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Chapter 5
Turning Data to Knowledge: Online Tools,
Databases, and Resources in microRNA
Research

Ido Blass, Keren Zohar, and Michal Linial

Abstract MicroRNAs (miRNAs) provide a fundamental layer of regulation in cells.
miRNAs act posttranscriptionally through complementary base-pairing with the
30-UTR of a target mRNA, leading to mRNA degradation and translation arrest.
The likelihood of forming a valid miRNA-target duplex within cells was computa-
tionally predicted and experimentally monitored. In human cells, the miRNA pro-
files determine their identity and physiology. Therefore, alterations in the
composition of miRNAs signify many cancer types and chronic diseases. In this
chapter, we introduce online functional tools and resources to facilitate miRNA
research. We start by introducing currently available miRNA catalogs and miRNA-
gateway portals for navigating among different miRNA-centric online resources. We
then sketch several realistic challenges that may occur while investigating miRNA
regulation in living cells. As a showcase, we demonstrate the utility of miRNAs and
mRNAs expression databases that cover diverse human cells and tissues, including
resources that report on genetic alterations affecting miRNA expression levels and
alteration in binding capacity. Introducing tools linking miRNAs with transcription
factor (TF) networks reveals miRNA regulation complexity within living cells.
Finally, we concentrate on online resources that analyze miRNAs in human diseases
and specifically in cancer. Altogether, we introduce contemporary, selected
resources and online tools for studying miRNA regulation in cells and tissues and
their utility in health and disease.
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Abbreviations

CAGE Cap-based expression analysis
ceRNA Competing endogenous RNA
ChIP Chromatin immunoprecipitation
circRNA Circular RNA
CLASH Cross linking, ligation and sequencing of hybrids
CLIP Cross-linking immunoprecipitation
CNV Copy number variation
DRV Disease-related variation
FFL Feed-forward loop
GEO Gene expression omnibus
GO Gene ontology
GWAS Genome wide association study
HTP High throughput
KEGG Kyoto encyclopedia of genes and genomes
lncRNA Long non-coding RNAs
LTP Low throughput
MBS miRNA-binding sites
miRNA microRNA
ML Machine learning
mRNA Messenger RNA
MS Mass spectrometry
MTI miRNA-target interaction
RISC RNA-induced silencing complex
RPM Reads per million
Seq Sequencing
smRNA Small RNA
SNV Single nucleotide variation
SVM Support vector machine
TCGA The Cancer Genome Atlas
TF Transcription factor
TFBS TF binding sites
TSS Transcription start sites
UTR Untranslated region

5.1 Human miRNA Regulation

Molecular View In multicellular organisms, microRNAs (miRNAs) play a role in
driving cell differentiation, identity, and physiology (Wienholds and Plasterk 2005).
A miRNA prototype is a single-stranded RNA molecule of approximately
22-nucleotide length that hybridizes to the 30-UTR of its target transcript. In humans,



the ~1900 miRNA genes account for ~2600 mature miRNAs (Djuranovic et al.
2011). The RNA-induced silencing complex (RISC) protects the miRNA from
degradation while stabilizing the miRNA–mRNA duplex. Consequently, the paired
RISC–miRNA–mRNA shifts the protein translation efficiency by interfering with
initiation, elongation, or termination steps. Occasionally, the miRNA–mRNA
duplex also activates protein degradation processes. The bound transcript itself
may undergo deadenylation, decapping, and further processing (e.g., degradation)
(Cai et al. 2009).
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Fig. 5.1 A schematic view of stem-loop structure of the primary miRNA, pre-miRNA, and the
mature miRNA products. The miRNA names are indicative of the source of the sequence from the
stem-loop. For example, hsa-miR-142-5p and miR-142-3p are from the 50 and 30 arm, respectively.
The dashed sign indicates non-perfect base-pairing in the stem-loop. The seed is 6–8 nt at the 50

end of the mature miRNA. Often only one arm of the pre-miRNA is selected (guide strand) and
loaded onto the RISC to form the miRISC

The 50 sequence of mature miRNAs includes the seed region (6–8 nt) that anchors
the miRNA to the miRNA-binding sites (MBS) by a perfect base-pairing (Peterson
et al. 2014) (Fig. 5.1). However, other sequence-based and structural features govern
the actual binding specificity and efficiency. The fraction of the human transcriptome
that is subjected to miRNA regulation is unknown. It is estimated that ~60% of the
transcripts are regulated and have at least one conserved miRNA-binding site (MBS)
at the 30-UTR. Approximately 50% of all human protein-coding genes harbor
alternative polyadenylation sites, resulting in transcripts with different 30-UTR
lengths (Müller et al. 2014). Naturally, alternative transcripts that differ in their
30-UTR occur at different cell types. Consequently, the actual network of miRNAs
and their targets is cell dependent. Whereas some mRNAs lack MBS, others may
contain tens of them. From the miRNA perspective, while some miRNAs may pair
with a limited number of targets, other miRNAs can pair with 100s of different
mRNAs. Moreover, among the ~2600 reported human miRNAs, many have low
expression levels and were only identified in specific cellular contexts by NGS (next-
generation sequencing) data with an increased depth. Many of these candidate
miRNAs lack experimental validation.

