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Abstract
Over the past few years, with the rapid growth of deep-sequencing technology and the development of computational prediction algorithms, a
large number of long non-coding RNAs (lncRNAs) have been identified in various types of human cancers. Therefore, it has become critical to
determine how to properly annotate the potential function of lncRNAs from RNA-sequencing (RNA-seq) data and arrange the robust information
and analysis into a useful system readily accessible by biological and clinical researchers. In order to produce a collective interpretation of lncRNA
functions, it is necessary to integrate different types of data regarding the important functional diversity and regulatory role of these lncRNAs.
In this study, we utilized transcriptomic sequencing data to systematically observe and identify lncRNAs and their potential functions from
5034 The Cancer Genome Atlas RNA-seq datasets covering 24 cancers. Then, we constructed the ‘lncExplore’ database that was developed
to comprehensively integrate various types of genomic annotation data for collective interpretation. The distinctive features in our lncExplore
database include (i) novel lncRNAs verified by both coding potential and translation efficiency score, (ii) pan-cancer analysis for studying the
significantly aberrant expression across 24 human cancers, (iii) genomic annotation of lncRNAs, such as cis-regulatory information and gene
ontology, (iv) observation of the regulatory roles as enhancer RNAs and competing endogenous RNAs and (v) the findings of the potential
lncRNA biomarkers for the user-interested cancers by integrating clinical information and disease specificity score. The lncExplore database is
to our knowledge the first public lncRNA annotation database providing cancer-specific lncRNA expression profiles for not only known but also
novel lncRNAs, enhancer RNAs annotation and clinical analysis based on pan-cancer analysis. lncExplore provides a more complete pathway to
highly efficient, novel and more comprehensive translation of laboratory discoveries into the clinical context and will assist in reinterpreting the
biological regulatory function of lncRNAs in cancer research.

Database URL: https://lncexplore.bmi.nycu.edu.tw

Introduction
Over the past few decades, cancer research has mainly focused
on identifying the protein-coding genes that are causally
linked to the tumorigenesis and deregulation of biological
processes in human cells. However, the development of

next-generation sequencing (NGS) technologies has provided
researchers more opportunities to clarify the complex tran-
scriptional landscape in human cells and to focus on another
type of important functional RNAs, namely non-coding
RNAs (ncRNAs). Although ncRNAs do not encode proteins,

Received 26 September 2020; Revised 18 June 2021; Accepted 10 August 2021
© The Author(s) 2021. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

mailto:ifchung@nycu.edu.tw
mailto:182451@cch.org.tw
https://lncexplore.bmi.nycu.edu.tw
https://creativecommons.org/licenses/by/4.0/


2 Database, Vol. 2021, Article ID baab053

ncRNAs have been shown to participate in a diverse collection
of regulatory pathways in mammals (1). Among various types
of ncRNAs, such as microRNAs (miRNAs), transfer RNAs
(tRNAs), ribosomal RNAs (rRNAs), and long non-coding
RNAs (lncRNAs), lncRNAs represent a prevailing and func-
tionally diverse class of the transcriptome with a sequence size
ranging from 200 bases to approximately 100 000 bases (2).
In contrast to protein-coding transcripts, lncRNAs constitute
a large and diverse class of non-coding transcripts, which have
low sequence conservation across species (3, 4) and express
at lower levels (5). In addition, lncRNAs have high tissue
specificity and have been implicated in chromatin modifica-
tion, transcriptional gene regulation and post-transcriptional
gene regulation through functioning as important positive
and negative modulators of protein-coding gene expression
(3, 6–8). Furthermore, many studies recently demonstrated
that some lncRNAs regulate the neighbor target coding genes
in cis (9–12). This implies that lncRNAs may possess diverse
functions in regulating human biological processes (2).

Although previous studies once considered lncRNAs to
be transcriptional noise or cloning artifacts, the recent accu-
mulating findings have suggested that lncRNAs act as key
regulators in many crucial biological processes including
X-inactivation, cell differentiation, RNA processing andmod-
ification, DNA methylation and others (13–16). Moreover,
lncRNAs are emerging as new players as one of the critical
regulatory components in the transcription process, such as
molecular signals, decoys, guides and scaffolds (2, 17, 18).
Recently, increasing evidence has shown that dysfunction
and dysregulation of lncRNAs are associated with various
human diseases, especially cancers, and further shown that
mechanisms of lncRNAs contribute to the complex etiol-
ogy of disease (19–21). The relationship between lncRNAs
and cancer has been revealed in some case studies. Some
of the well-characterized lncRNAs reveal a functional role
in gene expression regulation that may occur in cis-gene
(genomically local) or in trans-gene (genomically distant) con-
texts. In breast cancer, the presence of lncRNA BCAR4
causes estrogen-independent growth and antiestrogen resis-
tance (22). Furthermore, the expression level of lncRNA
BCAR4 is associated with poor metastasis-free survival (MFS)
(23). The abnormally upregulated well-known imprinted
lncRNA H19 contributes to cell proliferation in breast can-
cer and bladder cancer (24, 25). Additionally, some lncRNAs
could be classified as enhancer RNAs (eRNAs) which are tran-
scribed unidirectionally from enhancer regions in general (26).
eRNAs have been shown to play functional roles in chromatin
interactions or be part of super-enhancers at target promoter
regions and also to be correlated with expressions of nearby
genes (27). Thus, the dysregulated expression of lncRNAs in
cancer marks the trajectory of disease progression and serves
as potential candidate biomarkers for patient outcomes.

