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ABSTRACT

DIANA-LncBase v3.0 (www.microrna.gr/LncBase) is
a reference repository with experimentally supported
miRNA targets on non-coding transcripts. Its third
version provides approximately half a million en-
tries, corresponding to ∼240 000 unique tissue and
cell type specific miRNA–lncRNA pairs. This com-
pilation of interactions is derived from the manual
curation of publications and the analysis of >300
high-throughput datasets. miRNA targets are sup-
ported by 14 experimental methodologies, applied
to 243 distinct cell types and tissues in human and
mouse. The largest part of the database is highly
confident, AGO-CLIP-derived miRNA-binding events.
LncBase v3.0 is the first relevant database to em-
ploy a robust CLIP-Seq-guided algorithm, microCLIP
framework, to analyze 236 AGO-CLIP-Seq libraries
and catalogue ∼370 000 miRNA binding events. The
database was redesigned from the ground up, pro-
viding new functionalities. Known short variant in-
formation, on >67,000 experimentally supported tar-
get sites and lncRNA expression profiles in differ-
ent cellular compartments are catered to users. Inter-
active visualization plots, portraying correlations of
miRNA–lncRNA pairs, as well as lncRNA expression
profiles in a wide range of cell types and tissues, are
presented for the first time through a dedicated page.
LncBase v3.0 constitutes a valuable asset for ncRNA
research, providing new insights to the understand-
ing of the still widely unexplored lncRNA functions.

INTRODUCTION

Large scale analyses have turned non-coding RNAs (ncR-
NAs) into a research hotspot. ncRNAs, such as microRNAs
(miRNAs) and long non-coding RNAs (lncRNAs), are be-
ing extensively researched for their crucial implication in a
remarkable variety of physiological and pathological states
(1).

miRNAs are short ncRNAs that act as central post-
transcriptional regulators of gene expression (2). They are
loaded into protein Argonaute (AGO) to induce target
cleavage, degradation and/or translational suppression (3).
LncRNAs are typically >200 nucleotides long. They are
relatively abundant molecules of the mammalian transcrip-
tome, yet consistently expressed at lower levels compared
to protein coding transcripts (4). In contrast to earlier bulk
RNA-Seq analyses, recent studies performed at single cell
level reveal the high expression of numerous lncRNAs in in-
dividual cells (5). The widely studied variability in lncRNA
subcellular localization may pinpoint their core action (6).
Generally, they are involved in every known level of gene
regulation including protein synthesis, RNA maturation,
RNA transport and gene silencing (6), while several stud-
ies demonstrate that even in low abundances, lncRNAs
may serve as prognostic indicators in different pathological
states (7).

Recent studies interrogate and validate miRNA–lncRNA
interactions in both the nuclear and cytoplasmic com-
partments, including direct miRNA targeting of nuclear-
retained lncRNAs. For instance, miR-101 and miR-217 reg-
ulate the half-life of metastasis associated lung adenocarci-
noma transcript 1 (MALAT1) in carcinoma cells (8), while
miR-449a silences the nuclear enriched abundant transcript
1 (NEAT1) in lung cancer (9). LncRNA may also act
as ‘sponge’ for miRNAs, an activity known as ‘endoge-
nous competing RNA’ (ceRNA), reducing the suppressive
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miRNA-effect on target–mRNAs. In particular, intergenic-
muscle differentiation 1 lncRNA (linc-MD1) plays a crucial
role in myogenesis by sequestering both miR-133 and miR-
135 (10), while lncRNA H19 mediates muscle differentia-
tion by acting as a sponge for let-7 miRNA (11).

miRNA–lncRNA interplay increases the complexity
of the multifaceted post-transcriptional gene regulation.
Meticulous cataloguing of these interactions constitutes the
backbone for future studies aiming to understand their
functional consequences.

Experimental methodologies

Numerous experimental techniques have emerged aiming
to delineate miRNA–target pairs in a specific or wider
scale (12). Specifically for miRNA–lncRNA interactions,
low-yield techniques such as reporter gene assays focus
on the identification of the exact miRNA binding loca-
tion, while qPCR and northern blotting address the reg-
ulation of lncRNAs by miRNAs via quantifying change
in their abundance. Specific methods may also be ap-
plied to indirectly define lncRNA ‘sponges’ by evaluating
the silencing mechanism of miRNAs on target–mRNAs,
in altered lncRNA concentration levels. High-throughput
methodologies, such as microarrays, following miRNA
overexpression/knockdown, are considered the extension
of specific techniques, enabling the indirect characterization
of numerous miRNA–target pairs.

Crosslinking and immunoprecipitation experiments
followed by sequencing methodologies (CLIP-Seq) en-
able the identification of cell type and tissue specific
miRNA–target pairs on a transcriptome-wide scale. AGO
HITS-CLIP (high-throughput sequencing of RNA isolated
by crosslinking immunoprecipitation) (13), PAR-CLIP
(photoactivatable-ribonucleoside-enhanced crosslinking
and immunoprecipitation) (14), CLEAR-CLIP (covalent
ligation and endogenous Argonaute-bound RNA) (15)
and CLASH (crosslinking, ligation and sequencing of
hybrids) (16) experiments are considered the avant-garde
methodologies for direct detection of numerous miRNA
binding sites on coding and non-coding transcripts. The
latter two techniques are followed by an extra ligation step
to acquire chimeric miRNA–target fragments.

Databases indexing miRNA–lncRNA interactions

Over the past decade, numerous databases have been cat-
aloguing miRNA–mRNA targets. miRNA–lncRNA pairs
have not yet been comprehensively defined.

