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ABSTRACT

The action of cis-regulatory elements with either ac-
tivation or repression functions underpins the pre-
cise regulation of gene expression during normal de-
velopment and cell differentiation. Gene activation
by the combined activities of promoters and distal
enhancers has been extensively studied in normal
and pathological contexts. In sharp contrast, gene
repression by cis-acting silencers, defined as ge-
netic elements that negatively regulate gene tran-
scription in a position-independent fashion, is less
well understood. Here, we repurpose the STARR-
seq approach as a novel high-throughput reporter
strategy to quantitatively assess silencer activity in
mammals. We assessed silencer activity from DNase
hypersensitive | sites in a mouse T cell line. Identi-
fied silencers were associated with either repressive
or active chromatin marks and enriched for binding
motifs of known transcriptional repressors. CRISPR-
mediated genomic deletions validated the repressive
function of distinct silencers involved in the repres-
sion of non-T cell genes and genes regulated during
T cell differentiation. Finally, we unravel an associ-
ation of silencer activity with short tandem repeats,
highlighting the role of repetitive elements in silencer
activity. Our results provide a general strategy for
genome-wide identification and characterization of
silencer elements.

INTRODUCTION

The precise regulation of gene expression during normal
development and cell differentiation requires the action of
cis-regulatory elements with either activation or repression
functions (1-3). Gene activation by the combined activi-
ties of promoters and distal enhancers has been extensively
studied in normal and pathological contexts. In sharp con-
trast, gene repression by cis-acting silencers, defined as ge-
netic elements that negatively regulate gene transcription
in a position-independent fashion, is less well understood.
Silencers were first described more than three decades ago
in yeast and vertebrates (4-6). Since then, several silencers
have been discovered to control the expression of key de-
velopmental and immunological model genes, and some
progress has been made to characterize various features of
a few of these individual silencers (3,7-13). Nevertheless,
despite the widely-held belief that silencers likely represent
critical general regulators of gene expression, this view is
still largely conjectural, and their genome-wide distribution,
mechanisms of action and involvement in disease are largely
unknown. Noticeably, among the silencers that have been
described in the literature, many are associated with the reg-
ulation of T cell specific genes. These included silencers as-
sociated with the expression of TCA3/CCLI (14), 112 (15),
CD4 (16), Terb (17), ThPOK (18), Ragl-Rag2 (19), CDS§
(20) and Spil loci (21). Several of these silencers have been
shown to play an important role in cell lineage restriction:
for instance, the CD4 and CDS silencers repress the expres-
sion of the associated genes in CD8* and CD4" T cells, re-
spectively. T cell differentiation thus provides an excellent
model for the implementation of a high-throughput strat-
egy to identify silencers.
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Compared to other types of cis-regulatory elements, such
as enhancers and insulators, silencers have been challeng-
ing to map genome-wide (22). Recent efforts included the
development of a negative selection strategy (23) or predic-
tion strategies based on chromatin signatures and 3D inter-
actions with repressed genes (9,24-27). Episomal reporter
assays have been widely used to characterize putative regu-
latory regions (1). The development of high-throughput re-
porter assays for enhancer function has enabled the testing
of thousands of distinct DNA sequences simultaneously,
by cloning variable DNA fragments into common reporter
constructs and using high-throughput sequencing to quan-
tify fragment activity (28). These functional approaches
have led to an explosion of discoveries, including their roles
in the regulation of many disease-related genes and their in-
volvement in the development of diverse pathologies and
cancer (29). In particular, the Self Transcribing Active Reg-
ulatory Region Sequencing (STARR-seq) method allows
direct genome-wide investigation of enhancer activity us-
ing DNA fragments directly collected from genomic DNA
(30). Based on this technique, we previously developed the
CapSTARR-seq approach (31), coupling capture of regions
of interest to STARR-seq reporter assay, providing a cost-
effective method to assess cis-regulatory function in mam-
mals.

In line with their operational definitions, assays for si-
lencers could measure their ability to silence gene expression
in cis, when driven by an independent ‘strong’ promoter
(1,10,32). Therefore, to identify silencers genome-wide we
sought to repurpose the STARR-seq approach by systemat-
ically testing DNase hypersensitive sites (DHS) from devel-
oping T cells, using three distinct promoter-based reporter
vectors. We compared the set of silencers identified with
the different vectors and evaluated their association with
genomic and epigenomic features. The robustness of the
approaches was extensively assessed by independent episo-
mal reporter assays, and CRISPR/Cas9 genomic manip-
ulation demonstrated the involvement of several endoge-
nous silencers in the repression of neighboring genes. Repet-
itive elements (REs) have been suggested to contribute to
cis-regulation, including gene repression (33,34). Here, we
found that short tandem repeats (STRs) play an important
role in silencing activity. Overall, we provide a general, scal-
able, and high-throughput approach for the high-resolution
experimental dissection of silencer elements in the context
of human biology and disease.

MATERIALS AND METHODS
Cell culture

Mouse P5424 T cells (35) and mouse embryonic fibroblast
NIH-3T3 (3T3, ATCC: CRL-1658) cells were cultured in
RPMI medium (Thermo Fisher Scientific) supplemented
with heat-inactivated 10% FBS (PAA) at 37°C, 5% CO,.
Cells were passaged every 2-3 days and frequently tested
for mycoplasma contamination.

Stimulation of P5424 cells

P5424 cells were grown at a density of 3 x 10> cells/ml.
Cells were treated with DMSO or PMA at 10 ng/ml (P1585,

Sigma) and ionomycin at 0.5 pg/ml (13909, Sigma) for 4 hin
triplicates as previously described (36).

Cloning of the STARR-seq vectors

The STARR-seq mammalian screening vector (30) has been
kindly provided by Alexander Stark (Vienna, Austria). The
synthetic SCP1 promoter present in the enhancer-STARR-
seq vector was replaced by the promoter of the ubiqui-
tous PGK gene as defined in (37) or the lymphoid-specific
promoter of the Rag? gene as defined in (38) using In-
Fusion homologous recombination. In the R-Ea construct
the TCRa enhancer (38) was cloned downstream of the
GFP cassette.

CapSTARR-seq library generation

Construction and capture of the genomic library have been
described previously (31,39). The genomic library was gen-
erated from mouse C57BL/6 genomic DNA. For target
enrichment, a custom-designed 3 nt resolution oligonu-
cleotide microarray covering 28055 DHSs identified in
mouse CD4* CD8" double-positive (DP) thymocytes (31)
was constructed using the SureSelect technology (Agi-
lent, 1M format) and the eArray tool default settings
(https://earray.chem.agilent.com/earray/). In addition, 437
randomly-selected non-DHS regions were included. The
three screening vectors were linearized with Agel-HF and
Sall-HF (New England Biolabs) by 6 h digestion, followed
by agarose gel electrophoresis, extracted by QIAquick gel
extraction (Qiagen), and cleaned up with Qiagen Minelute
PCR purification Kit (Qiagen). After, 500 ng of amplified
captured DNA was recombined with 2000 ng of linearized
screening vectors in a total of 10 wl per reaction (each hav-
ing 50 ng of captured DNA and 200 ng of screening vector)
(Clontech In-Fusion HD). All the recombination reactions
were pooled together and purified with Agencourt AM-
PureXP DNA beads (Thermo Fisher Scientific) and then
eluted in 29 pl. Thirteen aliquots (20 wl each) of MegaX
DHI10B Electrocompetent Bacteria of (Thermo Fisher Sci-
entific) were transformed with 2 pl of DNA each, accord-
ing to the manufacturer’s recommendation. After 1 h recov-
ery at 37°C, the transformations were pooled together and
transferred into 2 1 of LB overnight for each specific pro-
moter vector. An aliquot of each transformation was plated
on LB AMP medium to estimate the number of cloned frag-
ments. A total of 6-8 million clones were achieved by each
library. Finally, plasmid libraries were purified using Qiagen
Plasmid Plus Maxi Kit (Qiagen).

CapSTARR-seq library transfection

For each library, a total of 50 x 10° cells were transfected
in triplicate (5 wg/1 x 10° cells) using the Neon Trans-
fection System (Thermo Fisher Scientific). The P5424 cells
were transfected with 1600V-20ms-1 pulse conditions. Af-
ter transfection, cells were transferred to a complete growth
medium and incubated for 24 h before isolation of the RNA.

