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Abstract

The various pathophysiological processes occurring in living systems are known to be
orchestrated by delicate interplays and cross-talks between different genes and their regu-
lators. Among the various regulators of genes, there is a class of small non-coding RNA
molecules known as microRNAs. Although, the relative simplicity of miRNAs and their
ability to modulate cellular processes make them attractive therapeutic candidates, their
presence in large numbers make it challenging for experimental researchers to interpret
the intricacies of the molecular processes they regulate. Most of the existing bioinformatic
tools fail to address these challenges. Here, we present a new web resource ‘miRnalyze’
that has been specifically designed to directly identify the putative regulation of cell signal-
ing pathways by miRNAs. The tool integrates miRNA-target predictions with signaling cas-
cade members by utilizing TargetScanHuman 7.1 miRNA-target prediction tool and the
KEGG pathway database, and thus provides researchers with in-depth insights into modu-
lation of signal transduction pathways by miRNAs. miRnalyze is capable of identifying
common miRNAs targeting more than one gene in the same signaling pathway—a feature
that further increases the probability of modulating the pathway and downstream reac-
tions when using miRNA modulators. Additionally, miRnalyze can sort miRNAs according
to the seed-match types and TargetScan Context++ score, thus providing a hierarchical
list of most valuable miRNAs. Furthermore, in order to provide users with comprehensive
information regarding miRNAs, genes and pathways, miRnalyze also links to expression
data of miRNAs (miRmine) and genes (TiGER) and proteome abundance (PaxDb) data. To
validate the capability of the tool, we have documented the correlation of miRnalyze’s pre-
diction with experimental confirmation studies.
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Introduction

Signal transduction pathways are known to be the funda-
mental regulators of cellular development and pathophysio-
logical processes. The progressive demands of survival,
growth and development in living systems require achieving
different biological outcomes. Such milestones are in turn
manifestations of the differential regulation of various cellu-
lar signaling cascades. These modulations in expression of
cellular signaling pathway members (genes and proteins) are
mediated by various genetic and epigenetic mechanisms.
Small non-coding RNA molecules known as microRNAs
(miRNAs) are beginning to gain importance as one of the
robust instruments for regulating gene expression patterns,
and hence cellular signaling cascades (1). miRNAs are
22-25 nucleotide long non-coding RNA molecules which
bind to target sites on mRNAs having partial or total com-
plementarity (2). The human genome is believed to encode
for nearly 30000 genes. In contrast to this, only around
1000 miRNAs have been identified in human genome indi-
cating that a single miRNA can implement its effect on sev-
eral mRNAs (3, 4). Conversely, multiple miRNAs are
known to target the same gene (5). Owing to their gene
silencing ability, increased miRNA expression can possibly
decrease the expression of target genes/proteins. Conversely,
lower miRNA expression levels may result in up-regulation
of gene expression. Considering these facts, it is possible
that miRNAs play a vital role in the regulation of cellular
signal transduction pathways. Experimental results from
studies on various biological and pathophysiological proc-
esses provide evidence to this theory (6-9).

The mechanism of action of miRNAs [partial or total
complementarity matching to 3/-untranslated regions (UTRs)
of mRNAs] have led computational biologists to devise sev-
eral target prediction tools like TargetScan, miRanda, PicTar,
PITA, that provides us with the putative interactions of
miRNAs with mRNAs, with each tool having its own advan-
tages and disadvantages. Researchers have also attempted to
analyse interactions among miRNAs, target genes and associ-
ated drugs using in-silico tools like PharmacomiR (10).
Although curated lists of signaling pathway members are eas-
ily and freely available, researchers have limited access to
tools that link miRNA target predictions to possible modula-
tion of signaling pathways. DIANA-mirPath is an example of
one such online web tool for enrichment analysis (11).
miRGator is an internet-based database integrating several
databases for target prediction, gene expression and genome
annotation (12). Another freely available resource miTALOS
analyzes tissue-specific regulation of signaling pathways by
human and mouse microRNAs. Whilst these tools provide
considerable information, they lack the crucial functionality
of providing researchers choice of valuable target predictions

for formulating experimental designs. Further, the existing
tools do not provide users with a way to get the list of com-
mon miRNAs across different genes in the same or different
cell signaling pathways.

