, H.N.; Das, R.; Kokotovic, M.; Grimm, J.B.; Lavis, L.D.; Lee, J.; Mejia, F.J.; et al.
Live-cell single-molecule tracking reveals co-recognition of H3K27me3 and DNA targets polycomb Cbx7-PRC1 to chromatin.
eLife 2016, 5, e17667. [CrossRef]

87. Wani, A.H.; Boettiger, A.N.; Schorderet, P.; Ergun, A.; Münger, 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]

88. Grau, D.J.; Chapman, B.A.; Garlick, J.D.; Borowsky, M.; Francis, N.J.; Kingston, R.E. Compaction of chromatin by diverse
Polycomb group proteins requires localized regions of high charge. Genes Dev. 2011, 25, 2210–2221. [CrossRef]

89. 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]

90. 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]

91. Long, Y.; Hwang, T.; Gooding, A.R.; Goodrich, K.J.; Rinn, J.L.; Cech, T.R. RNA is essential for PRC2 chromatin occupancy and
function in human pluripotent stem cells. Nat. Genet. 2020, 52, 931–938. [CrossRef] [PubMed]

92. Gavrilov, A.A.; Sultanov, R.I.; Magnitov, M.D.; Galitsyna, A.A.; Dashinimaev, E.B.; Lieberman Aiden, E.; Razin, S.V. RedChIP
identifies noncoding RNAs associated with genomic sites occupied by Polycomb and CTCF proteins. Proc. Natl. Acad. Sci. USA
2022, 119, e2116222119. [CrossRef]

93. Pandey, R.R.; Mondal, T.; Mohammad, F.; Enroth, S.; Redrup, L.; Komorowski, J.; Nagano, T.; Mancini-Dinardo, D.; Kanduri, C.
Kcnq1ot1 antisense noncoding RNA mediates lineage-specific transcriptional silencing through chromatin-level regulation. Mol.
Cell 2008, 32, 232–246. [CrossRef] [PubMed]

94. Barutcu, A.R.; Blencowe, B.J.; Rinn, J.L. Differential contribution of steady-state RNA and active transcription in chromatin
organization. EMBO Rep. 2019, 20, e48068. [CrossRef] [PubMed]

95. Wutz, A. Gene silencing in X-chromosome inactivation: Advances in understanding facultative heterochromatin formation. Nat.
Rev. Genet. 2011, 12, 542–553. [CrossRef] [PubMed]

96. Keohane, A.M.; Lavender, J.S.; O’Neill, L.P.; Turner, B.M. Histone acetylation and X inactivation. Dev. Genet. 1998, 22, 65–73.
[CrossRef]

97. Plath, K.; Fang, J.; Mlynarczyk-Evans, S.K.; Cao, R.; Worringer, K.A.; Wang, H.; de la Cruz, C.C.; Otte, A.P.; Panning, B.; Zhang, Y.
Role of histone H3 lysine 27 methylation in X inactivation. Science 2003, 300, 131–135. [CrossRef]

98. Naughton, C.; Sproul, D.; Hamilton, C.; Gilbert, N. Analysis of active and inactive X chromosome architecture reveals the
independent organization of 30 nm and large-scale chromatin structures. Mol. Cell 2010, 40, 397–409. [CrossRef]

99. Engreitz, J.M.; Ollikainen, N.; Guttman, M. Long non-coding RNAs: Spatial amplifiers that control nuclear structure and gene
expression. Nat. Rev. Mol. Cell Biol. 2016, 17, 756–770. [CrossRef]

100. Guttman, M.; Rinn, J.L. Modular regulatory principles of large non-coding RNAs. Nature 2012, 482, 339–346. [CrossRef]
101. Kallunki, P.; Edelman, G.M.; Jones, F.S. The neural restrictive silencer element can act as both a repressor and enhancer of L1 cell

adhesion molecule gene expression during postnatal development. Proc. Natl. Acad. Sci. USA 1998, 95, 3233–3238. [CrossRef]
[PubMed]