CapSTARR-seq RNA isolation from transfected cells

RNA extraction was performed using the RNeasy miniprep
kit (Qiagen) with the on-column DNasel treatment. The
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PolyA RNA fraction was isolated by wMACS mRNA iso-
lation kit (Miltenyi Biotec) following the manufacturer’s
recommendations. PolyA RNA was treated with Ambion
turbo DNase (Thermo Fisher Scientific) and then purified
with RNeasy Minelute kit (Qiagen). Finally, mRNA was
quantified by using Qubit RNA HS Kit (Thermo Fisher Sci-
entific).

CapSTARR-seq reverse transcription and sequencing library
preparation

cDNA first-strand  synthesis  was
non-stimulated  (NS) and  stimulated
cells with superscript III  (Thermo Fisher Sci-
entific) using a  reporter-specific  primer  (5'-
CAAACTCATCAATGTATCTTATCATG-3) and 0.2
to 0.3 pg of polyA RNA per reaction for a total of 10
reactions. After the reverse transcription, 1 .l of RNaseH
was added and incubated at 37°C for 1 h. The cDNA was
then purified with QIAquick PCR purification kit and de-
termined concentration using Qubit ssDNA Kit (Thermo
Fisher Scientific). The cDNA was amplified using the
KAPA Hifi Hot Start Ready Mix in a 2-step nested PCR.
In the first PCR (98°C, 2 min; followed by 15 cycles of 98°C
for 20 s, 65°C for 20 s, 72°C for 30 s), cDNA of 5 ng per
reaction was amplified using two reporter-specific primers
(fw:  5-GGGCCAGCTGTTGGGGTG*T*C*C*A*C-3)
and r1w: 5-CTTATCATGTCTGCTCGA*A*G*C-3),
one of which spans the splice junction of the synthetic
intron, in a total of 10 reactions. Purification of the
PCR products was performed on gel using QIAquick
gel extraction kit (Qiagen) followed by a clean-up with
QIAquick mini elute PCR purification kit (Qiagen), to
remove any residual contamination of plasmid or cDNA.
Generating Ion Torrent libraries, purified PCR product
was used as a template for the second PCR (5 ng/PCR,
for a total of 10 PCR reactions; 98°C, 2 min; followed by
10 cycles of 98°C for 20 s, 65°C for 20 s, 72°C for 30 s)
with KAPA Hifi Hot Start Ready Mix and Ion Torrent
library amplification primer mix (Thermo Fisher Scientific,
T_PCR_A: 5-CCATCT CATCCCTGCGTGTC-3 and
Plamp: 5-CCACTACGCCTCCGCTTTCCTCTCTAT
G-3). Generating the INPUT control, 10 reactions
with 5 ng of reporter constructs (library) per reaction
were amplified using the same conditions as mentioned
above, except for forward primer in the first PCR (fw: 5'-
GGGCCAGCTGTTGGGGTG*A*G*T*A*C-3). The ¥’
indicates the phosphorothioates bond. To assess potential
biases in library composition caused by electroporation, 10
reactions with 5 ng per reaction of the reporter constructs
isolated from transfected cells were amplified as explained
above. For sequencing the libraries, the sequencing indexes
are added to the libraries by one simple PCR reaction
using Multiplex oligos for Illumina (NEBNext Ultra RNA
library prep). So, the non-transfected (plasmid input)
and transfected libraries were sequenced on the Illumina
NextSeq 500 platform (Supplementary Table S1).

performed for
(PMI/T)

CapSTARR-seq data processing

FastQ files of transfected (cDNA) and non-transfected (in-
put) libraries were trimmed using sickle with -q 20 op-
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tion and mapped to the mm9 reference genome using
bowtie2 with default parameters. Sam files were converted
using samtools to BAM files. BAM files of all replicates
were pooled and converted into bed files using BedTools
(v2.28.0) (40). In this approach, each read is considered a
captured region and independent clone. First using basic
bash commands, we create for each condition a unique list
of clones present in cDNA and input libraries. To count the
frequency of each unique clone, the length was set to 1 bp
to avoid multiple counting clones, then it was count using
BedTools intersect -¢ using the original bed files with the
unique list. This led us to get the number of clones present
in cDNA and input. The length of all clones was restored
to 314 nt, corresponding to the average size of the captured
fragments. Each DHS region was annotated with a unique
ID, then each clone was annotated by the ID of the over-
lapping region. We extended the original DHS coordinates
by considering the start of the first clone and the end of
the last clone overlapping the DHS region using BedTools
and python homemade scripts. These regions are consid-
ered as the extended DHS. The extended DHS regions were
split using bins of 50 bp. Using a R homemade script, we
computed the activity of the extended DHS regions com-
puting the fold change of the sum of the clones overlap-
ping the same region in the transfected condition over the
non-transfected condition. The count of clones was nor-
malized using FPKM and activities were centered. We ex-
cluded the region which has an FPKM <1 in the input.
The subregion activity was computed in the same way, us-
ing the clone that overlaps the subregion created using the
bins of 50 nt. We defined silencers as the extended DHS re-
gions with log,(activity) lower than —1. In these regions, we
defined the core silencer as the consecutive subregions with
logy(activity) lower than —1. Then, we identified the edge si-
lencer as the consecutive subregions with the lowest activity
of the core silencer. A silencer can have only one edge of N
subregion with strict equal minimal activity. All the regions
were annotated with the two nearby genes using GREAT
web-service (41). All results are summarized in Supplemen-
tary Table S2 and silencers are summarized in Supplemen-
tary Table S3. To visualize the CapSTARR-seq signal per
individual cloned fragments or by regions, we generated a
bed file with a color code proportional to the activity rang-
ing from green for the positive activity to red for the negative
activity (silencer). To assess reproducibility between repli-
cates and conditions, we generated a correlogram using gg-
plot2 (https://onlinelibrary.wiley.com/doi/abs/10.1002/wics.
147) and corrplot package (https://cran.r-project.org/web/
packages/corrplot) with a Spearman non-parametric test.

CUT&tag and CUT&RUN

CUT&Tag of H3K27me3 (pAb C39055, Active motif) was
performed by using CUT&Tag-IT Assay Kit (Active mo-
tif) following the manufacturer’s protocol. CUT&RUN of
H3K9me3 (pAb, C39062, Active motif) was performed by
using CUTANA CUT&RUN kit (EpiCypher) following
the manufacturer’s protocol. In both experiments, 500 000
P5424 cells were used. For sequencing the libraries, the se-
quencing indexes were added to the libraries by using NEB-
Next Ultra II DNA library prep Kit (Illumina). The li-
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braries were sequenced on the Illumina NextSeq 500 plat-
form.

Definition of silencers

Putative silencers were defined as DHS regions displaying a
CapSTARR-seq signal (logx(FC)) lower than or equal to
—1 in any of the CapSTARR-seq experiments. For each
library, a control group of the same number of DHS as
the silencers were created by randomly selecting DHS with
log>(FC) ranging between —0.1 and 0.1. A list of active en-
hancers was created using the SCP1 condition taking the
DHS with a logy(FC) >1. The relative proportion of proxi-
mal (<1 kb) and distal (>1 kb) silencers was computed us-
ing the distance to TSS of the genes provided by RefSeq
(42).

Epigenomic analyses

ChIP-seq datasets from P5424 cells and DNasel-seq and
ChIP-seq datasets from mouse DP thymocytes were down-
loaded from Gene Expression Omnibus (GEO) database as
detailed in Supplementary Table S1. ChIP-seq data were
processed as described in (31). For average profiles and
heatmaps, Wiggle files were converted to BigWiggle files
using wigTo BigWig (43). Average profiles were gener-
ated with deepTools (44) using MNase-seq, DNasel-seq
and ChIP-seq signals from bigwig files around the DHS
center (£5 kb for histone modifications, &1 kb for TFs
and chromatin features). For matrix clustering, H3K27ac,
H3K4me3, H3K9me3, H3K27me3 histone marks were
used as well as CTCF and DNasel. Then clusters were gen-
erated using plotHeatmap with § k-means option in order
to isolate as possible the different regions. Silencers showing
strong enrichment for active marks (H3K27ac, H3K4me3),
CTCF and repressive marks (H3K9me3, K3K27me3) were
merged.

RNA-seq data

Public RNA-seq data from P5424 cells (36) and mouse
T cell differentiation (45) were downloaded from GEO
database (accession numbers GSE120655 and GSE48138,
respectively). The raw RNA-seq data was processed as de-
scribed in (36).