The ever increasing number of miRNA-related publica-
tions evidence the fact that the interest in these non-coding
RNA molecules and diseases is increasing rapidly.
Researchers are being constantly challenged by the ever
increasing pool of newly discovered miRNAs. miRbase is the
most prominent database which systematically provides
miRNA data to miRNA research community (13).
Consequently, miRNA profiling experiments in diseased con-
ditions, which are the backbone to identifying therapeutically
relevant miRNAs, is becoming economically challenging.
With the existing limitations in the pathway-miRNA re-
sources available, scientists are left with the daunting task of
experimentally sifting through enormous amounts of target-
prediction data, which gravely handicaps their ability to
identify and tease apart relevant molecular interactions. We
have developed an online web based tool, ‘miRnalyze’ utiliz-
ing the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(14) database resource (dealing with genomes, biological
pathways and diseases) and TargetScanHuman 7.1 (15)
(a tool to predict miRNA targets). miRnalyze predicts puta-
tive miRNA targets in cellular signaling pathways directly
through identifying involved genes in those pathways, and
therefore integrates two of the most important molecular
interactions, i.e. miRNNA-gene and gene-gene. Additionally, it
provides users with the ability to identify common miRNAs
that have more than one target in the signal transduction
pathways—a feature that is unique to miRnalyze. Further,
the tool provides a sorted list of miRNAs based on their type
of seed matches (16) and the TargetScan Context ++ score
(15). The results thereby display the miRNAs in order of
their relevance, highlighting the crucial miRNAs at the very
top of the list. The above-mentioned features have the poten-
tial to help researchers identify and choose the most favor-
able miRNAs for expression profiling experiments. To
demonstrate the competence of the tool, we have docu-
mented the correlation of miRnalyze’s prediction with ex-
perimental validation studies.

Materials and methods

Cell signaling pathway and gene relations

KEGG is an elaborated collection of information of genes/
proteins involved in pathways across species (14, 17) that
can be freely accessed through an application program
interface (API). The KEGG database emphatically curates
the members (genes/proteins) of the commonest and the
most important signal transduction pathways in living
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systems, and hence was used for our purpose to extract in-
formation on genes involved in cell signaling pathways spe-
cifically for humans. Required information for our purpose
was downloaded from KEGG server and stored in local
system.

miRNA target predictions for genes

MicroRNAs are believed to contain a ‘seed matching’ re-
gion that extends from second to seventh nucleotide (from
5" end) of the miRNA. MicroRNA targets are predicted by
the presence of complementary seed matching region(s) on
the gene of interest. These seed match sites may include
6mer, 7mer-Al, 7mer-m8 and 8mer sites as described in
Figure 1. Several bioinformatics-based target prediction re-
sources are freely available on the internet. For the purpose
of our analysis, we have specifically used the latest version
of TargetScanHuman (Release 7.1) (15). TargetScan also
provides a unique value known as ‘Context ++ score’
against each miRNA, which is an index of the effectiveness
of a given miRNA. This value is based on the seed match
type, compensatory binding in the 3’ of the miRNA, AU
content and position on the 3'-UTR. Lower values indicate
stronger downregulation of expression.

Expression data for microRNA and target and
proteome abundance

The microRNA expression regulates the expression of spe-
cific genes in a signaling pathway. Hence, integration of
both microRNA and target expression data is important
for understanding overall regulation of signaling pathways.
miRmine is a publicly available database which provides

human microRNA expression data in a variety of human
tissue. We have linked expression data for each microRNA
in different human tissue by utilizing miRmine database
(Guan Laboratory, University of Michigan). TiGER is an-
other database for tissue specific gene expression and regu-
lation. We have also linked expression data for each target
member in various human tissue by using TiGER database
(18). Additionally, we have linked proteome abundance
data for each protein by using PaxDb database (19).

miRnalyze designing

The frontend of the tool has been developed with Angular
JS, a Model-View-Controller (MVC) JavaScript framework.
The server side of the tool is developed with Laravel, a PHP
framework. The Laravel backend acts as a RESTful web
API that sends data to the frontend in JavaScript Object
Notation (JSON) format. After its first load, the tool acts as
a Single Page Application (SPA), which consumes data from
the backend. The SPA behaviour allows for easy navigation

between pages without reloading.

