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FIGURE 2. The role of miR-21 in epithelial-to-mesenchymal transition. (A) Part of the interaction network of hsa-miR-21-5p relevant to epithelial-
to-mesenchymal transition (EMT). The network was created using Cytoscape (Shannon et al. 2003) and enriched GO terms identified using the plu-
gins, GOlorize and BinGO (Supplemental Table S3; Maere et al. 2005; Garcia et al. 2007). Enriched GO terms relevant to EMT were selected and the
miR-21 targets annotated to these terms or their descendants were clustered together according to the related processes they are involved in. Each
entity (node) is color-coded according to the term(s) it is annotated to. Size of the nodes represents the number of times the interaction has been
captured as an annotation. The blue edges indicate interaction type “physical association,” applied when the miRNA is demonstrated to bind the
mRNA; red edges indicate interaction type “association,” applied when the experimental data does not demonstrate direct miRNA:target binding.
(B) The full interaction network of hsa-miR-21-5p; the boxed area shows the target interactions relevant to EMT, as shown in A.

evidence suggests that miR-21 has pleiotropic roles in regu-
lating these pathways, in addition to regulating EMT itself,
through the regulation of its many gene targets. For example,
in cardiac fibroblasts miR-21 silencing of PTEN results
in PKB phosphorylation and the subsequent activation of
MMP2, a known inducer of EMT (Gilles et al. 2000; Roy
et al. 2009; Radisky and Radisky 2010). This corroborates
an earlier finding that PTEN inhibits EMT through PI3K
and PKB signaling (Wang et al. 2007). Furthermore, miR-
21 silencing of its targets SPRY1, PDCD4 and SMAD?7, was
shown to partly contribute to fibrogenic EMT induced by
TGFB (Bronnum et al. 2013; Wang et al. 2014). TGF itself
promotes the processing of primary mir-21 to precursor
miR-21 via a SMAD-dependent signaling pathway (Davis
et al. 2008).

Thus, the role of miR-21 in regulating EMT is complex,
however, by curating the primary experimental evidence
describing these processes, the resulting data set of GO anno-
tations associated directly with miR-21 and its targets can
be used to begin to obtain a clearer picture of how miR-21
contributes to regulating EMT. In order to visualize the
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role of miR-21 in EMT, it was first necessary to create the in-
teraction network of miR-21-5p with all of its validated gene
targets using Cytoscape (Shannon et al. 2003). Following this,
the Cytoscape plugins, BinGO, and GOlorize (Maere et al.
2005; Garcia et al. 2007), were used to overlay a GO term
enrichment analysis onto the network and highlight the
biological processes that are involved in EMT. Figure 2A
shows the part of the interaction network that contains tar-
gets of hsa-miR-21-5p that are involved in processes relevant
to EMT, such as “epithelial to mesenchymal transition,” “cell
adhesion” and “cell migration,” as well as various signaling
pathways, which were identified as enriched in this network
(the full interaction network of hsa-miR-21-5p is shown
in Fig. 2B and the full BinGO enrichment results are in
Supplemental Table S3). In addition to providing an im-
proved view of the participants in EMT and its regulation,
this network can assist both with identifying missing infor-
mation and with inferring putative roles for individual
proteins. As an example of information missing from the
GO database, interleukin-1 beta (IL1B) is annotated to regu-
lation of NF-«kB and MAPK signaling as well as cell migration
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and regulation of cell adhesion, all indicative of involvement
in EMT, however IL1B was not represented in GO as being
involved in EMT. A search of the literature quickly found
evidence of this role for IL1B; expression of the EMT markers
SNAI1, SNAI2, and VIM is induced by ILIB in oral squa-
mous cell carcinoma cells and increases migration of these
cells (Lee et al. 2015a). This information has now been added
to the GO database, thereby making it easily accessible for
future analyses.

Putative roles of individual proteins in regulating the re-
programming of epithelial cells during EMT may also be
inferred from their existing GO annotations. An example
from Figure 2A is the dual specificity protein phosphatase
10 (DUSP10), which is well characterized as an inactivator
of MAP kinases and the MAPK signaling pathway (Zhang
et al. 2011) and also involved in regulatory T cell differentia-
tion (Chang et al. 2012); both of these roles are already rep-
resented with GO annotation. However, DUSP10 has also
been shown to inhibit cell migration in various cells (Song
et al. 2013; Png et al. 2016), and as an increase in migration is
one of the key indicators of EMT, it is possible that DUSP10
is involved in regulating EMT. The role of DUSP10 in regulating
migration was not represented in GO at the time of our analysis,
consequently we have ensured it is now available. Together,
these roles suggest that DUSP10 may have a previously unrec-
ognized role in EMT, which is not yet reported in the experi-
mental literature, although other DUSP family members have
been associated with EMT (Boulding et al. 2016).

