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ABSTRACT

LncACTdb 3.0 is a comprehensive database of ex-
perimentally supported interactions among compet-
ing endogenous RNA (ceRNA) and the correspond-
ing personalized networks contributing to preci-
sion medicine. LncACTdb 3.0 is freely available at
http://bio-bigdata.hrbmu.edu.cn/LncACTdb or http:
/lwww.bio-bigdata.net/LncACTdb. We have updated
the LncACTdb 3.0 database with several new fea-
tures, including (i) 5669 experimentally validated
ceRNA interactions across 25 species and 537
diseases/phenotypes through manual curation of
published literature, (ii) personalized ceRNA inter-
actions and networks for 16 228 patients from 62
datasets in TCGA and GEO, (iii) sub-cellular and ex-
tracellular vesicle locations of ceRNA manually cu-
rated from literature and data sources, (iv) more than
10 000 experimentally supported long noncoding
RNA (IncRNA) biomarkers associated with tumor di-
agnosis and therapy, and (v) IncRNA/mRNA/miRNA
expression profiles with clinical and pathological in-
formation of thousands of cancer patients. A panel
of improved tools has been developed to explore the
effects of ceRNA on individuals with specific patho-
logical backgrounds. For example, a network tool
provides a comprehensive view of IncRNA-related,
patient-specific, and custom-designed ceRNA net-
works. LncACTdb 3.0 will provide novel insights for
further studies of complex diseases at the individual
level and will facilitate the development of precision
medicine to treat such diseases.

INTRODUCTION

MicroRNAs (miRNAs) are a type of noncoding RNA ca-
pable of regulating gene expression by suppressing protein
production via the inhibition of translation or by destabi-
lizing mRNAs by directing RNA-induced silencing com-
plexes (RISCs) to miRNA response elements (MREs) (1-
3). MREs are localized not only on mRNAs but also on
noncoding transcripts, such as pseudogenes and long non-
coding RNAs (IncRNAs) (4). Essentially, each miRNA has
several RNA targets, while numerous RNA molecules have
various MREs that can be repressed by different miR-
NAs. This multiplicity of targets leads to the hypothesis
that different RNAs compete for the restriction pool of
miRNAs (5,6), thereby acting as ceRINAs. The ceRNA hy-
pothesis suggests that any RNA transcript harboring an
MRE can sequester miRNAs from other targets sharing the
same MRE, thus regulating their expression. Based on the
ceRNA hypothesis, it has been proposed that a major func-
tion of noncoding RNAs (e.g. IncRNAs) may acting as de-
coys for endogenous miRNAs.

Accumulating evidence suggests that the function of
many noncoding RNAs in tumorigenesis may be partly
mediated by ceRNA cross-talk (7). For example, IncRNA
HULC was upregulated in hepatocellular carcinoma, and
miR-372 was experimentally shown to bind to both HULC
and PRKACB in hepatocellular carcinoma cells. HULC
and PRKACB may regulate each other’s expression by com-
peting for the binding of miR-372 in hepatocellular carci-
noma (8). A recent study revealed that the upregulation of
HOTALIR is associated with an unfavorable gastric cancer
prognosis and that the regulation of HER?2 levels through
ceRNA interactions may be one of the mechanisms under-
lying the oncogenic role of HOTAIR in gastric cancer (9).
Based on ceRNA regulatory patterns in cancer, researchers
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can develop new therapeutic strategies and discover cancer
biomarkers.

As more ceRNAs have been proven to play roles in
diseases and the advent of high-throughput and single-
cell sequencing technologies, the number of experimen-
tally confirmed ceRNA relationships has increased dra-
matically, necessitating the collection and organization of
this information to facilitate extraction and utilization.
Many databases have been established to collect IncRNA-
target relationships, such as LncTarD (10), InCeDB (11),
starBase v2.0 (12), DIANA-LncBase v3 (13), miRSponge
(14) and PceRBase (15). These databases provide valuable
resources for studying IncRNA functions. However, they
have a very limited collection of experimentally supported
ceRNAs. We have developed a database for collecting,
storing, and analyzing experimentally supported ceRNA
interactions and comprehensive annotations: LncACTdb
(16,17). Since its first release in 2015, more ceRNA in-
teractions have been published, particularly experimen-
tally validated ones in various disease states, and a pub-
lic resource of high-quality curated experimentally vali-
dated ceRNA interactions and personalized ceRNA net-
works remain unavailable. Therefore, there is a great need
to update LncACTdb with more resources and improved
tools.

