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ABSTRACT

The continuous increase of available biological data
as consequence of modern high-throughput tech-
nologies poses new challenges for analysis tech-
niques and database applications. Especially for
miRNAs, one class of small non-coding RNAs, many
algorithms have been developed to predict new can-
didates from next-generation sequencing data. While
the amount of publications describing novel miRNA
candidates keeps steadily increasing, the current
gold standard database for miRNAs - miRBase - has
not been updated since June 2014. As a result, pub-
lications describing new miRNA candidates in the
last three to five years might have a substantial
overlap of candidates without noticing. With miR-
Carta we implemented a database to collect novel
miRNA candidates and augment the information pro-
vided by miRBase. In the first stage, miRCarta is
thought to be a highly sensitive collection of poten-
tial miRNA candidates with a high degree of anal-
ysis functionality, annotations and details on each
miRNA. We added—besides the full content of the
miRBase—12,857 human miRNA precursors to miR-
Carta. Users can match their own predictions to the
entries of miRCarta to reduce potential redundancies
in their studies. miRCarta provides the most com-
prehensive collection of human miRNAs and miRNA
candidates to form a basis for further refinement and
validation studies. The database is freely accessible
at https://mircarta.cs.uni-saarland.de/.

INTRODUCTION

MicroRNAs (miRNAs) play a central role in post-
transcriptional gene regulation. This class of short non-
coding RNAs with an average length of 17-23 nucleotides

can bind to their complementary target mRNAs and re-
press their translation or mediate their degradation (1-3).
Since one miRNA potentially regulates many genes and
may therefore severely influence the overall regulation net-
work, their expression changes have been the focus of many
publications describing various diseases (4-8) and are dis-
cussed as potential biomarkers (9-13).

The central repository for miRNAs is the miRBase
database (14), which is currently at its 21Ist version (re-
leased 06/14). The last update of miRBase has been >3
years ago. This is problematic for several reasons. Firstly,
many miRNA prediction algorithms have been developed
and applied to next-generation sequencing (NGS) data in
recent years. The published results of these predictions of-
ten claim to have found hundreds or thousands of new
miRNA candidates (15-18). Since these candidates were
so far not integrated in miRBase, different studies con-
tain substantial redundancies. Secondly, several indepen-
dent groups have found that the current version of miR-
Base seems to already contain artifacts, wrongly annotated
and false positive miRNAs, probably due to the integration
of predicted candidates that were not experimentally vali-
dated (16,19-21). To overcome this, the miR Base provides
a high-confidence miRNA set defined by lower thresholds
of reads that must be mapping to the mature sequences be-
sides other rules. In their latest publication, they collated
305 deep sequencing data sets from 38 species to annotate
these high-confidence miRNA sets (14). In the meantime,
the publicly available small RNA sequencing data has in-
creased exponentially and should be used to further refine a
current high-confidence miRNA set. In addition, even some
validated miRNAs have not yet made their way into miR-
Base.

With miRCarta, we aimed to develop a database to bridge
the gap between the already available annotations in miR-
Base and the more recent miRNA predictions from pub-
lications or our tool miRMaster (22). To this end, we ini-
tially integrated the content of miR Base releases 1.1-21 and
enhanced our database with new analysis tools, annota-
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Figure 1. Overview of the integrated or linked data sources and the functionality of miRCarta.

tions, and background information on miRNAs. This part
of miRCarta can be used as if querying miRBase and is
independent of the remaining updated database content.
In a next step, we retrieved updated genomes for 148 or-
ganisms that had miRNA annotations in miR Base and re-
mapped the miRNAs to get up-to-date locations for these
organisms. We put our focus on the most frequently stud-
ied organism in biomedical research, namely Homo sapi-
ens. For human, we collected over 18 000 small RNA se-
quencing data sets from the Sequence Read Archive (SRA)
(23), The Cancer Genome Atlas (TCGA) (24) and in-house
data sets. These data were processed with our tool miR-
Master to predict novel miRNA candidates. To these pre-
dictions, we added miRNA candidates from publications
(15,16) and miRBase resulting in a total of 24 148 human
mature miRNA candidates. To facilitate the decision if the
integrated candidates are potentially real miRNAs, we vi-
sualize the expression profiles along the corresponding pre-
cursors using the mapping results of the 18 035 samples
against the stem loop sequences. This way, researchers are
able to select conveniently promising candidates for further
experimental validation. In addition, we provide a batch
query for researchers to match their own miRNA predic-
tions to the entries of miRCarta to reduce potential redun-
dancies in their studies.

