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ABSTRACT

Which genes, gene sets or pathways are regulated

by certain miRNAs? Which miRNAs regulate a par-

ticular target gene or target pathway in a certain

physiological context? Answering such common re-

search questions can be time consuming and labor

intensive. Especially for researchers without compu-

tational experience, the integration of different data

sources, selection of the right parameters and con-

cise visualization can be demanding. A comprehen-

sive analysis should be central to present adequate

answers to complex biological questions. With miR-

TargetLink 2.0, we develop an all-in-one solution for

human, mouse and rat miRNA networks. Users in-

put in the unidirectional search mode either a sin-

gle gene, gene set or gene pathway, alternatively a

single miRNA, a set of miRNAs or an miRNA path-

way. Moreover, genes and miRNAs can jointly be pro-

vided to the tool in the bidirectional search mode. For

the selected entities, interaction graphs are gener-

ated from different data sources and dynamically pre-

sented. Connected application programming inter-

faces (APIs) to the tailored enrichment tools miEAA

and GeneTrail facilitate downstream analysis of path-

ways and context-annotated categories of network

nodes. MiRTargetLink 2.0 is freely accessible at

https://www.ccb.uni-saarland.de/mirtargetlink2.

GRAPHICAL ABSTRACT

INTRODUCTION

A central question in biomedical and life science research
studies is how the expression of genes is modulated in phys-
iological and pathophysiological processes (1). In this con-
text, miRNAs play a central role in orchestrating gene ex-
pression. A frequent mechanism is that miRNAs bind to
a speci�c sequence at the 3′ untranslated region (UTR) of
a target mRNA to induce translational repression (2). In
addition to this common mode of action, miRNA-binding
sites in other mRNA regions such as the 5′ untranslated re-
gion, coding sequence or promoter regions exist (3). More-
over, RNA-binding proteins have an important role in the
regulation of miRNA activity (4). An overview on canoni-
cal and noncanonical miRNA targeting (including aspects
upstream such as miRNA biogenesis) has been provided by
O’Brien et al. (5) and Erkeland (6). Moreover, Bartel pro-
vided a comprehensive overview on the current understand-
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ing of the de�ning features for miRNA biogenesis and re-
lated genomics (7).
It has become evident that miRNAs target genes in a

systematic manner and exhibit a targetome speci�city up
to the pathway level (8). On the molecular level this effect
manifests in different aspects. For example, the 3′ UTR of
mRNAs often harbors multiple binding sites of the same
miRNA, and the binding to these target sites has a coop-
erative effect. Likewise, the binding of different miRNAs
to the same UTR can have cooperative effects. To facili-
tate the systematic analysis of miRNAs in the context of
target genes or vice versa, i.e., in one-to-many or many-
to-many relationships, we implemented miRTargetLink (9).
The analysis of putative target genes and target pathways
in a systems biology context is an essential step in non-
coding RNA studies, including contrasts of experimental
groups in disease research. Thus, several research tools with
varying scope and functionality, as both stand-alone and
web-based tools, have been proposed. Tools4mirs, a popu-
lar meta-repository for miRNA analysis methods (10), cur-
rently lists 60 target prediction tools and 26 toolboxes for
the functional analysis of targets. In the following, we intro-
duce the tools with an application scope closest to miRTar-
getLink 2 (11,12). For instance, miRTarVis is a tool speci�-
cally developed to display co-expression networks of paired
miRNA and mRNA data (13). Second, MIENTURNET
generates interaction networks by estimating the statistical
signi�cance of paired lists of miRNA and mRNA identi-
�ers provided (14). An advantage of this approach is to re-
duce potentially large input lists to likely core interactions
of the putative biological network, while a disadvantage is
that weak informative edges might be removed due to sta-
tistical instability, potentially introducing a bias to the net-
work. The tool miRViz allows to quickly visualize precom-
puted networks for multiple species, based on preselected
features such as shared seed region identities between re-
lated miRNAs from the same or similar families (15). Fur-
thermore, miRNet is a web-based tool supporting statisti-
cal analysis and functional interpretation miRNA studies
(16,17). Also, it facilitates exploring the results in miRNA–
target interaction networks. To analyse miRNA function in
a more tissue-speci�c manner, miTALOS has been devel-
oped (18,19). Furthermore, tools that analyse miRNA and
gene expression data in an integrated manner are available.
One example of such is MMIA (miRNA and mRNA in-
tegrated analysis) that processes miRNA and gene expres-
sion experiments (20). With a similar application focus, Ta-
Lasso (21) and miRTrail were developed (22). Other more
specialised web servers such as FFLtool are designed for
transcription factor and miRNA feed-forward loop analy-
sis (23).

