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ABSTRACT

Recently, the attention of the research community
has been focused on long non-coding RNAs
(lncRNAs) and their physiological/pathological im-
plications. As the number of experiments increase
in a rapid rate and transcriptional units are better
annotated, databases indexing lncRNA properties
and function gradually become essential tools to
this process. Aim of DIANA-LncBase (www.
microrna.gr/LncBase) is to reinforce researchers’
attempts and unravel microRNA (miRNA)–lncRNA
putative functional interactions. This study
provides, for the first time, a comprehensive anno-
tation of miRNA targets on lncRNAs. DIANA-
LncBase hosts transcriptome-wide experimentally
verified and computationally predicted miRNA rec-
ognition elements (MREs) on human and mouse
lncRNAs. The analysis performed includes an inte-
gration of most of the available lncRNA resources,
relevant high-throughput HITS-CLIP and PAR-CLIP
experimental data as well as state-of-the-art
in silico target predictions. The experimentally
supported entries available in DIANA-LncBase
correspond to >5000 interactions, while the compu-
tationally predicted interactions exceed 10 million.

DIANA-LncBase hosts detailed information for
each miRNA–lncRNA pair, such as external links,
graphic plots of transcripts’ genomic location, rep-
resentation of the binding sites, lncRNA tissue
expression as well as MREs conservation and pre-
diction scores.

INTRODUCTION

The annotation of the genome-wide transcriptional reper-
toire has received significant attention during the past few
years. Recent discoveries regarding the numerous biolo-
gical roles of non-coding RNAs (ncRNAs) highlight the
biological significance of these previously ‘overlooked’
RNA species. ncRNAs are now considered a biological
hotspot; involved in a plethora of cellular processes
including either cis- or trans-regulation of protein-coding
genes and alternative splicing (1). Many ncRNA families,
such as microRNAs (miRNAs) and, more recently, long
ncRNAs (lncRNAs) are being vigorously studied for their
physiological and pathological implications.
Generally, RNAs longer than 200 nt not possessing a

clearly defined open reading frame are characterized as
lncRNAs (2). As relevant research progressed, these
ncRNAs were further subdivided into distinct subca-
tegories and ‘lncRNA’ is now considered a blanket term
including sense, antisense, intronic, bidirectional and
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intergenic transcripts (2,3). Most of lncRNA function still
remains to be uncovered and specified through experimen-
tal procedures. However, recent findings have revealed
mechanisms involving lncRNAs in diverse cellular
processes, such as chromatin remodeling; structural scaf-
folding of nuclear protein substructures; cell cycle regula-
tion and they have recently been found to play key roles in
the circuitry controlling embryonic stem cell state (4–6).
Moreover, they may also perform cis-regulatory actions,
as they are usually located near protein-coding genes (7),
while, putative direct interactions of lncRNAs with
protein-coding genes and other RNA molecules have
already been suggested (1,3). For instance, lncRNAs
have been shown to strongly associate with p53; target
RNA polymerase II in both human and mouse (8); bind
to Polycomb repressive complexes (1) and even interact
with miRNA molecules and regulate gene expression.
miRNAs are small endogenous RNA molecules

(�22 nt) playing a major role in gene expression. They
are considered as post-transcriptional gene regulators
enabling translational repression, mRNA degradation
and gene silencing (9). They target protein-coding genes
usually by partial or complete base pairing on specific
miRNA recognition elements (MREs) on mRNA
sequences (10). More precisely, miRNA target gene inter-
actions usually require binding of 6–8 nt in the so-called
seed region (9) of the miRNA 50-end. miRNAs have been
primarily detected to effectively target specific mRNA 30-
untranslated regions (30-UTRs), on usually highly
conserved MREs (11). Recent findings also exhibited func-
tional bona fide miRNA interactions with MREs located
in the 50-UTR region as well as within the coding sequence
(CDS) (12).
In a recent study by Huarte et al. (13), a lincRNA-

named lincRNA-p21 was found to repress p53 apoptotic
function through binding to hnRNP-K. Bozzoni and
coworkers (14) suggested a dual function of lncRNAs: a
fraction of the transcripts remains in the nucleus as poten-
tial pri-miRNAs, while others move to the cytoplasm as
functional lncRNAs. The authors have also identified a
muscle-specific lincRNA (linc-MD1) targeted by two
miRNAs (miR-133 and miR-135). This lncRNA acts
possibly as a ‘sponge’, attracting miRNAs targeting two
key transcription factors involved in muscle differenti-
ation, and therefore indirectly regulates their expression.
Other researchers also support this lncRNA ‘sponge’/
‘decoy’ function, reducing the regulatory effect of
miRNAs on targeted mRNAs (14,15), miRNA precursors
(16,17) or host genes for miRNAs (18). Identification of
the underlying links between lncRNA and miRNA
families will provide new insights in molecular biology.
In a recent study, Jeggari et al. (19) have identified

