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Abstract

Sections

Cell type- and differentiation-specific gene expression s precisely
controlled by genomic non-coding regulatory elements (NCREs), which
include promoters, enhancers, silencers and insulators. It is estimated
that more than 90% of disease-associated sequence variants lie within
the non-coding part of the genome, potentially affecting the activity of
NCREs. Consequently, the functional annotation of NCREs is a major
driver of genome research. Compared with our knowledge of other
regulatory elements, our knowledge of silencers, which are NCREs that
repress the transcription of genes, is largely lacking. Multiple recent
studies have reported large-scale identification of transcription silencer
elements, indicating theirimportance in homeostasis and disease. In this
Review, we discuss the biology of silencers, including methods for their
discovery, epigenomic and other characteristics, and modes of function
of silencers. We also discuss important silencer-relevant considerations
in assessing data from genome-wide association studies and shed light
on potential future silencer-based therapeutic applications.
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Introduction

The human genome includes an estimated 20,000 protein-coding
genes, mutations in which cause numerous diseases’”. However, genes
represent only less than 2% of our genome, and most of the genome
does notencode proteins’. The non-coding part of the genome contains
introns and various intergenic regions, which were long claimed to
be functionless and considered ‘junk’ DNA. Now we know that much
of the non-coding part of the genome harbours distinct non-coding
regulatory elements (NCREs) that control gene transcription, including
promoters, enhancers, insulators and silencers. Among these NCREs,
silencers arethe least characterized elements. Thanks torecent techno-
logicaladvances, the characterization of silencers and the understand-
ing of their functionsin gene regulation and disease have gained more
interest and entered the spotlight of genetic research.

Following the publication of the first full draft of the human
genome in 2001 (refs.*’) and the subsequent emergence of genome-
wide association studies (GWAS), more than 90% of disease-
associated sequence variants were found toliein the non-coding part
of the genome®’. This distribution demonstrated the importance of
annotating the functional roles of non-coding DNA elements. Recent
advances in experimental and computational methods based on
next-generation sequencing, developed by consortia such as the
ENCODE Consortium and by individual laboratories®®, deepened our
understanding of the functions of non-coding elements, of which most
areactively involved in gene regulation®.

Four main types of non-coding DNA elements that regulate gene
transcription — promoters, insulators, enhancers and silencers — have
been identified and characterized’. Promoters are usually defined as
short DNA sequences (100-1,000 bp) close to a transcription start
site of the genes they control; promoters contain transcription factor-
binding sites, which recruit transcription factors and RNA polymer-
ase for transcription initiation'. Transcription initiation is further
fine-tuned by proximal and more distally located NCREs: insulators,
enhancers and silencers, brought together into topologically asso-
ciating domains by the chromatin looping factors CTCF and cohesin
(Fig. 1a). NCREs can act as far as several megabases away from their
target genes'2. Enhancers, which are the most extensively studied
type of NCRE, modulate the expression of tissue-specific and cell type-
specific genes. Active enhancers and promoters are found within open
chromatin, and are mainly bound by transcription-activating fac-
tors®. Enhancers are enriched in specific histone modifications, such
as monomethylated histone H3 Lys4 (H3K4mel) and acetylated his-
tone H3 Lys27 (H3K27ac)". This unique epigenetic make-up together
with other characteristics (for example, chromatin accessibility and
evolutionary conservation) has led to the identification of numer-
ous potential enhancers, both experimentally and computationally,
whichare cataloguedin databases suchas EnhancerAtlas and the VISTA
Enhancer Browser>¢,

Mammalian genomes are organized into topologically isolated
loops, whichinsulate genes from the influence of NCREs outside their
loops” ™ (Fig. 1a). Insulators were initially defined by their ability
to protect genes from genomic position effects?® %, They are often
found between enhancers and promoters, blocking the enhancer
frominteracting with the promoter. Insulators also block gene silenc-
ing, by acting as a barrier between transcriptionally permissive and
transcriptionally repressive chromatin domains, preventing the
chromatin characteristics of the repressive domains from spreading
to the permissive domains and rendering them inaccessible to the
transcription machinery®.

Ofthe four NCRE types, silencers remain understudied and poorly
characterized. Broadly defined, silencers could be genomic regions
with tight packaging of nucleosomes, such as heterochromatin®. In
this Review, however, we adopt a more stringent definition of silencers
as non-coding genomic sequences that are recognized by transcrip-
tion factors (analogously to enhancers) and repress the transcription
of target genes. Silencers may act in position-independent and
orientation-independent manners and have important rolesin devel-
opmentand disease”. Similarly to enhancers, silencers harbour bind-
ing sites for transcription factors to recruit co-repressive factors or
mediate silencer-promoter interactions, resulting in tissue-specific
gene repression®®?, the mechanisms of which mostly remain to be
elucidated.

In this Review, we discuss the potential mechanisms of non-
codingsilencersinregulating gene repression and compare methods
toidentify and validate silencers. We summarize the current knowledge
of silencer epigenetic signatures, the potential biological functions of
clusters of silencers and the possibilities of functional switching
between silencers and enhancers. Furthermore, we bring attention
to the roles of silencers in diseases and their potential as therapeutic
targets. Finally, we discuss open questions and future directions for
fundamental and translational research.