In general, manymethods are based on gene andmiRNA
expression data to �nd putative new regulatory edges or in-
tegrate known edges from miRNA target gene association
databases. To test the signi�cance of putative interactions in
a statistical framework, several tools perform miRNA and
gene set enrichment analyses to annotate biological func-
tion. One research goal in our studies was to provide evi-
dence that miRNAs target genes in a systematic manner. To
this end, we released miRPathDB 2.0, indexing thousands
of enriched pathways for knownmiRNAs andmiRNA can-

didates using validated and predicted target genes from the
literature (24). Following up on our observations, we pub-
lished the �rst comprehensive experimental validation of
miRNA target pathway regulation (8).

In 2016, we presented miRTargetLink Human (9), a
tool that hierarchically builds miRNA regulatory networks,
containing validated and predicted target genes. Here, we
present miRTargetLink 2.0, a novel version of our inter-
active tool for systems biology applications in miRNA re-
search by a dynamic presentation of miRNA target gene
and pathway networks. We provide a large set of miRNA
gene associations from published repositories [miRTarBase
(25), mirDIP (26), miRDB (27) and miRATBase (8)] and
extend it by the pathway data from the recent release of
miRPathDB 2.0 (24). Besides new analysis-centric features
that are described in this manuscript, we want to highlight
the new multi-species support, asMus musculus and Rattus
norvegicus are now available for analysis.

MATERIALS AND METHODS

Data selection and processing

The new version of miRTargetLink supports miRNAs and
targets for Homo sapiens, M. musculus and R. norvegicus.
MiRNA identi�ers and annotation records were obtained
from the latest release of miRBase (v.22.1) (28), and vali-
dated targets were downloaded from miRTarBase (v.8) (25)
and miRATBase (8).

As for predicted targets, top 5% predictions (high and
very high con�dence) from mirDIP (v.4.1) (27) were used
for human whereas we used miRDB (v.6) (27) for mouse
and rat. miRTargetLink also supports target pathways from
miRPathDB 2.0 (24).

Annotations for functional or categorical miRNA sets
were obtained from miEAA 2.0 (29) and from GeneTrail
3 (30) for gene sets. MiEAA sets can be used for all three
species, but target pathways are only available for human
andmouse.Mygene python package (31) was used to trans-
late RefSeq names to gene symbols where required. An
overview on the different tools used throughout this work
is given in Table 1 along with the type, the task we used the
resources for and the respective version.

Web server implementation

The web server was implemented using Django v2.2 in a
docker environment with a PostgreSQL database, celery for
job scheduling and execution and Redis as message broker
backend. The frontend was built using common HTML,
CSS and Javascript libraries, including the Bootstrap frame-
work (v.4) for the styling, dataTables for the network node
and interaction tables, and jQuery and Cytoscape.js (32) to
create the interactive network visualizations. Typing-ahead
suggestions are generated using the autoComplete JS li-
brary.