putative miRNA-binding sites across all annotated
human transcripts of GENCODE v11 release, which
also includes 10 419 lncRNAs. The authors provided
access to these in silico predicted miRNA sites through
the ‘miRcode’ web interface. miRcode supports
seed-related information; genomic location, binding type,
percentage of evolutionary conservation across primates/
non-primate mammals/non-mammalian vertebrates as
well as possible overlaps with repeat sequences.

The implemented prediction pipeline has been based on
a seed complementarity algorithm and on TargetScan 6
miRNA seed family nomenclature. However, miRcode
includes limited MRE-related information and only on a
small fraction of the publicly available annotated human
lncRNAs. miRNA target predictions for other species as
well as experimentally verified binding sites on lncRNAs
are not supported.

Compared with relevant existing studies, DIANA-
LncBase provides an extensive amount of predicted
miRNA targets on the largest available set of human
lncRNAs. Moreover, it offers for the first time a compre-
hensive collection of computationally predicted MREs on
mouse lncRNAs, as well as miRNA–lncRNA interactions
supported by experimental data for both human and
mouse species. miRNA targets of large collections of
mouse lncRNA transcripts have not yet been extensively
studied and there are only few lncRNA–miRNA inter-
actions reported in the available literature. The analysis
performed includes all available lncRNA data resources in
human and mouse, identification of experimentally
verified miRNA targets with the use of high-throughput
PAR-CLIP and HITS-CLIP experiments (12,20) as well as
in silico target prediction using a state-of-the-art algorithm
DIANA-microT-CDS (21).

METHODS AND RESULTS

The analysis pipeline, described in the following sections,
can be divided into the following distinct steps: collection
of lncRNA resources and data pre-processing; miRNA
target identification; integration of database entries and
population of DIANA-LncBase. An overview of the
analysis pipeline is depicted in Figure 1.

lncRNA datasets

The analysed lncRNA datasets were formed by combining
the best available sources of lncRNA sequences. The in-
tegrative dataset of >12 000 lncRNAs from GENCODE
13 (22), and a set of 8195 lncRNAs presented by Cabili
et al. (23) were used as the foundation of our collection for
human transcripts. The GENCODE dataset provides a
high-quality catalog corresponding to the largest set of
manually curated lncRNAs. Furthermore, the Cabili
et al. dataset is an integration of already annotated and
novel lncRNAs from �4 billion RNA-Seq reads across 24
tissues. The third source of lncRNA data has been the
NONCODE v.3 database (24), supporting a unified set
of non-coding transcripts derived from all acknowledged
relevant databases and the available literature. The
NONCODE lncRNA dataset consists of 33 829 tran-
scripts for Homo sapiens and 37 049 transcripts for Mus
musculus. Our mouse dataset is based on the combination
of Ensembl 65 and NONCODE v3 mouse lncRNA avail-
able sequences.

lncRNAs with high sequence similarity have been
removed. In cases of transcript pairs with >90%
overlap, the longest lncRNA sequence has been retained.
Transcripts shorter than 200 nt were filtered out. Our final
human dataset consists of 27 164 lncRNAs, whereas the
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mouse dataset, slightly larger, is composed of 28 946
lncRNAs.

A reference protein-coding dataset consisting of all
Ensembl and UCSC protein-coding genes was utilized,
in order to distribute the lncRNAs in four distinct
categories:

. Sense or antisense lncRNAs overlapping non-intronic
parts of protein-coding genes, located in the same or
opposite strand (13 578 transcripts).

. Bidirectional lncRNAs (2) transcribed in ‘head to
head’ orientation and located in close proximity with
a protein-coding gene (920 transcripts).

. Intergenic lncRNAs located exclusively within
intergenic regions (12 666 transcripts).

Additional details concerning the categorization of both
human and mouse lncRNA datasets are provided in
Supplementary Table S1.

High-throughput data

The exact identification and localization of miRNA-
binding sites on target mRNAs can be significantly

facilitated by high-throughput RNA sequencing (12,20).
Chi et al. identified functional Argonaute (Ago) protein–
RNA complexes in P13 mouse brain, using protein
crosslinking and immunoprecipitation (HITS-CLIP),
while Hafner et al. determined transcriptome-wide-
binding sites of RNA-binding proteins and miRNA-
containing ribonucleoprotein complexes (miRNPs)
utilizing a cell-based crosslinking approach (PAR-CLIP).