Cellular View For most cell systems, a detailed description of the transcriptome
(i.e., mRNAs and miRNAs) allows determining each cell type and its origin (Gebert



and MacRae 2019). However, knowledge regarding the cell state and its physiology
remains untraceable (Fu et al. 2013). Furthermore, regulating transcription factors
(TFs) by miRNAs raises the need for assessing the direct and indirect effects within
cells and tissues. In steady-state, miRNAs act as molecular agents for attenuating
transcriptional noise. Upon changes in external conditions, miRNAs exploit coop-
erative and competitive modes that are difficult to model. For yielding an accurate
model of cell homeostasis, evaluating the robustness of each cellular system to
miRNA perturbations is needed (Mahlab-Aviv et al. 2019). Concretely, the molec-
ular interactions of a miRNA with its targets can lead to abrupt changes in cell fate
due to alterations in the levels of TFs, protein production, signaling cascades, and
cell energetics (Alvarez-Garcia and Miska 2005).
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Within living cells, sequestering of miRNAs by pairing with long noncoding
RNAs (lncRNAs) leads to an apparent depletion in free miRNAs (sponge-like
function). This implies an additional layer of complex regulation driven by the
miRNA interactome (Militello et al. 2017). As the competition among miRNAs
governs cell physiology, quantifying the amounts and the stoichiometry of miRNAs
and mRNAs within cells is critical. The stochastic nature of miRNA-target interac-
tion argues for using a probabilistic framework to describe the dynamics and the
steady state of miRNAs and transcripts in living cells (Mahlab-Aviv et al. 2019).
Capturing the bound miRNA–mRNA pairs yields a comprehensive and quantitative
view of miRNA competition within living cells. Currently, most available miRNA
tools fail to address the complexity of miRNA–mRNA pairing within cells. The
contribution of miRNAs to the communication among neighboring cells was
reported for neurons and glial cells (Morel et al. 2013). The generality of the
miRNA-dependent signaling between cells awaits further studies. Merging cell
studies (e.g., clinical tissues, cell lines, and single cells) with computational and
experimental resources and tools is fundamental to empowering miRNA research.

5.2 The Scope and Organization of the Chapter

Plenty of resources and web tools were developed over the last 18 years (since 2003)
for supporting miRNA research (Gomes et al. 2013). Studying miRNA regulation
had been expanded along with the maturation of deep sequencing and diverse cross-
linking immunoprecipitation (CLIP)-seq technologies. Many of the early developed
tools aimed to predict miRNA–mRNA pairs. In reality, the many miRNA–mRNA
prediction tools suffer from low consistency between them. Notably, results from
computational prediction tools and experimental results show a high degree of
inconsistency.

In recent years, numerous review articles have covered the collection of miRNA
databases and tools (Shukla et al. 2017; Lukasik and Zielenkiewicz 2019; Akhtar
et al. 2016; Shaker et al. 2020). Other publications concentrate on computational
miRNA–mRNA prediction tools and their underlying algorithms (Mendes et al.
2009; Schmitz and Wolkenhauer 2013; Riffo-Campos et al. 2016; Monga and



Kumar 2019). A recent survey of the literature revisited ~100 review articles that
covered ~1000 tools related to the broad field of miRNA (Chen et al. 2019).
Unfortunately, many of the original tools and resources are discontinued or unstable.
We focus on online tools and webservers and will not discuss stand-alone tools.
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We aim to present a contemporary list of selected resources and online tools for
studying miRNA regulation in health and disease. To allow an entry point to human-
centric research, we will briefly mention tools in the context of the competition of
miRNA and other noncoding RNAs (ncRNA) such as pseudogenes and circular
RNAs (circRNAs). We will not discuss miRNA-related tools that focus on compar-
ative genomics and evolution conservation (e.g., miROrtho (Gerlach et al. 2009) and
CoGemiR (Maselli et al. 2008)).

