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Abstract

RNA-binding proteins (RBPs) play key roles in a wide range of physiological and pathological processes. To facilitate the investigation of RBP
functions and disease associations, we updated the EURBPDB and renamed it as RBPWorld (http://research.gzsys.org.cn/rbpworld/#/home).
Leveraging 998 RNA-binding domains (RBDs) and 87 RNA-binding Proteome (RBPome) datasets, we successfully identified 1 393 413 RBPs
from 445 species, including 3030 human RBPs (hRBPs). RBPWorld includes primary RNA targets of diverse hRBPs, as well as potential down-
stream regulatory pathways and alternative splicing patterns governed by various hRBPs. These insights were derived from analyses of 1515
crosslinking immunoprecipitation-seq datasets and 616 RNA-seq datasets from cells with hRBP gene knockdown or knockout. Furthermore, we
systematically identified 929 RBPs with multi-functions, including acting as metabolic enzymes and transcription factors. RBPWorld includes
838 disease-associated hRBPs and 970 hRBPs that interact with 12 disease-causing RNA viruses. This provision allows users to explore the
regulatory roles of hRBPs within the context of diseases. Finally, we developed an intuitive interface for RBPWorld, facilitating users easily ac-
cess all the included data. We believe that RBPWorld will be a valuable resource in advancing our understanding of the biological roles of RBPs
across different species.
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Introduction

RNA-binding proteins (RBPs) are conserved and essential reg-
ulators of various cellular processes (1,2). They play a cru-
cial role in the regulation of RNA metabolism and collaborate
with RNAs to regulate specific cellular processes, such as sig-
naling transduction (3), transcription (4) and protein synthesis
(5). Despite the important role of RBPs in diverse pathologi-
cal and physiological processes, the functions of most RBPs re-
main largely unclear. The rapid accumulation of genome-wide
transcriptomic and proteomic datasets in public databases
offers an unprecedented opportunity to enhance our under-
standing of the functional roles of RBPs in a wide range of
cellular processes (6).

Several databases have been developed to help the inves-
tigation of RNA binding sites or motifs in RBPs. These in-
cludes Gene Ontology (GO) database (7), RNA-Binding Pro-
tein DataBase (RBPDB) (8), ATtRACT (9), StarBase (10) and
POSTAR3 (11), all of which contribute significantly to the
functional investigation of RBPs. In our previous studies, we
constructed EuRBPDB (12), which significantly expands the
repertoire of RBPs by including 315 222 RBPs identified
from 162 species. EuRBPDB also incorporates 837 crosslink-
ing immunoprecipitation (CLIP) sequence (CLIP-seq) datasets
(13,14), allowing users to analyze the RNA targets of RBPs.
Despite the advancements made by our database and others,
there is still a significant lack of key information required for
exploring RBP functions. For example, although many RBPs
have been reported, the RNA targets for the majority of them
are still missing within these databases. Additionally, RNA
sequencing (RNA-seq) data from cells with knockdown or
knockout (KD/KO) of RBP genes, referred to as bulkPerturb-
seq, which are rapidly accumulating in public databases like
The Gene Expression Omnibus (GEO) (15), remain to be fully
integrated and utilized for comprehensive functional analysis
of RBPs.

RBPs have emerged as key regulators in human diseases and
hold promise as novel therapeutic targets (16). Mutations in
RBPs can impact their expression, disrupt their interactions
with cofactors and RNA targets (17,18), or interfere with
other functions beyond RNA-binding (19,20), all of which
can lead to severe human diseases. To date, three databases
have been constructed to investigate the connections between
RBPs and limited number of diseases. EuRBPDB and RBPDB
(8) offer features to explore the association between RBPs and
various human cancers. READDB (21) permits exploration of
associations between a subset of RBPs and a limited number of
human diseases. The absence of a comprehensive database for
disease associations of RBPs hinders the study of RBP-disease
associations.

To advance the functional and disease association studies of
RBPs across various species, we have systematically updated
our previously constructed RBP database, EuRBPDB. In this
study, we first refined our RBP identification method, which
result in the identification of 1 393 413 high-reliability RBPs
from 445 species, including 3030 human RBPs (hRBPs). Next,
we conducted a systematic analysis to identify the primary
RNA targets of 1616 hRBPs, potential downstream pathways
regulated by RBPs and the multi-functional properties of 929
hRBPs. Furthermore, we systematically identified 838 disease-
associated RBPs and 1111 potential drugs targeting to 234
hRBPs. To enhance the user experience, we have redesigned
the user interface (UI) of the RBP database to offer a more
intuitive, user-friendly and mobile-compatible experience. We
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have named this new version of the RBP database ‘RBPWorld’
to reflect its aim of including the comprehensive annotations
of RBPs from a wide range of species.

