d
A
&
15,

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

E
3
H oo
B
=
=)
@)
3

o

Systematic identification of silencers in human cells
Pang, B.X.; Snyder, M.P.

Citation
Pang, B. X., & Snyder, M. P. (2020). Systematic identification of silencers in human cells.
Nature Genetics, 52(3), 254-263. doi:10.1038/s41588-020-0578-5

Version: Publisher's Version
License: Creative Commons CC BY 4.0 license

Downloaded from: https://hdl.handle.net/1887/3627049

Note: To cite this publication please use the final published version (if applicable).


https://creativecommons.org/licenses/by/4.0/
https://hdl.handle.net/1887/3627049

nature

gCHCtICS

‘ '.) Check for updates

ARTICLES

https://doi.org/10.1038/s41588-020-0578-5

Systematic identification of silencers in
human cells

Baoxu Pang ©'? and Michael P. Snyder®

The majority of the human genome does not encode proteins. Many of these noncoding regions contain important
regulatory sequences that control gene expression. To date, most studies have focused on activators such as enhancers,
but regions that repress gene expression—silencers—have not been systematically studied. We have developed a system
that identifies silencer regions in a genome-wide fashion on the basis of silencer-mediated transcriptional repression of
caspase 9. We found that silencers are widely distributed and may function in a tissue-specific fashion. These silencers
harbor unique epigenetic signatures and are associated with specific transcription factors. Silencers also act at multiple
genes, and at the level of chromosomal domains and long-range interactions. Deletion of silencer regions linked to the
drug transporter genes ABCC2 and ABCG2 caused chemo-resistance. Overall, our study demonstrates that tissue-specific
silencing is widespread throughout the human genome and probably contributes substantially to the regulation of gene

expression and human biology.

codes for proteins". The majority is non-protein-coding and

includes repeat regions, noncoding RNAs, gene introns and
other intergenic regions’. Individual laboratories, as well as large
consortia such as Encyclopedia of DNA Elements (ENCODE) and
Roadmap Epigenomics, have made enormous contributions to
annotating the noncoding genome with epigenetic modifications
and transcription factor binding sites’*. Based on the profiling of
epigenetic modifications, the human genome can be categorized
into distinct functional units such as enhancers, insulators and pro-
moters™'’. Disruption of noncoding regulatory regions has been
shown to have deleterious effects and cause cancer''""*. However,
most research has focused on defining enhancers, insulators and
promoters'>~". Although silencers are an important class of regu-
latory elements®, to date most studies have been performed on
identification and characterization of individual silencer regions
(for example, those that regulate CD4 gene transcription dur-
ing T-cell development’~*), and high-throughput methods have
not been described to systematically identify genomic silencers.
As such, we do not know how many silencers exist, how they oper-
ate at the level of chromosomal domains or whether they exhibit
ubiquitous or cell-type-specific activity.

Here we present a method to identify and define the function of
silencer regions in a systematic and high-throughput fashion. This
method measures the repressive ability of silencer elements (ReSE)
by screening for genomic fragments that repress the transcription
of an inducible cell death protein. Using this method, we identi-
fied more than 5,000 tissue-specific candidate silencer elements in
the human genome. These silencers are preferentially located in
repressed and/or weakly transcribed regions and share unique epi-
genetic marks. They operate in topologically associating domains
(TADs) and participate in long-range interactions. Deletion of
silencers linked to drug transporter genes led to transcriptional up-
regulation of these genes and promoted chemotherapy resistance,
suggesting that genetic variation in silencer regions may impact
both biology and personalized medicine.

|_ess than 2% of the 3billion base pairs in the human genome

Results

Identification of silencers using ReSE. To systematically discover
silencer regions in the human genome, a high-throughput ReSE
lentiviral screen system was developed (Fig. 1a). In this system,
genomic regions are cloned upstream of the EF-1a promoter that
drives the expression of a modified caspase9 fused to an FK506
binding protein (FKBP-Casp9)**¥. Following the addition of
dimerizer molecule AP20187, the expressed caspase9 is activated
to induce apoptosis®>”’. The system was designed such that if silenc-
ers are inserted, they will repress the transcription of the FKBP-
Casp9 gene in the cells, and these cells will not undergo apoptosis.
Surviving cells are then expanded, and candidate inserts sequenced
and mapped to the genome. This method allows for the systematic
identification of silencer regions.

Currently, because it is difficult to screen the entire human
genome with small genomic fragments in a lentiviral assay, an
enrichment strategy was used. It has been shown that 94.4% of
the combined transcription factor chromatin immunoprecipita-
tion sequencing (ChIP-seq) peaks from the ENCODE project fall
within accessible regions”. Because many of these transcription
factors are associated with transcriptionally repressive activities, we
expected that at least some silencers might lie in accessible chroma-
tin regions, as shown for the regulation of the gene CD4 (refs. *'-*°).
These silencers would probably harbor regulatory proteins rather
than simply be regions that are globally repressed through general
heterochromatin mechanisms.

Accessible chromatin regions enriched by formaldehyde-assisted
isolation of regulatory elements (FAIRE)* from chronic myeloid
leukemia K562 cells were isolated to construct the ReSE screen
library (Supplementary Fig. 1). Briefly, accessible chromatin regions
of 200 base pairs (bp) prepared from K562 cells were cloned into
the ReSE lentiviral plasmids and a library of <177,000indepen-
dent regions (covering 1% of the human genome; distribution in
Supplementary Fig. 2) was constructed and used as the screening
library. The library was transduced into K562 cells in two inde-
pendent replicate experiments, and AP20187 was added to induce
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Fig. 1] Identification of silencers using the ReSE screen. a, Outline of the screen design. Candidate sequences are cloned in front of the EF-la promoter
that drives the expression of a modified caspase 9 fused to FKBP-Casp9. Following the addition of a dimerizer molecule, the expressed caspase9 is
activated to induce apoptosis unless a potential silencer fragment is inserted. Enriched fragments representing potential silencers are identified when
compared to sequences from cells not treated with the dimerizer. b, ReSE screen results from two biological replicate experiments in K562 cells. Each dot
represents one tested fragment. The position of each dot indicates the location of each fragment within the respective chromosome. The height of the
dot indicates the -log,,(FDR) of enrichment of the ReSE fragments after the induction of apoptosis compared with cells not treated with dimerizer. The
cutoff value of FDR is 0.01. See Methods for detailed information. ¢, Snapshot of distribution of silencers in K562 cells. Chromosome 11 (Chr11) is used as
an example. d, Distribution of significantly enriched silencer regions from K562 cells in the genome. The pie chart indicates the distribution of silencers in
genomic features; the bar plot indicates the distribution of silencers in overlapping annotation features in the genome. e, Luciferase assays to determine
the repressive activity of silencers identified from K562 cells. Silencer regions were cloned by PCR from the genomic DNA of K562 cells, then inserted
upstream of the promoter of the luciferase reporter plasmid pGL4.53. 293T cells were used as the cell line to control for cell-type-dependent repressive
activity, and empty pGL4.53 plasmid was used as the control for baseline luciferase activity. The y axis represents the percentage of luciferase activity
compared to pGL4.53 empty plasmids in the respective cells (n=3 biological independent samples; bars show mean value + s.e.m.; *P < 0.05, calculated
using two-sided Student's t-test). All precise Pvalues are provided in the Source Data.