The chapter starts by introducing a gateway to a human-centric collection of
miRNA resources and online tools. We limit ourselves to those developed or
updated in the last decade (from 2012) and are fully functional. We highlight tools
that associate miRNAs with their targets according to computational and experi-
mental approaches. We focus on tools that apply method integration, including
major validated benchmarks. We then discuss resources that highlight dysregulation
of miRNA in human diseases, specifically in cancer. In discussing the online tools,
we consider the most updated version, as reported by primary publications. Finally,
we will briefly review useful databases and online tools that are valuable in solving
real-life experimental tasks regarding miRNA regulation in cellular systems.

5.3 Repositories for miRNA: Catalogs and Genome
Browsers

MiRNAs are processed from hairpin-containing primary transcripts of ~200-nt
(pri-miRNA) that are further processed to a ~70-nt stem-loop structure
(pre-miRNA). These transcriptional events occur in the nucleus. All mature miRNAs
undergo these biogenesis maturation steps. The pre-miRNA is then transported into
the cytoplasm where a set of sequential cleavage events result in a functional miRNA
that is bound to the RISC complex (Fig. 5.1). However, for many observed short
RNAs that were identified from large-scale deep sequencing experiments, the
definition of miRNAs is less definitive, and often indirect evidence from sequence
conservation and independent experimental identification remains the sole support.

Several repositories for human miRNAs have been developed over the past
18 years. In the early days, the microRNA Registry, a branch of Rfam (Griffiths-
Jones 2004; Kalvari et al. 2018) was compiled to facilitate the development of
computational approaches for miRNA-target prediction. This registry was the
basis for the current miRBase catalog (Kozomara et al. 2019). At present, miRNA
notations and nomenclature are unified and adopted by the research community as
presented in miRBase (Fromm et al. 2015).
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5.3.1 miRNA Gene Catalogs

miRBase (release 22.1; 10/2018) is an exhaustive and inclusive miRNA catalog that
aims to reach completeness. The miRNA collection was initially developed in 2006
and was regularly updated (Kozomara and Griffiths-Jones 2011). Presently, it
includes over 1900 human miRNA genes and the notations for >2600 mature
miRNA as observed from experimentally sequenced miRNAs. With the expansion
of deep sequencing data, evidence from experiments is reported as normalized
values (reads per million, RPM). Each miRNA is labeled on the pre-miRNA
(stem-loop structure) and the mature processed version is depicted. A graphical
viewer aligns the clustered sequences on the pre-miRNA and uses a unified nomen-
clature for the 3p and 5p arms (Fig. 5.1). Each miRNA in miRBase is associated with
relevant publications and a detailed sequence of the precursor. Moreover, miRNAs
are assigned to their families. The family members are miRNAs that derive from a
common ancestor and have similar physiological functions (but are not necessarily
conserved in sequence or structure) (Kamanu et al. 2013). Besides, miRBase pro-
vides a predicted secondary structure for miRNA hairpin loop precursors based on
the RNAfold software. A confidence comment was added to allow the community to
indicate the subjective confidence for the validity of a candidate miRNA. miRBase
reports also on neighboring miRNAs by their chromosomal locations (i.e., miRNA
clusters).

miRBase search engine allows extracting all cell or tissue-specific experiments. It
is a useful entry point for miRNAs that were originally reported in RNAcentral (The
RNAcentral Consortium et al. 2017). miRBase Tracker allows to keep track of
historical and current miRNA annotations (Van Peer et al. 2014). miRBase FTP
downloads allow the user to select data from any organism of choice (total 270).

MirGeneDB (Ver 2.0, 1/2020) is a robust platform for experimental results on
small RNA (sRNA). While miRBase provides an exhaustive list of miRNA candi-
dates, it suffers from a high level of false-positive entries. MirGeneDB aims to
increase miRNA identification reliability by testing similarity among 45 metazoan
species. The challenge for MirGeneDB is to provide an accurate assignment of
miRNAs among expressed smRNA fragments derived from other genes (e.g.,
tRNAs, small nuclear (snRNAs), and small nucleolar RNAs (snoRNAs), piRNAs).
The input starts with ~400 publicly available smRNA sequencing datasets extracted
from smRNAbench (originally calledmiRanalyzer) (Aparicio-Puerta et al. 2019), and
processed by miRTrace. A uniform annotation for each species relies on MirMiner
that uses data derived from experiments of manipulated miRNA biogenesis genes
(Fromm et al. 2020). Therefore, MirGeneDB also considers miRNA variants derived
from noncanonical biogenesis. The current version compiled 556 annotated human
miRNA genes that can be browsed, searched, and downloaded.