StarBase v2 (17) indexes a compilation of RNA bind-
ing events, derived from analysis of numerous CLIP-Seq
data and currently hosts ∼36 000 miRNA-ncRNA interac-
tions. The database intersects AGO-enriched regions with
in silico predicted sites on lncRNA transcripts, derived
from miRanda algorithm (18). NPInter v3 (19) provides
a collection of experimentally supported ncRNA targets.
It includes >70 000 miRNA–lncRNA entries, retrieved ei-
ther from manual curation of publications or by intersect-
ing computationally predicted sites with AGO-CLIP-Seq
data. LncReg (20) substantially differs in its scope by pri-
marily providing lncRNA-associated regulatory entries. It

hosts a small number of miRNA–lncRNA targets from low-
yield experiments. miRsponge (21) and LncACTdb v2 (22)
databases provide lncRNAs with a sponge function. The
former hosts ∼600 miRNA–sponge interactions, while the
latter provides ∼2663 experimentally supported ceRNA re-
lationships.

In this publication, we present DIANA-LncBase v3.0,
an extensive repository with ∼240 000 experimentally sup-
ported tissue and cell type specific miRNA–lncRNA inter-
actions in human and mouse species. This compilation of
targets, supported by distinct methodologies and experi-
mental conditions, corresponds to half a million miRNA–
lncRNA entries. The extensive collection of interactions has
been derived from the manual curation of publications and
the analysis of more than 300 high-throughput datasets.

Notably, LncBase v3.0 is the first relevant database that
employs an advanced CLIP-Seq analysis framework, aim-
ing to catalogue highly confident miRNA-binding events.
236 AGO-CLIP-Seq libraries have been re-analyzed with
microCLIP (23), an algorithm specifically deployed for the
CLIP-Seq-guided detection of miRNA interactions. The
new database version also catalogues (i) direct miRNA–
lncRNA chimeric fragments, derived from CLEAR-CLIP
and a previous meta-analysis of published AGO-CLIP-
Seq datasets (24) and (ii) miRNA–lncRNA pairs, retrieved
from the analysis of microarray miRNA perturbation ex-
periments. 86 microarray libraries followed by miRNA-
specific transfection/knockdown have been analyzed with
an in-house developed pipeline to incorporate hundreds of
miRNA–lncRNA interactions into the repository. This col-
lection of high-throughput datasets corresponds to a 2-fold
increase compared to LncBase v2.0 (25).

Known short variant information on 67 966 miRNA
target sites, from the reference databases dbSNP (26),
ClinVar (27) and COSMIC (28), is a new feature in
LncBase v3.0. Particular attention has been paid to assem-
ble lncRNA transcript expression profiles in a wide range
of cell types/tissues and different cellular compartments
(nucleus/cytoplasm), for both human and mouse species, by
analyzing 103 raw RNA-Seq libraries, encompassing ∼19.3
billion reads.

The new interface was redesigned from the ground up
to facilitate user navigation through the database content
by applying different filtering combinations of cell types,
tissues and methodologies without performing any specific
query. A separate page has been designed to summarize the
abundance of lncRNAs in different cell types, as well as
their subcellular localization, in nucleus and/or cytoplasm.

Interactive visualization plots portraying (i) the possible
clustering of miRNA–lncRNA interactions in different cell
types/tissues and (ii) the expression profiles of lncRNAs,
are provided through a dedicated results page. A concise de-
scription of LncBase v3.0 is presented in Table 1.

miRNA and lncRNA sequences

miRNAs were retrieved from miRBase 22 (29). LncRNA
transcripts were derived from GENCODE 30 (30). GEN-
CODE is a reference consortium with the most compre-
hensive annotation of non-coding transcripts. LncRNAs
are classified into different categories according to their
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Table 1. The table summarizes the LncBase v3.0 content in comparison with the experimental module of the previous database version

LncBase v3.0 LncBase v2.0

Database Total miRNA–lncRNA entries >500 000 ∼170 000
Interactions from low-yield
methods

242 86

Interactions from
high-throughput methods

∼239 000 ∼70 000

miRNAs in interactions 1551 1419
Targeted LncRNAs 24 618 8216
Cell types 192 57
Tissues 51 22
Publications 236 59
lncRNA Resources GENCODE v30, RefSeq 109–106,

Cabili et al.
GENCODE v21, RefSeq 106–104,
Cabili et al.

Analyzed high-throughput
experiments

Datasets 322 153

Conditions 150 67
Publications 79 22

Analysis of AGO-CLIP-Seq
experiments

Framework microCLIP CLIP-Seq guided
model

Intersection of AGO clusters with
MREs derived from an in silico target
prediction model

Experimental Methods Description of major classes Reporter genes, northern blot,
qPCR, RIP-qPCR, biotin miRNA
tagging, CLIP-Seq,
CLEAR-CLIP, CLIP-chimeric,
miR-CLIP, AGO-IP, RNA-Seq,
microarrays

Reporter genes, northern blot, qPCR,
biotin miRNA tagging, CLIP-Seq,
AGO-IP, RNA-Seq, microarrays

LncRNA expression information Datasets (cell) 48 38
Datasets (nucleus/cytoplasm) 55 -

Interface Data visualization, content
mining and database
inter-connection options

Re-designed interface, support of
specific queries, browsing results by
different cell type/tissue
combinations, search by location,
enhanced filtering options -
transcript biotype, miRNA
confidence level, short variant
information on MREs -,
customizable sorting of results,
statistics, detailed meta-data, a
dedicated module for lncRNA
expression profiles in cell and in
different cellular compartments,
interconnection with
DIANA-tools, UCSC graphical
support, RNAcentral integration,
advanced visualizations

Support of specific queries, search by
location, enhanced filtering options
including cell type, tissue, species and
method, detailed meta-data,
cell-type/tissue specific indication of
lncRNA expression, interconnection
with DIANA-tools, UCSC graphical
support

Statistics regarding the total entries, miRNA–lncRNA interactions derived from low-/high-throughput methodologies, the number of miRNAs targeting
lncRNA transcripts, the number of lncRNAs harboring MREs, distinct cell types/tissues, curated publications and the incorporated lncRNA resources
are provided. The number of analyzed (i) high-throughput datasets and unique studied conditions, (ii) datasets to infer lncRNA expression profiles, is
reported. The utilized framework for the analysis of AGO-CLIP-Seq data is mentioned. The incorporated experimental techniques, as well as interface
improvements, are displayed and marked as bold in case they constitute additions to LncBase v3.0.

genomic locus of origin to coding genes. The main cate-
gories are the sense intronic, sense overlapping, antisense
and intergenic, while the latest GENCODE version also
integrates bidirectional promoter and macro lncRNA, as
novel lncRNA types. Transcripts annotated as processed
transcripts and 3′ prime overlapping ncRNAs are also spec-
ified as lncRNAs and were incorporated in our reference
annotation. Pseudogenes are included in LncBase v3.0, in
consistency with several studies that confirm their interplay
with miRNAs (31,32).