This first release of miRCarta provides the most compre-
hensive collection of human miRNA candidates to date and
can serve as an entry point for researchers working in this
field searching for current miRNA annotations and predic-
tions. miRCarta is freely accessible at: https://mircarta.cs.
uni-saarland.de/.

DATA SOURCES

miRCarta was conceived to provide the information of
miRBase (14) as well as more recent data stemming from
miRNA predictions. To this end, we integrated the content
of miRBase releases 1.1-21, including all naming and se-
quence changes that the entries of miR Base underwent, as
well as the location information for miRNAs in the latest
miR Base release comprising 108 organisms. We enhanced
this basic information by adding additional data sources
and links to external databases. To be able to also filter for
miRNA targets, we integrated miRNA target predictions
from microT-CDS v5.0 (25) and TargetScan v7.1 (26) and
the experimentally validated targets from miRTarBase v6.1
(27). For miRBase precursors, we added links to the Hu-
man microRNA Disease Database (HMDD) (28) and to
NCBI Gene if official gene symbols were available. miR-
Base miRNAs are linked to the miRNA pathway dictio-
nary (miRPathDB) (29), miRTargetLink Human (30), Tis-
sue Atlas (31), miR2Disease (32) and TarBase (33). Since
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Figure 2. Figurative example for the new naming scheme in miRCarta. MiRNAs are named with m-[number] and are organism unspecific. Precursors are
named [organism_abbreviation]-[5Sp miRNA]-[3p miRNA].[location ID]. In this example, we have a human precursor hsa-1-3.1, consisting of miRNAs m-1
and m-3. If this precursor has another location in the genome it gets another location ID as exemplified for ppy-2-3.1 and ppy-2-3.2.

the downloaded and integrated data of miRTarBase and
microT-CDS are slightly different from their online ver-
sions, links to their web sites were also added. Obviously,
all miRBase entries integrated in miRCarta are also con-
nected to their original source in miRBase. An overview of
miRCarta’s data sources, external links and functionality is
illustrated in Figure 1.

RE-ANNOTATING miRNAs/PRECURSORS AND NEW
NAMING SCHEME

We collected the newest genome releases from NCBI
RefSeq/Genbank (34) for 148 organisms that had
miRNA /precursor annotations in miRBase. In brief,
the precursors from miR Base for these 148 organisms were
mapped with Bowtie 1.1.2 (35) against their respective
genomes. Since a central aim of miRCarta was to include
new potential candidates, a new naming scheme for miR-
NAs and precursors had to be created (Figure 2). Mature
miRNAs in miRCarta are named with m-[number] and
are organism unspecific. Precursors are however organism
specific, starting with a three letter code for an organism,
followed by the number of the 5 miRNA and the number
of the 3’ miRNA and ending with a locus identifier, e.g.
hsa-1-52.1 consists of mature miRNAs m-1 and m-52. To
improve the miRNA annotations in miRBase, we collected
for human 18 035 small RNA sequencing samples from
SRA (23), TCGA (24) and in-house data sets. We mapped
the reads against the human precursor sequences and
derived the sequence of the canonical forms from the

expression profiles. Thereby, we processed the miRNAs
in their median RPMMM (reads per million mapped to
miRNAs) expression order across all our samples, resulting
in the most expressed miRNA as m-1 (corresponding to
hsa-miR-21-5p) and so on. Using these sequences as basis,
we added predictions from publications (15,16) and our
tool miRMaster (22) for the 18 035 samples to this pool,
as well as the re-mapped sequences for the remaining 147
organisms to complete the information added to miRCarta.
More details on this integration and naming process can
be found in the Supplemental Material.