miRCarta (Ver 1.1 7/2018) is a database that features miRNA and precursor data
from miRBase but complements the list from deep sequencing NGS from
miRMaster and selected publications (Backes et al. 2018). The goal of miRCarta is
to compile a consistent collection of novel miRNA candidates and augment the



information reported by miRBase. The database also includes an integrated infor-
mation on predicted and experimentally validated targets extracted from
miRTarBase (Huang et al. 2020), microT-CDS (Paraskevopoulou et al. 2013), and
TargetScan (Agarwal et al. 2015). The functional links of miRCarta include the
pathway dictionary of miRPathDB (Backes et al. 2016), and several miRNA-disease
association databases (miR2Disease (Jiang et al. 2009), HMDD (Huang et al.
2019)). Besides, miRCarta provides a comprehensive collection of human miRNAs
and miRNA candidates. It covers ~40 k miRNAs and precursors which are com-
pressed to 2.9 k genomic clusters and 590 miRNA families.
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5.3.2 miRNAs in Genome Browsers

An easily accessible entry point for the collection of miRNAs is supported by the
major human genome browsers (e.g., UCSC and Ensembl). Figure 5.2 displays an
overview of the main sources of primary data used in miRNA research. The primary
data derived from NGS (next-generation sequencing) for genomics and
transcriptomics (e.g., RNA-seq and smRNA-seq). The main genomic browsers
provide the researcher with a comprehensive and up-to-date repository of genetic

Fig. 5.2 An overview about sources of primary data for miRNA research combined with generic
catalogs. The primary data is driven by recent advances in NGS (next generation sequencing) for
genomics and transcriptomics (RNA-seq and smRNA-seq). NGS is applied to diverse biological
samples. Specific methodologies for isolated miRNA and their targets include high-throughput
(HTP) CLIP experiments (e.g., HITS-CLIP, iCLIP, and PAR-CLIP), CLASH based on miRNA-
mRNA ligation protocol, ChIP-seq with TF and more. Rich experimental protocols of low through-
put (LTP) include miRNA overexpression (OX), antimiR settings for downregulation of miRNA
expression, mass spectrometry (MS), immunoprecipitation (IP) by RISC proteins, and numerous
molecular manipulations with designed reporter (e.g., luciferase) for quantifying miRNA-
dependent in vivo gene regulation (Thomson et al. 2011). Generic catalogs include the annotation
of genes, alternative splicing (AS), Refseq transcripts, catalogs of cancerous cell lines (e.g., CCLE
(Ghandi et al. 2019)), and human-related pathways (e.g., KEGG and BioCarta)



variants, transcripts, cross-species information, and a multidimensional rich data on
cell regulation (Fig. 5.2).
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The UCSC browser (5/2018) provides a collection of miRNAs as part of an
annotation track for snoRNAs and miRNAs (Fujita et al. 2010). The data is matched
to genome coordinates from miRBase, with only perfect matches (100% identity) are
annotated. A list of miRNAs and genome coordinates are cross-referenced to
miRBase. Together with the snoRNAs, it reports on 2230 gene name entries.

The Ensembl browser (Release 102, 11/2020) provides a collection of miRNAs
that are annotated as part of the ncRNAs (Aken et al. 2016). Details are extracted
from miRBase, with ~1900 entries for gene annotations. Each miRNA is considered
by its functional arm of the pre-miRNA (3p or 5p; e.g., hsa-miR-155-3p, Fig. 5.1).
When information is available, the relevant miRNA transcript is reported with
evidence extracted from TarBase v8 (Karagkouni et al. 2018). The download of
miRNA gene information of transcripts is supported by the Ensembl BioMart
retrieval system.

5.4 Gateways for miRNAs: Integrative Platforms

The overwhelming number of tools and resources for miRNA analysis calls for
easier access along with high-quality assessment. Elixir bio.tools registry (Ison et al.
2019) is such an entry point that provides a comprehensive registry of software and
databases in all life science domains. Within the miRNA research domain, there are
~160 listed resources with comparable information and easy access. To ease the
classification of the available web-based database, a meta-database was presented
(miRandb) covering ~180 miRNA-centric databases (Aghaee-Bakhtiari et al. 2018).
An entry point for human miRNAs is designed to specifically answer common
miRNA-related research tasks. HumiR is an integrated website that compiled several
human-centric databases and online tools for facilitating the selection of an appro-
priate tool (Solomon et al. 2020).

miRToolsGallery (9/2017) is a portal that provides an effective shortcut to main
hubs for bioinformatics tools developed for miRNA research. The tool addresses the
need for navigating among 100s of tools and the demand to meet the correct set of
tools for any specific application. miRToolsGallery facilitates this process by curat-
ing ~950 miRNA analysis tools and resources. The portal provides a querying
system for prioritizing the preferred tool for the needed application. The user can
refine the search according to different criteria and requirements. Several features
make this platform valuable as an entry point for miRNA research. One such feature
allows flexible tagging of tools that belong to multiple categories. Moreover, it ranks
results according to their popularity in citation and visibility (Chen et al. 2018a).