DISCUSSION

There are numerous resources providing various types of data
for miRNAs, most of which include a combination of pre-
dicted and experimental evidence concerning sequence, ex-
pression and targets (for a review, see Akhtar et al. 2016),
but there are few that provide reliable, experimentally based
functional data for miRNAs that is both human- and com-
puter-readable. This article demonstrates the need for high-
quality functional annotation for miRNAs by presenting
examples of inconsistencies that are found in existing
miRNA target databases, largely due to the lack of a direct
link between the experimental literature and the information
in the miRNA database. One resource that can provide this
direct link is GO, which has already proven essential for
navigating the knowledge of protein-coding genes (a search
of PubMed with the phrase “gene ontology” identified
>11,400 papers in April 2017); our data set extends this col-
lection of gene products to include miRNAs. One of the ma-
jor uses of GO annotation data is in GO term enrichment
analysis, which supports the identification of commonalities
in a list of gene products. For example, a researcher may wish
to determine the roles of a list of miRNAs that are differen-
tially regulated in a specific disease in order to discover which
processes or pathways are affected. Prior to the creation of
our miRNA GO annotation data set, it was impossible to per-

form standard GO term enrichment analyses on the verified
roles of miRNAs, due to the lack of computationally accessi-
ble functional information. Instead, researchers carry out the
analysis on the predicted targets of the miRNAs, which can
number into the thousands. Numerous studies of this kind
have been published (for a selection, see Bleazard et al.
2015), however it has been demonstrated that the most com-
mon approach currently used for miRNA pathway analysis is
biased toward cell cycle and cancer pathways, regardless of
the condition or disease of interest (Godard and van Eyll 2015).

At present, all human miRNA GO annotations available
through miRBase (Kozomara and Griffiths-Jones 2014),
Ensembl (Yates et al. 2016), NCBI Gene (Brown et al. 2015),
the GO Consortium (The Gene Ontology Consortium
2017) and miRNA:target interactions available from the
PSICQUIC web service (del-Toro et al. 2013) have been cre-
ated by the BHF-UCL functional gene annotation initiative.
With our data, users can be confident that the interactors
shown have been experimentally validated and are not based
on computational prediction or text-mining. Furthermore,
with the increasing number of experimentally validated func-
tional annotations that our project associates directly with
miRNAs, more meaningful enrichment analyses of miRNAs
is within sight. The GO annotations can be incorporated
into networks, created with our curated miRNA:target interac-
tions, to determine which processes or pathways the miRNAs
directly regulate through these interactions.

Using the miRNA functional annotations that are freely
available in our resource, we have illustrated the positive im-
pact that these can have on functional and network analyses.
The curation approach we use can be used by anyone wishing
to improve representation of miRNA function in any area of
biology for any species. Our miRNA resource is at an early
stage, but as it expands, it will further increase the visibility
of the miRNA-focused experimental research being pub-
lished, allowing it to be included in the most commonly
used analysis tools, such as DAVID and g:Profiler. MiRNA
functional analysis will therefore become increasingly mean-
ingful and accurate, thus informing hypotheses for future
research into disease therapies.

Future work

Functional analysis of gene products requires a substantial
body of annotation to provide statistically significant results,
therefore ongoing biocuration of miRNAs will continue
to provide additional annotations, ensuring well-populated
and high-quality data sets that complement the existing GO
and molecular interaction resources for genes and proteins.
MiRNAs are increasingly being studied for their therapeutic
potential in cardiovascular, and many other, diseases, so it
is critical that the results of these studies are reflected in bio-
informatic resources. To date, miRNAs involved in angiogen-
esis, early heart development and aneurysm-related processes
have been curated. In order for our resource to be of
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maximum utility to translational medicine and enhance the
efforts for providing therapeutics targets, our biocuration
will continue to focus on pathways and processes that are tar-
gets for therapeutic applications.

Maximizing the use of our miRNA GO annotations is one
of our key objectives. Consequently, we are in discussions
with several high-profile bioinformatic resource providers
to enable the inclusion of the annotations in their databases
or analysis tools, including RNAcentral (The RNAcentral
Consortium 2015), DAVID (Huang et al. 2008), g:Profiler
(Reimand et al. 2016) and PANTHER (Mi et al. 2013).
Since many functional analysis tools obtain their GO anno-
tation data from Ensembl (e.g., g:Profiler), NCBI (e.g.,
DAVID), or directly from the GO Consortium annotation
files (e.g., PANTHER, VLAD [Richardson and Bult 2015],
Ontologizer [Bauer et al. 2008]), we anticipate that modifica-
tion of these tools to incorporate miRNA GO annotations will
require relatively low investment by the providers. Combining
miRNA, gene, protein and macromolecular complex annota-
tions within the same analysis tools will enable more complex
data sets to be analyzed, for example, noncoding and coding
transcriptomic data.

Finally, community biocuration has proven extremely suc-
cessful for certain biological communities, e.g., Schizosac-
charomyces pombe (Rutherford et al. 2014) and Arabidopsis
thaliana (Berardini et al. 2012); we hope to leverage the col-
laborative spirit of the miRNA community in order to engage
researchers with improving bioinformatic resources through
biocuration. One way forward with this is the GO curation of
experimentally validated miRNA:target interactions, which
follows a strict set of guidelines that can be easily quality
checked. Development of a simple tool for use by researchers
and authors to capture published experimentally validated
miRNA targets will be investigated for this purpose.
Researchers wishing to contribute to these resources now
can send primary research papers suitable for biocuration
to us at goannotation@ucl.ac.uk.