apoptosis (Supplementary Fig. 3, further details in Methods). The
surviving cells were grown and the inserts were sequenced before
and after selection. Because the screen has considerable background
cell survival during the initial puromycin selection and subsequent
apoptosis induction, fold enrichments are variable due to both this
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and the low read counts (see Methods). Nonetheless, the results
from the replicate experiments correlated (Extended Data Fig. 1a)
although only a small percentage of the potential fragments
was consistently enriched between replicates when fold change was
considered (Supplementary Fig. 4).
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To reliably identify significantly enriched silencers, an algo-
rithm based on a negative binomial model was adapted™, as used
previously in CRISPR screening and other RNA-sequencing
(RNA-seq) differential analyses®*>. This led to the identifica-
tion of 2,664 potential silencer regions with a false discovery rate
(FDR) cutoff of 0.01 in K562 cells (Fig. 1b,c, Extended Data Fig. 1b,
Supplementary Fig. 5 and Supplementary Table 1). The major-
ity of these potential silencer regions were in promoter regions,
introns and intergenic regions (Fig. 1d). To validate the transcrip-
tional repressive activity of the identified silencer regions, seven
regions identified from the screen with the lowest FDR were cloned
upstream of a luciferase plasmid with a phosphoglycerate kinase
(PGK) promoter. Very strong repressive activity was observed
from the silencer fragments in K562 cells in six out of seven cases
(Fig. 1e). In addition, testing of five silencers from the bottom of
our silencer list revealed that three showed significant repressive
activity (Extended Data Fig. 2a), suggesting that the high threshold
used for calling positives (FDR=0.01) was adequate. The majority
of randomly selected regions (eight out of nine) from the library
did not show repressive ability (Extended Data Fig. 2b). These data
indicate that most fragments identified in our screen are silencers
and, in addition, suggest that the activity of most silencers was not
limited to the specific promoter used in the initial screen (that is,
the EF-1a promoter in Fig. 1a).

To test whether the silencers can repress their native endogenous
genes, three silencer regions from Fig. le were deleted from their
native loci. Silencer regions located in the intron regions of genes
HRH]I, SYNE2 and CDH23 were deleted using paired CRISPR guide
RNAs that targeted both sides of the individual silencer region. K562
silencer knockout clones were isolated, and significant up-regula-
tion of the respective genes was observed in each case (Extended
Data Fig. 3). These data indicate that silencers identified in the ReSE
screen repress the transcription of their nearby endogenous genes.

ReSE identifies tissue-specific and conserved silencers. Since
large-scale analysis of silencers has not previously been performed,
we wanted to determine whether they were common across cell
types or whether they function in a tissue-specific manner, similarly
to enhancers™*". We used the same screening library to test whether
a different pool of silencers was enriched during differentiation of
K562 cells; the rationale was that, if most silencers are common
across cell types, we would isolate many of the same DNA sequences
found in the K562 screen. If the silencers are cell-type specific, the
overlap should be modest. K562 cells were treated with phorbol
12-myristate 13-acetate (PMA) to induce megakaryocytic differen-
tiation. Repeating the ReSE screen in these PMA-treated cells iden-
tified a different set of 1,245 silencers compared to those identified
in the original K562 cells (Extended Data Fig. 4 and Supplementary
Table 2). This result suggests that silencers may function in a tissue-
specific manner.

To further test this observation, we repeated the ReSE screen
on HepG2 cells (of hepatocyte origin) using the same ReSE library
made from the K562 FAIRE enrichment. Again the rationale was
that if the two cell types shared common silencers there would be
substantial overlap in the silencers between both cell types. Two
independent biological ReSE screens of HepG2 cells led to the
identification of 1,662 potential silencer regions with FDR=0.01
(Fig. 2a, Extended Data Figs. 5 and 6, Supplementary Fig. 6 and
Supplementary Table 3). Although these silencer regions shared
a similar overall genomic distribution with K562 cells (Extended
Data Fig. 6b), only a small fraction (>2% of the total) of the silencer
regions was shared between these two cell lines, indicating that the
majority of the silencers that we identified, similarly to enhancers,
may exert their function in a tissue-specific fashion (Fig. 2b and
Supplementary Fig. 6b). However, as we applied a very stringent
FDR cutoff to identify silencers in the respective cell lines, we may
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have underestimated the percentage of conserved silencers among
different tissues. Nonetheless, the data suggest that many silencers
may be tissue specific.

We next directly investigated whether the small percentage
of the shared silencers found in K562 and HepG2 cells might be
ubiquitous silencers and act in different cell types. To examine this
possibility, seven of the silencer regions shared by both K562 and
HepG2 screens were tested using the luciferase assay, of which three
were found to be repressive in both cell types (Fig. 2¢). In addition,
repression activity was also observed for five out of the seven com-
mon regions tested in 293T cells, suggesting these regions may be
cell-type-independent silencers. It should be noted that silencers
were called using a stringent algorithm within individual cell lines,
and the false-negative rate may be higher when comparing silenc-
ers among cell lines; certain top-ranked silencers from HepG2 cells
also showed some repressive activity in K562 cells (Extended Data
Fig. 6a). We also noted that the FDR was higher in HepG2 cells, pre-
sumably because the screen library was made from FAIRE regions of
K562 cells and we might not have identified the strongest silencers
in HepG2 cells. Overall, our current data suggest that the majority of
silencers may be cell-type specific, with a small number operating in
two or more cell lines (Fig. 1e and Extended Data Figs. 2a and 6a).

Since the majority of silencers identified by ReSE screen may
function in a tissue-specific manner, we further tested whether
silencers associate with genes in unique pathways. Pathway analy-
ses using ingenuity pathway analysis revealed unique pathways with
strong confidence (that is, lower Pvalue) for the proximal genes
associated with silencers identified from the different cell types. We
employed two different methods to identify proximal genes that
may be regulated by silencers in K562 and HepG2 cells: (1) the pres-
ence of silencers only in the promoter regions (10kb surrounding
transcription starting sites (TSS); Supplementary Tables 4 and 5);
and (2) the presence of silencers in both promoter regions (1 kb sur-
rounding TSS, which is a more stringent definition)’>** and gene
bodies, since many silencers were enriched in the intron regions
(Fig. 2d,e and Supplementary Tables 6 and 7). When the presence
of silencers in both promoters and gene bodies was considered, in
K562 cells, protein kinase A signaling and actin cytoskeleton signal-
ing pathways were among the top pathways enriched for silencer-
associated genes (Fig. 2d and Supplementary Table 6). Since K562
cells are a myeloid cell line growing in suspension culture, it is likely
that the actin cytoskeleton signaling pathway is repressed or poised
for activation as compared to adherent cells”. In contrast, neuro-
nal pathways and cardiac pathways were the top genes that lay near
silencers isolated from HepG2 cells (Fig. 2e and Supplementary
Table 7). Such pathways are also expected to be repressed, since
HepG2 cells were derived from a hepatic cell lineage.