Results

miRnalyze web tool

miRnalyze is a dynamic web-based tool for enlisting
miRNAs associated with particular cell signaling pathways
and target genes. It utilizes two freely available massive
database resources: Kyoto Encyclopedia of Genes and
Genomes Database and TargetScanHuman (Release 7.1).
The logistics based on which miRnalyze has been designed
is shown schematically in Figure 2. In designing
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..... Poly(A) mRNA Pairing
..... Poly(A) 6mer site [2-7]

' ............ NNNNNNA....Poly(A) 7mer-Alsite [1-7]
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' ........... NNNNNNNA....Poly(A) 8mersite [1-8]
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Figure 1. Different seed match regions of miRNAs. miRnalyze follows a hierarchical pattern (8mer > 7mer-m8 > 7mer-A1 > 6mer) for sorting miRNAs.

ORF, Open Reading Frame.
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Figure 2. The schematic representation of miRnalyze.

miRnalyze, we have endeavored to enhance the scope for
researchers to identify predicted miRNAs involved cell sig-
naling pathways by conjoining the information contained
in these two databases. miRnalyze follows a hierarchical
pattern of site efficacy as 8mer>7mer-m8> 7mer-
A1 > 6mer (see Figure 1) while representing the data (20,
21). For each of the seed match group, miRnalyze tool ar-
ranges the miRNAs based on the Context++ score. The
most valuable miRNA is placed on top of the list. In order
to reduce complexity, we have restricted the resource to
function within the limits of human datasets. Furthermore,
miRnalyze provides links to microRNA and target expres-
sion data and proteome abundance data to better under-
stand overall regulation of signaling pathways.

Workflow

Salient features of miRnalyze along with specific example
of each of the feature are represented in Figure 3.
miRnalyze provides three separate search modules for the
user: the pathways, the genes and the miRNAs, as depicted
in Figure 4. All the three modules are interconnected and

researchers can get details of the other modules after start-
ing with one. miRnalyze’s custom-made sorting algorithms
arrange enlisted miRNAs on the basis of seed matches and
TargetScan Context ++ scores. A user-initiated search in
the pathway module will lead to a list of genes involved in
that particular pathway. Subsequently, a list of miRNAs
that possibly target those genes individually can be ob-
tained (Figures 3 and 4). Additionally, the common
miRNAs targeting a set of genes can be obtained by pre-
selecting the genes of interests (Figures 3 and 4). In the
genes module, a list of targeted miRNAs and involved
pathways can be obtained for a particular gene. A list of
common target miRNAs for more than one gene can also
be identified (Figure 3). The miRNA module allows users
to identify the list of genes targeted by a particular
miRNA. Further, the list of pathways downregulated by
that miRNA can also be obtained (Figure 3).

Prediction of miRnalyze

miRnalyze can be used for experimental design and hy-
pothesis construction. Results of miRnalyze are based on
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Salient features of miRnalyze

(1) Identify genes present in a single pathway, (2) Identify miRNAs targeting each gene in a signaling
pathway, (3) Providing hierarchical list of most valuable miRNAs , (4) Identification of pathways where a
specific gene is a member, (5) Identification of common miRNAs targeting more than one gene in a
signaling pathway, (6) Identification of genes targeted by specific miRNA, (7) Identification of pathways
targeted by specific miRNAs, (8) Identification of common genes targeted by more than one miRNA.

Calcium signaling pathway, MAPK signaling pathway..... 58 signaling pathway

hsa-miR-182-5p,
hsa-miR-1271-5p,
hsa-miR-96-5p,

| PFKFB3, ABI2..... 222 genes | [ AMPK signaling pathway,

@ d y Erb B signaling pathway,

5
sa-miR-6504-5 .
§ b hsa-miR-3064-5p 221 pathways
£ 7/ CREB1, 2 .
o . IDH2,
"]
£ @ PFKFB3,
e * GGCX,
)
v 3 -
l .
% .
A9 genes 13 miRNAs 222 genes

Figure 3. Salient features of miRnalyze along with specific example of each of the feature.

miRnalyze Interface
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Click on MORE

Click on
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¥

list of members in the signalling pathway

W

Select members of interest
(e.g. CREB1 & PRKACA)
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=
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+ A list of miRNAs targeting the member
(e.g. hsa-miR-138-5p, hsa-miR-22-3p ...)
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¥

A list of common miRNAs targeting
selected members of the pathway
(e.g. hsa-miR-182-5p, hsa-miR-96-5p ...)