102. Hwang, J.-Y.; Zukin, R.S. REST, a master transcriptional regulator in neurodegenerative disease. Curr. Opin. Neurobiol. 2018, 48,
193–200. [CrossRef] [PubMed]

103. Margueron, R.; Reinberg, D. The Polycomb complex PRC2 and its mark in life. Nature 2011, 469, 343–349. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-cellbio-100913-013325
http://doi.org/10.1038/35065138
http://doi.org/10.1038/35065132
http://doi.org/10.1038/nature22822
http://doi.org/10.1038/nature22989
http://www.ncbi.nlm.nih.gov/pubmed/28636597
http://doi.org/10.1038/s41586-020-2574-4
http://www.ncbi.nlm.nih.gov/pubmed/32698189
http://doi.org/10.1016/j.molcel.2019.10.001
http://www.ncbi.nlm.nih.gov/pubmed/31677973
http://doi.org/10.1016/j.molcel.2019.08.019
http://www.ncbi.nlm.nih.gov/pubmed/31543422
http://doi.org/10.7554/eLife.64563
http://doi.org/10.7554/eLife.17667
http://doi.org/10.1038/ncomms10291
http://doi.org/10.1101/gad.17288211
http://doi.org/10.1101/gad.326488.119
http://doi.org/10.1074/jbc.RA118.006620
http://doi.org/10.1038/s41588-020-0662-x
http://www.ncbi.nlm.nih.gov/pubmed/32632336
http://doi.org/10.1073/pnas.2116222119
http://doi.org/10.1016/j.molcel.2008.08.022
http://www.ncbi.nlm.nih.gov/pubmed/18951091
http://doi.org/10.15252/embr.201948068
http://www.ncbi.nlm.nih.gov/pubmed/31448565
http://doi.org/10.1038/nrg3035
http://www.ncbi.nlm.nih.gov/pubmed/21765457
http://doi.org/10.1002/(SICI)1520-6408(1998)22:1&lt;65::AID-DVG7&gt;3.0.CO;2-5
http://doi.org/10.1126/science.1084274
http://doi.org/10.1016/j.molcel.2010.10.013
http://doi.org/10.1038/nrm.2016.126
http://doi.org/10.1038/nature10887
http://doi.org/10.1073/pnas.95.6.3233
http://www.ncbi.nlm.nih.gov/pubmed/9501246
http://doi.org/10.1016/j.conb.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29351877
http://doi.org/10.1038/nature09784
http://www.ncbi.nlm.nih.gov/pubmed/21248841


Cells 2022, 11, 1560 16 of 17

104. Kim, K.H.; Roberts, C.W. Targeting EZH2 in cancer. Nat. Med. 2016, 22, 128–134. [CrossRef] [PubMed]
105. Varambally, S.; Dhanasekaran, S.M.; Zhou, M.; Barrette, T.R.; Kumar-Sinha, C.; Sanda, M.G.; Ghosh, D.; Pienta, K.J.; Sewalt, R.G.;

Otte, A.P.; et al. The polycomb group protein EZH2 is involved in progression of prostate cancer. Nature 2002, 419, 624–629.
[CrossRef]

106. Morin, R.D.; Johnson, N.A.; Severson, T.M.; Mungall, A.J.; An, J.; Goya, R.; Paul, J.E.; Boyle, M.; Woolcock, B.W.;
Kuchenbauer, F.; et al. Somatic mutations altering EZH2 (Tyr641) in follicular and diffuse large B-cell lymphomas of germinal-
center origin. Nat. Genet. 2010, 42, 181–185. [CrossRef]

107. Bödör, C.; O’Riain, C.; Wrench, D.; Matthews, J.; Iyengar, S.; Tayyib, H.; Calaminici, M.; Clear, A.; Iqbal, S.; Quentmeier, H.; et al.
EZH2 Y641 mutations in follicular lymphoma. Leukemia 2011, 25, 726–729. [CrossRef]

