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ABSTRACT

RNA–protein complexes have emerged as central
players in numerous key cellular processes with
significant relevance in health and disease. To fur-
ther deepen our knowledge of RNA-binding proteins
(RBPs), multiple proteome-wide strategies have been
developed to identify RBPs in different species lead-
ing to a large number of studies contributing exper-
imentally identified as well as predicted RBP candi-
date catalogs. However, the rapid evolution of the
field led to an accumulation of isolated datasets,
hampering the access and comparison of their valu-
able content. Moreover, tools to link RBPs to cellular
pathways and functions were lacking. Here, to facil-
itate the efficient screening of the RBP resources,
we provide RBP2GO (https://RBP2GO.DKFZ.de), a
comprehensive database of all currently available
proteome-wide datasets for RBPs across 13 species
from 53 studies including 105 datasets identifying al-
together 22 552 RBP candidates. These are combined
with the information on RBP interaction partners and
on the related biological processes, molecular func-
tions and cellular compartments. RBP2GO offers a
user-friendly web interface with an RBP scoring sys-
tem and powerful advanced search tools allowing for-
ward and reverse searches connecting functions and
RBPs to stimulate new research directions.
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INTRODUCTION

RNA is a multifaceted molecule which is not only the indis-
pensable template for the production of proteins but also
a crucial regulatory interaction partner of a wide range of
proteins involved in key biological processes ranging from
the regulation of gene expression to the assembly of func-
tional cellular compartments (1). RNA-protein complexes
have emerged as central component in our understanding of
many cellular pathways and their related diseases. With the
increased recognition of their importance, proteins interact-
ing directly with RNA, RNA-binding proteins (RBPs), have
therefore faced a growing interest.

The specific identification and annotation of the cellu-
lar pool of RBPs is an essential step for the characteri-
zation of their functions. This challenging task led to the
establishment of several strategies for the proteome-wide
discovery of RBPs. After RBP catalogs have been com-
piled manually via literature curation or by the compu-
tational analysis of the canonical RNA-binding domains
(RBDs) (2–6), the elaboration of new experimental ap-
proaches based on the affinity purification of polyadeny-
lated (polyA) RNA species (5,7–10) has demonstrated that
RBPs often contain intrinsically disordered regions, which
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can also bind to RNA (7). Therefore, both, experimental
and computational, methodologies are complementary ap-
proaches in the process of identifying RBPs. Since polyA-
RNA pulldown-based studies would not identify RBPs in-
teracting with non-polyA RNA species, alternative studies
based on the incorporation of modified nucleotides were
initiated (11,12) as well as alternative technologies tak-
ing advantages of protease digestion to precisely map the
RNA-binding regions (13–15). More recent methods us-
ing phenol-chloroform extraction (16–18) or RNase diges-
tion to detect RNA-dependent proteins like R-DeeP or
DIF-FRAC (19–21) were developed. These different strate-
gies were applied to many species, including Homo sapi-
ens (7,8,22–24), Mus musculus (9,11,15,20,25), Drosophila
melanogaster (10,26), Caenorhabditis elegans (27,28), Sac-
charomyces cerevisiae (22,27,29), Escherichia coli (17,29)
and others. They represent valuable and complementary
datasets to our understanding of RBPs, their functions and
relation to diseases. However, the rapid increase in the num-
ber of studies during the recent years makes it currently dif-
ficult to efficiently screen for RBP candidates and further
investigate their functional relevance in absence of a unify-
ing platform.

Presently, several RBP databases and resources are avail-
able including collections of RBPs based on literature
search of validated RBPs (4), computational analysis of
canonical RBDs (4,6,30) and experimental data (6,30), but
they are necessarily incomplete regarding the many experi-
mental studies which only became available recently, they
focus on the most common eukaryotic species (human,
mouse, zebrafish, yeast, fly and worm) and they do not dis-
sect the multiple datasets derived from the same study. Tak-
ing into consideration that the number of times a protein is
experimentally identified as an RBP increases the likelihood
for this RBP candidate to be a true RBP, it is particularly
important to carefully keep track of this parameter and to
consider all available datasets.

Here, we present the RBP2GO database, freely avail-
able at https://RBP2GO.DKFZ.de, to meet this need and
to fill this primary gap with a pan-species comprehensive
database of all currently available proteome-wide datasets
for RBPs. RBP2GO provides a user-friendly, intuitive and
interactive web interface comprehensively compiling infor-
mation across 13 species ranging from human to bacteria,
including 53 studies with 105 underlying datasets and iden-
tifying altogether 22552 RBP candidates (Figure 1). In par-
ticular, for each RBP candidate, RBP2GO reports the num-
ber of studies listing this candidate and also classifies its
interaction partners as RBP candidates or non-RBPs. Ac-
cordingly, an RBP2GO score is computed, which reflects
the probability for the protein to be an RBP. While these
features already allow the comparison of multiple datasets
as well as an estimation of the likelihood for each protein of
being a truly RNA-binding protein, RBP2GO offers addi-
tional features for scientific discovery. We also integrated in-
dependent advanced information on RBP interaction part-
ners via the STRING database (31) and on molecular func-
tions, biological processes and cellular compartments from
the Gene Ontology Resource (32,33) in addition to basic
information from UniProt (34) as well as cross-species ho-
molog information from UniRef (35).

RBP2GO offers not only search options based on sin-
gle proteins/genes, but includes a convenient, flexible and
time-saving batch (protein list) search option. Importantly,
RBP2GO distinguishes itself through the unique reverse
GO term search option. Thereby, gene ontology informa-
tion is not only an accompanying static information, but
RBP2GO enables the active search for RBP candidates as-
sociated with specific GO terms and allows the user to nav-
igate through the interactive results. Finally, the database
provides an advanced search module, allowing the combi-
nation of different parameters for specific search purposes
including batches of proteins, batches of GO terms, combi-
nations thereof and filters for cancer genes, ranges of iso-
electric points (pI) or ranges of RBP2GO scores. In this
module, RBP2GO retrieves results from the listed RBP can-
didates but also from non-listed proteins to allow the users
to perform proteome-wide comparative analyses.