The discovery of silencer elements
Asubclass of transcription factors that negatively regulate gene tran-
scriptionis referred to as ‘repressors™, Not only repressors themselves
butalsothe genomicsequences that they recognize and bind —silencer
elements — are crucial for repressing gene expression®. The Saccha-
romyces cerevisiae mating-type locus HMRE element was one of the
first identified position-independent silencers that directs an active
repression mechanism®’. The HMRE silencer is a cis-acting element
responsible for turning off the expression of genesinthe HML and HMR
loci, which determine the mating type in budding yeast. HMRE is posi-
tionindependent, functionsineither orientation and canact 2,600 bp
away fromits target promoter™. In the fruitfly Drosophila melanogaster,
the silencer VRE mediates ventral gene repression in response to the
dorsal morphogen gradient, thereby initiating the differentiation of
the embryonic mesoderm and neuroectoderm®. One of the first well-
studied silencers in mammals was identified in the first intron of the
CD4 gene and was found to have a key function in the development of
Tlymphocytes. The silencer contains two protein-binding sites, which,
upon binding by their respective repressors, repress CD4 transcrip-
tionin the CD8" T cell lineage®>*. Further studies on the intronic CD4
silencer have highlighted itsimportance during tissue differentiation™.
Since the definition of silencers as position-independent ele-
ments that directanactive repression mechanism, many silencers have
beenindividually identified and characterized. The neuron-restrictive
silencer element (also known as repressor element 1)** is a 21-bp DNA
sequence motif found in or near approximately 2,000 neuronal genes
in the human genome®*~*°. Neuron-restrictive silencer elements are
bound by repressor element 1-silencing transcription factor (REST;
alsoknownas neuron-restrictive silencer factor (NRSF)), which recruits
repressive cofactors and chromatin modifiers to repress the expression
of neuronal genesin non-neuronal and undifferentiated tissues***. For
instance, the gene SCG10 (also known as STMN2) encodes the growth-
associated protein stathmin 2, which is expressed in the early devel-
opment of neuronal derivatives*. Upstream of the SCGI0 gene lies a
neuron-restrictive silencer element that represses the activity of the
enhancer foundinthe promoter-proximal region of SCGI0, suggesting
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Fig.1|Silencer elements and their proposed mechanismsin gene regulation.
a, Various non-coding regulatory elements, including silencers, enhancers,
promoters and insulators (not shown), work together to control gene expression
within topologically associating domains (TADs). TADs are demarcated by
CCCTC-binding factor (CTCF) and cohesin complexes, which canalso help

to form smaller chromatin domains where distal enhancers or silencers

are brought together with their target-gene promoters, thereby mediating
transcription activation or repression, respectively. b, Silencer elements are
bound by repressive transcription factors (TFs), which mediate specific short-
range or long-range silencer-promoter interactions that lead to repression of
target genes without affecting the expression of nearby genes with incompatible
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bindingsites. ¢, Silencer elements can prevent enhancers frominteracting
with their target promoter, thereby repressing gene expression. d, Repressive
Kriippel-associated box (KRAB) zinc-finger TFs bind silencers specifically
through their zinc-finger domains. The KRAB domain associates with the
cofactor KRAB-associated protein1(KAP1), leading to recruitment of various
cofactors that methylate DNA and deacetylate histones, thereby repressing
target genes. Ac, acetyl group; DNMT, DNA (cytosine 5)-methyltransferase;
H3K9me3, trimethylated histone H3 Lys9; HDAC, histone deacetylase;

HP1, heterochromatin protein 1; 5SmC, 5-methylcytosine; NuRD, nucleosome
remodelling and deacetylase complex; Pol I, RNA polymerase II; SETDB1, SET
domain bifurcated histone-lysine methyltransferase 1.

that the expression of SCG10in neuronal cells depends predominantly
onreversing the silencing of this enhancer®**>, Many silencers, like the
silencer associated with CD4, affect their target genes directly and in
a promoter-specific manner, through binding by cell type-specific
repressive transcription factors such as RUNX1and RUNX3in CD4 gene
repression during T cell development®~* (Fig. 1b). However, there
are also silencers, like the neuron-restrictive silencer element near
SCGI0, thatindirectly repress gene expression by blocking enhancer
activity?** (Fig. 1¢).

Silencers are recognized and bound by repressor transcription
factorsto exert their cis-regulatory repressive functions. Many of these
repressor transcription factors, such as the REST complex, belong to
the zinc-finger transcription factor family, which is the largest family
of transcription factors in mammals and has widespread functionsin

development and homeostasis*. Their carboxy-terminal zinc-finger
domains bind specific genomic DNA sequences, and the amino-
terminal domain interacts with and recruits transcription cofactors.
Approximately half of the human zinc-finger transcription factors have
an amino-terminal Kriippel-associated box (KRAB) domain*"*°, The
KRAB domainrecruits the cofactor KAP1, leading to the recruitment of
histone deacetylases (for example, NuRD), methyltransferases (histone
methyltransferases suchas SETDBI, and DNA (cytosine 5)-methyltrans-
ferases) and adaptor proteins such as heterochromatin protein 1, the
combined activity of which leads to reduced chromatin accessibility
and subsequently to transcriptional gene silencing*® (Fig. 1d). In the
past few decades, various zinc-finger transcription factors, including
CTCF, YY1and ZBP89, have been shown to bind silencers and regulate
their repressive activity** %
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Although these studies demonstrated the importance of silencers
indevelopment, research on the systematicidentificationand charac-
terization of silencers has considerably lagged behind the extensive
interrogation of enhancers. Enhancer-specific histone modifications
were found to reflect cell type-specific gene expression®*, raising
the possibility that such modifications may exist in silencers as well.
Until recently, most of our understanding of silencer characteristics
relied either on knowledge of silencers identified individually in small-
scale experiments or on computational prediction, for example, by
correlating cross-tissue epigenetic profiles with gene expression®®.
Experimental methods that facilitate a systematic and genome-wide
identification of silencer elements are needed to gain more insights
into the biology of silencers. In the next section, we discuss several
such methods.

