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ABSTRACT

Prediction of protein–RNA interactions is impor-
tant to understand post-transcriptional events taking
place in the cell. Here we introduce catRAPID omics
v2.0, an update of our web server dedicated to the
computation of protein–RNA interaction propensities
at the transcriptome- and RNA-binding proteome-
level in 8 model organisms. The server accepts mul-
tiple input protein or RNA sequences and computes
their catRAPID interaction scores on updated pre-
compiled libraries. Additionally, it is now possible
to predict the interactions between a custom pro-
tein set and a custom RNA set. Considerable effort
has been put into the generation of a new database
of RNA-binding motifs that are searched within the
predicted RNA targets of proteins. In this update,
the sequence fragmentation scheme of the catRAPID
fragment module has been included, which allows
the server to handle long linear RNAs and to anal-
yse circular RNAs. For the top-scoring protein–RNA
pairs, the web server shows the predicted binding
sites in both protein and RNA sequences and reports
whether the predicted interactions are conserved in
orthologous protein–RNA pairs. The catRAPID omics
v2.0 web server is a powerful tool for the characteri-
zation and classification of RNA-protein interactions
and is freely available at http://service.tartaglialab.
com/page/catrapid omics2 group along with docu-
mentation and tutorial.

GRAPHICAL ABSTRACT

INTRODUCTION

We previously developed the catRAPID approach to pre-
dict protein–RNA interactions (1). Starting from the in-
formation contained in both protein and RNA sequences,
catRAPID computes secondary structure properties that
are combined with physicochemical features, including hy-
drogen bonding, hydrophobicity and van der Waals contri-
butions, to estimate the binding propensity of a protein–
RNA pair (2). We used the method to design experi-
ments aiming to identify the binding partners of non-coding
RNAs such as Xist (3), HOTAIR (4), HOTAIRM1 (5) and
SAMMSON (6).

To facilitate the calculation of protein–RNA interactions
at a high-throughput level, we previously developed the
catRAPID omics v1.0 web server (7). catRAPID omics v1.0
exploits precompiled libraries to quickly estimate the inter-
action propensity of a protein or RNA of interest in differ-
ent model organisms. For instance, the user could interro-
gate the human proteome with a non-coding RNA sequence
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or the mouse transcriptome with a mutant protein in which
one region is deleted.

Here, we propose catRAPID omics v2.0, a new version
in which several features have been added, including algo-
rithms that we developed and published in the last years.
Among the most relevant modifications, we list the inte-
gration of the sequence fragmentation approach to identify
binding regions in proteins and RNAs (8), the calculation
of RNA-binding abilities of proteins (9) and a major update
of protein and RNA libraries.

catRAPID omics allows proteome- and transcriptome-
wide calculations for the following organisms: Homo
sapiens, Mus musculus, Rattus norvegicus, Xenopus tropi-
calis, Danio rerio, Drosophila melanogaster, Caenorhabdi-
tis elegans and Saccharomyces cerevisiae. Importantly, in
catRAPID omics v2.0 we exploit orthology relationships to
gain insight into the evolutionary conservation of predicted
protein–RNA interactions.

In catRAPID omics v1.0, the precompiled protein set
was built by retrieving UniprotKB entries (version 2012 11)
(10) annotated as RNA-Binding, DNA-Binding or Nucleic
Acid-Binding, plus the addition of RNA-binding Proteins
(RBPs) identified through interactome capture experiments
(11) and a manually curated database of disordered pro-
teins, for a total of 9269 proteins. RNA motifs recognized
by a fraction of these proteins were collected from a small
set of sources available at the time and retrieved in RNA se-
quences by searching for exact matches. In catRAPID omics
v2.0, the protein set is mostly composed of experimentally
defined RBPs, including non-canonical RNA-binding pro-
teins (12 380 RBPs in total, 2350 of which are in common
with the catRAPID omics v1.0 protein library); such set
was annotated with an updated database of motifs, many
of which have been identified using high-throughput in vivo
techniques that were not available at the time of catRAPID
omics v1.0 release.