Silencers consist of unique genetic and epigenetic signatures.
Functional regulatory elements are usually present in defined
chromatin states'®*. For instance, enhancer regions are often
marked by modifications such as H3K4mel and H3K27ac". To
determine the chromatin states of silencer regions identified by
ReSE, the recovered regions from K562 and HepG2 were first clas-
sified based on the ENCODE chromatin definitions'**. More than
one-quarter of the silencers were enriched in either the weak tran-
scription chromatin state (P <2.2x107'¢, one-sided binomial test
using the screen library as the background) or the repressed state
(P=3.325%107°, one-sided binomial test; Fig. 3a and Extended
Data Fig. 7a). This indicates that silencers may be associated with
specific chromatin modifications that might be necessary for exer-
tion of their silencing function.

To further examine the epigenetic marks and transcription
factors that may be enriched in the silencer regions, a permuta-
tion-based test was performed to associate silencer regions with
available datasets from the ENCODE project*. When histone

NATURE GENETICS | VOL 52 | MARCH 2020 | 254-263 | www.nature.com/naturegenetics


http://www.nature.com/naturegenetics

NATURE GENETICS ARTICLES

a b
S
= HepG2 only Shared K562 only
1,598 64 2,600
0
o 6140 Lo
c ° Il K562
120
* * * * ° * * * * * * * * *
o
32 1% : :
[ of =
g -9 o o )
£ o
58 © - p .
b o
sz
3 QE_, 60 0 ° R
Qo
o 3
o <
Ta@ 40 :
Sa
- 9 .
20 3 :
o -
" - pGL4.53
Silencer regions
d e
Nitric oxide signaling in the CVS Breast cancer regulation by stathmin1
2 2
‘g Estrogen receptor signaling g Role of NFAT in cardiac hypertrophy
<
:
% Molecular mechanisms of cancer <  Neuropathic pain signaling in dorsal horn neurons
S Actin cytoskeleton signaling g CREB signaling in neurons
O
Protein kinase a signaling GNRH signaling
T T T T T T T 1 T T T T T T T 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
—log,,(P value) —log,,(P value)

Fig. 2 | Conserved and tissue-specific distribution of silencers. a, ReSE screen results from two biological replicate experiments in HepG2 cells. Each dot
represents one tested fragment, its position indicating the location of that fragment within the respective chromosome. Dot height indicates -log,,(FDR) of
enrichment of ReSE fragments after induction of apoptosis compared with cells not treated with dimerizer. Cutoff value of FDR=0.01. See Methods for detailed
information. b, Comparison of silencer regions identified from K562 and HepG2 cells. Overlapping was not random, as determined by permutation tests

(n of testing=20,000, adjusted P=0.00005). ¢, Luciferase assays to determine the repressive activity of shared silencers from K562 and HepG2 cells. Silencer
regions were cloned by PCR from the genomic DNA of K562 cells into luciferase reporter plasmid pGL4.53. 293T cells were used as the control cell line and
empty pGL4.53 plasmid was used as the control for baseline luciferase activity. The yaxis represents the percentage of luciferase activity compared to that with
pGL4.53 empty plasmids in the respective cells (n=3 biological independent samples; bars show mean value +s.e.m.; *P< 0.05, calculated using two-sided
Student's t-test). d,e, Top canonical pathways enriched in gene sets containing silencers in K562 cells (d) and in HepG2 cells (e). CVS, cardiovascular system;
NFAT, nuclear factor of activated T cells; CREB, cAMP response element-binding protein; GNRH, gonadotropin-releasing hormone. All precise Pvalues are
provided in the Source Data.

marks were analyzed, H4K20me-modified chromatin was signifi- modification remains complex, as both transcriptional repression
cantly co-associated with silencers from both K562 and HepG2 and activation have been associated with this mark*. Interestingly,
cells (Fig. 3b and Extended Data Fig. 7b). The role of H4K20me different heterochromatin histone marks, each associated with gene
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K562 cells. All precise Pvalues are provided in the Source Data.

inactivation, were found to associate with silencers isolated from
K562 (H3K9me3; Fig. 3b) and HepG2 cells (H3K27me3; Extended
Data Fig. 7b). This difference may be due to the fact that the initial
silencer screen library was constructed from K562 cells, and these
silencers may represent a different pool in HepG2 cells. In addition
to histone marks related to silencing, H3K36me3 and H3K79me2,
both active histone marks, were also significantly associated with
silencers. It has been suggested that, when combined with other
histone marks, active marks such as H3K36me3 can be found in
heterochromatin regions*. This finding is also consistent with the
observation that the identified silencers are enriched in weak tran-
scription chromatin states (Fig. 3a and Extended Data Fig. 7a). We
note that the selected silencer regions that were targeted for knock-
out in K562 cells (Extended Data Fig. 3) all showed the presence of
the H4K20me modification (Supplementary Fig. 7), further indicat-
ing that in these representative silencer regions, this mark may be
associated with gene silencing (Fig. 3b). In addition, these silencers
also showed overlap with H3K27me3 or H3K9me3 (Supplementary
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Fig. 7), indicating either a weak transcription chromatin state or a
repressed state (Fig. 3a).

Regulatory proteins that participate in repression might be
enriched in silencers. Therefore, a permutation-based co-associa-
tion test was performed between silencers and regions bound by
transcription factors in both K562 and HepG2 cells*’. In K562
cells, CHD4 and NCoR were significantly enriched in silencer
regions (adjusted P=0.0008; Fig. 3c). A different set of transcrip-
tion factors, for example EZH2 and REST, were enriched in HepG2
cells (Extended Data Fig. 7c). This probably reflects the cell-type
specificity of silencers, because different cell types presumably use
different proteins to regulate silencers. While it is likely that differ-
ent cell types may employ different proteins for silencing, it is also
possible that other, unidentified, silencer proteins are common to
different cell types. It is worth noting that, among the transcription
factors tested, KAP1 and ZNF274 were not associated with silencers
identified using our open chromatin screen. This is likely because
they are primarily associated with inaccessible chromatin®, which
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is less likely to be enriched in the screen library. As controls, p300,
which is usually associated with transcription activation®, or Pol2S2
(phosphorylation of serine 2 on CTD of RNA polymeraseII), which
is usually associated with active transcription®, were also not
enriched with silencers.

To identify other potential novel factors that may recognize the
silencer regions identified by our ReSE screen, motif analyses were
performed using SeqPos*. The top known motif identified in both
K562 and HepG2 cells was the AP2 binding domain (Fig. 3d and
Extended Data Fig. 8), with P=107" and P=10"%, respectively).
Although the role of AP2 family members in transcription repres-
sion has previously been shown**, a general repressive activity of
AP2 in different tissues has not been established. Furthermore, the
motif of another known transcription repressor, KLF12, was also
enriched in K562 cells (Fig. 3e)"". In addition to motifs with known
binding factors, many de novo motifs were also identified in both
K562 (Fig. 3f) and HepG2 cells (Extended Data Fig. 8b). These
motifs are GC-rich, similarly to AP2 motifs. Our data indicate that
there may be unique factors that function in silencer regions that are
yet to be identified.