Association of silencers with variable genes

RefSeq genes in a window of +100 kb around all silencer
candidates were retrieved using BedTools window (v2.28.0).
The different conditions were annotated using the mm?9 file
from UCSC. To retrieve the top 5% most variable genes,
the variance through T cell differentiation was computed for
each gene using merged replicates of the RNA-seq dataset
(45). Those 5% most variable genes were considered as T
cell regulated genes.

Tissue-specific genes

Gene tissue-specificity score was computed by adapting the
calculation method of entropy of Shannon to data expres-
sion from GNF Gene Atlas (46). This led us to compare the

distribution of expression of genes across different tissues.
High entropy score indicates uniform distribution mean-
ing that the gene is not tissue-specific. Low entropy (en-
tropy < 3) score indicates high tissue-specific genes.

Motif research analysis and clustering

The HOMER (47) software was used to perform research
motif analysis with the option ‘findMotifsGenome.pl in-
put.file.bed mm9 output.file.bed —len 6,8,10,12,15 —size
given —bg dhs’. We choose as background all the DHS sites
in order to isolate the core silencer-specific binding sites.
This method was also used within STR contained in the
core silencers subregions. From the known motif output
files, a list of transcription factors (TFs) was obtained. The
relative matrix files were downloaded from JASPAR 2018
database (48). In order to reduce the redundancy, the RSAT
matrix clustering tool (49) was used with default param-
eters to cluster motifs based on their sequences. The best
transcription factor P-values provided by HOMER were
kept by cluster and the expression of the individual genes in
P5424 was retrieved (Supplementary Table S4). Then, the
activity of silencers containing enriched transcription fac-
tor binding site (TFBS) based on the genomic track from
JASPAR 2018 was compared.

Genomic and RE enrichment of candidate regions

Genomic distribution was analyzed using OLOGRAM
(50), included in pygtftk (51). Regions outside DHS were
excluded to compare our candidates with the DHS distri-
bution. mm9 GTF files from Ensembl were provided to as-
sess the genomic distribution of our candidates. We plotted
with ggplot2 the logo(P-value) with a factor 1 depending
on whether it is enriched or depleted to obtain the enrich-
ment score. Enrichment of REs was performed as described
above using RepeatMasker (v4.0.8) file for mm9 (52).

RE analysis

The genomic position of STR elements within the core si-
lencer was obtained using BedTools intersect to get over-
lapping regions between STR repetitive elements based on
RepBase (53). The impact of the number of repeats on si-
lencer activity was investigated using HipSTR reference file
(54) in mice giving the details of simple repeat elements in
the genome. Reference file was converted from mm10 to
mm9 using LiftOver. Using BedTools, silencers containing
simple repeats were identified and then separated by the
number of repeats.

Functional analysis

Functional enrichment analyses of putative silencers
identified in each condition and putative enhancers coming
from the SCPI strategy were produced using a custom
pipeline to automate multi-sample queries to the GREAT
web-service. In summary, putative silencers regions and
putative enhancers regions were queried with rGREAT
R package (https://github.com/jokergoo/rGREAT ,http:
/lgreat.stanford.edu/public/html/) against GO Biological
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Process. Genomic association rules with genes were done
using default GREAT ‘Basal plus extension’. Significant
terms were filtered as those having Binomial Fold Enrich-
ment higher than 2 and both Binomial and Hypergeometric
tests Benjamini-Hochberg adjusted P-values lower than
0.05. GOSemSim R package (55) was used to compute the
Wang similarity distance between all terms. Terms with a
similarity distance higher than 0.8 were grouped. Terms
were further filtered for heatmap display to keep only the
best five terms for each sample according to the binomial
P-value. The color scale on heatmaps displays Binomial
Benjamini-Hochberg adjusted (BH) P-values.

Luciferase reporter assays

Silencer candidates or control regions were amplified from
mouse genomic DNA or synthesized in vitro and cloned
downstream of the luciferase gene at the BamHI and Sall
restriction site in the pGL3-Promoter vector (Promega)
(Supplementary Table S5) and verified by Sanger sequenc-
ing. A total of 1 x 10° P5424 cells were co-transfected with 1
g of the tested construct and 200 ng of Renilla vector using
the Neon Transfection System (Thermo Fisher Scientific).
Electroporation conditions for P5424 cells were maintained
at 1600 V-20 ms~! pulse and for NIH-3T3 were maintained
at 1350 V=20 ms? pulse. After 24 h of transfection, lu-
ciferase activity was measured using the Dual-Luciferase
Reporter Assay kit (Promega) on a TriStar LB-941 Reader.
For all measurements, firefly luciferase values were first nor-
malized to Renilla luciferase values (controlling for trans-
fection efficiency and cell number). Data are represented as
the fold decrease in relative luciferase signal over the pGL3-
Promoter vector (pSV40). All experiments were performed
in triplicates.

FACS analysis

A total of 1 x 10° P5424 cells were transfected, as described
above, with the indicated vectors. Twenty-four hours post
electroporation, GFP expression was assessed on a FACS
Calibur (BD Biosciences).

Site-specific mutagenesis

Mutagenesis was performed using Q5 Site-Directed Muta-
genesis Kit (New England Biolabs) following the manufac-
turer’s instructions. The mutagenesis primers were designed
using the NEBase Changer tool and are shown in (Supple-
mentary Table S6). All the mutations were verified by sanger
sequencing.

Hi-C processing

Raw Hi-C data from primary DP thymocytes were taken
from Hu ef al. (56) and processed with FAN-C (57), en-
tailing iterative mapping to the mm9 genome assembly
with bowtie2, filtering self-ligation events and PCR dupli-
cates, binning the data to 10 kb bins and balancing the
chromosome-wide matrices with the Knight-Ruiz method.
Topologically associating domain (TAD) boundaries were
identified by computing insulation scores (58) with windows
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of 100 kb (10 bins), normalizing to chromosome-wide av-
erages of insulation scores, then filtering the local minima
with the delta vector calculated for the three bins flanking
the computed one, and with the difference of the minima
and maxima of the delta vector being at least 0.7.

CRISPR/cas9 genome editing

For the CRISPR /Cas9 experiments of targeted silencer re-
gions, two gRNAs were designed for each end of the tar-
geted region using the CRISPRdirect tool (59). The de-
signed gRNAs were cloned into a gRNA cloning vector
(Addgene, 41824) as described previously (60). One million
cells were transfected with 1 g of each gRNA and 1 pg
of hCas9 vector (Addgene, 41815) using the Neon Trans-
fection System (Thermo Fisher Scientific) and cultured in
5 ml. After two days of transfection, the transfected cells
were plated in 96-well plates at limiting dilution (0.5 cells per
100 pl per well) for clonal expansion. Individual cell clones
were screened for homologous allele deletion after 10-14
days, by direct PCR using Phire Tissue Direct PCR Mas-
ter Mix (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. For the detection of knockout or wild-
type alleles, forward and reverse primers were designed to
bracket the targeted regions. The clones were considered
to have undergone homologous allele deletion if they had
no wild-type band and at least one deletion band of the ex-
pected size (Supplementary Figure SSA-K). The homozy-
gous deletions were verified by Sanger sequencing (Supple-
mentary Figure SSL). All the gRNAs and primers are listed
in Supplementary Table S6.

Gene expression analyses

Total RNA from P5424 from WT and deleted clones in non-
stimulated or PMA /Ionomycin treated conditions was ex-
tracted using the RNAeasy mini kit (Qiagen). Three micro-
grams of RNA were treated with DNase I (Thermo Fisher
Scientific) and were quickly reverse transcribed into cDNA
using Superscript VILO Master Mix (Thermo Fisher Sci-
entific). The Real-time PCR was performed using Power
SYBR Master Mix (Thermo Fisher Scientific) on a Quant
Studio 6 Flex instrument (Thermo Fisher Scientific). Primer
sequences are listed in Supplementary Table S6. The ex-
pression of the gene was normalized to that of Rlp32. Rel-
ative expression was calculated by the ACt method, and
all the data shown are reported as fold change over the
control. For each of the cell clones, from the three inde-
pendent RNA /cDNA preparations, the Student’s ¢-test was
performed (unpaired, two-tailed, 95% confidence interval).
Data are represented with s.d. For the conventional RT-
PCR, one-twentieth of the synthesized cDNA was used as
the template for the reaction.