The precompiled RNA library in catRAPID omics v1.0
consisted of 212 773 protein-coding and 46 376 non-coding
transcripts from Ensembl 68 (12), with length between
50 and 1200 nucleotides. Transcripts longer than 1200 nt
were accepted only as custom input RNA sequences. In
catRAPID omics v2.0, we used 141 687 protein-coding and
58 887 non-coding transcripts from Ensembl 101 (13), ex-
tending the length limit to 5000 nucleotides and manually
including important long non-coding RNAs exceeding this
limit. Non-coding RNAs are now divided into long non-
coding and small non-coding RNA sets.

To avoid redundancy and imbalances due to multiple
transcript isoforms, we selected only the main isoform of
each gene. Furthermore, RNA sequences are divided into
overlapping fragments (3,8), which facilitates the handling
of large transcripts and the identification of binding re-
gions. Thanks to the fragmentation procedure, catRAPID
is also able to deal with circular RNA sequences. Precom-
piled RNA libraries were supplemented with 28 913 cir-
cular RNAs (circRNAs) from the CircAtlas 2.0 database
(14), expanding the versatility of the web server. One of the
most important features of catRAPID omics v2.0 is that,
for the 500 most interacting protein–RNA pairs, the soft-
ware calculates protein–RNA binding sites. This step, previ-
ously validated in our publications (4,8,15,16), significantly

increases the power and resolution of our high-throughput
method.

RNA-BINDING PROTEIN LIBRARY UPDATE

RNA-binding proteins were gathered from high-
throughput detection screens (17) and from EuRBPDB
(18), a database of experimentally and computationally
identified RBPs. The list of human RBPs was further
integrated with a set of manually curated RBPs (19). RBP
sequences were obtained from UniprotKB/Swiss-Prot
2020 05 (20).

RNA-binding motifs were collected from several
databases, including ATtRACT (21), cisBP-RNA (22),
mCrossBase (23), oRNAment (24) and RBPmap (25), and
by manual literature search. Further details about motif
database construction and motif search are available in
Supplementary Methods. RNA-binding proteins with no
motifs in the above mentioned resources were assigned
those of the most similar RBPs with which they share at
least 70% sequence identity, if any (RBPs with this level
of sequence identity have been shown to bind similar
motifs (22)). MMseqs2 (26) was used to find such similar
sequences.

hmmscan tool from the HMMER3 suite (27) was used
to scan proteins for Pfam domains annotated with RNA-
related terms (28). Orthology-based relationships between
RBPs were derived from Ensembl 101 database (13).

The composition of the protein sequence datasets is re-
ported in Table 1.

TRANSCRIPT LIBRARY UPDATE

Ensembl 101 was used for collecting coding and non-coding
RNAs. Only transcripts with length between 50 and 5000
nucleotides were allowed. Gene biotype was used to assign
transcripts to each class, according to the following criteria:

• protein-coding RNAs: protein coding. For each gene, we
selected a single isoform based on (in order of priority)
APPRIS score (29), Transcript Support Level and pres-
ence in GENCODE Basic set (30). If multiple transcripts
had the same flag, we selected the longest one. Orthology
relationships were taken directly from Ensembl (31);

• long non-coding RNAs: lncRNA, lincRNA, antisense,
macro lncRNA, sense intronic, sense overlapping, ncRNA,
pseudogene (only for X. Tropicalis). Transcripts shorter
than 200 nucleotides were filtered off. Orthology relation-
ships were evaluated transcript-wise: for each transcript,
liftOver tool (32) was used to determine the syntenic re-
gions of its exons in other genomes; transcripts whose ex-
ons fell in such regions (interspecies overlap) were classi-
fied as orthologs. In this way, transcript-level orthology
groups were created. From each of such groups, we se-
lected the set of transcripts with the greatest interspecies
overlap, allowing one transcript per gene. For each long
non-coding RNA gene with no orthologs, we selected a
single isoform based on (in order of priority) Transcript
Support Level and presence in GENCODE Basic set. If
multiple transcripts had the same flag, we selected the
longest one;
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Table 1. Precompiled RBP libraries available in catRAPID omics v2.0