Silencers regulate proximal endogenous genes to promote
chemo-resistance. We next examined whether the silencer
regions identified by the ReSE screen have direct biological effects.
Pathway analyses based on genes that harbor silencers, in both
the promoter and gene body regions (Fig. 2d and Supplementary
Table 6), revealed that silencers were enriched in genes for an
ABC drug transporter pathway in K562 cells (Supplementary
Fig. 8; -log(P=2.671). Within the intron regions of the drug
transporter genes ABCC2 (on chromosome 10) and ABCG2 (on
chromosome 4) there exist two potential silencers (Supplementary
Fig. 9). It is possible that these silencers affect the transcription of
those genes and thus participate in response to drug treatment
(Fig. 4a). Luciferase assays showed that these silencer regions
have repressive activity, and they repressed the transcription of
the pGL4.53 reporter by 50% (ABCC2 locus silencer) and 80%
(ABCG2 locus silencer) (Fig. 4b).

The silencers in the ABCC2 and ABCG2 loci were targeted with
flanking CRISPR gRNAs to delete the regions from the genome
(Fig. 4a), and K562 cell clones with the complete knockout of the
silencer within ABCC2 (Fig. 4c) and ABCG2 (Fig. 4d) were derived.
Transcription of genes ABCC2 and ABCG2 was significantly up-
regulated in these clones, and such up-regulation was unrelated to
puromycin selection since control knockout clones did not show
this strong increase (Fig. 4e,f; additional clones and comparisons
among all individual clones with control knockout clones are
shown in Extended Data Fig. 9). In contrast, knocking out the same
silencer regions did not induce significant up-regulation of ABCC2
in 293T cells, or only modestly up-regulated the ABCG2 gene in
293T cells (Extended Data Fig. 9), in accordance with the luciferase
assay in Fig. 4b, further indicating that silencers function in a tissue-
specific manner. As a result of the transcriptional up-regulation of
drug transporters, these knockout clones are more resistant to che-
motherapeutic drug treatments compared to the parental cell line
(Fig. 4g), suggesting that silencer regions may affect drug sensitivity.

When local epigenetic modifications were examined, the silencer
region in the ABCC2 gene was marked with H2A.Z and H3K27ac
(Supplementary Fig. 9), whereas the silencer region in ABCG2
overlapped with H3K27me3 and had the H4K20me modification
residing nearby (Supplementary Fig. 9). The latter mark is consis-
tent with the results presented in Fig. 3b and Supplementary Fig. 7.
In addition, the gene bodies of both ABCC2 and ABCG2 were
largely covered by H3K27me3 modification, indicating a repressed
state of these genes. These two silencer regions were not covered
by the H4K20me mark (although the silencer in the ABCG2 locus
showed H4K20me in close proximity).
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Silencers regulate transcription in the three-dimensional
genome. Cis-regulatory elements often regulate not only a single
gene but a group of genes within a TAD***. To test whether this
occurs for the ReSE-identified silencers, Hi-C data from K562 cells
were integrated to define the different domains surrounding the
silencer within the ABCC2 gene®*' (Fig. 5a). Hi-C data indicate
that one TAD contains the silencer within the ABCC2 gene in K562
cells (Fig. 5a). Furthermore, in this TAD a chromatin loop connects
both the ABCC2 and CPNI genes (Fig. 5b), as defined by chroma-
tin interaction analysis by paired-end tag sequencing (ChIA-PET)
assays targeting RAD21 and CTCF*. This result raises the possibil-
ity that the silencer within the ABCC2 gene may also regulate the
CPNI gene.

Transcriptional changes of genes from two topologically distinct
domains were thus tested between control and knockout cell lines
using quantitative PCR (qPCR) assays. We found that, similarly to
enhancers®, silencers also acted on genes within the same chro-
matin loop domain because the CPNI gene was significantly up-
regulated in the K562 ABCC2 silencer knockout cell line (12-fold;
Fig. 5¢, right with yellow bar), in which the ABCC2 gene was also
strongly up-regulated (300-fold; Figs. 4d and 5c). Strong gene up-
regulation was confined to only these two genes within the TAD
(Fig. 5a, yellow domain containing ABCC2 gene), in contrast to
genes located in a nearby distinct TAD (Fig. 5c, left with blue bar).

To globally identify distal genes that may be regulated by
the silencers, capture Hi-C data that profiled interactions with
31,253 promoter regions from human primary blood cells® were
integrated with silencers identified from K562 cells. Since K562 cells
resemble a common myeloid progenitor origin that is similar to that
of many of the cell types in blood and can be differentiated into
many of these cell types, whole-blood data should contain many
of these regulatory regions. Silencer regions identified by ReSE in
K562 cells interacted with approximately 4,000 promoter regions
(Supplementary Table 8; permutation test adjusted P=4.99x 107,
n=20,000), suggesting that ReSE silencers can directly interact with
many promoter regions.

For direct testing of the effect of promoter-silencer interactions
in K562 cells, chromosome conformation capture carbon copy (5C)
data from ENCODE reporting long-range interactions between
promoter regions and distal elements were examined™. However,
these 5C experiments targeted only 1% of the genome*!. We inter-
sected 5C data with the silencer regions identified in K562 cells
and found five genes that directly interact with silencer regions
(Fig. 5d and Extended Data Fig. 10a). Among these interactions,
genes NRXN2, TMC4 and FOXP4 showed extremely low expression
(fragments per kilobase exon per million mapped reads (FPKM) < 2)
based on RNA-seq data in K562 cells” (Fig. 5d and Extended Data
Fig. 10b), and an additional gene, RASGRP2, showed low expres-
sion (FPKM < 10; Fig. 5d and Extended Data Fig. 10b). When these
silencers were removed individually with flanking CRISPR gRNAs
in K562 cells, four out of five genes were up-regulated signifi-
cantly in the respective clones (Fig. 5e). These data further support
the suggestion that silencers may also interact with, and regulate,
distal genes.

Discussion

Although only approximately 2% of the human genome contains
coding sequences that can be translated into proteins, many non-
coding regions contain unique sequences that can be recognized by
chromatin modifiers and transcription factors as candidate regu-
latory elements. Although systematic analysis of promoters and
enhancers has been performed previously’>™", a global analysis of
silencers has not been described. In our study, a robust screening
system, ReSE, was developed to systematically identify silencer
elements in the human genome. ReSE utilizes a lentiviral system
to test the ability of candidate genomic fragments to repress the
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used as the control cell line and empty pGL4.53 plasmid was used as the control for baseline luciferase activity. The y axis represents the percentage

of luciferase activity compared to that with pGL4.53 empty plasmids in the respective cells (n=3 biological independent samples; bars show the mean
value +s.e.m.; P<0.05, calculated using two-sided Student's t-test). ¢,d, Knockout (KO) silencer from genes ABCC2 (¢) and ABCG2 (d) using CRISPR-Cas9.
PCR result showing the removal of the silencer in two K562 cell clones, which is the representative result of two experiments. The blots were cropped. Full
scans of the blots are shown in Source Data. e f, Expression of ABCC2 (e) and ABCG2 (f) quantified by gPCR (n=3 biological replicates of the same clones;
bars show mean value +s.d.; *P < 0.05, calculated using two-sided Student's t-test). g, Drug resistance promoted by the up-regulation of ABCC2 and
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t-test. Doxo, doxorubicin; Daun: daunorubicin; Etop, etoposide). All precise Pvalues are provided in the Source Data.