MATERIALS AND METHODS

Curation procedure

In order to create the data set of miRNA functional annotation using
GO vocabulary, standard GO annotation procedures were followed,
in addition to adhering to the guidelines for biocuration of the
functional roles of miRNAs and their experimentally validated
target genes (Balakrishnan et al. 2013; Huntley et al. 2014, 2016)
(http://wiki.geneontology.org/index.php/MicroRNA_GO_annota
tion_manual). One of the most important criteria for curating a
miRNA is the identification of the miRNA sequence used in
experimental assays from any given paper, which is used by biocu-
rators to find the appropriate identifier in RNAcentral (The
RNAcentral Consortium 2015) to associate GO terms with. The
seed sequence is a major contributor for miRNA interaction
with 3’ UTR target gene sequences; an alteration of just one nucle-
otide of the seed sequence can change the spectrum of the mRNAs
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targeted by the miRNA by over 50% (Hughes et al. 2011; Hill et al.
2014). This difference in target spectrum can lead to either regu-
lation of alternative processes than is usual for the miRNA, and/or
differential regulation of a process or pathway the miRNA usually
regulates. If the sequence of the miRNA is not reported in the pa-
per, or it is not traceable through a citation or a product catalog
number, then the experimental data relating to that miRNA can-
not be curated. It is, therefore, essential that authors provide an
exact sequence for all miRNAs studied, so that their experimental
data can be correctly represented in bioinformatic databases.

Curation approach

To maximize the value of the annotations to the research commu-
nity, a biological process-based approach is taken to curating
miRNAs (Alam-Faruque et al. 2011). This approach involves taking
a specific process or pathway and curating all miRNAs that have
been experimentally demonstrated as having a role. This allows
the functions and roles of many miRNAs to be covered in the con-
text of that process or pathway and provides a comprehensive
representation of that knowledge in the GO database. Within this
approach, published papers that include experimentally verified
functional data are prioritized for curation. On occasion a miRNA-
centric approach is taken, which provides detailed knowledge about
a single miRNA and its involvement in a variety of processes. The
miRNA-centric approach is time-consuming—each miRNA can
target hundreds of miRNAs and therefore affect many processes—
but does not provide a complete insight into any single process;
therefore the process-centric approach is regarded as providing
the most impactful information.

Molecular interaction data set for miRNAs
and their targets

A molecular interaction data set (“EBI-GOA-miRNA”) was created
in PSI-MI format and made available on the PSICQUIC web service,
to enable computational access to miRNA interactions with their
experimentally validated targets. The source of the information in
this data set is GO annotations that we have created containing
experimentally verified miRNA:target interaction data. GO annota-
tions used for this purpose conform to the following criteria; the
“Database Object ID” field of the GO annotation file must be a
miRNA, specified by an RNAcentral ID, AND the “Annotation
Extension” field must contain an mRNA target, specified by an
Ensembl gene ID (del-Toro et al. 2013; Huntley et al. 2014). For
the PSICQUIC specification, those interactions described with the
Molecular Function GO term mRNA binding involved in post-
transcriptional gene silencing (GO:1903231) are assigned interac-
tion type “physical association,” indicating direct binding of the
miRNA to the mRNA target. Interactions described only with one
of the following GO Biological Process terms: gene silencing by
miRNA (GO:0035195); miRNA mediated inhibition of translation
(GO:0035278); mRNA cleavage involved in gene silencing by
miRNA (GO:0035279); deadenylation involved in gene silencing by
miRNA (GO:0098806), but without the Molecular Function term
above are assigned the interaction type “association,” indicating
that the evidence demonstrated miRNA regulation of the target
only (see “Data set availability” section below for the file format in-
formation and access to this data set).
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Network analyses

Details of the data sets and software used are given to allow repro-
duction of these analyses.

Interaction network of miR-29 family

The molecular interaction network of the miR-29 family was created
in Cytoscape v3.2.1 using our “EBI-GOA-miRNA” molecular inter-
action data set (January 2017). The interaction network was seeded
with the three miR-29 family identifiers from RNAcentral: hsa-miR-
29a-3p: URS00002F4D78_9606; hsa-miR-29b-3p: URS000024463F,_
9606; hsa-miR-29¢-3p: URS0000272A3D_9606.

Functional analysis of miR-21 and its targets

The molecular interaction network of hsa-miR-21-5p
(URS000039ED8D_9606) was created in Cytoscape using our
“EBI-GOA-miRNA” data set (March 2017). GO term enrichment
was subsequently performed on the network using the Cytoscape
plugins BinGO (Maere et al. 2005) and GOlorize (Garcia et al.
2007). The files used in the GO enrichment were as follows: Gene
Ontology; go-basic.obo (May 10, 2017) downloaded from the
GO Consortium website (http:/geneontology.org/page/download-
ontology), the gene association files goa_human_rna.gaf and goa_
human.gaf from May 8, 2017 were downloaded from the EMBL-EBI
ftp site (ftp:/ftp.ebi.ac.uk/pub/databases/GO/goa/ HUMAN/) and
merged into a single file before upload into the BinGO application.

