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ABSTRACT

Protein—-RNA interactions are essential for control-
ling most aspects of RNA metabolism, including syn-
thesis, processing, trafficking, stability and degrada-
tion. In vitro selection methods, such as RNAcom-
pete and RNA Bind-n-Seq, have defined the con-
sensus target motifs of hundreds of RNA-binding
proteins (RBPs). However, readily available informa-
tion about the distribution features of these mo-
tifs across full transcriptomes was hitherto lacking.
Here, we introduce oRNAment (o RNA motifs en-
richment in transcriptomes), a database that cata-
logues the putative motif instances of 223 RBPs,
encompassing 453 motifs, in a transcriptome-wide
fashion. The database covers 525 718 complete cod-
ing and non-coding RNA species across the tran-
scriptomes of human and four prominent model
organisms: Caenorhabditis elegans, Danio rerio,
Drosophila melanogaster and Mus musculus. The
unique features of oRNAment include: (i) hosting
of the most comprehensive mapping of RBP motif
instances to date, with 421 133 612 putative bind-
ing sites described across five species; (ii) options
for the user to filter the data according to a spe-
cific threshold; (iii) a user-friendly interface and ef-
ficient back-end allowing the rapid querying of the
data through multiple angles (i.e. transcript, RBP, or
sequence attributes) and (iv) generation of several
interactive data visualization charts describing the
results of user queries. oRNAment is freely available
at http://rnabiology.ircm.qc.ca/oRNAment/.

INTRODUCTION

Throughout their life-cycle, RNA molecules undergo a va-
riety of co- and post-transcriptional regulatory events that
control their maturation, function and fate (1-3). By mod-
ulating the assembly and function of ribonucleoprotein ma-
chineries, protein—-RNA interactions play critical roles in
virtually all facets of RNA metabolism. Indeed, RNA-
binding proteins (RBPs) form an essential class of regula-
tory factors, which encompass among the most deeply evo-
lutionarily conserved protein families (1,4). These proteins
are primarily classified by the type of RNA-binding domain
(RBD) they contain, which confers to them the capacity to
interact with RNA molecules through binding sites defined
by their sequence and/or structural properties (1,4). Recent
studies, combining RNA-capture and mass spectrometry
profiling, have characterized ~1500 RBPs in human cells,
hinting at the staggering complexity of post-transcriptional
regulation (5-8).

To characterize the binding specificities of candidate
RBPs, binding site selection approaches, in particular
RNAcompete and RNA Bind-n-Seq (RBNS) methodolo-
gies, have been systematically applied to a growing propor-
tion of eukaryotic RBPs (9-12). Both of these methods in-
volve in vitro binding assays combining a recombinantly pu-
rified RBP (or its RBD) and a randomized pool of RNA,
followed by the biochemical purification of bound RNA
molecules and their identification via microarray or RNA-
sequencing (9-12). These approaches have enabled the iden-
tification of primary sequence consensus binding site motifs
for a few hundred RBPs.

Several tools exist to scan user-provided RNA sequences
for matches to these in vitro motifs, including servers such as
CISBP-RNA, RBPmap, ATtRACT and MotifMap-RNA
(12-15). However, to date, no resources have been devel-
oped for identifying and cataloguing putative RBP motif in-
stances across full transcriptomes. Herein, we describe the
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oRNAment (o RNA motifs enrichment in transcriptomes)
database, which catalogues the motif instances of 223 RBPs
previously defined via the RNAcompete and RBNS plat-
forms, across the coding and non-coding transcriptomes
(excluding introns) of humans and four major model organ-
isms. oORNAment is accessible at http://rnabiology.ircm.qc.
ca/oRNAment/.

oRNAment ANALYSIS PIPELINE
Pre-processing of the oRNAment input data

oRNAment was created to characterize the distribution
properties of potential RBP target sites across model or-
ganism transcriptomes from the most up-to-date RBP mo-
tif data available (Figure 1).

We acquired the data for 223 unique RBPs, totalling
453 consensus motifs in the form of position weight ma-
trices (PWMs) obtained by either RNAcompete or RBNS
(9-12,16,17) (Figure li). More precisely, we obtained 218
RNAcompete PWMs (172 RBPs) from the CISBP-RNA
resource (12). By design, most motifs determined by RNA-
compete were of length 7 nucleotides. In parallel, we de-
rived an additional 235 PWMs (78 RBPs) by executing the
RBNS computational analysis pipeline for 7-mer enrich-
ment on RBNS data available from the ENCODE resource
(9,10,16,17). Therefore, all motifs in the database are 7 nu-
cleotides in length and are, as such, comparable. Overall,
only 27 RBPs were profiled by both methods (Figure 1i,
light grey lines). RBPs and their motifs were flagged for
their species-specificities as defined by Ray and al. (12) (Fig-
ure lii). Scans were performed for each PWM individually,
regardless of similarities or discrepancies between RNA-
compete and RBNS PWMs of the same RBP. Furthermore,
motif scans were executed for motifs assigned to each RBP
across all five species, regardless of the species representa-
tion of a given RBP. However, since RBP orthologs are ex-
pected to exhibit similar binding motif specificities if their
RBD show >70% identity in amino acid sequence (12), we
have flagged the species specificity of each factor so the user
can take this information into consideration.

