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Abstract

Enhanced crosslinking and immunoprecipitation (eCLIP) sequencing is a method for transcriptome-wide detection of binding sites of RNA-binding
proteins (RBPs). However, identified crosslink sites can deviate from experimentally established functional elements of even well-studied RBPs.

Current peak-calling strategies result in low replication and high false positive rates. Here, we present the R/Bioconductor package DEWSeq

that makes use of replicate information and size-matched input controls. We benchmarked DEWSeq on 107 RBPs for which both eCLIP data and
RNA sequence motifs are available and were able to more than double the number of motif-containing binding regions relative to standard eCLIP
processing. The improvement not only relates to the number of binding sites (3.1-fold with known motifs for RBFOX2), but also their subcellular
localization (1.9-fold of mitochondrial genes for FASTKD2) and structural targets (2.2-fold increase of stem-loop regions for SLBR On several
orthogonal CLIP-seq datasets, DEWSeq recovers a larger number of motif-containing binding sites (3.3-fold). DEWSeq is a well-documented
R/Bioconductor package, scalable to adequate numbers of replicates, and tends to substantially increase the proportion and total number of

RBP binding sites containing biologically relevant features.
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Introduction

RNA-binding proteins play major roles in biological pro-
cesses such as splicing (1), polyadenylation, nuclear export,
subcellular localization, transcript stabilization and degrada-
tion as well as translation (2). In recent years, thousands of

mammalian proteins have been found to bind to RNA (3,4),
many of which have unknown RNA targets. To identify RNA
sites bound by an RBP of interest, several related crosslinking
and immunoprecipitation (CLIP) high-throughput sequenc-
ing methods have been developed (5). These methods exploit
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the phenomenon that UV light induces covalent RNA-protein
crosslinks between RNA nucleotides and protein amino acids
in immediate contact with each other (6). Over the years, sev-
eral variants of CLIP-based sequencing methods have been
developed: HITS-CLIP (7) directly sequences the crosslinked
RNA fragment, PAR-CLIP detects mutations induced at the
crosslink site (8), the related methods iCLIP (9) and eCLIP
(10), as well as further derivatives such as irCLIP (11), seCLIP
(12), easyCLIP (13) and iCLIP2 (14) optimise the protocols
for reverse transcription truncations for precise identification
of RNA-protein crosslink sites.

Enhanced CLIP (eCLIP) introduced changes to the sequence
library generation as well as a size-matched input (SMI) con-
trol to address background noise and false positives in CLIP
data (10). The ENCODE Consortium has used eCLIP to gen-
erate the largest coherent public set of CLIP data, covering
150 RNA-binding proteins in two cell types (HepG2 and
K562), processed with the computational peak-calling anal-
ysis pipeline CLIPper (10). Detected binding sites were com-
pared against SMI controls individually for each replicate and
extended by 50 nucleotides from their 5’ end for functional
analyses, with the reasoning that the 5" end of a peak repre-
sents the crosslink site (15). An analysis of these data shows
the relatively low reproducibility of reported binding sites be-
tween replicates (Figure 1A). While RBPs such as the SBDS Ri-
bosome Maturation Factor (SBDS), NOP2/Sun RNA Methyl-
transferase 2 (NSUN2), and Small RNA Binding Exonucle-
ase Protection Factor La (SSB) show almost perfect reproduc-
tion of the respective binding sites, Transforming Growth Fac-
tor Beta Regulator 4 (TBRG4), Splicing Factor 3b Subunit 1
(SF3B1), and WD Repeat Domain 3 (WDR3) binding sites
display high replicate to replicate variation. More recently, a
‘CLIPper reproducible’ (CLIPperg,p.) dataset was introduced,
featuring only binding sites that were identical at the base
level in both replicates (15). This approach greatly reduced
the number of reported binding sites. However, it raises the
question whether better data analysis approaches exist.

A particular challenge in the analysis of eCLIP data is
that the measured crosslink peaks can be at an offset from
the RBP’ actual binding regions, which can result from an
RBP’s particular structure and physicochemical crosslinking
behaviour. CLIP methods are often tested against classical
RBPs such as the RNA Binding Fox-1 Homolog 2 (RBFOX2)
or splicing factor Heterogeneous Nuclear Ribonucleoprotein
C (hnRNPC) with well-known binding sites and RNA se-
quence motifs (10,13,16). RBFOX2’s crosslink site pattern
around discovered binding sites is strongest at its known
RNA sequence motifs (Figure 1B). Similarly, hnRNPC con-
tacts RNA in a motif- and position-dependent context, dis-
playing bell shaped crosslink distribution around the ex-
pected binding site (17). Both cases support the use of tra-
ditional peak-callers. However, other RBPs display profound
divergences between their biological binding sites and their
crosslink behaviours in terms of positioning and shape of the
truncation/crosslink sites (Figure 2 and Supplementary Figure
S1a, b): For example, the stem-loop binding protein (SLBP),
a protein which binds conserved 3'UTR stem-loop structures
in histone genes (18), shows systematic crosslink site enrich-
ment upstream of the actual stem-loop (Figure 1E). CSTF2,
known to interact with the AAUAAA polyadenylation signal
(19), conversely displays crosslink enrichment downstream of
its binding motif (Figure 1D), while U2AF2 binds either di-
rectly at or downstream of its uridine/cytidine-rich motifs (20)
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(Figure 1E). Other RBPs such as HNRNPL (21) (Figure 1F),
CPEB4 (22) (Figure 2 and Supplementary Figure Sla, b) or
the non-classical RBP ENO1 show different crosslinking be-
haviour (10,23). HNRNPL crosslink sites are in fact depleted
at its known sequence motif (Figure 1F and Supplementary
Figure Sla, b). Generally, the crosslink sites are enriched at or
in proximity of the binding motif (Figure 2 and Supplemen-
tary Figure S1a, b). The shift of crosslink site peaks was also
evident in some iCLIP data: for elF4A3, an exon junction com-
plex subunit with well-known binding site locations, the bell-
shaped crosslink site curve was shifted by >10 nt compared to
other exon junction complex proteins (24,25). Without prior
knowledge of an RBP’s behaviour, such shifts in positioning
and varying crosslink site behaviour are likely to lead to mis-
interpretation of the binding sites.