We are beginning to understand the extent and the im-
pact of RNA–protein interactions in the complex cellular
circuitry. The developing field of RBP biology faces new
challenges and is rapidly expanding. With scientists from
different backgrounds and with different research questions
gaining interest in RBPs, we anticipate that RBP2GO will
represent an important tool to discover RBP roles in un-
expected biological processes by enabling searches starting
from a biological process or molecular function.

MATERIALS AND METHODS

Compilation of the RBP datasets across species

Following a thorough screening of the literature related
to RNA-binding proteins and proteome-wide studies, the
protein lists were obtained from the supplementary infor-
mation of the respective publications and the basic infor-
mation including entry name, UniProt ID, protein name,
mass, length, gene name, alias names, disease and Inter-
Pro information was retrieved using the Retrieve/ID map-
ping tool from UniProt and the UniProt Release 2020 03
(34). Due to the update of the UniProt database and the
removal of duplicated and obsolete entries, the number
of RBPs in RBP2GO may differ from the number in the
original publication. Where needed, the IDs were manu-
ally mapped to UniProt (e.g. 93 IDs from T. brucei). In
addition, a dataset corresponding to the GO term ‘RNA
binding [GO:0003723]’ from the Gene Ontology Resource
(33,36) was added for each species except for L. donovani
and L. mexicana. A reference table recapitulating the origin
of each dataset (first author, year, DOI), the name of the
method (e.g. R-DeeP, eRIC or OOPS), the organism, the
cell type system and a short description of the approach is
available as Supplementary Table S1 or can be also directly
downloaded from the ‘REFERENCE’ item in the sidebar
menu of the RBP2GO database. The URL of the studies are
listed in the Supplementary Table S2 or the link to the stud-
ies can be directly accessed from the ‘REFERENCE’ menu
in RBP2GO. Only species associated with at least one ex-
perimental study were integrated into the resource. A sum-
mary of the species statistics can be found in the Supple-
mentary Table S3. For an effective tracking of the cell type
system, the name of the cell is included in the column name
for each dataset of the database (e.g. Baltz HEK293 2012
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Figure 1. Overview of RBP2GO, a comprehensive database of all currently available proteome-wide datasets for RBPs across 13 species. Data from 53
studies including 105 datasets identifying altogether 22 552 RBP candidates have been compiled and made available to the scientific community. RBP2GO
also integrates data from orthogonal resources including UniProt, UniRef50, CGC, Gene Ontology Resource and STRING and offers three user-friendly,
intuitive and interactive search engines. A combination of search parameters allows a user-defined query of the database, adaptable to the individual
research interests.
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or Bao mESC 2018). Following the identification of the
RBP candidates, basic information was also compiled for
the non-RBP proteins (other proteins) in each species, based
on the respective UniProt proteomes (https://www.uniprot.
org/proteomes/). Many protein isoforms or proteins with
only TrEMBL IDs (unreviewed), which were not comprised
in these proteomes, were thus not included into RBP2GO.
Altogether, this led to an annotated dataset of 176 940 pro-
teins which can be independently queried via the distinct
search tools. All species datasets can be individually down-
loaded from the ‘DOWNLOAD’ menu of the RBP2GO
database.

STRING interaction information

For the species available in the STRING database,
the STRING IDs of the proteins were retrieved from
the Retrieve/ID mapping tool in UniProt (https://www.
uniprot.org/uploadlists/) and matched to both the protein-
protein interaction (PPI) including the STRING Score and
the individual protein information downloaded respectively
from the STRING database version 11.0 (https://string-db.
org). For the species L. donovani, L. mexicana, P. falciparum
and S. Typhimurium, we could not obtain PPI data from the
STRING database.

CORUM complexes information

The CORUM complexes for human and mouse were re-
trieved from the CORUM dataset (http://mips.helmholtz-
muenchen.de/corum/) (37) and added as information to the
proteins listed in CORUM complexes. For each complex, a
direct link to the complex description in CORUM is avail-
able.

UniRef50 clusters

The UniRef (UniProt Reference Clusters) provide clus-
tered sets of sequences from the UniProt Knowledgebase
(UniProtKB IDs) which share a minimum sequence iden-
tity of e.g. 50% in UniRef50 and a minimum of 80% overlap
with the longest sequence (seed sequence) of the cluster to
prevent proteins sharing only partial sequences from being
clustered together (35,38).

Cluster members of the species listed in RBP2GO were
directly listed and linked within the RBP2GO database. The
UniRef50 dataset was integrated with the information avail-
able in RBP2GO, so that each cluster member was classified
as RBP or non-RBP. To provide more details about each
cluster, a link to the specific UniRef50 cluster page is avail-
able in RBP2GO. Based on the UniRef50 sequence identity,
homologs were found in the same species and/or in other
species.

Computation of the RBP2GO Score

First, we reasoned that RBP candidates that are indepen-
dently listed in multiple datasets should possess a higher
probability of being a true RBP. In addition, based on the
finding of the SONAR study (39) and our previous analy-
sis of the protein–protein interactions within the CORUM

database (19), proteins interacting with multiple RBPs are
frequently RBPs themselves. In addition, RBPs are known
to be involved in complex co-regulatory networks with
other RBPs (40). Accordingly, we computed and provided
for each protein two separate indicators of its RBP propen-
sity: the count of the protein itself being listed as RBP (col-
umn ‘Listing Count’ in the tables) and the average listing
count of the up to ten interaction partners with the high-
est STRING scores (column ‘AVG10 Int Listing Count’).
These were combined with an equal weight in the RBP2GO
score, which was normalized to the number of datasets
in the respective species (column ‘Nb Datasets’) and can
therefore range from 0 to 100. For example, the RBP2GO
score of a human protein listed itself 30 times and its top ten
interaction partners on average 15 times in 43 datasets is cal-
culated as (30/43*50 + 15/43*50) = 52.3. A non-listed pro-
tein interacting with non-listed partners has consequently a
score of 0. RBP2GO scores were only computed for species
with PPI reported in STRING. Accordingly, proteins of L.
donovani, L. mexicana, P. falciparum and S. Typhimurium
are not associated with RBP2GO scores.