Methods for studying silencers

Unbiased genome-wide screening for potential silencersin mammalian
genomes is currently not feasible, owing to the large size of genomes
and limited screening capacities. One solution to this limitation is
to focus the study on selected regions, which requires preselection
of screened regions on the basis of previously described patterns.
However, the incurred bias may lead researchers to overlook novel
signatures of silencer elements. Recent technological advances in
the systematic identification of silencers yielded multiple reports of
large-scale identification and characterization of silencers through-
out the genome based on distinct criteria, including computational
prediction and definition of candidate elements based on chromatin
organization and modification®® (Fig. 2a).

Although silencer-specific chromatin signatures are still lack-
ing, non-coding silencer elements likely mimic enhancer elements
in certain aspects. Analogously to enhancers, silencers are bound by
cell type-specific transcription factors which render their chromatin
more accessible. On the basis of putative epigenetic characteristics and
chromatin accessibility profiles, a subtractive analysis was performed
to identify uncharacterized NCREs as accessible genomic regions
(measured by DNase I hypersensitive site sequencing) devoid of histone
modifications that characterize promoters (trimethylated histone H3
Lys4; H3K4me3), enhancers (H3K4mel) or insulators (CTCF-binding
sites) (Fig. 2a,b). By means of a massively parallel reporter assay
(MPRA) based on self-transcribing active regulatory region sequencing
(STARR-seq)* (Fig. 2b), ~7,500 regions were assessed for silencer poten-
tial in K562 human chronic myelogenous leukaemia cells, of which
~3,000 showed potential silencer activity®®. Similarly, chromatin acces-
sibility profiles of multiple developmental stages were integrated with
the corresponding gene expression profiles in the sponge Amphime-
don queenslandica, and the accessible chromatin regions correlating
with low gene expression were considered putative development
stage-specificsilencers®’.

Chromatin accessibility at genomic silencer regions was also
exploitedin other studies as arationale for silencer screening. Acces-
sible genomic regions from K562 cells, obtained by formaldehyde-
assisted isolation of regulatory elements, were tested for silencer
activity using the repressive ability of silencer elements (ReSE) screen.
InReSE screens, the silencer potential of acandidate regionis assessed
by its ability to repress cell death by silencing the transcription of
inducible caspase 9 (Fig. 2b). In the study, 2,600 silencers were iden-
tified in K562 cells, and ~1,660 silencers were identified in HepG2
human hepatoma cells®’. Surprisingly, only ~2% of these potential
silencer regions were shared between the two cell types, indicating that

silencers have strong cell type-specific activity. With use of a different
approach,genomicregionsenriched by assay for transposase-accessible
chromatin using sequencing (ATAC-seq) in a B lymphocyte cell line
were simultaneously measured for enhancer and silencer activity
and transcription factor occupancy using modified ATAC-STARR-seq
episomal reporters (Fig. 2b). The analysis showed that silencers and
enhancers represent distinct functional groups that are enriched in
unique sets of transcription factor motifs and combinations of histone
modifications®.

There are also potential silencer-enriched genomic regions
marked by H3K27me3, which is generally associated with transcrip-
tional repression. When H3K27me3-marked regions that overlapped
with the accessible chromatin as detected by DNase | hypersensitive
site sequencing were annotated by bioinformatics analysis, it was found
thatthese sites are negatively correlated with nearby gene expression
in multiple cell types>® (Fig. 2a). These H3K27me3-marked regions
are thus associated with silencing, albeit not unambiguously mark-
ing silencer elements. The term ‘H3K27 trimethylation-rich regions’
(MRRs) was coined to denote genomic regions with a high density of
H3K27me3 peaks on chromatin immunoprecipitation followed by
sequencing (ChIP-seq) that preferentially contact each other and
target genes, as shown by Hi-C sequencing. Compared with ‘typical’
H3K27me3 domains (that is, not significantly enriched in the chro-
matin contacts described above), MRRs could be strong indicators
of silencer activity®*. As a proof of principle, identified MRRs were
intersected with previously reported silencers identified by ReSE
screens®, which revealed that these regions more predominantly
overlap with each other than do silencers identified by ReSE screens
and ‘typical’ H3K27me3 regions™. Although no large-scale screening
for silencer activity focusing on MRRs has been performed, CRISPR-
Cas9-mediated genomic deletion of two MRRs, which interact with
the genes FGF18and IGF2, respectively, led toincreased expression of
these genes. These dataindicate that MRRs are bona fide silencers with
importantroles in gene regulation®”.