caspase-based ‘kill switch’ for the enrichment of potential silenc-
ers. In principle, other plasmid-based reporter assays normally used
for assessment of enhancers and promoters could also be used to
evaluate silencer activity. However, these systems rely on RNA-seq
and therefore may be better suited to evaluating activation rather
than repression. Despite the fact that fewer genomic regions are
individually assayed in the lentiviral system than in other plasmid-
based reporter assays, the ReSE lentiviral method can be used to
directly select for regions of interest and, in addition, it can over-
come the plasmid-transfection-related systematic errors that have
been realized recently™. Nonetheless, akin to other genome-wide
screen systems that are intrinsically noisy, ReSE is also limited by

260

false-positive and false-negative discovery, and therefore multiple
biological replicates are recommended for the screen to increase the
statistical power. Although silencer regions may exist in different
genomic regions with distinct chromatin structures, to prioritize the
testing regions in the human genome, we analyzed open chromatin
regions because these are accessible for regulatory factors and might
directly exert repressive functions rather than passively be silenced
through repressive heterochromatin. The ReSE screen reliably iden-
tified silencer fragments in different cell lineages. Our results sug-
gest that many of the silencers that we identified may function in a
tissue-specific manner. Nonetheless, it is possible that a large and
common pool of shared silencers exists in different tissues, as the
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http://www.nature.com/naturegenetics

NATURE GENETICS

ARTICLES

current ReSE screen library was derived from only FAIRE regions
of K562 cells and silencers were identified using a stringent cutoff.
These data indicate that silencers may play an important role in the
development and regulation of tissue differentiation. Unique motifs
are present in the silencers that could potentially be recognized by
specific factors to exert repressive functions.

Although the majority of silencers may be present in transcrip-
tionally inactive states, presumably some accessible DNA still exists
in these chromatin regions that can be isolated using FAIRE*"*.
In agreement with this interpretation, silencers were found in the
vicinity of genes that are poised for responses or repressed during
differentiation. Silencers may possess a unique combination of his-
tone signatures (Fig. 3b, Extended Data Fig. 7b and Supplementary
Figs. 7 and 9). Such chromatin states may be the result of the rec-
ognition of silencers by repressive transcription factors. Since the
current ReSE screen was focused on accessible chromatin regions
with a fixed testing size (around 200bp), the resulting signatures,
such as histone modifications, transcription factor associations and
sequence motifs, may also be biased towards a particular class of
silencers using this library. It is possible that there are many dif-
ferent transcription factors recognizing their respective subclusters
of silencers within distinct cell types (Fig. 3c and Extended Data
Fig. 7c). Future genome-wide analysis of silencers is required
to provide a clearer picture of all possible silencing signatures.
Systematic identification of silencers in this way helps to further
our understanding of the relationship between repressed chromatin
states and gene silencing.

Thus far, investigations of drug responses or disease progres-
sion often focus on the coding regions of genes, or known regula-
tory regions such as promoters and enhancers’**-*. For instance, a
recent CRISPR activation screen targeting promoter regions led to
the identification of ABCG2 as an important drug-resistant player in
K562 cells®’. We found that deletion of silencers within drug trans-
porter genes ABCC2 and ABCG2 also led to the up-regulation of
these genes and chemotherapeutic drug resistance, suggesting that
silencer-mediated transcription repression may be another layer of
regulation contributing to important medical phenotypes. Thus, it is
expected that phenotype-associated genetic variants in silencers may
affect drug responses (Supplementary Fig. 10), disease initiation and
progression, and may be considered as candidates for precision med-
icine. Furthermore, many diseases are caused by haplo-insufficiency

>
>

Fig. 5 | Regulation of distal genes by silencers. a, TADs identified by

Hi-C data. Arrow indicates the relative location of the silencer. Yellow

and blue bars indicate distinct TADs. DHSs, DNase | hypersensitive sites.
b, ChlA-PET interactions identified using RAD21 (blue, component

of cohesin complex) and CTCF (red) surrounding the ABCC2 gene.

¢, Transcription of genes within different TADs quantified by gPCR. The
blue bar indicates genes that do not reside in the same TAD as the ABCC2
gene; the yellow bar indicates genes that reside in the same TAD as the
ABCC2 gene (n=3 biological replicates of the same clones; bars show
mean value +s.d.; *P<0.001, calculated using two-sided Student’s t-test).
d, Direct interaction of silencers with promoters of distal genes from 5C
analysis. Red arrow indicates the silencer region, and blue arrow shows
the significant interaction region of genes. Significant interaction arcs

are highlighted in blue. e, Gene up-regulation by removal of promoter-
interacting silencers from endogenous regions. Paired CRISPR gRNAs
were designed to target both sides of the selected silencers identified in

d and in Extended Data Fig. 10a. Single clones were selected and verified
by PCR (upper), which is the representative result of two experiments.
The blots were cropped. Full scans of the blots are shown in Source Data.
The expression of respective genes with promoter-silencer interactions
was quantified by gPCR (lower) (n=3 biological replicates of the same
clones; bars show mean value +s.d.; *P < 0.05, calculated using two-sided
Student'’s t-test). All precise Pvalues are provided in the Source Data.
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or insufficient gene expression. This can be effectively rescued by
the newly developed CRISPR-dCas9-mediated activation technol-
ogy, by targeting either the promoter or enhancer regions of the
relevant genes®~*. However, unlike the CRISPR-Cas9-mediated
genomic editing/correction that requires only transient expression
of CRISPR-Cas9 (refs. **¢), the activation system requires con-
stant expression of CRISPR-dCas9. Therefore such regulation is
often reversible®®, which may not be ideal for future applications
in human diseases. As shown in our data, because genomic editing
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of the silencer regions can lead to gene up-regulation, inactivation
of silencer regions could be complementary to the CRISPR-dCas9-
mediated activation system in the treatment of many diseases. As
such, systematic identification of silencers in the genome by using
the ReSE screen may not only provide insights into the biology of the
genome, but also assist in personalized medicine.
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Methods

Cell culture. K562 cells were cultured in RPMI 1640 with L-glutamine, 10% fetal
bovine serum (FBS) and Pen-Strep. HepG2 cells were cultured in DMEM, 10% FBS
and Antibiotic-Antimycotic. Cell density and culture conditions were maintained
according to the ENCODE Cell Culture Guidelines.