A side effect of the re-annotation is that a miRNA in
miRBase might not be identical to a miRNA in miRCarta
anymore, e.g. it can be shifted to the left or right or have
a different length. Still, we deemed this re-annotation nec-
essary since our analyses showed that the currently anno-
tated canonical form represented only in 42% of cases the
actually most expressed form across all of our samples. In
the web interface we provide links between these miRCarta
precursors/miRNAs and miR Base precursors/miRNAs to
allow for an easier comparison.

DATABASE IMPLEMENTATION AND FUNCTIONAL-
ITY

Implementation

miRCarta consists of a MySQL database and a MongoDB
NoSQL database. The MySQL part contains organisms, se-
quences, locations, miRNAs, precursors and targets, while
the NoSQL database stores the expression data as matrix
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Figure 3. Example of a precursor view for a predicted candidate in miRCarta. First, we list several basic facts about the precursor like its sequence, location,
links to miRNAs, etc. In addition, we visualize the stem loop structure with the FornaContainer plugin (36) and color the miRNAs in the same way as
in the sequence of the precursor. Below the structure, we show the pileup plots for the normalized or raw read counts with plotly.js. The user can easily
switch here between log and linear scale or even visualize only counts with zero or one mismatches. The button ‘Show details” opens a new HTML page,
where more information can be found on how many samples had reads for this precursor and graphics showing if we found these reads rather continuously
in several experiments or only a few. The last part shows the genomic context of the current precursor in a window of £10 kb. This way it can be easily
assessed if there are more precursors in this range or if the precursor lies in a gene or close to a gene for example. The genomic context is also interactive
and allows for zooming in and out, and shows more information when clicking on a gene or miRNA etc.
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Results for uploaded file
1,461 / 4,934 miRNA/precursors of uploaded gff3 file found in miRCarta

Copy | CSV | Excel | Column visibility = Reset

D Name Entity Chromosome Strand Start
1)
v
1 |- hsa_can_1 miRNA_primary_transcript 1 + 903639
2 |- hsa_can_1- miRNA 1 + 903649
mature
3 |- hsa_can_2 miRNA_primary_transcript 1 + 941930
4 - hsa_can_2- miRNA 1 + 941940
mature
5 |- hsa_can_3 miRNA_primary_transcript 1 + 1349302

Showing 1 to 10 of 4,934 entries

Search:

Stop Found in Genomic context

miRCarta

903719 not found GCF_000001405.36 1:893,639-913,719
895,000 900,000 905,000
e—— —

910,000

|

LOC284600>

Gene legend: EIncRNA

903666 | not found GCF_000001405.36 1:893,649-913,666
895,000 900,000 905,000
— A M

910,000
|
LOC284600>
Gene legend: EINcRNA
942010 | not found GCF_000001405.36 1:931,930-952,010
935,000 940,000 950,000
E—————
<NOC2L
Gene legend: M protein coding
941960 | not found GCF_000001405.36 1:931,940-951,960
935,000 940,000 945,000 950,000

<NOC2L

Gene legend: M protein coding

1349382  hsa-4476-
5380.1;hsa-
4419-5380.1

GCF_000001405.36 1:1,339,302-1,359,382
.340,000 1,345,000 1.350.000 1,355,000

Gene legend: Hprotein coding EmiRCarta_miRNA EmIRNA

Figure 4. Excerpt of the results of uploading a GFF?3 file for the predictions of Friedlander et al. (40). We find overlaps for 1461 of 4934 uploaded
precursors/miRNAs in miRCarta. The first four rows in the table show examples for entries we did not find in miRCarta and the genomic context view
shows that there are also no other miRNAs in a window of £10 kb around the annotated location. The fifth row shows an entry where we have overlaps
in miRCarta and the genomic context view illustrates that there are many other miRNA annotations in range.

format for a more efficient access. The MySQL database
schema is illustrated in Supplemental Figure S1. The server-
side backend of the web application uses Django 1.11 and
is written in Python 3. The web interface is implemented
in Django’s HTML template language and is enhanced
with several JavaScript libraries for a more interactive user
experience. The tables we visualize are created with the
jQuery plugin DataTables, the genomic context visualiza-
tion is done using TnT Genome, and the expression profile
plots are rendered with plotly.js, the structure visualization
with FornaContainer (36). For styling we use Bootstrap 3
and custom CSS files.