Whereas previous high-throughput studies were mostly per-
formedincelllines, a parallel reporter assay was recently used to screen
alibrary of -600 candidate silencers in D. melanogaster embryos®.
Candidate regions were selected on the basis of the presence of DNase |
hypersensitive sites, H3K27me3 enrichment and binding of the tran-
scriptional co-repressors Groucho and CtBP, which are canonically
associated withlong-range and short-range repression, respectively®.
Theseregions were subsequently tested for their potential to repress
the expression of a GFP reporter that was driven by a ubiquitous
enhancer (Fig. 2a,b). Interestingly, ~75% of the identified silencers in
that study were previously reported to act as enhancers in different
studies, indicating that many regulatory elements have dual roles as
bothenhancersandsilencers, depending on cell type and differentia-
tion stage® (see below). However, the experimental set-up of that study
did not discriminate between a direct repressive effect of silencers on
the reporter promoter and a more indirect effect through repression
of the enhancer activity.

In addition to the use of high-throughput screening and compu-
tational methods, assays focusing on specific markers could also be
used toidentify potential silencers (Fig. 2a). Trimethylation of histone
H3 Lys27is catalysed by Polycomb repressive complex 2 (PRC2), which
isakeyinducer of transcriptional gene silencing® . PRC2 was shown
to act as a transcription repressor by forming long-range chromatin
interactions, leading to epigenetic modification and the silencing
of PRC2-bound gene promoters®® 7, As such, PRC2-bound genomic
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Fig.2|Large-scalesilencer identification methods. a, Silencer prediction.
Owing to the large genome size and limited library and screening capacities,
silencer screening libraries are often constructed on the basis of known or
predicted silencer characteristics. Recent silencer screens were performed
using libraries of sequences chosen on the basis of different combinations of
computationally predicted silencer regions, Polycomb repressive complex 2
(PRC2)-bound DNA fragments, trimethylated histone H3 Lys27 (H3K27me3)-rich
regions and accessible-chromatin regions. b, High-throughput screening of
silencer activity. Once candidate silencer regions are obtained, various high-
throughput screening systems are used to test genomic fragments for silencer
activity. The repressive ability of silencer elements (ReSE) system screens
genomic sequences for potential silencers that repress the transcription
ofaninducible gene encoding the cell death protein caspase 9. Caspase 9
induces apoptosis, and thus cells containing non-silencer elements will undergo
apoptosis, selecting for cells containing potential silencer elements that repress
the transcription of the caspase 9 gene. The silencer FACS-seq (fluorescence-
activated cell sorting followed by high-throughput sequencing) screening
system, rather than assessing the direct effect of candidate silencers

onareporter promoter, tests candidate regions for their potential to repress the
activity of aubiquitously active enhancer coupled to a promoter (not shown)
driving GFP expression. Self-transcribing active regulatory region sequencing
(STARR-seq) measures the potential of candidate regions to suppress their own
transcription through a defined promoter. Following transfection of the plasmid
library, reporter mRNA and library DNA are isolated and amplified and the RNA
to DNA ratio reveals the potential repressive activity of the candidate regions.

¢, Silencer validation. Once potential silencer elements are identified, they need
tobeindividually validated. Episomal (plasmid)-based luciferase-reporter assays
canvalidate the regulatory activity of potential silencer elements on a defined
promoter by measuring reduced luciferase signal compared with a control
vector. At the endogenous loci, potential silencer elements can be validated
using CRISPR-Cas9 to generate silencer knockout (KO) cell lines using two single-
guide RNAs (sgRNAs) targeting both ends of the silencers. Subsequently, silencer
knockout cells can be evaluated on the basis of changes in gene expression,
functionality or morphology compared with wild type (WT) cells. DSB, DNA
double-strand break; NHEJ, non-homologous end joining; ORF, open reading
frame.

regions have the potential to functionas transcriptional gene silencers.
To test this hypothesis, chromatin interaction analysis with paired-end
tag sequencing was used to uncover PRC2-dependent long-range
chromatininteractions inmouse embryonic stem cells (Fig. 2a). Genes

interacting with PRC2-bound genomic regions are generally expressed
at low levels, and ablation of contacts between identified silencers
and their target-gene promoters by CRISPR-Cas9 resulted in target-
gene activation and developmental defects, demonstrating the role
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of PRC2-bound regions as silencers in gene regulation”. Whether the
silencing effects are directly mediated by PRC2 or whether PRC2 is
an effector of CTCF-cohesin-mediated chromatin looping is still an
open question.

Recent advances in genome editing by CRISPR-Cas systems,
including deactivated Cas9 (dCas9)-mediated gene activation or
repression, revolutionized how the genome can be studied’>”. In addi-
tiontotargeting coding sequences, CRISPR systems can systematically
target the non-coding part of the genome in a genome-wide fashion.
Using CRISPR-Cas9, smallinsertions and deletions canbe introduced
intranscription factor-binding motifs, thereby abolishing the function
of NCREs and potentially resulting in deregulated gene expression or
cellular phenotypes that can be used for large-scale screening’™ 7.
Conversely, dCas9-mediated activation or repression systems have
beenused totarget potential NCREs, such asinsulators and enhancers,
to counteract their original functions’*°, Although no similar screen-
ing using CRISPR-Cas9 has been documented yet to study silencers,
such efforts should provide new insights into silencer biology in
the future.