Figure 4. The miRnalyze workflow.
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Table 1. miRnalyze prediction includes experimentally confirmed dysregulated miRNAs in altered pathway

Disease Altered Pathway Experimentally confirmed dysregulated miRNAs ~ miRnalyze prediction includes
Chronic myelocytic leukemia ~ PI3K-AKT hsa-miR-181c (22) Yes
Cervical cancer PTEN/AKT/FOXO1 hsa-miR-181a (23) Yes
Hepatocellular carcinoma AKT hsa-miR-222 (24) Yes
Ischemia-reperfusion Apoptosis hsa-miR-613 (25) Yes
Transeript ENST00000359426.6 - 21 miRNA (sorted by Seed Match)
Bmer - 1 miRNA (sorted by Context++ Score)
Position in the Context C score Weighted ++ C ved b. h
miRNA UTR score percentile score ) length Pct
hsa-miR-138- 407414 -0.41 >97 -0.41 3.487 0.66
sp
Q@Eﬂlﬁe miRNA (sorted by Context-» Score)
Position in the Context++ Context++ score Weighted text++ G ved b h
miRNA UTR score percentile score length Pct
hsa-miR-34a-5p  417-423 -0.19 >77 -0.19 3.474 0.57
hsa-miR-30zb- 32-38 -0.10 > 88 -0.16 3.855 0.58
3p
> fmer-1A - TmiRNA (sorted by Context-+ Score)
Position in the Context++ Context++ score Weighted ++ C ved b h
miRNA UTR score percentile score length Pct
hsa-miR- 412-418 -0.04 > 41 -0.04 3.749 N/A
346
> bmer - 0 miRNA (orted by Context-» Score)
No Match foun

Figure 5. miRnalyze predicts miRNA based on seed match region as 8mer >7mer-m8 > 7mer-A1 > 6mer (circle). For each of the seed match group,

web tool arranges the miRNAs based on the Context +-+ score (arrow).

computational prediction only. It is obvious that computa-
tional prediction do not replace experimental confirmation
but rather provide a weighty emphasis for such experi-
ments. miRnalyze predicts microRNA targets in cellular
signaling pathways directly through identifying involved
genes in those pathways. We showed that miRnalyze pre-
diction includes experimentally confirmed dysregulated
miRNAs which cause disease through altering the pathway
(Table 1). miRnalyze predicted list of miRNAs are sorted
based on seed match sites and TargetScan con-
text ++score. The sorting is exemplified in Figure 5.
Prediction of miRNAs targeting different cell signaling
pathways enhance the understanding of miRNA-pathway
relationship as well as serve as basis for development of

biomarkers in disease diagnosis and therapies. miRnalyze
also predicts miRNA that targets more than one genes.
Using miRnalyze, we predicted miRNA targeting more
than one overexpressed genes in different types of cancer
and compared the miRnalyze prediction with miRNA con-
firmed by previous experimental study (Table 2).

Discussion

Recent empirical evidence from across the globe strongly
emphasize the implications of differential miRNA expres-
sion patterns in health and disease. Dysregulated miRNA
expression patterns are known to be associated with devel-
opment of several diseases (33). These small RNAs
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Table 2. Example of miRNA targeting more than one overexpressed genes predicted by miRnalyze and compare the prediction

with previous experimental study

Disease Overexpressed miRNA targeting more than one genes miRNA targeting more than one genes
genes predicted by miRnalyze showing by previous experimental study
miRNA Reference
Pancreatic cancer CCND1, NTSE, PLAU, hsa-miR-193a-3p, hsa-miR-193b-3p hsa-miR-193b (26)
STMNI1, YWHAZ
Glioblastoma PDGFA, IGF2R, STAT3 hsa-miR-506-3p, hsa-miR-6835-3p, hsa-miR-506 (27-29)
hsa-miR-124-3p.2
Hepatocellular BMF, DDIT4, TIMP3 hsa-miR-181-5p, hsa-miR-221-3p, hsa-miR-221hsa-miR-222 (30-32)
carcinoma hsa-miR-222-3p, hsa-miR-4262