Proteome (UniprotKB 2020 05)

RBPs RBPs with motifs

Model organism Source Total With orthologs Original By similarity

Homo sapiens Hentze et al., Gerstberger et al. 2064 1714 275 39
Mus musculus Hentze et al. 1903 1365 63 188
Drosophila melanogaster Hentze et al. 796 553 56 20
Caenorhabditis elegans Hentze et al. 491 340 21 6
Saccharomyces cerevisiae Hentze et al. 1275 604 35 4
Rattus norvegicus EuRBPDB 2174 2002 7 277
Danio rerio EuRBPDB 2335 1662 5 159
Xenopus tropicalis EuRBPDB 1342 1248 5 79
Total 12 380 9488 467 772

• small non-coding RNAs: ncRNA, miRNA, miscRNA,
piRNA, siRNA, snRNA, snoRNA, vaultRNA. Only tran-
scripts shorter than 200 nucleotides were kept. Orthology
relationships were retrieved from Ensembl (33).

• Full-length circular RNA sequences and their orthology
relationships were collected from CircAtlas 2.0 (14). Only
circRNAs conserved in at least four organisms (human,
mouse, rat and macaque) were kept.

The composition of the RNA sequence datasets is re-
ported in Table 2.

IMPROVEMENTS ON LARGE-SCALE COMPUTATION
OF PROTEIN-RNA INTERACTIONS

In case the user submits only RNA or protein sequences,
interactions are evaluated against a precompiled RBP
or RNA library, respectively. Differently from catRAPID
omics v1.0, the web server accepts multiple (up to 10) query
sequences. Furthermore, it is now possible to compute all
the possible pairwise interactions between a custom set
of proteins and a custom set of transcripts (each com-
posed of 500 sequences maximum). While in catRAPID
omics v1.0 fragmentation occurred only for query tran-
scripts longer than 1200 nt, it is now applied to all tran-
scripts longer than 51 nt, whether they are submitted by the
user or belonging to precompiled libraries.

Input sequences are compared to the precompiled RNA-
binding proteins and RNA libraries using MMseqs2 (26).
Each sequence is assigned the orthology-based relation-
ships and the RNA-binding motifs (in case of proteins) of
the best match, provided that sequence identity is higher
than 70%. Submitted proteins also undergo a catRAPID
signature run (9) to calculate their overall RNA-binding
propensity, and an hmmscan run (27) to identify RNA-
binding domains. If a submitted protein sequence is not
similar to any RBP from the precompiled libraries and its
catRAPID signature score is lower than 0.5, the web server
warns the user that the protein is unlikely to bind RNA, but
it still shows the interactions predicted by the catRAPID al-
gorithm.

The main result of any catRAPID omics run consists
of a list of interaction propensity values and correspond-
ing z-scores calculated for each possible protein–RNA pair.
When transcripts are fragmented, the values reported in the
main tables are those relative to the top-scoring RNA frag-

ment (a full table with the interaction propensity values for
all RNA fragments is also available). If a fragment is pro-
duced from an mRNA or a circRNA, an annotation is pro-
vided, specifying whether it falls in a translated and/or in an
untranslated region or if it overlaps with the back-splicing
junction, respectively.

To help the user to rank the results, a star rating system is
provided. Although conceptually similar to the catRAPID
omics v1.0 star rating system, the new one is calculated in a
slightly different way, being the sum of:

1. catRAPID normalized propensity: z-score values be-
tween -4 and 4 are mapped to [0,1] range. z-score values
under -4 are assigned 0, those above 4 are assigned 1;

2. RBP propensity: a measure of the propensity of the pro-
tein to bind RNA. It equals 1 if the protein is in the
precompiled RBP library or it is similar to one of such
RBPs. Otherwise, it is set to catRAPID signature overall
score;

3. known RNA-binding motifs: 0 if no RBP-specific RNA
motif is found on the RNA sequence, 0.5 if only one of
such motif occurrences is found, 1 if multiple motif oc-
currences are found. See Supplementary Methods for a
description of how motif presence is evaluated.