RESULTS
Experimental strategies to identify silencer elements

To set up an experimental strategy to quantify silencer ac-
tivity, we repurposed the CapSTARR-seq technique (31),
an approach coupling capture of defined regions to the pre-
viously developed STARR-seq technique (30) (Figure 1A;
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see also Materials and Methods section). We replaced the
basal synthetic super core promoter 1 (SCP1) promoter
present in the original STARR-seq vector with a ubiqui-
tous strong promoter from the human PGK gene (pPGK)
(37) and a T cell-specific promoter enhancer pair pRag2-
Ea (pR-Ea) (38) (Figure 1A). Analyses of GFP expres-
sion by FACS demonstrated increased promoter activity
with the pPGK and pR-Ea derived STARR-seq vectors,
as compared to the original SCP1 vector (Supplementary
Figure S1A, B). Although little is known about the gen-
eral biochemical properties of silencers, it seems reason-
able to assume that a subset of silencers may be occupied
by sequence-specific transcription factors and/or lie within
nucleosome-depleted genomic regions, and consequently
may overlap with DNase I Hypersensitive Sites (DHS). In-
deed, several known silencers have been identified as lay-
ing within DHS sites (e.g. (18,32,61)). Therefore, to isolate
silencer elements genome-wide, we designed a captured li-
brary containing 28055 DHSs from mouse double-positive
(DP) thymocytes, plus 437 randomly-selected non-DHS re-
gions as negative controls.

In brief, DNA fragments of ~400 bp were captured on
a custom-designed microarray covering all the DHS and
cloned by homologous recombination into the three dif-
ferent STARR-seq vectors (hereafter named, SCP1, pPGK
and pR-Ea libraries). The STARR-seq libraries were trans-
fected in triplicate into the mouse T-cell line P5424 and se-
quenced by targeted RNA-seq (Supplementary Table S2).
We have used the P5424 cell line as a model of differenti-
ating T cells in previous STARR-seq experiments (31,62).
The P5424 cell line originated from early developing T cells
and have a transcription signature similar to CD4~ CD§~
double negative (DN) thymocytes, including high expres-
sion of Ptcra and Hesl markers (35,36). However, like other
DN-derived cell lines, P5424 cells also express the CD4 and
CDS8 surface markers, suggesting that they are blocked be-
tween the DN-to-DP transition during the B-selection pro-
cess. As controls, we sequenced the libraries before trans-
fection (hereafter named, input). The cis-regulatory activity
was assessed by computing the log, ratio between the tar-
geted RNA-seq and the corresponding input signals (here-
after referred to as STARR-seq signal) after normalization
and filtering (See Methods section; Figure 1B; Supplemen-
tary Table S2). A good correlation was obtained between
the replicates of the same library (Spearman’s correlation
coefficient (p) ranging between 0.38 and 0.87; Supplemen-
tary Figure S1C). For subsequent analyses, the signals from
the replicates of the same library were merged.

Comparison of STARR-seq signal between DHS and
random regions for the different libraries showed that en-
hancers are significantly overrepresented in DHSs as com-
pared to random regions in the SCP1 library (Figure 1B).
In contrast, DHSs with silencer activity were significantly
detected with the pPGK and pR-Ea libraries. These results
suggested that using a strong promoter-based library is in-
deed an effective strategy to detect silencer elements. We
defined the putative silencers as DHS regions with a log,
STARR-seq signal lower than or equal to —1 (Figure 1B)
and found a consistent silencer activity between the two rel-
ative orientations of the fragments in the STARR-seq vec-
tor (Supplementary Figure S1D). The silencer definition re-
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sulted in a set of 1249, 672 and 413 putative silencers for
the SCP1, pPGK, and pR-Ea libraries, respectively (Supple-
mentary Table S3). Given the comparison of the STARR-
seq signal between DHSs and random regions (Figure 1B),
we expect that many putative silencers identified with the
SCPI library might be false positives. Figure 1C provided
an example of a silencer region identified with the pPGK
library showing the STARR-seq signal for the individual
cloned fragments. Core silencers were identified as a region
containing successive bins of 50 bp with a log; STARR-
seq signal lower than or equal to —1 (Figure 1C; Supple-
mentary Table S2). The correlation of silencer activity be-
tween the different libraries was relatively low (Supplemen-
tary Figure S1C), indicating that the use of distinct pro-
moters enables the identification of distinct, yet overlap-
ping, sets of silencers, and suggesting that silencers may ex-
hibit promoter-specific activities, as has been shown for en-
hancers (63). Consistently, 15%, 27.5% and 18% of silencers
identified with the SCP1, pPGK and pR-Ea libraries, re-
spectively, were also found within another library (Figure
1D, E), while only 15 putative silencers were shared between
all the libraries (two examples are displayed in Figure 1F).

To assess whether there was a bias in the genomic location
of silencers, we computed the specific enrichment of puta-
tive silencers obtained with each library with respect to all
DHS (Figures 1G and H). While SCP1 and pR-Ea based
silencers were depleted from promoter regions, the pPGK
based silencers were enriched. Importantly, none of the si-
lencer sets were enriched for terminator sequences (Fig-
ure 1H), which could represent a potential bias of the ap-
proach by artificially interfering with the quantification of
the STARR-seq vector-derived transcripts.

Validation of STARR-seq identified silencers

To independently evaluate the accuracy of STARR-seq to
identify silencers, we selected 24 DHS candidate silencers
(13 commons in at least two libraries, 8 specifics to the
pPGK and three specifics to the pR-Ea libraries), as well
as 12 DHS control regions (log; STARR-seq signal close
to 0). The selected DHS were tested in a classical lu-
ciferase reporter assay in the P5424 cell line (Figure 2A).
We found that 87.5% (21 out of 24) putative silencers and
33.3% (4 out of 12) control DHS regions displayed sig-
nificant silencer activity in the luciferase assay. Overall,
the STARR-seq identified silencers displayed a higher si-
lencer activity in the luciferase assay as compared with
the control DHS set (P-value = 0.0001; Figure 2B). Im-
portantly, several STARR-seq-defined silencers, including
DHS26112, DHS2610, DHS10824, DHS5667, DHS12366
and DHS23650, displayed strong silencer effects resulting in
luciferase expression close to background levels, while this
was not observed for any of the control regions. Moreover,
silencer activity was independent of the orientation of the
tested region with respect to the luciferase gene (Figure 2C).
To further assess the silencer activity, we cloned one of the
validated silencers (DHS12366) into a GFP-containing re-
porter vector. After transfection in P5424 cells, the vector
with the DHS12366 silencer displayed reduced GFP expres-
sion as compared to the control vector (Figure 2D). Thus,
consistency between the independent reporter assays indi-
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Figure 2. Validation of the CapSTARR-seq approach. (A) Luciferase reporter assays in P5424 cells of DHSs defined as putative silencers by CapSTARR-
seq (green) or with logy STARR-seq signal close to zero (black). The promoter-based CapSTARR-seq where the silencer was identified is indicated in
the bottom panel. Data represent the normalized fold change over the pSV40 vector control. Error bars show s.d. from three independent transfections
(*** P-values < 0.001, ** P-values < 0.01, * P-values < 0.05; two-sided Student’s z-test). (B) Comparison of luciferase activity between silencer candidates
and control regions. The two-sided Student’s 7-test is shown. (C) Assessment of orientation-dependent silencer activity for a subset of identified silencers
(F: forward; R: reverse). (D) FACS analysis for GFP expression assessing DHS12366 silencer activity.

cates that the high-throughput assessment of silencer activ-
ity by STARR-seq is highly accurate.