By utilizing RBPWorld, users can interactively explore com-
prehensive RBP catalogs from 4435 species and investigate the
function and disease associations of RBPs across species. This
platform will greatly facilitate the investigation and under-
standing of the biological role of RBPs across different species.

Materials and methods

RBP identification and annotation

The following key words were used to performed search in
Pfam database (22) for RNA-binding domains (RBDs) and in
the: ‘RNA binding’, ‘RNA-binding’, ‘bind to.*RNA’, ‘bind to
RNA’, ‘bind to nucleic acids’, ‘bind to DNA or RNA’, ‘bind
to double-stranded RNA’, ‘bind to G-quartet sequences in.*
RNA’, ‘bind to double-stranded RNA’, ‘bind to G-quartet se-
quences in.* RNA’, ‘bind to.* in.* RNA’, ‘bind to ribosomal
RNA’, ‘bind *RNA’, ‘RNA processing’ and ‘bind.* RNA’. The
HMM profiles of RBDs were extracted from Pfam database
(release 35). All protein sequences of 445 species were down-
loaded from Ensembl database (release 110 for animal and
release 57 for plant) (23).

The identification of RBPs in RBPWorld is based on the fol-
lowing evidence: (i) Using the HMMER package (v3.2.1) (24),
we conducted a comprehensive search across all eukaryotic
protein sequences against the RBD HMM profiles obtained
from Pfam and EuRBPDB database. Proteins with E-value
<0.0001 were considered as bona fide RBPs harboring RBD.
(ii) We conducted a comprehensive search of gene annotations
in the Gene Ontology (GO) database (7) using the aforemen-
tioned keywords related to RBDs. This approach allowed us
to systematically identify genes annotated with functions in-
dicative of RNA-binding activities, thereby aiding in the detec-
tion of potential RBPs. (iii) RBPome datasets were manually
collected from published works (25-29). Then RBPs identified
by at least seven distinct RBPome technologies were consid-
ered to be RBPs of high confidence. (iv) To further refine our
list of RBPs, we integrated evidence from multiple sources: ev-
idence for the identification of other RBPs was sourced from
CLIP-seq datasets, annotations by Gerstberger et al. (1), GO
(7) and the RBPDB (8) database.

The basic information, orthologs, paralogs, GO and phe-
notype annotations of RBPs were obtained from NCBI (30),
GeneCards (31) and Ensembl databases (23). The protein—
protein interaction information was parsed from STRING
database (32). The pathway annotation was obtained from
KEGG database (33). Expression data were obtained from
GTEx (34).

RBP families

In RBPWorld, we employed two approaches to define RBP
families. The first approach involved grouping RBPs based
on shared RBDs (35). RBPs sharing the same family RBD
(as defined by the Pfam database) based on sequence simi-
larity were grouped into a family and named after the RBD.
When a RBP harbored multiple types of RBDs, it was orga-
nized into distinct families based on those RBD types. RBPs
lacking known RBDs were designated as members of the non-
canonical RBP family. The second approach used paralogues
analysis based on protein sequence, where RBP with iden-
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tity >20 was clustered into a paralogous family (1). To cluster
redundant RBPs, we first sort the families in descending order
based on the number of members. Subsequently, we iteratively
examine each RBP within these families. If an RBP is found in
a subsequent family, it is removed from that family to ensure
uniqueness. This dual strategy ensures a comprehensive and
robust classification of RBP families, facilitating more accu-
rate functional predictions and comparative analyses.

Annotation of multi-functional RBPs and
condensate-associated RBPs

RBPWorld defines six categories of multi-functional RBPs
(mfRBPs). These categories are annotated using resources
as following: (i) DNA and RBP were retrieved from three
sources: (a) AnimalTFDB4 (35), (b) Xiao et al. (36), (c)
Van Nostrand et al. (37); (i) RNA-binding E3 ligases were
retrieved from IUUCD2.0 (38) and UbiBrowser2.0 (39)
database; (iii) RNA-binding deubiquitinating enzymes (DUBs)
were integrated from DUBase database; (iv) RNA-binding
kinases annotations are retrieved from UniProt database
(40); (v) RNA-binding transmembrane proteins prediction
was performed using TMHMM-2.0 (41); (vi) Metabolic en-
zymes RBPs were downloaded from Reactome database (42).
RBPWorld also systematically identified hRBPs localized to
membrane-less condensates by Human Protein Atlas (43) and
The RNA granule databases (44) into five categories: (i) nu-
cleoli, (ii) nucleoli rim, (iii) fibrillar center, (iv) p-bodies and
(v) stress granules (SGs).