After summing these values, the ranking score is scaled
to [0,1] range.

Another new feature available in the main results page is
a panel of plots (Figure 1) showing the number and identity
of RNA-binding domains and RNA-binding motifs iden-
tified, as well as the number of conserved interactions (see
next paragraph).

ANNOTATION OF TOP-SCORING INTERACTIONS

Top-scoring pairs are directly shown in a table in the main
result page (Figure 2). Such protein–RNA couples are se-
lected by taking the 500 interactions with the highest in-
teraction propensity value. If N query sequences are sub-
mitted for analysis versus a precompiled library, the top
500/N interactions are reported for each query. In the new
catRAPID omics the top-scoring pairs undergo two further
analyses, allowing a more complete characterization of their
interactions :

• a second catRAPID run is performed, in which also
the protein undergoes sequence fragmentation (3,8). This
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Table 2. Precompiled RNA libraries available in catRAPID omics v2.0

Transcriptome (Ensembl 101)

Protein-coding Long non-coding Small non-coding Circular RNAs (CircAtlas 2.0)

Model organism Total With orthologs Total With orthologs Total With orthologs Total With orthologs

Homo sapiens 19 175 17 684 16 523 1001 4912 1785 9997 6678
Mus musculus 20 823 20 053 8779 999 5162 2535 10714 9452
Drosophila melanogaster 13 286 7452 2445 - 601 18 - -
Caenorhabditis elegans 19 929 7270 1583 - 6933 6 - -
Saccharomyces cerevisiae 6523 2819 16 - 61 3 - -
Rattus norvegicus 20 894 19 758 2828 281 4662 2829 8202 7735
Danio rerio 24 628 18 383 2164 50 1169 438 - -
Xenopus tropicalis 16 429 14 158 76 5 973 845 - -
Total 141 687 107 577 34 414 2336 24 473 8459 28913 23 865

Figure 1. Summary displayed in the main output page. Top-left: number of proteins having one or more RNA-binding domains (RBDs). Top-right: number
of proteins in which the most detected RBDs were found. Bottom-left: number of RNA-binding motifs occurrences found in the analysed transcripts; only
the most represented RBPs are displayed. Bottom-right: number of interactions predicted to be conserved in other organisms.

allows to build a protein–RNA interaction matrix, in
which an interaction propensity score is assigned to each
protein–RNA fragment pair. Such matrix, which allows
to find the protein and RNA regions that are more likely
to interact with each other, is available both in tabular
form and as a graphical representation (interaction map),
both annotated with the localization of UTRs and CDS
(in case of mRNA; Figure 3) or of the back-splicing junc-
tion (in case of circRNA);

• an evolutionary conservation analysis across all the
species available in the web server is performed, in which
the orthologous RBP-RNA pairs (if any) undergo a par-
allel catRAPID analysis. The result of such analysis is the

number of orthologous pairs in which the interaction is
putatively conserved out of the total number of orthol-
ogous pairs. For an interaction to be classified as con-
served, the z-score for the ortholog pair must be higher
than the z-score of the pair under analysis minus 0.5,
which is an arbitrary cutoff for detecting similar interac-
tions.