In this context, as the importance of lncRNA regulation
of disease progression has been reported, an increasing num-
ber of studies have devoted great effort to identifying lncRNA
functions. For instance, there are over 9640 human genome
loci classified as lncRNAs since GENCODE project v7 (5).
However, a great number of lncRNAs must be further char-
acterized in depth to determine their regulatory roles in cells.
Thus, several well-known lncRNA databases, such as NON-
CODE v5 and NRED, collect and classify basic information
on lncRNAs (28, 29). The database NONCODE v5 contains

548 640 transcripts from 17 species and provides a compre-
hensive repository for varying aspects of lncRNA annota-
tions, such as expression profiles based on the human body
map project and literature-based disease–lncRNA associa-
tions (29). NRED provides lncRNA expression information
in humans andmice frommicroarray and in situ hybridization
data (28). In addition, several annotation databases pro-
vide information regarding lncRNA association with diseases.
These databases include Lnc2Cancer, lncRNAdb, lncRNAtor,
lncRNADisease and EVlncRNAs (30–34). Some databases
have also been developed to categorize additional molec-
ular associations. For example, DIANA-lncBase and star-
Base provide miRNA recognition elements for human lncR-
NAs by combining the Crosslinking and immunoprecipita-
tion sequencing (CLIP-seq) validations and in silico target
predictions (35, 36). All the databases mentioned above
provide comprehensive lncRNA information, such as expres-
sion profile, published experimental validated disease asso-
ciation and molecular relationships. These databases were
well-designed for their respective specific purpose [disease-
focused (lncRNA2Cancer, lncRNADisease and EVlncRNAs),
miRNA-interaction-focused (DIANA-lncBase and starBase)
and expression-focused (NONCODE v5)] and are mostly
limited to the known lncRNAs. However, there are a vast
number of lncRNAs whose exact functions are unknown.
Therefore, researchers require an integrative database to
gain deeper understanding of the molecular mechanisms of
lncRNAs. Thus, a comprehensive resource and integrative
interface to explore lncRNA annotations and clinical informa-
tion is still lacking. In addition, high-throughput sequencing
technology and computational methodologies have provided
opportunities to predict novel lncRNAs and promote under-
standing of the regulatory functions of lncRNAs in human
cancers. Therefore, with the amount of available public RNA-
sequencing (RNA-seq) data, it has become urgently important
for researchers seeking to understand the diverse biological
functions of lncRNAs and identifying the potential cancer-
related biomarkers to have streamlined access to these com-
prehensive data existing in numerous disparate databases in
order to be able to systematically analyze and cross-reference
lncRNAs in detail with expression profiles, novel transcripts,
disease specificity and clinical information. Our lncExplore
database is intended to fulfill this urgent need.

Large-scale genomics projects, such as The Cancer Genome
Atlas (TCGA) and GENCODE, give us opportunities to make
available potentially unconventional biomarkers through sys-
tematically organizing the massive public genomic data (i.e.
RNA-seq data) and clinical information (5, 37). In this
context, to fulfill the need for better understanding the
molecular mechanisms of lncRNAs and assessing the exact
functions of lncRNAs, we have built the user-friendly lnc-
Explore database to help users understand the regulatory
role of lncRNAs in cancers and identify potential cancer-
specific lncRNA biomarkers. Understanding how lncRNAs
contribute to cancer-specific biomarkers or regulatory roles
has thus become a remarkable area of study (38). In our
lncExplore database, we not only collect the known lncR-
NAs downloaded from Ensembl and GENCODE but also
first collect the unique novel lncRNAs that have been pre-
dicted from a large amount of RNA-seq data. In order to
get reliable predicted lncRNAs, those novel lncRNAs were
further validated by their corresponding coding potential
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score and translation efficiency score. Accordingly, these
novel lncRNAs were annotated based on the coding poten-
tial score, the corresponding expression profile and the disease
specificity across 24 cancers. Therefore, lncExplore supports
pan-cancer analysis aimed at observing the potential lncRNA–
cancer associations. Gene Ontology (GO) enrichment analysis
was performed to characterize the associated molecular role
of unannotated lncRNAs. We further utilized an in silico
approach to identify eRNAs by overlapping the lncRNAswith
the enhancer regions, which provide a valuable compara-
tive module in dissecting the functional link between eRNAs
and nearby genes (39, 40). lncExplore also provides a user-
friendly interface to allow users to discover potential lncRNA
biomarkers across different cancers as well as cancer-specific
analysis and further provides the related biological regulatory
information about lncRNAs. Ultimately, with the comprehen-
sive molecular annotations and valuable clinical information
of known and novel lncRNAs, we believe that lncExplore
integrates and summarizes multiple meaningful correlations
between molecular research and clinical disciplines.