Identification of primary RNAs targets for RBPs

CLIP-seq datasets were retrieved from ENCODE database
(45) and StarBase (10). Peak and bam files of each dataset
were downloaded. We used intersectBed of bedtools package
(v2.27.1) (46) to annotate each peak. In annotating primary
RNA targets using CLIP-seq data, RNA types with a read frac-
tion <10% of the total read were excluded. If the read fraction
of an RNA type exceeded 70%, we considered that the RBP
specifically binds to this RNA type. If all RNA types bound
by an RBP have peak fraction between 10% and 70%, these
RNA types all considered as primary targets of the RBP. The
primary RNA targets of RBPs were also obtained from the
annotations performed by Gerstberger et al. (1), as well as the
annotation information from the GO database. We integrated
all primary RNA target information for each RBP. If an RBP
possesses three or more primary RNA targets, we categorize
as diverse.

Disease-associated RBPs and RBP-targeting drugs

Evidence of association between RBPs and diseases, classi-
fied into nine major categories, are sourced from nine distinct
databases: (i) Open Targets platform (47), (ii) Clinvar (48),
(iii) Gene Burden (49), (iv) Genomics england pane (50), (v)
Gene2Phenotype (51), (vi) UniProt: UniProt literature (40),
(vii) UniProt: Uniprot variants (40), (viii) Clingen (52) and (ix)
Orphanet. RBPs bearing any Mendelian and somatic mutation
evidence were classified as disease-associated RBPs. Drugs
that affect to RBPs were retrieved from ChEMBL database
(53). Identical small molecule drugs or inhibitors are consoli-
dated into a single record, displaying the highest clinical trial
phase achieved.
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Analysis of RNA-seq datasets

BulkPerturb-seq datasets were acquired from the Sequence
Read Archive (SRA) database (54) and ENCODE database
(37). The curated RNA-seq fastq files were aligned to the hu-
man genome (GRCh38) using STAR (v2.6.1d) (55), and gene
expression levels for each dataset was quantified using RSEM
(56). Standardized the quantification results, using TPM ex-
clusively for data presentation and analysis. Differential gene
expression analysis was performed using R DESeq2 pack-
age with default parameters (57), while differential alterna-
tive splicing (DAS) were investigated using rMATS (58) with
default parameters. The visualization of AS events was per-
formed using Sashimi plots software (59).

Results

Refined RBP identification method identified 1 393
413 RBPs across species

In EuRBPDB study, RBPs were identified through a search
based on RBDs, along with the utilization of RNA-binding
Proteome (RBPome) datasets and manual curation from liter-
ature sources. To enhance our RBP identification procedure,
we made the following improvements: (i) updated the RBD
catalog by systematically interrogating the latest version of
the Pfam database. As a result, our RBD catalog expands from
791 to 998. (ii) Incorporated 87 additional RBPome datasets
to identify RBPs that might have been missed by domain
annotation, as certain RBPs lack a Pfam-defined RBD. (iii)
Included nine RNA interactome datasets obtained through
probe-sets based RBP identification technologies like Compre-
hensive identification of RBPs by mass spectrometry (ChIRP-
MS) (60) or RNA antisense purification coupled with mass
spectrometry (RAP-MS) (61), and (iv) included RBPs from
other RBP database, including GO (7) and RBPDB (12).

As a result of our refined RBP identification procedures,
we have identified 3030 RBPs in humans and 1 393 413
RBPs in 445 species (Figure 1A and B). Our analysis of
the correlation between genomic complexity and the num-
ber of RBPs revealed a positive relationship, where species
with higher ploidy, more chromosomes, a greater number
of protein-coding genes and longer genomic length tending
to have higher number of RBPs (Figure 1C and D). No-
tably, the correlation between RBP count and the number
of protein-coding genes was the strongest in both kingdoms,
suggesting that the higher number of protein-coding genes
may lead to a higher frequency of RBP generation. Inter-
estingly, RBPs exhibit a significantly higher correlation with
genomic length in plants than in animals, consistent with
the observation that plant genomes tend to show a stronger
correlation with protein-coding gene numbers than those in
animals (62).

