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ABSTRACT

MicroRNAs (miRNAs) are noncoding RNAs with 18–
26 nucleotides; they pair with target mRNAs to
regulate gene expression and produce significant
changes in various physiological and pathological
processes. In recent years, the interaction between
miRNAs and their target genes has become one of
the mainstream directions for drug development. As
a large-scale biological database that mainly pro-
vides miRNA–target interactions (MTIs) verified by
biological experiments, miRTarBase has undergone
five revisions and enhancements. The database has
accumulated >2 200 449 verified MTIs from 13 389
manually curated articles and CLIP-seq data. An
optimized scoring system is adopted to enhance
this update’s critical recognition of MTI-related arti-
cles and corresponding disease information. In addi-

tion, single-nucleotide polymorphisms and disease-
related variants related to the binding efficiency of
miRNA and target were characterized in miRNAs
and gene 3′ untranslated regions. miRNA expres-
sion profiles across extracellular vesicles, blood and
different tissues, including exosomal miRNAs and
tissue-specific miRNAs, were integrated to explore
miRNA functions and biomarkers. For the user in-
terface, we have classified attributes, including RNA
expression, specific interaction, protein expression
and biological function, for various validation exper-
iments related to the role of miRNA. We also used
seed sequence information to evaluate the binding
sites of miRNA. In summary, these enhancements
render miRTarBase as one of the most research-
amicable MTI databases that contain comprehensive
and experimentally verified annotations. The newly
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updated version of miRTarBase is now available at
https://miRTarBase.cuhk.edu.cn/.

INTRODUCTION

MicroRNAs (miRNAs) are noncoding RNAs with around
18–26 nucleotides in length and are found in plants, fungi,
animals and protozoa (1). Currently, >35 000 miRNA se-
quences have been identified in >270 organisms (2). Pri-
marily in mammalian cells, miRNA can induce mRNA de-
capping and alkenylation via base pairing with the comple-
mentary sequence of 3′ untranslated region (3′UTR) within
target mRNA (3). The seed sequence in the 5′ region of
miRNA is essential for binding to the target mRNA (4,5).
miRNAs play a role in crucial cell activities such as cellu-
lar signaling, metabolism, cell differentiation and prolifera-
tion, and apoptosis by controlling the expression of multi-
ple genes and are abundant in cells (6,7). More importantly,
some miRNAs may become potential targets for diagnosis,
prognosis and cancer treatment (8).

In recent years, the need to identify and analyze miRNA–
target interactions (MTIs) and miRNA expression profiles
has propelled the development of a growing number of on-
line resources, including data warehousing and functional
analysis of MTIs, to assess the biological significance of
miRNAs. DIANA-TarBase includes manually curated in-
teractions between miRNAs and genes through detailed
metadata, experimental methods and conditional annota-
tions (9). miRATBase applies a high-throughput miRNA
interaction reporter assay to identify >500 target associa-
tions for four miRNAs (10). miRBase is the main miRNA
sequence repository, which helps to query comprehensive
miRNA name, sequence and annotation data (11). Tis-
sueAtlas presents a human miRNA tissue atlas by deter-
mining the miRNA abundance in 61 tissue biopsies (12).
EVmiRNA can provide comprehensive miRNA expression
profiles in extracellular vesicles, including exosomes and mi-
crovesicles (13). MiREDiBase contains information on val-
idated and putative A-to-I (adenosine-to-inosine) and C-
to-U (cytosine-to-uracil) miRNA modifications in humans
(14). A vast number of single-nucleotide polymorphisms
(SNPs) and disease-related variants (DRVs) were collected
from dbSNP (15), GWAS Catalog (16), ClinVar (17) and
COSMIC (18).

Various computational strategies have been published ac-
cording to miRNA and target sequences to predict the tar-
get binding sites of miRNAs. However, these approaches
developed based on perfect seed pairing may lead to false-
positive predictions of MTIs (19). Candidate miRNA tar-
gets should always be verified experimentally, regardless of
the strategies to predict miRNA–mRNA interactions. Ex-
perimental methods can be divided into two types: direct
and indirect methods. Direct methods determine the inter-
action between a miRNA and its target by directly study-
ing the miRNA–mRNA pairs or by introducing specific tar-
get sites that bind miRNA and reporter genes (20). Indirect
methods observe the effect of high-throughput technology
to derive miRNA expression from altered mRNA or pro-
tein expression (21). The sequencing data obtained from
CLASH (22) and PAR-CLIP (23) can be used to explore

thousands of interactions between miRNAs and their tar-
gets with expression profiles.