Once potential silencers are identified, multiple assays can be
used to validate their activity (Fig. 2c). For example, luciferase activity
assaysinwhichasilenceris positioned upstream of aspecific promoter
(driving luciferase expression) are usually used to validate the silencer
function®®®’, However, this method tests silencer activity only onaspe-
cific promoter, overlooking the promoter specificity of regulatory ele-
ments occurring throughout the genome, and thus may be biased®**.
Furthermore, these are episomal (plasmid)-based assays, testing the
activity of acandidate silencer outside its chromatin context. To study
individual silencers within their endogenous loci, the CRISPR-Cas9
system has been used®**>**%3 (Fig. 2c). A pair of Cas9 endonucleases
targeting bothsides of the individual candidate silencer element could
be designed to remove the region of interest from its endogenous
locus. Genes within the same topologically associating domain that
areupregulated following silencer removal are potentially controlled
by the candidate silencer element®*.

Epigenomic and other characteristics
Asmentioned earlier, specific epigenetic modifications are associated
with distinct NCREs, and some silencers are enriched in H3K27me3
(refs.’***84%%) Trimethylation of histone H3 Lys27 is deposited by PRC2
(refs.®””*%¢), inwhich Enhancer of Zeste homologue 1 (EZH1) or EZH2is a
catalytic subunit®®®, Independently of PRC2, EZH2 can promote the sta-
bility of the REST complex and thusits gene silencing activity®. Recent
studies reported the enrichment of EZH2- and REST-binding motifs
in identified silencers***>**, indicating their involvement in silencer-
mediated generegulation. Indeed, perturbation of EZH2 expression or
functionledto the disruption of MRR-mediated chromatin interactions
and upregulation of target genes of the identified silencers®*. Notably,
the ReSE screen also revealed enrichment of EZH2- and REST-binding
motifs in the identified silencers in HepG2 cells, but not in K562 cells.
Moreover, in K562 cells, a positive association was found between
silencers and the binding motif for NCoR, a co-repressor of REST?,
suggesting the existence of cell type-dependent differencesinsilencer
mechanisms of function®.

Interestingly, data obtained from the ReSE screen also showed
a positive association of silencers with methylation of histone H4
Lys20 (H4K20), ahistone modification often associated with cell cycle
dynamics and thought to regulate various processes related to DNA
damage and chromosome condensation®>”"*>, Although previous

studies showed an association of H4K20mel with both transcription
activation and repression, the precise role of H4K20mel in regulat-
ing gene expression and, more specifically, a possible role in silencer
activity is largely unclear®. Discoveries of novel silencer-associated
factors will greatly improve future efforts to predict and characterize
new silencer elements.

Combinations of various features have been demonstrated to
predict cell type-specific enhancers with relatively high confidence® %,
For example, in a study of genomic regions regulated by the tran-
scription factor cone-rod homeobox protein (CRX) in mouse retinas,
enhancers were found to contain binding motifs for a more variable
setof transcription factors than was the case for silencers”. Therefore,
silencer activity may depend more extensively on the interaction of
chromatin (nucleosome) remodellers and transcription factors to exert
their cell type-specificactivity than on the effect of single transcription
factors or histone modifications. However, it would not be surprising if
other differences emerge once we have acomprehensive understand-
ing of silencers. On the basis of our current understanding, it remainsa
challenge to pinpoint common epigenetic markers or binding motifs, if
any, that could predict silencers in the genome. The studies discussed
above have generated valuable insightsinto the mechanisms of silencer
activity. However, more-thoroughidentification and characterization
effortsin different cell types will be required to fully comprehend the
role of silencers in development and disease.

Of'silencer clusters and ‘super-silencers’

Most research efforts are aimed at the identification of individual
silencer elements. However, in their endogenous environment, silenc-
ersmay functionin dynamic regulatorylandscapes. Three-dimensional
chromatin folding mediated by CTCF and cohesin (among other fac-
tors) can bring multiple NCREs and target genes into proximity®. The
expression of these genes within such landscapes is often dictated by
the interplay between silencers and enhancers rather than by direct,
one-on-one NRCE-target gene interactions” ",

Recently, the term ‘super-enhancer’ was coined for clusters of
genomic elements exhibiting higher levels of enhancer-associated
histone modifications and transcription factor binding, particularly of
the transcription coactivator MED1, compared withindividual enhanc-
ers.Super-enhancers have been shownto robustly regulate target-gene
expression, specifically of genes that determine cell identity'*°-1°,
Currently, whether super-enhancers have greater functionality than
individual enhancers remains a topic of debate. Nevertheless, similar
super-clusters were proposed for silencer regions. As mentioned ear-
lier, MRRs®* are more likely to reside in loci that confer tissue specificity,
analogous to the definition of super-enhancers*®. Compared with other
H3K27me3-richregions, MRRs exhibited higher overlap withidentified
silencer elements in K562 cells®***, and more preferentially interacted
with each other®. Deletion of two of the identified MRRs resulted in dis-
ruption of silencer-promoter interactions, upregulation of the target
gene and altered cell phenotype, indicating that the identified MRRs
may represent tissue-specific silencers®. Furthermore, the deletion of
two silencer components within one of these MRRs, whichis close to
the gene FGFI18,led to synergistic upregulation of FGFI8 expression and
cellidentity changes compared with the deletion of each component
alone, indicating that both components function cooperatively as part
of a‘super-silencer®*'**, Although such clusters of high-density silencer
marks are helpfulinidentifying functional silencer elements, whether
these MRRs or ‘super-silencers’ provide additional functionality
compared with typicalsilencersis still open for debate.
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Fig. 3| Silencer elements with dual functionality. a, A bifunctional non-
coding regulatory element (NCRE) acts as a gene silencer in cell type A through
binding by repressor transcription factors (TFs), whereas the same element acts
asanenhancer in cell type B through binding by activator TFs. b, Rather than

representing a single bifunctional regulatory element, a proposed NCRE could
also consist of adjacent enhancer and silencer elements, and therefore function
astwo separate, tissue-specific NCREs with the silencer element repressing gene
Yin cell type A and the enhancer element activating gene Z in cell type B.