The RBP number in RBPWorld surpasses the count of
RBPs included in other RBP database (Figure 1E). Despite
the large number of RBPs, we have identified across species,
the majority of them exhibit conservation. Our conservation
analysis revealed that the majority of hRBPs are conserved,
with orthologs of 60.17% hRBPs found in over 200 animal
species (Figure 1F). Notably, only 32.35% of hRBPs iden-
tified through domain-search method were detectable using
RBPome approaches, and 522 hRBPs that were detected by
at least seven different RBPome technologies did not possess
Pfam-defined RBDs (Figure 1G). These findings underscore
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Figure 1. Refined RBP identification procedures enable comprehensive and high-confidence integration of RBP data across 445 species. (A and B) Bar
charts illustrating the number of RBPs for the Top 9 species of animals (A) and Top 10 plants (B) collected in RBPWorld. (C and D) Bubble plots showing
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animals. Horizontal coordinates represent the number of homologous genes, while vertical coordinates indicate the density distribution. The total area
under the curve is 1. (G) Venn plot showing distribution of RBPs identified through RBPome technology or RBD prediction. RBE RNA-binding protein;
RBPome, RNA-binding proteome.
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the necessary of integrating domain-search-based method and
RBPome techniques to identify the complete set of RBPs.

RNAs associated with diverse RBPs

To elucidate the functions of RBPs, we focused on identify-
ing the primary RNA targets of various hRBPs. By integrat-
ing data from the GO database (7), the study by Gerstberger
et al. (1) and available CLIP-seq datasets, we identified pri-
mary RNA targets for 1616 RBPs. When analyzing the pri-
mary RNA target of each RBP using CLIP-seq data, if the
peak fraction of an RNA type exceeds 70%, we consider it
the sole primary RNA target for that RBP. If all RNA types
bound by an RBP have peak fraction between 10% and 70%,
these RNA types all considered as primary targets of the RBP.
RNA types with a total peak fraction <10% are ignored in our
analysis. Diverse RNA is defined as binding to more than two
different types of RNA (Supplementary Table S1). The major-
ity of these RBPs are canonical RBPs possessing Pfam-defined
RBDs. Subsequently, we categorized RBPs based on their in-
teracting RNAs into different categories, including messen-
ger RNA (mRNA)-binding, ribosomal RNA (rRNA)-binding,
transfer RNA (tRNA)-binding, small nuclear RNA (snRNA)-
binding and small nucleolar RNA (snoRNA)-binding. Inter-
estingly, among the RBPs with identified primary RNA targets,
1365 were found to bind RNAs involved in protein synthesis,
such as mRNAs, tRNAs and rRNAs (Figure 2A).

The RBP family was defined based on RBPs sharing the
same RBDs (35). In total, we identified 849 RBP families
across all 445 species (Figure 2B and C). Among these, hu-
mans host 735 RBP families. Interestingly, plants possess a
notably smaller number of RBP families compared to animals
(Figure 2B). In particular, human shows the highest number
of RBPs with classical RBDs, such as RRM_1, zf_met and
MMR_HSR1 (Figure 2C). Out of the identified RBP families
in humans, 660 of them have been associated with specific
target RNAs. Notably, RBPs in a family tend to interact with
same types of primary RNA targets (Figure 2D). To define
redundant properties of RBPs, we compared the evolution-
ary characteristics of RBPs with those of TFs, which consti-
tute the other main group of gene regulatory factors. We used
the phylogenetic homology classification as already defined by
the Ensembl Compara database (23) and further grouped to-
gether paralogues with even closer homology. Most RBP par-
alogues share 20-70% sequence identity and, by this criterion,
are identified to RBP families (Supplementary Table S2). By
contrast, the 1704 human TFs, which diverged more recently
than the RBPs, formed only 554 protein families by the ho-
mology criteria above.

RNA viruses like Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) rely on the host cell’s RBPs for
replication (63). These RBPs are crucial in regulating virus in-
fections. Therefore, extensive efforts have been made to iden-
tify the proteins that interact with RNA viruses using probe-
based RNA interactome techniques (64). Consequently, a sub-
stantial amount of RNA virus interactome data has been ac-
cumulated. In this study, we systematically identified hRBPs
that interacting with RNA virus (vRBPs) by analyzing RNA
interactome datasets and database annotations. Overall, we
identified 970 vRBPs that interact with 12 disease-causing
RNA virus, including SARS-CoV-2, Zika and Dengue RNA
viruses. These vRBPs comprise 619 canonical RBPs and 351
non-canonical RBPs, deriving from 403 RBP families. No-
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tably, they primarily bind to RNAs involved in protein syn-
thesis, such as mRNAs, tRNAs and rRNAs in vivo (Figure
2E). In addition, vRBPs are enriched in distinct pathways and
complexes specific to different viruses (Figure 2F).