Given the varying crosslinking behaviour of each pro-
tein and the relatively low reproducibility of binding site
detections in eCLIP experiments, we developed a method,
DEWSeq, that allows accurate and robust identification of
RBP interactions in eCLIP data by detecting regions enriched
in crosslink sites compared to the control. DEWSeq is a
sliding-window-based approach that uses single-nucleotide-
precision information across multiple replicates and control
experiments for significance testing. To test DEWSeq and to
facilitate a comprehensive analysis of RBP-RNA interactions,
we benchmarked it on the eCLIP data for RBPs provided by
ENCODE. Notably, 107 out of 150 RBPs in the dataset have
known experimentally determined RNA sequence motifs, and
one, SLBP, is known to recognise a specific secondary structure
(histone mRNA stem-loops). We used validated RNA motifs
as a proxy for the biological relevance of a given binding site.
This compilation represents, to the best of our knowledge, the
most comprehensive eCLIP benchmark based on known se-
quence motifs to date. We show that RNA binding regions
identified by DEWSeq show a consistent improvement in sen-
sitivity as well as specificity relative to HITS-CLIP, iCLIP and
PAR-CLIP experiments.

Materials and methods
eCLIP data

In order to compare the results from our newly developed
DEWSeq package, we chose the eCLIP data published by the
ENCODE Project (10). This dataset provides consistently pro-
duced 223 experimental studies, covering 150 RBPs in either
one or both of the two human cell lines: HepG2 and K3562.
Each study in this dataset consists of two biological replicate
IP samples and one size-matched input (SMI) control sam-
ple (26). For data reanalysis using DEWSeq, we downloaded
alignment files (.bam) with reads mapped to the GRCh38
genome annotations from the ENCODE Project data portal
(27). BAM file accessions and additional details are given in
Supplementary Table S1, Sheet 1.

CLIPper binding sites

In this manuscript, the results from the reanalysis of this EN-
CODE dataset were compared against two sets of binding
site results: the original set called on individual IP samples
with respect to SMI controls (10) (referred to as ‘CLIPper
original’ (CLIPperoyg), and the refined set of binding sites
based on stringent thresholds, IDR analysis and exclude-list
region removal (15) (referred to as ‘CLIPper reproducible’
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Figure 1. eCLIP crosslink sites around functional elements. (A) Reproducibility of binding sites between ENCODE eCLIP datasets replicate 1 and 2. A
binding site is counted as reproducible if at least 1 nucleotide overlaps with a binding site called in the other replicate. (B) Example of RBFOX2 crosslink
site distribution for ENCODE dataset ENCSR756CKJ (K562) and ENCSR987FTF (HepG2) relative to known RBFOX2 UGCAUG motifs. (C) Crosslink site
distribution of SLBP eCLIP dataset on 34 histone genes relative to known histone mRNA 3’ UTR stem-loops (ENCODE eCLIP dataset ENCSR483NOP.
K562 cell line). (D) CSTF2 crosslink site distribution for ENCODE eCLIP dataset ENCSR384MWO (HepG2 cell line) relative to known AAUAAA
polyadenylation signals. (E) U2AF2 crosslink site distribution for ENCODE eCLIP dataset ENCSR202BFN (HepG2 cell line) relative to uridine/cytidine-rich
motifs. (F) HNRNPL crosslink site distribution for ENCODE eCLIP dataset ENCSR724RDN (HepG2 cell line) relative to CA repeat motifs.

(CLIPpergep.). Files providing these CLIPper results were also
downloaded from the ENCODE Project data portal in nar-
rowPeak BED format.

Preprocessing of eCLIP data with htseqg-clip

We have developed a custom Python package called htseq-
clip (28) to count and extract crosslink sites from sequencing
alignment files. htseq-clip is designed to preprocess alignment
files from CLIP experiments and to generate a count matrix of
crosslink sites that can be used in further downstream anal-
ysis. The required inputs for htseq-clip are: gene annotation
in GFF format and alignment files (.bam format, coordinate-
sorted and indexed).

htseq-clip flattens the input gene annotation file and creates
sliding windows by splitting each individual gene annotation
feature into a series of overlapping (sliding) windows, where
length and overlap (slide) are user supplied parameters. In sub-
sequent steps, htseq-clip filters and extracts the crosslink sites
based on user supplied experiment specifications and com-
putes the number of crosslink sites per sliding window. In the

final step, crosslink counts for multiple samples from the same
experiment are summarised into a crosslink site count matrix
file, which will be used as input for further downstream anal-
ysis. In this study, we used windows of size 50, 75 and 100
base pairs and slides of size 5 and 20 base pairs. The IP and
SMI samples in each study were processed and concatenated
into a crosslink site count matrix which was used as input for
downstream analysis using DEWSeq.

Calling differentially enriched regions for eCLIP
data with DEWSeq

We developed the R/Bioconductor package DEWSeq for
analysing high-throughput single-nucleotide resolution data.
Crosslink site count matrix from hiseg-clip is tested for
differential enrichment in IP samples in comparison with
SMI samples. For statistical testing, DEWSeq utilises DE-
Seq2 (29), a well-established R/Bioconductor package pri-
marily used for the analysis of differentially expressed genes
in RNA-seq data. After DESeq2 initial pruning, normal-
ization and dispersion estimation, DEWSeq uses a custom
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Figure 2. eCLIP crosslink sites around known motifs. Heatmap of ENCODE eCLIP crosslink (truncation) sites around experimentally derived RNA
sequence motifs for 107 RBPs. Each row displays a motif for an RNA-binding protein per eCLIP dataset. Rows were clustered with WARD2 to group

similar binding patterns.

one-tailed test for detecting significant crosslink regions en-
riched in IP samples over SMI, followed by two multiple
hypothesis correction steps. In the first optional step, de-
pendencies between overlapping windows are corrected us-
ing Bonferroni correction, as the adjacent sliding windows
share crosslink site count information. In the second step,
all windows are corrected for False Discovery Rates (FDR)
at the genome level using either Benjamini-Hochberg (BH)
method or independent hypothesis weighting (IHW) (30). Fi-

nally, all enriched windows passing user specified enrichment
thresholds are merged into regions. Users can sort this re-
sult table using a combination of log, fold change and P,g-
value in order to get a list of top enriched regions. DEWSeq
is available as an open-source R/Bioconductor pack-
age (https://bioconductor.org/packages/release/bioc/vignettes/
DEWSeq/inst/doc/DEWSeq.html). A sample pipeline for the
analysis of eCLIP/iCLIP data using htseq-clip and DEWSeq
is also available (31).
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In this study, to test for the impact of DESeq2 and DEWSeq
parameters on the final results, we ran DEWSeq with the fol-
lowing set of parameters on all ENCODE studies:

1. Dispersion estimation: Using DESeq2 default ‘paramet-
ric’ dispersion estimation (29) or a custom function to
decide the best fit (either ‘parametric’ or ‘local’ from
DESeq2). Referred to either as ‘parametric’ or ‘auto’
throughout the rest of this manuscript.