108. McCabe, M.T.; Graves, A.P.; Ganji, G.; Diaz, E.; Halsey, W.S.; Jiang, Y.; Smitheman, K.N.; Ott, H.M.; Pappalardi, M.B.;
Allen, K.E.; et al. Mutation of A677 in histone methyltransferase EZH2 in human B-cell lymphoma promotes hypertrimethylation
of histone H3 on lysine 27 (H3K27). Proc. Natl. Acad. Sci. USA 2012, 109, 2989–2994. [CrossRef]

109. Majer, C.R.; Jin, L.; Scott, M.P.; Knutson, S.K.; Kuntz, K.W.; Keilhack, H.; Smith, J.J.; Moyer, M.P.; Richon, V.M.;
Copeland, R.A.; et al. A687V EZH2 is a gain-of-function mutation found in lymphoma patients. FEBS Lett. 2012, 586,
3448–3451. [CrossRef]

110. Li, H.; Cai, Q.; Wu, H.; Vathipadiekal, V.; Dobbin, Z.C.; Li, T.; Hua, X.; Landen, C.N.; Birrer, M.J.; Sánchez-Beato, M.; et al. SUZ12
promotes human epithelial ovarian cancer by suppressing apoptosis via silencing HRK. Mol. Cancer Res. 2012, 10, 1462–1472.
[CrossRef]

111. Liu, C.; Shi, X.; Wang, L.; Wu, Y.; Jin, F.; Bai, C.; Song, Y. SUZ12 is involved in progression of non-small cell lung cancer by
promoting cell proliferation and metastasis. Tumour Biol. 2014, 35, 6073–6082. [CrossRef] [PubMed]

112. Wang, M.-C.; Li, C.-L.; Cui, J.; Jiao, M.; Wu, T.; Jing, L.I.; Nan, K.-J. BMI-1, a promising therapeutic target for human cancer. Oncol.
Lett. 2015, 10, 583–588. [CrossRef] [PubMed]

113. Chen, D.; Wu, M.; Li, Y.; Chang, I.; Yuan, Q.; Ekimyan-Salvo, M.; Deng, P.; Yu, B.; Yu, Y.; Dong, J.; et al. Targeting BMI1+
Cancer Stem Cells Overcomes Chemoresistance and Inhibits Metastases in Squamous Cell Carcinoma. Cell Stem Cell 2017, 20,
621–634.e626. [CrossRef] [PubMed]

114. Kreso, A.; van Galen, P.; Pedley, N.M.; Lima-Fernandes, E.; Frelin, C.; Davis, T.; Cao, L.; Baiazitov, R.; Du, W.; Sydorenko, N.; et al.
Self-renewal as a therapeutic target in human colorectal cancer. Nat. Med. 2014, 20, 29–36. [CrossRef]

115. Westbrook, T.F.; Martin, E.S.; Schlabach, M.R.; Leng, Y.; Liang, A.C.; Feng, B.; Zhao, J.J.; Roberts, T.M.; Mandel, G.;
Hannon, G.J.; et al. A genetic screen for candidate tumor suppressors identifies REST. Cell 2005, 121, 837–848. [CrossRef]

116. Huang, Z.; Bao, S. Ubiquitination and deubiquitination of REST and its roles in cancers. FEBS Lett. 2012, 586, 1602–1605.
[CrossRef]

117. Chang, Y.-T.; Lin, T.-P.; Campbell, M.; Pan, C.-C.; Lee, S.-H.; Lee, H.-C.; Yang, M.-H.; Kung, H.-J.; Chang, P.-C. REST is a crucial
regulator for acquiring EMT-like and stemness phenotypes in hormone-refractory prostate cancer. Sci. Rep. 2017, 7, 42795.
[CrossRef]

118. Thandapani, P. Super-enhancers in cancer. Pharmacology 2019, 199, 129–138. [CrossRef]
119. Andricovich, J.; Perkail, S.; Kai, Y.; Casasanta, N.; Peng, W.; Tzatsos, A. Loss of KDM6A Activates Super-Enhancers to Induce