mirDIP 4.1 (1/2018) compiles a large number of computational miRNA-target
prediction tools. It integrates >150 M human miRNA-target predictions across
30 different resources. Altogether, there are >48 M unique interactions, comprising
~2600 unique miRNAs and 28 k human genes. The database presents a



statistically-based integrative score for each miRNA-target interaction. Users can
search for miRNA-target pairs according to the level of consistency between given
resources, and apply several options as their desirable confidence score (Tokar et al.
2018).
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Tools4miRs Ver 1.1 (3/2021) is a manually curated platform gathering all avail-
able tools that are miRNA related. Currently, there are 205 such tools (based on
170 methods), with the vast majority providing data on humans. The tools and
database collections are categorized and further partitioned to more defined themes
(e.g., isomiR identification and target functional analysis). Filtering by organisms,
availability (e.g., online and downloading) facilitates the search for tools and
databases that meet the user’s needs. For example, the target prediction allows the
user to define the target MBS positioning to 50-UTR, coding, or 30-UTR (Lukasik
et al. 2016). The searched tools are presented in a simple or advanced mode.
Tools4miRs also provide a meta-server for target prediction in which the user selects
the designated methods to be included. It provides an option for reporting the
miRNA-target prediction results via unification, intersection, or consensus method.
A summary for each of the 205 tools is available along with a publication (Lukasik
et al. 2016).

5.5 miRNA Gene Regulation: TFs and Cellular Context

The following set of resources are compiled from large-scale sequencing analysis
with complementary information regarding gene expression and regulation. A
unique feature unifying all these resources is the use of information from the
cross-talk of miRNAs and cell-specific TFs. Many key resources benefit from
cross-referenced complementary tools and algorithms and will briefly be mentioned.
The ChIPBase database is a comprehensive annotation database from ChIP-Seq data
mapping the transcriptional regulation of miRNAs (Yang et al. 2013). Other publicly
available databases that address the problem of miRNA gene transcription regulation
are TFmiR (Hamed et al. 2015), the tissue-specific miRNAs (TSmiR (Guo et al.
2014)), and more (Fig. 5.3).

DIANA-miRGen v4 (1/2021) is an updated version of experimentally supported
functional relationships of miRNA-regulating genes (Alexiou et al. 2010). miRGen’s
goal is to provide an exhaustive resource for miRNA transcription start sites (TSS)
extracted from a cap-based expression analysis (CAGE) of gene expression as
reported by FANTOM (Abugessaisa et al. 2021). The TSS analysis covers most
miRNA genes (1534 pre-miRNAs annotated in miRBase) across 135 different
cellular contexts of diverse tissues, primary cells, and cell lines. Information on
miRNA TSS is combined with the ENCODE ChIP-Seq results for TF binding sites
(TFBS > 280) available from (Davis et al. 2018). miRGen provides detailed infor-
mation on the genomic context of miRNAs, TF regulation (with multiple lines of
experimental evidence), and cell-specific gene expression. It compiles a rich



resource for miRNAs through cell-specific promoters and transcription regulation
(Perdikopanis et al. 2021).

TransmiR v2.0 (1/2019) is a database that provides comprehensive information
on TF-miRNA regulation based on surveying the literature and manual curation of
>1300 publications. In addition, 1.7 M tissue-specific TF-miRNA regulations from
ChIP-seq data were included. Querying the predicted TF-miRNA regulations in
humans is based on information of the TF binding motifs. Additional capacities of
TransmiR allow presenting the TF-miRNA interaction through a network or disease-
centric views. Querying the system with a set of miRNAs allows the identification of
TFs which most likely regulate this set of miRNAs. TransmiR provides a rich
resource for investigating the regulation of miRNAs (Tong et al. 2019).
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Fig. 5.3 An overview of main components in miRNA research: thematic categories, experimental
methods, and the online tools, database, and resources. Experiments are based on miRNA-specific
(e.g., CLASH) and generic methodologies (e.g., RNA-seq and MS proteomics). Cell perturbations
for investigating miRNAs in cellular systems are based on overexpression (OX), downregulation
(CRISPR, AntimiR), and designed reporters (e.g., luciferase) for assessing 30-UTR regulation of
target genes. Databases that were developed to facilitate miRNA research often rely on publicly
available genomics, transcriptomics, and proteomics results from large-scale experiments (e.g.,
TCGA)
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CircutesDB (1/2014) is a database of regulatory circuits composed of miRNAs
and TFs. This resource integrates transcriptional and posttranscriptional regulatory
networks. The basic notion is the existence of several circuit motifs such as feed-
forward loops (FFLs) in which a TF regulates a miRNA, and together the expression
level of a joint target is determined. A unique feature allows browsing among the
catalog of regulatory motifs. Examples are intronic miRNA-mediated self-loops
(iMSLs) (Friard et al. 2010).