molecules are quite easy to target therapeutically and ex-
perimentally as they have short sequences and are con-
served among many vertebrates (34). Another property
that makes miRNAs interesting is their ability to target sev-
eral genes in cellular signaling pathways. By targeting dis-
ease-linked miRNAs, modulation of entire signaling
pathway may be possible. With the development of syn-
thetic miRNA modulators like miRNA-mimics and anta-
gomirs, the prospects of using miRNA modulators as
therapeutic candidates is fast gaining recognition.
Moreover, miRNA modulators have significant advantages
over small molecule- and protein-based drug therapeutics.
Major challenges associated with small drug- and protein-
based drug molecules are slow lead optimization, variable
selectivity and potency, and ability to target only certain
classes of proteins (35). In contrast, miRNAs have rapid
lead optimization, high selectivity and potency and ability
to target virtually all genes (36).

With rapid progress of molecular biology technologies,
more than thousands of miRNAs have been identified (4).
This large number of miRNAs makes experimental studies
more complex and time consuming. The one-to-many and
many-to-one relationship between miRNAs and genes
makes it difficult for researchers to identify the plausible
miRNAs that may be targeted for modulate signaling path-
ways, and hence to delineate the biological processes under
investigation. A deeper understanding of these delicate mo-
lecular interaction demands a reductionist in silico ap-
proach prior to experimental validation of probabilistic
predictions. The web resource—miRnalyze has been de-
signed to provide users with a heuristic tool to identify the
key miRNA-cellular signaling cascade interactions.
Initially, miRnalyze arranges the enlisted miRNAs based
on hierarchical pattern of site efficacy as 8mer > 7mer-
m8 > 7mer-Al > 6mer. This is followed by sorting of
miRNAs of each seed match group based on unique
TargetScan Context ++ score value. The above feature
helps researchers to identify the most relevant miRNAs for

expression profiling while planning for experiments.
miRnalyze includes novel feature to get common miRNAs
which target more than one gene simultaneously.

Thus, miRnalyze is designed to identify the interaction
among miRNAs, genes and cell signaling pathways inte-
grating KEGG pathway database and TargetScanHuman
7.1 target prediction tool. KEGG is one of the earliest
pathway databases developed (37) repositing well-
structured and most appropriate information regarding
biological pathways. Being one of the most exhaustive
pathway databases available and surpassing most of the
other contemporary resources, KEGG appears to serve as
the most formidable backbone for our purpose. Among the
various target prediction tools, we have specifically se-
lected TargetScan (version TargetScanHuman 7.1) owing
to its high degree of precision (~50%) (38). Furthermore,
the final score calculated by TargetScan is known to correl-
ate with protein downregulation (39). It includes many
parameters when describing score, such as the seed match
type, compensatory binding in the 3’ of the miRNA, AU
content and position on the 3’-UTR, which enable identifi-
cation of the most relevant miRNAs. Moreover,
TargetScan is updated regularly (3, 16, 20) adding to its
credibility.

The interface of this web tool is very simple to use and
produces nested data for easy interpretation. Therefore,
miRnalyze is a useful tool for developing hypotheses in
miRNA-mediated cell signaling pathways. We believe that
miRnalyze has immense value for aiding researchers in pre-
dicting miRNA-related regulation of cell signaling path-

way in the future.

Future work

In the future, we will expand the miRnalyze by integrating
more data from freely available resources such as KEGG
pathway database and TargetScan target prediction tool.

810z Jequieldag Z| uo Jasn aljuad yoleasay ulelg [euoneN Aq 98/1/0€/S L 0XBq/aSeqeIep/S60 L 0 | /10p/oBISqe-ao1e/asegqe)ep/wod dno olwapeoe//:sdiy Wwolj papeojumoq



Page 8 of 9

Database, Vol. 2017, Article ID bax015

Funding

This work has been supported by the Institute Scheme for

Innovative

(ISIRD), funded by

Research and Development

Sponsored Research & Industrial Consultancy (SRIC), Indian

Institute of Technology, Kharagpur, India [grant number IIT/SRIC/
SMST/BHA/2015-16/122]. S.S.D. is supported by a fellowship
funded by Council of Scientific and Industrial Research (CSIR),
India [CSIR sanction number 09/081(1267)/2015-EMR-I].

Conflict of interest. None declared.

References

1.

10.

11.

12.

13.

14.

15

16.