Whole-tree gene ontology information

We obtained the essential gene ontology information asso-
ciated to each protein from the UniProt database. However,
this gene ontology data did not contain the entire ancestor
tree for each GO term. Since this information was neces-
sary to enable searches for all RBPs associated with a spe-
cific GO term (a reverse search option as compared to the
usual GO search tools), we completed the ancestor tree of
each single GO term that was associated to a protein. To
do so, we used the R package ‘GO.db’ (the reference can be
found in the Supplementary Table S4). The GO terms for
the three aspects ‘biological process’, ‘molecular function’
and ‘cellular component’ are reported.

Integration of the isoelectric point (pI) values

According to previous studies, RBP candidates have a sig-
nificantly higher pI than non-RBPs (7,16,19,39). Therefore,
this parameter was included into the RBP2GO database,
to allow users to select and sort for specific pI ranges if
needed or desired. The pI information was retrieved from
Proteome-pI––Proteome Isoelectric Point Database (http:
//isoelectricpointdb.org) (41), a database of pre-computed
isoelectric points for proteomes from 5029 model organ-
isms. We used the average value computed from 18 different
algorithms.

Cancer Gene Census (CGC) information

For the human RBP candidates and non-listed proteins,
the CGC information was retrieved from the release v91 of
the COSMIC database (https://cancer.sanger.ac.uk/cosmic)
(42) and includes the CGC tier (1 for well-established
cancer genes and 2 for less well-established ones), the
dominant/recessive status (Dom or Rec) and the role in can-
cer, i.e. whether it is an oncogene, a tumor suppressor gene
and/or shows gene fusion alteration (for all three, Yes or
No).

https://www.uniprot.org/proteomes/
https://www.uniprot.org/uploadlists/
https://string-db.org
http://mips.helmholtz-muenchen.de/corum/
http://isoelectricpointdb.org
https://cancer.sanger.ac.uk/cosmic
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Database and website implementation

RBP2GO was developed as a Shiny app using the ‘shiny’
R package from RStudio (https://rstudio.com). All R pack-
ages in use are listed in Supplementary Table S4. By inte-
grating HTML, CSS and JavaScript elements, the app pro-
vides a user-friendly environment to search the database in
an interactive way. The search results can be downloaded in
CSV or TXT format depending on the type of data to enable
an easy upload in table-based software for further analyses
by the users. The database is freely accessible from desktop
and laptop computers as well as tablets and smartphones
via an https protocol and without registration.

USER INTERFACE AND EXPLOITATION OF THE
DATABASE

Dataset analysis

In summary, RBP2GO provides access to RBP informa-
tion for 13 species derived from 53 studies comprising 105
datasets and including 22552 RBP candidates. H. sapiens
is the most frequently investigated species with 27 studies
and 43 datasets followed by M. musculus and S. cerevisiae.
Leishmania donovani is the species with the smallest number
of entries with one dataset listing 79 RBP candidates (Fig-
ure 2A). The fraction of RBP candidates relative to all pro-
teins identified in the proteome of a species can vary greatly
(Figure 2A).

For human, six studies with >500 entries have been per-
formed in HeLa cells and eight studies have been performed
in HEK293 cells, allowing an informative comparative anal-
ysis of the respective dataset intersections (Figure 2B and
C). Interestingly, when comparing the core RBP sets (RBPs
found in all studies of one cell type), the intersection be-
tween the two cell lines only represents 58% (HeLa) and
52% (HEK293) of the core RBPs (Figure 2D), pointing to
relevant cell-to-cell variations subject to future research.

The analysis of the UniRef50 clusters within the 13
species listed in RBP2GO revealed that cross-species data
was available but mostly limited to homologs within small
subsets of species clusters (Supplementary Figure S1A).
However, the importance of integrating sequence homology
information was supported by the finding that within the 13
studied species, RBPs showed an increased probability of
having homologs in different species (Figure 3) or homologs
in the same species (Supplementary Figure S1B) that were
RBPs themselves. For example, the E. coli and M. musculus
RBPs showed a 9.8-fold and 3.7-fold increased proportion
of RBP homologs in other species compared to E. coli and
M. musculus non-RBPs (P values 3.6*10−33 and 7.9*10−221)
(Figure 3). Similarly, within the same species, H. sapiens and
A. thaliana RBPs showed a 6.3-fold and 8.4-fold increased
proportion of RBP homologs, respectively, compared to H.
sapiens and A. thaliana non-RBPs (P values 1.9 × 10−71 and
2.1 × 10−165) (Supplementary Figure S1B).

Exploration tools

From the RBP2GO homepage, a sidebar menu gives access
to the species-specific search engines. For each species, the
three search options ‘Protein Search’, ‘GO Search’ and ‘Ad-
vanced Search’ are available, each containing query fields to

enter search items and additional options depending on the
type of data available for the species. Even if the design is in-
tuitive, we recommend consulting the information available
under ‘About the Format’ before starting a search process
for an optimal exploitation of the database. The results can
be downloaded as CSV or TXT files and further analyzed
by the user.

Protein search. For more flexibility, the query field accepts
multiple case-insensitive formats including gene name, en-
try name, UniProt ID or also a partial name which should
be specifically marked with a ‘*’ such as ‘ribosomal*’ to
query for protein name like e.g. ‘60S ribosomal protein
L37’. If the query retrieves multiple results, the protein of
interest can be selected per click from a list already show-
ing the RBP2GO score and discriminating between RBP
candidates (RBP2GO Proteins) and proteins never listed
as RBP candidates (Other Proteins). For the selected in-
dividual protein, the specific details are organized in sub-
categories including ‘Protein Information’, ‘RBP Studies’,
‘InterPro Classification’, ‘Gene Ontology’ and ‘Protein In-
teractions’. The sub-categories offer download options of
the information and are linked to related databases (directly
to the relevant content, if possible) such as UniProt, Inter-
Pro, QuickGO, the Gene Ontology Resource and STRING.
The ‘RBP Studies’ tab presents a summary of the data avail-
able concerning the studies listing the protein of interest and
can display the related part of the reference table with de-
tails about the experimental settings and publications. The
‘InterPro Classification’ tab provides the identified domains
found in the protein. The ‘Gene Ontology’ tab comprises
all GO terms linked to the protein in three tabs for ‘Biolog-
ical Process’, ‘Molecular Function’ and ‘Cellular Compo-
nent’ as well as ‘Useful Links’. The ‘Protein Interactions’
tab lists the protein-protein interaction partners retrieved
from STRING classified into two categories to differentiate
between interactions with other RBP candidates and inter-
actions with non-listed proteins. The resulting proteins are
ordered according to the decreasing STRING score and in-
dividual proteins can be selected to obtain further details.
If a protein was found in an UniRef50 cluster, the ‘Pro-
tein Homologs’ tab depicts specific information about the
UniRef50 cluster and the cluster members for the species
listed in RBP2GO. Via this tool, intra- and cross-species in-
formation can be obtained, that is integrated with the data
provided by the RBP studies. Each cluster member can be
activated to obtain more detailed information. A more ex-
tensive description of the ‘Protein Search’ tool is provided in
the RBP2GO User Guide available as Supplementary Text
S1 or visualized in the corresponding tutorial video avail-
able as Supplementary Video S1. In addition, both the User
Guide and the tutorial video can be downloaded from the
‘HELP’ menu of RBP2GO.