2. Choice of statistical test: Either Wald test or Likelihood
Ratio Test (LRT) from DESeq2. Referred to either as
“Wald’ or ‘LRT’ throughout the rest of this manuscript.

3. Influence of dependent windows: An optional step to ei-
ther correct for dependencies between overlapping win-
dows using Bonferroni correction or to use no depen-
dency correction. Referred to either as ‘Bonferroni’ or
‘no correction’ throughout the rest of this manuscript.

4. Choice of FDR correction methods: Either using the
Benjamini-Hochberg (BH) method for FDR correction
or using IHW for FDR correction. Referred to either as
‘BH’ or ‘IHW’ throughout the rest of this manuscript.

All the enriched regions resulting from these parameter
combinations were filtered using the following thresholds:
log, fold change >0.5 and P,g value <0.1. Parameter com-
binations were benchmarked for robustness and parameters
100 nt window size, 5 nt step size, LRT testing, ‘no correc-
tion’, IHW, and ‘auto’ fit were selected. For the rest of this
manuscript, these results will be referred to as ‘DEWSeq bind-
ing sites’. Supplementary Figure S7 shows a comparison of
various parameter combinations tested for DEWSeq.

Gene annotations

We used all primary assembly gene models from GENCODE
release 27 (GRCh38.p10) to map reported RBP binding sites
to genes.

Reference set of known RBP motifs

In this analysis, we used the presence of an RNA sequence mo-
tif in a binding region as a proxy for the biological relevance
of the binding region. We used motifs from the catRAPID
omics v2.0 RBP motifs database, where the authors collected
and curated motifs from a comprehensive set of sources in-
cluding ATtRACT, cisBP-RNA, mCrossBase, o0RNAment and
RBPmap (32). Supplementary Table S1, Sheet 2 shows the to-
tal number of RBPs per motif length in the data source and the
number of RBPs in common with the ENCODE dataset. We
post-processed this set of motifs by removing any peripheral
positions with information content <0.1 and rounding down
base probabilities <0.025 using the R/Bioconductor package
universalmotif (33). We then selected motifs with length >6
nt to reduce the probability of random occurrences. This se-
lected set of motifs comprised 604 motifs from 258 RBPs, 107
of which had ENCODE eCLIP data available. Using motifs
from this common set of RBPs, our final benchmark set con-
tained 322 motifs for 107 RBPs (Supplementary File 1).

Discovery and comparison of known motifs sites

We predicted the positions of human RNA-binding protein
motifs within eCLIP binding regions using version 5.4.0 of
FIMO (34) from the MEME Suite (35) and the compre-
hensive benchmark set of RBP motifs described above. For
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CLIPper, eCLIP binding regions were extended 50 nt up-
stream of their 5" end, as previously described (15,36). En-
riched regions from DEWSeq were analysed without any ex-
tension. We used a near-equiprobable background sequence
model calculated across GENCODE 27 transcripts using
fasta-get-markov (-norc) from the MEME Suite. We filtered
FIMO results using a p-value cutoff <0.001. We consciously
avoided the use of g-values to filter the results due to the
variation in the number of binding sites between different
RBPs, which would penalise experiments that succeeded at
identifying a larger number of binding sites, and reasoned
that p-values would offer more comparable results across
experiments.

De novo motif discovery

The de novo motif discovery pipeline includes a de novo mo-
tif discovery step and a motif refinement step. In the first
step, motifs are predicted from the input set of peaks/region
FASTA sequences using the STREME algorithm (37) from the
MEME Suite (version 5.4.1). The motif position weight ma-
trices (PWMs) were generated by STREME and then post-
processed by removing any peripheral positions with infor-
mation content < 0.1 and rounding down base probabili-
ties <0.025 using the R/Bioconductor package universalmotif
(33). These trimmed motif PWMs are then refined using BaM-
Mmotif2 (38) and subjected to another round of trimming as
described above. Finally, the FIMO tool from the MEME suite
was used to scan the input FASTA sequences using the refined
PWMs as described above, but using default parameter values.

Secondary structure analysis

This analysis was restricted to enriched regions from SLBP,
as it was the only RBP in the ENCODE data with well char-
acterised RNA secondary structure binding targets (histone
3’ UTR stem-loops), to the best of our knowledge. In this
study, we used the cmsearch tool from Infernal suite version
1.1.4 (39) and covariance models from the Rfam database
(40) to scan for secondary structures in enriched regions from
both CLIPperg.p and DEWSeq results. In the first step, we
used mergeBed from the bedtools suite (41) to merge over-
lapping regions or regions separated by a maximum of 10
nucleotides in CLIPperg,, SLBP results. In the case of the
DEWSeq SLBP regions, no such merging step was necessary.
In the next step, we sequentially extended the length of both
DEWSeq and CLIPperg,y. regions by up to 300 nt (50, 100,
150,200, 300) using the slopBed tool from the bedtools suite
(41). With this extension step, we aimed to detect histone
stem-loop structures that are found in close proximity to ei-
ther CLIPperg.y. or DEWSeq enriched regions, and to assess
the gain in number of stem-loop structures identified with
each extension. The FASTA sequences extracted (using get-
fasta from bedtools) from the original set of regions and ex-
tended regions were subjected to a profile-based search with
the histone 3' UTR stem—loop family (Rfam ID: RF00032) co-
variance model and using the Infernal cmsearch tool. In this
step, cmsearch sequence-based pre-filtering heuristics were
turned off and an E-value threshold >5.0 was used to identify
hits. The cmsearch output table was processed with the Bash
awk command to obtain the genomic location of the model
hits and extract unique hits based on the genomic coordinates.
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The reference set of histone mRNA 3’ UTR stem-loop regions
were retrieved from the Rfam database (Rfam ID: RF00032).

