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In this paper, we present miRTarVis+, a Web-based interactive visual analytics tool for miRNA target pre-
dictions and integrative analyses of multiple prediction results. Various microRNA (miRNA) target predic-
tion algorithms have been developed to improve sequence-based miRNA target prediction by exploiting
miRNA-mRNA expression profile data. There are also a few analytics tools to help researchers predict tar-
gets of miRNAs. However, there still is a need for improving the performance for miRNA prediction algo-
rithms and more importantly for interactive visualization tools for an integrative analysis of multiple
prediction results. miRTarVis+ has an intuitive interface to support the analysis pipeline of load, filter, pre-
dict, and visualize. It can predict targets of miRNA by adopting Bayesian inference and maximal
information-based nonparametric exploration (MINE) analyses as well as conventional correlation and
mutual information analyses. miRTarVis+ supports an integrative analysis of multiple prediction results
by providing an overview of multiple prediction results and then allowing users to examine a selected
miRNA-mRNA network in an interactive treemap and node-link diagram. To evaluate the effectiveness
of miRTarVis+, we conducted two case studies using miRNA-mRNA expression profile data of asthma
and breast cancer patients and demonstrated that miRTarVis+ helps users more comprehensively analyze
targets of miRNA frommiRNA-mRNA expression profile data. miRTarVis+ is available at http://hcil.snu.ac.
kr/research/mirtarvisplus.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

All organisms use selective gene transcription of mRNAs to
carry out biological functions. Increasingly, it is recognized that
regulatory RNAs (microRNA [miRNA], long non-coding RNA
[lnRNA]) play key roles in regulating the stability and translation
of existing pools of mRNAs in any cell. Thus, understanding the
regulation of the genome requires the integration of mRNA, as well
as the regulatory RNAs targeting and regulating those mRNAs. Of
the regulatory RNAs, miRNAs are the best characterized and stud-
ied. miRNAs are short, highly processed oligonucleotides (approx.
22 nt) that carry out post-transcriptional regulation of target
mRNAs through either degradation of the target mRNA or inhibi-
tion of protein translation [1].

The specific mRNA targets for any specific miRNA can be
derived bioinformatically through miRNA-mRNA sequence align-
ment and evolutionary conservation of the target mRNA sequence.
For example, miRNA target prediction algorithms such as TargetS-
can [2] or miRanda [3] predict targets of miRNAs. The potential
interactions between any miRNA-mRNA pair require experimental
validation, typically through reporter constructs.

Recent prediction algorithms used miRNA-mRNA expression
profile data. Microarray method has been prevalent before deep
sequencing method becomes popular recently for miRNA-mRNA
expression profiling. As deep sequencing methods become wide-
spread, whole genome miRNA-mRNA expression profile data
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become widely available. Accordingly, some algorithms exploited
miRNA-mRNA expression profile data to search for targets of miR-
NAs. Bioinformaticians also introduced Web-based tools [4–7] to
integrate miRNA-mRNA expression profile data with sequence-
based miRNA target prediction algorithms.

However, those tools are limited in supporting rich exploratory
analysis of miRNA-mRNA expression profile data. For example,
enabling dynamic queries and providing relevant biological infor-
mation on demand in the visualizations are among the much-
expected features. We believe that more work is required in
designing visualizations and interactions of visual analysis tools
for miRNA-mRNA expression profile data. Given that both miRNA
and mRNA expression datasets are multidimensional, searching
for mRNA targets requires integrative analysis of the two heteroge-
neous multidimensional datasets. To obtain more improved accu-
racy of such integrative multidimensional data analysis,
interactive visual analysis tools for miRNA-mRNA expression pro-
file data should help researchers

� predict miRNA-target interactions by integrating miRNA-mRNA
expression profile datasets and

� understand the structure of miRNA-mRNA interaction network.

This paper is an extended version of our paper for the BioVis
Conference, Dublin, Ireland, 2015 [8]. In this paper, we present
miRTarVis+, a Web-based interactive visual analytics tool that pre-
dicts and visualizes miRNA-target interaction network using
miRNA-mRNA expression profile data. miRTarVis+ is an enhanced
version of miRTarVis [8], which is a desktop Java application. We
redesigned miRTarVis+ as a Web-based visual analytics system to
make it run on commodity Web-browsers. Based on observations
and interviews, we first defined a common analysis pipeline for
miRNA-mRNA expression profile data and then designed the inter-
face of miRTarVis+ based on the analysis pipeline. miRTarVis+ pro-
vides prediction algorithms that are based on both sequence and
expression profile data. miRTarVis+ is the first visual analytics tool
that applies GenMiR++ [9], a Bayesian inference model, and maxi-
mal information-based nonparametric exploration (MINE) analysis
[10], a new technique that finds highly associated pairs from mul-
tidimensional data, to predict targets of miRNAs from miRNA-
mRNA expression profile data.