GO search. This unique search tool provides the reverse
search engine as compared to the ‘Protein Search’ tool
to screen for the RBP candidates which are associated to
a specific GO term. Results for the three categories ‘bi-
ological process’, ‘molecular function’ and ‘cellular com-
ponent’ are automatically reported with the corresponding
number of hits and can be individually selected. Three ta-

https://rstudio.com
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Figure 2. Statistics and analysis of the RBP2GO dataset. (A) On the left part, the bar graph shows the number of datasets per species. On the right part, the
graph depicts the number of RBP candidates from the respective proteome-wide studies (RBPs in orange and corresponding numbers in brackets) and the
number of non-listed proteins in the respective species (Non-RBPs in blue). (B) Upset plot showing the first 30 intersections of six HeLa proteome-wide
experimental studies (7,11–13,16,19). The orange bar corresponds to the intersections of all studies with 131 core RBPs. (C) Upset plot showing the first 30
intersections of eight HEK293 proteome-wide experimental studies (8,14,16–18,20,52,53). The orange bar corresponds to the intersections of all studies
with 145 core RBPs. (D) Venn diagram showing the intersection of the respective sets of core RBPs in HeLa and HEK293 cells.

bles display the RBP candidates corresponding to each of
these categories, for which specific information can be re-
trieved via the button ‘Selected Protein Info’ below the ta-
ble. For more flexibility, the query field accepts multiple
case-insensitive formats, as well. The input can be a GO
term such as ‘GO:0003723’ or just ‘0003723’, but the search
engine would also accept a keyword search such as ‘RNA
binding’. Please note that the keyword search is less pre-
cise than the direct GO term search and may recover more
entries corresponding to multiple different matching GO
terms. In summary, this versatile search module hence al-
lows the user to specifically search for RBPs linked to any
function or process of interest. A more extensive descrip-
tion of the ‘GO Search’ tool is provided in the RBP2GO

User Guide (Supplementary Text S1) or visualized in the
corresponding tutorial video (Supplementary Video S1).

Advanced search. This more elaborate search tool man-
ages and combines different options at once and provides
the user with an easy-to-use and time-saving batch search
for the screening of both, proteins and GO terms. The in-
put formats are flexible and a selected list of interest can
simply be copied and pasted into the respective fields. In ad-
dition, the ‘GO List’ field includes an ‘AND/OR’ selection
switch, which allows to run the GO list search in two differ-
ent modes: linking the search terms with the Boolean oper-
ators ‘AND’ or ‘OR’. For users interested in cancer-related
proteins, the query can be limited to the known cancer genes
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Figure 3. Analysis of the UniRef50 sequence-based homologs in different species in the context of the RBP studies. On the left part, the bar graph shows
the fraction of proteins with RBP homologs in different species (orange) within all RBPs (blue) and all non-RBPs (grey) from the respective species. On
the right part, the graph represents the fold change of the fraction of RBPs with RBP homologs in different species vs. fraction of non-RBPs with RBP
homologs in different species. Note that non-RBPs may contain RBPs which have not yet been identified or characterized. *** P value < 0.001, n.s. not
significant.

(CGC) and two input sliders allow selecting a specific range
for the pI and RBP2GO score values. The advanced search
tool returns two lists of proteins, one corresponding to the
RBP candidates (RBP2GO Proteins) and one correspond-
ing to the non-listed proteins (Other Proteins) to perform
comparative analyses. From there, the user can select a pro-
tein of interest to obtain specific information in the ‘Protein
Search’ section. The results can be downloaded as TXT files
for further analyses by the user. The headers of the files re-
capitulate the respective search parameters, so that iterative
uses and downloads from the database remain traceable. A
more extensive description of the ‘Advanced Search’ is pro-
vided in the RBP2GO User Guide (Supplementary Text S1)
or visualized in the corresponding tutorial video (Supple-
mentary Video S1).

Description and analysis of the RBP2GO score

For each protein of interest, the RBP2GO score is compiled
based on the count of how often the protein is listed as RBP
in all datasets of this species (column ‘Listing Count’) and
the average listing count of the up to ten interaction part-
ners with the highest STRING scores for interaction (col-
umn ‘AVG10 Int Listing Count’). The distribution of the
listing count of the human proteins shows a positive cor-
relation between the number of times a protein is listed as
RBP and the number of times its top interaction partners
are listed (Figure 4A). This result is in line with our pre-
vious findings (19) and observations of the SONAR study,
which reported that proteins interacting with multiple RBPs

were frequently RBPs themselves (39). Nonetheless, the dis-
tributions also show a range of listing counts for the in-
teractors (Figure 4A) indicating that the two parameters
combined in the RBP2GO score are non-redundant. Fur-
ther attention should be paid to the interpretation of this
spread, which could have a biological meaning. For exam-
ple, proteins with a relatively low listing count that have
a high average interactor listing count could be proteins
that are RBPs but of low abundance and hence rarely de-
tected in RBP screening studies. Alternatively, they could be
part of a large ribonucleoprotein complex without directly
contacting the RNA themselves. Such proteins may not be
RBPs but could belong to the class of RNA-dependent pro-
teins as defined in our previous study (19). RNA-dependent
proteins are proteins whose interactions depend on RNA.
They comprise RBPs as well as proteins indirectly bound to
RNA in RNA-dependent complexes. Conversely, proteins
with high listing count and low average interactor listing
count could be proteins involved in a small ribonucleopro-
tein with a specific RNA and very few or no other proteins.
To facilitate the analysis of the RBP2GO score, the num-
ber of datasets, the listing count of the protein as well as
the average listing count of the top interactors are avail-
able separately, so that users can decide how to evaluate the
RBP2GO score, to sort and select proteins of interest. Over-
all, the RBP2GO score and its components should be inter-
preted considerately, but could provide valuable additional
information.