Diverse ‘moonlighting’ functions of hRBPs

Several hRBPs exhibit additional functions beyond their role
in RNA binding. These functions include acting as metabolic
enzymes (65), transmembrane proteins (41), DNA- and RNA-
binding proteins (DRBPs) (36,66), E3 ligases (E3s) or DUBs
(38,39). Recognizing the importance of uncovering the ‘moon-
lighting’ functions of hRBPs in understanding their over-
all functionality, we conducted a systematical identification
of these additional roles using annotations from Reactome
(42), TMHMM-2.0 (41), AnimalTFDB4 (66), Uniprot (67),
DUBase, iUUCD2.0 (38) and UbiBrowser2.0 (39) databases.
Our analysis revealed diverse ‘moonlighting’ functions of
hRBPs. Although the primary functions of some hRBPs may
not be RNA-binding (68), we have designated their additional
roles as ‘moonlighting’ functions for the sake of clarity in de-
scription. We identified 336 RNA-binding metabolic enzymes,
217 RNA-binding E3 ubiquitin ligases, 12 RNA-binding deu-
biquitinating enzymes, 66 RBP kinases, 300 DRBPs and 147
transmembrane RBPs. These mfRBPs account for the 30.6%
of all hRBPs (Figure 3A), with the majority (94.42%) char-
acterized by possessing only a single ‘moonlighting’ function
(Figure 3B). Notably, we identified a total of 929 mfRBPs,
some of which possess more than two moonlighting func-
tions. Among these, 151 are targeted by ChREMBL drugs. In-
terestingly, certain mfRBPs, like DRBPs, tend to possess RBDs,
with ~78.6% of them featuring these domains. On the other
hand, specific mfRBPs lean toward lacking known RBDs, for
example, 68.3% of RNA-binding kinases did not encompass
known RBDs (Figure 3C). Interestingly, these non-canonical
RNA-binding kinases are involved in a broad spectrum of reg-
ulatory pathways, in contrast to canonical RNA-binding ki-
nases, which predominantly regulate the apoptosis pathway
(Supplementary Figure S1). Notably, all types of mfRBPs are
involved in the regulation of a wide range of pathways (Figure
3D), rather than being specific to one or a few specific path-
ways. These results highlight the broad functional importance
of mfRBPs in cellular processes.

In addition to exploring ‘moonlighting’ functions, we also
systematically identified hRBPs localized to membrane-less
condensates, such as nucleoli (69), P-bodies (70) and SGs (71).
This analysis provides valuable insights into the regulatory
roles of hRBPs in the formation and function of membrane-
less condensates within cells. By incorporating the informa-
tion from Human Protein Atlas (43) and the RNA granule
databases (44), we identified 155 P-body RBPs, 614 SG RBPs,
371 dense fibrillar component (DFC) RBPs, 64 granular com-
ponent (GC) RBPs and 88 fibrillar center (FC) RBPs. These
condensate-associated RBPs (cRBPs) are account for 35.41%
of all hRBPs (Figure 3A), with the majority of RBPs (20.60%)
present in more than two condensates (Figure 3B). Notably,
cRBPs tend to possess known RBDs (Figure 3C). Furthermore,
cRBPs are involved in the regulation of a wide range of path-
ways (Figure 3D), suggesting their involvement in the regula-
tion of diverse cellular processes.

Interestingly, mfRBPs have a preference for binding
mRNA, reminiscent of specific mfRBPs like glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (72), heterogeneous
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Figure 2. Exploring primary RNA targets of hRBPs and evolutionary conservation of RBP families. (A) A pie chart showing the distribution of primary
RNA target types bound by RBPs that tend to bind specific RNA targets. (B) Statistics of RBP family numbers in different species. (C) Bar plot showing
the number of RBPs with same RBD (RBP family) from RBPWorld with top 20 members. (D) Stacked bar chart showing the proportion of primary RNA
targets of the top 15 RBP family members. (E) A pie chart showing the distribution of primary RNA target types bound by vRBPs that tend to bind
specific RNA targets. (F) Heatmaps showing the Reactome pathway enrichment analysis result (left) and complex enrichment analysis result (right) of
vRBPs. g-value of different pathway/complex were -logo transformed. RBD, RNA-binding domain; vRBP, hRBPs that interacting with RNA virus.