Compared to miRTarVis [8], miRTarVis+ enables users to per-
form integrative analysis in the prediction results level as well. It
provides a prediction overview where users can compare and com-
bine multiple target prediction results and select a subset of
miRNA-mRNA pairs of their interest with multiple prediction
results integrated. When users select miRNA-mRNA pairs, miRTar-
Vis+ visualizes the resulting bipartite miRNA-target regulatory net-
work in interactive treemap and node-link diagram. The treemap is
a unique feature of miRTarVis+, and it is expected to outperform a
node-link diagram visualization when miRNA-target interactions
are overcrowded. We report results of two case studies (including
a new case study in addition to the previously introduced one [8])
to prove the efficacy of miRTarVis+ by applying it to human
miRNA-mRNA expression profile data.
2. Methods

2.1. Design goals and rationales

At the first stage of our iterative design process, we tried to
define a common analysis pipeline for miRNA-mRNA expression
profile data. We observed researchers who analyze miRNA data
and conducted informal interviews with them. We identified four
major analysis steps in their analysis process for miRNA-mRNA
expression data, which constitute the analysis pipeline as follows:

1. load: load miRNA-mRNA expression profile data
2. filter: filter miRNA-mRNA expression profile data to leave only

significant miRNAs and mRNAs for further analysis
3. predict: predict miRNA-target interactions by sequence-based

prediction algorithms and search for highly associated
miRNA-mRNA pairs in expression profile data by data mining
or machine learning techniques

4. visualize: visualize the resulting miRNA-target network to help
researchers understand the network structure and biological
implication of the network

After deriving this analysis pipeline, our long-term design col-
laborative design process with biomedical researchers led us to
the following design goals of our visual analysis. It should help
users

1. analyze miRNA-mRNA expression profile data of various types
based on the analysis pipeline,

2. improve miRNA target prediction accuracy by integrating mul-
tiple target prediction algorithms, and

3. comprehend the resulting miRNA-mRNA interaction network
through interactive visualizations.

To achieve these design goals, we designed and implemented
our visualization tool based on the following design rationales:

1. provide a user interface based on the analysis pipeline
2. support various types of miRNA-mRNA expression profile data
3. provide interactive filtering of less significant or erroneous miR-

NAs and mRNAs for better prediction accuracy
4. integrate diverse prediction algorithms, including novel predic-

tion algorithms, for more accurate prediction results
5. present analysis results in intuitive visualizations
6. support dynamic queries through intuitive user interactions to

help users search biological findings

2.2. Unique features of miRTarVis+

The user interfaces of miRTarVis+ were designed based on the
analysis pipeline for miRNA-mRNA expression profile data. In
accordance with the analysis pipeline (i.e., load, filter, predict, and
visualize), we organized the four steps of the pipeline using a
step-by-step navigation interface (Fig. 1).

miRTarVis+ gives users more flexibility in preparing input
miRNA-mRNA expression profile data. It can accept both two-
sample and multisample miRNA-mRNA expression profile data. It
also accepts data that only consists of fold change and p-value
without underlying expression data. Moreover, miRTarVis+
directly accepts TCGA (The Cancer Genome Atlas) miRNA-mRNA
expression profile data.

miRTarVis+ supports filtering functions most appropriate for
individual input data types. For two-sample expression profile
data, users can filter data by p-value and fold change of each mRNA
and miRNA, which are calculated automatically on data loading.
For multisample expression profile data, users can filter out poorly
expressed (e.g., most of expression levels being zero) miRNAs and
mRNAs.

miRTarVis+ is the first tool that applies theMINE analysis [10] to
the search for targets of miRNAs from miRNA-mRNA expression
profile data. The MINE analysis is adopted to support finding more
general relationships because it can search for not only conven-
tional linear relationships but also nonlinear and nonfunctional
relationships. miRTarVis+ also supports finding causal relationships



Fig. 1. A step-by-step navigation interface in miRTarVis+. We organized the four steps of the analysis pipeline (i.e., load, filter, predict, and visualize) using the navigation
interface to provide good affordance that enables users to naturally follow the analysis pipeline, step by step.
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between miRNAs and their targets from miRNA-mRNA expression
profile data by adopting a Bayesian inference modeling analysis
(GenMiR++ [9]). miRTarVis+ supports conventional correlation
analysis and mutual information analysis as well.

miRTarVis+ provides more flexibility in analyzing using multi-
ple prediction algorithms by supplying a prediction overview,
where users can select a subset of their interest among all
miRNA-mRNA pairs as well as see overall information of multiple
target prediction results.