Results
Database overview
We designed a user-friendly query interface for lncExplore
to provide statistical visualization and annotation] detail to

present the results from pan-cancer analysis based on RNA-
seq and ribosome-profiling sequencing (Ribo-seq) data for
novel lncRNAs. The lncExplore database is composed of
four main modules of data representation (Figure 1): (i)
basic genomic information and enrichment analysis results,
such as sequence, cis-regulatory role and gene ontology, for
known and novel lncRNAs; (ii) lncRNA expression pro-
files across 24 human cancers based on TCGA RNA-seq
data; (iii) lncRNA-related clinical annotation such as cancer
specificity and survival curve analysis; and (iv) observation
of the regulatory roles as enhancer RNAs (eRNAs) and com-
peting endogenous RNAs (ceRNAs). Our database not only
collects known lncRNAs from Ensembl and GENCODE but
also records 22 428 potential unique novel lncRNAs that have
been predicted from 5034 RNA-seq datasets and then identi-
fied by coding potential and translation efficiency scores. As a
result, lncExplore consists of a web-based integrated platform
bridging the gap between basic lncRNA statistical informa-
tion from pan-cancer analysis and the corresponding clinical
information regarding different human cancers.

Database content
Novel and known lncRNA populations
In lncExplore, we collected 23 898 known lncRNAs from
Ensembl and GENCODE databases and additionally pre-

H-InvDB

Figure 1. Schematic representation of lncExplore database. The available known lncRNA resources were collected from five public databases (Ensembl,
Human body map, NONCODE, H-InvDB and lncRNAdb). We predicted the novel transcripts from RNA-seq datasets. To eliminated false-positive novel
lncRNAs, we only collected the transcripts with following characteristics: sequences longer than 200 nucleotides, sequences with low coding potential
probability, sequences without potential pseudogenes and sequences with similar translation efficiency as known lncRNAs. The elimination step
reduced transcripts into >20000 ‘unique lncRNA transcripts’ in our database. In lncExplore, the information about lncRNAs includes basic genomic
information, gene expression profiles across cancers, predicted molecular annotations (GO, eRNA and ceRNA) and clinical-related information (disease
specificity score and survival curve).
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dicted potential novel lncRNAs from TCGA RNA-seq data.
The sizes of known lncRNAs in lncExplore range from 200
to 91 667 bp with an average of 967 bp. Moreover, in order
to retrieve the unique novel lncRNAs and filter out the redun-
dant data, we compared those lncRNA sequences with five
well-known lncRNA databases including Ensembl, NON-
CODE v5, lncRNAs db, H-InvDB v9 and human body map
project (29, 41–43). To systematically identify the potential
lncRNAs from novel transcripts predicted fromRNA-seq data
in our novel lncRNA identifying pipeline, we integrated a
variety of features including coding potential and ribosome
occupancy estimation of transcripts to discard protein-coding
transcripts. There are 511 574 unique novel lncRNA can-
didates with low coding potential scores. Furthermore, we
consolidated Ribo-seq datasets, which contain information
about actively translated mRNA, to filter out candidate lncR-
NAs with evidence of coding potential. A total of 25 249
novel lncRNAs were kept by our pipeline. In addition, in
order to remove potential pseudo genes, novel lncRNA can-
didates, which have high sequence similarity compared with
GENCODE protein-coding genes, were removed from our
database. Finally, our lncExplore has collected a total of

22 428 novel unique lncRNAs with sizes ranging from 200 to
37 396 bp with an average of 1806 bp (Figure 2A). The aver-
age of coding potential score estimated by txCds is 327.78 and
312.86 for known lncRNAs and novel lncRNAs, respectively
(Figure 2B). Moreover, the average of coding probability esti-
mated by coding-potential assessment tool (CPAT) is 0.1032
and 0.0811 for known lncRNAs and novel lncRNAs, respec-
tively. Furthermore, lncExplore provides the tissue specificity
score for each unique novel lncRNA according to the tissue-
specific property of lncRNAs (44). We also demonstrated that
lncRNAs have higher tissue specificity scores than protein-
coding genes by analyzing the expression profiles across can-
cer diseases in our database (Figure 2C). In addition, there are
6585 and 15 843 novel lncRNAs (29.4% and 70.6%) located
in the intragenic and intergenic regions, respectively.

Cis-regulatory information and GO annotations of lncRNAs
In lncExplore, we infer the molecular annotation of human
lncRNAs based on the cis-regulatory rules. A total of 19 638
known lncRNAs and 19 551 novel lncRNAs were identified
for possibly regulating potential targeted protein-coding genes

(A) (B)

(C) (D)