Chromatin features and gene functions associated with si-
lencers

To assess the meaningfulness of the STARR-seq iden-
tified silencers, we assessed their association with chro-
matin features and expression of neighbor genes as com-
pared with corresponding control DHSs (see Methods sec-
tion) and enhancers identified by the SCP1 library (Fig-
ure 1A). To explore whether silencer activity reflects the

epigenetic status of the endogenous DHSs, we analyzed
several chromatin features available from the P5424 cell
line (Figure 3A) and primary DP thymocytes (Supplemen-
tary Figure S2), and performed Cut&TAG H3K27me3
and CUT&RUN H3K9me3 in P5424 cells (Figure 3A).
Silencers were associated with a lower level of active hi-
stone marks (H3K4me3, H3K27ac and H3K4mel) (Fig-
ure 3A and Supplementary Figure S2A), as compared
with control DHSs and SCP1-enhancers, but displayed a
similar level of DNase I accessibility and CTCF binding
(Supplementary Figure S2B). Both the repressive marks
H3K27me3 and H3K9me3 were present at elevated levels
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Figure 3. Chromatin features associated with silencers. (A) Average profiles of H3K27ac and H3K4me3 (ChIP-seq), H3K9me3 (CUT&RUN), H3K27me3
(CUT&Tag) signal from P5424 cells centered on putative silencers (red), control regions (black) and putative enhancers (green) with a window of +5kb. (B)
Average profiles and heatmaps of pPGK silencers clustered in the function of the signal of different histone marks and CTCF in four distinct groups. (C)
Comparison of pPGK silencer activity within each cluster. Statistical analysis was performed using the Wilcoxon test, significant P-values are displayed.
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with silencers or SCP1 enhancers.

at pPGK-silencers compared to control DHSs, while SCP1-
and pR-Ea-silencers were not enriched in H3K27me3 nor
H3K9me3 (Figure 3A). Silencers have been previously as-
sociated with H4K20me3 (23). Using H4K20me3 ChIP-
seq data from mouse hematopoietic precursors (64), we ob-
served that pPGK-silencers, and to a less extent pR-Ea-
silencers, were also enriched in this histone modification
(Supplementary Figure S2C).

To gain insight into the potential combination of chro-
matin features associated with silencers, we clustered the
signal of histone modifications and CTCF around the si-
lencer regions (Figure 3B, Supplementary Figure S3A, B).
For each set of silencers, we obtained four clustering with
different chromatin features, including repressed chromatin
enriched in H3K27me3 (cluster Cl), relative open chro-
matin enriched in H3K27ac and H3K4me3 (cluster C2),
association with CTCF (cluster C3), and silent chromatin
with sparse enrichment in CTCF and H3K9me3 (clus-
ter C4). Characteristic examples of each cluster are pre-
sented in Supplementary Figure S4. Note that in the case of
pPGK-silencers the cluster associated with open chromatin
features also displayed slight enrichment in H3K27me3
and H3K9me3 at the DHSs (Figure 3B). By comparing
the silencer activity within each cluster, we observed that
pPGK- and SCPl-silencers present in DHS with active
marks (H3K27ac and/or H3K4me3, cluster C2) have sig-

nificantly less silencer activity than those found in the other
three clusters (Figure 3C). Overall, these results suggested
that silencer elements are found in a relatively open chro-
matin configuration and might be associated with different
types of epigenetic signatures, including either active or re-
pressive histone modifications.

We next used the GREAT tool (41) to associate each
DHS to their neighbor genes and assess gene expression
using available RNA-seq data from P5424 cells (36) (Fig-
ure 4A). Silencers identified by the three different libraries
were significantly associated with genes expressed at lower
levels than those associated with control DHS. As ex-
pected, enhancer regions identified by the SCP1 library were
associated with genes expressed at a higher level. Func-
tional enrichment analysis showed that the identified si-
lencers were associated with genes involved in immune
and T cell phenotypes and functions, but generally dif-
ferent from those associated with SCPl-enhancers (Fig-
ure 4B, C), suggesting that at least a subset of silencers
might be involved in the repression of T cell associated
genes.

In vivo assessment of silencer activity

To more generally assess whether silencers identified by
the different STARR-seq vectors readily display silencer
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function at their endogenous loci, we performed CRISPR-
mediated deletions of 11 silencer candidates, including four
identified by all three STARR -seq libraries (Figure SA). For
each silencer candidate, we generated at least two clones
and assessed the expression of neighboring genes con-
tained within the same TAD (Figure 5B and Supplemen-
tary Figure S6), or the two adjacent TADs when the si-
lencer was located near a TAD border (e.g. DHS12366).
Deletion of seven out of ten silencer candidates resulted
in strong upregulation (>2-fold) of one or more genes
within the same TAD, these included the four silencer
candidates identified with the three STARR-seq libraries
(DHS19456, DHS9272, DHS13190, DHS12366). For in-
stance, the shared DHS19456 silencer is embedded within a
large H3K27me3 domain and its deletion resulted in consis-
tent and significant up-regulation of three out of four genes
contained within the TAD. However, while the silencers
shared between the three libraries displayed exclusive si-
lencer activity, the deletion of the library-specific silencers in
a more complex output. In fact, from the six library-specific
silencers tested, the deletion of five resulted in both up-
and down- regulation of neighboring genes (DHS11740,
DHS8661, DHS9575, DHS10350 and DHS15125), while
one resulted only in down-regulation (DHS17348) (Supple-
mentary Figure S6). Note that deleted silencers belonged to
the C3 and C4 clusters only as we were not able to generate
homozygous deletions of silencers belonging to the C1 or
C2 clusters. These results show that STARR-seq predicted
silencers generally work as bona fide silencers at the endoge-
nous locus, although in some cases both activating and in-
hibitory effects can be observed.

Transcription factors associated with silencers

To assess whether putative silencers were enriched for
TFBS we performed motif enrichment analyses using the
HOMER tool (47) on the three sets of identified core
silencers, as well as, the set of active enhancers (Figure
6A; Supplementary Figure S7). Enriched TFBS were clus-
tered in TF families and the expression in P5424 of as-
sociated genes was used to prioritize potential repressor
factors (Supplementary Table S4A). Active SCP1-defined
enhancers were enriched in binding sites of TFs involved
in T cell differentiation, including MYB, TCF, RUNX,
ROR and ETS/NFATC, consistent with previous results
(31). In contrast, all three sets of silencers were enriched in
TFBS bound by known transcriptional repressors, includ-
ing CTCF, HOX TF family, SMAD and ZNF263. Strik-
ingly, the pPGK- and SCP1-based silencers, but not pR-
Ea silencers, were strongly enriched in binding sites for the
REI!-Silencing Transcription factor (REST), a major tran-
scriptional repressor involved in the repression of neural
genes in non-neuronal cells (65-67). To better evaluate the
impact of TFBS on silencer activity, we plotted the signif-
icance of the enrichment of each TFBS against the mean
activity of the core silencers (Figure 6B). We found that sev-
eral TFBS were associated with strong silencer activity, in-
cluding REST, SMAD3/4, MAFK and the HOX TF fam-
ily. The strongest silencer activity was associated with the
presence of REST or MAFK motifs in silencers found with
either SCP1 or pPGK vectors, or the presence of SMAD?3 in
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SCP1-detected silencers. Finally, we assessed the relevance
of REST, SMAD and MAFK binding sites by mutating
these sites in silencer candidates and assessing the silencer
activity by the luciferase assay (Figures 6C, E). Mutation
of either of the three tested TFBS significantly de-repressed
the luciferase expression, indicating that these two TFBSs
are indeed important contributors to the silencer activity.

Dynamic silencer activity mediated by TCR signaling

To explore whether silencer activity can be regulated by
T cell stimulation, we performed STARR-seq experiments
using the pPGK library in P5424 cells treated with PMA
and Ionomycin (PMA/I), previously shown to partially
mimic TCR signaling and consecutive T-cell differentia-
tion (36) (Supplementary Figure S8A; Supplementary Ta-
bles S1-S3). We observed that a majority of silencers ac-
tive in PMA /I-treated cells were stimulation specific (59%)
(Supplementary Figure S8B) and were generally associated
with genes downregulated after T cell stimulation (Supple-
mentary Figure S§C). Luciferase reporter assays for three
induced silencers validated their stimulation-dependent ac-
tivity (Supplementary Figure S8D). Analysis of motif en-
richment did not reveal any TFBS specifically enriched in
PMA /I-dependent silencers (Supplementary Figure SSE).
However, we observed that REST-containing motifs were
exclusively enriched in constitutive silencers, suggesting that
binding of REST transcriptional repressor provides general
silencer activity.

REST binding site-containing silencers contribute to the re-
pression of non-T cell genes

To gain insight into the contribution of REST to silencer ac-
tivity, we determined the set of identified silencers harboring
a REST binding site (Figure 6F). Only ~5% of identified
silencers with SCP1 and pPGK libraries contained REST
binding sites, while the proportion significantly increased to
15.4% when considering the silencers shared between SCP1
and pPGK libraries (24 out of 156). Strikingly, silencers
containing REST-binding sites were associated with signifi-
cantly lower levels of expression of neighboring genes (Fig-
ure 6G). Moreover, REST binding site-containing silencers
were associated with a higher proportion of tissue-specific
genes not expressed in T cell precursors (Figure 6H; chi-
square test, P-value = 0.001 and 0.04 for the pPGK and
SCP1 libraries, respectively), and also with a reduced pro-
portion of T-cell regulated genes compared to non-REST
binding site-containing silencers (Figure 61; i.e. genes whose
expression is highly variable across T cell differentiation; see
Methods section).