According to the latest publication of GENCODE (30),
a dedicated effort was made to improve the annotation of
coding and non-coding genes. Of note, we observed a sig-
nificant discrepancy on lncRNA identifiers and on their
sequences compared to our previous version, i.e. approx-

imately a 20% and 50% increase was noticed on human
and mouse lncRNAs respectively, in the aforementioned
lncRNA categories. Our finalized lncRNA collection also
incorporates lncRNAs from RefSeq (33) and the publica-
tion of Cabili et al. (34), that display <90% sequence simi-
larity with GENCODE transcripts, as described in the pre-
vious version of our database (25).

The final set is composed of 53 250 and 27 009 lncR-
NAs and pseudogene transcripts respectively. Specifically,
2297 sense, 11 525 antisense, 19 757 long non-coding in-
tergenic (lincRNAs), 3543 processed transcripts, 309 bidi-
rectional promoter lncRNAs, 38 3′ prime overlapping ncR-
NAs, 1 macro lncRNA and 14 652 pseudogenes for Homo
sapiens. The respective set for Mus musculus comprises 532
sense, 4361 antisense, 8413 lincRNAs, 2181 processed tran-
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Figure 1. LncBase miRNA–lncRNA pairs. Values are plotted in log2 scale. (A) miRNA–lncRNA interactions derived from direct high-throughput tech-
niques per tissue and miRNA species. 85 ± 10% of interactions is spatially classified into sense, antisense, lincRNAs and pseudogenes. (B) Comparison of
LncBase v3.0 and LncBase v2.0 experimentally supported interactions.

scripts, 287 bidirectional promoter lncRNAs, four 3′ prime
overlapping ncRNAs, 2 macro lncRNA transcripts and 12
357 pseudogenes.

METHODS AND RESULTS

Collection of data

miRNA–lncRNA interactions have been retrieved from
manual curation of 159 publications and the analysis of
>300 high-throughput datasets. An auxiliary in-house de-
veloped text mining pipeline with full-text capacity has
been utilized to retrieve publications comprising miRNA–
lncRNA pairs and terms conveying ceRNA activity. Sort-
ing of publications was performed based on miRNA target
existence. Sentences possibly containing miRNA–lncRNA
associations were retained for manual curation.

miRNA–lncRNA interactions supported by high-
throughput methodologies were extracted from relevant
publications and the analysis of raw libraries. Raw datasets
were retrieved from publicly available repositories such as

Gene Expression Omnibus (GEO) (35), Encyclopedia of
DNA Elements (ENCODE) (36,37) and DNA Data Bank
of Japan (DDBJ) (38).

Analysis of high-throughput data

Analysis of AGO-CLIP-Seq data. Raw AGO-CLIP-
Seq libraries were quality checked using FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/),
while adapters/contaminants were detected utilizing
in-house developed algorithms and the Kraken suite
(39). Upon pre-processing (40), CLIP-Seq libraries were
aligned against the reference genomes, i.e. GRCh38 and
mm10 assemblies for human and mouse respectively,
with GMAP/GSNAP (41) spliced aligner. microCLIP
(23) CLIP-Seq-guided algorithm was utilized to identify
binding events for the expressed miRNAs. microCLIP is an
innovative framework, able to analyze all AGO-enriched
regions and to define functional miRNA binding events. In
datasets with more than one biological replicates, a miRNA

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 2. Snapshot depicting the DIANA-LncBase v3.0 interface. Users can explore different database modules and interactive visualizations through
a dedicated menu bar (1). They can retrieve interactions by querying with miRNA and/or gene names (2), genomic location (3), and/or by applying
different filtering combinations (4). Interactions can be refined with a series of filtering options including cell type/tissue, experimental methodology,
transcript category, species and lncRNA annotation source (4). Result statistics are promptly calculated (5). Interactions can be also sorted in ascending
or descending order (6). Gene/miRNA details are complemented with active links to Ensembl, RefSeq, miRBase and RNAcentral (7). Additional details
regarding the experimental procedures (8), variant information, where applicable (9), as well as miRNA confidence level indication are provided (10).
Interactions are accompanied by miRNA-binding site details (11). Inter-connection with the lncRNA expression module is provided (12). miRNA binding
events and MRE-overlapping variant genomic locations can be visualized in an interactive UCSC genome browser (13). Links to other DIANA-Tools are
also available (14). Users can easily retrieve query results through a dedicated ‘Download’ button (15).

binding event had to be present in at least two replicates
(25). Top expressed miRNAs were retrieved either from the
relevant publications or from analysis of small RNA-Seq
libraries applied to relevant cell types/tissues.