Figure 2. LncRNA transcript characterization. (A) Distribution of transcript lengths for known lncRNAs (red), novel lncRNAs (green) and protein-coding
genes (blue). (B) Boxplot of coding potential of transcripts by txCDS tool computed in three sets: known lncRNAs (red), novel lncRNAs (green) and
protein-coding genes (blue). The statistical significance difference was calculated using Wilcoxon rank sum test. ‘ns’: non-significant, ‘****’:
P -value<0.001. (C) Boxplot of disease specificity score in three sets: known lncRNAs (red), novel lncRNAs (green) and protein-coding genes (blue). (D)
Top 10 statistically significant enriched GO terms (molecular function category) for lncRNA HOTTIP 12 adjacent genes.
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by screening 100 kb upstream/downstream region of lncR-
NAs (9, 45). We performed the GO enrichment analysis in
all categories of GO terms (including biological process: BP,
cellular component: CC and molecular function: MF) with
the cis-lncRNAs’ neighbor-coding genes. The results of GO
enrichment analysis were provided to illustrate the poten-
tial regulatory functions of lncRNAs. For example, through
searching neighbor-coding genes andGO enrichment analysis,
we found that there are >20 statistically significant (‘Fisher’s’
exact test, P-value < 0.05) GO terms in the lncRNA HOTTIP
neighbor-coding genes, including RNA polymerase II binding,
transcription activity, DNA binding (Figure 2D), etc. Some
evidence for those related regulatory functions of lncRNA
HOTTIP has been shown as follows. lncRNA HOTTIP is
brought into close proximity of its targeted HOXA gene
by chromosomal looping (11). lncRNA HOTTIP binds to
WDR5 protein, a component of WDR5/MLL histone methyl-
transferase complex. This complex regulates the expression
of HOXA genes by activating trimethylation of histone H3
at lysine 4 (H3K4me3) marks of HOXA genes. Addition-
ally, HOTTIP plays an important role in the promotion of
cell proliferation by regulating the expression of its neighbor-
ing HOXA genes in various types of human cancers (46–48).
Therefore, through cis-regulatory mechanisms with neighbor-
coding genes, we can find potential biological functions for
known/novel lncRNAs in lncExplore.

lncRNAs as eRNAs or ceRNAs
To investigate the potential regulatory roles for lncRNAs,
we further predicted that some lncRNAs may play roles
as eRNAs or ceRNAs. These eRNAs, which also act as
cis-regulatory elements (such as the components of super-
enhancers), actively engage in promoting nearby mRNA
expression in transcription regulation (2, 49). A total of
7444 lncRNAs (3606 known and 3838 novel lncRNAs) were
identified as eRNAs by comparing the genomic coordinates
of lncRNAs overlapped with the known enhancer regions
from Ensembl and VISTA enhancer databases. For example,
lncRNACCDC26was found to be a novel biomarker in acute
myeloid leukemia and also found to control myeloid leukemia
cell growth (50, 51). Using our in silico analysis method, we
discerned that CCDC26 is nearby (enhancer of the gene) the
hs1709 (VISTA ID) enhancer region. The flanking region of
hs1709 includes the protein-coding gene GSDMC that has
an upregulated expression in some cancers. This information
could provide users a link to identify the putative indirectly
regulatory relationship between lncRNA CCDC26 and the
potential target gene GSDMC.

In addition to behaving as eRNAs, lncRNAs can serve
as ceRNAs to regulate the targeted mRNA expression in
post-transcriptional regulations. Here each novel lncRNA–
miRNA association was predicted by TargetScan with default
parameters and the complementary sites of targeted lncR-
NAs were listed as a table (52). In lncExplore, we recorded
novel lncRNA–miRNA interactions from 2588 known miR-
NAs and 22 428 novel lncRNAs. For example, based on the
TargetScan predicted results for the known lncRNA UCA1,
there are 1994 potentialmiRNA–UCA1 pairs in our database.
Furthermore, UCA1 can absorb miR-203 and indirectly influ-
ence the regulatory efficiency of miR-203 for its targeted
genes. Through the ceRNA network, UCA1 can regulate the

expression of miR-203-targeted transcript ZEB2 that is a
transcription factor related to tumor metastasis (53).

Web interface
Novel lncRNAs predicted from RNA-seq data
All of the novel lncRNAs recorded in lncExplore can be
queried based on a user-defined genome region or the adja-
cent region of known genes. In our result pages, a summarized
table of lncRNAs was presented to reveal basic lncRNA
information such as genome location, gene symbol, disease
specificity score and lncRNA sequence (Figure 3A). More-
over, the disease specificity score will help users find the
cancer-specific novel lncRNAs more easily.

Differential expression and statistical results for lncRNAs
among 24 human cancers by pan-cancer analysis
lncExplore provides graphical visualization of lncRNA
expression profiles across different cancers. This feature helps
users examine expression patterns of the interested lncRNAs
by providing gene symbol, Ensembl transcript ID, Ensembl
gene ID or user-defined chromosome region. For example, by
entering a specific transcript’s ID on the search page, users
could obtain an overview of the summarized expression pro-
files of the selected lncRNA among 24 cancer types. All of
these expression values estimated in fragments per kilobase
of transcript per million mapped reads, (FPKM) were esti-
mated from RNA-seq data. Moreover, the expression profiles
are presented for different cancer types by bar plot (Figure
3B). These readily understood visualizations will assist users
to easily compare the lncRNA expression pattern across dif-
ferent cancers. Furthermore, lncExplore also allows users
to simultaneously enter the lncRNA ID and coding gene ID
of interest. Users can identify the transcriptional regulatory
roles of lncRNAs on silencing/activating the nearby genes by
the comparison of two lncRNA expression patterns in each
human cancer using scatter plot and Pearson correlation coef-
ficient value. The comparison interface in our result pages is
able to provide evidence for the lncRNA-related regulatory
phenomenon in different cancers. For pairwise comparison
(normal datasets vs. tumor datasets), users could select their
interesting lncRNA among six diseases in our database. Then,
the comparison result was represented by scatter plot.