oRNAment is based upon a custom pipeline to per-
form efficient transcriptome-wide scans for instances of all
453 RBP motifs collected above (Figure 2). We based our
pipeline on the widely used MATCH algorithm developed
to scan for putative transcription factor binding sites across
DNA sequences (18,19). This tool takes as input a mo-
tif, in the form of a PWM, and returns the position of
the subsequences above a given score (18,19) (Figure 2i-
iii). This is conceptually similar to scanning for RBP target
motif instances, also taking a PWM as input, across RNA
transcripts. Through the use of high-performance python
3.7 libraries (i.e. NumPy, Pandas) and data structures (pre-
constructed hash tables of all heptanucleotides and score
pairs), we developed a scanning algorithm that allows great
efficiency, in terms of memory and speed, permitting timely
execution across full transcriptomes. Nevertheless, due to
the computational limitations imposed by the large intronic
sequence space, the analyses herein only consider exonic re-
gions of target transcriptomes.

The search algorithm is based on the matrix similar-
ity score (MSS), which measures the correspondence of
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a transcript region to a given RBP motif of the same
length. This is defined as MSS = (current_score — min-
imum_score)/(maximum_score — minimum_score), where
current_score is the product of each nucleotides probabil-
ity at its respective position in the PWM, and the max-
imum_score and minimum_score are the product of each
maximum or minimum probability value, respectively, in
the PWM at each position. This provides a value between 0
and 1, where 1 is a perfect match to the top canonical bind-
ing motif of a given RBP (Figure 2).

In order to identify putative RBP motif instances, it is
necessary to select an appropriate threshold for the MSS,
which can vary depending on the user’s objectives. This
threshold allows the user to include motifs with varying de-
grees of similarity to the most probable in vitro defined con-
sensus motif. For a given percentile P (e.g. P = 50%) and a
given PWM, the threshold TP is chosen so that the proba-
bility that a 7-mer randomly generated based on the prob-
abilities specified by the PWM obtains an MSS greater or
equal to TP is P. In other words, the fraction of sensitiv-
ity (or recall) of the search is P. In practice, TP is obtained
by calculating the MSS score of each of the 16,384 possible
heptanucleotides, sorting them in decreasing order of MSS,
and going down the sorted list until the sum of MSS of the
selected heptanucleotides reaches P% of the total (Figure
2ii, dash line). oRNAment contains motif matches for 10
different thresholds, for P ranging from 50% to 95% in in-
crements of 5%, as well as for the special threshold MSS =
1 (canonical motif) (Figure 2).

