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Abstract:
MicroRNAs (miRNAs) are small RNA molecules which are known to take part in post-transcriptional regulation of gene expression. Here, VANESA, an existing platform for reconstructing, visualizing, and analysis
of large biological networks, has been further expanded to include all experimentally validated human miRNAs available within miRBase, TarBase and miRTarBase. This is done by integrating a custom hybrid miRNA
database to DAWIS-M.D., VANESA’s main data source, enabling the visualization and analysis of miRNAs
within large biological pathways such as those found within the Kyoto Encyclopedia of Genes and Genomes
(KEGG). Interestingly, 99.15 % of human KEGG pathways either contain genes which are targeted by miRNAs
or harbor them. This is mainly due to the high number of interaction partners that each miRNA could have
(e.g.: hsa-miR-335-5p targets 2544 genes and 71 miRNAs target NUFIP2). We demonstrate the usability of our
system by analyzing the measles virus KEGG pathway as a proof-of-principle model and further highlight the
importance of integrating miRNAs (both experimentally validated and predicted) into biological networks for
the elucidation of novel miRNA-mRNA interactions of biological importance.
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Introduction

Many endogenous RNA molecules have been shown to be inﬂuential in regulating protein expression, and,
therefore, are important for the subsequent cellular events that involve those proteins. One such class of RNA
molecules is the evolutionary conserved microRNA (miRNA) group which performs its function via binding
to complementary sequences on their target messenger RNAs (mRNAs). Target sequences are usually found
within the 3′UTR of the target transcript, however, some studies [1], [2], [3] have suggested that miRNAs may
also target the 5′UTR and coding regions. This kind of interaction is believed to mainly result in the translational
repression of the target mRNA by means of mRNA degradation or blocking of translation [4] but interestingly,
it may also result in an increase in the expression levels of the target genes [3], [5], [6].
Currently, miRBase (miRBase 21) is the primary online database housing miRNA sequences and their annotation [7]. While miRBase contains primarily miRNA information, TarBase [8] mainly contains miRNA target
information and interactions derived from diﬀerent experimental and computational techniques which include
gene speciﬁc and high-throughput techniques. Similar to TarBase, miRTarBase [9] also contains miRNA targets,
but diﬀerent from TarBase it only contains experimentally proven miRNA-target interactions. The Kyoto Encyclopedia of Genes and Genomes (KEGG) [10], on the other hand, contains a large body of information on
gene regulatory pathways additionally including a visualization feature. This has made KEGG the primary
information source for the modeling and simulation of biological systems and networks [11].
It is the aim of this work to integrate miRNA and gene regulatory networks. To achieve that end, a novel
functionality has been added to the VANESA software by integrating a custom miRNA database to DAWISM.D., which allows for merging, overlay, and the intersection of miRNA and gene regulatory networks. This
is especially important since a single miRNA can target many mRNAs, while conversely, a single mRNA may
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be targeted by more than one miRNAs and also there may be more than one recognition site per mRNA for a
given miRNA [12], [13], [14], [15], making it diﬀicult to analyze miRNA regulatory eﬀects eﬀiciently. Our initial
data analysis showed that most human KEGG pathways have miRNA interaction partners or genes that harbor
miRNAs (99.15 %). We also used the human measles pathway within KEGG as a proof of principle model and
tested the diﬀerent functionalities of VANESA including the ability to add interactions within the network for
pre-miRNAs to both target genes and sources. Considering the importance of network analysis for the better
understanding of the impact of miRNAs on KEGG pathways, VANESA proves to be a powerful tool for this
purpose as it features a wide range of network analysis, simulation, and editing tools allowing for complex yet
visually supported analysis of gene and miRNA networks in tandem.
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Related Works