Ciechomska,M., van Laar,].M., and O’Reilly,S. (2014)
Emerging role of epigenetics in systemic sclerosis pathogenesis.
Genes Immun., 15,433-439.

Bartel,D.P. (2009) MicroRNAs: target recognition and regula-
tory functions. Cell, 136,215-233.

Friedman,R.C., Farh,K.K., Burge,C.B. et al. (2009) Most mam-
malian mRNAs are conserved targets of microRNAs. Genome
Res., 19, 92-105.

Friedlander,M.R., Lizano,E., Houben,A.]. et al. (2014) Evidence
for the biogenesis of more than 1,000 novel human microRNAs.
Genome Biol., 15, R57.

Krek,A., Grun,D., Poy,M.N. et al. (2005) Combinatorial
microRNA target predictions. Nat. Genet., 37,495-500.
Chakravorty,N., Ivanovski,S., Prasadam,l. et al. (2012) The
microRNA expression signature on modified titanium implant
surfaces influences genetic mechanisms leading to osteogenic dif-
ferentiation. Acta Biomater., 8, 3516-3523.

Thum,T., Gross,C., Fiedler,]. et al. (2008) MicroRNA-21 con-
tributes to myocardial disease by stimulating MAP kinase signal-
ling in fibroblasts. Nature, 456, 980-984.

Lai,E.C., Tam,B., and Rubin,G.M. (2005) Pervasive regulation
of Drosophila Notch target genes by GY-box-, Brd-box-, and K-
box-class microRNAs. Genes Dev., 19, 1067-1080.
Wang,F., Chan,L.W., Law,H.K. (2014)
microRNA-mediated alteration of EGFR signaling pathway in non-

et al. Exploring
small cell lung cancer using an mRNA:miRNA regression model
supported by target prediction databases. Genomics, 104, 504-511.
Rukov,].L., Wilentzik,R., Jaffe,l. et al. (2014) Pharmaco-miR:
linking microRNAs and drug effects. Brief. Bioinformatics, 15,
648-659.

Papadopoulos,G.L., Alexiou,P., Maragkakis,M. et al. (2009)
DIANA-mirPath: integrating human and mouse microRNAs in
pathways. Bioinformatics, 25,1991-1993.

Nam,S., Kim,B., Shin,S. e al. (2008) miRGator: an integrated
system for functional annotation of microRNAs. Nucleic Acids
Res., 36, D159-1D164.

Griffiths-Jones,S. (2006) miRBase: the microRNA sequence
database. Methods Mol. Biol., 342, 129-138.

Kanehisa,M., and Goto,S. (2000) KEGG: kyoto encyclopedia of
genes and genomes. Nucleic Acids Res., 28,27-30.

. Agarwal,V., Bell,G.W., Nam,].W. et al. (2015) Predicting effect-

ive microRNA target sites in mammalian mRNAs. eLife, 4,
Lewis,B.P., Burge,C.B., and Bartel,D.P. (2005) Conserved seed
pairing, often flanked by adenosines, indicates that thousands of
human genes are microRNA targets. Cell, 120, 15-20.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kanehisa,M., Sato,Y., Kawashima,M. et al. (2016) KEGG as a
reference resource for gene and protein annotation. Nucleic
Acids Res., 44, D457-4D462.

Liu,X., Yu,X., Zack,D.]. et al. (2008) TiGER: a database
for tissue-specific gene expression and regulation. BMC
Bioinformatics, 9,271.

Wang,M., Weiss,M., Simonovic,M. et al. (2012) PaxDb, a data-
base of protein abundance averages across all three domains of
life. Mol. Cell. Proteomics, 11,492-500.

Grimson,A., Farh,K.K., Johnston,W.K. et al. (2007) MicroRNA
targeting specificity in mammals: determinants beyond seed pair-
ing. Mol. Cell,27,91-105.

Nielsen,C.B., Sandberg,R. et al. (2007)
Determinants of targeting by endogenous and exogenous
microRNAs and siRNAs. RNA, 13, 1894-1910.

Zhao,L., Li,Y., Song,X. et al. (2016) Upregulation of miR-181c¢
inhibits chemoresistance by targeting ST8SIA4 in chronic myelo-
cytic leukemia. Oncotarget, 7, 60074-60086.