To meet these requirements, we have updated LncACTdb
to version 3.0 (LncACTdb 3.0) with more data and newer
features focusing on personalized ceRNA networks (Table
1). The current version of LncACTdb documents >5000
experimentally validated ceRNA interactions across 25
species and 537 diseases/phenotypes via manual curation
of >6000 published literature. Newly identified person-
alized IncRNA-associated ceRNA interactions and net-
works for 16 228 patients from 62 datasets in The Can-
cer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov)
and Gene Expression Omnibus (GEO) (18) have been in-
tegrated into LncACTdb 3.0 (Figure 1). To provide a
more comprehensive annotation of IncRNAs, more than
10 000 experimentally supported IncRNA biomarkers as-
sociated with tumor metastasis (e.g. recurrence, progno-
sis, circulation and drug resistance) have been collected.
LncACTdb 3.0 also provides detailed information of sub-
cellular and extracellular locations by manual curation
from literature and related data sources (19-23). By in-
corporating personalized ceRNA networks, the curation
of IncRNA/mRNA/miRNA expression profiles and clin-
ical information such as metastasis, recurrence, drug resis-
tance, and prognosis from thousands of patients were inte-
grated into LncACTdb 3.0 to perform individual pathology
analysis. Furthermore, as an important supplement to the
database, we set up several flexible tools to retrieve and ana-
lyze the data in LncACTdb 3.0. For example, the LncACT-
Tree is a tool used to visualize ceRNA distributions and
survival status across different patients, and the LncACT-
Network is used to contribute a ceRNA network based on
the dataset, individual, and molecular levels. Moreover, the
identification of patient-specific gene regulation networks
will help understanding the disease pathology at the indi-
vidual level and further contribute to precision medicine.
Collectively, this updated database could facilitate the iden-
tification of disease-associated ceRNAs and benefit the in-

vestigation of their roles in physiological and pathological
processes.

IMPROVED EXPANSION AND NEW FEATURES
Expansion of experimentally supported ceRNAs

LncACTdb 3.0 was updated to host an increased number
and types of ceRNA associations (Figure 1). In this update,
we reviewed published literature from the PubMed database
using keywords related to ceRNNA interactions and found
>15 000 relevant articles (before September 2021, Supple-
mentary Methods). From 2018 to 2021, there was a great in-
crease in ceRNA-related studies (~10 000 articles), indicat-
ing an urgent need to update the LncACTdb database (Sup-
plementary Figure S1). Based on these articles, we manually
curated experimentally supported ceRNA interactions ac-
cording to our previously defined criteria (17,24,25). Only
ceRNA interactions validated by high-confidence experi-
ments such as luciferase reporter assay, PCR, western blot,
or other reliable experiments were considered as candidates.
A candidate ceRNA interaction was confirmed by at least
two researchers and catalogued into the curation. Detailed
information on the data curation pipeline and principles
are provided in the Supplementary Methods. The current
version of LncACTdb documents 5669 experimentally sup-
ported ceRNA interactions, including 913 IncRNAs, 1723
mRNAs, 337 circRNAs and 19 pseudogenes. The scope of
LncACTdb 3.0 has been expanded to 25 species and 537
diseases/phenotypes.

Manual curation of experimentally supported biomarkers

Emerging evidence suggests that IncRNAs play an im-
portant role in ceRNA regulation (26). The upstream
IncRNA can dynamically buffer target expression and fur-
ther affect different physiological and pathological pro-
cesses (27). Some well-known IncRNAs, such as MALATI,
have been identified as biomarkers for metastasis, recur-
rence, and potential drug targets (28). In LncACTdb 3.0,
we performed manual curation of experimentally supported
IncRNA biomarkers to provide new insights into tumor
diagnosis and therapy. According to our previous stud-
ies (24,29), the biological processes associated with these
IncRNA biomarkers were classified as autophagy, apop-
tosis, cell growth, circulation, drug resistance, epithelial-
mesenchymal transition (EMT), immunity, metastasis, re-
currence, and survival (Supplementary Figure S2). Only
IncRNAs involved in these processes were collected by
high-confidence experiments (Supplementary Methods).
LncACTdb 3.0 currently documents a total of 10 084 ex-
perimentally supported IncRNA biomarkers.