The miRNA–target binding can induce changes in the
gene of a certain protein and indirectly affect several other
genes (24). Thus, the changes of genes may not necessar-
ily be the result of MTIs obtained by these methods. Four
main biological criteria should be satisfied when predict-
ing miRNA–mRNA target pairs through computational
tools. First, the co-expression of miRNA and predicted
target mRNA must be experimentally verified. Second,
the demonstration of the direct interaction between the
miRNA of interest and the specific region within the tar-
get mRNA should be provided. Third, experiments related
to gain of function and loss of function are necessary to
illustrate how miRNA regulates target protein expression.
Fourth, verifying the association between predicted changes
in protein expression and changes in biological functions is
fundamental during experimental validation (25,26).

miRTarBase is a curated database of MTIs. Since 2011,
miRTarBase has undergone five revisions and hundreds of
data proofreading and system updates to integrate MTIs
and molecular functions of miRNAs in various biological
processes (27–31). In this update, miRTarBase aims to ac-
cumulate experimentally verified MTIs and integrate them
with more miRNA expression profiles and more biological
data to meet the needs of biologists. An optimized scoring
system is adopted to enhance the key recognition of MTI-
related articles and corresponding disease information. We
have also characterized SNPs and DRVs related to the bind-
ing efficiency of miRNA and target in miRNA and gene
3′UTR and integrated miRNA expression profiles across
extracellular vesicles, blood and different tissues, including
exosomal miRNAs and tissue-specific miRNAs. Further-
more, the seed sequence information is provided to evalu-
ate the binding sites between miRNA and the target gene.
In improving the user-friendly interface, this update classi-
fies miRNA-related experimentally validation methods in-
volving different molecular levels and provides MTIs in se-
quence complementary status and classification levels.

SYSTEM OVERVIEW AND DATABASE CONTENT

miRTarBase was first released in 2011. During this decade,
the number of experimentally verified MTIs has increased
dramatically and reached a significant number. At the same
time, the web interface of miRTarBase has been constantly
updated and enhanced to provide users with a more efficient
and high-quality access experience. Aside from adding more
comprehensive information on MTIs in this recent upgrade,
various miRNA expression profiles and more biological
data have been integrated. Such information is presented in
a user-friendly, aesthetically pleasing and concise web inter-
face. Figure 1 illustrates the current design and significant
advances of miRTarBase 9.0. An optimized scoring system
extracted MTIs from related articles downloaded from the
PubMed literature database more efficiently. miRNA ex-
pression profiles across extracellular vesicles, blood and dif-
ferent tissues, and SNPs and DRVs in miRNAs and gene
3′UTRs provided insights into the specificity and hetero-
geneity of miRNAs and support the miRNA biomarker dis-
covery.

https://miRTarBase.cuhk.edu.cn/
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Figure 1. Highlighted improvements of miRTarBase 9.0. As the most comprehensive resource on MTIs, this update accumulates >2 200 449 manually
confirmed MTIs supported with experimental evidence.

Moreover, many other biological databases were inte-
grated, including TransmiR (32), miRSponge (33), HMDD
(34), miRBase (11) and National Center for Biotechnology
Information (NCBI) Entrez (35) and RefSeq (36), for in-
formation of target genes to increase the academic value of
miRTarBase. In detail, miRNA regulatory information was
collected from TransmiR (32) and miRSponge (33); SNPs
and DRVs were collected from dbSNP (15), GWAS Cata-
log (16), ClinVar (17) and COSMIC (18); disease associa-
tions were obtained from HMDD (34); gene and miRNA
expression profiles, including circulating and extracellular
miRNAs within vesicles, were collected from Gene Ex-
pression Omnibus (GEO) (37), The Cancer Genome At-
las (TCGA) (38,39), Circulating MicroRNA Expression
Profiling (CMEP) (40), TissueAtlas (12) and EVmiRNA
(13); and editing events in miRNAs were integrated from
MiREDiBase (14). Table 1 shows a detailed list of databases
that are integrated into miRTarBase.