88 AGO-PAR-CLIP and 148 AGO-HITS-CLIP libraries
have been analyzed with microCLIP to define ∼370 000
miRNA binding events, corresponding to 37 cell types,
14 tissues and 90 experimental conditions. The sophisti-
cated classification scheme, adopted in microCLIP, maxi-
mizes the contribution of a set of 131 descriptors, includ-
ing AGO-CLIP-related features, such as substitution ratios
and coverage metrics, along with characteristics decisive in
miRNA–target detection such as the binding type, flanking
AU content, energy-related metrics, miRNA-MRE hybrid
and sequence-based characteristics. The analysis revealed
∼25 000 lncRNA transcripts with at least one miRNA inter-
action site. A significant portion of miRNA recognition el-
ements (MREs) was identified on intronic regions, partially
attributed to the uncertain splicing of lncRNA transcripts.
Therefore, ∼90 000 intronic miRNA binding events are ap-
propriately labeled and provided to users.

The database also indexes 2220 viral miRNA binding
events on host lncRNA transcripts, retrieved from the anal-
ysis of 16 virus-infected AGO-PAR-CLIP libraries. Ex-
pressed viral miRNAs from Epstein-Barr virus (EBV) and
Kaposi’s sarcoma-associated herpesvirus (KSHV) are asso-
ciated with ∼2200 miRNA–lncRNA unique interactions.

Analysis of miRNA perturbation experiments. For the
analysis of microarray miRNA perturbation experiments,
we adopted procedures from Mercer et al. and Liao et al.
(42,43) to create custom CDF files for Affymetrix chips Hu-
man Genome U133A 2.0, Human Genome U133 Plus 2.0,
Human Gene 1.0 ST, Human Exon 1.0 ST, Mouse Genome
430 2.0 and Mouse Gene 1.0 ST. Briefly, probes were aligned
to the GRCh38 and mm10 assemblies with Bowtie (44), al-
lowing zero mismatches and multi-maps. HTSeq-count (45)
was used to find protein-coding/non-coding genes that each
overlap with ≥3 aligned probe sequences. Probes that pre-
sented partial overlap with a gene or that overlapped with
more than one gene were excluded. Probe set summariza-
tion packages were built with makecdfenv package. RMA
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Figure 3. Snapshot depicting the interface of lncRNA expression profile dedicated page. Users can retrieve expression profiles of lncRNAs within the cell
(A) and comparatively between the nuclear and cytoplasmic subcellular compartments (B). They can explore lncRNA abundance by performing queries
with gene and/or transcript names (A-1, B-1), as well as combinations of tissues and cell types (A-2, B-2). Gene details, complemented with active links
to Ensembl and RefSeq are provided (A-3, B-3). TPM values describing the expression of lncRNAs, accompanied with experimental details are catered to
users (A-4). Links directing to the experimentally supported targets module are provided (A-5, B-5). In ‘Localization’ mode, expression TPM values, are
provided separately in nucleus and cytoplasm and followed by the RCI value (B-4). Apparent inclination of the sub-localization of lncRNAs is indicated
(B-8). Users can easily swap between ‘Localization’ and ‘Expression’ modes and retrieve lncRNA abundance without performing new queries (A-6, B-6).
Easy retrieval of query results is also provided through a dedicated ‘Download’ button (A-7, B-7).

from packages affy (46) or oligo (47) was employed for
probe set summarization and normalization. In cases with
replicates, differential expression analysis was performed
using moderated t-statistics and FDR correction by limma
(48). A threshold of 1.5-fold change (FDR < 0.05 where ap-
plicable) and the existence of at least one putative canonical
binding site for the perturbed miRNA were used as filters to
retrieve positive interactions.

In total, 86 microarray perturbation experiments were
analyzed, corresponding to 70 cell types and tissues. This
process enabled the formation of 1740 and 415 positive
miRNA–lncRNA pairs for human and mouse species re-
spectively.

Tissue/cell type lncRNA expression

Raw RNA-Seq datasets were retrieved from ENCODE
(36,37) and GEO (35) repositories, corresponding to 34 dis-

tinct cell types and tissues for human and mouse species.
RNA-Seq data corresponding to similar cell types and
tissues with AGO-CLIP-Seq samples were preferentially
selected. Raw datasets were quality checked and pre-
processed using FastQC (www.bioinformatics.babraham.
ac.uk/projects/fastqc/) and Cutadapt (40). Quantification
was conducted at the transcript level, using Salmon (49)
version 0.14.1 on quasi-mapping mode and Transcripts
Per Million (TPM) values were extracted. 48 whole tran-
scriptome libraries, corresponding to 22 cell types/tissues
were analyzed. Transcripts with TPM > 1 were retained,
while median TPM values were estimated in case of more
than one biological replicates. For the characterization of
the subcellular localization of transcripts, 55 libraries from
RNA-Seq experiments, conducted separately in nucleus
and cytoplasm in 15 distinct cell types/tissues, were pre-
processed. Transcripts were filtered out to present TPM >
1 in at least one of the two subcellular compartments. We

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Figure 4. Screenshot depicting DIANA-LncBase v3.0 interactive correlation plot. Users may select more than one cell type and/or tissue to explore their
relationship based on absence/presence of AGO-CLIP-Seq derived miRNA–lncRNA interactions. For each pair-wise combination, Pearson’s r coefficient
values are calculated. The current plot depicts correlations between all human cell types that present AGO-CLIP-Seq derived interactions in LncBase v3.0.
Higher correlations are observed among some cell types such as lymphoblastoid, bone marrow-derived and mammary gland cell lines.

adopted the Relative Concentration Index (RCI) (50), es-
timated by transforming the cytoplasmic-to-nuclear TPM
fraction into log2 scale, to define the trend of lncRNA
transcripts localization towards the two different cellular
compartments. Human transcriptomes were compiled from
ENSEMBL 96 (51), RefSeq 109 (33) and Cabili et al. (34), as
well as mouse transcriptomes derived from ENSEMBL 96
(51) and RefSeq 106 (33). Details concerning the analyzed
RNA-Seq samples are provided in Supplementary Table S1.