DATA DEPOSITION

The molecular interaction data set, “EBI-GOA-miRNA,” is available
from the PSICQUIC web service (http://www.ebi.ac.uk/Tools/
webservices/psicquic/view/home.xhtml) and the QuickGO web
service (http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/
current/search/interactor/*) or from directly within Cytoscape.
The data set is in PSI-MITAB 2.7 format, which is described
at https://psicquic.github.io/MITAB27Format.html. MiRNA GO
annotations are deposited in the UniProt-GOA database via the
curation tool Protein2GO (Huntley et al. 2015) using RNAcentral
identifiers to indicate the species-specific miRNA, e.g., RNAcentral:
URS000039ED8D_9606 identifies human miR-21-5p. The annota-
tions are distributed in Gene Association Format 2.1 (GAF2.1) and
Gene Product Association Data format 1.1 (GPAD1.1) annotation
files, which can be downloaded from the UniProt-GOA ftp site
(ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/) from the relevant spe-
cies file; e.g., the annotations for human miRNAs are found in the
files goa_human_rna.gaf and goa_human_rna.gpa for GAF2.1 and
GPADI.1 format, respectively. These files are updated every four
weeks at which time the GAF2.1 file is also distributed to the GO
Consortium ftp site (ftp:/ftp.geneontology.org/pub/go/gene-associ-
ations/). The project is funded by the British Heart Foundation
(BHF) to create cardiovascular-related GO annotations; therefore,
these annotations can be identified by the source “BHF-UCL” locat-
ed in the “Assigned_By” field of the GAF2.1 and GPADI.1 files. The
miRNA annotations can also be accessed via the UniProt GO browser
QuickGO and the GO Consortium’s AmiGO browser; e.g., the entry
for hsa-miR-21-5p can be viewed in QuickGO at http:/www.ebi.ac.
uk/QuickGO/annotations?geneProductld=URS000039ED8D_9606

and in AmiGO at http://amigo.geneontology.org/amigo/gene_pro
duct/RNAcentral:URS000039ED8D_9606.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.

ACKNOWLEDGMENTS

We are very grateful to the GO Consortium for providing the ontol-
ogy and approving our requests for new terms. We thank the mem-
ber groups of the GO Consortium whose GO annotations
supplement our own in the publicly available analysis tools used
within. This work was supported by a British Heart Foundation
Programme grant (RG/13/5/30112) (R.C.L., RP.H., BK., V.A,
T.S., and M.J.M.). M.M. is a Senior Fellow of the British Heart
Foundation (FS/13/2/29892) and supported by the Fondation
Leducq (MIRVAD; 13 CVD 02) and the National Institute for
Health Research Biomedical Research Center based at Guy’s and
St. Thomas’ National Health Service Foundation Trust and King’s
College London, in partnership with King’s College Hospital. A.K.
is funded by the British Heart Foundation as a chair scholar
and by the National Institute for Health Research Biomedical
Research Centre Cardiometabolic Programme, University College
London Hospitals (BRC105CMSH/5982). T.S. and M.J.M. are addi-
tionally supported by the European Molecular Biology Laboratory
core funds.

Received January 8, 2018; accepted June 1, 2018.

REFERENCES

Akhtar MM, Micolucci L, Islam MS, Olivieri F, Procopio AD. 2016.
Bioinformatic tools for microRNA dissection. Nucleic Acids Res 44:
24-44.

Alam-Faruque Y, Huntley RP, Khodiyar VK, Camon EB, Dimmer EC,
Sawford T, Martin MJ, O’Donovan C, Talmud PJ, Scambler P,
etal. 2011. The impact of focused Gene Ontology curation of specific
mammalian systems. PLoS One 6: €27541.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM,
Davis AP, Dolinski K, Dwight SS, Eppig JT, et al. 2000. Gene ontol-
ogy: tool for the unification of biology. The Gene Ontology
Consortium. Nat Genet 25: 25-29.

Backes C, Khaleeq QT, Meese E, Keller A. 2016. miEAA: microRNA en-
richment analysis and annotation. Nucleic Acids Res 44: W110-W116.

Balakrishnan R, Harris MA, Huntley R, Van Auken K, Cherry JM. 2013.
A guide to best practices for Gene Ontology (GO) manual annota-
tion. Database 2013: bat054.

Bauer S, Grossmann S, Vingron M, Robinson PN. 2008. Ontologizer
2.0—a multifunctional tool for GO term enrichment analysis and
data exploration. Bioinformatics 24: 1650—1651.

Berardini TZ, Li D, Muller R, Chetty R, Ploetz L, Singh S, Wensel A,
Huala E. 2012. Assessment of community-submitted ontology
annotations from a novel database-journal partnership. Database
(Oxford) 2012: bas030.