Comparison to orthogonal datasets

We retrieved iCLIP (16), HITS-CLIP (7) and PAR-CLIP (8)
interaction datasets from the POSTAR2 database (previously
known as CLIPdb) (42). For each CLIP experiment type,
POSTAR?2 provided peak calling results from Piranha (43), as
well as the more specialised CIMS (crosslink-induced muta-
tion sites) (44) and PARalyzer data analysis pipelines (45). We
used POSTAR2’s standard thresholds such as: p-value <0.01
for Piranha, score <0.01 for CIMS, and score >0.5 for PAR-
alyzer. Additionally, we also obtained a cohesive PAR-CLIP
dataset from the DoRiNA database (46), and used a min-
imum conversion specificity score of 5 to filter binding re-
gions, which resulted in a similar number of regions as for
CLIPperg.p.. We performed motif calling on these enriched re-
gions using the reference motif set and methodology described
above and compared the fraction of unique motifs present in
these results to that of the DEWSeq and CLIPperg,,, results.

Comparison to HyperTRIBE and STAMP data

We retrieved TARDBP (TDP-43) single nucleotide edit sites in
human (HEK293T cell line) identified using the HyperTRIBE
and STAMP methodologies (47). We used the intersect tool
from the bedtools suite to find the overlaps between single nu-
cleotide edit sites and enriched regions and motifs within those
regions from DEWSeq, CLIPpero,is and CLIPperg,,. results.
To account for overlapping motif positions in these results we
merged overlapping motifs based on their chromosomal co-
ordinates. To check for the presence of edit sites in proximity
to the motif positions, edit sites were extended £50 nt us-
ing slopbed from the bedtools suite and the overlaps between
these extended edit sites and motif positions were calculated
again using intersect from bedtools.

Comparison to RNA interference (RNAI) data

RNAI data for 125 RBPs were obtained from the ENCODE
Project’s experiment matrix by searching for shRNA knock-
down RNA-Seq experiments in human HepG2 or K562 cells
that targeted RNA-binding proteins for which eCLIP data
were available (15). A matched control experiment assigned
to each RBP was obtained by querying the ENCODE Project’s
API for shRNA gene silencing series. We then obtained TSV-
format gene-level expression data mapped to GRCh38 (GEN-
CODE release 29) for both the knockdown and control ex-
periments. For each RBP, we calculated the knockdown effect
(difference) on individual genes by subtracting the control’s
value for a given gene from that of the corresponding shRNA
knockdown. We normalised these difference values by sub-
tracting their mean and dividing by their standard deviation.
Any gene with a knockdown effect more than one standard
deviation below the mean was considered to be a knockdown
hit. The set of knockdown hits for each RBP was then com-
pared with its corresponding set of eCLIP target genes using
the Jaccard index.

Comparing gene region and gene type enrichment
using OLOGRAM

To determine whether DEWSeq or CLIPper results were
biased towards gene regions (5’ UTR, exon, 3’ UTR) or
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gene types (e.g. protein-coding RNAs, non-coding RNAs,
mtRNAs, ...) we performed gene region and gene type en-
richment analysis in both results using OLOGRAM (48).
To avoid ambiguities in gene region annotation in genes
with multiple transcripts, we selected the transcript with
the highest abundance in each gene as the representative
transcript. For this purpose we used rRNA-depleted to-
tal RNA-seq data from the HepG2 (ENCODE accession:
ENCFF533XPJ, ENCFF321]JIT) and K562 (ENCODE acces-
sion: ENCFF286GLL, ENCFF986DBN) cell lines available
from the ENCODE Consortium. After removing lowly ex-
pressed transcripts with a TPM value <1, the datasets were
merged and for each gene, the transcript with the highest
abundance was selected as the representative transcript. We
selected 15,274 transcripts as candidates and extracted region
and type annotation for these selected transcripts. In the next
step, we used this gene annotation data and enriched regions
from DEWSeq and CLIPperg,y. results to assess the signifi-
cance of overlaps between enriched regions in either of the
two sets and the gene region or gene type annotations.

Comparing FIMO motifs and de novo motifs using
OLOGRAM

OLOGRAM (48) methodology was used to compare the mo-
tif positions obtained from scanning enriched regions/peaks
using catRAPID omics v2.0 motifs and those from our de novo
motif prediction pipeline for each study.

Results

We developed DEWSeq as a new R/Bioconductor statistical
analysis package for the robust detection of RBP binding re-
gions from i/eCLIP datasets. The DEWSeq workflow starts
from the output of an accompanying Python package for post-
processing i/eCLIP alignment files, htseq-clip (28), which ex-
tracts crosslink site counts at single-nucleotide positions ad-
jacent to the end of reads, flattens annotation of multiple
transcripts and uses sliding windows to count and aggregate
crosslink sites. DEWSeq performs one-tailed significance test-
ing using DESeq2 (29), result summarization and binding site
visualization (Supplementary Figure S2). Similar to the csaw
package (49) for ChIP-seq data, DEWSeq incorporates bio-
logical variation with significance testing, which reduces the
false discovery rate (49), with the difference that DEWSeq is
tailored to single-nucleotide position data. DEWSeq directly
uses SMI samples quantitatively as controls for determining
significance, while peak calling methods such as CLIPper may
only use a rank-based measure to filter out irreproducible
peaks in a post-processing step (50). 223 ENCODE eCLIP
datasets covering 150 RBPs cell types HepG2 and K562 were
processed and analysed with htseq-clip/DEWSeq.

Sequence motif-based evaluation strategy

We compared DEWSeq’s results to the CLIPper method used
by the ENCODE Project, which uses peak-calling on two in-
dividual replicates compared against a single SMI control. We
extended each peak 50 nt in the 5’ direction, as first introduced
by the authors specifically for motif-based analyses (15),
which is referred to as CLIPper original (CLIPpero,g) in our
study. This dataset was further improved on by the authors
to produce CLIPperg,., which is the subset of CLIPpercoyq.
peaks that are reproducible at the nucleotide level across
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both replicates (10,15). An overview of the RNA sequence
motif-based benchmarking strategy we adopted in our study
is shown in Figure 3A.