miRTarVis+ is the first tool that adopts a treemap to show a
resulting miRNA-target regulatory network in such a way that a
miRNA node encloses its target mRNAs in a treemap layout. In this
way, the treemap is more space-efficient than the traditional node-
link diagram when the network is overcrowded by a large number
of miRNA-target interactions. miRTarVis+ also visualizes a miRNA-
target network in an improved node-link diagram where multiple
miRNA-target nodes are connected to a miRNA node. Users can
navigate the diagram interactively for closer inspection of an inter-
esting miRNA or mRNA. Users can also move miRNA or mRNA
nodes to a better position. This enhanced interactivity can help
users understand the structure of a miRNA-target network and
can make a node-link diagram more suitable for publication. miR-
TarVis+ also helps researchers access relevant detailed information
for miRNAs and mRNAs by linking a corresponding website that
contains the information upon a mouse click. We will discuss this
in detail later when we explain the visualizations of miRNA-target
network.
2.3. UI and functions of miRTarVis+

We designed miRTarVis+ based on the load-filter-predict-visual-
ize pipeline (Fig. 1). We adopted a simple step-by-step navigation
interface, where only one selected menu item is opened while all
others are hidden. This is more intuitive to users because the order
of the menu items matches the order of the analysis procedure.
Through this step-by-step interface, users can focus on the current
step of the procedure while using the screen space more effectively
even in a small-size screen (down to a screen resolution of
960 � 720px).

There are four main menus: load data, filter, predict, and visual-
ize. In the load data menu (Fig. 5), miRTarVis+ can load one of five
types (paired two-sample, unpaired two-sample, p-value and fold
change, multisample, and TCGA) of miRNA-mRNA expression pro-
file data. In the filter menu, miRTarVis+ can select only significant
miRNAs and mRNAs that will serve as a search space in the next
predict step. miRTarVis+ provides different filtering options for
two-sample and multisample type data: filtering by p-value or fold
change for the former and filtering by average expression level for
the latter. miRTarVis+ shows histograms of p-value and fold
change for two-sample type data and a histogram of average
expression level for multisample type data.

In the predict menu (Fig. 6), miRTarVis+ searches for targets of
miRNAs by multiple algorithms. The predict menu uses a tabbed
interface where each tab is dedicated to a prediction algorithm.
When a user selects a certain prediction algorithm in a tab, the
interface for choosing parameters for the selected algorithm
appears on the left. miRTarVis+ searches for miRNA-target pairs
among miRNAs and mRNAs that survived from the previous filter
step. After finishing the prediction process, miRTarVis+ shows
the predicted miRNAs and their targets in a table on the right.

In the visualize menu, miRTarVis+ provides three interactive
visualizations: prediction overview, node-link diagram, and treemap.
In the prediction overview, users can aggregate and select a subset
of the prediction results of their interest derived from different
prediction algorithms (e.g., select commonly predicted miRNA-
mRNA interactions in all results). The selected miRNA-target inter-
actions are then visualized with the node-link diagram and tree-
map (Figs. 3 and 4). In both visualizations, miRTarVis+ provides
external links to miRBase [11] and miR2Disease [12] for miRNAs
and to NCBI and GeneCards [13] for mRNAs through a context
menu. miRTarVis+ also provides gene enrichment analysis (pro-
vided by the Gene Ontology Consortium web service) of target
genes of a miRNA. With accurate prediction, the biological func-
tions of predicted targets of a miRNA tend to be similar. Through
enrichment analysis, miRTarVis+ provides a convenient way for
confirming the function of a miRNA and validating the target pre-
diction result.

When users cannot find satisfactory prediction results in the
visualize menu, they can go back to the filter or predict steps to
change the parameters of filtering or prediction for a better result.
Through this iterative procedure, miRTarVis+ can help users nar-
row down to more important and interesting miRNA-target
interactions.
2.4. Prediction of miRNA targets

In the predict step, miRTarVis+ searches for miRNA-mRNA tar-
get interactions among all remaining miRNA-mRNA pairs from
the previous step (i.e., filter step). miRTarVis+ uses prediction algo-
rithms that are based on both sequence and expression profile
data. miRTarVis+ supports two sequence-based prediction algo-
rithms, TargetScan and microRNA.org, which are two of the most
cited miRNA target prediction algorithms. miRTarVis+ supports
four techniques for prediction algorithms based on expression pro-



Fig. 2. Overview of multiple prediction results. miRTarVis+ provides overall information about prediction results of different target prediction algorithms.

Fig. 3. A node-link diagram visualization in miRTarVis+. It visualizes a miRNA-mRNA regulatory network. Overall topology of the network is more clearly shown in the node-
link diagram.
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file data, and these techniques are correlation analysis (a user can
choose to use Pearson or Spearman coefficient), mutual informa-
tion analysis, Bayesian inference model analysis (GenMiR++), and
MINE analysis. Given that prediction algorithms based on
expression profile data require expression level at each sample,
miRTarVis+ does not support this type of prediction for the third
data type of p-value and fold change.