Binns D, Dimmer E, Huntley R, Barrell D, O’Donovan C, Apweiler R.
2009. QuickGO: a web-based tool for Gene Ontology searching.
Bioinformatics 25: 3045-3046.

Bleazard T, Lamb J, Griffiths-Jones S. 2015. Bias in microRNA function-
al enrichment analysis. Bioinformatics 31: 1592—1598.

Boulding T, Wu F, McCuaig R, Dunn J, Sutton CR, Hardy K, Tu W,
Bullman A, Yip D, Dahlstrom JE, et al. 2016. Differential roles for
DUSP family members in epithelial-to-mesenchymal transition

1015

www.rnajournal.org


http://geneontology.org/page/download-ontology
http://geneontology.org/page/download-ontology
http://geneontology.org/page/download-ontology
http://geneontology.org/page/download-ontology
http://geneontology.org/page/download-ontology
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/Tools/webservices/psicquic/view/home.xhtml
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
http://www.ebi.ac.uk/QuickGO/psicquic-rna/webservices/current/search/interactor/*
https://psicquic.github.io/MITAB27Format.html
https://psicquic.github.io/MITAB27Format.html
https://psicquic.github.io/MITAB27Format.html
https://psicquic.github.io/MITAB27Format.html
https://psicquic.github.io/MITAB27Format.html
https://psicquic.github.io/MITAB27Format.html
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://www.ebi.ac.uk/QuickGO/annotations?geneProductId=URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://amigo.geneontology.org/amigo/gene_product/RNAcentral:URS000039ED8D_9606
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on June 5, 2020 - Published by Cold Spring Harbor Laboratory Press

Huntley et al.

and cancer stem cell regulation in breast cancer. PLoS One 11:
€0148065.

Brgnnum H, Andersen DC, Schneider M, Sandberg MB, Eskildsen T,
Nielsen SB, Kalluri R, Sheikh SP. 2013. miR-21 promotes fibrogenic
epithelial-to-mesenchymal transition of epicardial mesothelial cells
involving Programmed Cell Death 4 and Sprouty-1. PLoS One 8:
€56280.

Brown GR, Hem V, Katz KS, Ovetsky M, Wallin C, Ermolaeva O,
Tolstoy I, Tatusova T, Pruitt KD, Maglott DR, et al. 2015. Gene: a
gene-centered information resource at NCBI. Nucleic Acids Res 43:
D36-D42.

Chang CC, Zhang QY, Liu Z, Clynes RA, Suciu-Foca N, Vlad G. 2012.
Downregulation of inflammatory microRNAs by Ig-like transcript 3
is essential for the differentiation of human CD8" T suppressor cells.
J Immunol 188: 3042-3052.

Chou CH, Chang NW, Shrestha S, Hsu SD, Lin YL, Lee WH, Yang CD,
Hong HC, Wei TY, Tu SJ, et al. 2015. miRTarBase 2016: updates to
the experimentally validated miRNA-target interactions database.
Nucleic Acids Res 44: D239-D247.

Cook CE, Bergman MT, Cochrane G, Apweiler R, Birney E. 2017. The
European Bioinformatics Institute in 2017: data coordination and
integration. Nucleic Acids Res 46: D21-D29.

Davis BN, Hilyard AC, Lagna G, Hata A. 2008. SMAD proteins control
DROSHA-mediated microRNA maturation. Nature 454: 56—61.
del-Toro N, Dumousseau M, Orchard S, Jimenez RC, Galeota E,
Launay G, Goll J, Breuer K, Ono K, Salwinski L, et al. 2013. A new
reference implementation of the PSICQUIC web service. Nucleic

Acids Res 41: W601-W606.

Dweep H, Gretz N. 2015. miRWalk2.0: a comprehensive atlas of
microRNA-target interactions. Nat Methods 12: 697-697.

Filipowicz W, Bhattacharyya SN, Sonenberg N. 2008. Mechanisms of
post-transcriptional regulation by microRNAs: are the answers in
sight? Nat Rev Genet 9: 102-114.

Garcia O, Saveanu C, Cline M, Fromont-Racine M, Jacquier A,
Schwikowski B, Aittokallio T. 2007. GOlorize: a Cytoscape plug-in
for network visualization with Gene Ontology-based layout and col-
oring. Bioinformatics 23: 394—396.

The Gene Ontology Consortium. 2017. Expansion of the Gene Ontology
knowledgebase and resources. Nucleic Acids Res 45: D331-D338.
Gilles C, Newgreen DF, Sato H, Thompson EW. 2000. Matrix metallo-
proteases and epithelial-to-mesenchymal transition: implications
for carcinoma metastasis. In Madame Curie Bioscience Database.
Landes Bioscience, Austin, TX. https:/www.ncbi.nlm.nih.gov/

books/NBK6387/.

Godard P, van Eyll J. 2015. Pathway analysis from lists of microRNAs:
common pitfalls and alternative strategy. Nucleic Acids Res 43:
3490-3497.

Heller KN, Mendell JT, Mendell JR, Rodino-Klapac LR. 2017.
MicroRNA-29 overexpression by adeno-associated virus suppresses
fibrosis and restores muscle function in combination with micro-
dystrophin. JCI Insight 2: €93309.