Among the experimentally deleted silencers (Figure 5),
the DHS12366 contains a REST-binding site and displayed
REST-dependent silencer activity by luciferase assay (Fig-
ure 6C). As shown in Figure 5B, deletion of the DHS12366
silencer resulted in significant up-regulation of seven genes,
including two genes consistently displaying more than 2-
fold increased expression (Plin4 and Arrdc5). Interestingly,
several of the deregulated genes were expressed in a tissue-
specific manner in non-T-cell tissues (Figure 5C). Consis-
tent with a ubiquitous activity, the DHS12366 silencer dis-
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Figure 5. Functional validation of silencers by CRISPR—Cas9 genomic editing. (A) Genomic tracks displaying the indicated RNA-seq and chromatin
signals as well as DHS and TADs surrounding the silencer regions. The relative expression values based on P5424 RNA-seq (TPM) are indicated in
bracket. (B) Gene expression analysis of genes around the silencer region in wild-type (WT) and deleted P5424 clones. The expression of the genes was
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t-test. (C) Heatmap displaying the relative gene expression of genes around DHS12366 locus in T cell populations and other cell types.
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played silencer activity also in the fibroblast cell line NIH-
3T3 (Supplementary Figure S9C). Overall, our results sup-
port the idea that silencers containing REST-binding sites
repress tissue-specific genes in other unrelated tissues.

The DHS23650 silencer regulates two genes involved in T cell
function

Next, we sought to identify silencers involved in normal T
cell function. To this aim, we searched for putative silencers
that might control the expression of genes regulated across
T cell development and differentiation. We reasoned that
lymphoid genes regulated by silencers might have a high ex-
pression variance across T cell populations. Thus, we iso-
lated the top 5% of highly variable genes based on available
RNA-seq from different stages of thymic and peripheral T
cell differentiation (45) (Figure 7A). We then retrieved the
top variable genes located in a window of 100 kb around
any STARR-seq-defined silencer (Figure 7B). We obtained
516 genes associated with 615 silencers. Of these, we iden-
tified the DHS23650 silencer belonging to the C4 cluster
and associated with Hest (Hematopoietic cell signal trans-
ducer, also known as DAP10) and Nfkbid (Nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor,
delta), two genes involved in T cell differentiation and ac-
tivation. The Hest gene encodes for a transmembrane sig-
naling adaptor which forms part of the immune recognition
receptor complex (68,69). This receptor complex has a role
in cell survival and proliferation by activation of NK and
T cell responses. The Nfkbid gene encodes for a member of
the atypical inhibitors of NF-kB TF and is particularly in-
volved in the regulation of T cell activation and develop-
ment of regulatory T cells (70,71). Strikingly, the expres-
sion of both genes is anticorrelated through T cell differen-
tiation. In particular, Hest is induced during T helper (Th)
maturation, while Nfkbid is repressed (Figure 7C).

Hest and Nfkbid were both located within the TAD
containing the DHS23650 silencer (Figure 7D), suggest-
ing that they could be a direct target of this silencer. Lu-
ciferase reporter assay demonstrated a strong silencer ac-
tivity for the DHS23650 silencer in both orientations (Fig-
ure 2C). To explore the in vivo function of the DHS23650
silencer, we deleted this element in the P5424 cell line us-
ing CRISPR/Cas9 genome editing (Figure 7E; Supple-
mentary Figure SS5E). We analyzed the expression of all
genes contained in the same TAD as the DHS23650 si-
lencer (Figure 7E; only genes with detectable expression are
shown). Only the Hest gene appeared to be significantly
up-regulated in the two DHS23650-deleted clones. Inter-
estingly, we observed that Nfkbid was specifically upregu-
lated by the PMA /ionomycin stimulation (Figure 7D), in
agreement with its induction between the CD4~CD8~ dou-
ble negative (DN) and DP stages (Figure 7C). Analysis
of expression in wild-type and mutated P5424 cells stim-
ulated by PMA /ionomycin revealed a role of DHS23650
silencer in limiting Nfkbid induction (Figure 7F), consis-
tent with the conserved silencer activity of DHS23650 after
PMA /ionomycin stimulation (Supplementary Figure S9A).
Therefore, the DHS23650 silencer regulates both Hest and
Nfkbid genes in different stimulatory contexts. However,
the effect of DHS23650 on Hest and Nfkbid expression ap-

peared to be mild (<2-fold) in comparison with the expres-
sion changes that these genes display during T cell differ-
entiation (Figure 7C). This might be due to a limitation of
our cell line model or indicates that DHS23650 modulates
the transcription level of the target genes rather than being
responsible for their complete repression.

As both Hest and Nfkbid are important regulators of
T cell differentiation and activation we analyzed the ex-
pression of several T cell markers previously validated
in the P5424 cell line (Supplementary Figure S9B). In-
terestingly, the regulation of Lefl, Ptcra and Bcl2 after
PMA /ionomycin stimulation of P5424 cells is significantly
altered in the two DHS23650 deleted clones, suggesting that
the DHS23650 silencer might be required for normal T cell
differentiation. Consistent with the regulation of T-cell spe-
cific genes, the silencer activity of DHS23650 was not con-
served in the fibroblast cell line NIH-3T3, in contrast to the
REST-containing DHS12366 silencer (Supplementary Fig-
ure S9C). Overall, these results show that our STARR-seq
derived approach is able to identify a silencer element in-
volved in the control of genes whose expression is modu-
lated during T cell differentiation.

Repetitive elements (REs) associated with silencers

With the aim of identifying regulators associated with
DHS23650 silencer activity, we looked for potential repres-
sor candidates based on Jaspar TFBS (Supplementary Fig-
ure S7TA). We identified GFI1 (Growth Factor Independent
1 Transcriptional Repressor) binding site as a potentially
relevant repressor element, as this motif was enriched in
silencer elements (Figure 6A, B). GFII is a nuclear zinc
finger protein that functions as a transcriptional repressor
and is essential for hematopoiesis and involved in Th2 dif-
ferentiation pathway and T-cell receptor signaling (72-75).
However, mutation of the GFI1 binding site did not af-
fect the silencer activity of DHS23650 (Supplementary Fig-
ure S9D). We also observed the presence of a 16 stretches
of short tandem repeats (STRs) of the AGGGC’ unit in a
head-to-tail configuration on the 5’ side of DHS23650 (Fig-
ure 8A). STRs are short sequences of DNA, normally of
length 2-5 base pairs, that are generally repeated 550 times.
It has been shown that STRs could regulate gene expres-
sion by diverse mechanisms, including the recruitment of
transcriptional repressors (34,76). To experimentally vali-
date the impact of the AGGGC’ repeat on silencer activity,
we generated a series of DHS23650 mutations and tested
the silencer activity by luciferase reporter assay (Figure 8B).
Deletion of the AGGGC’ tandem repeat resulted in a sig-
nificant reduction of DHS23650 silencer activity while the
‘AGGGC’ tandem repeat alone displayed similar silencer
activity as the full-length DHS23650. To assess whether the
number of AGGGC’ repeats is important for the silencer
activity of DHS23650 we mutated four, eight or all of the
‘AGGGC’ repeats (Figure 8B). Strikingly, increased muta-
tions of ‘AGGGC’ repeats resulted in the progressive de-
crease of the silencer activity. Thus, AGGGC’ tandem re-
peats appear to play an essential role in the silencer activity
of DHS23650.

