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Abstract

Background Repressor element 1 (RE1) silencing transcription factor (REST) is a transcriptional repressor abun-
dantly expressed in aging human brains. It is known to regulate genes associated with oxidative stress, inflamma-
tion, and neurological disorders by binding to a canonical form of sequence motif and its non-canonical variations.
Although analysis of genomic sequence motifs is crucial to understand transcriptional regulation by transcription
factors (TFs), a comprehensive characterization of various forms of RE1 motifs in human cell lines has not been
performed.

Results Here, we analyzed 23 ENCODE REST ChlIP-seq datasets from diverse human cell lines and identified a non-
redundant set of 68,975 loci with ChIP-seq peaks. Our systematic characterization of these binding sites revealed

that the canonical form of REST binding motif was found primarily in ChIP-seq peaks shared across multiple cell

lines, while non-canonical forms of motifs were identified in both cell-line-specific binding sites and those shared
across cell lines. Remarkably, we observed a notable prevalence of non-canonical motifs that corresponded to half
segments of the canonical motif. Furthermore, our analysis unveiled the presence of cell-line-specific REST binding
patterns, as evidenced by the clustering of ChIP-seq experiments according to their respective cell lines. This observa-
tion underscores the cell-line specificity of REST binding at certain genomic loci, implying intricate cell-line-specific
regulatory mechanisms.

Conclusions Overall, our study provides a comprehensive characterization of REST binding motifs in human cell lines
and genome-wide RE1 motif profiles. These findings contribute to a deeper understanding of REST-mediated tran-
scriptional regulation and highlight the importance of considering cell-line-specific effects in future investigations.

Background

Repressor element 1 (RE1) silencing transcription fac-
tor (REST), also known as Neural Restrictive Silencing
Factor (NRSF) is an essential transcriptional repressor
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cal RE1 motif contains a 2-bp non-conserved residue
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between two end segments. However, non-canonical
RE1 motifs have variations in the length of the middle
insertion between the two segments [8, 9], orientation or
composition of the two segments [6], and presence of just
one versus both segments [6, 10]. Rockowitz et al. [11]
compared REST binding sites of 15 different human cell
lines and McGann et al. [12] analyzed REST binding sites
on three different human brain tissues; however, these
studies analysed only canonical or limited types of non-
canonical RE1 motifs.

In our study, we performed a systematic analysis of
REST binding sites using ChIP-seq data from vari-
ous human cell lines. Our comprehensive analysis of
ENCODE [13, 14] ChIP-seq data for 23 human cell lines
identified genome-wide RE1 motif profiles as well as the
characteristics of the REST binding sites.

Results

Identification of REST binding sites

We downloaded 23 REST ChIP-seq datasets of various
human cell lines from the ENCODE database [13, 14]
for genome-wide analysis of REST binding sites. ChIP-
seq peaks were merged, and peaks in ENCODE blacklist
regions [15] or High Occupancy Target (HOT) regions
[16] were filtered out, since those regions are considered
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to be artifacts [15, 16]. Among 73,326 merged ChIP-
seq peaks, 4,351 peaks overlapping into these regions
were filtered out, and 68,975 peaks remained after the
filtration.

The number of peaks decreased until the number
of ChIP-seq experiments that shared peaks reached
19 (Fig. 1). Only 2.8% of all peaks (1,920 out of 68,975)
appeared in more than 90% of the ChIP-seq experi-
ments (21 out of 23). Some of these peaks that were
shared in a few ChIP-seq experiments might be REST
binding sites that have cell-line specific binding affinity,
but many peaks unique to single experiments might be
experimental artifacts [17]. 63.4% (43,738 of 68,975) of
the identified peaks were uniquely found in single experi-
ments, and these singleton peaks were excluded in down-
stream analyses.

Annotation of canonical and non-canonical RE1 motifs

The zinc finger domain of REST binds to the RE1
sequence motif. The canonical form of the RE1 motif
is 21-bp long, which is divided into two conserved seg-
ments with a 2-bp gap between them (Fig. 2a). Non-
canonical forms of the RE1 motif are composed of those
two segments with different length of gaps between the
two segments, different orientation of one segment
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Fig. 1 REST ChIP-seq peaks. Bar plots depict the number of REST binding sites according to the number of ChIP-seq experiments showing
the binding peaks for a total of 68,975 binding sites from 23 ENCODE human REST ChIP-seq experiments across multiple cell lines
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Fig. 2 Canonical and non-canonical forms of RET motifs. a Consensus RET motif. The arrows at the bottom indicate two segments of the RE1
motif. b The numbers of REST binding sites with the canonical RE1 motif by the numbers of ChiP-seq experiments showing the binding sites are
shown as bar plots. ¢ The number of REST binding sites with non-canonical RE1 motifs by their numbers of shared ChIP-seq experiments are shown
as bar plots. d Both canonical and non-canonical RET motifs with different orientation, composition and gap length (‘Altered gap’does not include
2 bp gap) are shown with their numbers of occurrence in ENCODE REST ChlIP-seq experiments
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(‘Convergent’ or ‘Divergent’), different order of segments
(‘Flipped’), or even loss of one segment (‘Left-only’ or
‘Right-only’) [6].