Hill CG, Jabbari N, Matyunina LV, McDonald JF. 2014. Functional and
evolutionary significance of human microRNA seed region muta-
tions. PLoS One 9: e115241.

Huang DW, Sherman BT, Lempicki RA. 2008. Systematic and integra-
tive analysis of large gene lists using DAVID bioinformatics resourc-
es. Nat Protoc 4: 44-57.

Hughes AE, Bradley DT, Campbell M, Lechner J, Dash DP,
Simpson DA, Willoughby CE. 2011. Mutation altering the miR-
184 seed region causes familial keratoconus with cataract. Am |
Hum Genet 89: 628—633.

Hullinger TG, Montgomery RL, Seto AG, Dickinson BA, Semus HM,
Lynch JM, Dalby CM, Robinson K, Stack C, Latimer PA, et al.
2012. Inhibition of miR-15 protects against cardiac ischemic injury
novelty and significance. Circ Res 110: 71-81.

Huntley RP, Harris MA, Alam-Faruque Y, Blake JA, Carbon S, Dietze H,
Dimmer EC, Foulger RE, Hill DP, Khodiyar VK, et al. 2014. A meth-
od for increasing expressivity of Gene Ontology annotations using a
compositional approach. BMC Bioinformatics 15: 155.

1016 RNA, Vol. 24, No. 8

Huntley RP, Sawford T, Mutowo-Meullenet P, Shypitsyna A, Bonilla C,
Martin MJ, O’Donovan C. 2015. The GOA database: Gene Ontology
annotation updates for 2015. Nucleic Acids Res 43: D1057-D1063.

Huntley RP, Sitnikov D, Orlic-Milacic M, Balakrishnan R,
D’Eustachio P, Gillespie ME, Howe D, Kalea AZ, Maegdefessel L,
Osumi-Sutherland D, et al. 2016. Guidelines for the functional an-
notation of microRNAs using the Gene Ontology. RNA 22: 667-676.

Jovanovic M, Reiter L, Picotti P, Lange V, Bogan E, Hurschler BA,
Blenkiron C, Lehrbach NJ, Ding XC, Weiss M, et al. 2010. A
quantitative targeted proteomics approach to validate predicted
microRNA targets in C. elegans. Nat Methods 7: 837-842.

Kalluri R, Weinberg RA. 2009. The basics of epithelial-mesenchymal
transition. J Clin Invest 119: 1420-1428.

Karagkouni D, Paraskevopoulou MD, Chatzopoulos S, Vlachos IS,
Tastsoglou S, Kanellos I, Papadimitriou D, Kavakiotis I, Maniou S,
Skoufos G, et al. 2017. DIANA-TarBase v8: a decade-long collection
of experimentally supported miRNA-gene interactions. Nucleic
Acids Res. 46: D239-D245.

Kast J. 2011. A quick reality check for microRNA target prediction.
Expert Rev Proteomics 8: 149-152.

Khatri P, Sirota M, Butte AJ. 2012. Ten years of pathway analysis:
current approaches and outstanding challenges. PLoS Comput Biol
8: €1002375.

Kozomara A, Griffiths-Jones S. 2014. miRBase: annotating high confi-
dence microRNAs using deep sequencing data. Nucleic Acids Res
42: D68-D73.

Krallinger M, Leitner F, Rodriguez-Penagos C, Valencia A. 2008.
Overview of the protein-protein interaction annotation extraction
task of BioCreative II. Genome Biol 9(Suppl 2): S4.

Kumarswamy R, Volkmann I, Thum T. 2011. Regulation and function
of miRNA-21 in health and disease. RNA Biol 8: 706—713.

Lee CH, Chang JSM, Syu SH, Wong TS, Chan JYW, Tang YC, Yang ZP,
Yang WC, Chen CT, Lu SC, et al. 2015a. IL-1B promotes malignant
transformation and tumor aggressiveness in oral cancer. J Cell
Physiol 230: 875-884.

Lee YJ, Kim V, Muth DC, Witwer KW. 2015b. Validated microRNA tar-
get databases: an evaluation. Drug Dev Res 76: 389-396.

LiY, Qiu C, TuJ, Geng B, Yang J, Jiang T, Cui Q. 2014. HMDD v2.0: a
database for experimentally supported human microRNA and dis-
ease associations. Nucleic Acids Res 42: D1070-D1074.

Li M, Luan F, Zhao Y, Hao H, Zhou Y, Han W, Fu X. 2016. Epithelial-
mesenchymal transition: an emerging target in tissue fibrosis. Exp
Biol Med (Maywood) 241: 1-13.

Liu PT, Wheelwright M, Teles R, Komisopoulou E, Edfeldt K,
Ferguson B, Mehta MD, Vazirnia A, Rea TH, Sarno EN, et al
2012. MicroRNA-21 targets the vitamin D-dependent antimicrobial
pathway in leprosy. Nat Med 18: 267-273.