For each species, the RBP2GO score is normalized to the
number of datasets and theoretically ranges from 0 to 100.



D432 Nucleic Acids Research, 2021, Vol. 49, Database issue

Figure 4. Development and validation of the RBP2GO score. (A) The box plot depicts the distribution of the number of listings as RBP candidate for a
protein (x-axis) and the average number of RBP listings for its up to ten top interactors per protein according to STRING. The median is indicated as a
bar inside the box. R = 0.75 (Pearson’s correlation, *** P value < 0.001). (B) The box plot depicts the RBP2GO score associated with the ensemble of
14 646 human non-listed proteins, 6100 human RBP candidates and a selection of 356 human RBPs validated in a recent study (43). *** P value < 0.001,
Mann–Whitney U test. The median is indicated as a bar inside the box. (C) The box plot depicts the RBP2GO score associated with human proteins related
to the GO term ‘RNA binding’ compared to the remaining human proteins (Other). The median is indicated as a bar inside the box. *** P value < 0.001,
Mann–Whitney U test. (D) Same as in (C) with the GO term ‘ribosome’. (E) Same as in (C) with the GO term ‘lysosome’. (F) The scatter plot depicts the
RBP2GO score of two human complexes (one dot per subunit). N indicates the total number of subunits in either complex. See Supplementary Table S5
for a detailed list of P values.

We calculated that - as expected - non-listed proteins have a
significantly lower RBP2GO score than the set of RBP can-
didates (Figure 4B). In addition, a selection of 356 RBPs
validated in a recent large-scale study that uses multiple as-
says focusing on different aspects of RBP function (43) has
a significantly higher RBP2GO score than the whole set of
RBP candidates (Figure 4B).

As a further control, we analyzed the RBP2GO score
of GO terms such as ‘RNA binding [GO:0003723’], ‘Ribo-
some [GO:0005840]’ and ‘Lysosome [GO:0005764]’ (Figure

4C–E). For proteins linked to either GO term ‘RNA bind-
ing’ or ‘Ribosome’, the RBP2GO scores were significantly
higher than for the proteins not associated with these GO
terms. For the GO term ‘Lysosome’, the RBP2GO scores
were significantly lower, strongly indicating a reduced prob-
ability for the associated proteins to be RBPs. Finally, we
analyzed the RBP2GO scores of two CORUM complexes
with 80 (C complex spliceosome) and 44 subunits (Respi-
ratory chain complex I (holoenzyme) mitochondrial), re-
spectively. The RBP2GO scores of the subunits were signif-
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Figure 5. Exploitation of the RBP2GO datasets in combination with the RBP2GO score. (A) The box plot depicts the RBP2GO score for human proteins
containing different classes of RNA-binding domains (RBDs) (44) as compared to all proteins containing RBDs (Any RBD, orange) and proteins con-
taining none of these RBDs (No RBD, blue). The median is indicated as a bar inside the box. n.s. not significant, * P value < 0.05, *** P value < 0.001,
Mann–Whitney U test comparing each category to ‘No RBD’. (B) The violin plot depicts the RBP2GO score for human proteins from different cellular
components as compared to all proteins (blue). The y-axis was scaled using the scales::pseudo log trans(base = 2) function. The median is indicated as a
dot inside the violin. n.s. not significant, *** P value < 0.001, Mann–Whitney U test comparing each compartment to the group of ‘All Proteins’. (C) The
violin plot depicts the RBP2GO score of known human cancer genes (CGC in orange) and proteins not listed in CGC (No CGC, blue). The y-axis was
scaled using the scales::pseudo log trans(base = 2) function. The median is indicated as a dot inside the violin. *** P value < 0.001, Mann–Whitney U
test. (D) On the left part, the bar graph shows the average RBP2GO score of the human proteins enriched within the respective GO terms. Error bars indi-
cate the standard error of the mean. On the right part, the graph depicts the gene ontology enrichment in fold-change (blue bars) with the corresponding
–log10(P value), Fisher’s exact test. The P values were corrected for multiple testing using the Benjamini–Hochberg method of the P.adjust function in R.
See Supplementary Table S5 for a detailed list of P values.
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icantly different with mean values of 45.0 ± 22.0 and 2.4 ±
1.6, respectively (Figure 4F).

Exploitation of the database options and RBP2GO scores

The content of the RBP2GO database can be analyzed by
combining the RBP2GO scores with the InterPro data on
protein domains, seeking for example for specific RBDs. We
focused on the RBDs highlighted in a recent review focusing
on RNA-binding modules in RBPs (44) and analyzed these
ten common RBDs in the human dataset (Figure 5A). Pro-
teins containing a Pumilio, RRM or KH domain had the
highest RBP2GO scores, while the SAM and ZnF CCHH
domains associated with the lowest RBP2GO scores. For
the SAM domain-containing proteins, the RBP2GO scores
were even comparable to the RBP2GO scores of proteins
presenting no RBDs (Figure 5A). Zinc finger proteins are
commonly known as DNA-binding protein. However, the
ZnF CCHH domain (or ZnF C2H2) seems to also medi-
ate protein-protein and RNA-protein interactions, whereas
the specificity for the RNA can be enhanced by the pres-
ence of a ZnF CCCH domain (which correlated with higher
RBP2GO scores) (45,46). The SAM domain is primarily
a module involved in protein-protein interactions. Its im-
plication in RNA-protein interaction was recognized later
and seems to be dependent on the shape of the target RNA
(47,48). The low RBP2GO scores associated with these do-
mains may reflect a stronger context-dependent interaction
with RNA than for the other domains, raising new interest-
ing research questions.