RESULTS

Data input

We implemented a convenient work�ow for miRTargetLink
2 (Figure 1). We observed that most research questions re-
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Table 1. Overview of in-house and third-party resources included in miRTargetLink 2.0

Database Task Own/third-party Type Version

miRBase miRNA annotation Third-party Database 22.1
miRTarBase miRNA target database Third-party Database 8.0 (2020)
mirDIP miRNA target database Third-party Database 4.1
miRDB miRNA target database Third-party Database 6.0
miRATBase miRNA target database Own Database 1.0
miRPathDB miRNA target pathway database Own Database 2.0
miEAA miRNA set enrichment analysis Own Tool 2.0
GeneTrail Gene set enrichment analysis Own Tool 3.0

Figure 1. Work�ow of miRTargetLink 2.0. The user selects the input
species and the data input option. All information is extracted from incor-
porated databases automatically, and the interaction graph is immediately
generated and visualized. APIs to gene and miRNA set enrichment facil-
itate the interpretation of more complex interaction graphs. Nodes and
edges are further annotated in interactive tables.

lated to miRNAs and genes, respectively, and their inter-
actions can be addressed from a simple yet powerful se-
lection of input types. In the unidirectional mode, the user
can decide from six upload options, i.e. whether to select
a single miRNA, a single gene, a list of either miRNAs
or genes and lastly a prede�ned miRNA set or a gene set,
as for instance, disease-associated miRNAs. In addition, a
bidirectional query (paired miRNA gene lists) can be ini-
tiated. To prevent unintended results that may occur if the
organism is selected automatically (e.g. genes can share the
same name in mouse and human), we also ask the user
to select the organism. From the input data, a compre-
hensive network on miRNA targets and target pathways
is generated. As background data sets, we integrate four

miRNA–target databases (miRTarBase, mirDip, miRDB
andmiRATBase) complemented with pathway interactions
from miRPathDB. Altogether, the miRTargetLink knowl-
edge base hosts ∼553 000 entries frommiRTarBase, ∼1 519
000 entries from mirDIP, ∼1 173 000 entries from miRDB,
∼300 targets from miRATBase and ∼13 000 entries from
miRPathDB. The detailed distribution of data records per
organism and category such as validated or predicted tar-
gets, or pathways is presented on the miRTargetLink statis-
tics page.

Representation of results

Based on the input and the information in the knowledge
database, the interaction graphs with all edges between
miRNAs and targets, andmiRNAs and target pathways are
generated and visualized. Edges between genes and path-
ways have been omitted from the graphs, since those would
introduce more complexity to the graphs without adding
information content for the miRNA-centered application.
The network can be shifted, zoomed and node positions
and colors can be adjusted. To edit the network, the user
can choose from a range of options, e.g. select whether
weak/strong evidence or also predicted targets are shown or
whether pathways should be added. If pathways are avail-
able, then also othermiRNAs regulating these pathways can
be revealed. Further, the number of shared targets for each
miRNA can be increased to highlight the key regulators. Fi-
nally, six different layout options for the network are avail-
able. The network can be downloaded as JSON �le or as
image in jpg and png format. Below the network view, in-
teractions are presented as the table where miRNAs, target
evidence and sources are given in detail. In addition, avail-
able node annotations based on biological categories such
as known tissue expression ofmiRNAs and genes are shown
in a separate view. Both tables can be downloaded in either
xls or csv format and directly copied to the clipboard.

APIs facilitate gene and miRNA set enrichment analysis

Once the miRNA and target gene network has been gener-
ated by miRTargetLink 2, the interpretation of the results
becomes important. For small networks and �eld experts,
this task can often be achieved manually. But especially
for larger networks with several dozens of genes and miR-
NAs, it is frequently not obvious where to focus on. Here,
the pathway information from miRPathDB supports inter-
pretability, but it focuses on miRNA pathways that are an-
notated with experimental evidence. To guide researchers
and to draw their attention to relevant hits, we integrated
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Figure 2. Use case 1––mouse let-7a-5p targetome. (A) For the input option of a single miRNA (mmu-let-7a-5p), the interaction graph is presented. (B)
After increasing the number of required target interactions per gene, only the pathways and miRNAs remain. (C) As the second input, the hormone
receptor binding was selected, and miRNAs targeting this pathway are shown. (D) Interaction graph for mmu-let-7a-5p as browsable table adjacent to the
network representation. The �rst 10 of 129 entries are displayed.