PAR-CLIP data
The PAR-CLIP dataset was downloaded from the supple-
mentary material of Hafner et al. (12). It comprises of
17 319 peaks, obtained from all PAR-CLIP AGO experi-
ments throughout the human transcriptome. The T- to
C-transition site information for each peak has been con-
sidered essential in determining the exact location of
miRNA-seed and the mRNA or lncRNA interaction sites.

HITS-CLIP data
The HITS-CLIP dataset was downloaded from the
supplementary material of Chi et al. (20). In order to
identify miRNA target sites in mouse lncRNAs, raw
HITS-CLIP tags from P13 mouse brain have been

Figure 1. DIANA-LncBase analysis pipeline. The best available lncRNA resources have been collected for human and mouse species. Transcripts
shorter than 200 nt as well as transcripts presenting high similarity (>90% overlap) have been removed. lncRNAs have been subsequently categorized
in sense, antisense, bidirectional and intergenic with the use of a protein-coding reference set consisting of UCSC and Ensembl genes. Additionally,
MREs on lncRNAs have been experimentally verified with the use of high-throughput HITS/PAR-CLIP data and in silico predicted with a
state-of-the-art algorithm, DIANA-microT-CDS. Integration of miRNA targets, as well as other lncRNA/miRNA-related information, such as
transcripts tissue expression and MREs evolutionary conservation, has been the final step for DIANA-LncBase population.
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incorporated in the analysis. HITS-CLIP data have been
filtered to retain only those tags overlapping with lncRNA
genomic locations. Peak regions have been formed by
merging overlapping tags.

miRNA target identification

Experimental MRE identification
Peaks derived from the CLIP experiments suggest direct
interaction with miRNAs. Further processing of the CLIP
reads is considered essential in order to identify miRNAs
binding to the relevant peaks. Therefore, each peak has
been further processed by an in-house developed dynamic
programming algorithm for MRE identification. The
implemented algorithm slides a 9-nt-long window along
each transcript and identifies the best possible alignment
with the miRNA ‘extended’ seed (nucleotides 1–9 on
the miRNA 50-end). This procedure can detect different
binding types, ranging from 4mer to 9mer. Subsequently,
MREs related to the top expressed miRNAs in the CLIP
experiments have been retained for further analysis. In the
PAR-CLIP analysis, putative MREs have been filtered to
keep only those located closer than 5 nt to the T to C
mutation. Other important parameters used for the final
MRE selection for both experiments are the binding
type and the binding free energy as calculated by
RNAhybrid (25).

In silico MRE identification
The in silico computations were performed using the latest
version of the microT algorithm, DIANA-microT-CDS,
which is considered as one of the best available miRNA
target prediction programs in terms of sensitivity and spe-
cificity (21). The target prediction analysis was elaborated
for all miRNAs deposited in miRBase v18 (26).

The database

DIANA-LncBase has been designed to accommodate all
experimentally verified and in silico predicted miRNA–
lncRNA interactions. The database is composed of two
distinct modules: one to explore computationally pre-
dicted MREs of DIANA-microT-CDS and one to
explore experimentally verified target sites. The database
interface is specifically designed to facilitate user inter-
action and database querying.

miRNA–lncRNA interaction data
The database has been populated with entries derived
from experimental and in silico MRE identification. A
total of 1793 unique miRNA–lncRNA interactions have
been identified from the analysis of PAR-CLIP experi-
mental data and the relevant literature, for human,
whereas the corresponding number for mouse increases
to 3370 interactions using the HITS-CLIP datasets. The
in silico dataset hosts >10 million interactions between
56 097 lncRNAs and 3078 miRNAs, for human and
mouse.

Tissue expression data
Tissue expression for human lncRNAs has been acquired
from two data sources. lncRNAs, derived from Cabili

et al., are accompanied with expression values across 24
human tissues. We have also utilized expression patterns
for Ensembl lncRNA transcripts, available in the study of
Gibb et al. (27). The authors analyzed 72 SAGE libraries
in normal tissues and cataloged lncRNAs abundance over
a spectrum of 19 normal tissues. For mouse, FANTOM2
database was used to acquire expression for lncRNA tran-
scripts in 20 tissues (28). Targeted lncRNAs in human
have been found to be predominantly expressed in
testes, brain and lymph node, whereas mouse lncRNAs
presented higher abundance in cerebellum, brain and
adipose tissues.