The emerging roles of miRNAs as important regulators of many cellular processes has led to an increasing number of studies [16], [17], [18] using the comprehensive biological pathways of KEGG to understand the possible
functions of miRNAs. For example, DIANA miRPath v.3.0 [18] is an online tool which combines miRNAs with
KEGG pathways to give a better understanding of the mechanisms by which biological pathways are regulated.
Despite a good web user interface with links to other online resources, it lacks the necessary tools for network
editing and simulation. DIANA-microT web server [19] is another tool which along with the limitations mentioned for DIANA miRPath v.3.0, lacks any visualization feature making it very limited for network analysis.
Another similar tool to DIANA miRPath v.3.0 is the online service called miRTar [20]. It can visualize miRNAs
within KEGG pathways using a similar representation as KEGG. Like many other tools, miRTar lacks features
which would enable the user to create custom networks and analyze them separately. An alternative attempt
to investigate the eﬀects of miRNAs within KEGG pathways is miTALOS [17], [21]. It uses diﬀerent target prediction tools and, besides KEGG, it also uses data from NCI PID [22]. On the other hand, there are tools that
focus on network reconstruction, which is also very important for the understanding of the impact of miRNAs
on biological systems. Tools such as CellMiner [23] work on integrating various biological databases. CellMiner
includes a large number of genes as well as about 450 miRNAs along with chemical compounds and drugs. Relationships between miRNAs and genes can also be found in miRGen [24], which by using database integration
focuses on the possible eﬀects of the genomic organization of miRNAs on their function. CyTargetLinker [25],
CluePedia [26] and CyTRANSFINDER [27] also aim to provide a visual interface for the analysis of miRNAs
in regulatory biological networks within the Cytoscape framework [28] but lack the direct access to the many
large biological databases.
In this study, we amended DAWIS-M.D. [29], which is an information system based on the data warehouse
infrastructure BioDWH [30], with a novel resource containing miRNAs and their targets. BioDWH, DAWISM.D. as well as VANESA are open-source projects and free-of-charge for academic use. Several molecular
databases, such as KEGG, MINT, IntAct and HPRD, are integrated and available via a web service. Depending
on the ongoing project, new databases get integrated or already integrated databases are updated. VANESA
[31] is a systems biology software capable of reconstructing, visualizing, and analysis of large biological networks. The rich array of tools available within VANESA facilitates the modeling and simulation of biological
networks and biochemical processes. Via the implemented web service to DAWIS-M.D., VANESA has access to
the integrated databases which can be used for modeling and reconstruction of biological networks. It also allows users to extract information of a biological component from diﬀerent biological databases. This along with
the ability to construct, combine, intersect, and merge networks can prove to be very important in elucidating
the impact of miRNAs and compiling an overall picture of the diﬀerent roles of miRNAs and their impact on
subsequent biological processes and networks.
Any of the compared software solutions above lack either a visualization feature or comprehensive
databases. Thus, VANESA and its connection to the data warehouse as well as the features of VANESA make
it a suitable platform for the visualization and analysis of the impact of miRNA-mediated regulation within
biological networks such as those found within KEGG.

3

Architecture and Implementation

This section describes the architecture and implementation of the miRNA database as well as the changes made
in VANESA and the new opportunities which arise due to these changes. Figure 2 gives an overview of the basic
features of VANESA.
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Human miRNA Database

Human miRNA data from miRBase, miRTarBase, and TarBase were collected and integrated to form a customized database which was incorporated into DAWIS-M.D. Data from each of the supporting databases were
downloaded and ﬁltered for the desired information such as the hairpin (pre-miRNA) sequence and its accession number. 2588 miRNAs were extracted from miRBase along with 10,966 targets from TarBase and 34,777
targets from miRTarBase which resulted in the formation of our database (Figure 1) needed for the integration
of miRNAs with KEGG pathways. 3022 genes and 346 miRNAs were found to be common in both TarBase
and miRTarBase. In total, the 2588 mature miRNAs extracted from miRBase have 45,344 mRNA targets within
TarBase and miRTarBase, targeting 12,347 distinct genes.
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Figure 1: Schema of the integrated miRNA database for VANESA. Our miRNA database was curated from miRBase, TarBase, and miRTarBase data. Figure shows tables, ﬁelds and relationships within the database schema.

Data from miRBase (release 21) were downloaded in the form of the provided SQL dump and were transformed and integrated into our system using in-house scripts. TarBase V6.0 (http://diana.cslab.ece.ntua.gr/tarbase/tarbase_download.php) was used for obtaining information regarding the target sequences of experimentally proven human miRNAs. Data were downloaded in Microsoft Excel ﬁle format. Data from MiRTarBase
6.1 were also downloaded (http://mirtarbase.mbc.nctu.edu.tw/php/download.php). All data were modeled
and imported into our MySQL database. Finally, the database schema and data were imported into DAWISM.D.
MySQL Workbench 5.2 CE was used for creating our hand-curated miRNA database. Data from miRBase,
TarBase, and miRTarBase were integrated into the database schema (Figure 1) using in-house scripts.