Next, we investigated the RBP2GO score of proteins
found in different human cellular components ranging from
the ribosome to the plasma membrane (Figure 5B). While
components such as the ribosome and the nucleolus had as
expected significantly higher RBP2GO scores, other com-
ponents such as the peroxisome and the plasma membrane
had comparatively lower RBP2GO scores possibly reflect-
ing a lower functional dependence on RNA and RBPs. Fu-
ture studies may also focus specifically on membrane-bound
RBPs which might be systematically underrepresented in
whole cell lysates.

The analysis of the proteins known to be involved in can-
cer according to the CGC as compared to the non-CGC-
listed proteins uncovered significantly increased RBP2GO
scores for the cancer-associated proteins (Figure 5C) un-
derlining the importance of RNA-protein complexes in tu-
morigenesis (49,50).

Finally, we performed an enrichment analysis between
RBP candidates linked to a specific GO term as com-
pared to the whole human proteome. For a number of
GO terms not obviously linked to RNA-related processes,
we found similar enrichments regarding the fold change
and the significance (Figure 5D). Importantly, the aver-
age RBP2GO scores differed between these groups: while
some enriched GO terms such as ‘telomeric DNA binding’
and ‘nuclear import signal receptor activity’ were associ-
ated with higher RBP2GO scores, other enriched GO terms
such as ‘proteasome’ or ‘COP9 signalosome’ were linked
to lower RBP2GO scores. This observation is in line with
previous findings that some subunits of the proteasome did
not have the ability to directly bind to RNA (19). Interest-

ingly, the subunits of the COP9 signalosome are in some
species similar to the subunits of the proteasome (51), so
that similar RBP2GO scores could also reflect similarly low
association with RNA. Altogether, this indicates that the
RBP2GO score could be used as additional criterion to se-
lect processes and functions potentially linked to RNA for
experimental analysis.

CONCLUSION AND FUTURE DIRECTIONS

In this study, we provide RBP2GO to the scientific commu-
nity, a user-friendly, intuitive and interactive database com-
prehensively compiling RBP information on 22 552 RBP
candidates derived from 105 datasets across 13 species (Fig-
ures 1 and 2A). In addition to useful general information
about the proteins, we integrated datasets on their inter-
action partners, complexes, processes, functions and cellu-
lar components to compile rapid, convenient and versatile
functional search tools. RBP2GO provides data at the level
of individual datasets for RBP candidates and non-RBPs,
allowing different types of comparative analyses (Figures
2B–D and 4D). It reports for each RBP candidate the num-
ber of datasets listing the protein as RBP, which reflects
the probability of the protein to be a true RBP. To facili-
tate the use of this parameter, we developed the RBP2GO
score (Figure 4) that is based on the listing count of each
protein and the average listing count of the top ten interac-
tors, two parameters that are also available individually for
the analysis of the dataset. We demonstrated the utility of
the RBP2GO score in combination with the functional data
provided by our database (Figure 5).

Here, we only illustrated a few examples of the analytical
capacity of RBP2GO. We anticipate that the whole dataset
will support a variety of analyses from different perspec-
tives and therefore foster our understanding of RBPs, their
interactions and functions. Since RBPs are impacting a sub-
stantial number of key cellular processes, we expect that
RBP2GO will be of interest for a wide-range of scientists
with various expertise and backgrounds. In particular, it
will also enable novices to the field to search for the RNA
links in the biological process of their interest. The resource
will be maintained and updated through regular and careful
screening of the literature and integration of new proteome-
wide datasets.
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Württemberg Stiftung [BWF ISF2019-027 to M.C.-H.].
Funding for open access charge: DKFZ Core Funding.
Conflict of interest statement. S.D. is co-owner of siTOOLs
Biotech GmbH, Martinsried, Germany, unrelated to this
work. The other authors disclose no conflicts of interest.

REFERENCES
1. Kishore,S., Luber,S. and Zavolan,M. (2010) Deciphering the role of

RNA-binding proteins in the post-transcriptional control of gene
expression. Brief. Funct. Genomics, 9, 391–404.

2. Cook,K.B., Kazan,H., Zuberi,K., Morris,Q. and Hughes,T.R. (2011)
RBPDB: a database of RNA-binding specificities. Nucleic Acids Res.,
39, D301–D308.

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

4. 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.

5. Bunnik,E.M., Batugedara,G., Saraf,A., Prudhomme,J., Florens,L.
and Le Roch,K.G. (2016) The mRNA-bound proteome of the human
malaria parasite Plasmodium falciparum. Genome Biol., 17, 147.

6. Sundararaman,B., Zhan,L., Blue,S.M., Stanton,R., Elkins,K.,
Olson,S., Wei,X., Van Nostrand,E.L., Pratt,G.A., Huelga,S.C. et al.
(2016) Resources for the comprehensive discovery of functional RNA
elements. Mol. Cell, 61, 903–913.

7. Castello,A., Fischer,B., Eichelbaum,K., Horos,R., Beckmann,B.M.,
Strein,C., Davey,N.E., Humphreys,D.T., Preiss,T., Steinmetz,L.M.
et al. (2012) Insights into RNA biology from an atlas of mammalian
mRNA-binding proteins. Cell, 149, 1393–1406.

8. Baltz,A.G., Munschauer,M., Schwanhausser,B., Vasile,A.,
Murakawa,Y., Schueler,M., Youngs,N., Penfold-Brown,D., Drew,K.,
Milek,M. et al. (2012) The mRNA-bound proteome and its global
occupancy profile on protein-coding transcripts. Mol. Cell, 46,
674–690.

9. Kwon,S.C., Yi,H., Eichelbaum,K., Fohr,S., Fischer,B., You,K.T.,
Castello,A., Krijgsveld,J., Hentze,M.W. and Kim,V.N. (2013) The
RNA-binding protein repertoire of embryonic stem cells. Nat. Struct.
Mol. Biol., 20, 1122–1130.

10. Sysoev,V.O., Fischer,B., Frese,C.K., Gupta,I., Krijgsveld,J.,
Hentze,M.W., Castello,A. and Ephrussi,A. (2016) Global changes of
the RNA-bound proteome during the maternal-to-zygotic transition
in Drosophila. Nat. Commun., 7, 12128.