Tissue specificity score for lncRNAs
In lncExplore, a ‘Tau’ score (44) was used to indicate whether
the lncRNA signature is restricted to specific tissues or cell
lines and may provide an important clue about potential
tissue-specific biomarker candidates. To query our database,
users can set their interested genomic region and choose the
cut-off threshold to screen for the tissue-specific or ubiqui-
tously expressed lncRNAs in lncExplore. Once the search
parameters are submitted, the web page interface will return
a list of lncRNAs that comply with the search criteria in
descending order of tissue-specific score. Conversely, users
can retrieve the ubiquitously expressed lncRNAs by entering
the lower ‘Tau’ score. In the result pages, a summarized table
for each lncRNA is presented with lncRNA ID, chromosome
site and tissue-specific score. A hyperlink for each lncRNAs
identifier is provided for users to cross-reference the basic
sequence information and GO description. Also, a hyperlink
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(A) (B)

(c)

Figure 3. Sample output for searching lncRNA UCA1. (A) Basic genome information for each lncRNAs including genomic information, sequence,
potential cis-regulatory elements and GO in the lncExplore database. (B) The average of expression values (FPKM) across 24 diseases were represented
by bar charts. (C) Kaplan–Meier plot of lncRNA UCA1 in colon adenocarcinoma was displayed in different colors for two groups (high and low
expression), respectively.

in an expression column provides the expression signature for
the corresponding transcripts with boxplots and bar plots.
Therefore, users could examine whether the transcript shows
the ‘spiked’ expression pattern among 24 cancers. The box-
plot is available for download in various formats (PNG, JPEG
and PDF).

Survival analysis
In the survival analysis section of lncExplore, based on gene
expression signature, users can identify the potential biomark-
ers which are highly correlated with the survival time in a
certain cancer type. lncExplore takes a quartile value for each
transcript as a bifurcation point to conduct survival analysis
for specific cancer datasets selected by users. By entering the
transcript ID of interests and selecting quartile value and can-
cer type, the two groups (i.e. low-/high-expression groups)
will be compared by Kaplan–Meier plots. When submitted,
the Kaplan–Meier plot for user-selected cancer type will be
displayed in different colors for two groups on the result
page. Furthermore, we also list the P-value of log-rank test
which was used to determine whether the survival curves
among two groups are significantly different. Additionally,

the hyperlink on each transcript ID in the summary table can
lead the user to directly view the gene information and GO
annotation. For example, the Kaplan–Meier plot of lncRNA
UCA1 (ncT0201182652) in colon adenocarcinoma shows the
association of low- and high-expression levels (bifurcation
point is median) with overall survival (Figure 3C). The P-value
of log-rank test shows the results of comparing the survival
distributions from two low- and high-expression groups for
lncRNA UCA1. In lncRNA UCA1, the high expression group
is associated with the lower survival rate than the low expres-
sion group. The survival information provides useful features
for users to screen the potential biomarkers based on TCGA
RNA-seq data.

Genomic physical interaction to identify the function of
lncRNAs
Instead of predicting the lncRNA function by a co-expression
network-based approach, we incorporated genome-wide
characterization, such as cis-regulatory neighbors and
miRNA-binding sites, to provide additional information for
investigating uncharacterized lncRNAs. Thus, in lncExplore,
we provide two major search categories for querying the
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lncRNAs of interest, including (i) eRNAs: lncRNAs produced
from the enhancer region and potentially acting as eRNAs
and (ii) ceRNAs: lncRNAs which act as post-transcription
regulators for target competition within miRNA-regulated
networks.

In the eRNAs section, we provide a list of genome-wide
identified eRNAs based on the genomic information of the
enhancer regions from VISTA database and Ensembl (43,
54). Therefore, by setting genomic regions in the search
box of query pages, users can access eRNAs located in
this specified region. The search result will be presented
in a table which starts with lncRNA IDs, enhancer IDs,
overlapping genomic coordinates and overlapping length.
Since eRNAs regulate the transcription of neighbor genes
and are critical to enhancer activity (27), we also included
access to the information for neighbor genes by entering the
range of genomic coordinate of interested IDs (Ensembl ID
and ncT ID). The cis-regulatory element in the result page
will show the potential regulator eRNAs for user interested
genes.

In the ceRNA section, to help users understand the post-
transcriptional regulatory networks of novel lncRNAs, we
provide a list of precomputed interactions of miRNA and
lncRNAs predicted by TargetScan (52). By entering either
of the standard miRNA names (e.g. hsa-miR-221-5p) or

lncRNAs ID in the search box, the user can easily browse the
miRNA–lncRNA interaction relationships. A result table with
the information for miRNA ID, lncRNAs ID and miRNA-
binding sites will be presented. Users can further retrieve
the detailed description of target lncRNAs, such as sequence
and GO annotation, by clicking on our database ID (i.e.
‘ncT ID’ hyperlink). In addition, the result table for a
search can be used for experimental validations to determine
whether this lncRNA can serve as potential miRNA sponges
or not.