Annotating known variants on MREs

LncBase v3.0 integrates short variant information on ex-
perimentally supported miRNA binding events on non-
coding transcripts. Variants located on MREs may in-
duce both disruption of these sites and loss of the respec-
tive miRNA–lncRNA interactions. Binding sites retrieved
from AGO-CLIP-Seq experiments and miRNA–lncRNA
chimeric fragments, were intersected with (i) ∼37 million
common variations from dbSNP build 151 (26), (ii) 498 490
variants with clinical annotation from ClinVar (27) and (iii)
∼26 million somatic mutations from COSMIC v90 (28).
The 67 966 MREs, annotated as variant-related, are located
on 9940 human lncRNA transcripts and were associated
with 34 438 unique variants, composing a set of 137 882
variant-MRE pairs. Specifically, 48.6% (67 055) of those
pairs are associated with common variants, 47.5% (65 476)
with somatic mutations and 3.9% (5351) with ClinVar vari-
ants.

Database interface development

Database statistics. DIANA-LncBase v3.0 indexes ap-
proximately half a million entries, corresponding to the
largest collection of experimentally supported cell type and
tissue specific miRNA–lncRNA interactions. The incorpo-
rated interactions are defined by 14 distinct low-yield and
high-throughput methodologies, corresponding to 192 cell
types, 52 tissues and 162 experimental conditions. >730
miRNA–lncRNA entries were manually curated while 2094
interactions were extracted from the re-analysis of miRNA-
specific transfection/knockdown microarray experiments.

The largest part of the database content is attributed to
AGO-CLIP-derived miRNA-binding events. LncBase v3.0
incorporates 2924 miRNA–lncRNA chimeric fragments,
while >235 000 interactions have been retrieved from the
re-analysis of 236 AGO-CLIP-Seq datasets with a robust
CLIP-Seq-guided algorithm.

The number of miRNA–lncRNA interactions per tissue
and miRNA species, retrieved from direct high-throughput
techniques, accompanied by the distribution of interactions
in the different lncRNA categories, is depicted in Figure 1A.
85 ± 10% of miRNA targets is classified into the main lncR-
NAs categories (sense, antisense, intergenic) and to pseu-
dogenes. Updated miRNA–lncRNA pairs derived from the
different methodologies are summarized in Figure 1B.

Interface. In the advanced relational schema of the
database, new indices were created in PostgreSQL to ensure
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Figure 5. Screenshot depicting DIANA-LncBase v3.0 interactive bar-plots. The user can select an lncRNA, and optionally cell type(s), tissue(s), to view its
expression profiles (A) and its abundance in nuclear cytoplasmic compartments (B). The current bar-plots portray MALAT1 expression. TPM values and
RCI values are plotted in ‘LncRNA Expression’ plot (A) and ‘Nucleus/Cytoplasm lncRNA sub-localization’ plot (B), respectively. Negative and positive
RCI values denote inclination of the lncRNA expression towards the nucleus and cytoplasm respectively. Users are able to couple RCI values with the
nuclear/cytoplasmic lncRNA expression profiles through an inter-connected interactive table (B).

quick query execution. A new backend was developed using
Java Spring framework and .NET Core 2.2. The database
interface has been also redesigned using Angular v.8 and
enhanced to provide an intuitive user-friendly application.

Querying the database. DIANA-LncBase v3.0 interface
comprises two modules. A primary module presenting the
experimentally supported interactions and a subsequent
module for lncRNA expression profiles. The two modules
are inter-connected to easily direct users querying interac-
tions to inspect the expression of lncRNAs under study and
vice versa.

Module for experimentally supported interactions. Users
can retrieve interactions by (i) performing queries with
miRNA and/or gene names - identifiers from ENSEMBL
(51), miRBase (29), RefSeq (33) and Cabili et al. (34) study
are also supported, (ii) applying different combinations of
the filtering criteria including species, cell types/tissues and
methodologies, (iii) searching a specific genomic location
on lncRNA transcripts for the presence of MREs. Filter-
ing options have been also enhanced to offering to users an
array of possible filtering combinations (Figure 2). miRNA
confidence level indication, incorporated by the latest ver-
sion of miRBase, and known short variant information on
MRE regions are new features that complement the re-
trieved results and also serve as filters. Helpful variant meta-

information, i.e. external identifier, alleles, the exact variant
position and links to the original source, is provided where
applicable. miRNA binding events per miRNA–lncRNA
interaction, coupled with the MRE-overlapping variant ge-
nomic locations, can subsequently be visualized in an inter-
active UCSC genome browser (52) graphic, where users can
exploit all the browser options provided by the UCSC team
and resources that are integrated there.

Module of lncRNA expression profiles. LncRNAs expres-
sion can be explored either via an inter-connected link in
the module of experimentally supported interactions or by
applying a query with one or more ncRNA transcripts in
the dedicated result page of lncRNA expression. Users can
retrieve the expression profiles of lncRNAs (i) within the
cell (‘Expression’ mode) and (ii) comparatively between the
nuclear and cytoplasmic subcellular compartments (‘Local-
ization’ mode), along a wide range of cell types in human
and mouse species. TPM values describing the expression
of lncRNAs are provided to users. In case of more than
one biological replicates the median TPM value is specified.
Specifically, in the ‘Expression’ mode the user can also re-
trieve results by selecting a particular range of TPM val-
ues, described as ‘Low’ (range:1–10), ‘Medium’ (range: 11–
600) and ‘High’ (range: >600). In ‘Localization’ mode TPM
values, estimated separately in nucleus and cytoplasm, are
provided, followed by the RCI value and the apparent incli-
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nation of the sub-localization of lncRNAs, either towards
the nucleus or the cytoplasm. The user can also retrieve
the targets of the specified lncRNAs via a dedicated inter-
connected link with the module for the experimentally sup-
ported targets (Figure 3).