5.6 miRNA-Target Prediction: Experiments
and Validations

Most computational efforts and available tools for miRNA research address the
pressing problem of target prediction. Namely, the task of accurately mapping
miRNAs to their designated targets in a cellular context (Fig. 5.3). The many-to-
many relationships make this problem challenging from a computational and exper-
imental perspective. We will not elaborate on any of the algorithms behind target
prediction tools that were thoroughly discussed (Schmitz and Wolkenhauer 2013;
Riffo-Campos et al. 2016; Monga and Kumar 2019).

In a nutshell, the main features that are used by almost any of the tens of available
miRNA-target prediction tools consider the degree of base-pairing with the seed
region at the 50 sequence with the mRNA (Fig. 5.1) (Biggar and Storey 2015).
Additional features include the thermodynamic stability determined via the predicted
minimum free energy of a putative miRNA-target duplex (Yue et al. 2009), and the
estimated energy for removing the secondary structure of the target mRNA for
exposing hidden MBS (i.e., MBS accessibility). Sequence conservation and geno-
mic information across different branches of the taxonomy tree are utilized for
removing false annotations, assigning reliability measures for the miRNA-target
pairing (Peterson et al. 2014). Many more subtle features are considered for
assessing the likelihood of the miRNA-target pairing. In some of the routinely
used tools, a machine learning approach (e.g., support vector machine—SVM)
was applied along the miRNA-prediction process. Most tools use scores to internally
rank their predictions. Unfortunately, tool-specific scores are not easily generalized
and rarely used in an integrative approach (Friedman et al. 2014). Recently, an
application based on a semi-supervised ML method (RPmirDIP) confirmed the
benefit of using prediction scores (Kyrollos et al. 2020).

5.6.1 miRNA-Target Prediction Tools and Resources

Selected tools for target prediction and validation, developed and updated since
2013, are listed in Table 5.1. We indicate the class of the algorithms and features that



led to the development of the listed tools. Notably, many of these tools use machine
learning (ML) that includes 100s of features and experimental results, allowing the
algorithms to optimize the weights for each input data (Zou et al. 2015). As training
by deep-learning efforts benefits from an increase in datasets, tools that rely on ML
often give a superior prediction.
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Table 5.1 Selected miRNA-target prediction online tools and validation resources

Tool Version Update Algorithma Taxa Goal References

miRGator v3.0 2013 IA 1 Predict Cho et al. (2013)

miRecords v4 2013 Text Many Validate Xiao et al. (2009)

miRTarCLIP v1.0.1 2013 Exper, Seq 2 Predict Chou et al. (2013)

mirMAP V1.0 2013 IA 8 Predict Vejnar et al. (2013)

PolymiRTS v3.0 2014 IA, Seq 1 Predict
variation

Bhattacharya et al.
(2014)

miRror v2.0 2014 IA 5 Predict Friedman et al. (2014)

RNA22 v2.0 2015 Seq Many Predict Loher and Rigoutsos
(2012)

miTALOS v2 2016 IA 2 Predict
pathway

Preusse et al. (2016)

MiRTDL 2016 ML 1 Predict Shuang et al. (2016)

TarBase v8 2017 IA, Text Many Validate
(Exper)

Karagkouni et al.
(2018)

miRTar2GO 2017 Exper, Seq 1 Predict Ahadi et al. (2017)

TargetScan v7.2 2018 Seq Many Predict Agarwal et al. (2015)

miRWalk v3.0 2018 IA, Text 3 Predict Dweep and Gretz
(2015)

mirDIP v4.1 2018 IA 1 Predict
pathway

Tokar et al. (2018)

miRDB v6.0 2019 ML 5 Predict Chen and Wang
(2020)

miRTarBase 2020 2020 Text Many Validate
(Exper)

Huang et al. (2020)

aAlgorithm used is based on an integrative approach (IA); Text mining/manual literature curation
(Text); Machine learning, including deep neural networks (ML); Sequence features, matching seed,
base-pairing complementarity, stability (Seq); Direct experimental data (Exper)

starBase v2.0 (1/2014) database reports on miRNA interactions as extracted from
108 CLIP-Seq experiments (PAR-CLIP, HITS-CLIP, iCLIP, CLASH). It covers 9 k
miRNA–circRNA, 16 k miRNA–pseudogene, and 285 k protein–RNA regulatory
relationships. starBase v2.0 provides a comprehensive pairing list for miRNA–
mRNA and miRNA-lncRNA interactions based on CLIP-Seq data. A unique feature
of starBase v2.0 is the miRFunction and ceRNAFunction servers that allow
predicting the function of miRNAs and ncRNAs in the context of their regulatory
networks and their coordinated function (Li et al. 2014).