nuclear ribonucleoprotein L (HnRNP-L) (73) and L1td1
(LINE-1 type transposase domain-containing 1) (74), which
have been found to regulate their own abundance by binding
to their mRNA and controlling its stability, establishing a neg-
ative feedback regulatory loop. In contrast, different cRBPs
exhibit distinct RNA binding preferences, potentially hint-
ing at their specific functional roles. For example, DFC, a

membrane-less condensate responsible for rRNA processing
(75), tends to associate with RBPs that bind rRNAs and snoR-
NAs (Figure 3E). These RNAs play crucial roles in the process
of rRNA processing (76). Overall, our systematic identifica-
tion of mfRBPs and cRBPs provides valuable insights into the
intricate regulatory functions that hRBPs fulfill in various cel-
lular processes.
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Figure 3. hRBPs perform diverse and multifaceted roles in cellular processes. (A) Pie charts showing the distribution of RBPs with multi-functional roles
beyond binding RNA (up) and those capable of forming diverse types of condensates (down). (B) Bar charts showing the distribution of mfRBPs with
only one function alone or two (up), as well as the distribution of cRBPs with varying numbers of condensate sublocations (down). (C) Distribution of
hRBPs with or without an RBD (canonic or non-canonic) in mfRBPs (left) and cRBPs (right). (D) The top five pathways from the Reactome pathway
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Exploring RBP functions using bulkPerturb-seq
datasets

To gain insights into the downstream regulatory networks
of RBPs, we manually collected 616 bulkPerturb-seq datasets
about RBP-coding genes derived from 62 different cell lines.
Notably, the perturbation of these RBPs led to an average al-
teration in the expression of 877 genes. Interestingly, we found
that the perturbation of tRNA, snoRNA and mRNA interact-
ing RBPs resulted in the most pronounced changes in the cell
transcriptome (Figure 4A). This observation aligns with their
important roles in supporting cell growth.

Several RBPs play crucial roles in regulating AS of mR-
NAs, giving rise to distinct protein isoforms with diverse func-

tions. To investigate the extent of each RBP’s involvement in
mRNA AS regulation, we detected DAS events occurring in
cells undergoing the perturbation of various RBPs. In total, we
identified 434 015 DAS events spanning across 613 datasets.
On average, RBP perturbation triggered an occurrence of 708
DAS events. Notably, perturbations of certain RBPs lead to
a large number of DAS events, suggesting their potential key
role in regulating AS. We categorized those RBPs that induced
over 2000 DAS events upon perturbation as hyper-DAS RBPs.
Our analysis identified 29 hyper-DAS RBPs, most of them
(71.43%) are mRNA binding RBPs, including several well-
known AS regulators, such as CPEB1 (77), CELF2 (78) and
RBM10 (79) (Figure 4B and C; Supplementary Figure S2).


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1028#supplementary-data

Nucleic Acids Research, 2025, Vol. 53, Database issue

A
60001 * J
*
I 7Y 1
) o 1
(IB T ! RNA target
) 4000 . B3 tRNA(n=20)
=) ! B snoRNA(n=12)
5 . B mRNA(n=365)
2 i . B snRNA(n=20)
5 B rRNA(n=58)
-E B8 diverse(n=8)
S 2000 B3 ncRNA(n=29)
=z
0
S
{3“\
C

chr18:47017902:47017956:-@chr18:47017722:
RPL17 SF3B1_K562_2017-1-4_NC-1 IncLevel: 1.00

D227

RNAtarget
MDiverse
MIncRNA
HmiRNA
BEmRNA
BncRNA
HrRNA
BMsnRNA

47017815:-@chr18:47017163:47017297:-

B SS—-—

4549 32880
S 34118 no— )
& 22745
€ 11372
= RPLI7 SF3B1 K562 2017-1-4_NC-2 IncLevel: 0.96
4549 e ——
E 3411.8 190
¥ 22745
€ 11372
100
4549 RPL17 SF3B1_K562_2017-1-4_KD/KO-1 IncLevel: 0.99
34118
£ 22745 11621 h -
11372 e ——
210
4549 RPL17 SF3B1 K562 2017-1-4 KD/KO-2 IncLevel: 0.99
34118
& 22745
« 11372

T T 1

47017957 47017799 47017641 47017482 47017324 47017165
Genomic coordinate (chrl8), “-" strand
- . |
- L

Figure 4. Impact of perturbation of genes encoding RBPs on gene expression profiles and AS events. (A) Boxplot exhibiting the number of differentially
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0.05, **P < 0.01, ***P < 0.001.