Table 1. List of the databases that are integrated by miRTarBase

Type Database name

Gene- and miRNA-specific
databases

miRBase 22.1 (11), NCBI
Entrez Gene (35), NCBI
RefSeq 208 (36)

SNPs and DRVs dbSNP 155 (15), GWAS
Catalog v1.0 (16),
ClinVar 20210828 (17),
COSMIC v94 (18)

miRNA–disease association
database

HMDD v3.2 (34)

Regulation of miRNAs TransmiR v2.0 (32),
miRSponge 2015 (33)

miRNA expression TissueAtlas 2016 (12),
EVmiRNA 2019 (13), GEO
(37), TCGA (38,39), CMEP
(40)

Editing events in miRNAs MiREDiBase v1.0 (14)
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UPDATED DATABASE CONTENT AND STATISTICS

Table 2 presents the updated database content of miRTar-
Base 9.0, such as the number of curated articles, MTIs and
species. Compared with version 8.0, this update (version
9.0) has significantly increased the number of MTIs ex-
tracted from research articles and CLIP-seq data. A total
of 19 912 394 experimentally validated MTIs between 4630
miRNAs and 27 172 mRNAs (target genes) were manually
curated from 13 389 research articles and CLIP-seq data.
Version 9.0 has implemented 440 CLIP-seq data from 44
independent studies to support the many MTIs recorded,
as shown in Supplementary Table S1.

This update enhances the text mining system, in which
the scoring system was improved and optimized to be-
come more accurate and sensitive, greatly enhancing the
recognition of MTIs and facilitating further manual col-
lation. Information including miRNA disease association,
expression values, and mRNA and miRNA sequences was
updated from previously integrated databases. In addi-
tion, data from TissueAtlas (12), EVmiRNA (13), MiRED-
iBase (14), dbSNP (15), GWAS Catalog (16), ClinVar (17)
and COSMIC (18) were integrated to improve informa-
tion related to miRNA abundance in tissue biopsies, ex-
pression profiles in extracellular vesicles, miRNA modifi-
cation, and SNPs and DRVs in human miRNAs and gene
3′UTRs. Moreover, this updated version categorized vali-
dation methods into four sections: (i) miRNA and mRNA
co-expression; (ii) miRNA- and mRNA-specific interac-
tion; (iii) miRNA effects on protein expression; and (iv)
miRNA effects on biological function. Sequence comple-
mentary status and classification for experimental evidence
were also provided.

Text mining pipeline to accelerate MTI sentences

The corresponding research literature continues to explode
with the rapid development of miRNA-related bioinformat-
ics research in recent years. Up to September 2021, the num-
ber of retrieval results on PubMed for the term miRNA ex-
ceeded 120 000. Literature searching for the relative miRNA
and target gene information would be time-consuming un-
der this circumstance. Therefore, we constructed a text
mining-based model to automatically identify MTI sen-
tences from the literature. The workflow of the model is
shown in Supplementary Figure S1.

This model combines natural language processing tech-
nology and deep learning methods in two parts: feature
representation and deep learning classifier. We applied the
BioBERT model (41) to represent each sentence as a vec-
tor and fully exploit semantic-related information. This
domain-specific language representation model was pre-
trained on a large-scale biomedical corpus to solve the prob-
lem that ordinary text mining methods cannot handle these
medical terms well. After obtaining the representation vec-
tors, we applied principal component analysis (42) to ad-
just each vector dimension to reduce dimensionality and
also optimize the model performance. We have tested dif-
ferent dimension values and found that the model with a
100-dimension input vector obtained the best performance.
Long short-term memory network is applied as the deep

learning-based classifier. It contains a total of three layers:
input layer, hidden layer and fully connected layer. First,
the vectors obtained from the previous stage of informa-
tion representation are input. Then, the vectors with fixed
dimensions are fed into the hidden layer, which consists of
an encoder and a decoder. Finally, the vector obtained from
hidden layers is computed by the fully connected layer to
obtain the scores of sentences on each class, and the la-
bel with the highest score is selected as the output result.
The accuracy of the model exceeds 82%. Then, we apply
the model to enhance the recognition of MTIs and facili-
tate further manual collation.

SNPs and disease-related variations in miRNAs and miRNA
targets

SNPs or variants could destroy or modify the efficiency of
miRNA binding to the 3′UTR of a gene, resulting in gene
dysregulation. Thus far, SNPs in miRNA binding sites are
associated with multiple cancer subtypes, and various re-
sources have been developed to assess the effects of varia-
tion on miRNA and determine how they alter secondary
structure and targeting. In this update, we have character-
ized SNPs and DRVs from dbSNP (14), GWAS Catalog
(15), ClinVar (16) and COSMIC (17) related to the bind-
ing efficiency of miRNA and target in miRNA and gene
3′UTR.