miRDB v6.0 (1/2020) is an online database for miRNA target prediction and
functional annotations (Chen and Wang 2020). The comprehensiveness of the
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training data is evident in the RNA-seq dataset that consists of ~1.5 billion reads.
Additionally, features extracted from CLASH (CLIP-ligation protocol) are consid-
ered as a validated set for the miRISC-MBS pairs. It covers the expression profiles of
>1000 human cell lines and presents target prediction tailored for specific cel
models. The underlying algorithm is MirTarget that was developed for analyzing
NGS experiments. The predictions are based on a support vector machine (SVM)
model. The prediction scores range from 0 to 100 where transcripts with scores of
�50 are presented as predicted targets. For humans, miRDB covers ~2600 miRNA
for 29 k genes leading to 1.6 M pairs. On average, there are ~600 gene targets per
miRNA in humans. The miRDB is supplemented with a rich querying system with
functional annotations and expression profiles from 100s of cell lines. All can be
analyzed for GO annotation functional enrichment.
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TargetScan v7.2 (3/2018) is designed to predict miRNA-targets by searching for
the presence of conserved sequence features (e.g., seed and its extended variants)
that match MBS in the 30-UTR of mRNA transcripts. It combined a rich set of
sequence-based features including the location of MBS relative to the stop codon.
TargetScan also sorts miRNAs by their family relation according to the degree of
taxonomical conservation (e.g., only mammals). The user can select to activate the
analyses while choosing the level of miRNA family conservation (e.g., highly
conserved in mammals, broadly conserved, or poorly conserved among mammals),
including MBS with mismatches within the seed region. In mammals, the internal
scoring reflects the predicted efficacy of targeting. The other scoring system shows
the prediction ranking by the probability of conserved targeting (Agarwal et al.
2015).

miRTar2GO (4/2017) is a model trained on the accepted rules of miRNA–target
pairing, including experimentally validated interactions from CLIP-seq data.
miRTar2GO allows the prediction of cell-type-specific targets. The model provides
biological insights through GO enrichment of miRNA-targets (Ahadi et al. 2017).
miRTar2GO ranks the interactions predicted for a miRNA based on its distance to
the verified interactions of that miRNA. A unique feature is the option to activate the
model as highly specific or highly sensitive (Ahadi et al. 2017).

miRGate (4/2015) is a curated database of miRNA–mRNA targets that compare
several established miRNA-related experimental databases and integrate major
miRNA-target prediction tools (microTar, RNAHybrid, miRanda, TargetScan)
(Andres-Leon et al. 2015).

miRror-Suite (6/2014) is an integrative set of tools dealing with miRNA regula-
tion in the context of living cells. Specifically, it allows a query on a set of
differentially expressed miRNAs that list the most likely targets that are affected
by such a set. It allows the user to reanalyze the data by redefining the statistical
significance thresholds. It is based on miRror v2.0 that also provides the opposite
view. Namely, from a set of differentially expressed mRNAs as input, find the most
likely miRNAs set that plays a role in the regulation. The miRror-Suite miRtegrate
algorithm designates statistical criteria that were uniformly applied to a dozen
miRNA-target prediction databases. The user can refine the analysis by selecting



the desired tissues, cell lines, differential expression, and internal predicting scores
(Friedman et al. 2014).

miRGator 3.0. (1/2013) serves as a miRNA portal that relies on NGS data for
miRNA diversity, expression, and target relationships. It is based on 73 NGS
datasets from major gene expression resources (GEO, SRA, and TCGA) that include
2.5B aligned reads. The database provides expression data by anatomical description
and assigned the miRNA data to 38 human diseases with summary statistics (Cho
et al. 2013). A unique feature is the availability of tools to facilitate the exploration of
massive raw NGS reads for finding miRNAs. By using the miRDeep2 algorithm
novel miRNAs, isomiRs, and edited miRNA versions are sought. Moreover, the
portal allows comparing gene sets from different studies and extracting biological
insights by functional enrichment scheme and gene set analysis.