Gender-Specific Squamous-like Pancreatic Cancer and Confers Sensitivity to BET Inhibitors. Cancer Cell 2018, 33, 512–526.e518.
[CrossRef]

120. Hnisz, D.; Abraham, B.J.; Lee, T.I.; Lau, A.; Saint-André, V.; Sigova, A.A.; Hoke, H.A.; Young, R.A. Super-Enhancers in the Control
of Cell Identity and Disease. Cell 2013, 155, 934–947. [CrossRef]

121. Wang, X.; Cairns, M.J.; Yan, J. Super-enhancers in transcriptional regulation and genome organization. Nucleic Acids Res. 2019, 47,
11481–11496. [CrossRef] [PubMed]

122. Huang, D.; Ovcharenko, I. Enhancer–silencer transitions in the human genome. Genome Res. 2022, 32, 437–448. [CrossRef]
[PubMed]

123. Moore, J.E.; Purcaro, M.J.; Pratt, H.E.; Epstein, C.B.; Shoresh, N.; Adrian, J.; Kawli, T.; Davis, C.A.; Dobin, A.; Kaul, R.; et al.
Expanded encyclopaedias of DNA elements in the human and mouse genomes. Nature 2020, 583, 699–710. [CrossRef] [PubMed]

124. Moorthy, S.D.; Davidson, S.; Shchuka, V.M.; Singh, G.; Malek-Gilani, N.; Langroudi, L.; Martchenko, A.; So, V.; Macpherson, N.N.;
Mitchell, J.A. Enhancers and super-enhancers have an equivalent regulatory role in embryonic stem cells through regulation of
single or multiple genes. Genome Res. 2017, 27, 246–258. [CrossRef]

125. Pott, S.; Lieb, J.D. What are super-enhancers? Nat. Genet. 2015, 47, 8–12. [CrossRef]
126. Shin, H.Y.; Willi, M.; Yoo, K.H.; Zeng, X.; Wang, C.; Metser, G.; Hennighausen, L. Hierarchy within the mammary STAT5-driven

Wap super-enhancer. Nat. Genet. 2016, 48, 904–911. [CrossRef]
127. Hay, D.; Hughes, J.R.; Babbs, C.; Davies, J.O.J.; Graham, B.J.; Hanssen, L.; Kassouf, M.T.; Marieke Oudelaar, A.M.; Sharpe, J.A.;

Suciu, M.C.; et al. Genetic dissection of the alpha-globin super-enhancer in vivo. Nat. Genet. 2016, 48, 895–903. [CrossRef]
128. Osterwalder, M.; Barozzi, I.; Tissières, V.; Fukuda-Yuzawa, Y.; Mannion, B.J.; Afzal, S.Y.; Lee, E.A.; Zhu, Y.; Plajzer-Frick, I.; Pickle,

C.S.; et al. Enhancer redundancy provides phenotypic robustness in mammalian development. Nature 2018, 554, 239. [CrossRef]
129. Mansour, M.R.; Abraham, B.J.; Anders, L.; Berezovskaya, A.; Gutierrez, A.; Durbin, A.D.; Etchin, J.; Lawton, L.; Sallan, S.E.;

Silverman, L.B.; et al. Oncogene regulation. An oncogenic super-enhancer formed through somatic mutation of a noncoding
intergenic element. Science 2014, 346, 1373–1377. [CrossRef]