Prediction algorithms based on expression profile data calculate
scores that represent the intensity of association for each miRNA-
target pair. miRTarVis+ allows users to set a threshold value to fil-



Fig. 4. A treemap visualization in miRTarVis+. It visualizes a miRNA-mRNA regulatory network. Red and blue represent up- and down-regulated fold changes, respectively.
Color saturation represents the intensity of a fold change.

Fig. 5. Data load menu in miRTarVis+. miRTarVis+ can load one of five types of miRNA-mRNA expression profile data, including paired two-sample, unpaired two-sample, p-
value and fold change, multisample, and TCGA.
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Fig. 6. Prediction menu in miRTarVis+. miRTarVis+ predicts targets of miRNA by adopting Bayesian inference and MINE analyses, as well as conventional correlation and
mutual information analyses.
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ter miRNA-mRNA interactions by their score when conducting the
predictions. miRTarVis+ can also set the number of resulting
miRNA-target interactions for prediction. In this case, miRTarVis+
searches for the top high-scored miRNA-target interactions.

miRTarVis+ can filter miRNA-mRNA interactions by their fold
change direction as well. For example, predicted miRNA-mRNA
interactions where miRNA is up-regulated and mRNA is down-
regulated are biologically more significant because miRNAs
down-regulate their target mRNAs. To enable diverse filtering by
fold change direction, miRTarVis+ provides four search options
for fold change direction of miRNA-mRNA interactions in predic-
tion: up-regulated miRNA and down-regulated mRNA, down-
regulated miRNA and up-regulated mRNA, oppositely regulated
(union of the first and the second options), and all pairs. If predic-
tion is confined to miRNA-mRNA pairs that consist of up-regulated
miRNA and down-regulated mRNAs or pairs that consist of down-
regulated miRNA and up-regulated mRNAs, the accuracy of predic-
tion could be improved. Therefore, miRTarVis+ enables users to use
these options to improve the accuracy of their miRNA target
prediction.
2.5. Visualization: Overview of multiple target prediction results

In the visualize step, miRTarVis+ generates a regulatory network
for miRNA-mRNA pairs. To support an integrative analysis of mul-
tiple prediction results, miRTarVis+ first provides the overall infor-
mation of the multiple prediction results (e.g., common miRNA-
mRNA interactions between results) in the prediction overview
(Fig. 2). Users can select a subset of miRNA-mRNA interactions
from different prediction algorithms in the prediction overview,
and then a regulatory network of the selected subsets is visualized
(explained in detail in the next section).
The prediction overview is newly introduced feature in miRTar-
Vis+. The prediction overview adopts UpSet [14], which is a matrix-
based visualization technique for quantitative analysis of sets. In
miRTarVis+, each column in the overview represents a prediction
algorithm while each row represents an exclusive subset of
miRNA-mRNA pairs among all results. In each cell, a rectangle is
placed only when the corresponding subset of miRNA-mRNA pairs
(row) is predicted by the corresponding prediction algorithm (col-
umn). Unlike UpSet which uses gray-scaled circles for filling cells,
we color-encode the rectangles (Fig. 2b) to show the prediction
score (e.g., correlation coefficient for the correlation analysis) of
the corresponding subset when the corresponding prediction algo-
rithm gives any score. The same ten-level discrete color scheme as
in representing the fold changes (explained later) shown in Fig. 3c
is used. When a subset of miRNA-mRNA pairs is predicted by a pre-
diction algorithm but the algorithm does not give score, the corre-
sponding cell is filled with a dark-gray rectangle. Using the
rectangular shape instead of the conventional circular one is to
more clearly show the color of each cell by rendering color with
larger area, which is also a familiar way of visualizing subsets as
in ConSet [15].

At the end of each row, a bar is placed to show the number of
miRNA-mRNA pairs in the corresponding subset. For example, in
Fig. 2a, the row indicated by a blue arrow represents that there
are 115 miRNA-mRNA pairs that are commonly predicted by corre-
lation, mutation information, TargetScan, and microRNA.org analy-
ses. Since bars could be too small if they contain relatively small
number of miRNA-mRNA pairs, users can apply log transformation
to the length of all bars from the popup menu on the top-left cor-
ner of the prediction overview.

miRTarVis+ enables users to query for miRNA-mRNA pairs of
their interest. The rectangles above the first row of the subsets of
miRNA-mRNA pairs are for composing a query. Three kinds of a
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rectangular symbol, , , and & are for inclusion, exclusion, and
no consideration of a given subset, respectively (Fig. 2c). A black-
filled rectangle represents that the miRNA-mRNA pairs predicted
by the corresponding prediction algorithm are included in the
query results; a rectangle surrounding an X mark represents that
the miRNA-mRNA pairs predicted by the corresponding algorithms
are excluded from the query results; and a small rectangle repre-
sents that the corresponding algorithm is not used as an inclusion
or exclusion criterion, thus the corresponding miRNA-mRNA pairs
may or may not be included in the results. For example, the query
in Fig. 2c is for finding miRNA-mRNA pairs which are commonly
predicted by correlation, mutation information, and TargetScan
analyses but which are not predicted by the microRNA.org analy-
sis. To help users better understand the meaning of a current
query, we additionally placed a simple natural language descrip-
tion below the query (Fig. 2d).