Discussion
Owing to the development of high-throughput sequencing
and computational technology, many lncRNA databases have
been developed for biologists to query and screen numer-
ous disease-associated lncRNAs from RNA-seq data and
literature, such as NONCODE v5, lncRNAdb, Lnc2Cancer
and LncRNADisease (29–31, 33). However, most databases
are literature-curated databases and focus on known lncR-
NAs. Table 1 lists the functional comparisons among our
lncExplore and other published lncRNA databases. How-
ever, lncExplore has focused on observing expression pro-
files in known and novel lncRNAs across 24 human cancer
datasets, and our database also integrates the survival analy-

Table 1. Comparison of existing lncRNA bioinformatics resources with lncExplore

Name Source of dataset No. of disease Description/Main features Features of user interface

lncExplore TCGA, GEO 24 a. pan-cancer analysis across 24
diseases

b. disease specificity and survival
analysis for novel and known
lncRNAs

c. GO annotations for lncRNAs’
regulatory role information
(eRNAs and ceRNAs)

a. user can screen novel lncRNAs
by defining genomic location

b. co-expression analysis
c. could export searched results

lnCaNet TCGA 11 a. pre-computed co-expression
network between lncRNA and
cancer-related RNAs

b. lncRNA–cancer gene interaction
c. 11 human cancers

−

starBase v2.0 CLIP-seq
datasets

− a. miRNA–RNA interactions by
RNA-binding experiments

b. functional annotation based on
miRNA–target interaction

a. query by RNA–RNA interac-
tions (i.e. miRNA–RNA and
lncRNA–RNA)

TANRIC TCGA 20 a. comprehensive clinical
information for known lncRNAs

b. analysis of user-defined RNAs
c. somatic mutation information
d. 20 human cancers

a. classify tumor subtypes by
lncRNA expressions

b. could export searched results

Lnc2Cancer Literature − a. experimentally supported asso-
ciations between lncRNAs and
human cancers

a. classify regulatory mechanisms
of lncRNAs in cancer

lncRNADisease 2.0 Literature − a. experimentally supported asso-
ciations between lncRNAs and
diseases

a. user can query by validated
method

lncRNAdb v2 Human body
map

− a. manually curated reference
database of eukaryotic lncRNAs

a. could export searched results
b. BLAST search tool

NONCODE v5 Human body
map

− a. integrated annotation database
of ncRNAs, especially lncRNAs

b. lncRNA–disease associations
based on literature

c. evolutionary conservation
information of lncRNAs

a. could export searched results
b. Basic local alignment search tool

(BLAST) search tool
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sis. Therefore, lncExplore has provided a useful platform for
screening and finding potential pan-cancer lncRNA biomark-
ers.

In addition to collecting a greater number of cancer types
and predicting novel lncRNAs, lncExplore provides advanced
and distinctive features for lncRNA research in the follow-
ing aspects. First, lncExplore is an integrative database that
explores potential novel lncRNA–disease association by both
pan-cancer and tissue-specific analysis based on RNA-seq
data across 24 human cancers. Our pan-cancer analysis
platform offers users more opportunities to find the com-
mon or aberrant lncRNA expression profiles across multi-
ple cancer types. Second, lncExplore not only encompasses
known lncRNAs, but also includes novel lncRNAs, which
were predicted from TCGA RNA-seq data. In lncExplore,
users can quickly access and screen genomic information
about the predicted lncRNAs they are interested in from ter-
abytes of RNA-seq data without understanding the use of
the complex transcript prediction tools. Third, in general,
the existing databases with respect to transcriptional regu-
lation for lncRNAs, such as starBase and DIANA-LncBase,
collected in silico analyses of lncRNA–miRNA interactions
(35, 36). In contrast, lncExplore not only provides the pre-
dicted lncRNA–miRNA regulatory relationships, but also
identifies the 7444 potential lncRNAs which are involved
in enhancer-mediated gene expression and cancers. In addi-
tion, lncExplore provides a Pearson correlation coefficient
tool that helps users explore extensive regulatory relation-
ships between eRNAs and their neighboring genes (55).
Fourth, lncExplore enables users to prioritize potential novel
cancer-related lncRNAs or pan-cancer lncRNAs by integrat-
ing clinical survival analysis and disease specificity score.
For novel potential lncRNA biomarkers, this clinical survival
analysis improves the effectiveness from academic biological
research to clinical practice. Fifth, lncExplore also provides
users with GO annotations based on lncRNAs’ cis-regulatory
elements. These associated terms may provide additional
valuable insights into the molecular regulatory role of each
lncRNA.