Lu M, Shi B, Wang ], Cao Q, Cui Q. 2010. TAM: a method for enrich-
ment and depletion analysis of a microRNA category in a list of
microRNAs. BMC Bioinformatics 11: 419.

Maere S, Heymans K, Kuiper M. 2005. BINGO: a Cytoscape plugin to
assess overrepresentation of Gene Ontology categories in biological
networks. Bioinformatics 21: 3448-3449.

Mi H, Muruganujan A, Casagrande JT, Thomas PD. 2013. Large-scale
gene function analysis with the PANTHER classification system.
Nat Protoc 8: 1551-1566.

Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG,
Lynch JM, Stack C, Latimer PA, Olson EN, van Rooij E. 2011.
Therapeutic inhibition of miR-208a improves cardiac function and
survival during heart failure. Circulation 124: 1537-1547.

Montgomery RL, Yu G, Latimer PA, Stack C, Robinson K, Dalby CM,
Kaminski N, van Rooij E. 2014. MicroRNA mimicry blocks pulmo-
nary fibrosis. EMBO Mol Med 6: 1347—-1356.

NCBI Resource Coordinators. 2017. Database resources of the
National Center for Biotechnology Information. Nucleic Acids Res
45: D12-D17.

Nicolas FE. 2011. Experimental validation of microRNA targets using a
luciferase reporter system. Methods Mol Biol 732: 139-152.


https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
https://www.ncbi.nlm.nih.gov/books/NBK6387/
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on June 5, 2020 - Published by Cold Spring Harbor Laboratory Press

Expanding microRNA bioinformatics

Orchard S, Kerrien S, Abbani S, Aranda B, Bhate J, Bidwell S, Bridge A,
Briganti L, Brinkman F, Cesareni G, et al. 2012. Protein interaction
data curation: the International Molecular Exchange (IMEx) con-
sortium. Nat Methods 9: 345-350.

Pfeffer SR, Yang CH, Pfeffer LM. 2015. The role of miR-21 in cancer.
Drug Dev Res 76: 270-277.

Png CW, Weerasooriya M, Guo J, James SJ, Poh HM, Osato M,
Flavell RA, Dong C, Yang H, Zhang Y. 2016. DUSP10 regulates
intestinal epithelial cell growth and colorectal tumorigenesis.
Oncogene 35: 206-217.

Radisky ES, Radisky DC. 2010. Matrix metalloproteinase-induced
epithelial-mesenchymal transition in breast cancer. ] Mammary
Gland Biol Neoplasia 15: 201-212.

Reimand J, Arak T, Adler P, Kolberg L, Reisberg S, Peterson H, Vilo J.
2016. g:Profiler—a web server for functional interpretation of gene
lists (2016 update). Nucleic Acids Res 44: W83-W89.

Richardson JE, Bult CJ. 2015. Visual annotation display (VLAD): a tool
for finding functional themes in lists of genes. Mamm Genome 26:
567-573.

The RNAcentral Consortium. 2015. RNAcentral: an international data-
base of ncRNA sequences. Nucleic Acids Res 43: D123-D129.

Roy S, Khanna S, Hussain SRA, Biswas S, Azad A, Rink C, Gnyawali S,
Shilo S, Nuovo GJ, Sen CK. 2009. MicroRNA expression in response
to murine myocardial infarction: miR-21 regulates fibroblast metal-
loprotease-2 via phosphatase and tensin homologue. Cardiovasc Res
82: 21-29.

Rutherford KM, Harris MA, Lock A, Oliver SG, Wood V. 2014. Canto:
an online tool for community literature curation. Bioinformatics 30:
1791-1792.

Seto AG, Beatty XT, Pestano LA, Dickinson BA, Warren MS,
Rodman DM, Jackson AL. 2015. Preclinical results supporting ther-
apeutic development of Mrg-106, an oligonucleotide inhibitor of
Mir-155, in CTCL. Blood 126: 2758.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
Amin N, Schwikowski B, Ideker T. 2003. Cytoscape: a software
environment for integrated models of biomolecular interaction net-
works. Genorme Res 13: 2498-2504.

Singh NK. 2017. miRNAs target databases: developmental methods and
target identification techniques with functional annotations. Cell
Mol Life Sci 74: 2239-2261.

Song MK, Park YK, Ryu JC. 2013. Polycyclic aromatic hydrocarbon
(PAH)-mediated upregulation of hepatic microRNA-181 family
promotes cancer cell migration by targeting MAPK phosphatase-5,
regulating the activation of p38 MAPK. Toxicol Appl Pharmacol
273: 130-139.

Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S,
Stein TI, Nudel R, Lieder I, Mazor Y, et al. 2016. The GeneCards
Suite: from gene data mining to disease genome sequence analyses.
Current Protoc Bioinformatics 54: 1.30.1-1.30.33.

Tang L, Gao C, Gao L, Cui Y, Liu J. 2016. Expression profile of micro-
RNAs and functional annotation analysis of their targets in human
chorionic villi from early recurrent miscarriage. Gene 576: 366—371.