2.6. Visualization: Visualizations of miRNA-target network and
interactions

After users select miRNA-mRNA pairs from the prediction over-
view, miRTarVis+ generates a regulatory network using the
selected miRNA-mRNA pairs and visualizes a resulting bipartite
graph both in a node-link diagram and a treemap.

To achieve the aforementioned design goals of miRTarVis+,
visualizations and interactions in miRTarVis+ should be designed
to help users effectively understand the predicted miRNA-target
network. More specifically, miRTarVis+ should provide the follow-
ing functionalities:

� reveal topological structures in the network
� highlight mRNAs that are regulated commonly by multiple miR-
NAs in the network

� provide information of particular miRNAs and mRNAs on
demand

� enable users to go back to the previous step and adjust param-
eters to update the miRNA-target interaction network

We adopt a node-link diagram and a treemap visualization to
achieve the design goals. The node-link diagram is a more familiar
visualization in bioinformatics research fields [5,6,16] which
enabled miRTarVis+ to help reveal the overall topological struc-
tures of a miRNA-target interaction network, while the treemap
visualization can better reveal mRNA targets for each miRNA in a
more space-efficient manner without occlusion.

In the node-link diagram (Fig. 3), each node represents a miRNA
or mRNA and each link represents the interaction between the
miRNA and mRNA. miRNAs and mRNAs are visually distinguished
using different shapes (i.e., rectangular nodes for miRNAs and cir-
cular ones for mRNAs). The width of each link represents the num-
ber of prediction algorithms that predicted the corresponding
miRNA-mRNA interaction. We used a force-directed layout to
delineate the shape of the miRNA-target interaction network by
using one of the most popular visualization library, D3.js (http://
d3js.org). Repulsive and attractive force strengths, which are two
important hyperparameters of the force-directed layout that affect
the position of nodes, were empirically determined to more clearly
show the overall topology of the network with least visual occlu-
sion between nodes, labels, and links. In addition, miRTarVis+
enables users to place node labels (i.e., names of miRNAs and
mRNAs) without overlaying other labels or nodes by using a simu-
lated annealing based plug-in [17] (Fig. 3a). Users can use this fea-
ture from a popup menu on the top-left corner of the diagram.

However, the node-link diagram still has an innate limitation of
visual occlusion when data having excessive nodes and links. To
mitigate this limitation, we additionally provided various user
interactions. Users can relocate a node manually to avoid the
occlusion. When users move a mouse cursor on a node, miRTar-
Vis+ highlights the nodes and links which are directly connected
to the node while dimming other nodes and links (Fig. 3b). When
users select a node by left click on the node, miRTarVis+ highlights
the connected links and nodes in yellow. If users select multiple
nodes, miRTarVis+ highlights the commonly linked nodes to those
selected nodes in yellow. For example, in Fig. 3c, a user clicked on
two miRNAs (i.e., has-miR-183-star and has-miR-183), and then all
their common target mRNAs (i.e., PALM2, NCS1, spred1, and Prkca)
are highlighted in yellow. This feature is valuable because com-
monly targeted mRNAs could play an important role in a miRNA-
target network. Users can clear the node selection by clicking on
a background of the node-link diagram. In addition, users can nav-
igate (i.e., zoom and pan) the miRNA-target network using simple
mouse wheel and drag interactions.

miRTarVis+ can also visualize a miRNA-target regulatory net-
work using a treemap (Fig. 4). One characteristic of miRNA-target
interaction networks is that one miRNA node is connected to many
target mRNA nodes. We could convert the network into a two-level
hierarchy where a miRNA is a parent of target mRNAs by exploiting
this characteristic, and a treemap visualization can be used to rep-
resent the network. In the tree, leaf nodes represent mRNA nodes,
and their parent nodes represent miRNA nodes that have link with
the mRNAs. Therefore, if one mRNA node has links with multiple
miRNA nodes, the mRNA node occurs multiple times in the tree-
map visualization. In the original treemap, the area encodes an
attribute of the data. However, in our treemap visualization, all
mRNA nodes have the same area. Therefore, the size of a miRNA
node reflects the number of its target mRNAs in the network. In
addition, font size of each mRNA is varied depending on the num-
ber of prediction algorithms which predicted the corresponding
miRNA-target pair.