http://doi.org/10.1038/nm.4036
http://www.ncbi.nlm.nih.gov/pubmed/26845405
http://doi.org/10.1038/nature01075
http://doi.org/10.1038/ng.518
http://doi.org/10.1038/leu.2010.311
http://doi.org/10.1073/pnas.1116418109
http://doi.org/10.1016/j.febslet.2012.07.066
http://doi.org/10.1158/1541-7786.MCR-12-0335
http://doi.org/10.1007/s13277-014-1804-5
http://www.ncbi.nlm.nih.gov/pubmed/24633887
http://doi.org/10.3892/ol.2015.3361
http://www.ncbi.nlm.nih.gov/pubmed/26622537
http://doi.org/10.1016/j.stem.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28285905
http://doi.org/10.1038/nm.3418
http://doi.org/10.1016/j.cell.2005.03.033
http://doi.org/10.1016/j.febslet.2012.04.052
http://doi.org/10.1038/srep42795
http://doi.org/10.1016/j.pharmthera.2019.02.014
http://doi.org/10.1016/j.ccell.2018.02.003
http://doi.org/10.1016/j.cell.2013.09.053
http://doi.org/10.1093/nar/gkz1038
http://www.ncbi.nlm.nih.gov/pubmed/31724731
http://doi.org/10.1101/gr.275992.121
http://www.ncbi.nlm.nih.gov/pubmed/35105669
http://doi.org/10.1038/s41586-020-2493-4
http://www.ncbi.nlm.nih.gov/pubmed/32728249
http://doi.org/10.1101/gr.210930.116
http://doi.org/10.1038/ng.3167
http://doi.org/10.1038/ng.3606
http://doi.org/10.1038/ng.3605
http://doi.org/10.1038/nature25461
http://doi.org/10.1126/science.1259037


Cells 2022, 11, 1560 17 of 17

130. Kandaswamy, R.; Sava, G.P.; Speedy, H.E.; Beà, S.; Martín-Subero, J.I.; Studd, J.B.; Migliorini, G.; Law, P.J.; Puente, X.S.; Martín-
García, D.; et al. Genetic Predisposition to Chronic Lymphocytic Leukemia Is Mediated by a BMF Super-Enhancer Polymorphism.
Cell Rep. 2016, 16, 2061–2067. [CrossRef]

131. Loven, J.; Hoke, H.A.; Lin, C.Y.; Lau, A.; Orlando, D.A.; Vakoc, C.R.; Bradner, J.E.; Lee, T.I.; Young, R.A. Selective inhibition of
tumor oncogenes by disruption of super-enhancers. Cell 2013, 153, 320–334. [CrossRef] [PubMed]

132. Kwiatkowski, N.; Zhang, T.; Rahl, P.B.; Abraham, B.J.; Reddy, J.; Ficarro, S.B.; Dastur, A.; Amzallag, A.; Ramaswamy, S.;
Tesar, B.; et al. Targeting transcription regulation in cancer with a covalent CDK7 inhibitor. Nature 2014, 511, 616–620. [CrossRef]

133. Chipumuro, E.; Marco, E.; Christensen, C.L.; Kwiatkowski, N.; Zhang, T.; Hatheway, C.M.; Abraham, B.J.; Sharma, B.; Yeung, C.;
Altabef, A.; et al. CDK7 Inhibition Suppresses Super-Enhancer-Linked Oncogenic Transcription in MYCN-Driven Cancer. Cell
2014, 159, 1126–1139. [CrossRef] [PubMed]

134. Zhang, Y.; Chen, K.; Cai, Y.; Nambu, A.; See, Y.X.; Fu, C.; Raju, A.; Lakshmanan, M.; Osato, M.; Tergaonkar, V.; et al. Super-silencers
regulated by chromatin interactions control apoptotic genes. bioRxiv 2022. [CrossRef]

http://doi.org/10.1016/j.celrep.2016.07.053
http://doi.org/10.1016/j.cell.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23582323
http://doi.org/10.1038/nature13393
http://doi.org/10.1016/j.cell.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25416950
http://doi.org/10.1101/2022.01.17.476559

	Introduction 
	Genome-Wide Identification of Silencers 
	Silencers Interfere with Binding of Activators and Transcriptional Machinery 
	Histone Methylation at Silencers 
	Histone Deacetylation at Silencers 
	Distal Silencers Loop to Promoters to Inhibit Gene Expression 
	Phase Separation in Silencing 
	Potential Role of Non-Coding RNA (ncRNA) in Silencing 
	Silencers in Health and Disease 
	Silencer and Repressor Dysregulation in Cancer 
	Conclusions and Future Directions 
	References