Library construction. FAIRE was performed using K562 cells as previously
described”**”". Briefly, 5x 107 K562 cells were fixed with a final concentration of
1% formaldehyde for 5 min, followed by the addition of 2.5 M glycine to a final
concentration of 125 mM and cells were incubated for 5min at room temperature
while shaking. Cells were then lysed in 5ml of lysis buffer 1 (50 mM HEPES-KOH,
pH 7.5,140mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton
X-100) and rocked at 4°C for 10 min. The tubes were subsequently centrifuged
at 1,300g for 5min at 4°C and the supernatant was removed. The pellet was
suspended in 5ml of lysis buffer 2 (10 mM Tris-HCI, pH 8.0, 200 mM NaCl,
1mM EDTA, 0.5mM EGTA), rocked at room temperature for 10 min, and
centrifuged at 1,300g for 5min at 4°C, and the supernatant was removed.
The pellet was then suspended in 2ml of lysis buffer 3 (10 mM Tris-HCI,
pH 8.0, 100mM NaCl, 1 mM EDTA, 0.5mM EGTA, 0.1% Na-deoxycholate, 0.5%
N-lauroylsarcosine). Cells were then sonicated in bioruptor tubes with sonication
beads for 16 cycles for 30s each followed by 30-s incubation periods at 4°C.
The tubes were centrifuged at 3,000 r.p.m. for 5min at 4°C, an equal volume of
phenol/chloroform (phenol, chloroform and isoamyl alcohol 25/24/1 saturated
with 10mM Tris, pH 8.0, 1 mM EDTA) was added to the lysate and the aqueous
phase was separated with phase lock gel. DNA from the aqueous phase was
then precipitated with ethanol at —-80 °C. The pelleted DNA was reverse cross-
linked and processed according to the Illumina sequencing library preparation
protocol. After Illumina adapters were ligated, fragments were size-selected
for 200 bp. PCR procedures using Phusion High-Fidelity PCR 2X Master Mix
and PCR primers 1.0 and 2.0 for Illumina TruSeq adapters were: 98 °C for 30,
12 cycles of 98°C for 10s, 65 °C for 30s and 72 °C for 30s, and 72°C for 5min.
Half of the fragments were further processed for next-generation sequencing
using the Illumina MiSeq platform, to confirm that the FAIRE process had
enriched the proper open chromatin regions. The other half was amplified
using primers containing additional sequences by PCR for downstream Gibson
assembly. Primer sequences for using Phusion High-Fidelity PCR 2X Master were:
ACTCCTTTCAAGACCTAGCTCAAGCAGAAGACGGCATACGAGAT; ATCCAG
TTTGGTTAATTAAGAATGATACGGCGACCACCGAGATCTACACTCTTTCC
CTAC. PCR procedures were: 98 °C for 305, 8 cycles of 98°C for 105, 65°C for 30s
and 72°C for 30s, and 72 °C for 5min. These fragments were then gel-purified.
The ReSE screen lentivirus vector pLenti-FKBP-delCasp9-Puro was designed
based on plasmids from Addgene (nos. 15567 and 52961)*”". EF-1a, a human
constitutive promoter, was used to drive the expression of FKBP-Casp9 and the
UbC promoter was used to drive the expression of a puromycin-resistance gene.
We reasoned that strong silencer activity would have limited effects on the virus
packaging and subsequent puromycin selection, as shown in a retrospective
experiment that virus titer and the subsequent puromycin selection were not
affected by silencer insertions in the screen plasmid (Supplementary Fig. 11).
However, we cannot rule out that there might exist ‘super-silencer’ fragments
that would affect virus production or puromycin expression. pLenti-FKBP-
delCasp9-Puro plasmids were digested with BsmBI enzyme and gel-purified.
The FAIRE fragments were then inserted into the digested plasmids, 15bp
upstream of the EF-1a using Gibson Assembly. The rationale was to identify a
class of strong and more general silencers that are able to repress transcription
upstream of the constitutive promoter EF-1a. The assembly mix was made using
50 ng of insert DNA, 50 ng of digested plasmids and 10 pl of 2X Gibson Assembly
Master Mix to produce a final volume of 20 pl. The assembly mix was incubated
at 50°C for 60 min, then 2 pl of the mix was electroporated into 25 ul of Endura
electrocompetent cells to test the transformation efficiency. The electroporation
was scaled to reach approximately 160,000 colonies, which were plated on four
245-mm Petri dishes with 100 pgml' carbenicillin. Colonies were then scraped
and plasmid DNA extracted using the Qiagen Maxiprep Kit.

Lentivirus production and infection. The 293T cells were grown in five T175
flasks at 50% confluency before transfection. For each flask of 293T cells grown

in 25 ml of fresh medium, 15 pg of library plasmids, 10 ug of psPAX2, 5ug of
pCMV-VSV-G and 90 pl of X-tremeGENE 9 DNA Transfection Reagent were
mixed in 1 ml of serum-free medium and used for transfection. Fresh medium was
added the day following transfection. Media supernatant containing virus particles
was collected on the second and third days after transfection, pooled and further
concentrated using Lenti-X according to the manufacturer’s protocol. Virus titer
was then determined by making serial (10~ to 10-') dilutions of 4 ul of frozen virus
supernatant in media containing 8 pgml™' of polybrene to infect 293T cells. Two
days after infection, cells were selected with 2 pgml~' puromycin for an additional
7d. Virus titer was then calculated based on the survival colonies and the related
dilution. K562 cells and HepG2 cells were then infected with the same virus library
at multiplicity of infection=0.5 by spin-infection. For spin-infection, 3 x 10° cells
in each well of a 12-well plate were infected in 1 ml of medium containing 8 pg ml!
of polybrene. In total, four plates were used for each infection to analyze a total

of 1.5x 108 cells. Two days after infection, cells were selected by 2mgml™ of
puromycin for a further 5d. For each biological replicate experiment of both K562
and HepG2 cells, the infection was repeated and cells were infected with lentivirus
from the same pool of virus containing the same library content.

Silencer screen. After puromycin selection, 3.5 % 10° K562 cells were frozen as
non-treated control. A separate aliquot of 3.5x 10° cells was treated with 1 nM

of AP20187 for 18h to induce apoptosis. Dead cells were then removed with a
Dead Cell Removal Kit (Miltenyi Biotec). In the screen of K562 cells, we retrieved
45.6% of live cells compared to the original input cell number after 18 h of
AP20187 treatment. When cell growth of the live cells during this 18-h period is
also considered, the real survival rate should be around 30.4% (considering that
the normal doubling time of live K562 cells is 24 h). In addition, there are also
some other scenarios—for example, although cells with virus infection survived
puromycin selection (as expression of the puromycin-resistance gene is under
another independent promoter, UbC), the expression of FKBP-Casp9 was silenced
by other machinery within the cells. Alternatively, cells were still in the early stage
of apoptosis and were not removed by the live cell isolation method. These are
potential reasons for the higher survival rates noted. Many such false-positive
regions were removed during biological repeat experiments. Live cells were further
grown for a further 5d. Genomic DNA from 3.5 10° cells of non-treated control
cells or post-apoptosis-induction cells was isolated using the QIAamp DNA Blood
Maxi Kit, with two columns per treatment. For the K562 cell differentiation test,
the same batches of cells that were analyzed as biological replicates were recovered
from cells frozen in 10% DMSO. Cells were then differentiated with 10nM PMA
for 2d. Cells were divided into differentiated non-treated control cells while the
other half was treated with 1nM AP20187 for 18 h to induce apoptosis. Dead

cells were cleared as described previously. For HepG2 cells, the experimental
procedures were similar except that dead cells were removed by removal of the
media, since HepG2 cells are adherent cells and live cells remained attached to the
tissue culture flasks.