Advanced visualizations. DIANA-LncBase v3.0 also pro-
vides interactive visualization plots, implemented using the
D3.js JavaScript library. The user can explore a possible
clustering of miRNA–lncRNA interactions, retrieved from
CLIP-Seq methodologies, in different cell types and tis-
sues via an interactive correlation plot (Figure 4). Inter-
active bar-plots portraying the expression profiles of lncR-
NAs within the cell and/or in different subcellular compart-
ments, among distinct cell types, are also provided (Figure
5).

Database inter-connections. Since 2015, DIANA-LncBase
is integrated in RNAcentral (53). Interactions per miRNA
can be viewed in a dedicated page provided by the reposi-
tory. LncBase v3.0 is also seamlessly inter-connected with
the content of other DIANA-tools, including ∼1 million
experimentally supported miRNA–mRNA pairs from Tar-
Base (12) and in silico identified miRNA targets from
microT-CDS, provided as an asset to further explore the
activity of miRNA:lncRNA:mRNA endogenous interac-
tions. Predicted miRNA–lncRNA pairs are also supported
by LncBase v2.0 (25), while the functionality of miRNAs
can be scrutinized through the inter-connection with miR-
Path (54).

CONCLUSION

LncRNAs have gradually become a research hotspot, as
they seem to participate in several physiological and patho-
logical processes. Their interplay with miRNAs and their
prominent role in competing endogenous interactions, in
tissue and disease specific contexts, created a constantly
evolving research field. The indexing of miRNA–lncRNA
interactions was introduced the past few years. LncBase
v3.0 showcases the incremental improvement since the pre-
vious version by indexing ∼240,000 tissue specific and ex-
perimentally supported miRNA–lncRNA interactions. The
employment of microCLIP algorithm for the analysis of
AGO-CLIP-Seq data provides highly confident miRNA
binding events. LncRNA expression profiles accompanied
in several cases with their subcellular localization informa-
tion may serve as a key to further understand lncRNA func-
tions. LncBase v3.0 constitutes an important asset to the
research community opening up new possibilities to under-
stand the ncRNA regulatory functions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank the ENCODE Consortium and the
respective laboratories for producing the data. We would
also like to thank Artemis Fakorelli for her contribution to
the final editing of the manuscript and Athanasios Fevgas
for the IT support.

FUNDING

This work was supported by ‘ELIXIR-GR: The Greek Re-
search Infrastructure for Data Management and Analy-
sis in Life Sciences’ [MIS-5002780] which is implemented
under the Action ‘Reinforcement of the Research and In-
novation Infrastructure’, funded by the Operational Pro-
gramme ‘Competitiveness, Entrepreneurship and Innova-
tion’ [NSRF 2014–2020] and co-financed by Greece and the
European Union (European Regional Development Fund).
It was also co-financed (Greece and European Social Fund-
ESF) through the Operational Programme ‘Human Re-
sources Development, Education and Lifelong Learning’ in
the context of the project ‘Strengthening Human Resources
Research Potential via Doctorate Research’ [MIS-5000432],
implemented by the State Scholarships Foundation (IKY),
in the form of two PhD Scholarships. Funding for open ac-
cess charge: ELIXIR-GR Infrastructure [MIS-5002780].
Conflict of interest statement. None declared.

REFERENCES
1. Cech,T.R. and Steitz,J.A. (2014) The noncoding RNA

revolution-trashing old rules to forge new ones. Cell, 157, 77–94.
2. Huntzinger,E. and Izaurralde,E. (2011) Gene silencing by

microRNAs: contributions of translational repression and mRNA
decay. Nat. Rev. Genet., 12, 99–110.

3. Vlachos,I.S. and Hatzigeorgiou,A.G. (2013) Online resources for
miRNA analysis. Clin. Biochem., 46, 879–900.

4. Derrien,T., Johnson,R., Bussotti,G., Tanzer,A., Djebali,S.,
Tilgner,H., Guernec,G., Martin,D., Merkel,A., Knowles,D.G. et al.
(2012) The GENCODE v7 catalog of human long noncoding RNAs:
analysis of their gene structure, evolution, and expression. Genome
Res., 22, 1775–1789.

5. Liu,S.J., Nowakowski,T.J., Pollen,A.A., Lui,J.H., Horlbeck,M.A.,
Attenello,F.J., He,D., Weissman,J.S., Kriegstein,A.R., Diaz,A.A.
et al. (2016) Single-cell analysis of long non-coding RNAs in the
developing human neocortex. Genome Biol., 17, 67.

6. Fernandes,J.C.R., Acuna,S.M., Aoki,J.I., Floeter-Winter,L.M. and
Muxel,S.M. (2019) Long non-coding RNAs in the regulation of gene
expression: physiology and disease. Non-coding RNA, 5, E17.

7. Hu,P., Chu,J., Wu,Y., Sun,L., Lv,X., Zhu,Y., Li,J., Guo,Q., Gong,C.,
Liu,B. et al. (2015) NBAT1 suppresses breast cancer metastasis by
regulating DKK1 via PRC2. Oncotarget, 6, 32410–32425.

8. Wang,X., Li,M., Wang,Z., Han,S., Tang,X., Ge,Y., Zhou,L.,
Zhou,C., Yuan,Q. and Yang,M. (2015) Silencing of long noncoding
RNA MALAT1 by miR-101 and miR-217 inhibits proliferation,
migration, and invasion of esophageal squamous cell carcinoma cells.
J. Biol. Chem., 290, 3925–3935.

9. You,J., Zhang,Y., Liu,B., Li,Y., Fang,N., Zu,L., Li,X. and Zhou,Q.
(2014) MicroRNA-449a inhibits cell growth in lung cancer and
regulates long noncoding RNA nuclear enriched abundant transcript
1. Indian J. Cancer, 51(Suppl. 3), e77–e81.

10. Cesana,M., Cacchiarelli,D., Legnini,I., Santini,T., Sthandier,O.,
Chinappi,M., Tramontano,A. and Bozzoni,I. (2011) A long
noncoding RNA controls muscle differentiation by functioning as a
competing endogenous RNA. Cell, 147, 358–369.