CALCULATION OF RBP–CIRCRNA INTERACTIONS

The fragmentation procedure applied to circRNA se-
quences is shown in Figure 4. This approach allows to
evenly cover the region around the back-splicing junction,
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Figure 2. An example of the table displayed in the main output page. For each protein–RNA pair, the interaction propensity and z-score are shown. Values
in the Protein ID and RNA ID columns link to the Uniprot, Ensembl or CircAtlas v2.0 entries, or to the custom sequence. A click on the text within
the Interaction Matrix column gives access to the interaction matrix in tabular or graphic format, as produced by a parallel catRAPID run upon protein
fragmentation. RBP propensity equals 1 if the protein is in the RBP precompiled library or it is similar to one of such RBPs; otherwise, it is set to catRAPID
signature overall score. By clicking on the number of RNA-binding domain and motif instances, a page is displayed showing their position within the protein
and RNA sequence, respectively. The Conserved Interactions column reports the number of organisms in which the interaction is conserved out of those
in which an orthologous pair is found; by clicking on the text, it is possible to access a new page with the orthologous pairs that are predicted to interact.
Star rating system is displayed in the Ranking column.

Figure 3. Example of interaction map describing the binding between a
generic RBP and an mRNA. Red marks correspond to the predicted bind-
ing regions, the intensity being proportional to the interaction propensity
(8). 5′UTR label indicates the end of the 5′ Untranslated Region, while
3’UTR marks the start of the 3’ Untranslated Region.

an area that is particularly important since it contains the
sequence determinants that distinguish the circRNA from
its linear counterpart. Such fragmentation is applied not
only to the circRNAs belonging to the precompiled library,
but also to the circular RNA sequences submitted by the
user. Following this approach we found a case of predicted
protein–circRNA interaction supported by experimental
evidence. We submitted a panel of six human RBPs, includ-
ing the three FraX proteins (FMRP, FXR1 and FXR2),
against the human precompiled circRNA library (this run is
also available in the web server as a sample analysis). FraX
proteins form a set of homologous RBPs (34) whose most

known member is FMRP, a protein linked to Fragile X syn-
drome and autism (35–37). FraX proteins are highly ex-
pressed in neurons (38), in which they also have been shown
to localize to neuronal projections, where they could have a
role in presynaptic mRNA transport and translation (39–
43). PAR-CLIP showed that most of the RNA targets of
the three FraX proteins overlap, and that they have identi-
cal sequence binding preferences, consisting in ACUK and
WGGA motifs (44). FMRP has also been shown to bind
circRNAs (45,46).

Ranking the top results of the above mentioned
catRAPID omics run by star score, we found that one of
the best FXR2 interactors was hsa-CHD7 0003 (21st out
of 9997 circRNAs), a circRNA arising from four exons of
the CHD7 gene, which encodes for a chromatin remodel-
ing factor implicated in CHARGE syndrome (47). Accord-
ing to CircAtlas 2.0, hsa-CHD7 0003 is mainly expressed
in the brain, where the reads mapping on its back-splicing
junction account for about 10% of the expression of all the
RNAs produced using the splice junctions flanking the cir-
cRNA. We found such interaction particularly compelling
since it was supported by the presence of the WGGA mo-
tif and predicted to be conserved in Rattus norvegicus; most
interestingly, the RNA binding site was predicted to be lo-
cated across the back-splicing junction (Figure 5). While the
z-score supporting this interaction is high (1.03; z-scores
obtained for all the 57450 protein–RNA pairs range from
–1.59 to 1.60), those calculated for the interaction with
FMRP and FXR1 are rather low (0.11 and 0.07, respec-
tively), suggesting that, even if the common RNA recogni-
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Figure 4. Schematic representation of the fragmentation procedure ap-
plied to circular RNA sequences. The sequence fragmentation approach
applied to any linear RNA is based on the division of RNA sequences
with length l into overlapping fragments with length f . These fragments
expand from the 5’ to the 3’ end of sequence with a step equal to the half of
the fragment length ( f

2 ). Similarly, in order to avoid uncovered parts in the
3’end, the fragmentation procedure is also applied in reverse, expanding
from the 3’ to the 5’ end of the sequence. The same process is applied to
circRNAs, but with three additional fragments that cover the back-splicing
junction (BS), one that is centered exactly on the BS and two more frag-
ments starting at positions l − 1

3 f $and l − 2
3 f , respectively.

