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ABSTRACT

Numerous studies have shown that RNA plays an
important role in the occurrence and development
of diseases, and RNA-disease associations are not
limited to noncoding RNAs in mammals but also
exist for protein-coding RNAs. Furthermore, RNA-
associated diseases are found across species in-
cluding plants and nonmammals. To better analyze
diseases at the RNA level and facilitate researchers in
exploring the pathogenic mechanism of diseases, we
decided to update and change MNDR v3.0 to RNADis-
ease v4.0, a repository for RNA-disease associa-
tion (http://www.rnadisease.org/ or http://www.rna-
society.org/mndr/). Compared to the previous ver-
sion, new features include: (i) expanded data sources
and categories of species, RNA types, and diseases;
(ii) the addition of a comprehensive analysis of RNAs
from thousands of high-throughput sequencing data
of cancer samples and normal samples; (iii) the ad-
dition of an RNA-disease enrichment tool and (iv)
the addition of four RNA-disease prediction tools.
In summary, RNADisease v4.0 provides a compre-
hensive and concise data resource of RNA-disease
associations which contains a total of 3 428 058 RNA-
disease entries covering 18 RNA types, 117 species
and 4090 diseases to meet the needs of biological re-

search and lay the foundation for future therapeutic
applications of diseases.

INTRODUCTION

Continuously emerging evidence shows that RNA dysreg-
ulation or dysfunctions are important causes of disease
development (1-4), and they also play a crucial part in
disease-targeted therapy and prevention of viral infection
(5,6). Therefore, research on RNA-disease has always at-
tracted attention (7-9). However, there are currently a few
databases of the association between miRNAs, IncRNAs,
circRNAs and other noncoding RNAs with diseases in hu-
mans, mice and other mammals. Nonetheless, with the rapid
advance in high-throughput sequencing technologies, many
types of RNAs have been found to play a significant role
in diseases (10,11), such as tRNA, which is considered to
be a diagnostic marker for Alzheimer’s disease, breast can-
cer, and other diseases or is directly related to disease prog-
nosis (12,13). On the other hand, RNA affects plant traits
and diseases; similar to ginseng rusty root symptoms, ncR-
NAs were found to play a regulatory role in diseased tissues
(14,15).

Moreover, The Cancer Genome Atlas (TCGA) (16), In-
ternational Cancer Genome Consortium (ICGC) (17) and
Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) have generated a large amount of
deep sequencing data and are widely used by researchers be-
cause of its large number of samples, rich clinical informa-
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Figure 1. Overview of the RNADisease v4.0 repository.

tion, and reliable data. Analysis based on sequencing data
from these databases can help to understand the function of
RNA in cancers. Although mRNA in the TCGA is gener-
ally studied, ncRNAs in these three databases also deserve
to be analyzed. Therefore, there is a great need to analyze
and summarize these data in these databases to help explore
the dynamic expression, clinical significance, and function
of RNA in the physiological and pathological conditions of
various cancer types.

Here, RNADisease v4.0 updated from MNDR v3.0 (18)
was produced based on demand. RNADisease v4.0 inte-
grates manual curation of numerous literature, other exper-
imentally validated databases, prediction algorithms, and
RNA sequencing data of 44 different cancer types under
one common framework (Figure 1). Moreover, it also pro-
vides two types of tools: RNA-disease prediction tool and
disease enrichment tool. Overall, RNADisease v4.0 has in-
tegrated >3 400 000 entries, over a threefold increment in
data, and an increase to 4090 diseases across 117 species.
It provides a comprehensive and easily accessible data re-
source to assist researchers in better understanding disease
mechanisms.

MATERIALS AND METHODS

Data collection and organization

RNADisease v4.0 generally contains three types of data:
experimentally validated data, computationally predicted
data, and RNA sequencing data about 44 types of can-

cers. Regarding the first type of data, we paid more at-
tention to the regulation and pathogenesis of RNA in dis-
eases, and we also focused on the complementary binding
of mRNA and ncRNA to play a role in disease. Accord-
ingly, we reviewed >40 000 published studies and acquired
over 180 000 experimental RNA-disease associations. Fur-
thermore, we integrated 23 other related experimentally val-
idated databases (19-41) and finally obtained nearly 350
000 literature validated entries (Supplemental Table S1).
Then, we used 22 different computationally predicted al-
gorithms or web servers including CD-LNLP, DeepDCR,
PreCDA, DincRNA, GMCLDA, HDncRNA, LDAI-
ISPS, LDAP, LRLSLDA-LNCSIM, RWRInD, TAM, BR-
MDA, MCLPMDA, MDHGI, MDNNMTF, miRPD, PB-
MDA, MMGCN, SPM, TDRC, iPiDi-PUL (29,42-60) to
predict the RNA-disease data of four different types of
RNAs (Supplemental Table S2). For the RNA sequenc-
ing data, we integrated RNA sequence data from TCGA,
ICGC and TARGET, covering 44 cancer types, to explore
the expression profiles, functions, and prognosis of miR-
NAs, IncRNAs, and mRNAs in cancers.