As a proxy for the likely biological relevance of the iden-
tified binding sites, we obtained known experimentally deter-
mined RNA sequence motifs of length 6 nucleotides or longer
from catRAPID omics v2.0 (32) (Supplementary File 1). This
curated motif dataset covered 107 of the 150 RBPs for which
ENCODE eCLIP data were available.

To identify positions of known motifs within binding re-
gions identified by CLIPper and DEWSeq from ENCODE
datasets, we used FIMO from the MEME suite of motif anal-
ysis software (34). To compare these results to orthogonal
datasets beyond eCLIP, we obtained iCLIP, HITS-CLIP, PAR-
CLIP binding sites determined using different peak callers
from the POSTAR2 database (51) as well as a separate dataset
of author-processed PAR-CLIP binding sites (46), and scanned
for motifs using FIMO. For each method, we then estimated
the accuracy of binding site detection by calculating the
proportion of reported binding sites that contained at least
one expected sequence motif for the RBP of interest.

Performance comparison between DEWSeq and
CLIPper

Slightly over half (51.8%) of the CLIPpero,;, binding sites
contained a known sequence motif for the RBP under investi-
gation (median across RBPs, cell types and replicates, Figure
3B, top). CLIPperg,. slightly increased the motif-containing
binding site fraction to 55.0%, but at the expense of reduc-
ing the total number of motif-containing regions identified
from 1366 to 1021 median binding sites per RBP and cell
type (Figure 3B, bottom). Conversely, while DEWSeq bind-
ing sites showed a further increased motif-containing rate
(58.9%), DEWSeq also notably identified a total number
of motif-containing binding sites (median 2,137) that was
markedly higher than both CLIPperg,., and the less stringent
CLIPper oy, set (a 2.25-fold and 1.81-fold median improve-
ment, respectively). Complete results from this analysis are
provided in Supplementary Table S2. Thus, DEWSeq achieves
an increase in the number of detected binding sites without re-
ducing the proportion of motif-containing sites, without any
apparent systemic bias towards gene regions or gene types
(Supplementary Figure S3). We thus posit that the detection
quality is on median at least as good as that of the CLIPperg,,.
approach, and at the same time, the detection rate has been im-
proved by at least two-fold. At the gene level, DEWSeq con-
sequently increases the discovery of RBP-RNA interactions
from a median of 760 to 1,181 genes per RBP and cell type
(Figure 3C). In order to check whether the motifs retrieved
from FIMO scans could also be retrieved using de novo mo-
tif detection algorithms, we performed a de novo motif scan
on DEWSeq, CLIPperoyig, and CLIPperg,. results as men-
tioned in the Methods section and compared those motifs to
the motifs retrieved from FIMO scans per RBP per cell-line
using OLOGRAM. The results from this comparison show
that at a P,g; threshold <0.1, out of 164 overlap compar-
isons between FIMO motif scans and de novo motif predic-
tions, DEWSeq results have 7 non-significant overlaps, com-
pared to 6 non-significant overlaps out of 165 comparisons for
CLIPpergep, results. For CLIPpercy,g results, the correspond-
ing figures were 4 non-significant overlaps out of 165 compar-
isons for IP1 and 4 non-significant overlaps out of 166 com-
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parisons for IP2. DEWSeq results have a slightly higher num-
ber (7) of non-significant overlaps compared to CLIPperg,.
results (6) and CLIPpery, results (4). These results indicate
that across all the methods tested, there is a high degree of
overlap between FIMO motif scans and de novo motif predic-
tion results, albeit showing minor differences/non-significant
overlaps for certain RBPs (Supplementary Table S3).

Motif exclusiveness analysis

Following the motif-containing binding site analysis, we as-
sessed the proportion of binding sites that DEWSeq and
CLIPpergep. have in common and also the proportion of bind-
ing sites that are exclusively found by either one of the respec-
tive methods.

Here we chose CLIPperg,y. as the best performing repre-
sentative of all CLIPper results (data for all runs are pro-
vided in Supplementary Table S4, Sheet 1), and focussed on
the binding sites with known motifs. In this analysis, all de-
tected motif-containing binding sites were classified based on
whether they were detected by both methods (labelled ‘Both’),
or exclusively by only one of the methods (indicated either
as CLIPperg.p, or DEWSeq, respectively). For each RBP, the
percentage of motif-containing peaks in each group was calcu-
lated (Figure 3D, E). A substantial fraction of motif-containing
binding regions was detected exclusively by DEWSeq (me-
dian across RBP—cell type experiments: 62.9%). DEWSeq and
CLIPperg.p. showed good agreement on binding sites for some
RBPs such as EFTUD2 (47.4% in K562 and 37.2% in HepG2
cells), while for other RBPs such as AKAP1 the agreement was
high in one cell type (K562, 34.7%), but not in the other
(HepG2, 11.4%) (Figure 3D). Overall, the median fraction
of motif-containing binding regions exclusively detected by
DEWSeq (62.9%) greatly exceeded the fraction agreed on
by both methods (28.0%) and those found exclusively by
CLIPpergey. (4.5%) (Figure 3D, E).