Figure 5. Interaction map of FXR2 binding to the circular RNA hsa-
CHD7 0003. The red rectangle corresponds to the predicted binding re-
gion (8). BS Junction label indicates the position of the back-splicing junc-
tion.

tion element WGGA is present, hsa-CHD7 0003 is able to
interact only with FXR2. Strikingly, according to the CLIP-
Seq annotation available in CircAtlas 2.0, hsa-CHD7 0003
exonic sequence contains a binding site for FXR2, but not
for the other two FraX proteins, supporting the fact that
hsa-CHD7 0003 is specifically recognized by the former
protein. This example shows how, with the new ability to
submit multiple queries, catRAPID omics can be used to de-
tect different binding preferences among proteins that rec-
ognize the same primary structure elements, as well as its

capacity to handle circular RNA molecules thanks to the
sequence fragmentation approach.

CONCLUSIONS AND FUTURE PERSPECTIVES

With catRAPID omics v2.0 we expanded the application
of the catRAPID algorithm to large datasets, both by up-
dating the catRAPID omics v1.0 RBP, mRNA and non-
coding RNA libraries, and by introducing circRNAs, a
novel class of RNAs whose functional characterization is
a hot topic in RNA biology (48,49). The ability to han-
dle circular RNA molecules was made possible thanks to
the RNA sequence fragmentation (8) that is now applied
to all the transcripts. Fragmentation occurs also at the
protein level for the top-scoring interactions, allowing to
better rationalize the elements that contribute to molecu-
lar recognition (3,8). The parallel calculation of ortholo-
gous binding pairs and the employment of catRAPID sig-
nature (9) to predict the RNA-binding propensity provide
an extra confidence layer to our predictions. We also im-
proved the flexibility of our method by allowing multiple
input sequences and custom proteins versus custom RNAs
predictions.

The downside of the fragmentation approach is that it in-
creases the amount of calculations required to predict the
interaction. Thanks to efficient parallelization and to the
employment of only the main isoforms in the RNA precom-
piled libraries preparation, we managed to obtain execu-
tion times that are similar to those of catRAPID omics v1.0
(see catRAPID omics v2.0 online documentation), while
performing further annotation steps that require additional
catRAPID runs. Since the choice of the main isoform is
based on the APPRIS score (29) (when available), which
favours the most evolutionary conserved isoforms, the con-
servation analysis of the interaction is likely performed on
orthologous transcripts. We are planning to implement a
gene-level fragmentation scheme, which will allow us to cap-
ture all the transcript isoforms of a gene with a minimal
set of fragments. Available transcript-level expression data
will be integrated in order to identify co-expressed protein–
RNA pairs among those which are predicted to interact,
following a scheme we previously implemented (50). One
of the main limitations of catRAPID omics is that the pre-
compiled libraries only contain mature transcripts, while
many protein–RNA interactions occur in the introns (51).
To study the interactions involving intronic regions, users
must submit them as custom sequences, with the limit of
500 RNA sequences per run. To improve the throughput
of protein-intron interaction prediction we will introduce
precompiled libraries of intronic sequences. These improve-
ments, together with a major revamping of the catRAPID
core algorithm, will form the basis for a future update of the
catRAPID omics web server.

DATA AVAILABILITY

catRAPID omics v2.0 can be freely accessed at http://
service.tartaglialab.com/page/catrapid omics2 group.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkab393/6292102 by guest on 09 June 2021

http://service.tartaglialab.com/page/catrapid_omics2_group
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab393#supplementary-data


Nucleic Acids Research, 2021 7

ACKNOWLEDGEMENTS

We thank all the members of the Tartaglia and Gustincich
laboratories.
Authors contribution: A.A. and A.C. developed the web
server with the aid of G.P., J.R. and G.G.T. G.P. and A.C.
built the protein and RNA libraries and collected motif
databases. A.A. built the computational framework. A.C.
and G.G.T. wrote the manuscript.