Functionality

miRCarta integrates the miR Base database and additional
new miRNA candidates, expression data, updated organ-
isms, and genomes as entry point for miRNA researchers.
As illustrated in Figure 1, miRCarta provides different lev-
els of functionality.

Basic functionality

Browse. The classical entry point ‘Browse’ lists all miR-
NAs and precursors for a selected organism. For precursors,
this view also visualizes the normalized read counts of the
mapped NGS data without and with mismatches. This way
a user can assess if the expression profile over a (putative or
known) precursor seems likely for miRNA expression and
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more rapidly identify real precursors/miRNAs from false
positive annotations.

Advanced search. Using ‘Advanced Search’, users can re-
strict their query results to certain miRNAs and/or precur-
sors of certain organisms that might have been validated
with a certain experiment and so on. The results are visu-
alized as HTML table, unless one of the download options
is checked.

Precursor families. For the miR Base content, we also inte-
grated the precursor families. A user can search for precur-
sor names or miRBase accession numbers or select an or-
ganism and get all precursor families of the input as result.
If nothing is selected all precursor families will be listed.

Genomic clusters. ‘Genomic Clusters’ visualizes clusters of
precursors within a selectable window size in a tabular for-
mat and as stacked bar plots along the chromosomes. In
Supplemental Figure S2, we queried the miRBase part for
clusters in Homo sapiens. The stacked bar plot visualiza-
tion directly shows that the largest clusters can be found on
chromosomes 14 and 19.

Read mapping distribution. For human precursors, we vi-
sualize the mappings of the sequencing reads of the col-
lected 18 035 samples with and without mismatch. The
pileup plots can be found in the single precursor views (Fig-
ure 3) as well as in the tabular overviews of ‘Browse’ and
‘Advanced Search’ for H. sapiens. In the precursor view
the pileup can be switched between normalized and raw
read counts, log and linear scale, and also visualize perfect
matching reads and reads with one mismatch separately or
combined. More information about the number of mapped
reads and the corresponding number of different samples
for the precursor can be found on a separate HTML page
by clicking on ‘Show details’ below the plot.

Structural analysis. The secondary structures for the pre-
cursor sequences are computed with RNAfold (37) and vi-
sualized with FornaContainer (36). This illustration is avail-
able in the precursor specific views.

Annotation

Targets. Since we integrated miRTarBase, microT-CDS,
and TargetScan, miRCarta can provide a combined search
of miRNAs and targets using experimentally validated or
predicted targets, respectively. If all three databases are se-
lected, the resulting table will contain for each database a
column with either 0 or 1 as entry, which can be used for
sorting and filtering for results that have e.g. only hits in all
three target databases.

Target pathways.  For potential target pathways, we linked
the tools MiRTargetLink (30) and miRPathDB (29) for
miRNAs. The links can be found on the right hand side of
the miRNA views if they are available.

Tissue distribution. For miRNAs we also provide links to
the tool TissueAtlas (31), which shows the miRNA abun-
dance in 61 tissue biopsies of two individuals.

Nucleic Acids Research, 2018, Vol. 46, Database issue D165

Homologies. We mapped the miRCarta miRNAs with
their respective flanks (see Supplemental Material) against
all 148 organisms without mismatch. If such a miRNA se-
quence is found in an organism where it has not been anno-
tated so far, we list these findings under ‘miRNA homolo-
gies’ on the right hand side of the miRNA view.