Results for specific RBPs with well-defined
biological roles

RBFOX2

RBFOX2 (RNA Binding Fox-1 Homolog 2) is an alternative
splicing regulator that binds to UGCAUG motifs (52). It is
regularly used for benchmarking in CLIP manuscripts (10).
Here, we compared the number of RBFOX2 binding regions
containing the UGCAUG motif reported by CLIPpergep.,
DEWSeq or both. Figure 4A shows the total number of re-
gions reported and the number of regions including the UG-
CAUG motif. The fraction of motif-containing regions per cell
line (HepG2 and K562) are similar for both CLIPperg,y. and
DEWSeq results: 61.2% and 60.2% in HepG2 cell lines and
44.9% and 46.7% in K562 cell lines. However, a striking dif-
ference can be seen for the number of motif-containing re-
gions reported by DEWSeq as compared to CLIPperg,.. In
the HepG2 cell line, CLIPperg,y. reported 3,223 UGCAUG
motif-containing regions compared to 8,410 motif-containing
regions for DEWSeq, and in K562 cells CLIPperg,,. reported
1,204 motif-containing regions in comparison to 4,257 from
DEWSeq, indicating a substantial improvement in sensitivity
when using DEWSeq (Supplementary Table S5, Sheet 1). Sup-
plementary Figure S4a—c shows genomic tracks for 3 RBFOX2
targets with RBFOX2 HepG2 crosslink sites, DEWSeq and
CLIPper grep. enriched regions and motif positions identified
in DEWSeq regions, visualised using JBrowse 2 (53).
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Figure 3. Overview and results for benchmarking workflow on ENCODE eCLIP datasets for proteins with known RNA sequence motifs. (A) ENCODE
eCLIP datasets were reanalysed with DEWSeq and compared to 'CL/Pper original' (CLIPperoyg.) (10,32) and 'CLIPper reproducible’ (CLIPpergep.) dataset
(15) analyses. Other CLIP binding sites from iCLIP HITS-CLIP and PAR-CLIP were extracted from POSTAR2 (51). Additional PAR-CLIP datasets from
DoRIiNA (46) were included in the analyses. Binding sites from all datasets were analysed with FIMO (34) using known RNA sequence motifs from
catRAPID omics v2.0 (32). (B) Top panel shows violin and boxplots of the number of motif-containing binding sites in datasets detected with FIMO and
catRAPID omics v2.0 motifs. Bottom panel violin and boxplots show the percentage of motif-containing binding sites to the total number of binding
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FASTKD2

FASTKD2 (FAST kinase domain-containing protein 2) is a
mitochondrial RBP that has been shown to interact with
a defined set of mitochondrial transcripts (54,55). In this
analysis, we compared the number of FASTKD2-bound re-
gions of DEWSeq against CLIPperg,p, results. In HepG2 cells,
CLIPpergp. reports 7 out of 451 bound genes as mitochon-
drial, compared to DEWSeq with 16 out of 268 bound genes

being mitochondrial (Figure 4B). A similar pattern emerges
in the K562 cell line, where the numbers for CLIPper and
DEWSeq were 19 out of 364 and 29 out of 426, respectively.
Fisher’s exact test confirmed a significant enrichment in the
number of FASTKD2-bound mitochondrial genes reported by
DEWSeq compared to CLIPperg,. results in both cell lines
(Figure 4B, Supplementary Table S5, Sheet 2). Example ge-
nomic tracks with FASTKD?2 targets with FASTKD2 HepG2
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regions retrieved from the Rfam database (for Rfam ID: RF00032).

crosslink sites, DEWSeq and CLIPperg,. enriched regions are
visualised in Supplementary Figure S4d, e.

SLBP

SLBP (Stem-Loop Binding Protein) is an RBP that binds to a
conserved stem-loop structure motif at the 3’ end of mRNAs
that encode replication-dependent histones (2,56,57). To the
best of our knowledge, it represents the only RBP included
in the ENCODE project that recognises a secondary struc-
ture motif. We scanned SLBP binding regions and surround-

ings (binding site were extended with 50, 100, 150, 200 and
300 nt in both 5’ and 3’ direction) from both CLIPperg,,, and
DEWSeq results for the SLBP stem—loop structure binding site
using the Infernal suite and histone 3’ UTR stem-loop covari-
ance model (Rfam ID: RF00032).

A higher proportion of DEWSeq binding sites (39.2%)
contain predicted SLBP binding structures, as compared to
CLIPpergep. binding regions (17.9%) (Figure 4C). This trend
becomes more pronounced with the extension of binding re-
gions in both 5" and 3’ directions (Figure 4C and Supplemen-
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tary Figure S4), as DEWSeq discovers increasingly more stem—
loops: 83.5% of detected binding sites are in proximity to his-
tone stem—loops, whereas only 30.4% of CLIPperg,p. binding
sites are in the vicinity of known targets, suggesting a signifi-
cant decrease of false positives for DEWSeq.

Further, we calculated the true positive rate (sensitivity)
of these predicted stem—loop structures using histone mRNA
3’ UTR stem-loop annotations from the Rfam database
as a reference set (Figure 4D). DEWSeq without extension
shows a marginal increase in true positive rate compared to
CLIPpergep. (from 0.201 to 0.208), with slight improvement
in extensions (Supplementary Table S6).

In addition to the increased presence of expected stem—loop
structures, we also noted that CLIPperg,,. identified binding
of SLBP to mRNAs deriving from a total of 44 histone genes
(66.7% of its target genes being histones), while DEWSeq
identified binding of SLBP to a total of 53 histone mRNAs
(71.6% of its target genes being histones). For reference, the
HGNC histone gene set contains a total of 118 genes. Sup-
plementary Figure S4f, g shows genomic tracks for two hi-
stone genes with SLBP K562 crosslink sites, DEWSeq and
CLIPpergep. enriched regions.

Evaluation of eCLIP compared to iCLIP, HITS-CLIP
and PAR-CLIP

To validate the newly discovered binding sites, we used the
motif exclusivity benchmark to compare eCLIP binding sites
assigned by DEWSeq and CLIPperg,., respectively, to sites
from iCLIP, HITS-CLIP and PAR-CLIP protocols retrieved
from the POSTAR2 (51) and DoRiNA (46) databases. To ad-
dress differences in detection methods for these different CLIP
protocols, we employed multiple established analysis meth-
ods: Piranha (43) and CIMS (44) for iCLIP and HITS-CLIP
data, and Piranha (43), PARalyzer (45) as well as Mukherjee’s
method (46) for PAR-CLIP data.

Figure 5A-C left panels show the comparison of
CLIPpergep. results to iCLIP, HITS-CLIP and PAR-CLIP,
and right panels show the comparison of DEWSeq results
to the same. eCLIP yields more motif-containing binding
sites overall, with a substantially higher number identi-
fied by DEWSeq compared to CLIPperg.. (Figure SA-C,
Supplementary Figure S5a—c and Supplementary Table S4,
Sheet 2). Interestingly, the overlaps of binding sites found
in either eCLIP and iCLIP, HITS-CLIP, or PAR-CLIP are
modest compared to binding sites detected in one of the
protocols alone. DEWSeq recovers a median of 60 (2.1% of
total) motif-containing binding sites found by other methods,
compared to a median of 18 (1.0% of total) for CLIPperg..
(Figure 5D and Supplementary Figure S5d).