FUNDING

European Research Council [RIBOMYLOME 309545,
ASTRA 855923]; H2020 projects [IASIS 727658, IN-
FORE 825080]. Funding for open access charge: ERC [AS-
TRA 855923].
Conflict of interest statement. None declared.

REFERENCES
1. Bellucci,M., Agostini,F., Masin,M. and Tartaglia,G.G. (2011)

Predicting protein associations with long noncoding RNAs. Nat.
Methods, 8, 444–445.

2. Cid-Samper,F., Gelabert-Baldrich,M., Lang,B., Lorenzo-Gotor,N.,
Ponti,R.D., Severijnen,L.A.W.F.M., Bolognesi,B., Gelpi,E.,
Hukema,R.K., Botta-Orfila,T. et al. (2018) An integrative study of
protein-RNA condensates identifies scaffolding RNAs and reveals
players in fragile X-associated tremor/ataxia syndrome. Cell Rep., 25,
3422–3434.

3. Cirillo,D., Blanco,M., Armaos,A., Buness,A., Avner,P., Guttman,M.,
Cerase,A. and Tartaglia,G.G. (2016) Quantitative predictions of
protein interactions with long noncoding RNAs. Nat. Methods, 14,
5–6.

4. Battistelli,C., Garbo,S., Riccioni,V., Montaldo,C., Santangelo,L.,
Vandelli,A., Strippoli,R., Tartaglia,G.G., Tripodi,M. and Cicchini,C.
(2021) Design and functional validation of a mutant variant of the
LncRNA HOTAIR to counteract snail function in
epithelial-to-mesenchymal transition. Cancer Res., 81, 103–113.

5. Rea,J., Menci,V., Tollis,P., Santini,T., Armaos,A., Garone,M.G.,
Iberite,F., Cipriano,A., Tartaglia,G.G., Rosa,A. et al. (2020)
HOTAIRM1 regulates neuronal differentiation by modulating
NEUROGENIN 2 and the downstream neurogenic cascade. Cell
Death. Dis., 11, 527.

6. Vendramin,R., Verheyden,Y., Ishikawa,H., Goedert,L., Nicolas,E.,
Saraf,K., Armaos,A., Delli Ponti,R., Izumikawa,K., Mestdagh,P.
et al. (2018) SAMMSON fosters cancer cell fitness by concertedly
enhancing mitochondrial and cytosolic translation. Nat. Struct. Mol.
Biol., 25, 1035–1046.

7. Agostini,F., Zanzoni,A., Klus,P., Marchese,D., Cirillo,D. and
Tartaglia,G.G. (2013) CatRAPID omics: a web server for large-scale
prediction of protein–RNA interactions. Bioinformatics, 29,
2928–2930.

8. Cirillo,D., Agostini,F., Klus,P., Marchese,D., Rodriguez,S.,
Bolognesi,B. and Tartaglia,G.G. (2013) Neurodegenerative diseases:
quantitative predictions of protein–RNA interactions. RNA, 19,
129–140.

9. Livi,C.M., Klus,P., Delli Ponti,R. and Tartaglia,G.G. (2016)
catRAPID signature: identification of ribonucleoproteins and
RNA-binding regions. Bioinformatics, 32, 773–775.

10. Apweiler,R., Martin,M.J., O’Donovan,C., Magrane,M.,
Alam-Faruque,Y., Alpi,E., Antunes,R., Arganiska,J., Casanova,E.B.,
Bely,B. et al. (2013) Update on activities at the Universal Protein
Resource (UniProt) in 2013. Nucleic. Acids. Res., 41, D43–D47.

11. Castello,A., Horos,R., Strein,C., Fischer,B., Eichelbaum,K.,
Steinmetz,L.M., Krijgsveld,J. and Hentze,M.W. (2013) System-wide
identification of RNA-binding proteins by interactome capture. Nat.
Protoc., 8, 491–500.