The above results raised the question of whether REs
could be involved in silencer activity. Large portions of
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Figure 8. Analysis and validation of simple tandem repeats. (A) UCSC genomic track of mouse NCBI37/mm9 around the DHS23650 silencer displaying
the individual clonal activity, the DHS region (silencer), the core silencer, the RepeatMasker track and the repeat units. (B) Luciferase reporter assay of
wild-type and mutated DHS23650 silencer. The impact of STR repeats on silencer activity was assessed by either deleting the STR region or by mutating
the indicated number of STR binding sites. Data represent the normalized fold change over the pSV40 vector. Error bars show s.d. from three independent
transfections (*** P-values < 0.001, ** P-values < 0.01, *P-values < 0.05; two-sided Student’s z-test). (C) Enrichment of repetitive elements at putative
silencers. Bar plots represent the —logjo(P-value) of the negative binomial test computed by OLOGRAM. (D, E) Activity of silencers found with the pPGK
library associated with the presence of SINE (D) or STR (E) repetitive elements. Significance was assessed by a Wilcoxon test. (F) Average profiles of
silencers with or without STR (left panels) or SINE (right panels) with a window of +5 kb showing the enrichment of different histone marks in P5424
(H3K4me3, H3K27ac, H3K9me3, H3K27me3) or hematopoietic lineages (H4k20me3). (G) STARR-seq signal of silencers in the function of the number
of repeat units within the STRs. Significance was assessed by a Wilcoxon test. (H) Comparison of the proportion of regions from pPGK with different
lengths of STRs. Control enhancers are from the SCP1 library. (I) Activity of pPGK silencers ranked by the pattern of the STR. (J) Motif enrichment and
associated TFs found in the subset of pPGK silencers containing STR with a logy(signal) < —1.5 (square in the panel I).
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mammalian genomes are derived from REs, which are
linked to TF binding (77-79). RE elements have been as-
sociated with both enhancer (77,80) and repressive activi-
ties (81). To more generally assess STARR-seq silencers for
the occurrence of REs, we used the RepeatMasker annota-
tion (82). The number of RE-derived sequences in silencer
regions was compared to the number detected in all DHS
regions (Figure 8C). pPGK-based silencers were highly en-
riched in SINE, STR and small RNAs. Moreover, the pres-
ence of SINEs or STRs within the silencer was associated
with strong silencer activity only in those identified with the
pPGK library (Figure 8D, E). We next assessed whether si-
lencers containing SINE or STR REs were associated with
a specific epigenetic signature (Figure 8F). We found that
RE-containing silencers were depleted of H3K27me3, and
to less extent of H3K9me3, repressive marks but were en-
riched in H4K20me3, a repressive histone modification pre-
viously found to silence repetitive DNA and transposons
(83). These results indicate that certain families of REs
might contribute to silencer function.

We suit to better assess the contribution of STRs to
the activity of pPGK silencers. Core silencers were signifi-
cantly associated with a higher percentage of STRs as com-
pared with other DHS regions or the regions flanking the
core silencers. We next assessed whether the length of the
STRs could impact silencer activity. Reminiscent of the im-
pact of AGGGC’ repeat length on silencer activity of the
DHS23650 silencer, we observed that the silencer activity
of pPGK-based silencers significantly increased with the
length of tandem repeats (Figure 8G) and was present in
higher proportion in the core silencer regions (Figure 8H).
Noticeable, enhancers identified by the SCP1 library were
not associated with long STRs (Figure 8H) and when con-
sidering all DHS, the length of the tandem repeats was as-
sociated with significantly lower STARR-seq signal in all
three libraries (Supplementary Figure S10), supporting the
finding that STRs are specifically associated with silencer
activity. The STRs are a family of highly heterogenous re-
peats (34,84), we, therefore, analyzed the contribution of
commonly found repeats on the silencer activity (Figure 8I).
Several STR types were associated with a strong silencer ac-
tivity, with the highest activity observed with the ATGGG’
repeat. Considering the STRs associated with a strong si-
lencer activity (logy FC < —1.5), we found a preferential
enrichment for several members of the Kruppel-associated
box (KRAB)-associated zinc finger proteins (KZFP) family
of transcriptional repressors (Figure 8J), thus suggesting a
potential role of KZFP on the activity of STR-containing
silencers. Therefore, the STRs, by serving as a platform for
the recruitment of transcriptional repressors, might play an
important role in the silencer activity of cis-regulatory ele-
ments in T cells.

DISCUSSION

Despite the widely-held belief that silencers represent crit-
ical general regulators of gene expression, their genome-
wide distribution, mechanisms of action and involvement in
disease are largely unknown. A breakthrough in the analysis
of distal cis-regulatory elements was provided by the devel-
opment of high-throughput reporter assays to assess pro-
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moters (85,86), enhancers (28) or insulator activities (87).
Such a strategy for the identification of silencer elements has
been missing. Here, we repurposed the widely used STARR-
seq approach to identify silencers systematically and effi-
ciently. Although STARR-seq using an SCP1 basic pro-
moter have been previously used to identify silencers (26),
in the present study we evaluated and compared the use of
different type of promoters and demonstrated that the use
of a strong ubiquitous promoter (i.e. pPGK) allow more ef-
ficiently to assess silencer activity.

An operational assay for the silencer function of a ge-
netic element is to isolate it and measure its ability to re-
press promoter activity in a given cell type (10,32). To screen
for silencers in a manner optimizing throughput and func-
tional information, we adapted a high throughput reporter
assay based on the CapSTARR-seq strategy developed pre-
viously (31). We identified DNA fragments capable of neg-
atively regulating their transcription in a minimal, episo-
mal context in transfected cells, allowing for genome-wide
screening of putative silencers from several tens of thou-
sands of genomic regions. As an initial assessment of our
approach, we analyzed a set of 28055 DHS from primary
developing mouse thymocytes in a T cell line previously
used in STARR-seq (31). We tested STARR-seq vectors
containing either a basic (SCPI, the original STARR-seq
promoter), strong (pPGK) or T-cell specific (pR-Ea) pro-
moter. We extensively assessed the accuracy of STARR-seq
to quantify silencer activity using an alternative luciferase
reporter assay and CRISPR/Cas9 deletion of endogenous
loci, and demonstrated its robustness to identify bona fide
silencers. In fact, out of 11 predicted silencers assessed by
CRISPR/Cas9 deletion, five resulted in consistent silencer
activity, while six displayed both up- and down-regulation
of neighbor genes, thus suggesting that some DHS might
have dual effect as silencers and enhancers, being able to
activate or repress specific neighboring genes. These results
are consistent with the fact that many of the tested silencers
are found within an open and active chromatin. Whether
the observed dual effect depends on intrinsic features of the
DHS elements or results from alteration of the 3D chro-
matin structures or disruption of TAD borders will require
further investigation.

Overall, the basic SCP1 library allowed identifying both
enhancers and silencers, consistent with previous results
(26), although no significant enrichment for silencer ele-
ments was observed. In contrast, the libraries harboring the
ubiquitous pPGK promoter or the T-cell specific promoter-
enhancer pair (pR-Ea) were significantly enriched in DHS
harboring silencer activity, thus suggesting that STARR-
seq vectors with strong promoters perform well in the iden-
tification of silencer elements. We found a relatively low
overlap between the silencers identified with the three li-
braries, suggesting that silencers may exhibit promoter-
specific activities, as has been shown for enhancers (63).
However, we found that silencers identify with the three li-
braries displayed consistent silencer activity at the endoge-
nous locus as assessed by CRISPR/Cas9 deletion, while
deletion of library-specific silencers resulted in a more com-
plex output, including opposite activating and inhibitory
effects. We also observed that silencers identified by the
SCP1 and pPGK libraries shared similar characteristics,
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such as enrichment for the ubiquitous REST repressor, in
contrast to the pR-Ea library. However, silencers identi-
fied by the pPGK library were clearly enriched in repres-
sive histone marks, including H3K27me3, H3KK9me3 and
H4K20me3, and associated with the length of STRs, while
the SCP1 and p-R-Ea-silencers were not. This suggests that
the pPGK library might be enriched in typical silencers and
that the use of the pPGK reporter might be a suitable vector
for future silencer studies. The less efficient performance of
the pR-Ea vector to identify silencers could be explained
by the close proximity of the strong Ea enhancer to the
tested regions, which might interfere with the silencer func-
tion. Another striking feature observed with the pPGK li-
brary was the specific enrichment of silencers overlapping
gene promoters. This is reminiscent of a recent study show-
ing that ‘poised’ gene promoters exhibit a silencer-like func-
tion to repress the expression of distal genes via promoter-
promoter interactions (88). Together with the recent find-
ings that many promoters can act as distal enhancers of
other genes, also named Epromoters (89-91), these obser-
vations support a unifying model whereby single DNA se-
quences can encode different types of regulatory functions,
including being a promoter for immediate genes, or an en-
hancer or silencer for neighboring or distal genes via linear
chromatin proximity or long-range chromatin interactions
(88,92). Overall, we propose that modified STARR-seq vec-
tors, replacing the basic SCP1 promoter with a constitutive
strong promoter (such as pPGK), provide an effective strat-
egy to discover and characterize silencers genome-wide.