PubMed manuscripts. We provide links to the manuscripts
describing miRNAs/precursors in miR Base, as well as val-
idation experiments for the targets in miRTarbase.

Disease association. For disease association, we provide
links for miRNAs to miR2Disease (32) and to HMDD (28)
for precursors.

Advanced functionality

miBLAST. Under ‘miBLAST’, users can enter a miRNA
sequence and get the BLAST (38) results for miR Base and
miRCarta miRNAs.

GFF3 file annotation. Using the analysis tool ‘GFF3 up-
load’ users can upload their own standard GFF3 files con-
taining e.g. the locations of predictions of miRNAs and pre-
cursors for a certain organism. The data is matched against
the available miRCarta entries and the result is visualized
as a table, which shows how many findings are new or have
overlaps with entries in miRCarta.

miRBase ID converter. The naming of miRNAs changed

during different releases of miR Base, which can cause prob-
lems when comparing findings to older manuscripts where
a different miRBase release was used. With the ‘Identi-
fier Conversion’ tool researchers can convert their miR Base
names into the latest available version.

Tracking Information. Inspired by the tool miRBase
Tracker (39), we provide tracking information for each iden-
tifier in miR Base, which allows in a straightforward way to
illustrate the changes a miR Base name or sequence under-
went during different miR Base releases.

Application examples

To demonstrate the ‘GFF3 Upload’ functionality, we col-
lected the predictions from Friedldnder et al. (40) as inde-
pendent test set, converted the locations with liftOver into
GRCh38 coordinates and created a gff3 file. This file was
uploaded in miRCarta using the default parameters. In Fig-
ure 4, we can see the first five entries of which four have
not been found in miRCarta. The fifth has an overlap with
two entries in miRCarta. The genomic context visualization
is especially helpful if no overlap has been found to assess
whether other miRNA precursors might be in range. Alto-
gether, 1461 of 4934 entries from the Friedldnder dataset
have already been annotated in miRCarta.

miRCarta’s precursor view enables users to grasp the
structure and expression profiles more easily than it was
possible using miRBase. In Supplemental Figure 3 we vi-
sualize the precursor hsa-mir-5739 in miR Base on the left-
hand side and in miRCarta on the right-hand side. The
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structure in miR Base is visualized as ASCII code and it is
hard to assess for this precursor if this is a good structure or
not. In the miRCarta view, it is directly clear that this is not
a valid precursor by looking at the folding structure and the
expression profile below.

Since we visualize the expression profiles also in ‘Browse’
and ‘Advanced Search’ for precursors in H. sapiens, these
plots can also be easily used to scroll through longer lists
of precursors and select interesting candidates for further
validations.

FUTURE WORK

While still undiscovered miR NAs may exist, the current col-
lection of miRCarta represents a substantial part of the hu-
man miR Nome. This set—tailored to be a very sensitive col-
lection of miRNAs—contains certainly a large number of
false positive predictions. Nevertheless, this set will be useful
for other researchers to match their own predictions against
it to reduce redundancies in their studies. This current ‘high-
sensitivity’” set will form the basis for our further develop-
ments. In a next step, we will reduce the ‘high-sensitivity’
set by merging similar findings, e.g. overlapping precursors
from different predictions. This will result in a collapsed
set with slightly lesser sensitivity than the original set. At
last, we will create a ‘high-specificity’ set which will con-
sist of experimentally validated miRNAs relying on cloning
the precursor and providing evidence for the mature miR-
NAs using Northern Blots. In addition, we will also anno-
tate miRNA isoforms and include more information about
other organisms.

CONCLUSION

miRCarta bridges the gap between established annotations
in miR Base and more recent miRNA predictions from pub-
lications and our software miRMaster. In our proof-of-
concept study for human we succeeded to demonstrate
that these candidates—which certainly contain false posi-
tive hits—contain interesting candidates for further valida-
tion. With this approach, we aim to create a high-resolution
map of potential human miRNAs, which will be refined in
further releases to create finally a set of experimentally val-
idated real miRNAs.
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