To standardize the data and increase the reference value,
we linked the data from different sources to the authorita-
tive reference database to annotate the data in RNADIs-
ecase v4.0 in detail. mRNA, IncRNA, tRNA, rRNA,
snoRNA and snRNA symbols were mapped to NCBI
Gene (61) and Ensembl (62), while miRNA, circRNA,
and piIRNA symbols were mapped to miRBase (63), cir-
cBank (64) or circBase (65) and piRBase (66), respec-
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Figure 2. Introduction and usage of the Cancer Analysis page.

tively. The disease terms were mapped to the Disease On-
tology (67), MeSH vocabularies and KEGG DISEASE.
In extension, RNA-related subcellular localization from
RNALocate v2.0 (68), RNA interactions from RNAInter
v4.0 (69), and drug-related information were obtained from
five databases: ncDR (38), NoncoRNA (22), NRDTD (70),
RNAlInter v4.0 (69) and KEGG DISEASE. Furthermore,
we mapped the drug annotations to PubChem Compound.

Cancer analysis

For RNA sequencing data, we downloaded the RNA read
count value from TCGA, ICGC and TARGET. With gene
annotation (Release 36 from GENCODE) and miRNA an-
notation (Release 20 from miRbase), mRNA, IncRNA and
miRNA expression profiles were extracted. Then, the RNA
expression levels were normalized by transcripts per million

(TPM), and the average of the normalized RNA expression
values in all disease samples of one cancer was taken as
the RNA expression value in cancer. DEseq2 (71), edgeR
(72) and Wilcoxon rank sum test were used to perform dif-
ferential expression analysis between cancer and normal
samples (normal sample > 2). Set padj (False Discovery
Rate) value < 0.05 to obtain differentially expressed RNAs,
and screen out unique, differentially expressed RNAs in
one cancer. In the following, we used the differentially ex-
pressed mRNAs and the target genes of differentially ex-
pressed miRNAs predicted by miRWalk (73) to perform
functional annotation and show some of the most signifi-
cantly related pathways or functions, usually the top 20. Fi-
nally, we obtained clinical data from the TCGA, ICGC and
TARGET performed survival analysis on differentially ex-
pressed RNAs or top 200 RNAs with the highest expression
levels in a cancer without normal control using the survival
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Figure 3. Introduction and usage of the Disease Enrichment tool.

R package and set a P-value <0.05 as the threshold to fil-

ter which RNAs were meaningful for patient survival (Fig-
ure 2).

Disease enrichment

In particular, RNADisease v4.0 offers a disease enrichment
tool based on all or one type of RNA in the repository as a
reference set to infer RNA function from the RNA-disease
perspective. This tool supports users in inputting an RNA
symbol or RNA ID list, setting a series of conditions, and
then using a hypergeometric test to calculate the significance
p-value based on all experimentally validated RNA-disease
in RNADisease. The enrichment significance P-value is cal-

culated as:
M N—-—M
Z’H i)\ n—i

=0

Pp=1-

(D

where N represents the number of all experimentally val-
idated RNAs or a certain type of experimentally validated
RNAs in RNADisease v4.0, n is the number of all RNAs in-
put by the user, M represents the total number of all RNAs
or a type of RNAs contained in a certain disease, and k
represents the number of intersections between the RNA
list of interest to the user and all RNAs or a type of RNAs
contained in a certain disease in RNADisease v4.0 (MNn).
Users can adjust the number of RNAs required to be en-
riched and set thresholds for P-value and false discovery
rates (FDR) to control the number of returned results (Fig-
ure 3).

Prediction tools

RNADisease v4.0 provides a prediction tool for four
RNA types based on different predicted algorithms on
the website: MDNNMTF (Module-based Dynamic Neigh-
borhood Non-negative Matrix Tri-Factorization) was used
for miRNA-disease prediction, while GMCLDA (Geo-
metric Matrix Completion IncRNA-Disease Association)
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Figure 4. Statistics of RNADisease v4.0. (A) The features and development across the RNADisease versions. Different colors represent versions of
RNADisease over the decade. (B) The distribution of experimentally validated RNA-disease associations of 18 types of RNA in 117 species. Orange
bars represent the number of RNA-disease entries in each RNA type, blue bars stand for the number of RNA-disease entries in each species, The color of
the dots in the bubble plot represents the number of RNA-disease entries in a specific species-RNA type.

was used for IncRNA-disease prediction, CD-LNLP based
on linear neighborhood label propagation method to do
circRNA-disease prediction, and iPiDi-PUL could be used
to calculate the associations between piRNAs and dis-
eases. MDNNMTE, GMCLDA, CD-LNLP are all based
on RNA similarity matrix, disease similarity matrix and
RNA-disease association matrix for RNA-disease predic-
tion. Accordingly, we reconstructed three RNA-disease as-
sociation matrices of different RNA types based on the
experimentally validated data in RNADisease, and based
on this matrix, we used the corresponding predicted al-
gorithm to provide users with predicted results. On ‘pre-
diction tool’ page, users can make predictions in the form
RNA sequences, screening different types of RNAs and cor-
responding predicted algorithms, and finally choosing the
number of results to display.