3.2

VANESA

In VANESA, the visual elements for the search in the new miRNA database were added, as well as the related
queries. Data can be queried by miRNA name, gene name, accession number or sequence. Retrieved data is
shown as a biological network. Additional queries for enriching KEGG pathways with available miRNA data
were implemented. For this project, the highlighted databases (KEGG and miRNA) in Figure 2 were added or
updated.
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Figure 2: Workﬂow of VANESA. The highlighted databases KEGG and miRNA were updated or added, respectively.

The addition of our custom miRNA database to DAWIS-M.D. enables the analysis and visualization of miRNAs within a rich array of biological pathways and further enriches these pathways with regulatory information allowing for more comprehensive analyses. Experimentally validated miRNAs and predicted pre-miRNAs
can be added to gene pathways, if they target speciﬁc genes within the pathway, or in cases where they are coexpressed with genes therein, which is usually the case when a miRNA is found within an intron of a gene or
other regions of a transcript. The same applies for miRNAs originating from intergenic regions, but this is only
useful if they target at least one gene within the pathway. This further enhances the possible applications of
VANESA and allows for a variety of diﬀerent kinds of analyses on networks; more than other similar tools described in Section 2. Advantages of VANESA include network modeling techniques such as Petri net modeling
and graph analysis. Furthermore, the user can use a large array of databases available within DAWIS-M.D to
further enrich each biological pathway directly from VANESA such as KEGG [11], BRENDA [32], and HPRD
[33] for further analysis of the impact of miRNAs and to investigate the general network dynamics. This further
allows for drill down analysis of the functions of a certain miRNA or a family of miRNAs from a parent network
to other related or targeted networks.

4

Application

As a proof of principle, we apply the system allowing the merging of gene and microRNA regulatory pathways
to the measeles virus. First, we will provide information about the miRNA database content and then detail
how the information allowed a new perspective on measeles infection.

4.1

Connection of the miRNA Database to KEGG

For human, 234 (99.15 %) KEGG pathways out of 236 KEGG pathways in total have miRNA sources and targets; emphasizing the vast impact of miRNA-mediated regulation within biological pathways. The 234 KEGG
pathways which are regulated by miRNAs have 65,473 miRNA gene interactions. Keeping in mind that not
4
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every validated miRNA has a validated target, these numbers show how versatile and dynamic miRNAs are
in regulating diﬀerent mechanisms within the cell. Some miRNAs, such as has-miR-335-5p, may have higher
potential activity by targeting 2544 genes uniquely whereas the median is 100 targets according to the compiled
data within our database, but this is likely to change as more miRNA targets are being validated. This pattern
is also seen at the gene level where some genes, such as Nfat5 and NUFIP2, are targeted by multiple miRNAs,
13 and 71, respectively.

4.2

Analyzing Predicted Pre-miRNAs Implicated in Measles within VANESA
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In order to test our system, we chose to analyze the human measles pathway within KEGG (Figure 3). Measles
pre-miRNAs were predicted using a machine learning approach [34] based on human miRNA features since
only measles miRNAs that are similar to human miRNAs can inﬂuence the human host. For genes in the measles
KEGG pathway, we predicted 22 putative measles pre-miRNAs but pre-miRNAs predicted from TAB2 and
BCC3 stood out as their conﬁdence was 0.99 according to our model and their mature miRNA sequences had
perfect BLAST matches with already known, experimentally validated miRNAs (Figure 3).

Figure 3: The pre-miRNAs predicted from BCC3 and TAB2. The mature miRNAs similar to known human miRNAs are
highlighted with a grey background. A) One hairpin predicted from the BCC3 similar to the mature miRNA hsa-miR3191-3p. B) One hairpin predicted from BCC3 gene similar to the mature miRNA hsa-miR-3191-3p. C) One hairpin predicted from TAB2 gene similar to the hsa-miR-548au-5p miRNA.

Figure 4 indicates that when confronted with a fully enriched KEGG pathway, not much information can
be directly gleaned from the result. Therefore, it is essential to enable ﬁltering and selection processes leading
to more accessible views (Figure 5).
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Figure 4: The miRNA-enriched human KEGG measles pathway. The blue squares represent TAB2 and BCC3 while miRNAs targeting these two genes are marked pink. All miRNAs mapped to the pathway have been arranged along the sides
not to disturb the view of the pathway.
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Figure 5: The blue squares represent TAB2 and BCC3 while the two miRNAs predicted from these two genes are marked
green. The network has been reduced to only include the most relevant nodes.