Ulitsky I, Laurent LC, Shamir R. 2010. Towards computational pre-
diction of microRNA function and activity. Nucleic Acids Res 38:
el60.

Ulrich V, Rotllan N, Araldi E, Luciano A, Skroblin P, Abonnenc M,
Perrotta P, Yin X, Bauer A, Leslie KL, et al. 2016. Chronic miR-29
antagonism promotes favorable plaque remodeling in atherosclerot-
ic mice. EMBO Mol Med 8: 643—653.

UniProt Consortium. 2017. UniProt: the universal protein knowledge-
base. Nucleic Acids Res 45: D158-D169.

Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, Birney E. 2009.
EnsemblCompara GeneTrees: complete, duplication-aware phylo-
genetic trees in vertebrates. Genome Res 19: 327-335.

Wang H, Quah SY, Dong JM, Manser E, Tang JP, Zeng Q. 2007. PRL-3
down-regulates PTEN expression and signals through PI3K to pro-
mote epithelial-mesenchymal transition. Cancer Res 67: 2922-2926.

WangJY, Gao YB, Zhang N, Zou DW, Wang P, Zhu ZY, LiJY, Zhou SN,
Wang SC, Wang YY, et al. 2014. miR-21 overexpression enhances
TGF-Pl-induced epithelial-to-mesenchymal transition by target
smad7 and aggravates renal damage in diabetic nephropathy. Mol
Cell Endocrinol 392: 163-172.

Xiao F, Zuo Z, Cai G, Kang S, Gao X, Li T. 2009. miRecords: an integrat-
ed resource for microRNA-target interactions. Nucleic Acids Res 37:
D105-D110.

Yan S, Wang T, Huang S, Di Y, Huang Y, Liu X, Luo Z, Han W, An B.
2016. Differential expression of microRNAs in plasma of patients
with prediabetes and newly diagnosed type 2 diabetes. Acta
Diabetol 53: 693-702.

Yates A, Akanni W, Amode MR, Barrell D, Billis K, Carvalho-Silva D,
Cummins C, Clapham P, Fitzgerald S, Gil L, et al. 2016. Ensembl
2016. Nucleic Acids Res 44: D710-D716.

Yuan Y, Kang R, Yu Y, Liu J, Zhang Y, Shen C, Wang J, Wu P, Shen C,
Wang Z. 2016. Crosstalk between miRNAs and their regulated genes
network in stroke. Sci Rep 6: 20429.

Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai J,
Billis K, Cummins C, Gall A, Girén CG, et al. 2017. Ensembl
2018. Nucleic Acids Res. 46: D754-D761.

Zhang YY, Wu JW, Wang ZX. 2011. A distinct interaction mode re-
vealed by the crystal structure of the kinase p38a with the MAPK
binding domain of the phosphatase MKP5. Sci Signal 4: ra88.

Zhao M, Ang L, Huang J, Wang J. 2017. MicroRNAs regulate the epithe-
lial-mesenchymal transition and influence breast cancer invasion
and metastasis. Tumor Biol 39: 1010428317691682.

ZouXZ, Liu T, Gong ZC, Hu CP, Zhang Z. 2017. MicroRNAs-mediated
epithelial-mesenchymal transition in fibrotic diseases. Eur ] Pharmacol
796: 190-206.

1017

www.rnajournal.org


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on June 5, 2020 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

Expanding the horizons of microRNA bioinformatics

Rachael P. Huntley, Barbara Kramarz, Tony Sawford, et al.

RNA 2018 24: 1005-1017 originally published online June 5, 2018
Access the most recent version at doi:10.1261/rna.065565.118

Supplemental  http://rnajournal.cshlp.org/content/suppl/2018/06/05/rna.065565.118.DC1
Material

References This article cites 79 articles, 10 of which can be accessed free at:
http://rnajournal.cshlp.org/content/24/8/1005.full.html#ref-list-1

Open Access  Freely available online through the RNA Open Access option.

Creative This article, published in RNA, is available under a Creative Commons License
Commons (Attribution 4.0 International), as described at
License http://creativecommons.org/licenses/by/4.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

SMART® cDNA = library prep: (@) TakaRa
now all from one source ke

To subscribe to RNA go to:
http://rnajournal.cship.org/subscriptions

© 2018 Huntley et al.; Published by Cold Spring Harbor Laboratory Press for the RNA Society


http://rnajournal.cshlp.org/lookup/doi/10.1261/rna.065565.118
http://rnajournal.cshlp.org/content/suppl/2018/06/05/rna.065565.118.DC1
http://rnajournal.cshlp.org/content/24/8/1005.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by& saveAlert=no&cited_by_criteria_resid=rna;24/8/1005&return_type=article&return_url=http://rnajournal.cshlp.org/content/24/8/1005.full.pdf
http://rnajournal.cshlp.org/cgi/adclick/?ad=54946&adclick=true&url=https%3A%2F%2Fwww.takarabio.com%2Flearning-centers%2Fnext-generation-sequencing%2Ftechnology-and-application-overviews%2Fsmart-seq-plus-solutions%3Futm_source%3DBA%26utm_medium%3DPA%26utm
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