NCRE redundancy, particularly of enhancers, has recently been
demonstrated to occur often in vivo'®'%, Thus, although a genomic
region may regulate gene expression in reporter assays, deletion of
this region from the genome may not affect target-gene expres-
sion owing to redundancy with other enhancers, including ‘shadow’
enhancers'”. To our knowledge, such redundancy has not been
described forssilencersyet. Nevertheless, given the similarities between
themodes of action of silencers and enhancers, redundancy might exist
forsilencersaswell, and it should be considered when oneis assessing
silencer identification or activity.

Dual-function regulatory silencers

Although silencers and enhancers were assumed to be separate classes
of NCREs, increasing evidence suggests that silencers can act asenhanc-
ers and vice versa, depending on the cellular context***¢%7+1%8 For
instance, a recent study based on machine learning estimated that
more than 6% of the tissue-specific silencers predicted computationally
may have dual functionsinhuman T cell development'*®. Although the
extent of such dual functionality of NCREs differs between different
studies**'°*"° the phenomenon was further supported by comple-
mentary findings that some silencers are marked by histone modifica-
tions typical of active enhancers, such as H3K4mel and H3K27ac>*%°",
orarebound by transcription factors that bind also to active enhancers,
for example, CRX""'3, These findings raise the question of whether
silencers and enhancers are truly separate entities or whether such
adualroleis a trait of NCREs that is more common than previously
acknowledged. It is possible that some NCREs possess both silencer
and enhancer activities because they contain binding motifs that can
be recognized by both repressor and activator transcription factors,
depending on the cellular context®*>"'*!5 (Fig. 3a). Consequently,
theregulatory function of such NCREs in a specific cell type would be
dictated by the expression levels of the corresponding transcription
factors.

Alternatively, rather than representing true bifunctional elements,
such dual-function NCREs might consist of separate adjacent silencer
and enhancer units that functionindistinct cellular processes or in dis-
tinct celltypes"®™® (Fig. 3b). Theresolution of currentlarge-scale exper-
iments for predicting and identifying regulatory elements does not yet

allow the precise definition and demarcation of NCRE boundaries at
single-nucleotideresolution. Future efforts to test potential silencers
identified inlarge-scalestudies for bothsilencer potential and enhancer
potential at single-nucleotide resolution, by disruption of endogenous
loci using CRISPR-Cas9 or by reporter assays in multiple cell types,
will further refine and demarcate NCRE boundaries and will contrib-
ute to a comprehensive understanding of endogenous regulatory
function of NCREs in different cell types.

Silencers as therapeutic targets

Over the past decade, advances in GWAS with increased statistical
power haveled to the identification of many disease-associated single-
nucleotide polymorphisms (SNPs), most of which are located in the
non-coding part of the genome?°, Although the functional annota-
tion of SNPs and their contribution to diseases are complicated, so far
most SNPs in the non-coding regions have been linked to enhancer
regions®?, potentially perturbing enhancer function and leading to
altered gene expression'?’. The functional annotation of non-coding
SNPs relies on identifying the disease-causing variants among the
disease-associated SNPs, and benefits from the extensive annotation
of potential NCREs'*. Although most of the disease-associated SNPs
reported to date affect enhancer function, recent studies indicate
that silencer elements are similarly enriched in disease-associated
variants®*®°, suggesting that silencers have a role in human diseases
that is similar to the role of enhancers, and underlining the impor-
tance of silencer identification and characterization in the human
genome.

GWAS of oestrogenreceptor (ER)-positive breast canceridentified
three independent functional variants in the FGFR2 risk locus''*,
Functional reporter assays revealed that these variants are located
insilencer elements that control FGFR2 expression. These risk alleles
augmentsilencer activity, resultingin decreased FGFR2 expression'.In
addition, SNPs associated with ER-positive and ER-negative breast can-
cerswereidentified in the human ERa gene (ESRI)'>>'*°, Fine-mapping
and functional analysis revealed that five of these SNPs are located
within NCREs that regulate the expression of ESR1, one of which is an
orientation-dependent silencer, the mutation of which potentially
increases the expression of ESRI and another gene'” (Fig. 4a).
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Fig. 4 | Effects of disrupted silencer function on gene expression and disease.
a, Mutations or single-nucleotide polymorphisms (SNPs) within a silencer
element can disrupt silencer function. A repressor transcription factor (TF)
binds the wild type (reference) allele of the binding motif within the silencer
element, leading to repression of target-gene transcription (upper panel).

In the SNP-containing allele, the binding motifis disrupted and the repressor

TF canno longer bind, leading to the disruption of gene repression (lower panel).
b, Amutation or SNP can create a new binding motif for repressor TFs, thereby
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e RBC expressing
Y-globin

generating asilencer element that leads to decreased expression of nearby
genes. ¢, The expression of y-globinin erythrocytes of adults is repressed by the
silencer-binding repressor BCL-11A. Re-expression of y-globin in red blood cells
(RBCs) of adults with abnormal B-globin was shown to reduce the severity of
sickle cell disease and f3-thalassaemia. Thus, CRISPR-Cas9-mediated disruption
of the BCL-11A-binding site in this silencer element is a promising therapeutic
target to specifically upregulate y-globin and reduce disease severity. sgRNA,
single-guide RNA.