Conservation data
In miRNA target prediction, evolutionary conservation is
usually a strong indication of target functionality.
DIANA-LncBase includes information concerning the
conservation of the computationally predicted human
and mouse MREs in other species. For the identification
of conserved MREs, multiple sequence alignments on 16
vertebrate species were utilized. An MRE is categorized as
conserved in another species if it has exactly the same seed
sequence. It has been observed that predicted MREs in
sense lncRNAs and protein-coding transcripts exhibit
similar conservation levels, significantly higher than the
rest lncRNA categories, in most of the investigated verte-
brate species (Supplementary Figures S2 and S3).

Database search
DIANA-LncBase provides an intuitive and user-friendly
interface offering two distinct modules for querying the
database. Users can browse the results by querying with
a specific miRNA, gene identifier or a combination of the
previous terms. Moreover, the target prediction module
offers the option to query using a specific genomic
location. The provided results of this specialized query
correspond to all the predicted lncRNA–miRNA inter-
actions having at least one MRE within the examined
location. An additional option is the filtering of computa-
tionally predicted target results on lncRNAs. The user can
filter the results using an arbitrary microT threshold,
fine-tuning prediction sensitivity and precision levels as
well as specific lncRNA tissue expression (Figure 3). On
the other hand, the experimental module offers access to
the experimentally validated targets and hosts an
enhanced filtering system, able to reduce results based
on species, experimental method, regulation type, valid-
ation type, data source, publication year and predicted
interaction score (Figure 2). Further details concerning
the database search and information regarding the inter-
face of these modules are provided in the help section of
the DIANA-LncBase.

Statistics
High-throughput data analysis and in silico target predic-
tion have also been performed for protein-coding genes.
The protein-coding dataset has been formed by combining
CDS and 30-UTR spliced regions of the corresponding
mRNA transcripts from Ensembl version 65 (29).
Analysis of the experimentally verified targets datasets
revealed significantly less miRNA targets sites in
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lncRNA transcripts, compared with protein-coding genes.
More precisely, a total of 1785 and 3274 peaks with MREs
have been identified from HITS/PAR-CLIP analyses on
human and mouse lncRNAs (Supplementary Tables S2
and S3). The in silico computations, on the other hand,
performed for all available miRNAs, have resulted in a
high number of MREs in lncRNA transcripts for both
species.

The density of the experimentally identified miRNA
targets sites per 1000 nt in expressed lncRNA and
protein-coding transcripts was calculated using the
HITS/PAR-CLIP datasets. Density estimations were
also calculated following removal of all sense and
protein-coding transcripts with at least one common
experimentally verified MRE. In both cases, sense
lncRNA transcripts in human, and all lncRNA categories
in mouse, present significantly higher MRE densities,
compared with protein-coding transcripts (P< 0.05)
(Supplementary Figure S1 and Supplementary Tables S4
and S5); an indication that lncRNA targeting by miRNAs
might be a more common phenomenon than what we
initially expected.

Moreover, we have used multiple sequence alignments
in 21 mammal species and assessed the degree of

conservation of human lncRNAs and protein-coding
exons, using SiPhy (30). The estimated omega conserva-
tion scores from the SiPhy algorithm, depicting the local
rate of substitutions compared with a neutral tree model,
are in agreement with the results of a previous study by
Khalil et al. (5). More precisely, the exons on
protein-coding transcripts were found more conserved
than the exons in lncRNAs across the queried species
(Supplementary Figure S4).

CONCLUSION

DIANA-LncBase is a novel database accommodating
experimentally verified, as well as in silico predicted
lncRNA–miRNA interactions in human and mouse
genomes. Since there is a limited number of such
interactions reported in the available literature,
DIANA-LncBase can provide a significant boost toward
understanding the mechanisms of their synergy and regu-
lation. Its maintenance and further expansion are
considered essential, in order to keep pace with the
exponential growth/annotation of ncRNA transcripts, as
well as the rapid distinction of their functions in

Figure 2. Results of a submitted query in DIANA-LncBase experimental module. The interface presents information regarding the specified
miRNA–lncRNA interaction. miRNA and gene-related information, as well as the advanced search options have been expanded. This interaction
supported by the PAR-CLIP high-throughput data is also predicted from DIANA-microT-CDS.
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different cell compartments. DIANA-LncBase aims to
develop into a reference repository of lncRNA–miRNA
interactions supported from the literature, identified
through novel computational approaches, already
existing high-throughput data or newly designed Next
Generation Sequencing experiments. The outcome of
such an approach will provide an unprecedented amount
of high-quality data that will become the stepping stone
for numerous analyses and future research projects
throughout the community.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–5, Supplementary Figures 1–4
and Supplementary Methods.
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