11. Bao,X., Guo,X., Yin,M., Tariq,M., Lai,Y., Kanwal,S., Zhou,J., Li,N.,
Lv,Y., Pulido-Quetglas,C. et al. (2018) Capturing the interactome of
newly transcribed RNA. Nat. Methods, 15, 213–220.

12. Huang,R., Han,M., Meng,L. and Chen,X. (2018) Capture and
identification of RNA-binding proteins by using click
chemistry-assisted RNA-interactome capture (CARIC) strategy. J.
Vis. Exp., 140, e58580.

13. Castello,A., Fischer,B., Frese,C.K., Horos,R., Alleaume,A.M.,
Foehr,S., Curk,T., Krijgsveld,J. and Hentze,M.W. (2016)
Comprehensive identification of RNA-Binding domains in human
cells. Mol. Cell, 63, 696–710.

14. Mullari,M., Lyon,D., Jensen,L.J. and Nielsen,M.L. (2017) Specifying
RNA-binding regions in proteins by peptide cross-linking and affinity
purification. J. Proteome Res., 16, 2762–2772.

15. He,C., Sidoli,S., Warneford-Thomson,R., Tatomer,D.C., Wilusz,J.E.,
Garcia,B.A. and Bonasio,R. (2016) High-resolution mapping of
RNA-binding regions in the nuclear proteome of embryonic stem
cells. Mol. Cell, 64, 416–430.

16. Trendel,J., Schwarzl,T., Horos,R., Prakash,A., Bateman,A.,
Hentze,M.W. and Krijgsveld,J. (2019) The human RNA-binding
proteome and its dynamics during translational arrest. Cell, 176,
391–403.

17. Queiroz,R.M.L., Smith,T., Villanueva,E., Marti-Solano,M.,
Monti,M., Pizzinga,M., Mirea,D.M., Ramakrishna,M., Harvey,R.F.,
Dezi,V. et al. (2019) Comprehensive identification of RNA-protein
interactions in any organism using orthogonal organic phase
separation (OOPS). Nat. Biotechnol., 37, 169–178.

18. Urdaneta,E.C., Vieira-Vieira,C.H., Hick,T., Wessels,H.H., Figini,D.,
Moschall,R., Medenbach,J., Ohler,U., Granneman,S., Selbach,M.
et al. (2019) Purification of cross-linked RNA-protein complexes by
phenol-toluol extraction. Nat. Commun., 10, 990.

19. Caudron-Herger,M., Rusin,S.F., Adamo,M.E., Seiler,J.,
Schmid,V.K., Barreau,E., Kettenbach,A.N. and Diederichs,S. (2019)
R-DeeP: proteome-wide and quantitative identification of
RNA-Dependent proteins by density gradient ultracentrifugation.
Mol. Cell, 75, 184–199.

20. Mallam,A.L., Sae-Lee,W., Schaub,J.M., Tu,F., Battenhouse,A.,
Jang,Y.J., Kim,J., Wallingford,J.B., Finkelstein,I.J., Marcotte,E.M.
et al. (2019) Systematic discovery of endogenous human
ribonucleoprotein complexes. Cell Rep., 29, 1351–1368.

21. Caudron-Herger,M., Wassmer,E., Nasa,I., Schultz,A.S., Seiler,J.,
Kettenbach,A.N. and Diederichs,S. (2020) Identification,
quantification and bioinformatic analysis of RNA-dependent
proteins by RNase treatment and density gradient ultracentrifugation
using R-DeeP. Nat. Protoc., 15, 1338–1370.

22. Beckmann,B.M., Horos,R., Fischer,B., Castello,A., Eichelbaum,K.,
Alleaume,A.M., Schwarzl,T., Curk,T., Foehr,S., Huber,W. et al.
(2015) The RNA-binding proteomes from yeast to man harbour
conserved enigmRBPs. Nat. Commun., 6, 10127.

23. Conrad,T., Albrecht,A.S., de Melo Costa,V.R., Sauer,S.,
Meierhofer,D. and Orom,U.A. (2016) Serial interactome capture of
the human cell nucleus. Nat. Commun., 7, 11212.

24. Milek,M., Imami,K., Mukherjee,N., Bortoli,F., Zinnall,U.,
Hazapis,O., Trahan,C., Oeffinger,M., Heyd,F., Ohler,U. et al. (2017)
DDX54 regulates transcriptome dynamics during DNA damage
response. Genome Res., 27, 1344–1359.

25. Liao,Y., Castello,A., Fischer,B., Leicht,S., Foehr,S., Frese,C.K.,
Ragan,C., Kurscheid,S., Pagler,E., Yang,H. et al. (2016) The
cardiomyocyte RNA-binding proteome: links to intermediary
metabolism and heart disease. Cell Rep., 16, 1456–1469.

26. Wessels,H.H., Imami,K., Baltz,A.G., Kolinski,M., Beldovskaya,A.,
Selbach,M., Small,S., Ohler,U. and Landthaler,M. (2016) The
mRNA-bound proteome of the early fly embryo. Genome Res., 26,
1000–1009.

27. Matia-Gonzalez,A.M., Laing,E.E. and Gerber,A.P. (2015)
Conserved mRNA-binding proteomes in eukaryotic organisms. Nat.
Struct. Mol. Biol., 22, 1027–1033.

28. Esmaillie,R., Ignarski,M., Bohl,K., Kruger,T., Ahmad,D., Seufert,L.,
Schermer,B., Benzing,T., Muller,R.U. and Fabretti,F. (2019)
Activation of hypoxia-inducible factor signaling modulates the RNA
protein interactome in Caenorhabditis elegans. iScience, 22, 466–476.

29. Shchepachev,V., Bresson,S., Spanos,C., Petfalski,E., Fischer,L.,
Rappsilber,J. and Tollervey,D. (2019) Defining the RNA interactome
by total RNA-associated protein purification. Mol. Syst. Biol., 15,
e8689.

30. Liao,J.Y., Yang,B., Zhang,Y.C., Wang,X.J., Ye,Y., Peng,J.W.,
Yang,Z.Z., He,J.H., Zhang,Y., Hu,K. et al. (2020) EuRBPDB: a
comprehensive resource for annotation, functional and oncological
investigation of eukaryotic RNA binding proteins (RBPs). Nucleic
Acids Res., 48, D307–D313.