Xu,H., Zhu,J., Hu,C. et al. (2016) Inhibition of microRNA-

181a may suppress proliferation and invasion and promote

Shomron,N.,

apoptosis of cervical cancer cells through the PTEN/Akt/
FOXO1 pathway. J. Physiol. Biochem, 72, 721-732.
Wong,Q.W., Ching,A.K., Chan,A.W. er al. (2010) MiR-222
overexpression confers cell migratory advantages in hepatocellu-
lar carcinoma through enhancing AKT signaling. Clin. Cancer
Res., 16, 867-875.

Wu,Z., Qi,Y., Guo,Z. et al. (2016) miR-613 suppresses ischemia-
reperfusion-induced cardiomyocyte apoptosis by targeting the
programmed cell death 10 gene. Biosci. Trends, 10,251-257.
Ikeda,Y., Tanji,E., Makino,N. et al. (2012) MicroRNAs associ-
ated with mitogen-activated protein kinase in human pancreatic
cancer. Mol. Cancer Res., 10,259-269.

Xu,G., and Li,J.Y. (2016) Differential expression of PDGFRB
and EGFR in microvascular proliferation in glioblastoma.
Tumour Biol, 37,10577-10586.

Luo,Y., Sun,R., Zhang,]. et al. (2015) miR-506 inhibits the pro-
liferation and invasion by targeting IGF2BP1 in glioblastoma.
Am. ]. Transl. Res., 7,2007-2014.

Peng,T., Zhou,L., Zuo,L. et al. (2016) MiR-506 functions as a
tumor suppressor in glioma by targeting STAT3. Oncol. Rep.,
35,1057-1064.

Gramantieri,L., Fornari,F., Ferracin,M. et al. (2009) MicroRNA-
221 targets Bmf in hepatocellular carcinoma and correlates with
tumor multifocality. Clin. Cancer Res., 15, 5073-5081.

Pineau,P., Volinia,S., McJunkin,K. ef al. (2010) miR-221 over-
expression contributes to liver tumorigenesis. Proc. Natl. Acad.
Sci. U.S. A.,107,264-269.

Garofalo,M., Di Leva,G., Romano,G. et al. (2009) miR-221&222
regulate TRAIL resistance and enhance tumorigenicity through
PTEN and TIMP3 downregulation. Cancer Cell, 16,498-509.
Wahid,F., Shehzad,A., Khan,T. et al. (2010) MicroRNAs: syn-
thesis, mechanism, function, and recent clinical trials. Biochim.
Biophys. Acta, 1803, 1231-1243.

van Rooij,E., and Kauppinen,S. (2014) Development of microRNA
therapeutics is coming of age. EMBO Mol. Med., 6, 851-864.
Lam,].K., Chow,M.Y., Zhang,Y. et al. (2015) siRNA versus
miRNA as therapeutics for gene silencing. Mol. Ther. Nucleic
Acids, 4, e252.

810z Jequieldag Z| uo Jasn aljuad yoleasay ulelg [euoneN Aq 98/1/0€/S L 0XBq/aSeqeIep/S60 L 0 | /10p/oBISqe-ao1e/asegqe)ep/wod dno olwapeoe//:sdiy Wwolj papeojumoq



Database, Vol. 2017, Article ID bax015

Page 9 of 9

36. Bumcrot,D., Manoharan,M., Koteliansky,V. et al. (2006) RNAi
therapeutics: a potential new class of pharmaceutical drugs. Nat.
Chem. Biol., 2, 711-719.

37. Kanehisa,M., Goto,S., Furumichi,M. et al. (2010) KEGG for
representation and analysis of molecular networks involving dis-
eases and drugs. Nucleic Acids Res., 38, D355-D360.

38. Alexiou,P., Maragkakis,M., Papadopoulos,G.L. et al. (2009) Lost
in translation: an assessment and perspective for computational
microRNA target identification. Bioinformatics, 25, 3049-3055.

39. Witkos,T.M., Koscianska,E., and Krzyzosiak,W.]J. (2011)
Practical aspects of microRNA target prediction. Curr. Mol.
Med., 11, 93-109.

810z Jequieldag Z| uo Jasn aljuad yoleasay ulelg [euoneN Aq 98/1/0€/S L 0XBq/aSeqeIep/S60 L 0 | /10p/oBISqe-ao1e/asegqe)ep/wod dno olwapeoe//:sdiy Wwolj papeojumoq