miRNA and gene set enrichment through miEAA 2.0 (29)
and GeneTrail 3 (30) via external APIs. By selecting the rel-
evant enrichment analysis method, these tools are automat-
ically executed using their standard parameters and the ag-
gregated download of result tables is initiated after comple-
tion.

Context dependency

miRNA expression is known to depend on the physiological
or pathophysiological contexts. For example, the age of un-
affected individuals or patients with different diseases can
affect miRNA expression (33). Cholinergic-targeting non-
codingRNAs,miRNAs or lncRNAs can alsomodulate sex-
speci�c- and age-related acetylcholine signals (34). Espe-
cially in the context of age-related disorders such as Parkin-
son’s disease, miRNAs seem to be differentially expressed in

speci�c age windows (1). Moreover, the tissue or different
body �uids can confound miRNA expression (35), and reg-
ulatory events between miRNAs and target genes seem to
depend on the tissue context (36). As the �rst step to make
this information visible, miRTargetLink 2 contains and dis-
plays available context information where available. Specif-
ically, we added metadata information from miRTarBase
about the experimental setup around which the listed in-
teractions were obtained, e.g. which type of experiment was
used along with the source PubMed ID.Moreover, miRTar-
getLink speci�cally allows to search for age- and sex-related
miRNAs on the unidirectional search. Similarly, users can
spawn a network by searching for biological pathways or
categories from GeneTrail 3. For instance, users can test
systematically for a bias in a current network toward sex-
or age-associated miRNAs using the connected miEAA or
GeneTrail APIs, respectively. Finally, we added a one-click

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
9
/W

1
/W

4
0
9
/6

2
6
1
7
8
6
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Nucleic Acids Research, 2021, Vol. 49, Web Server issue W413

Figure 3. Use case 2––aniridia genes and miRNAs. (A) Interactions between downregulated miRNAs (blue nodes) and upregulated genes (green nodes)
with a minimum of three shared targets. (B) The enlarged core part of the interaction network shown in (A). (C) The opposite case upregulated miRNAs
and downregulated genes. (D) The enlarged central part of the interaction graph shown in (C). (E) Top 10 signi�cant miEAA pathways for the network
in panel (C). Following the category name, the raw and adjusted P-value are provided, followed by the expected number of miRNAs by chance and the
actual observed number.
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literature search functionality. Users can initiate a search
for a selected miRNA or gene in the context of age, sex or
function using PubMed.

Use case 1––mouse miRNA let-7a-5p target network

As the �rst use case, we studied the target gene and target
pathway network of mouse miRNA let-7a-5p. This miRNA
has previously been described in M. musculus with vari-
ous functions (37–39). The quick-search functionality high-
lighted 24 target genes, including IL6 and IL13. Addition-
ally, 17 pathways are targeted by this miRNA (Figure 2A).
To examine whether other miRNAs are also targeting these
genes, we increased the number of minimal targets. As a
result, we got a target network that only contains miR-
NAs and the aforementioned pathways (Figure 2B). To dis-
play all miRNAs in mouse targeting the hormone receptor
binding, we applied the third input option presented above,
resulting in a condensed set of 11 miRNAs (Figure 2C).
The total interaction set formmu-let-7a-5p contains 129 en-
tries that are displayed below the interaction graph (Figure
2D). The results presented in this use case focus on a single
miRNA or a single pathway with an interaction graph of
only a few dozens of nodes and edges, which can be well in-
terpreted manually, not yet requiring gene and miRNA set
enrichment analysis. To further showcase this application,
we next evaluated human aniridia paired miRNA and gene
expression data.