Exosomal miRNAs and tissue-specific miRNAs

Increasing evidence has shown that miRNAs can signifi-
cantly affect the radiation response (43), where exosome-
bound circulating miRNAs of tumor tissues or body flu-
ids are considered to be related to radiosensitivity with
high potential in predicting clinical response (44). Exo-
somes are small membrane-derived vesicles that can be re-
leased by a variety of cell types; these exosome-derived miR-
NAs offer exceptional prospects in radiology and cancer re-
search (45). They not only carry different cargoes, including
miRNA, mRNA and proteins used explicitly for cell-to-cell
communication (46,47), but also clarify that the miRNA
profile of exosomes can be altered under the influence of
radiation and these radiation-related miRNAs may affect
the proliferation and radiosensitivity of cancer cells (45).
Here, we collected comprehensive miRNA expression pro-
files in extracellular vesicles and human tissues by integrat-
ing EVmiRNA (13) and TissueAtlas (12), respectively.

Accumulated CLIP-seq data

Recent advances in high-throughput sequencing of im-
munoprecipitated RNAs after cross-linking (CLIP-seq,
HITS-CLIP, PAR-CLIP, CLASH, and iCLIP) provide a
powerful approach to identify biologically relevant MTIs
(48,49). miRNAs bind to their corresponding target sites
by coupling with Argonaute family proteins and induce
mRNA degradation and translational repression. There-
fore, CLIP-seq can identify miRNAs and targets that are
part of the Ago silencing complex. The increasing CLIP-
seq data available on public biological databases should be
integrated into miRTarBase to explore novel MTIs.
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Table 2. Improvements and the number of MTIs with different validation methods provided by miRTarBase

Features miRTarBase 8.0 miRTarBase 9.0

Release date 15 September 2019 15 September 2021
Known miRNA entry miRBase v22 miRBase v22
Known gene entry Entrez 2019 Entrez 2021
Species 32 37
Curated articles 11 021 13 389
miRNAs 4312 4630
Target genes 23 426 27 172
CLIP-seq datasets 331 440
Curated MTIs 479 340 2 200 449
Text mining technique to prescreen literature Enhanced NLP+

scoring system
Enhanced NLP+
scoring system

Download by validated miRNA target sites Yes Yes
Browse by miRNA, gene and disease Yes Yes
Regulation of miRNAs Yes Yes
Cell-free miRNA expression Yes Yes
miRNAs in extracellular vesicles No Yes
Human miRNA tissue atlas No Yes
Editing events in miRNAs No Yes
SNPs and DRVs No Yes

MTIs supported by strong experimental evidence
Number of MTIs validated by ‘reporter assay’ 13 922 16 257
Number of MTIs validated by ‘western blot’ 12 179 14 665
Number of MTIs validated by ‘qPCR’ 13 263 16 483
Number of MTIs validated by ‘reporter assay

and western blot’
10 257 12 171

Number of MTIs validated by ‘reporter assay
or western blot’

15 710 18 751

Table 3. CLIP-seq datasets from GEO that are incorporated into miRTarBase

Species
Number of
experiments

Number of
tissues/cell lines

Number of
MTIs Publication date

Human 324 30 1 774 829 Until 1 September 2021
Mouse 116 9 411 683

In this miRTarBase updated version, 440 CLIP-seq
datasets (Table 3 and Supplementary Table S1) are retrieved
from GEO and analyzed through a systematic tool called
miRTarCLIP (50) developed by our laboratory to mine
MTIs, which contribute to 19 900 906 MTIs to update the
database. Besides, to facilitate the annotation, visualiza-
tion, analysis and discovery of these MTIs from large-scale
CLIP-seq data, we optimized the search and search result
pages by adding the ‘CLIP-seq (analyzed by miRTarCLIP)’
column and modifying the dataset information display in
CLIP-seq viewer page, providing a more concise interface
to explore CLIP-seq-supported MTIs to users.

miRNA-mediated gene regulatory network

miRNAs can regulate gene expression by post-
transcriptional regulation mechanism, and their expression
can be mediated by an upstream transcription factor and
circular RNA (51–56). A comprehensive investigation
of miRNA expression profiles in extracellular vesicles
or tissues will be helpful to explore their functions and
biomarkers. Recent studies suggested that instead of
being mediated by regulators, miRNA–mRNA binding
affinity and miRNA expression are affected by SNPs
and variations (57,58). Thus, this update aims to provide
an extended platform for investigating the regulation
mechanism of miRNAs by constructing the regulatory

networks among miRNAs, regulators and targets. We also
reveal distribution of miRNA expression across tissues or
extracellular vesicles, and SNPs and DRVs harbored in
miRNAs or gene 3′UTRs, which could relate to disease
causation.