Manual curation of functional annotations

In the previous version (LncACTdb 2.0), a ‘guilt-by-
association’ strategy was used for functional annotation of
ceRNAs (Supplementary Methods, Supplementary Figure
S3) (16,17). To provide a more comprehensive annotation
background, LncACTdb 3.0 also collected thousands of
pathways including KEGG (21), Reactome (22) and PID
(23). For Gene Ontology (GO) annotation (25), thousands
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Figure 1. Data expansion and features of LncACTdb 3.0. The upper panel is the database content which includes experimentally validated ceRNAs and
predicted patient-specific networks, and web tools construction. The lower panel is the user interface of LncACTdb 3.0, which provides flexible ways to
explore effects of ceRNA on patients with complex diseases and specific backgrounds.

of gene sets representing functional terms were integrated.
Furthermore, we manually curated gene sets of 10 classic
cancer hallmark processes (30) and 14 functional states of
tumor cells (31) into LncACTdb 3.0, to explore the regula-
tory mechanisms of ceRNAs at the individual level (Supple-
mentary Methods, Supplementary Figure S4). Moreover,
111 676 entries illustrating sub-cellular and extracellular
vesicle locations of IncRNAs, miRNAs and mRNAs were
collected by manual curation from related data sources and
literature (Supplementary Figure S5).

Identification of patient-specific ccRINAs and networks

Under the complex microenvironment of tumors, patients
with the same disease may exhibit different behaviors driven
by the fine-tuning of ceRNA regulation (29). Thus, the
identification of patient-specific ccRNA and networks will
deepen the understanding of disease pathology and con-
tribute to the development of precision medicine. ccRNA
regulations of a total of 108 668 candidates were down-
loaded from starBase (v2.0) (12) and LncACTdb (v2.0)
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Table 1. Data content and improved functions of LncACTdb 3.0

Datasets and features LncACTdb 2.0 LncACTdb 3.0 Fold increase
Experimental dataset CeRNA interactions 2663 5669 2.13
LncRNAs 312 913 2.92
MiRNAs 479 1048 2.19
CircRNAs 59 337 5.71
MRNAs 131 1723 13.15
Pseudogenes 16 19 1.19
Species 23 25 1.09
Diseases/Phenotypes 213 537 2.52
Predicted dataset CeRNA interactions 47 673 93762 1.97
LncRNAs 1191 2679 225
MiRNAs 502 806 1.61
MRNAs 2792 9198 3.29
Datasets 33 62 1.98
Patients 10 141 16 228 1.60
Functional annotations Diagnosis and therapy Biomarkers 10 084 New
Sub-cellular locations 21751 New
Extra-cellular locations 89925 New
Cancer cell states 14 states, 1574 genes New
LncRNA-ceRNA networks Yes Yes New
Patient-specific ccRNA networks Yes New
Custome-designed Yes New
Clinical and pathological information Stage, grade, metastasis, New

recurrence, drug-resistance,
survival status, etc.

(17). In this study, we used a published method (32),
which was developed based on probability theory, to iden-
tify patient-specific ceRNAs and networks across differ-
ent datasets (Supplementary Methods, Supplementary Fig-
ure S6). This strategy was utilized in our previous study
to construct ceRNA networks at single-cell resolution (29).
Briefly, the association of a ceRNA interaction (IncRNA-
mRNA) within a specific sample was estimated by test-
ing the statistical independence of IncRNA and mRNA ex-
pression values in these samples. After screening all sam-
ples whose ceRNAs were not statistically independently
expressed, we performed Pearson correlation tests for
IncRNA and mRNA expression in these samples. ccRNA
relationships in these samples were retained only when the
correlation coefficient was positive, and the P-value was less
than 0.05. We collected 62 high-throughput expression pro-
files for 16 228 patients across 33 cancer types from the
TCGA and GEO public datasets (Supplementary Figure
S7). Detailed information of the data selection criteria and
analysis pipeline is provided in the Supplementary Meth-
ods. We identified 93 307 patient-specific ccRNA regula-
tions with a false discovery rate (FDR) <0.05. Further-
more, we purified ceRNA pairs in a cancer-specific manner
(Supplementary Methods). The specificity of the ceRNAs
was characterized quantitatively by calculating the speci-
ficity score using a previously described method (16,33,34).
To explore the ceRNA regulatory mechanisms behind dif-
ferent individual phenotypes, we collected detailed clini-
cal and pathological information such as tumor metasta-
sis, recurrence, drug resistance and survival status for each
patient. The incorporation of personalized ceRNA net-
works, clinical and pathological characteristics, and func-
tional backgrounds will provide insights into individual
pathology analysis.

DATABASE CONSTRUCTION AND IMPROVED
USER INTERFACE

LncACTdb 3.0, performed data management using
MySQL software (v 5.5). The web pages were developed

using Java server pages and deployed on the Tomcat web
server (v6). Several Java script plugins such as jQuery
(v1.11.3), Datatable (1.10.10), and ECharts (V4.0) were
used for data table creation and visualization. All sta-
tistical analyses were performed using R framework
(v3.6.3). The LncACTdb 3.0 database is freely avail-
able at http://bio-bigdata.hrbmu.edu.cn/LncACTdb or
http://www.bio-bigdata.net/LncACTdb.  The  version
2.0 of LncACTdb, also remains available. To access
LncACTdb 2.0, users can visit links from the LncACTdb
3.0, homepage (Supplementary Figure S8), or directly at
http://www.bio-bigdata.net/LncACTdb2.0.