Therefore, Figure 5 shows only the miRNAs targeting TAB2 and BCC3 along with their predicted miRNAs
and their subsequent partner nodes within the human KEGG Measles pathways. We employed the same approach for the prediction of novel human pre-miRNAs that may be co-expressed with genes involved in the
KEGG human measles pathway. Using VANESA we were able to integrate all these predicted pre-miRNAs and
experimentally validated miRNA into the KEGG human measles pathway which gave a more comprehensive
view of the possible role of miRNAs in virus and host interactions.
Figure 5 highlights the two newly predicted miRNAs, but only for hsa-miR-548au-5p targeting information
was available in our miRNA database. Unfortunately, none of the targets were located in the KEGG pathway,
which would have enabled us to add another internal link to the existing pathway. Therefore, we used its known
targets to perform Reactome gene enrichment (Table 1). Among the top ten enriched pathways, three of them
refer directly to the immune system. Additionally, other pathways like transcription are enriched, which makes
sense in the context of infection. After using VANESA to reconstruct and visualize the human measles pathway,
we moved further to predict novel miRNAs from both, the measles genome and the respective human genes
of the human measles KEGG pathway. This was done by fragmenting the genomic sequences into overlapping
sequences and calculating their secondary structure using RNAfold. Hairpin structures were extracted and
features were calculated for miRNA prediction using a random forest classiﬁer. This was done with KNIME, a
data analytics platform [35].

Table 1: Excerpt of the enrichment report created using Reactome based on the miRNA’s targets of hsa-miR-548au-5p.
Pathway identiﬁer

Pathway name

R-HSA-74160
R-HSA-168256
R-HSA-212436

Gene expression
Immune system
Generic transcription
pathway
Transcriptional
regulation by TP53

R-HSA-3700989

#Entities found

#Entities total

Entities p-Value

14
11
9

2085
2059
1032

0.238269722
0.580989218
0.10732199

8

476

0.004308557
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R-HSA-162582
R-HSA-1280218
R-HSA-983169

R-HSA-1640170
R-HSA-168249
R-HSA-1430728
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Signal transduction
Adaptive immune
system
Class I MHC
mediated antigen
processing &
presentation
Cell cycle
Innate immune
system
Metabolism

8
6

2837
1144

0.993325881
0.601587964

5

478

0.119575644

5
5

638
1079

0.268044602
0.71156603

5

3351

0.999990651

Discussion

Currently, a large amount of biological data are available and this pool is growing at an increasing pace due
to the rapid generation of large amounts of data generated via high-throughput technologies. This has led to a
surge in the number of biological databases during the past decade aiming to store and share data within the
scientiﬁc community. However, this increase in number leads to the problem of data fragmentation, emphasizing the need to perform data integration. An example of such an eﬀort is DAWIS-M.D. which includes data
from major biological databases. We enabled the further enrichment of the comprehensive biological pathways
within KEGG and also provide a suitable platform for analyzing the impact of miRNAs-mediated regulation
within biological pathways. This was achieved by including our custom miRNA database, created using data
from miRBase, TarBase, and miRTarBase, to DAWIS-M.D. and using VANESA and its new miRNA query extensions. We were able to test our system using the human Measles pathway as a proof of principle model.
The ability to visualize, edit, and simulate biological networks is an important aspect in trying to shed light
on the numerous events that work in concert within a biological system. VANESA provides these functions
as diﬀerent networks can be compared and the importance of each miRNA can be weighted, which can prove
helpful in experiment design and for visualizing the interactomics of the cell in greater detail. Keeping in mind
that miRNAs pose a great potential for being used as future therapeutics, the visualization of their regulatory
pathways will be helpful in the development of novel medications, emphasizing the importance of data fusion
and data integration within DAWIS-M.D. Using such a system allows for performing drill down analyses of the
diﬀerent elements found in biological pathways. We applied these analyses to the Measles pathway and were
able to ﬁnd two novel miRNAs which are similar to already known miRNAs. The targets of one of the miRNAs further showed that it is likely to be implicated in infection thus highlighting the eﬀiciency of the overall
approach.
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