Use case 2––integrated miRNA/gene analysis in human
aniridia

As second use case, we explored miRNA and mRNA ex-
pression patterns that were generated from the same case
and control samples, facilitating paired analysis of the two
RNA classes (40). From this study, we extracted both dys-
regulated genes andmiRNAs.We then performed two anal-
yses, where we computed the network of upregulated genes
and downregulatedmiRNAs and, vice versa, the network of
upregulatedmiRNAs and downregulated genes. This oppo-
site direction of regulationwas selected due to the dominant
biological role of miRNAs repressing the translation of tar-
get mRNAs. In all cases, we limited the input to the top
10 genes and miRNAs. In the �rst scenario, the interaction
graph contained 4609 edges. Even after requiring a mini-
mum shared number of three targets, the graph contains
422 edges (Figure 3A), however, revealing a central compo-
nent and the genes SLC24A3, EFNB2 and LBR with high
node degrees (Figure 3B). The opposite use case still high-
lighted 2474 entries in the initial interaction graph. Here,
228 edges remained in the collapsed network with a mini-
mal number of three shared targets (Figure 3C). The genes
central to the network were SEMA3E, EFCAB5, PRMT6
and several others (Figure 3D). To simplify the analysis of
the complex network, we performedmiRNA set enrichment
analysis. The 10 most signi�cant pathways and categories
are provided as results table (Figure 3E). The top hit with
an adjustedP-value of 3× 10−94 was the geneSEMA3E, ex-
actly validating a statistically signi�cant coverage by multi-
ple miRNAs in the interaction graph, more than one would
expect for a random enrichment. Second most signi�cant

was the Gene Ontology category chemorepellent activity
with an adjustedP-value of 4× 10−31, followed by neuronal
pathways, cell adhesion and others. This use case demon-
strates how the practical application of miRTargetLink 2
guides researchers to focus on potentially more relevant bi-
ological �ndings.

DISCUSSION AND CONCLUSION

We present a signi�cant update of our web server miR-
TargetLink 2 for the integrative analysis of miRNA, tar-
get gene and target pathway interaction networks. While
the original version was focused on human data, we now
offer support for other highly relevant model organisms.
Altogether, the integrated knowledge base contains over 3
million entries of regulatory events between miRNAs and
genes, and miRNAs and pathways across the three sup-
ported species. By adding the layer of validated pathways to
the network view and providing quick access to frequently
used gene / miRNA set enrichment tools, we lower the
boundaries for potential users from life science to gener-
ate new insights into driving questions in fundamental bi-
ology and biomedicine. Due to the largely increased num-
ber of miRNA–target interactions and to prevent major
performance issues, we were required to completely reim-
plement both the front- and backend of the original web
server.
One current limitation of miRTargetLink is the restric-

tion of its scope to miRNAs. Other small RNA classes are
emerging and should be taken into account. Our tool miR-
Master (41) already includes all previously characterized
noncodingRNAclasses. Among thosemost similar tomiR-
NAs, tRNA fragments play a remarkable role. For exam-
ple, tRNA fragments can replace miRNA regulators in dis-
eases, as demonstrated for the cholinergic poststroke im-
mune blockade (42). As such, tRNA fragments will add to a
complete picture of how small RNAs regulate genes. Before
such information is added to available integrative miRNA
tools like miRTargetLink, the development of comprehen-
sive databases containing detailed and experimentally vali-
dated regulatory events of tRNAs is mandatory.
In addition to expanding miRTargetLink to other non-

coding RNA classes in the future, we will continue to add
new features requested by the community. One extension
could be to support uploading of expression or fold-change
scores together with the identi�ers such as to dynamically
modify node and edge strength in the inferred network. This
way, one could rank and select connected components in the
graph according to their importance in a particular research
context.
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