ENHANCED WEB INTERFACE

The previous version provided a user-friendly, snappy and
aesthetically pleasing interface for biologists to investi-
gate MTIs, miRNA regulators and miRNA regulatory net-
works. However, improvements were implemented to sat-
isfy the need to present newly added data. As presented in
Figure 2, the web interface has been updated with several
new feature areas and a user-friendly interface. Users can
search for miRNA expression profiles based on different
categories: (i) circulation miRNA expression profiling; (ii)
miRNAs in extracellular vesicles; and (iii) human miRNA
tissue atlas. Users can also directly explore SNPs and DRVs
of miRNA and interaction sites on the corresponding se-
quence. The layout of the validation method has been rear-
ranged and grouped into four major categories.

The scientific contribution of miRTarBase

The function of miRNA is primarily defined by its gene
targets, but reliably identifying MTIs from a significant
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Figure 2. Enhanced web interface of miRTarBase. More comprehensive information related to miRNAs, such as miRNA precursor, mature miRNA in-
formation, miRNA-associated diseases, miRNA regulators, supporting evidence, display of miRNA regulatory network, target gene information, miRNA
target sites and the expression profiles of miRNAs and their targets, is provided on the web interface of miRTarBase.

data source remains challenging. We developed the first ver-
sion of miRTarBase in 2011 and made four updates over
the years, specifically in 2014 (version 4), 2016 (version 6),
2017 (version 7) and 2020 (version 8). As mentioned earlier,
users may freely retrieve all experimentally validated tar-
gets for a specific miRNA of interest. Interestingly, articles
citing miRTarBase are spread across many different fields,
but the top two citation fields alternate between ‘biochem-
istry and molecular biology’ and ‘oncology’ for all miR-
TarBase versions and ‘genetics and heredity’ usually follows
right after. miRNA regulation and target interaction are es-
sential in understanding disease progression. The updated
miRTarBase helps integrate regulators and targets and pro-

vides known experimentally validated MTIs to investigate
miRNA regulation by providing a new web query interface.

Furthermore, by integrating the experimentally vali-
dated public miRNA and target interaction database, miR-
TarBase built an osteoarthritis-specific miRNA interac-
tome expressing the gene in cartilage affected by miRNA
(59). miRTarBase provides a flexible way of searching for
miRNA, the gene of interest and related diseases. For
example, as we search for hsa-miR-122-5p, the informa-
tion of major related diseases will be displayed; in this
case, this miRNA is mainly related to liver diseases, in-
cluding hepatocellular carcinoma, and shows a significant
negative correlation to disease progression in TCGA data
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and independent studies. Collectively, by filtering known
MTIs present in miRTarBase, we can discover novel MTIs
within our disease of interest and obtain details of miRNA
regulation.

The role of miRNAs in coronavirus disease 2019 pan-
demic has been studied using bioinformatics methods
and high-throughput sequencing of patients to reveal up-
regulated and downregulated miRNAs, such as miR-16-
2-3p and miR-183-5p; the functional enrichments for
the predicted targets of miRNA using miRTarBase in-
dicate the involvement of miRNAs in processes, such
as virus binding and defense response (60). Therefore,
changes involving or including these miRNAs prove to
have potential as biomarkers for disease diagnosis and
treatment.

Taken together, miRTarBase will be helpful for sci-
entists to seek miRNA targets of high confidence for
MTIs involved in disease progression. With the rapid de-
velopment of sequencing technologies, miRTarBase acts
as a potent tool that is updated regularly to keep up
with the increasingly large data of all known experimen-
tally validated MTIs for over 20 kinds of diseases and
plants.

SUMMARY AND PERSPECTIVES

MiRTarBase has provided scientists with a high-quality,
high-performance, reference-value, convenient-to-use bio-
logical database in the past decade. So far, miRTarBase
9.0 contains >13 389 articles that provide experimental
evidence to support MTI, involving 27 172 target genes
from 37 species. With the increasing number of CLIP-seq
datasets, the number of MTIs currently covered by miR-
TarBase is close to 19 912 394. miRTarBase provides users
with a more efficient experience by using natural language
technology to collect comprehensive targeting relationships
and network functions and annotation information, inte-
grate useful data content and improve miRNA regulation-
related information. The database also allows using miR-
NAs to regulate target gene information and performance
trends and analyzes miRNAs in regulating specific bio-
logical metabolic pathways and the pathogenesis of differ-
ent cancers or complex diseases. miRTarBase can be ap-
plied to miRNA-related disease treatment and drug devel-
opment. This database will be constantly updated in the
future to continue providing a reliable database platform
for the majority of scientific researchers and the science
community.

DATA AVAILABILITY

The miRTarBase 9.0 database will be continuously main-
tained and updated. The database is now publicly accessible
at https://miRTarBase.cuhk.edu.cn/.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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