We observed that the analysis pipeline reasonably pre-
dicts RBP binding sites observed by eCLIP in human
cells (16,20). We used as a validation set the group of 24
RBPs where eCLIP data was also available and compared
the genomic coordinates of oORNAment motif instances, at
a 50% threshold, to eCLIP peaks, at a >3-fold change and
a P-value < = 0.001. For this, we first downloaded the
bed narrowPeak files from ENCODE for both HepG2 and
K562 cell lines and filtered them in order to only keep peaks
in an annotated exon. This allowed a one-to-one compari-
son with the dataset scanned by oRNAment. We then col-
lapsed peak regions from replicates when they showed any
overlap. As the peak region rarely had the exact same coor-
dinates, we kept as one region the coordinates englobing the
shortest region between the two replicates (i.e. if replicate 1
had a peak between nucleotides 100-109 and replicate 2 a
peak between 102-110, we kept as a peak a region between
102-109). We only kept peak regions of at least seven nu-
cleotides. As eCLIP results tend to be cell dependent and we
aimed to have a global dataset, we, on one hand, pooled all
the data, replicated or not, from both cell lines and, on an-
other hand, pooled only the data that was replicated within
a cell line. We considered an oRNAment motif instance as
matching an eCLIP peak when there was any type of over-
lap between the two coordinates. This revealed a good cor-
respondence, as defined by the ratio of motif instances iden-
tified by oRNAment that are in an eCLIP peak. Further-
more, motif instances defined by oRNAment are generally
better enriched in eCLIP peaks compared to an equal num-
ber of random coordinates taken from the same transcrip-
tomic space that was scanned by oRNAment. As an ex-
ample, the five motifs recognized by HNRNPK are more
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Figure 1. The oRNAment database contains 453 motifs attributable to 223 RBPs in 5 species. (i) Motifs obtained for each RBP come from RNAcompete
(red segment) and RBNS (dark grey segment) experiments. Links shown between RBPs (light grey lines) denote those that were assessed by both methods.
Coloured dots show the species-specificity of each motif according to Ray ez al. (12). There are 181 RBPs with binding specificities in the species included
in the database and 42 from external species. (ii) Upset plot showing the distribution of interrogated species-specific RBPs across all five species.
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Figure 2. The oRNAment computational pipeline. (i) For a given transcript, the algorithm linearly scans for subsequences of length 7 and (ii) reports only
those that have an MSS higher than the threshold, represented by the dashed line (table look-up, exemplified by the arrows, only shown for the second and
fourth sequentially scanned 7-mers; sum of MSS’ used as denominator for MSS’% computation in bold). (iii) oORNAment reports all motif instances in all
transcripts across five species. (iv) oRNAment reasonably predicts RBP binding sites observed by eCLIP in human K562 and HepG?2 cells (blue bars in
histogram), as shown for the five motifs bound by the HNRNPK RBP, in comparison to the same number of random sequences (orange bars).
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highly enriched in HNRNPK eCLIP peaks compared to
random coordinates (Figure 2iv), while additional exam-
ples are shown in Supplemental Figure S1A and B and Sup-
plemental Table S1 (20). Furthermore, oORNAment displays
reasonable false negative rates and precision (Supplemental
Figure SI1C, D, E, F and Table S1).

The pipeline was executed on all coding (cDNA) and
non-coding (ncRNA) transcripts obtained from the FASTA
sequences of Ensembl gene release 97, for Homo sapi-
ens (GRCh38), Caenorhabditis elegans (WBcel235), Danio
rerio (GRCz11), Drosophila melanogaster (BDGP6) and
Mus musculus (GRCm38) (21).

Database implementation

oRNAment is built upon the column-oriented DBMS yan-
dex ClickHouse version 19.5.3.1. The server-side back
end of the web application makes use of Django ver-
sion 2.1.9 and is written in Python 3.7.0. The client in-
terface is implemented in Django’s HTML template lan-
guage with the inclusion, for a greater interactive experi-
ence, of several JavaScript libraries, including jquery ver-
sion 3.3.1, datatables version 1.10.19, charts.js version 2.0,
ViennaRNA /fornac.js version 1.1.8, and IGVjs version
2.2.13. The layout styling was created with Bootstrap 4 and
Bootstrap-material-design version 4.1.1.

PRIMARY FEATURES OF oRNAment
Overall functionality

oRNAment contains the position of all motif matches for
all PWMs defined by RNAcompete or RBNS, across the
transcriptomes (excluding introns) of all five interrogated
species. The user can narrow their search to only motifs for
which RBPs are represented in a specific species or group of
species.

For each type of search, the database outputs distinct fig-
ures summarizing the abundance and distribution of mo-
tifs across queried transcripts, subregion types (e.g. coding
sequence, UTRs), or RNA biotypes (Figure 3i-ix). It also
outputs individual graphs showing the position of all mo-
tif instances and their MSS within each transcript for the
selected species (Figure 3x). Moreover, a detailed table lists
all motif instances along with their associated gene name,
transcript 1D, biotype, position along the transcript, MSS,
genomic coordinates, and probability for the 7-mer region
to be structurally unpaired, as assessed by RNAplfold pre-
dictions (22). Further detailed information, including the
predicted RNA secondary structure (Figure 3xi), as as-
sessed by RNAfold, can be accessed for a specific transcript
from the table (22). For a multifaceted overview of multiple
motifs, oORNAment also features an embedded Integrated
Genome Browser (IGV) (Figure 4). All the above informa-
tion can readily be downloaded as an Excel, CSV, or bed
file. This can be achieved either by downloading a subset of
the database from the detailed table stemming from a query
or by downloading the entire database content.

The database contains a detailed tutorial page to help the
user navigate the resource. This section documents the al-
gorithm implemented and the RBP motif data used in oR-
NAment. Furthermore, it provides comprehensive instruc-

tions on how to use each functionality through step-by-step
demonstrations using real examples.

Search by transcripts

This functionality allows the user to query the database
for a specific gene, transcript, or group of genes or tran-
scripts, in a specified species, and returns all their putative
RBP binding sites. The results are visualized with interac-
tive summarizing charts/histograms (Figure 3i—v) and a de-
tailed table. First, a treemap, or histogram, shows the to-
tal number of putative instances associated with each RBP.
Second, a polar plot, or histogram, illustrates the subre-
gions where these motif instances are observed. Third, a box
plot describes the distribution of motif instances within all
transcripts searched within oRNAment. This is especially
useful when searching for multiple transcripts to determine
if they have a common RBP binding site.