The major molecular characteristics of lncRNAs are non-
coding transcripts and low sequence conservation between
species (4). However, lncRNAs fulfill their regulatory func-
tions via acting as competitive RNAs by competing for the
shared miRNAs or as recruiters by binding to the transcrip-
tional protein complex (2). Based on the cis-regulatory and
ceRNA hypothesis, we predicted potential functional roles of
novel and known lncRNAs in lncExplore by bioinformatics
tools (GO enrichment analysis and miRNA target prediction)
(52, 56). For example, HOXA was previously reported to be
associated with many cancers, including breast cancer and
colorectal cancer (57). According to GO enrichment results
(BP and MF) from lncRNA HOTTIP neighbored genes,
we found that the most statistically significantly enriched
GO terms were associated with transcript regulatory, tran-
scription factor activity, DNA binding, regionalization and
embryonic morphogenesis (Supplementary Table S1). Those
enriched terms are consistent with the well-established roles of
lncRNA HOTTIP in cis-regulating the expression of HOXA
(11). Interestingly, we also identified that the enriched BP GO
terms of lncRNA HOTTIP neighbors were correlated with
skeletal system morphogenesis. This feature will be the sub-
ject of further research. Therefore, our annotation pipeline

in lncExplore actually provides clues to infer regulatory func-
tions of lncRNAs, which are critically important to investigate
the potential biological roles of novel lncRNAs.

As shown above, the lncExplore database integrates
genomic profiles and clinical information to enable biologists
to identify a set of cancer biomarker candidates at the molec-
ular level. lncExplore provides a comprehensive resource for
deciphering and analyzing cancer-related lncRNAs based on
disease specificity score and predicted GO annotations and
develops a user-friendly integrated platform for investigat-
ing the regulatory relationships of unannotated lncRNAs and
potential associated genes, including protein-coding RNAs
and miRNAs. Moreover, lncExplore was designed to be a
powerful and intuitive web-based platform which supports a
query from gene names (e.g. gene symbol and Ensembl ID)
and genomic coordinates (support hg19 and hg38). While the
biological data are growing faster than ever before, we believe
that lncExplore will bridge the gap between biological and
clinical information to help users gain valuable and global
insights for improving real understanding of the compli-
cated lncRNA regulatory mechanisms in human cancers and
ultimately stimulate extended research for disease diagnosis
and treatment.

Materials and methods
Data collection and preprocessing
Specialized databases for known lncRNAs
The lncExplore database hosts a comprehensive collection
of lncRNAs including annotated sequences from public
databases such as Ensembl (release 100), lncRNAdb, H-
InvDB v9.0, NONCODE v5 and Human Body Map v2 (29,
41–43, 58, 59). Since Ensembl and NONCODE v5 are
integrated databases that record various types of RNAs in dif-
ferent species, we extracted only human lncRNAs from these
comprehensive databases.

High-throughput RNA-seq and Ribo-seq data
In the lncExplore database, there are 5034 RNA-seq
datasets that were obtained from TCGA data portal
(https://cancergenome.nih.gov/). All of these RNA-seq data
have been preprocessed and aligned to the human genome
(hg19). The cancer sample types of this RNA-seq data
include primary solid tumor and metastases across 24 can-
cers. The corresponding patient clinical annotations for each
cancer type were also retrieved by R package ‘TCGAbiolinks’
(60, 61). In addition, lncExplore also collected Ribo-seq data
because ribosome-profiling techniques produce a global snap-
shot of all the actively translated genes in cells. The sequencing
of these fragments indicates whether transcripts are being
actively translated or not at a specific time point. The paired
Ribo-seq and RNA-seq datasets for human samples were
obtained from Andreev et al. and Gonzalez et al. studies for
the evaluation of translation efficiency scores (62, 63). To
obtain the high-quality reads from the raw data, the data
were processed according to the following preprocessing pro-
cedures: trimming adapter sequencing and keeping reads that
have at least 80% of bases with a quality score of more than
20. Moreover, these reads were aligned using bowtie v1.2 to
the human genome (hg19) allowing for up to twomismatches,
and unmapped reads were discarded (64).

https://cancergenome.nih.gov/
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Discovery of unannotated lncRNAs from high-throughput
sequencing data
To discover novel lncRNAs from the RNA-seq data, all avail-
able RNA-seq data across 24 cancers were used to assem-
ble transcripts by Cufflinks v2.2.0 with default parameters
(65, 66). Subsequently, these transcripts were merged to give
consensus sequences across cohorts by Cuffmerge. More-
over, to identify the unannotated novel transcripts from
the merged transcriptome, Cuffcompare was used to com-
pare these merged transcriptomes with the comprehensive
gene references from five public databases: Ensembl, Human
body map v2, NONCODE v5, H-InvDB v9.0 and lncR-
NAdb (29, 31, 42, 43, 58). Therefore, we focused on those
transcripts which were classified into potentially novel tran-
scripts and unknown intergenic transcripts by Cuffcompare.
To ensure those unannotated novel transcripts are not protein
coding, based on the definition of lncRNAs (1, 5), we dis-
criminate potential unannotated lncRNAs from those novel
transcripts through the following filtration processes: (i) selec-
tion of transcripts longer than 200 nucleotides; (ii) assessment
of coding capacity of a putative non-coding transcript using
CPAT v1.2 and txCds tools (67, 68); (iii) filtration of tran-
scripts based on the translation efficiency score (69); (iv) filtra-
tion of the transcripts which are potential pseudogenes (Sup-
plementary Figure S1). CPAT could estimate the coding poten-
tial of unannotated transcripts using alignment-free logistic
regression model. According to CPAT results, for human
transcripts, a score threshold of 0.364 gave the highest sensi-
tivity and specificity. CPAT score < 0.364 indicates noncoding
sequences. txCds is an ORF predictor from the University
of California, Santa Cruz (UCSC) (68). Based on the recom-
mendations of txCds, the transcripts with txCds score < 800
were considered non-coding transcripts. To get potential
non-coding transcripts with the low-coding probability, we
selected the transcripts which had both CPAT scores < 0.364
and txCds scores < 800. We adopted CPAT and txCds tools
with default options for estimating human transcript coding
probability. The translation efficiency of potential lncRNAs
was calculated as the log2 ratio of Ribo-seq FPKM value to
RNA-seq FPKM value (69). To extract the set of low trans-
lation efficiency non-coding transcripts, we used the thresh-
old value (efficiency score≤upper quartile value) which was
based on the distribution of translation efficiency score for
GENCODE long non-coding transcripts. To remove potential
pseudogenes from unannotated non-coding transcripts, we
filtered transcripts which had 80% sequence identity by com-
paring them with GENCODE protein-coding gene sequences.
Additionally, we provide hg19 and hg38 genomic coordinates
for lncRNA query and demonstration. The genomic coordi-
nates of novel lncRNAs were converted from hg19/GRCh37
to hg38/GRCh38 by using UCSC LiftOver tool (68). After
filtering out most of the potential false-positive lncRNAs
by using the multiple algorithms mentioned above, a set of
highly confident lncRNAs predicted from different cancers
were stored in the lncExplore database.