31. Szklarczyk,D., Gable,A.L., Lyon,D., Junge,A., Wyder,S.,
Huerta-Cepas,J., Simonovic,M., Doncheva,N.T., Morris,J.H., Bork,P.
et al. (2019) STRING v11: protein-protein association networks with
increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res., 47, D607–D613.

32. Ashburner,M., Ball,C.A., Blake,J.A., Botstein,D., Butler,H.,
Cherry,J.M., Davis,A.P., Dolinski,K., Dwight,S.S., Eppig,J.T. et al.
(2000) Gene ontology: tool for the unification of biology. The Gene
Ontology Consortium. Nat. Genet., 25, 25–29.

33. The Gene Ontology, C. (2019) The Gene Ontology Resource: 20 years
and still GOing strong. Nucleic Acids Res., 47, D330–D338.

34. UniProt,C. (2019) UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Res., 47, D506–D515.

35. Suzek,B.E., Huang,H., McGarvey,P., Mazumder,R. and Wu,C.H.
(2007) UniRef: comprehensive and non-redundant UniProt reference
clusters. Bioinformatics, 23, 1282–1288.



D436 Nucleic Acids Research, 2021, Vol. 49, Database issue

36. Carbon,S., Ireland,A., Mungall,C.J., Shu,S., Marshall,B., Lewis,S.,
Ami,G.O.H. and Web Presence Working, G. (2009) AmiGO: online
access to ontology and annotation data. Bioinformatics, 25, 288–289.

37. Giurgiu,M., Reinhard,J., Brauner,B., Dunger-Kaltenbach,I.,
Fobo,G., Frishman,G., Montrone,C. and Ruepp,A. (2019) CORUM:
the comprehensive resource of mammalian protein complexes-2019.
Nucleic Acids Res., 47, D559–D563.

38. Suzek,B.E., Wang,Y., Huang,H., McGarvey,P.B., Wu,C.H. and
UniProt,C. (2015) UniRef clusters: a comprehensive and scalable
alternative for improving sequence similarity searches.
Bioinformatics, 31, 926–932.

39. Brannan,K.W., Jin,W., Huelga,S.C., Banks,C.A., Gilmore,J.M.,
Florens,L., Washburn,M.P., Van Nostrand,E.L., Pratt,G.A.,
Schwinn,M.K. et al. (2016) SONAR discovers RNA-binding proteins
from analysis of large-scale protein-protein interactomes. Mol. Cell,
64, 282–293.

40. Sternburg,E.L. and Karginov,F.V. (2020) Global approaches in
studying RNA-Binding protein interaction networks. Trends
Biochem. Sci., 45, 593–603.

41. Kozlowski,L.P. (2017) Proteome-pI: proteome isoelectric point
database. Nucleic Acids Res., 45, D1112–D1116.

42. Tate,J.G., Bamford,S., Jubb,H.C., Sondka,Z., Beare,D.M., Bindal,N.,
Boutselakis,H., Cole,C.G., Creatore,C., Dawson,E. et al. (2019)
COSMIC: the catalogue of somatic mutations in cancer. Nucleic
Acids Res., 47, D941–D947.

43. Van Nostrand,E.L., Freese,P., Pratt,G.A., Wang,X., Wei,X., Xiao,R.,
Blue,S.M., Chen,J.Y., Cody,N.A.L., Dominguez,D. et al. (2020) A
large-scale binding and functional map of human RNA-binding
proteins. Nature, 583, 711–719.

44. Lunde,B.M., Moore,C. and Varani,G. (2007) RNA-binding proteins:
modular design for efficient function. Nat. Rev. Mol. Cell Biol., 8,
479–490.

45. Brown,R.S. (2005) Zinc finger proteins: getting a grip on RNA. Curr.
Opin. Struct. Biol., 15, 94–98.

46. Brayer,K.J., Kulshreshtha,S. and Segal,D.J. (2008) The
protein-binding potential of C2H2 zinc finger domains. Cell Biochem.
Biophys., 51, 9–19.

47. Oberstrass,F.C., Lee,A., Stefl,R., Janis,M., Chanfreau,G. and
Allain,F.H. (2006) Shape-specific recognition in the structure of the
Vts1p SAM domain with RNA. Nat. Struct. Mol. Biol., 13, 160–167.

48. Green,J.B., Gardner,C.D., Wharton,R.P. and Aggarwal,A.K. (2003)
RNA recognition via the SAM domain of Smaug. Mol. Cell, 11,
1537–1548.

49. Klingenberg,M., Gross,M., Goyal,A., Polycarpou-Schwarz,M.,
Miersch,T., Ernst,A.S., Leupold,J., Patil,N., Warnken,U., Allgayer,H.
et al. (2018) The long noncoding RNA cancer susceptibility 9 and
RNA binding protein heterogeneous nuclear ribonucleoprotein L
form a complex and coregulate genes linked to AKT signaling.
Hepatology, 68, 1817–1832.

50. Gandhi,M., Gross,M., Holler,J.M., Coggins,S.A., Patil,N.,
Leupold,J.H., Munschauer,M., Schenone,M., Hartigan,C.R.,
Allgayer,H. et al. (2020) The lncRNA lincNMR regulates nucleotide
metabolism via a YBX1 - RRM2 axis in cancer. Nat. Commun., 11,
3214.

51. Seeger,M., Kraft,R., Ferrell,K., Bech-Otschir,D., Dumdey,R.,
Schade,R., Gordon,C., Naumann,M. and Dubiel,W. (1998) A novel
protein complex involved in signal transduction possessing
similarities to 26S proteasome subunits. FASEB J., 12, 469–478.

52. Garcia-Moreno,M., Noerenberg,M., Ni,S., Jarvelin,A.I.,
Gonzalez-Almela,E., Lenz,C.E., Bach-Pages,M., Cox,V., Avolio,R.,
Davis,T. et al. (2019) System-wide profiling of RNA-binding proteins
uncovers key regulators of virus infection. Mol. Cell, 74, 196–211.

53. Panhale,A., Richter,F.M., Ramirez,F., Shvedunova,M., Manke,T.,
Mittler,G. and Akhtar,A. (2019) CAPRI enables comparison of
evolutionarily conserved RNA interacting regions. Nat. Commun.,
10, 2682.