Similar observations were also made in other diseases”**2, When
~100 cardiac QT interval-associated variants within the SCN5A locus were
assessed for their regulatory potential, functions of multiple enhancers
and silencers were found to be perturbed by different variants, sug-
gesting a possible mechanismthrough which SNPs contribute to heart
rhythmanomalies™. This conceptis alsoillustrated by SNP rs2071473,
which is associated with fecundability (the probability of being preg-
nant within a single menstrual cycle) in humans, and is an expression
quantitative trait locus for TAP2 (ref."*°). This SNPis located in a proges-
terone-responsive NCRE that, depending on which pyrimidine nucleo-
tide (Cor T) is present at this position, functions either as asilencer or
asanenhancer”, Another study using whole-genome sequencing for
six individuals from two families led to the identification of multiple
coding and non-coding mutations associated with tetralogy of Fallot,
a congenital cardiac anomaly characterized by a combination of four
related cardiac defects'”. One non-coding mutation was found in a
silencer regulating NOTCHI, which encodes a transmembrane recep-
tor important for cardiomyocyte differentiation'?*'?°, The mutation
augmented silencer activity and decreased the expression of NOTCHI.

Therefore, tissue-specific annotation and assessment of regula-
tory activity are key to elucidate whether SNPs lead to silencer and
enhancer disruption or strengthening, or NCRE function switching.
Disease-associated variants are often mapped to predicted regulatory
elementsonthebasis of the characteristics described above (chromatin
accessibility, transcription factor binding and histone modifications).
Consequently, interrogation of a potential effect is often focused on
the disruption of NCRE function'**"**, However, recent evidence
demonstrated cases in which a SNP created a new binding motif for a
repressive transcription factor, thereby creating a new silencer that
represses nearby genes' (Fig. 4b). Unsurprisingly, the reference allele
inthis caseis devoid of any predictive NCRE characteristics and there-
fore would likely be overlooked when one is assigning function to the
associated SNPs. Comprehensive bioinformatics analysis of binding
motifsinthe sequences encompassing the associated SNPs could reveal
new transcription factor-binding motifs, and could provide candidates
forexperimental validation that may have been previously overlooked.

The interaction between silencer regions and target-gene pro-
moters plays animportantrolein gene regulation, as deletion of such
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Assay for transposase- Expression quantitative trait Hi-C ‘Shadow’ enhancers
accessible chromatin using locus A chromosome conformation Two or more enhancers with seemingly
sequencing A genomic locus or single-nucleotide capture technique that maps the redundant functions that regulate the

(ATAC-seq). A high-throughput
technique to identify regions of
accessible chromatin genome-wide.

Cardiac QT interval
An electrocardiographic measure
of myocardial repolarization.

Chromatin interaction
analysis with paired-end tag
sequencing

(ChIA-PET). A high-throughput
technique to identify genome-wide
chromatin interactions mediated by
specific factors.

Chromatin looping factors
CTCF and cohesion
Architectural proteins that mediate
longe-range genomic interactions
by contributing to three-dimensional
genome organization.

polymorphism that is associated with
differential gene expression, thereby
linking variations in gene expression
levels to different genotypes.

Formaldehyde-assisted
isolation of regulatory
elements

(FAIRE). A high-throughput technique
to discover nucleosome-depleted

genomic regions, which are indicative of

regulatory activity.

Genome-wide association
studies

(GWAS). Studies used to identify
genomic variants that are statistically
associated with a particular trait or
disease risk.

three-dimensional organization
of the genome.

Insulators
Non-coding regulatory elements with

enhancer blocking or barrier function.

Massively parallel reporter
assay

(MPRA). A high-throughput technique
to simultaneously measure the
transcriptional activity of thousands
of candidate non-coding regulatory
elements.

Self-transcribing active

same target gene or genes.

Topologically associating
domain

Chromatin domain of typically ~100kb
to ~1Mb, characterized by high
intradomain contacts that contribute
to NCRE-promoter interactions.

Genomic position effects
The influence of the endogenous

chromosomal environment on the
activity of a gene or a regulatory
element.

regulatory region sequencing
(STARR-seq). A type of massively parallel
reporter assay in which candidate non-
coding regulatory elements are cloned
downstream of a reporter gene so that
their enhancer or silencer activity is
reflected in the abundance of the non-
coding regulatory element sequence
within the pool of plasmid-derived RNA.