Library sequencing and analyses. Genomic DNA containing the ReSE lentivirus
inserts was amplified by PCR using Illumina PCR primers 1.0 and 2.0. For each
100-p] PCR reaction, 10 pg of genomic DNA, 20 pl of 5X Phusion HF buffer,

2l of 10 mM deoxynucleotide triphosphate, 2.5 pl of Phusion polymerase, 5 pl
of 25 pM 1.0 primer and 5 pl of 25 uM 2.0 primer were used. For each treatment
sample, 16 reactions were prepared and pooled. PCR procedures were: 98 °C for
305, 20 cycles of 98°C for 105, 65 °C for 30s and 72 °C for 30, and 72°C for
5min. PCR products were then size-selected and purified. Final products were
sequenced on either an Illumina MiSeq or Hiseq4000 platform. Sequence reads
were aligned using Bowtie to hg19. Approximately 100,000 regions of the 177,000
within the library were estimated to be well covered in the screen. A GFF file was
made from aligned reads pooled from all experiments. Read counts (quality >30)
were then calculated using HTSeq”. Final enrichment was calculated by
MAGeCK™, with two biological replicates for each condition. Briefly, read
counts derived from HTSeq of different samples were first median-normalized
to adjust for the effect of library sizes and read count distributions. The variance
of read counts was then estimated by sharing information across features, and a
negative binomial model was used to test whether fragment abundance differed
significantly between post-apoptosis-induction and control replicates. Pvalues
were calculated from the negative binomial model using a modified robust
ranking aggregation algorithm®. FDR was then computed from the empirical
permutation Pvalues using the Benjamini-Hochberg procedure™. Because

fold enrichments are only semi-quantitative, fragments with FDR <0.01 were
considered as significant hits for downstream analyses and the list of silencers
was sorted based on FDR values from low to high.

Luciferase assay. Candidate silencer sequences were amplified with primers
containing a homologous arm using PCR from the genomic DNA of K562 cells.
These fragments were then inserted in front of the PGK promoter of the luciferase
plasmid pGL4.53 (Promega) using Gibson assembly. Cells were then co-transfected
with the pRL-CMYV Renilla reporter vector and the pGL4.53 vector with the
silencer sequence inserted. The luciferase assay was performed using the Dual-

Glo Luciferase Assay Kit from Promega according to the manufacturer’s protocol.
Original luciferase plasmid without any insertion was used as the control. All
luciferase assays were from three independent transfections performed on different
days. All tested regions and associated primers are listed in Supplementary Table 9.

Pathway analyses. Proximal genes around silencers were defined as either

(1) the presence of silencers in the promoter regions only (10kb surrounding TSS
or (2) the presence of silencers in both promoter regions (1kb surrounding TSS)
and gene bodies. Pathway analyses were performed using proximal genes with
ingenuity pathway analysis.

CRISPR-Cas9-guided silencer knockout. Guide RNAs targeting the 5' and 3'ends
of the silencer were designed using Zhang Lab (http://crispr.mit.edu/). The gRNA

sequence was cloned into the PX459V2 plasmid containing the gRNA scaffold and
Cas9 sequence. Two CRISPR-Cas9 plasmids targeting both the 5' and 3' end of the
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silencer were co-transfected into the cells. Cells were then selected for successful
transfection using puromycin. Single clones of cells were picked and verified using
PCR and Sanger sequencing. Gene expression of target genes was quantified using
qPCR, and normalized to the expression of the housekeeping gene GAPDH. All
tested regions and associated primers are listed in Supplementary Table 9.

Downstream informatic analyses. Genomic annotation of silencer regions was
analyzed using the R packages ChIPseeker and CEAS""”*. Motif analyses were
performed using Cistrome*'. For Motif analyses, only those silencers outside the
promoter regions were used for analyses to reduce bias from motif-rich promoter
regions, though we did not observe major differences using all silencers or only
silencers outside of the promoter regions for motif analyses. Region intersections,
comparisons, binomial testing and other downstream analyses were calculated
using R, ChIPpeakAnno, Galaxy or Cistrome*’*”. Enrichment of chromatin states
was calculated using a one-sided binomial test against the whole ReSE library

as the background. ChIP-seq data from ENCODE and dbSNP147 data were
downloaded from the UCSC Genome Browser Database with the hgl9 genome
assembly”®. Association of histone modifications and transcription factor binding
regions with silencers was calculated using ChIPseeker”. Enrichment analysis
was based on permutation tests using 20,000 random permutations. The Pvalue
was then calculated and multiple comparison corrections were computed using
the Benjamini-Hochberg procedure for the adjusted Pvalue®. For comparison

of silencers with capture Hi-C data from human primary blood cells* or 5C data
from K562 cells™, silencer regions identified from the ReSE screen in K562 cells
were intersected with the distal regions that interacted with the promoter regions
from the respective studies. Hi-C, ChIA-PET and 5C data of K562 cells were used
and visualized using genome browsers™=>"*",

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The sequencing data are available at GEO under accession number GSE108536.
Source data for Figs. 1-5 and Extended Data Figs. 2, 3, 6,7, 9 and 10 are available
with the paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| ReSE screen results from K562 cells. (a) The genome is split into bins of 1000 bp. For each bin, the number of reads found in each
sample is counted. All regions were included. Spearman correlation was used to calculate the correlation efficiency among all 4 samples. (b) ReSE screen
results from two biological replicate experiments in K562 cells. Each circle represents one tested fragment. The y-axis indicates the FDR of enrichment
of the ReSE fragments after induction of apoptosis compared with untreated control cells. The size of the circle indicates the fold enrichment of ReSE
fragment counts of apoptosis-induction samples over untreated control after normalization. The red line indicates the cutoff value of FDR at 0.01.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Luciferase assays to determine the repressive activity of regions from K562 cells. Silencer regions ranked on the bottom of the list
based on the FDR value (a) or random regions from the screen (b) were cloned by PCR from the genomic DNA of K562 cells, and then inserted upstream
of the promoter of a luciferase reporter plasmid pGL4.53. The 293T cells were used as the control cell line to control for cell-type dependent repressive
activity, and the empty pGL4.53 plasmid was used as the control for the baseline luciferase activity. The Y-axis represents the percentage of luciferase
activity compared to the pGL4.53 empty plasmids in the respective cells (n=3 biological independent samples; the bars show the mean value + S.E.M;

*P value < 0.05, calculated using two-sided Student's t test). All exact P values are provided in the Source Data.
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Extended Data Fig. 3 | Gene up-regulation by removing silencers from endogenous regions in K562 cells. Three silencers from (Fig. 1e) are in the
intron regions of genes HRHT (a), SYNE2 (b) and CDH23 (c). Paired CRISPR guide RNAs were designed to target both sides of the selected silencer to
remove it from the endogenous locus. Single clones were selected and verified by PCR (upper panel), which is the representative result of 2 experiments.
The expression of the respective genes was quantified by gPCR (lower panel). (n=3 biological replicates of the same clones; the bars show the mean
value +£S.D.; *P value < 0.05, calculated using two-sided Student's t test). All exact P values are provided in the Source Data. The blots were cropped.