12. Flicek,P., Ahmed,I., Amode,M.R., Barrell,D., Beal,K., Brent,S.,
Carvalho-Silva,D., Clapham,P., Coates,G., Fairley,S. et al. (2013)
Ensembl 2013. Nucleic Acids Res., 41, D48–D55.

13. Yates,A.D., Achuthan,P., Akanni,W., Allen,J., Allen,J.,
Alvarez-Jarreta,J., Amode,M.R., Armean,I.M., Azov,A.G.,
Bennett,R. et al. (2020) Ensembl 2020. Nucleic Acids Res., 48,
D682–D688.

14. Wu,W., Ji,P. and Zhao,F. (2020) CircAtlas: an integrated resource of
one million highly accurate circular RNAs from 1070 vertebrate
transcriptomes. Genome Biol., 21, 101.

15. Agostini,F., Cirillo,D., Bolognesi,B. and Tartaglia,G.G. (2013)
X-inactivation: quantitative predictions of protein interactions in the
Xist network. Nucleic Acids Res., 41, e31.

16. Lang,B., Armaos,A. and Tartaglia,G.G. (2019) RNAct: protein-RNA
interaction predictions for model organisms with supporting
experimental data. Nucleic Acids Res., 47, D601–D606.

17. Hentze,M.W., Castello,A., Schwarzl,T. and Preiss,T. (2018) A brave
new world of RNA-binding proteins. Nat. Rev. Mol. Cell Biol., 19,
327–341.

18. Liao,J.-Y.Y., Yang,B., Zhang,Y.-C.C.Y., Wang,X.-J.J., Ye,Y.,
Peng,J.-W.W., Yang,Z.-Z.Z., He,J.-H.H., Zhang,Y.-C.C.Y., Hu,K.S.
et al. (2020) EuRBPDB: a comprehensive resource for annotation,
functional and oncological investigation of eukaryotic RNA binding
proteins (RBPs). Nucleic Acids Res., 48, 307–313.

19. Gerstberger,S., Hafner,M. and Tuschl,T. (2014) A census of human
RNA-binding proteins. Nat. Rev. Genet., 15, 829–845.

20. Bateman,A., Martin,M.J., Orchard,S., Magrane,M., Agivetova,R.,
Ahmad,S., Alpi,E., Bowler-Barnett,E.H., Britto,R., Bursteinas,B.
et al. (2021) UniProt: the universal protein knowledgebase in 2021.
Nucleic. Acids. Res., 49, D480–D489.

21. Giudice,G., Sánchez-Cabo,F., Torroja,C. and Lara-Pezzi,E. (2016)
ATtRACT – a database of RNA-binding proteins and associated
motifs. Database, 2016, baw035.

22. Ray,D., Kazan,H., Cook,K.B., Weirauch,M.T., Najafabadi,H.S.,
Li,X., Gueroussov,S., Albu,M., Zheng,H., Yang,A. et al. (2013) A
compendium of RNA-binding motifs for decoding gene regulation.
Nature, 499, 172–177.

23. Feng,H., Bao,S., Rahman,M.A., Weyn-Vanhentenryck,S.M.,
Khan,A., Wong,J., Shah,A., Flynn,E.D., Krainer,A.R. and Zhang,C.
(2019) Modeling RNA-binding protein specificity in vivo by precisely
registering protein-RNA crosslink sites. Mol. Cell, 74, 1189–1204.

24. Benoit Bouvrette,L.P., Bovaird,S., Blanchette,M. and Lécuyer,E.
(2020) ORNAment: s database of putative RNA binding protein
target sites in the transcriptomes of model species. Nucleic Acids Res.,
48, D166–D173.

25. Paz,I., Kosti,I., Ares,M., Cline,M. and Mandel-Gutfreund,Y. (2014)
RBPmap: a web server for mapping binding sites of RNA-binding
proteins. Nucleic Acids Res., 42, W361.
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