11. Kallen,A.N., Zhou,X.B., Xu,J., Qiao,C., Ma,J., Yan,L., Lu,L.,
Liu,C., Yi,J.S., Zhang,H. et al. (2013) The imprinted H19 lncRNA
antagonizes let-7 microRNAs. Mol. Cell, 52, 101–112.

12. Karagkouni,D., Paraskevopoulou,M.D., Chatzopoulos,S.,
Vlachos,I.S., Tastsoglou,S., Kanellos,I., Papadimitriou,D.,
Kavakiotis,I., Maniou,S., Skoufos,G. et al. (2018) DIANA-TarBase
v8: a decade-long collection of experimentally supported
miRNA-gene interactions. Nucleic Acids Res., 46, D239–D245.

13. Chi,S.W., Zang,J.B., Mele,A. and Darnell,R.B. (2009) Argonaute
HITS-CLIP decodes microRNA–mRNA interaction maps. Nature,
460, 479–486.

14. Hafner,M., Landthaler,M., Burger,L., Khorshid,M., Hausser,J.,
Berninger,P., Rothballer,A., Ascano,M. Jr., Jungkamp,A.C.,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz1036#supplementary-data


D110 Nucleic Acids Research, 2020, Vol. 48, Database issue

Munschauer,M. et al. (2010) Transcriptome-wide identification of
RNA-binding protein and microRNA target sites by PAR-CLIP.
Cell, 141, 129–141.

15. Moore,M.J., Scheel,T.K., Luna,J.M., Park,C.Y., Fak,J.J.,
Nishiuchi,E., Rice,C.M. and Darnell,R.B. (2015) miRNA–target
chimeras reveal miRNA 3′-end pairing as a major determinant of
Argonaute target specificity. Nat. Commun., 6, 8864.

16. Helwak,A., Kudla,G., Dudnakova,T. and Tollervey,D. (2013)
Mapping the human miRNA interactome by CLASH reveals
frequent noncanonical binding. Cell, 153, 654–665.

17. Li,J.H., Liu,S., Zhou,H., Qu,L.H. and Yang,J.H. (2014) starBase
v2.0: decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA
interaction networks from large-scale CLIP-Seq data. Nucleic Acids
Res., 42, D92–D97.

18. Betel,D., Koppal,A., Agius,P., Sander,C. and Leslie,C. (2010)
Comprehensive modeling of microRNA targets predicts functional
non-conserved and non-canonical sites. Genome Biol., 11, R90.

19. Hao,Y., Wu,W., Li,H., Yuan,J., Luo,J., Zhao,Y. and Chen,R. (2016)
NPInter v3.0: an upgraded database of noncoding RNA-associated
interactions. Database, 2016, baw057.

20. Zhou,Z., Shen,Y., Khan,M.R. and Li,A. (2015) LncReg: a reference
resource for lncRNA-associated regulatory networks. Database,
2015, bav083.

21. Wang,P., Zhi,H., Zhang,Y., Liu,Y., Zhang,J., Gao,Y., Guo,M.,
Ning,S. and Li,X. (2015) miRSponge: a manually curated database
for experimentally supported miRNA sponges and ceRNAs.
Database, 2015, bav098.

22. Wang,P., Li,X., Gao,Y., Guo,Q., Wang,Y., Fang,Y., Ma,X., Zhi,H.,
Zhou,D., Shen,W. et al. (2019) LncACTdb 2.0: an updated database
of experimentally supported ceRNA interactions curated from low-
and high-throughput experiments. Nucleic Acids Res., 47,
D121–D127.

23. Paraskevopoulou,M.D., Karagkouni,D., Vlachos,I.S., Tastsoglou,S.
and Hatzigeorgiou,A.G. (2018) microCLIP super learning framework
uncovers functional transcriptome-wide miRNA interactions. Nat.
Commun., 9, 3601.

24. Grosswendt,S., Filipchyk,A., Manzano,M., Klironomos,F.,
Schilling,M., Herzog,M., Gottwein,E. and Rajewsky,N. (2014)
Unambiguous identification of miRNA:target site interactions by
different types of ligation reactions. Mol. Cell, 54, 1042–1054.

25. Paraskevopoulou,M.D., Vlachos,I.S., Karagkouni,D.,
Georgakilas,G., Kanellos,I., Vergoulis,T., Zagganas,K., Tsanakas,P.,
Floros,E., Dalamagas,T. et al. (2016) DIANA-LncBase v2: indexing
microRNA targets on non-coding transcripts. Nucleic Acids Res., 44,
D231–D238.

26. Sherry,S.T., Ward,M.H., Kholodov,M., Baker,J., Phan,L.,
Smigielski,E.M. and Sirotkin,K. (2001) dbSNP: the NCBI database
of genetic variation. Nucleic Acids Res., 29, 308–311.

27. Landrum,M.J., Lee,J.M., Benson,M., Brown,G.R., Chao,C.,
Chitipiralla,S., Gu,B., Hart,J., Hoffman,D., Jang,W. et al. (2018)
ClinVar: improving access to variant interpretations and supporting
evidence. Nucleic Acids Res., 46, D1062–D1067.

28. Tate,J.G., Bamford,S., Jubb,H.C., Sondka,Z., Beare,D.M., Bindal,N.,
Boutselakis,H., Cole,C.G., Creatore,C., Dawson,E. et al. (2019)
COSMIC: the catalogue of somatic mutations in cancer. Nucleic
Acids Res., 47, D941–D947.

29. Kozomara,A., Birgaoanu,M. and Griffiths-Jones,S. (2019) miRBase:
from microRNA sequences to function. Nucleic Acids Res., 47,
D155–D162.

30. Frankish,A., Diekhans,M., Ferreira,A.M., Johnson,R., Jungreis,I.,
Loveland,J., Mudge,J.M., Sisu,C., Wright,J., Armstrong,J. et al.
(2019) GENCODE reference annotation for the human and mouse
genomes. Nucleic Acids Res., 47, D766–D773.