Out of 25, 237 REST binding sites excluding singleton
peaks, we identified 350 sites with canonical RE1 motifs
(Fig. 2b and Supplementary Table 2). Among them, 347
(99%) binding sites appeared in 19 out of 23 (83%) ChIP-
seq experiments (Fig. 2b). This is consistent with previ-
ous reports that canonical/consensus RE1 motifs appear
in commonly found REST ChIP-seq peaks, and not in tis-
sue-specific peaks [12]. We also identified various forms
of non-canonical RE1 motifs from REST binding sites
(Fig. 2c-d and Supplementary Table 3). Unlike canonical
forms, non-canonical motifs appeared in both cell-line
specific (i.e., those detected in a small number of ChIP-
seq experiments) sites and universal sites (Fig. 3). For RE1
half motifs (‘Left-only’ and ‘Right-only’), we applied an
additional filter to remove false positives due to shorter
motif sequences. Since the appropriate threshold for
those half motifs has not been established, we calculated
motif score-based thresholds by examining the distribu-
tion of binding sites with shared ChIP-seq experiments
(Supplementary Fig. 1). RE1 half motifs with motif scores
less than the thresholds were removed. Even after these
stringent filtrations, we found relatively high numbers of
RE1 half motifs compared to previous studies [6, 7, 10—
12]. While it is possible that some of the RE1 half motifs
we have identified may be false positives, a significant
proportion of them are likely to be true positives, as they
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reflect the tissue specificity of RE1 motif profiles (Sup-
plementary Fig. 2). Among 457 binding sites with full-
length motifs, 350 (74%) sites showed canonical motifs
with a regular length of gap (2 bp) (Fig. 2d). However, the
‘Convergent, ‘Divergent, and ‘Flipped’ forms displayed a
greater incidence of altered gap lengths (Fig. 2d), imply-
ing that REST binding requires gap lengths that vary
according to the specific conformation of the segments.

The distribution of RE1 motifs across exonic, intronic,
and intergenic regions appeared to be consistent irre-
spective of the number of ChIP-seq experiments that
shared peaks (Supplementary Fig. 3). This contrasts
with a prior investigation [12], which reported a nota-
ble bias toward promoter regions of RE1 motifs shared
across multiple tissues. This discrepancy may be attrib-
uted to differences in the respective annotation protocols
employed. Specifically, our definition of ‘upstream’ incor-
porates a region spanning 1 kb from the transcription
start site, while the definition of ‘promoter’ in the prior
study may have encompassed a larger region, given the
considerably greater proportion of ‘promoter’ sites (25—
50%) compared to our ‘upstream’ sites (~3%)”

Genome-wide RE1 motif profile

Through our analysis of 23 distinct human ChIP-seq
experiments, we derived comprehensive genome-wide
RE1 motif profiles (Fig. 3). As mentioned in the previ-
ous sections, canonical RE1 motifs (shown in black on
the heatmap) were detected in REST ChIP-seq peaks
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Fig. 3 Recurrence of REST binding loci with canonical and non-canonical RET motifs across ENCODE experiments. Among 68,975 REST ChiP-seq
peaks from 23 different ENCODE REST ChlIP-seq experiments, 4,072 peaks that have RET motifs were selected. The presented heatmap shows
genome-wide RE1 motif profiles for these 4,072 selected RE1 motif sites. Each row corresponds to a specific experiment, whereas each column
represents a distinct ChIP-seq peak. The axes are clustered and ordered based on the clustered outcomes. The ChIP-seq experiments are identified
through a three-segmented nomenclature, comprising the ENCODE identifier, cell-line name, and tissue name. Color key of heatmap — 1) White:
‘NoPeak' - no ChIPseq peak was found in the relevant genomic region, 2) Black:'Peak_cRE1'- ChIPseq peak was found in the relevant genomic
region with canonical RET motif, and 3) Other colors:‘Peak_ncRE1'— ChiPseq peak was found in the relevant genomic region with non-canonical
RET motifs; Red (Altered_gap), Blue (Convergent), Green (Divergent), Purple (Flipped), Orange (L_only), and Yellow (R_only)
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that were universally observed throughout ChIP-seq
experiments, while non-canonical RE1 motifs (shown
in red-altered_gap, blue-convergent, green-divergent,
purple-flipped, orange-L_only, and yellow-R_only on the
heatmap) were identified in both universally observed
REST ChIP-seq peaks and cell-line specific peaks. Inter-
estingly, we identified a distinct cluster of universally
observed REST ChIP-seq peaks that lacked RE1 motifs
(Supplementary Fig. 2), which could potentially serve as
promising candidate sites for novel REST binding motifs
that differ from RE1 motifs.