Comparison of eCLIP TARDBP regions and motifs
to HyperTRIBE and STAMP datasets

We compared TARDBP (TDP-43) binding regions and motif
coordinates from DEWSeq, CLIPperoyig, and CLIPperg,,, re-
sults to the single nucleotide edit sites from the HyperTRIBE
and STAMP protocols (47). These protocols identified 12,339
and 11,419 unique RNA edit sites, respectively (Supplemen-
tary Table S7, Sheet 1). Out of these, 831 (6.73%) Hyper-
TRIBE edit sites were found to be within DEWSeq binding
regions, whereas this number ranged between 179 and 221
(1.79% and 1.45%) in CLIPperoy, results to 182 (1.47%)
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in CLIPperg,p, results. A similar trend can be observed for
STAMP edit sites, where 586 (5.13%) sites were found to be
within DEWSeq binding regions whereas the number of edit
sites in CLIPpero,i, and CLIPperg.p, binding regions were
208, 168 and 191 (1.82%, 1.47% and 1.67%) respectively.
Out of the 831 HyperTRIBE edit sites in DEWSeq regions,
519 (4.21%) were found to have a motif within +50 bp
neighbourhood compared to 165 (1.34%) and 122 edit sites
(0.99%) in CLIPperoys binding regions and 133 (1.08%)
edit sites in CLIPperg,. results. Here again STAMP edit sites
showed a similar tendency: 416 (3.64%) edit sites out of 586
edit sites in DEWSeq binding regions were in the neighbour-
hood of a motif, compared to 162 (1.42%) and 130 (1.14%)
edit sites in CLIPperg,p, binding regions and 141 (1.23%) edit
sites in CLIPperg,p, binding regions (Supplementary Table S7,
Sheet 1). Additionally, this result also shows that there are
312 (2.53%) HyperTRIBE edit sites within DEWSeq bind-
ing regions that are not within the neighbourhood of a motif.
For CLIPpergepy, and CLIPpero,, results, these values are 49
(0.40%), 56 (0.45%) and 57 (0.46 %) respectively. This differ-
ence can also be seen for STAMP data, where 170 (1.49%) of
edit sites fall within DEWSeq binding regions, but outside mo-
tif neighbourhood, compared to 50 (0.44%) edit sites within
CLIPpergep, binding regions and 46 (0.40%) and 38 (0.33%)
within CLIPper o,y binding regions (Supplementary Table S7,
Sheet 1).

Since the HyperTRIBE and STAMP datasets were generated
using poly(A) mRNAs, the edit sites found within DEWSeq
and CLIPperg,y. enriched regions were further intersected
with gene feature annotations such as exons, 5’ UTR, CDS and
3’ UTR to compute the fraction of edit sites within these fea-
tures. Out of all the edit sites within DEWSeq and CLIPperg,,,
enriched regions, greater than 98% of sites from both Hyper-
TRIBE and STAMP experiment lie within exons. Additionally,
a considerable proportion of these (68-90% in HyperTRIBE
data and greater than 93% in STAMP data) are within 3’ UTR
regions, reflecting the trend described in the original publica-
tion (47) (Supplementary Table S7, Sheet 2).

Comparison of eCLIP to RNA interference (RNAI)
data

As an additional orthogonal evaluation, we investigated
whether the sets of target genes identified by eCLIP agreed
with those identified in RNA interference experiments using
small hairpin RNA (shRNA) knockdowns performed by the
Graveley laboratory as part of the ENCODE Project (15). We
found a relatively low agreement with a median Jaccard in-
dex across RBPs of 0.029 for CLIPperg,., which was signifi-
cantly increased at a median of 0.035 for DEWSeq (P = 0.043,
Mann-Whitney U test) (Figure SE and Supplementary Table
S8). These results also show that, on median, DEWSeq results
show a better overlap with RNAI results, on median, recov-
ering up to 26% of RNAI target compared to CLIPperg,,
results which recover only 13% of the RNAI target genes.
CLIPper oy, results on median recover 17.5% and 20% of
the RNAI targets respectively (Supplementary Figure S6a).
Conversely, we also observed that the proportion of com-
mon eCLIP and RNAI targets to the total number of genes
with eCLIP binding regions is relatively low. For DEWSeq
results, RNAI targets covered only 5% of the total num-
ber of genes with a binding region, whereas for CLIPperg,,.
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results and CLIPpero,, results the overlaps were slightly
smaller, ranging between 3.9% and 4.2% (Supplementary
Figure Sé6b).

Discussion

CLIP-mapped crosslink sites for RBPs frequently fall out-
side of their biological binding motifs. The crosslink sites of
individual-nucleotide resolution CLIP methods such as eCLIP
show significant variability of site distributions and locations
relative to known sequence motifs bound by RNA-binding
proteins (Figure 2 and Supplementary Figure S1). Notably,
RBPs display accumulation of crosslink sites either centred on
the motif (e.g. RBFOX2, hnRNPC), displaced to one side (e.g.
CSTF2), immediately upstream (e.g. HNRNPA1, TROVE2),
or immediately downstream (e.g. U2AF2) of the motif. Some
also show crosslink site enrichment surrounding the motif,
but depletion directly at the associated RNA sequence mo-
tif (e.g. HNRNPL, CPEB4) (Figure 1D-F, Figure 2 and Sup-
plementary Figure Sla, b). In the case of SLBP, which binds
to histone mRNA 3" UTR stem-loops (56), crosslink sites
accumulate upstream of the binding motif locations (Fig-
ure 1C). However, the majority of CLIP protocols were pri-
marily benchmarked on selected RBPs like RBFOX2 or hn-
RNPC which display peak-like behaviour on top of the known
target sites, justifying the choice of peak-callers for data
analysis.

To increase robustness to the observed crosslinking pat-
terns and therefore to improve the reliability of binding site
identification, we developed a computational method called
DEWSeq, that detects enriched regions of crosslink sites in
single-nucleotide resolution CLIP. Similar to csaw for ChIP-
seq (49), DEWSeq takes into account biological variation
between replicates for significance testing of the IP samples
against size-matched input (SMI) controls. We reanalysed 223
ENCODE eCLIP datasets covering 150 RBPs in either one or
both of the two cell lines (K562 and HepG2), of which 107
RBPs had known experimentally determined RNA sequence
motifs and one, SLBP, is known to target a specific RNA stem—
loop secondary structure (18). Using these sequence and struc-
tural motifs, we have performed, to the best of our knowledge,
the most comprehensive eCLIP benchmarking study to date.