Compared with a node-link diagram, a treemap visualization
can represent a complex regulatory network without occlusion
among links and nodes, especially when there are too many links
crossing each other in a node-link diagram. Given that a treemap
visualization is much more space-efficient than a node-link dia-
gram, more screen space can be devoted to showing gene symbol
names without occlusion; these names serve as important infor-
mation for biologists to understand the biological functions of
mRNAs in a miRNA-target interaction network. For example, in
Figs. 3c and 4a, a miRNA-target interaction network is visualized
in both treemap and node-link diagram. Identifying targets of a
miRNA of the node-link diagram is more difficult than in treemap
because there is not much room for showing gene symbols for tar-
get mRNAs without occlusion.

However, the treemap visualization has a disadvantage of not
showing the overall structure of the network. miRTarVis+ repre-
sents all miRNAs as top-level nodes and all their targets as their
child nodes. As a result, if multiple miRNAs have a common target
mRNA, the mRNA node appears multiple times in the treemap, and
there is no affordance to imply whether an mRNA is connected to
multiple miRNAs. We tried to resolve this problem by interactively
highlighting all nodes representing a selected mRNA node in our
treemap visualization (Fig. 4b).

miRTarVis+ uses color as a unique visual cue to help users easily
recognize whether a predicted miRNA-mRNA interaction is sup-
ported by input experimental miRNA-mRNA expression profile
data. For two-sample data, the fold change value is color coded:
down-regulated miRNAs and mRNAs in blue and up-regulated
miRNAs and mRNAs in red (Fig. 3 and 4). The intensity of fold
change is represented by color saturation, and darker color means
higher degree of fold change. Therefore, users can easily grasp
whether a given prediction is supported by the input data or not,
by comparing the colors of the ends of a link. For color-blind users,

http://d3js.org
http://d3js.org
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a different color scheme from ColorBrewer (http://colorbrewer2.
org) can be selected from a popup menu on the top-left corner of
each visualization. For multi-sample miRNA-mRNA expression
profile data, miRTarVis+ represents miRNAs in orange and mRNAs
in dark blue.

2.7. Implementation

miRTarVis+ was mainly implemented using HTML, CSS, and
JavaScript, which enables our system to run on any platforms with
regular web browsers. To implement visualizations, we used D3.js
(ver. 4.7.4, http://d3js.org) which is one of the most popular visu-
alization library for JavaScript. To implement prediction algorithms
such as mutual information estimation [18], GenMiR++ [9], and
MINE [10] analyses, we used pure JavaScript and math.js (ver.
3.10.3, http://mathjs.org). We embedded a TargetScan [2] database
into miRTarVis+. We downloaded a miRNA family table and a pre-
dicted conserved target information table, and we joined the two
tables into one. The resulting table contains three attributes: miR-
Base ID, gene symbol, and species. miRTarVis+ has the resulting
table that contains a set of conserved targets of all miRNAs for nine
species (human, mouse, rat, rhesus, frog, dog, cow, chimpanzee,
and chicken). miRTarVis+ also embedded databases from micro-
RNA.org [19] (http://www.microrna.org). We downloaded target
predictions with ‘‘Good mirSVR Scores” and ‘‘Conserved miRNA”
from the August 2010 release from the website and embedded it
into miRTarVis+.
3. Results and discussion

To evaluate the efficacy of miRTarVis+, we performed two case
studies using miRNA-mRNA expression profile data of asthma and
breast cancer patients.

3.1. Case study 1: Applying to miRNA-mRNA expression profile data of
asthma patients

We conducted the first case study with a group of researchers
(led by the fifth author) studying childhood asthma in Washington
DC area. As the rate of comorbid asthma and obesity increases,
identifying mechanisms by which obesity affects asthma is critical.
The group reported that obese visceral adipocytes shed exosomes
containing miRNAs that can up-regulate the expression of profi-
brotic signaling genes in the lung [20]. An important next step in
their analyses was to define the set of lung mRNA responses to
these adipocyte-derived exosomes. Prior standard approaches
would have included generating a list of potential target mRNAs
and prioritizing them for validation. miRTarVis+ presented the
researchers with a new opportunity to objectively define their tar-
get validation set of mRNAs using multiple in silico analyses.

The participating researchers used miRTarVis+ for a couple of
hours after a short tutorial session using remote video conferenc-
ing. Using airway fibroblasts (i.e., cells important in the develop-
ment of lung fibrosis), they demonstrated the use of miRTarVis+
to define potential target mRNAs through which obesity can induce
lung fibrosis in asthma. They used obese visceral adipocyte-derived
exosomes (n = 4) that were previously tested for miRNA expression
(Affymetrix microRNA 3.0 array). They coincubated these exo-
somes with human airway fibroblasts (from endobronchial biopsy
tissue) from nonasthmatic and asthmatic donors (n = 1 each) for
24 h. Fibroblasts were profiled for global mRNA expression.