It is notable that clear cluster patterns of ChIP-seq
experiments by cell lines were observed (Fig. 3), with
a few exceptions in brain cell lines (PFSK-1 and SK-N-
SH) and one lymphoblast cell line of a leukemia patient
(K562). Those exceptions might be resulted from pro-
tocol differences, since two different ChIP-seq proto-
cols were used for each of the two experiments in these
cell lines. Except for these cell lines, the other ChIP-
seq experiments were well-clustered by their cell lines
representing that REST binding has cell-line specificity
for some binding sites. These distinct cluster patterns
were primarily driven by a subset of ChIP-seq peaks
that were shared by only a few experiments. Possible

Full length non-canonical RE1 motifs
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factors contributing to these cell-line specific bindings
include variations in DNA methylation [18], chromatin
status [19], and TF binding artifacts [17]. Notably, there
were also many ChIP-seq peaks lacking RE1 motifs that
were shared by only a few experiments (Supplementary
Fig. 2). However, these peaks appeared to exhibit less
cell-line specificity, as the experiments were not well-
clustered based on their cell lines.

Motif scores and TF binding

Our analysis of all full-length RE1 motifs, excluding the
‘Left-only’ and ‘Right-only’ half motifs, revealed that
RE1 motifs with higher motif scores are from ChIPseq
peaks observed in many ChIP-seq experiments (Fig. 4).
Furthermore, we observed that RE1 motifs from peaks
called in more than 21 out of 23 ChIP-seq experi-
ments had substantially higher motif scores compared
to those with peaks in fewer experiments. These find-
ings indicates that RE1 motifs similar to the consensus
sequence have universal binding affinity, while varia-
tions in the motif sequence lead to cell-line specific TF
bindings.
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Fig. 4 Motif scores and number of ChIP-seq experiments that shared peaks for full-length non-canonical RET motifs. For the full-length forms
(excluding ‘Left-only’and ‘Right-only’forms) of non-canonical RET motifs, the sum of FIMO motifs scores of two RET motif segments (left segment
and right segment) by the number of shared ChiP-seq experiments are shown in violin and scatter plots. Red lines indicate mean values
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Conclusion

We established a motif analysis method to analyze
multiple sets of human REST ChIP-seq data from the
ENCODE database to elucidate the characteristics of
various RE1 binding motifs. Our findings demonstrated
that canonical RE1 motifs exhibited widespread TF bind-
ing sites in most ChIP-seq experiments, whereas non-
canonical RE1 motifs showed more varied binding sites
observed both in multiple experiments and in specific
cell-lines. We also discovered that each ChIP-seq experi-
ment has a very distinct RE1 motif profile, even for the
same cell-lines, and identified REST binding sites without
RE1 motifs contributing to these differences. Further-
more, our analysis revealed a strong correlation between
similarity scores of RE1 motifs to the consensus sequence
and the number of ChIP-seq experiments that shared the
peaks. Our comprehensive genome-wide profiling of RE1
motifs for REST binding sites will be a valuable resource
to understand transcriptional or co-transcriptional regu-
lation by REST.

To improve the quality of our motif analysis, we
employed ENCODE blacklist [15] and HOT region [16]
filtration and additionally filtered out ChIP-seq peaks
found in only one experiment. We identified significantly
more non-canonical RE1 half motifs than previously
reported, which could be attributed to a lack of system-
atic motif search criteria for the half motifs in previous
studies. The utilization of improved strategies to remove
TF binding artifacts [17] might need to be applied to
improve the overall robustness and accuracy of our
findings.