RESULTS
RNADisease statistics

Overall, RNADisease v4.0 contains a total of 343 273 ex-
perimentally validated entries, of which 204 296 entries were
collected by us (marked by * in RNADisease), and 183
911 entries came from other databases. Moreover, RNADis-
ease v4.0 features a wider coverage, the experimentally val-
idated data in the database is extracted from 58 401 pieces
of literature, covering 117 species, 18 RNA types (such as
snRNA, tRNA, mtRNA, scRNA, mRNA, YRNA), and
4090 diseases (Figure 4A, B). Concerning predicted data,
RNADisease v4.0 includes 2 323 376 miRNA-associated,
345 725 IncRNA-associated, 48 779 piRNA-associated and
362 454 circRNA-associated entries for Homo sapiens, as
well as 2434 and 28 predicted IncRNA-disease associa-
tions for Mus musculus and Rattus norvegicus, respectively.
Through analysis, we obtained a total of 38 094 differen-
tially expressed RNAs from the RNA sequencing data, in-
cluding 20 005 mRNAs, 16 701 IncRNAs, and 1388 miR-
NAs. Among these differentially expressed RNAs, 22 333

RNAs were significant for patient survival, and these RNAs
contained 15897 mRNAs, 5876 IncRNAs and 560 miRNAs
(Supplementary Table S3).

Database usage

RNADisease v4.0 builds a user-friendly platform to meet
the needs of all kinds of research. It provides not only ba-
sic RNA, disease, reference-related information, and offi-
cial annotation, but also the classification of strong and
weak entry evidence, experimental methods, expression in
diseases and RNA-disease score obtained by the scoring
method of RNA-disease entries in MNDR v2.0 launched
in 2018, which can be viewed on the ‘detail” page. In addi-
tion, users can access data in three ways: (i) a quick search
based on the RNA symbol, RNA ID or disease name on
the ‘Home’ page; (ii) an ‘Exact Search’, ‘Fuzzy Search’ and
‘Batch search’ to retrieve data on the ‘Search’ page; and
(ii1) browse data according to RNA type, disease name, pre-
dicted algorithm, or species on the ‘Browse’ page.

To illustrate the RNA sequencing data of different can-
cers, the ‘Cancer Analysis’ page provides two methods to
search the analysis results based on three differentially ex-
pressed analysis. The expression of RNA in cancer, differ-
entially expressed or specific differentially expressed RNA
in cancer, and the functional analysis and survival analysis
of differentially expressed RNA can be obtained by search-
ing cancer name or RNA symbol/ID and setting Method
of Differential Expression Analysis. Moreover, RNAD:is-
ease v4.0 provides two types of tools, one is disease enrich-
ment tool, on ‘Disease Enrichment’ page, it first returns the
RNA symbols matched in RNADisease v4.0 according to
the RNA list entered by the user and then uses a hypergeo-
metric test to obtain the diseases significantly related to the
input RNA list and visualize the top 20 significant diseases.
The other is the prediction tool, On the ‘Prediction Tool’
page, the user first selects the RNA type and corresponding
predicted algorithm, then inputs the RNA sequence with
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fasta format to be predicted, and finally chooses the num-
ber of the predicted results to display.

CONCLUSION AND FUTURE PERSPECTIVES

We present an RNA-disease resource, which recruits
more than three million RNA-disease association en-
tries, over 3-fold of the old version, and the exper-
imental data includes nearly 350 000 and contains
18 RNA types and 4090 diseases. Furthermore, the
species coverage increased from 11 to 117 species. More-
over, RNADisease v4.0 adds a comprehensive analy-
sis of RNAs from thousands of high-throughput se-
quencing data of cancer samples and normal sam-
ples, miRNA/IncRNA /circRNA/mRNA /piRNA-disease
enrichment tools, and four different RNA types of RNA-
disease prediction tool.

In the face of a massive and growing amount of RNA-
disease data, data collection and integration have become a
major challenge. While we continue to expand the amount
of data, we will develop related natural language processing
algorithms to assist data collection and integration as well
as improving the scoring system to provide a more reliable
scoring mode for RNA-disease. In addition, we will strive
to design more friendly functions from the perspective of
user-experience and more efficient search methods to cope
with complex types of user input. In the future, we will insist
on continuously updating and maintaining RNADisease, as
in the past ten years, making RNADisease v4.0 the most
comprehensive RNA-disease resource and a more compre-
hensive RNA-disease analysis platform to satisfy different
requirements.
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