One of the major advantages of miRTarVis+ is that it enables
instantaneous application of multiple analytical algorithms to the
data. Normalized, background-subtracted miRNA-mRNA
expression profile data were imported into miRTarVis+ and filtered
for a paired two-tailed t-test with p � 0.05. Multiple prediction
algorithms (i.e., Pearson correlation, MINE, GenMiR++, and Tar-
getScan) were applied, and the top 1000 negative correlations
and top 100 opposite change directions were selected in each algo-
rithm. The intersection among them could be identified through
the prediction overview in miRTarVis+.

They identified 45 miRNA-mRNA pairs (15 miRNAs/33 mRNAs)
for obese visceral exosomes and nonasthmatic fibroblasts and 61
miRNA-mRNA pairs (33 miRNAs/27 mRNAs) for asthmatic fibrob-
lasts. Their focus turned to ACVR2B (activin receptor, type IIB;
myostatin and TGFb receptor) as the only gene present in both
datasets, that is, down-regulated in nonasthmatic fibroblasts (fold
change [FC] = �1.18, p < 0.01) and up-regulated in asthmatic
fibroblasts (FC = 1.31, p = 0.02). Fig. 7 shows that obese visceral
exosomal miRNAs targeting ACVR2B were up-regulated in
nonasthmatic fibroblasts (i.e., hsa-let-7b-star_st [FC = 2.31,
p = 0.027] and hp_hsa-mir-3118-5_x_st [FC = 2.16, p = 0.025]) and
down-regulated in asthmatic fibroblasts (hp_hsa-mir-103a-1_st
[FC = �2.47, p < 0.001], hp_hsa-mir-103a-1_x_st [FC = -2.18,
p = 0.003], hp_hsa-mir-23a_x_st [FC = �1.08, p = 0.035], hp_hsa-
mir-3118-1_x_st [FC = �1.53, p = 0.029], hp_hsa-mir-3118-6_x_st
[FC = �1.56, p = 0.008], hp_hsa-mir-320b-1_st [FC = �2.41,
p = 0.002], hp_hsa-mir-320b-2_st [FC = �1.51, p = 0.019], and
hp_hsa-mir-320c-1_x_st [FC = -2.37, p = 0.004]). qRT-PCR con-
firmed ACVR2B down-regulation in nonasthmatic fibroblasts
(FC = 0.26, 95% confidence interval = [0.26, 0.78]) and up-
regulation in asthmatic fibroblasts (FC = 3.21, [3.21, 6.72]).

In summary, the participating researchers said that they were
able to quickly and inexpensively identify a biologically relevant
mRNA target for adipocyte-derived exosomal miRNAs. This target,
ACVR2B, is down-regulated in nonasthmatic fibroblasts and up-
regulated in asthmatic fibroblasts, suggesting that obese visceral
adipocyte-derived exosomes regulate airway fibroblast gene
expression and that these cells respond differently to the exosomes
depending on disease state. miRTarVis+ enabled this novel mecha-
nistic discovery by which adiposity may increase lung fibrosis in
asthma.

3.2. Case study 2: Finding miRNA-mRNA pairs that play important role
in breast cancer

We conducted a second case study with a bioinformatician
(third author of this paper) who has two years of experience in
miRNA target prediction analysis. Previously, he usually used
magia2 [6], cosmic [21], and MMIA [4] for the analysis, and it
was his first time using miRTarVis+ for his research. Pre- and
post-study interviews were conducted each for ten minutes. The
participant used miRTarVis+ for 90 min after a short tutorial ses-
sion (15 min long). He used a dataset containing microarray
expression profiles of 847 miRNAs and 20,076 mRNAs of four inva-
sive breast cancer cell lines (MDA-MB-231, HS578T, BT549,
SUM159), six less invasive cell lines (BT474, MDA-MB-468, T47D,
ZR-75-1, MCF7, SK-BR3), and two non-tumorigenic breast epithe-
lial cell lines (MCF10A and MCF12A) [22]. The dataset had been
prepared before the study so the participant was able to focus only
on the analysis during the study.

The participant’s task was to find miRNAs and their target
mRNAs that play an important role in breast cancer cell invasion.
For the analysis, he first loaded the dataset to miRTarVis+ and per-
formed unpaired t-test between two groups (i.e., eight less invasive
or non-tumorigenic cell lines and four invasive cell lines). Then, he
filtered out miRNAs and mRNAs whose p-value and |fold change|
were less than 0.05 and 1.2, respectively. He then performed a sin-
gle prediction analysis (i.e., Pearson correlation) to first see the
overall interaction trend of the dataset. Top 300 negatively corre-
lated miRNA-mRNA pairs were visualized in node-link diagram
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Fig. 7. Results of the first case study. Interrelations among miRNAs and mRNAs for nonasthmatic or asthmatic fibroblasts exposed to obese visceral exosomes.

