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Figure 1. From the DIANA-miRPath v2.0 interface, the user can select the microRNAs that will be included in the analysis or upload miRNA lists
in the form of text files. The user can select if miRNA gene targets will be experimentally validated (derived from TarBase 6) or predicted (derived
from DIANA-microT-CDS). Optionally, the user can upload a predefined list of genes expressed in investigated tissues, which will be used to focus
the enrichment analysis only on the specified subset. Subsequently, the user can determine the result merging method and statistics/enrichment
calculation methodologies. The number of provided results, as well as the sensitivity and specificity of the DIANA-microT-CDS prediction algorithm
can be set by user-defined thresholds. By selecting pathways union/intersection merging methods, the user obtains access to the advanced visual-
izations, which include miRNA /pathway clusters and miRNAs versus pathways heat maps. All significantly targeted pathways, with P-values lower
than the user-defined threshold are presented in the interactive table. Pathway names, KEGG ids, significance levels, number of miRNAs targeting
each pathway and targeted genes are some of the provided information. The table provides also access to enriched KEGG representations,
DIANA-microT-CDS prediction details and experimental validation information, in the case of TarBase derived targets. The reverse search
module can be used to detect miRNAs targeting (experimentally validated or predicted) a specified pathway. All results can be downloaded in a

portable .csv format.

scenarios and to provide results in real time. In order to
perform the analysis, the user can select one or more
microRNAs and the source of gene targets for each
miRNA (in silico predicted or experimentally validated).
Optionally, a list of expressed genes can be also loaded.
Subsequently, the server presents the significantly enriched
pathways, the targeted genes in each pathway and the
number of miRNAs with positively identified targets for
each pathway in the form of an interactive table.

In the case of predicted miRNA—gene interactions, the
server provides a link to the relevant DIANA-microT-
CDS server entries. There, the user can further inspect
the predicted miRNA—gene interaction. Such interactions
include the binding region, position and type. If a
miRNA-gene interaction is experimentally validated, the
server provides a link to the specific section of the TarBase
6.0 website. The relevant entry provides information

regarding the implemented experimental method used
for validation and the supporting literature.

DIANA-miRPath v2.0 offers enriched KEGG pathway
visualizations, where the targeted genes are specifically
marked for easier inspection (Figure 2).

Targeted pathways (reverse search module)

The new reverse search module can be used to identify all
miRNAs which are predicted or experimentally validated
to target a specific KEGG pathway. The module takes
as input a KEGG pathway name or identifier and the
source of miRNA targets. It subsequently identifies
all the miRNAs targeting the selected pathway. The new
module can become a powerful asset to scientists studying
specific pathways. It can help examining validated rela-
tionships between pathways and miRNAs expressed in
the available literature (TarBase targets) or to study

2102 ‘0T AInC uo ay1o01|q1g6emz usyousn [l 18elSBAILN USYISIULYS | 48P YRU101|qIgsTelSBAILN T8 /610 eulno[pio X0  feuy//:dny wouj papeo umod



W502 Nucleic Acids Research, 2012, Vol. 40, Web Server issue

Pathway Viewer —- Pathway TGF-beta signaling pathway' (hsa04350)

[0 :gene contained in 1 list Genes: SMADz, BSP1, JVi-1, JVat,
[ : gene contained in > 1 lists | TGF-BETA SIGNALING PATHWAY | |t
B :highlighted gene Lists: hsa-miR-424-5p|microT-CDS
Show/ hide genes Chordin) =
SMURFz2 (Homo sapiens) Disable ! >0 Ostzn:zh::odi?‘:ex:ixsnﬁnﬁon,
ROCKz2 (Homo sapiens) Disable DNA DNA ventral resoderm specification
ACVR2B (Homo sapiens) Disable DAN
SMAD4 (Homo saplel.Js) Disable Growih factor
PPP2R1A (Homo sapiens) Disable
SMURF1 (Homo sapiens) Disable » Angiogenesis,
SMAD3 (Homo sapiens) Disable Tmc\soc.:ppgg:mfxasc,mxs, . ""rﬁ;gmsﬁ‘,‘@
ACVR2A (Homo sapiens) Disable and co-repressors ‘;‘"““’“’sﬁ‘ﬁﬁ‘g,‘?
BMPR1A (Homo sapiens) Disable THBS1 Fop
Erierinm
Disable all
Highlight genes —
SMURF2 (Homo sapiens) Enable 1 st
ROCK= (Homo sapiens) Enable
ACVR=2B (Homo sapiens) Enable
SMAD4 (Homo sapiens) Enable TAKL, MEKKL
PPP2R1A (Homo sapiens) Enable _DAXXIINK
SMURF1 (Homo sapiens) Enable
SMAD3 (Homo sapiens) Enable
ACVR2A (Homo sapiens) Enable
BMPR1A (Homo sapiens) Enable
SMAD7 (Homo sapiens) Enable
Enableall [Lety |
Gonadal
i) N piSrad2i3 »O0—» —————> enbr;ndm‘egrfmm
SMAD4 DNA placets forraation, et?
[Pit2 | —» Left-right axis deteninatio
s :- T soderm and exclodent
04350 4113110
(c) Kanehisa Laboratories

Figure 2. DIANA-miRPath v2.0 offers enriched KEGG pathway visualizations, where the targeted genes are specifically marked for easier inspec-
tion. The server provides three levels of gene labeling: yellow (gene targeted by 1 selected miRNA), orange (gene targeted by >1 selected miRNAs)
and red (gene specifically marked by the user). The user can also enable/disable gene marking and hide/show targeted genes. By simply hovering over
a target gene (tooltip), the web server provides information regarding the source of the interaction (TarBase or DIANA-microT-CDS) and the
implicated miRNAs. Selection of any of the pathway’s constituents will lead the user directly to the relevant entry on the KEGG website.

novel miRNA-pathway interactions (DIANA-microT-
CDS targets). If the analysis is performed in silico,
the user can determine the desired levels for sensitivity
and precision by applying a DIANA-microT-CDS score
threshold.