We showed that DEWSeq, even when operating on the min-
imal working requirement of two IP samples and one control
sample, outperforms the single-replicate peak calling strategy
of CLIPperoyi,. (10) and CLIPperg.p. (15) (Figure 3B). This
is the case both for the number of motif-containing binding
sites detected (a median 1.8-fold or 2.3-fold improvement, re-
spectively) and for the percentage of sites that contain a motif,
which approximates the true positive rate, for the majority of
RBPs in the ENCODE dataset (a median 7.1% or 3.9% im-
provement, respectively). DEWSeq discovers numerous motif-
containing binding sites not found by CLIPperg,., whereas
CLIPperg,. outperforms DEWSeq only in a handful of cases
(Figure 3D, E). Overall, DEWSeq results increased the number
of reported RBP-gene interactions 1.55-fold (median across
RBPs and cell types) (Figure 3C).

We used the Rfam covariance model for SLBP’s known hi-
stone 3’ UTR stem-loop structure targets (56) to estimate ac-
curacy and sensitivity of the binding site assignments. 39.2%
of DEWSeg-identified binding regions contain the histone
stem—loop, compared to only 17.9% for CLIPperg,y.. Inter-
estingly, when searching the surrounding areas (up to 300
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nt) of the crosslink sites, DEWSeq was able to detect >80%
of all known stem-loops, whereas CLIPperg,, levels off at
~30%. CLIPperg,p. shows only minimal improvement even
with 300 nt extensions to both sides. The far better exclusion
of false positives and an improvement in detecting true posi-
tives suggests the superior potential of DEWSeq in identifying
the target mRNA genes using secondary structure signals (Fig-
ure 4C, D). Our benchmark of DEWSeq parameters highlights
that bigger window sizes are beneficial (Supplementary Figure
S6a,b), however bigger window sizes are not the driving factor
for identifying true positives in the case of SLBP (Figure 4C,
D). For SLBP, we observe that the true positive rates are com-
parable between the methods and that extending the window
around stem—loop structures does not lead to the detection of
more binding sites for CLIPperg,,..

Although DEWSeq does have a minimal binding site length
due to its window size parameter, for motif calling, CLIPper
extends its binding sites by 50 base pairs upstream (15,36).
The reasoning is that the 5" end of the CLIPper peak repre-
sents UV crosslink sites between protein and RNA, implying
that the actual binding motif can be upstream. Crosslink site
distributions around known RNA sequence motifs and sec-
ondary structures show differences in relative positions, up-
or downstream of the target site, which justifies a broader
searching frame. Based on our findings presented here, we
conclude that although the strategy of extending binding sites
only to upstream works in general, it could also potentially
lead to false interpretation of the data especially in cases where
the functional motif/structure is downstream of the crosslink
sites, or are unknown.

DEWSeq does consistently improve the overlap with bind-
ing sites from other CLIP protocols compared to CLIPperg,p.,
although the overlap across protocols is very low overall (Fig-
ure SA-C). Our study includes a meta-analysis of binding
sites generated using different protocols, methods and analy-
sis tools. The general trend indicates that compared to iCLIP,
HITS-CLIP and PAR-CLIP datasets, ENCODE eCLIP dataset
analysed with DEWSeq contains a higher number of motif-
containing binding sites. Also, binding sites discovered ex-
clusively by DEWSeq can be found in other CLIP proto-
cols, providing independent validation. However, a further
large-scale investigation is needed to study the differences be-
tween CLIP-type protocols. Comparison of TARDBP (TDP-
43) binding regions and motif positions to edit sites from Hy-
perTRIBE and STAMP protocols also shows a similar trend,
although the agreement between the orthogonal approaches
is minimal (Supplementary Table S7). We further support
this argument by computing the overlap between genes with
eCLIP binding regions and RNAI targets. These results also
show that compared to CLIPperg., and CLIPpero, re-
sults, DEWSeq results significantly improved the overlap
to RNAI targets despite the fact that the overlap between
eCLIP and RNAI targets was low (Figure SE, Supplementary
Table S8).

CLIP peak caller methods should perform well on datasets
where the data shows a bell shaped curve, similar to ChIP-
seq data. However, given the evidence provided by our anal-
ysis (Figure 1B-F, Figure 2 and Supplementary Figure S1),
eCLIP data can also show a general enrichment of crosslink
sites adjacent to sequence motifs. Based on this evidence, we
concluded that contrary to ChIP-seq, testing for enrichments
of crosslink sites (IP over SMI control) with broader slid-
ing windows is more appropriate for the analysis of eCLIP
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data. Though the underlying biology of the RNA-binding be-
haviour of the protein under investigation is key for under-
standing CLIP data, the reduction in the number of false pos-
itives and the considerable increase in the number of motif-
containing binding sites provided by DEWSeq should help to
improve functional analyses downstream. To fully capitalise
on the potential of DEWSeq and for result reproducibility,
we further highly recommend that any CLIP-type experiments
should be performed with at least 3 replicates both for sam-
ples and controls, as this will drastically improve the statis-
tical power for reliable binding site detection with DEWSeq
in a way that standard eCLIP data processing using CLIPper
cannot provide. DEWSeq is highly scalable, easy-to-use, open-
source, fully documented and is designed to circumvent the
limitations of the individual-nucleotide resolution CLIP pro-
tocols outlined above. Finally, based on the results shown, we
strongly advise that CLIP-type protocols and analysis meth-
ods should be evaluated on RNA-binding proteins with a va-
riety of crosslinking and binding behaviours, thereby taking
into account structural and functional biological differences.

Data availability

DEWSeq along with extensive documentation is available as
an R/Bioconductor package. Reported DEWSeq binding sites
are available in the Supplementary Data. Additional files for
performing analysis with DEWSeq are available in Zenodo at
https://doi.org/10.5281/zenodo.8416672.

Supplementary data
Supplementary Data are available at NAR Online.
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