Our results highlight the significant value of bulkPerturb-seq
datasets. These datasets provide valuable insights into the
functional roles and regulatory mechanisms of RBPs.

Mendelian and somatic diseases association of
RBPs

To examine the regulatory role of hRBPs in human diseases,
we assessed the disease associations of each RBP by utiliz-
ing disease association data extracted from nine resources
gathering for target-disease evidence. Our analysis identified
a total of 838 disease-associated hRBPs that were found
to be mutated in various diseases, including 480 canonical

RBPs and 358 non-canonical RBPs (Figure 5A). The num-
ber of canonical RBPs and non-canonical RBPs that asso-
ciated with Mendelian diseases shows a comparable distri-
bution (Supplementary Figure S3A). Notably, non-canonical
RBPs exhibits a tendency for association with somatic dis-
eases, wherein the top 10 most relevant somatic diseases ex-
clusively comprise various types of cancer (Figure 5B and C;
Supplementary Figure 3B and C). Interestingly, we found that
several hRBP subtypes show distinct preferences for either
Mendelian or somatic diseases. For instance, tRNA interacting
hRBPs displayed a tendency for Mendelian disease, whereas
RNA-binding kinases showed a propensity for somatic dis-
eases (Figure 5B). These findings imply that diverse hRBP
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subtypes may play distinct role in the development of
Mendelian and somatic cell genetic diseases.

The RBPWorld platform serves as a valuable tool
for the functions and disease association study of
RBPs

To enable users to effectively utilize the deep exploration on
RBP categories across species generated in this study, as well
as the investigation of conservation, functions, disease asso-
ciations and targeting drugs of RBPs, we have systematically
updated the original RBP database EURBPDB. The database
has been renamed to RBPWorld (http://research.gzsys.org.cn/
rbpworld/), a title that better reflects its scope and utility.
With RBPWorld, users can conveniently access comprehen-
sive information about specific RBPs by inputting the gene
symbol/ID in the top right corner of all pages. This input in-
stantly retrieves all relevant information on a single RBP in-
formation page. The page includes detailed annotations, con-
servative properties, functions, RBP targeting drugs and dis-
ease associations. Additionally, RBPWorld offers convenient
browsing and downloading options for all available data, pro-
viding users with a seamless experience. These features will
greatly promote our understanding of the roles played by
RBPs in various physiological and pathological processes.
Next, we illustrate the utility of RBPWorld with a specific
example: Nucleophosmin 1 (NPM1), an extensively studied
gene and the most frequently mutated gene in adult acute
myeloid leukemia (AML) (80). NPM1 is an abundant nucleo-
lar protein associated with ribosome maturation and export,
centrosome replication, and response to stressful stimuli (81).
By entering ‘NPM1’ on the homepage or in the upper right-
hand corner of webpage, users can explore the RBP prop-
erties, functions and disease associations of NPM1 utilizing
RBPWorld (Figure 5D). An RBD, nucleoplasmin, was found
in NPM1 and other two members of nucleoplasmin fam-
ily: nucleoplasmin 2 (NPM2) and nucleoplasmin 3 (NPM3).
Proteins with nucleoplasmin domains were found function-
ally associated with ribosome functions (82). Evidence from
RBPomes and CLIP-seq also suggested NPM1 as an RBP with
high confidence. Leveraging RBPWorld, we found that NPM1
was conserved in five species, providing additional informa-
tion on one more specie compared to EURBPDB. We focused
on exploring the expression and function of NPM1 in hu-
man. Other than its well-known function in rRNA process-
ing and ribosomal subunit assembly via binding to rRNA,
we identified moonlighting function of NPM1: binding to
DNA. Several studies have reported that the C-terminal do-
main of NPM1 binds with high affinity to G-quadruplex
DNA (83). This binding effect is directly related to the cy-
toplasmic delocalization of NPM1, which is impaired in pro-
tein variants associated with AML. Another important char-
acteristic of NPM1 was the ability to form membrane-less
condensates in the nucleolus. Condensates section showed
NPM1 forms SG and nucleoli rim, which were critical to pro-
tect rRNA and other nucleic acids from stressful conditions
(84). Bulkperturb-seq dataset analysis showed that NPM1
knockdown affected gene expression levels and DAS, which
mainly pertain to ribosome biosynthesis of cells and were dys-
regulated, highlighting the role of RBPWorld in identifying
RBP-interacting genes. We also found that NPM1 is associ-
ated with infections by various viruses. It has been reported
that B23/NPM1 affects the overall replication of viruses
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such as Human Immunodeficiency Virus (HIV), Hepatitis B
Virus (HBV), Hepatitis C Virus (HCV), Hepatitis D Virus
(HDV), and Human Papillomavirus (HPV) by playing func-
tional roles at different stages of viral replication, including
nuclear importation, viral genome transcription, assembly and
final particle formation (85). Beyond viral infection diseases,
RBPWorld also presented NPM1-disease associations gener-
ated from gene-disease association databases such as Open
Targets Genetics and Clinvar. For investigators interested in
NPMI1 targeting, we also present two drugs that have entered
Phase IV clinical trialsceritinib and crizotinibto facilitate their
studies.