31. An,Y., Furber,K.L. and Ji,S. (2017) Pseudogenes regulate parental
gene expression via ceRNA network. J. Cell Mol. Med., 21, 185–192.

32. Glenfield,C. and McLysaght,A. (2018) Pseudogenes provide
evolutionary evidence for the competitive endogenous RNA
Hypothesis. Mol. Biol. Evol., 35, 2886–2899.

33. O’Leary,N.A., Wright,M.W., Brister,J.R., Ciufo,S., Haddad,D.,
McVeigh,R., Rajput,B., Robbertse,B., Smith-White,B., Ako-Adjei,D.

et al. (2016) Reference sequence (RefSeq) database at NCBI: current
status, taxonomic expansion, and functional annotation. Nucleic
Acids Res., 44, D733–D745.

34. Cabili,M.N., Trapnell,C., Goff,L., Koziol,M., Tazon-Vega,B.,
Regev,A. and Rinn,J.L. (2011) Integrative annotation of human large
intergenic noncoding RNAs reveals global properties and specific
subclasses. Genes Dev., 25, 1915–1927.

35. Barrett,T., Wilhite,S.E., Ledoux,P., Evangelista,C., Kim,I.F.,
Tomashevsky,M., Marshall,K.A., Phillippy,K.H., Sherman,P.M.,
Holko,M. et al. (2013) NCBI GEO: archive for functional genomics
data sets–update. Nucleic Acids Res., 41, D991–D995.

36. Consortium,E.P. (2012) An integrated encyclopedia of DNA
elements in the human genome. Nature, 489, 57–74.

37. Davis,C.A., Hitz,B.C., Sloan,C.A., Chan,E.T., Davidson,J.M.,
Gabdank,I., Hilton,J.A., Jain,K., Baymuradov,U.K.,
Narayanan,A.K. et al. (2018) The Encyclopedia of DNA elements
(ENCODE): data portal update. Nucleic Acids Res., 46, D794–D801.

38. Kodama,Y., Mashima,J., Kosuge,T. and Ogasawara,O. (2019) DDBJ
update: the Genomic Expression Archive (GEA) for functional
genomics data. Nucleic Acids Res., 47, D69–D73.

39. Davis,M.P., van Dongen,S., Abreu-Goodger,C., Bartonicek,N. and
Enright,A.J. (2013) Kraken: a set of tools for quality control and
analysis of high-throughput sequence data. Methods, 63, 41–49.

40. Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet. journal, 17, 10–12.

41. Wu,T.D. and Nacu,S. (2010) Fast and SNP-tolerant detection of
complex variants and splicing in short reads. Bioinformatics, 26,
873–881.

42. Mercer,T.R., Dinger,M.E., Sunkin,S.M., Mehler,M.F. and
Mattick,J.S. (2008) Specific expression of long noncoding RNAs in
the mouse brain. Proc. Natl. Acad. Sci. U.S.A., 105, 716–721.

43. Liao,Q., Liu,C., Yuan,X., Kang,S., Miao,R., Xiao,H., Zhao,G.,
Luo,H., Bu,D., Zhao,H. et al. (2011) Large-scale prediction of long
non-coding RNA functions in a coding-non-coding gene
co-expression network. Nucleic Acids Res., 39, 3864–3878.

44. Langmead,B., Trapnell,C., Pop,M. and Salzberg,S.L. (2009) Ultrafast
and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol., 10, R25.

45. Anders,S., Pyl,P.T. and Huber,W. (2015) HTSeq–a Python framework
to work with high-throughput sequencing data. Bioinformatics, 31,
166–169.

46. Gautier,L., Cope,L., Bolstad,B.M. and Irizarry,R.A. (2004)
affy–analysis of Affymetrix GeneChip data at the probe level.
Bioinformatics, 20, 307–315.

47. Carvalho,B.S. and Irizarry,R.A. (2010) A framework for
oligonucleotide microarray preprocessing. Bioinformatics, 26,
2363–2367.

48. Ritchie,M.E., Phipson,B., Wu,D., Hu,Y., Law,C.W., Shi,W. and
Smyth,G.K. (2015) limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res., 43, e47.

49. Patro,R., Duggal,G., Love,M.I., Irizarry,R.A. and Kingsford,C.
(2017) Salmon provides fast and bias-aware quantification of
transcript expression. Nat. Methods, 14, 417–419.

50. Mas-Ponte,D., Carlevaro-Fita,J., Palumbo,E., Hermoso Pulido,T.,
Guigo,R. and Johnson,R. (2017) LncATLAS database for subcellular
localization of long noncoding RNAs. RNA, 23, 1080–1087.

51. Cunningham,F., Achuthan,P., Akanni,W., Allen,J., Amode,M.R.,
Armean,I.M., Bennett,R., Bhai,J., Billis,K., Boddu,S. et al. (2019)
Ensembl 2019. Nucleic Acids Res., 47, D745–D751.

52. Haeussler,M., Zweig,A.S., Tyner,C., Speir,M.L., Rosenbloom,K.R.,
Raney,B.J., Lee,C.M., Lee,B.T., Hinrichs,A.S., Gonzalez,J.N. et al.
(2019) The UCSC Genome Browser database: 2019 update. Nucleic
Acids Res., 47, D853–D858.

53. The,R.C. (2019) RNAcentral: a hub of information for non-coding
RNA sequences. Nucleic Acids Res., 47, D221–D229.

54. Vlachos,I.S., Zagganas,K., Paraskevopoulou,M.D., Georgakilas,G.,
Karagkouni,D., Vergoulis,T., Dalamagas,T. and Hatzigeorgiou,A.G.
(2015) DIANA-miRPath v3.0: deciphering microRNA function with
experimental support. Nucleic Acids Res., 43, W460–W466.