LncACTdb 3.0 provides a user-friendly web interface that
enables users to search, browse, analyze, and download data
in a few easy steps (Figure 2). On the ‘HOME’ page, a
fast search engine is available for users to directly investi-
gate data or perform analyses (Supplementary Figures S8
and S9). We used the well-known IncRNA MALATI as
an example to explore (i) related experimentally supported
ceRNAs, (i1) patient-specific ceRNAs, (iii) clinical informa-
tion of samples and (iv) biomarkers for diagnosis and ther-
apy (Figure 2A). All possible records are displayed on the
search results page (Figure 2B and Supplementary Figure
S9A). To obtain interesting records, users can flexibly re-
order the results table by clicking on the headers of dif-
ferent columns. The first and last columns will lead users
to the detailed information page indicating the related dis-
ease, number of competing miRNAs, dataset information,
experimental validation methods, and number/percentage
of patients in which this ceRNA can be found (Figure
2C). LncACTdb 3.0 also provides a browse page to ac-
cess the dataset based on different classifications (Figure
2D). Furthermore, a panel of online tools for studying
the regulatory mechanisms of ceRNAs has been developed
(Figure 2E-K). Using the function tool, users can explore
IncRNA functions based on GO terms and biological path-
ways (Figure 2E). For a ceRNA, the Location tool provides
all possible sub-cellular and extracellular vesicle locations
of IncRNAs, miRNAs and mRNAs (Figure 2F). Survival
analysis was performed and Kaplan—Meier survival curves
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were generated for a ceRNA interaction or a single gene
(IncRNA, mRNA, miRNA or pseudogene) across 62 can-
cer datasets (Figure 2G). The hallmark and state tools al-
low users to study the ceRNA effects on 10 classic can-
cer hallmark processes and 14 tumor cell states at the in-
dividual level (Figure 2H-1I). For a certain disease, the Tree
tool provides a ceRNA distribution across different sam-
ples, which allows users to explore ceRNA effects on the
clinical and pathological status of different groups (Fig-
ure 2J). The network tool provides a global view of (i) all
possible related ceRNA interactions of input IncRNA, (ii)
patient-specific, and (iii) customized ceRNA networks in
which the diseases and nodes were selected by users (Figure
2K). Users can adjust the network with different layouts,
such as force-direct or circular. Moreover, to provide a sum-
mary of the present research situations of ceRNAs, a hot-
point page illustrating statistics of the most visited items
was developed for LncACTdb 3.0 (Supplementary Figure
S9B).

CONCLUSIONS AND FUTURE DEVELOPMENT

In the previous version of the LncACTdb database (ver-
sion 1.0 and 2.0), only a limited number of ceRNA inter-
actions were documented. With the gradual improvement
of high-throughput technology and experimental methods,
an increasing number of ceRNAs have been recently found,
particularly from 2019 to 2021 (Supplementary Figure S1).
Rapid emergence of related studies necessitates the col-
lection of corresponding datasets into a new version of
the LncACTdb database. Together with the development
of precision medicine, the identification of patient-specific
ceRNAs and networks will deepen the understanding of
disease pathology and contribute to individual diagnosis
and therapy. Thus, we developed LncACTdb 3.0, with more
data and new features focusing on personalized ceRNA
networks. The current version of LncACTdb documents
5669 experimentally validated ceRNA interactions across
25 species and more than 537 diseases/phenotypes through
manual curation of >6000 published manuscripts. Newly
identified personalized IncRNA-associated ceRNA interac-
tions and networks for 16 228 patients from 62 datasets were
integrated into LncACTdb 3.0. To provide a more com-
prehensive annotation, thousands of diagnostic and ther-
apeutic biomarkers, biological terms, pathway gene sets,
sub-cellular and extracellular vesicle locations, and clini-
cal and pathological information of patients were collected.
As an upgrade, a panel of flexible tools to retrieve and
analyze the data was developed. In LncACTdb 3.0, the
identification of patient-specific gene regulation networks
aids in understanding disease pathology at the individual
level and further contribute to precision medicine. A rapid
and continued increase in the number of high-confidential
ceRNA datasets identified from experiments is expected in
the future, and we will continually maintain and update
the LncACTdb database with more datasets and improved
services, thereby improving our understanding of IncR-
NAs and contributing to personalized cancer diagnosis and
treatment.
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