Advanced analysis pipelines and visualizations
DIANA-miRPath v2.0 provides also advanced features,
statistics and visualization aids, which significantly
increase the depth of the analysis and maximize the
user’s influence on results’ calculation and presentation.

Hierarchical clustering and dendrograms

The new web server can perform follow-up analyses, such
as hierarchical clustering of targeted pathways and
miRNAs. DIANA-miRPath v2.0 realizes clustering of
the selected miRNAs based on their influence on molecu-
lar pathways. It provides clustering of pathways based on
the subset of miRNAs that target each pathway and the
significance level of the interaction. The server performs
the hierarchical cluster analysis based on a complete
linkage clustering method, where squared Euclidean dis-
tances are calculated as distance measures. The web server
can utilize absolute P-values in all calculations (option:
‘Significance Clusters’) or binary values (0: not targeted,

1: targeted), if the option ‘Targeted Pathways Clusters’
is selected. By utilizing these options, the algorithm
can cluster together microRNAs targeting similar lists
of pathways, as well as pathways, which are targeted by
similar lists of microRNAs (Targeted Pathways Clusters);
or take also into account the significance levels of the
interactions (Significance Clusters) during the clustering
process.

These advanced features can help the user identify rela-
tions between miRNAs or pathways depending on the
effect size of the miRNA—pathway interactions. The web
server provides visualizations of the hierarchical clustering
in the form of miRNA and pathway dendrograms.

miRNAs versus pathways heat maps

The new DIANA-miRPath v2.0 server enables also the
user to create advanced visualizations such as miRNAs
versus pathways heat maps (Figure 3 and Supplementary
Figure S1). Heat maps are graphical representations of
data where values in a matrix are represented as colors
(29). These intuitive visualizations have been proven
useful in numerous fields, since they enable the users
identify patterns in the data, which were not easily discern-
ible when examining the parameters individually.
Furthermore, they enable the visualization of a very
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Figure 3. miRNAs versus pathways heat map (clustering based on significance levels). Darker colors represent lower significance values. The
attached dendrograms on both axes depict hierarchical clustering results for miRNAs and pathways, respectively. On the miRNA axis, we can
identify miRNAs clustered together by exhibiting similar pathway targeting patterns. An analogous clustering can be observed also on the pathway
axis. In this particular example, we can observe at least one pathway (fatty acid biosynthesis) that is clearly targeted by most investigated miRNAs
with a very small P-value. More details regarding the methods and results of this example can be found in the Supplementary Material.

large number of variables, their in-between relationships
and their levels of interaction. The web server utilizes the
hierarchical clustering results on both axes (pathways and
miRNASs), in order to construct the heat map visualiza-
tion. As in the case of cluster analysis, the web server
provides two options for heat map calculation:
‘Significance Heat Maps’ and ‘Targeted Pathways Heat
Maps’. The former involves the use of absolute P-values
in all calculations, while the latter substitutes all P-values
lower than the user defined threshold with 0, and 1 other-
wise. With the use of these advanced tools, the user can
examine numerous MiRNA-miRNA, miRNA-pathway
and pathway—pathway relationships. Such representations
can help researchers discover patterns and relationships
hidden in the data. All plots are rendered in high
resolution.

DISCUSSION

The new web server described in this article is designed to
accommodate various use case scenarios and provide
results belonging to different research pipelines. For
an applied demonstration of the web server’s functional-
ity, we performed a case study based on the work of
Finnerty er al. (30), where the researchers explore the
function and role of the proposed miR-15/107 miRNA

group. It is a group exhibiting strong influences in
human biology, highly involved in biological functions,
such as cell division, metabolism, stress response and
angiogenesis, in vertebrate species. In the performed
analysis, the majority of the DIANA-miRPath v2.0
results are supported by the elaborate literature review
of Finnerty er al. Detailed information regarding the
methodology and the derived results from the example
can be found in the provided Supplementary Material.
DIANA-miRPath v2.0 is a completely redesigned new
version, implemented to provide utilities and functions
specific to the analysis and identification of miRNA
targeted pathways. All analyses are performed in real
time, rendering possible for the user to experiment with
different levels of sensitivity and specificity regarding
the miRNA-gene interactions. A user researching if a
specific pathway of interest is targeted by a group of
miRNAs under definite conditions may utilize a more sen-
sitive score (e.g. suggested score 0.7). Similarly, a user
investigating in a more generalized experiment which
pathways are mostly affected by the expressed miRNAs,
may use a higher and more specific threshold (e.g. sug-
gested score 0.9). To our knowledge, this is the first inter-
active web service for pathway analysis in this direction.
Another unique feature to DIANA-miRPath v2.0 is the
integration of experimentally verified targets, offering
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validated results derived from the extensive relevant
literature.

We think that the new pathological SNP discovery
module, which can be used to detect SNPs on miRNA
target sites and pathways, may provide in several cases
‘hidden jewels’ of biological information. We hope that
the increased number of additional advanced analysis
and visualization tools, such as miRNA versus pathways
heat maps, hierarchical miRNA/pathways clustering and
meta-analysis merging of results, will help users explore
and understand more clearly miRNA-related research
data.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2 and Supplementary
Figures 1 and 2.
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