interacting regions led to the upregulation of target genes****. Itis also
conceivable that disruption of the mechanisms underlying this three-
dimensional chromatin conformation by disease-associated SNPs may
affect such physical interactions and lead to disrupted gene expres-
sion and disease"*°. MPRAs that simultaneously screen disease-
associated SNPs for their effect on potential regulatory activity have
been performed°'*’, Adaption of similar assays to systematically
screen genomic sequences for silencer activity could elucidate the
functional effect of a large selection of variants on silencer function.
Dysregulation of transcription factors can lead to abolished or
ectopic expression of their target genes and, consequently, to disease.
In sickle cell disease and in B-thalassaemia, upregulation in erythro-
cytes of fetal haemoglobin (HbF) reduced the disease severity™***¢, and
thusre-expressing HbF inadult red blood cells is a potential therapeutic
strategy. HbF is a tetramer of two a-globin polypeptides and two fetal
y-globin polypeptides. After birth, the adult 3-globin genes replace the
fetal y-globin genes as the predominantly transcribed genes within
the human B-globin cluster'”. This ‘fetal switch’ is mediated by the
zinc-finger-containing transcription factor BCL-11A, which represses
y-globin and thereby HbF expression in erythrocytes of adults'*’
(Fig.4c). GWASidentified afew SNPsinanerythroid-specific enhancer
that cause downregulation of BCL11A expression, thusindirectly increas-
ing HbF expression'**'*, These dataindicate that the BCL11A enhancer
could serve as a therapeutic target. Indeed, CRISPR-Cas9-mediated
disruption of the BCL11A enhancer decreased BCLI1A expression and

increased HbF expression'°"**, and this approach is currently being

tested in clinical trials™*>*°, It is worth noting that complete removal
of the BCL11A gene resulted in failed erythrocyte differentiation'’,
demonstrating that targeting NCREs could be a nuanced therapeu-
tic strategy. As a transcription factor, BCL-11A may regulate other
genes in addition to the B-globin cluster, so its ablation might result
inunforeseenside effects. Asanalternative to gene ablation, silencers
containing the BCL-11A-binding sites that specifically regulate y-globin
expression couldserve as potential therapeutic targets that might more
specifically affect HbF expression only inerythrocytes™**>*¢ (Fig. 4c).

Biases and missing pieces
Despite the recentidentification of silencer elements, general silencer
characteristics such as transcription factor binding or specific histone
modifications remain obscure. Inthis section, we discuss the strengths
and caveats of recently published silencer identification methods. Simi-
larto effortstoidentify and characterize enhancers, the identification
of silencer elements is hampered by the cell type-specific activity of
the set of sequences to be tested. Ideally, the entire genome would be
screened for regulatory potential in a systematic and unbiased fash-
ion. Limitations of the capacity of current screening systems hamper
such genome-wide screening and necessitate selection criteria for the
screened library.

To facilitate studies of silencers and their role in transcription
regulation during development and disease, archiving efforts such
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as the SilencerDB database were made™®. Its curators mined around
2,300 publications to generate a comprehensive database of both
predicted and validated silencers in different cell types and species.
Currently, this database contains approximately five million silencers
predicted on the basis of extrapolating ChIP-seq- or MPRA-derived
data collected from multiple studies by machine learning, and ~33,000
in vitro validated silencers from both high-throughput experiments
and low-throughput experiments™®. Of note, among these validated
silencers, only 353 have beenindividually validated inreporter assays.
The other-32,700 silencers were demonstrated to have only potential
silencer capacity inlarge-scale MPRA screens. Although such curation
is highly valuable for silencer characterization, the predictive value of
additional epigenomic features for silenceridentification would greatly
benefit from more unbiased, large-scale screens. Computational pre-
diction based on epigenetic modifications also has its limitations. Even
for enhancers, which are extensively characterized, a large number
of predicted elements did not show regulatory activity in validation
assays, suggesting that chromatin state alone does not always reflect
regulatory activity™’

Furthermore, despite the fact that most ‘validated’ silencers were
shownto havesilencer potentialby MPRAs and ReSE screens, which are
functional assessments, amajor limitation of these methodsis that they
generally test regions out of their genomic context. These high-through-
put methods assess the potential of NCREs to regulate a general pro-
moter reporter or a strong enhancer-promoter reporter, rather than
theirendogenous target promoters, andin cell typesinwhich the tested
NCREs might not necessarily be active. Incompatibility issues between
tested fragments and the enhancer-promoter may also produce false
negative results. Other potential complexities that may affect silencer
activity, such as positional effects, activity strengthening or attenu-
ating effects through locus rearrangements, or three-dimensional
chromatin organization effects, could not be assayed either. Further-
more, the tested DNA fragments are often size-selected on the basis of
celltype-specific prediction (for example, ATAC-seq or ChIP-seq), and
may also include regions located within heterochromatin devoid of
any transcriptional activity, which introduces additional biases**'**%*,
These limitations potentially muddle the attribution of endogenous
silencer activity'**'*>. Therefore, experimental validation of individual
silencersidentified through high-throughput assays, either by reporter
assays or by in vivo perturbation of endogenous sequence (Fig. 2c),
orideally both, is key to ensuring silencer annotation®*¢>6+83166,

Concluding remarks

Recent advancesin studyingsilencersled to the identification of many
potential silencer elements. More extensive studies will be essential to
locate silencers throughout the genome and unravel cell type-specific
functions. Cataloguing both predicted and experimentally validated
silencersin different cell types will, in return, facilitate the identifica-
tion of repressive transcription factors or silencer-specific histone
modifications, which could then be leveraged to screen genomic
sequences more accurately for silencer potential and to identify even
more potential silencer elements using computational methods. A joint
effortof various research groups is needed to unravel the exact genomic
location of silencers and their function in gene regulation. Combined
with clinical data, this additional layer of gene regulation will increase
our understanding of the onset and progression of diseases and could
presentinvaluable contributions to therapeutics.

Published online: 07 November 2022
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