Full scans of the blots are shown in Source Data Full Gel Extended Data Fig. 3.
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Extended Data Fig. 5 | ReSE screen results from HepG2 cells. (a) The genome is split into bins of 1000 bp. For each bin, the number of reads found

in each sample is counted. All regions were included. Spearman correlation was used to calculate the correlation efficiency among all 4 samples.

(b) ReSE screen results from two biological replicate experiments in HepG2 cells. Each circle represents one tested fragment. The y-axis indicates

the FDR of the enrichment of the ReSE fragments after induction of apoptosis compared with the untreated control cells. The size of the circle indicates
the fold enrichment of ReSE fragment counts of the apoptosis-induction samples over the untreated control after normalization. The red line indicates
the cutoff value of FDR at 0.01.
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Extended Data Fig. 7 | Unique signatures in silencer regions from HepG2 cells. (a) Distribution of silencer regions in the respective chromatin states

in HepG2 cells. (Txn, transcription; Repressed, Polycomb repressed; lo, low signal; CNV, copy number variation). Colored wedges indicate the chromatin
states that are significantly enriched compared to the library background distribution (P value < 0.001, one-sided binomial test). (b) Association of histone
modifications with silencers in HepG2 cells. The y-axis indicates the significance of the enrichment of histone modifications with silencer fragments.
The size of the circle indicates the ratio of silencers covered by the respective histone modification (scale, 0-1). The enrichment analysis is based on
permutation tests using 20,000 random permutations. The P values were calculated and multiple comparison corrections were computed using the
Benjamini-Hochberg procedure. The red line shows the cutoff of the adjusted P value < 0.05. (c) Association of transcription factors with silencers in
HepG2 cells. The y-axis indicates the significance of the enrichment of transcription factors with silencer fragments. The size of the circle indicates the
ratio of silencers covered by the respective transcription factor (scale, 0-1). The enrichment analysis is based on permutation tests using 20,000 random
permutations. The P values were calculated and multiple comparison corrections were computed using the Benjamini-Hochberg procedure. The red line
shows the cutoff of the adjusted P value < 0.05. All exact P values are provided in the Source Data.
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Extended Data Fig. 8 | Additional top motifs present in the silencer regions from K562 or HepG2 cells. Related to Fig. 3d,e,f. Top motifs identified in the
silencers regions from K562 (a) or HepG2 (b) cells are shown.

NATURE GENETICS | www.nature.com/naturegenetics


http://www.nature.com/naturegenetics

ARTICLES NATURE GENETICS

a c e 9
K562 K562 K562 K562 293T  293T  293T 293T
K562 ABCC2 ABCC2 ABCC2 K562 ABCG2 ABCC2 ABCC2 ABCC2 ABCG2
KO silencer silencersilencer KO silencer silencer silencer silencer silencer
K562 Ctrl KO1 K562 KO L13 KO L22 K562 Ctrl K562 KO L12 293T KOL1 KOL6 KOL7 293T KO L4
700 bp * 700 bp 700 bp
700 bp
-_— ey e -— -
500 bp — son e Y e 500 bp 500 bp
] - ] -
300 bp -— -— 300 b pr— 300 bp . - e 300 bp =1
125 400 3 ° * 6 *
* *
* * * * °
100 °
° 300 o
g2 o g 4
& g 5 5
5 75 § g o g
; o 200 3 3
L L @ x
5w 5 g g
a @ = S 2
=2 =2
100
25
0 0
K562 K562 K562 293T 2937 2937 293T 2937 293T
Ksez K:gz A:ZGCZZ A';SC?Z A';ffczz KO ABCG2 ABCC2  ABCC2  ABCC2 ABCG2
; : ; ctrl silencer silencer  silencer silencer silencer
ol silencer  sfencor  sencer " KO L12 KOL1 KOL6  KOL7 KoL4
! J
* *

300
350

N

o

S
N
3
3

o~
8 3
o O 100
D 150 @
<
5 o 3
% sol ol o 07
S 40 <
©
S5 <
S S 30
3 3 s
L L
5 % 2
& 20 o
o 5 4
10 10
a o
o K562 K562 0
Ks62 K562 K562 K562 K562 K562 K562 Ks62 K5 Ks62 K5 P p P Koo . o2 - P 562
HRH1 HRH1 HRH1 SYNE2 SYNE2 KO ABCC2 ABCC2 ABCC2 ABCC2
y ' ’ > > \ N ) | HRH1 HRH1 HRH1 ~ SYNE2  SYNE2 KO ABCG2  ABCG2
silencer silencer silencer silencer silencer  Ctrl silencer silencer silencer silencer silencer  silencer  silencer  silencer silencer ctrl silencer  silencer
Ko Ko L22
KO1 KOz KO3 KOl  KO2 Kot KO L13 lene s fene P s P o

Extended Data Fig. 9 | Additional silencer knockout clones from K562 and 293T cells. Related to Fig. 4c,d e, f. Additional clones where silencer was
knocked out from the ABCC2 gene (a) or ABCG2 gene (c) in K562 cells were generated, and confirmed by PCR. The expressions of ABCC2 gene (b) and
ABCG2 gene (d) of the respective cells were quantified by gPCR. Clones where silencer was knocked out from the ABCC2 gene (e) or ABCG2 gene (g) in
293T cells were also generated, and confirmed by PCR. The expressions of ABCC2 gene (f) and ABCG2 gene (h) of the respective cells were quantified by
gPCR (For all gPCR experiments, n=3 biological replicates of the same clones; the bars show the mean value +S.D.; *P value < 0.05, calculated using two-
sided Student's t test. All PCR experiments are the representative results of 2 experiments). (i and j) Silencer knockout clones (from Extended Data Fig. 3)
were used as additional control knockout clones, since the targeted deletion regions were completely different from the ABCC2 or ABCG2 silencer regions.
The expression of ABCC2 (i) and ABCG2 (j) genes of these clones was quantified by gPCR. The expression data of all individual clones were grouped as
the control set, and compared to that of all the ABCC2 or ABCG2 silencer knockout clones (for each individual clone, n=3 biological replicates of the same
clones; the bars show the mean value +S.D.). The ABCC2 and ABCG2 genes were significantly up-regulated in ABCC2 silencer or ABCG2 silencer knockout
clones respectively (*P value < 0.05, calculated using one-sided Student's t test). All exact P values are provided in the Source Data. The blots were
cropped. Full scans of the blots are shown in Source Data Full Gel Extended Data Fig. 9.
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Extended Data Fig. 10 | Long-range interactions of silencers with distal genes. (a) Related to Fig. 5d. Direct interactions of silencers with the promoters
of distal genes as identified by the 5C data from K562 cells. The red arrow indicates the silencer region, and the blue arrow shows the interaction region of
genes. Interaction arcs are highlighted in blue. (b) Related to Fig. 5e. K562 RNA-seq data is shown for genes that interact with silencers as identified by the
5C data from K562 cells.
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