Search by RBP

This functionality allows a user to query the database for a
specific RBP, in a specified species, and returns all its puta-
tive binding sites in all coding and non-coding transcripts.
The user can restrict or expand their query results by spec-
ifying the PWM’s sensitivity threshold. The results of this
query are visualized with interactive summarizing charts
and a detailed table (Figure 3vi-ix). A doughnut plot, or
histogram, shows the total number of putative motif in-
stances identified for the queried RBP grouped by gene
biotype allowing a user to, for example, predict protein-
non-coding RNA interactions. Finally, a radar plot, or his-
togram, shows the subregions where these putative motif in-
stances are observed.

Search by attributes

This functionality allows the user to query the database
for a specific combination of transcript attributes
[e.g. 3untranslated region (UTRs) of mRNA, rRNA]
in a given species and returns all associated putative RBP
binding sites. When an attribute is incompatible with other
selections, it is shown as a blocked option (unclickable
and greyed out text displaying “NA”). Contrastingly,
when selecting the protein coding biotype, the region NA
corresponds to the Ensembl annotation for unavailable
information and it is selectable. The results are visualized
with a treemap, or histogram, showing the total number of
putative instances identified for each RBP and a detailed
table.

Interactively visualize motif instances

oRNAment offers the possibility for a user to browse the
genome of a given species and interactively visualize puta-
tive motif instances of up to three RBPs in an embedded In-
tegrated Genomic Viewer (IGV) browser (Figure 4) (23,24).
Unlike a detailed transcript query, which is designed to de-
scribe binding sites for specific and individual RBPs, this
functionality allows the users to mine the data in a broader
exploratory manner. The user can search for one or multi-
ple loci, querying by genomic positions, and visualizing the
RBP binding sites along each annotated exon.
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Figure 3. Examples of the figures generated by oRNAment when searching for motifs in specific RNAs or RBPs. Upon a user’s query, either by transcript
(i-v) or by RBP (vi-ix), multiple figures summarizing the results are provided. (i-v) When searching by transcripts (here the cen mRNA in Drosophila),
oRNAment provides: (i) a treemap of the most abundant RBP motif instances (likewise shown when searching by attributes); or (ii) a histogram of the
same results; (iii) a polar plot showing in which subregion of the transcript RBP motif instances are observed (here in cen); or (iv) a histogram of the same
results; (v) a box plot of the distribution of RBP motif instances in all transcripts queried (here, the boxplot shows the distribution of the number of motif
instances among the two isoforms of cen). (vi-ix) When searching by RBP, oRNAment provides: (vi) a doughnut plot showing in which gene biotypes
putative binding sites for the queried RBP are observed (here for SRSF9); or (vii) a histogram of the same results; and (viii) a radar plot showing in what
transcript subregion putative binding sites for the queried RBP are observed; or (ix) a histogram of the same results. All search functionalities provide a
table from which the user can access gene-level or transcript-level details. (x—xi) By selecting a gene/transcript and RBP pair, o0RNAment will provide: (x)
a scatter plot showing the position of each putative RBP binding site and corresponding MSS scores, here above the 50% MSS’ threshold respectively for
each motif of the shep RBP on the cen mRNA. The transcript positions, on the x-axis, end at the last motif instance + 10 nucleotides; and (xi) a predicted
2D structure of the cen transcript as established by RNAfold with default parameters.
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CONCLUSION

oRNAment is a modern platform that offers access to
a nucleotide-resolution mapping of putative RBP bind-
ing sites across the transcriptomes of human and four
important model organisms, namely C. elegans, D. rerio,
D. melanogaster and M. musculus. The methodology and
thresholds employed results in a computationally expen-
sive analysis that produces a large quantity of data. oRNA-
ment palliates this issue by having pre-computed all pos-
sible instances through high performance computing re-
sources and by storing the data in a state-of-the-art column-
oriented DBMS, which enables efficient retrieval and pro-
cessing of large quantities of data up to 1000 times faster
than traditional data management methods. Altogether, we
propose a tool from which the searches and resulting fig-
ures are fully interactive and responsive on both desktops
and tablets. oORNAment is the first database detailing the
transcriptome-wide distribution features of putative RBP
target motifs across multiple species. As such, it should
prove very useful for users aiming to address hypotheses and
to design experiments to study post-transcriptional gene
regulation. Future versions will include the complete tran-
scriptome of more species and the addition of other RBPs
as their motifs are experimentally defined.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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