Fig. 8. Results of the second case study. Many mRNAs which are overexpressed in invasive breast cancer cell lines are targeted by the miR-200c which was significantly
under-regulated in invasive breast cancer cell lines.
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and treemap visualizations. After examining the visualizations, he
concluded that the prediction result contained too many miRNAs,
which makes the prediction algorithms produce too many
miRNA-mRNA pairs. So, he went back to filter step and reduced
the number of miRNAs by lowering the p-value threshold to
0.005. After the filtering, only 20 miRNAs and 6028 mRNAs
remained.
Then, he performed multiple prediction analyses (i.e., Pearson
correlation, mutual information, and MINE), and selected top 300
miRNA-mRNA interactions of opposite change directions for each
algorithm. The prediction overview showed interaction subsets
among three prediction results. In the visualization, he could easily
notice that only a few interactions were commonly predicted
between pairs of three algorithms (i.e., 32 interactions between



S. L’Yi et al. /Methods 124 (2017) 78–88 87
correlation analysis and mutual information, five interactions
between mutual information and MINE, and other five interactions
between correlation analysis and MINE), and no interactions were
commonly predicted in all three algorithms. He was not satisfied
with the result since he wanted to find miRNA-mRNA pairs that
were stably predicted by three algorithms (i.e., Pearson correlation,
mutual information, and MINE) with which he was familiar. So, he
selected 700 more interactions for each analysis (i.e., top 1000
interactions) when performing the integrative prediction analysis
again. As a result, the prediction overview showed that 414 inter-
actions were commonly predicted by three algorithms (Fig. 8a).

He selected these common interactions to visualize them in
node-link diagram and treemap visualizations (Fig. 8b and c). In
the visualizations, he recognized that miR-200c seemed to play
an important role since many mRNAs that were overexpressed in
invasive breast cancer cell lines were targeted by the miR-200c
that was significantly under-regulated in invasive breast cancer
cell lines. After manually reviewing previous literature of each
miRNA, he confirmed that most of the miRNAs including miR-
200c were known to affect invasion in breast cancer cells (i.e.,
miR-34a, miR-141, miR-183, miR-200c, and miR-203 [23–26]).
Then, he was interested in significantly under-regulated target
mRNAs. In the treemap visualization, he could find 49 mRNAs
including known target genes that were linked to cancer cell inva-
sion ability (i.e., Cfl2 [25] and PRKCA [27]). He said that any other
novel target mRNAs including FAM55C and SCHIP1 would also play
an important role in breast cancer, and it would be valuable to fur-
ther analyze them (e.g., Tissue microarray analysis).

During the post-study interview, the participant gave us posi-
tive comments on miRTarVis+. First, he said the main advantage
of miRTarVis+ is its support of iterative analysis: Users can flexibly
go back to previous steps (e.g., filter or predict steps) in the analysis
pipeline, change some settings, and visualize the resulting miRNA-
mRNA interactions again. He said that in other tools (e.g., magia2
[6]), he had to go all the way back to the data load step when he
simply wants to change filtering or prediction parameters. Second,
he positively commented on the treemap visualization. He said
that although he had no knowledge about treemap before the
study, he could learn about the visualization with only a short
tutorial session (i.e., 15 min). Moreover, he said that clearly visual-
izing fold change values without occlusion helped him with more
efficient analysis.
4. Conclusions

We introduced miRTarVis+, which is an enhanced version of our
previous tool, miRTarVis [8]. miRTarVis+ is a Web-based interac-
tive visual analytics tool for miRNA-mRNA expression profile data.
We defined a representative data analysis pipeline and designed
miRTarVis+ to support the analysis pipeline using a step-by-step
navigation interface. miRTarVis+ integrates various miRNA target
prediction algorithms, including a novel one using the MINE anal-
ysis, into the analysis pipeline. We provided an overview of multi-
ple prediction results where users can effectively select miRNA-
mRNA pairs of their interest. miRTarVis+ shows the selected
miRNA target network using an interactive treemap and node-
link diagram.

We conducted two case studies to prove the effectiveness of
miRTarVis+. In the first study, we analyzed a miRNA-mRNA expres-
sion profile data of asthma patients and found a potentially novel
mechanism by which adiposity increases fibrosis in asthma.
Through the second case study, we also showed that our system
enabled users to find miRNA-mRNA interactions which may play
important role in breast cancer dataset.
In the future work, we will improve miRTarVis+ by integrating
transcription factors (TFs), which regulate gene expression with
miRNAs, into the analysis procedure of miRTarVis+. We will con-
duct further study on visualization techniques for the gene expres-
sion regulatory network and integrate new visualization
techniques into miRTarVis+. We will also research on a new inter-
action technique to solve a problem of the Treemap, namely, the
lack of the visual cue to show common targets of a miRNA. In addi-
tion, we will conduct a controlled user study to miRNA researchers
to verify the effectiveness of our interactive visualizations by com-
paring them with other visualizations in existing tools (e.g., node-
link diagrams in Magia2 [6]).
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