Survival analysis
The clinical information for 24 cancers in our database was
obtained from TCGA project by R package ‘TCGAbiolinks’
(60, 61). To examine whether expression levels of lncRNAs
were associated with cohort survival, the quantile value (q1,
q2 or q3) of expression was considered as the cutoff value

to divide lncRNAs into high and low expression groups in
all cancers. Then, survival estimation and survival curves
were calculated by Kaplan–Meier survival analysis based on
the last follow-up time and the censor status from TCGA
clinical datasets. Furthermore, we also reported the statisti-
cal results from log-rank test to compare the survival rate
between lncRNA high- and low-expression groups. In our
database, all RNA-seq data with available clinical informa-
tion were used to estimate survival rate. The survival analysis
was performed with R package ‘survival’ from Bioconductor
(https://www.bioconductor.org/).

Predicting the function of lncRNAs by adjacent
protein-coding gene
Due to the wide variety of functions and poor understand-
ing of lncRNA-mediated process, it is generally difficult to
infer their possible functions by the sequences compared
with highly conserved protein-coding sequences. Neverthe-
less, previous studies have found that lncRNAs can regulate
the expression of neighboring protein-coding genes (10, 70).
Based on these studies, we searched the neighbor protein-
coding genes which are within 100 kb upstream/downstream
region of lncRNAs (45). We performed the GO enrichment
analysis on the neighbor protein-coding gene set to pre-
dict the function of lncRNAs by R-package ‘topGO’ in our
database (56). The P-value was adjusted by R tool p.adjust
function (71). The lists of statistically significant GO terms
(P-value < 0.05) of lncRNAs were stored in our database.

Identification of eRNAs
eRNAs are a class of lncRNAs and are transcribed from the
enhancer regions (72). In our database, the loci of lncRNAs
directly overlapped with known enhancer regions were con-
sidered potential eRNAs by using Bedtools (73). Then, for
each eRNA, we reported its overlapped regions in lncEx-
plore. The enhancer regions information was obtained from
Ensembl and VISTA databases (https://enhancer.lbl.gov/)
(43, 54).

Assessing disease specificity score
Previous studies have shown that lncRNAs possess tissue-
specific expression features compared with protein-coding
transcripts (3, 5). The tissue-specific expression features pro-
vide an important clue for screening potential tissue-specific
biomarkers from a comprehensive collection of 24 human
cancer datasets. Therefore, in lncExplore, we calculated a
tissue-specific score for each lncRNA based on the ‘Tau’
score using TCGA RNA-seq data (44). The ‘Tau’ score rang-
ing from 0 to 1 represents a degree to which an lncRNA
is expressionally specific to a particular tissue. This dis-
ease specificity score (‘tau’ value) was calculated as follows:

τ =

∑n
i=1 (1− x̂)
n−1

; x̂=
xi

max
i≤i≤n

(xi)
;

where n represents the number of diseases/tissues and x̂ rep-
resents the FPKM value of the transcripts in the i-th dis-
eases/tissues normalized by the maximal expression value. For
example, values close to 1 show transcripts expressed specif-
ically in only one disease/tissue and values close to 0 show
transcripts expressed ubiquitously in many diseases/tissues.

https://www.bioconductor.org/
https://enhancer.lbl.gov/
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Pairwise RNA-seq dataset
The sample size of RNA-seq datasets for pairwise compar-
isons across six diseases in lncExplore: (i) breast invasive car-
cinoma: 106, (ii) colon adenocarcinoma: 34, (iii) kidney renal
clear cell carcinoma: 138, (iv) lung adenocarcinoma: 102, (v)
lung squamous cell carcinoma: 88 and (vi) prostate adenocar-
cinoma: 98. The gene expressions for pairwise datasets were
analyzed by StringTie (74).

Supplementary data
Supplementary data are available at Database Online.
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