Moreover, it is worth noting that recent studies have
shed light on the potential for REST to bind to motifs
other than RE1 motifs [12]. Our motif analysis showed
a cluster of universal REST ChIP-seq peaks lacking RE1
motifs (shown in orange in Supplementary Fig. 2), which
represent promising loci for the discovery of novel REST
binding motifs that differ from RE1 motifs. Exploring
these regions via motif enrichment analysis tools [20, 21]
would be a valuable avenue for further investigation.

Materials and methods

ENCODE human REST ChiIPseq datasets

Twenty three human REST ChIPseq peak call sets
were downloaded in the narrowPeak bed format from the
ENCODE database [13, 14] with the following iden-
tifiers: ENCFF0391ZP, ENCFF087KDW, ENCFF096]DA,
ENCFF200SDQ, ENCFF206NAT, ENCFF262MRD, ENCFF
271FEM, ENCFF358XF], ENCFF526SUL, ENCFF539MIO,
ENCFF622LOQ, ENCFF649VNE, ENCFF650LAZ, ENCFF
668YET, ENCFF680JMZ, ENCFF707MDI, ENCFEF-
717BYN, ENCFF738LQB, ENCFF814JWH, ENCFF866P]C,
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ENCFF884W VM, ENCFF975LZF, ENCFF994HAM (Sup-
plementary Table 1). Overlapped peaks were merged by
‘multiinter’ and ‘merge’ functions from bedtools (version
2.27.1) [22].

ENCODE blacklist and high occupancy target (HOT) region
filtration

ENCODE blacklist region [15] and HOT region [16]
information was downloaded from the ENCODE data-
base [13, 14]. Peaks that mapped to HOT regions in any
context with 5% significance combined metric (maphot_
hs_selection_reg_cx_simP05_any.bed) or ENCODE
blacklist regions (version v2) were filtered out using ‘sub-
tract’ function with -A option from bedtools (version
2.27.1) [22]. Among 73,326 merged ChIPseq peaks, 4,351
peaks were filtered out, and 68,975 peaks remained after
filtration.

Identification of REST binding motifs (RE1 motifs)

REST binding motif information (ID: MA0138.2) was
downloaded in the MEME format from the JASPAR
database [23]. The whole motif was used for canoni-
cal RE1 motif search, and the half segments excluding
the two bases in the middle were used for non-canoni-
cal motif search. Genomic regions of 68,975 merged
ChIPseq peaks after HOT filtration were extracted from
the GRCh38 human reference genome by ‘faidx” func-
tion from SAMtools (version 1.3.1) [24] and were used as
motif searching space input. The FIMO tool from MEME
suite (version 5.3.3) [25] was used with default settings
to search for both canonical and non-canonical forms of
RE1 motifs.

For canonical motif search, the whole RE1 motif was
used, and motif search results with their FIMO motif
scores less than 84% of the maximum FIMO motif score
were filtered out [26]. For non-canonical motif search,
two half segments excluding two bases in the middle
were searched separately. The left and right half seg-
ments of the RE1 motif were defined by the first 9 and
the last 10 nucleotides, respectively (Fig. 2a). After fil-
tering out motif search results with their FIMO motif
scores less than 84% of the maximum FIMO motif score,
motif search results for two half segments were merged
based on their locations. When two motif search results
with different segments were located adjacent to each
other with gaps of 0~49 bases, they were merged as a
pair. Merged motif search results were categorized into
‘regular; ‘convergent, ‘divergent’ or ‘flipped’ based on
their orientations and locations. All the other remaining
half segment results were categorized into ‘L_only’ or ‘R_
only. An additional motif score filter was applied to half
segment RE1 motifs. ‘L_only’ motifs with FIMO motif
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scores less than 15 and ‘R_only’ motifs with FIMO motif
scores less than 16 were filtered out.

Genomic annotation
Genomic annotation was performed using ANNOVAR
(version 20,170,601) [27].

Heatmap of genome-wide RE1 motif profile

For each genomic regions of 68,975 merged ChIPseq
peaks, the following categories were assigned for each
of 23 ChIPseq experiments: (1) ‘NoPeak’ — no ChIPseq
peak was found, (2) ‘Peak_NoRE1’ — a ChIPseq peak was
found, but there was no RE1 motif, (3) ‘Peak_ncRE1’ — a
ChIPseq peak was found with a non-canonical RE1 motif,
and (4) ‘Peak_cRE1’ — ChIPseq peak was found with the
canonical RE1 motif. A heatmap was plotted using ‘heat-
map.3” (https://github.com/obigriffith/biostar-tutorials/
blob/master/Heatmaps/heatmap.3.R) with ‘fastcluster’
(version 1.2.3) [28] in R (version 3.5.1) [29].
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