Several previous works have predicted silencers using in-
direct approaches based on 3D interactions and epigenetic
signatures. A study using Capture Hi-C (CHi-C) technol-
ogy suggested that transcriptionally inactive genes inter-
acting with previously uncharacterized elements marked
by repressive features may act as long-range silencers (25).
They further showed that a genomic region located 1.2 Mb
from the BCL6 promoter and associated with Polycomb re-
pressive complex 2 (PRC2) displayed silencer activity when
tested in a reporter assay. Similar approaches identified
PRC2-bound silencers playing an important role in mouse
development (24) or tumor growth (93). Another strategy
to identify candidate silencer elements has been to corre-
late cross-tissue epigenetic profiles (26,94). However, all the
above approaches did not directly assess the silencer activ-
ity but assumed an association with repressive epigenetic
signatures and long-range interaction with the target genes
that prevented an unbiased identification of silencer ele-
ments. In an attempt to directly identify silencer elements,
Pang and Snyder developed a lentiviral screening approach
named repressive ability of silencer elements (ReSE) to iden-
tify elements capable of repressing the pro-apoptotic pro-
tein, Caspase-9 (23). In this study, the authors identified
bona fide silencers from open chromatin (FAIRE), but the
lentivirus strategy is difficult to set up and has limited com-
plexity, while a potential bias might be introduced by the
random genomic integration of the lentivirus.

In line with the previous studies, we found that silencer
activity was associated with repressive marks H3K27me3,
H3K9me3 and H4K20me3. However, more detailed anal-
yses suggested that distinct classes of silencers associ-
ated with different epigenetic signatures, including, rela-

tive enrichment of active histone marks (H3K4me3 and
H3K27ac), CTCF binding, and repressive marks (either
H3K27me3 or H3K9me3). Moreover, a subset of silencers
containing STR or SINE REs is specifically enriched in
H3K20me3, consistent with the role of this histone mark in
the regulation of REs (83). The CTCF binding site was en-
riched in our set of identified silencers and defined a subset
of silencers specifically bound by this factor. The associa-
tion of CTCF with silencer function is intriguing given the
general role of CTCF as an insulator factor. This is, how-
ever, consistent with a previous study that showed that the
T39 region bound by CTCF functions as a strong silencer,
but is devoid of insulator activity, thus suggesting that in
some cases CTCF might be specifically required for silencer
activity (32,87).

We identified several TFs associated with silencer ac-
tivities. Of these, REST appeared to be associated with
the strongest silencing activity in the pPGK and SCP1
libraries. Moreover, REST binding motif-containing si-
lencers were associated with tissue-specific genes that are
not normally expressed in T cells. This observation was
consistent with the results obtained after the deletion of
the REST-containing silencer DHS12366. Our results agree
with the widespread role of REST repressor (95) and its gen-
eral association with silencer elements (26,96). REST was
initially described to be involved in the repression of neu-
ral genes in non-neuronal cells (65-67). However, the func-
tion of the REST TF is not restricted to the repression of
neuronal genes and might be involved in the regulation of
distinct developmental pathways (97-99). Our results sug-
gested the existence of two main types of silencer elements.
One type of silencer contains the REST binding site and ap-
pears to have ubiquitous silencer activity. The other type of
silencers might have more tissue-restricted silencer activity
(i.e. involved in the regulation of genes expressed during cell
differentiation).

Some known silencers have been shown to recruit tissue-
specific transcription factors with repressive activities, but
the overall set of proteins that collaborate to impart silencer
function is essentially unknown. In our study, we identified
several TFs involved in T cell differentiation and function
for which binding sites were associated with strong silencer
activity. These included the hematopoietic-specific RUNXI
transcription factor (100), the HOXA family of develop-
mental repressors (101), as well as the TGFb-signaling de-
pendent SMAD3/4 repressors (102). Members of the Runx
family have been shown to repress T cell-specific genes by
binding to well-characterized silencers such as those found
in the CD4 and ThPOK loci (7,8,103-106). We have previ-
ously shown that HOXA TFs play an important role during
early T cell differentiation and their maintained expression
induced T-acute lymphoblastic leukemia (107). SMAD-
dependent TGFb signaling also plays an essential role in T
cell differentiation and function (108,109). In addition, the
nuclear receptor RARA has been shown to display ligand-
dependent repressor and activator function in T-cells (110).
We also found an association between MAFK and strong
silencer activity, while mutation of MAFK binding sites re-
sulted in the loss of silencer function. MAFK is a member
of the small Maf proteins (sMafs) which are basic region
leucine zipper (bZIP)-type transcription factors. sMafs lack
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the transcriptional activation domain and hence, their ho-
modimers act as transcriptional repressors and have been
shown to play an important role in hematopoietic lineages
(111). The direct involvement of these factors in the func-
tion of T cell regulated silencers will need to be investigated
in the future.

A striking finding of our study was the association of
SINE and STR REs with silencer activity of the pPGK li-
brary. STRs have been suggested to regulate gene expres-
sion in mammalian cells through various molecular mecha-
nisms and to contribute to gene expression variation in hu-
mans (34,76,84). We found that STRs contained in strong
silencers are potential binding sites for KZFPs, includ-
ing ZNF322, ZNF410 and ZNF263 which are expressed
in P5424 cells (Supplementary Table S4B). Several other
KZFP motifs appeared to be enriched in the set of identi-
fied silencers (Supplementary Figure S3), including Zfp281,
which has been shown to sustain CD4* T lymphocyte ac-
tivation by directly repressing the Ctla-4 gene (112). The
presence of tandem binding sites for repressor factors is
reminiscent of a previous study showing that the high den-
sity of identical motifs of ZEBI repressor in tandem re-
peats can make them suitable platforms for the recruit-
ment of transcriptional repressors (113). KZFPs play a ma-
jor role in the recognition and transcriptional silencing of
REs (114,115). The majority of KZFPs bind to transpos-
able elements (TEs), including LTR, L1, SINE, and SVA
families, as well as simple repeats and other variable num-
ber tandem repeats, including zinc finger repeats. KZFP
tethers KRAB associated protein 1 (KAP1, also known as
TRIM28) to the DNA. In turn, KAPI can recruit differ-
ent epigenetic effectors, such as histone methyltransferases,
nucleosome remodeling and deacetylation (NuRD) com-
plex or DNA methyltransferases (116,117). Overall, these
results suggest that KZFP binding might be a general fea-
ture of silencer elements, while it is tempting to speculate
that STRs bound by the KZFP family of transcriptional re-
pressors have been co-opted in the mammalian genome as
repressive cis-regulatory modules.

Besides STRs, TEs and in particular SINEs, might also
play a role in silencer activity. TEs are silenced by the tar-
geted deposition of repressive histone modifications (33).
For example, in mESCs, TEs are silenced through H3K9
tri-methylation by SET domain bifurcated histone lysine
methyltransferase 1 (SETDBI1), which is recruited to TEs
by KZFPs through interaction with KAP1 (118). SETDBI1
knockout leads to widespread de-repression of class I
and class IT ERV elements and transcription of chimeric
RNAs, suggesting that repression of these elements not
only prevents mutagenic transposition but also deleteri-
ous cis-regulatory effects (119). The current model suggests
that, rather than a defense system against transposition,
the KZFP system may enable the genomic accumulation of
TEs with strong cis-regulatory elements (such as LTR ele-
ments), which increases the likelihood of these elements be-
ing subsequently co-opted for host functions (33,118). Re-
cent examples of TEs co-opted as silencer elements included
a SINE element involved in the silencing of a T-cell spe-
cific gene (21) and endogenous retrovirus (ERV) involved in
the repression of immune genes (81). Similarly, SETDBI-
mediated repression of SINE B2 repeats restricts the usage

Nucleic Acids Research, 2023 19

of functional CTCEF sites (120). These examples reveal that
TE silencing not only affects TE activity but can also have
collateral effects on the regulation of host-gene transcrip-
tion.

Overall, our study represents an initial step toward the
understanding of the molecular basis driving silencer activ-
ity, including epigenetic features and binding of transcrip-
tion factors. We provided experimental evidence that the
STARR-seq approach is able to identify silencers function-
ing in the endogenous context and likely playing a key phys-
iological role in the regulation of T cell differentiation and
function. Thus, further implementation of STARR-seq in
different cellular systems will help in the functional assess-
ment of mammalian silencers that are active in specific path-
ways or induced by specific stimuli.
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