Overall, the updated version of RBPWorld emphasizes
deeper multi-dimensional exploration of functional and dis-
ease association information across species of RBPs, provid-
ing researchers with barrier-free access to valuable bioinfor-
matics data. Most of the above results were directly extracted
from RBPWorld web interface, demonstrating its efficiency in
deeply elucidate RBP functions and roles in diseases.

Discussion and conclusions

In this study, we conducted a comprehensive analysis to iden-
tify highly reliable RBPs from various species using our refined
RBP identification methods. Our analysis yielded a total of 1
393 413 RBPs, which we categorized into 849 families. Fur-
thermore, we investigated the conservation, functions, disease
associations and targeting drugs of these RBPs. To enhance ac-
cessibility and facilitate further research, we developed a com-
prehensive platform, named RBPWorld (http://research.gzsys.
org.cn/rbpworld/#/home), which enables users to explore the
conservation, functions and disease associations across differ-
ent species. RBPWorld serves as a valuable resource for re-
searchers and provides insights into the critical roles of RBPs
in various biological contexts.

Our findings revealed that the majority of RBPs exhibit high
conservation across species, with all of them being conserved
in more than half of the species included in our study. This un-
derscores the fundamental roles that RBPs play in various bio-
logical processes. Moreover, we discovered that the functions
of RBPs are more intricate than previously assumed. First,
about one-third of the RBPs exhibit binding affinity toward
multiple RNAs (>2). Second, 30.66% of RBPs possess addi-
tional functions beyond RNA-binding, such as DNA binding,
metabolic enzymatic activity and E3 ligase function. Lastly,
perturbing the expression of RBP genes can have far-reaching
effect on a wide range of biological processes. Given their
complex and pivotal regulatory roles, dysregulation of RBPs
is anticipated to contribute to the development of severe dis-
eases. Consistently, we identified strong associations between
RBPs and various human genetic diseases, with nearly one-
third of RBPs implicated in these conditions. Moreover, we ob-
served significant alterations in the expression of over half of
the RBPs in at least three cancer types we investigated. These
results emphasize the potential relevance of RBPs as therapeu-
tic targets and diagnostic markers in various diseases includ-
ing cancers.

BulkPerturb-seq is a widely use and effective strategy for
studying gene function. In our analysis, we manually collected
616 RBP bulkPerturb-seq datasets derived from 62 cell lines,
systematically uncovering alternative splicing patterns and po-
tential downstream pathways regulated by diverse RBPs. As
the RBP field progresses rapidly, there is a growing accumula-
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tion of bulkPerturb-seq datasets for RBPs. We are committed
to continuously gathering and integrating these datasets into
the RBPWorld platform, which will contribute to the emer-
gence of novel insights into RBP functions. The RBPWorld
platform also provides users with convenient and effective ac-
cess to these valuable datasets for their studies on the func-
tions and disease associations of RBPs. This facilitates the
reuse and exploration of these datasets, fostering further dis-
coveries and advancements in our understanding of RBPs.

Comparing to other currently available RBP databases
(8,12,86), RBPWorld stands out for its extensive high-
reliability RBP catalog, comprehensive functional annota-
tions and extensive disease-related information. With its user-
friendly web interface, RBPWorld serves as a powerful plat-
form for decoding the RBP functions and their associations
with diseases.

Data availability

RBPWorld platform is freely available at http://research.gzsys.
org.cn/rbpworld/#/home.

Supplementary data
Supplementary Data are available at NAR Online.
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