The utilization of publicly available NGS data such as transcriptomic data for
successful use by the miRNA community is challenging. Many databases (e.g.,
microRNA.org, deepBase, and miRBase) quantify the results from smRNA-seq data
for presenting normalized expression values. Many computational and bioinformat-
ics tools combined HTP experimental data with normalized and processed raw data.
Still, a set of tools were developed to assist researchers in using miRNA-specific
NGS-based pipelines.

miRMine (5/2017) compiled ~350 miRNA-seq datasets from NCBI-SRA.
miRMine reported on ~2500 mature RNAs and their RPM (reads per million)
expression level for 16 human tissues including body fluids and 24 cell lines
(Panwar et al. 2017).

smRNAtoolbox (5/2015) provides a collection of useful tools for NGS experiment
analyses (smRNAbench), complemented with several miRNA analysis tools. While
it is not a miRNA dedicated platform, it contains seven independent tools that create
a workflow for miRNA analyses. The tools are designed to meet a realistic flow for
NGS miRNA-seq experiments. Integration of tools allows the user to benefit from a
set of established smRNA bioinformatic tools for read mapping, expression profiles,
differential expression, genome browser visualization, enrichment of functional
annotations, pathway viewer, and cross-species miRNA target prediction (Rueda
et al. 2015).

5.6.2 miRNA-Target Prediction Validation Databases

Results from experimental CLIP-seq studies, CLASH, and the advances in NGS led
to a wave of datasets that are the basis for updating many miRNA-target prediction
tools. Such an effect led to high-quality miRNA-target validated resources as
benchmarks in the miRNA field.

DIANA-TarBase v8 (1/2018) database reports on experimentally supported
miRNA targets. This resource is considered a benchmark for several prediction
methods. The current TarBase reports on ~670 k unique miRNA-target pairs. The
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database compiles information from a large set of experimental methodologies,
conditions, and cellular contexts, covering about 600 cell types and tissues. The
database provides an interactive querying system and rich filtering options in
addition to the browsing capacity. Retrieval of miRNA-target pairs is activated
according to a combined selection of species, supporting methodology, and the
selected cell type. TarBase v8 presents a ranking system that is based on the
empirical reliability of the method used as evidence (Karagkouni et al. 2018).
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miRTarBase 2020 (1/2020) is a comprehensive resource of experimentally vali-
dated miRNA-target interactions (denoted MTIs). miRTarBase is a rich experimen-
tally validated MTI database with comprehensively annotated information (Huang
et al. 2020). The database covers >380 k validated MTIs for humans. Such MTIs are
based on ~2600 miRNAs and >15 k targets with supporting evidence from 7.2 k
manually curated publications. A scoring system based on text mining ranks any
miRNA-target interaction pair. Evidence from direct assays (e.g., Western blot,
qPCR, and reporter gene) are scored higher than those from large-scale methodol-
ogies (e.g., CLIP-Seq). Also, a large number of databases were integrated to provide
rich information on the number of MTIs within a regulatory network (based on
KEGG pathways). The database also provides the current list of validated miRNA-
targets according to CLIP-seq technology (Huang et al. 2020).

miRecords (4/2013) consists of experimentally validated miRNA-targets as
revealed from literature curation. In addition, it provides a synthesis of many target
prediction programs (e.g., DIANA-microT, miTarget, PITA, and TargetScan).
miRecords hosts over 2700 records of miRNA-target pairs, with information from
direct testing of interaction. It covers about 650 miRNAs and 1900 target genes
(Xiao et al. 2009).

5.7 miRNA-Target Databases: Networks and Pathways

On the basis of the predicted and experimentally validated miRNA-target interac-
tions, several databases were developed to address complex regulatory networks in
the context of cellular pathways. Assignment of miRNAs to pathways according to
individual prediction tools (Table 5.1) suffers from an uncontrolled number of false-
positive predictions and poor level of agreement. Relying on the consistency of
miRNA-target prediction tools and predetermined topology of human pathways
showed that miRNAs are crucial in most pathways from KEGG and the pathway
interaction database (PID) (Naamati et al. 2012).

mirDIP v4.1 (1/2018) provides nearly 152 M miRNA-target predictions collected
from 30 different resources. The underlying algorithm NAViGaTOR (Shirdel et al.
2011) produces miRNA-target networks from the literature and pathways databases
(e.g., KEGG and Reactome). The signaling pathway networks that are signified by
miRNA involvement are listed and scored (Tokar et al. 2018).
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miRWalk v3.0 (10/2018) is a platform providing an intuitive interface that
generates predicted and validated MBS. miRWalk uses a random-forest approach
implemented in the TarPmiR algorithm to search for MBS across the entire transcript
length (i.e., MBS is not limited to the 30-UTR). The current version of miRWalk
stores predicted data including experimentally verified miRNA-target interactions
(Sticht et al. 2018). The human version covers the entire miRNA set (2656 miRNAs
according to miRBase Ver 22). The pairing is with regard to the ~20 k RefSeq
coding genes and 42 k transcripts. miRWalk provides a cross-reference to other
major miRNA-target predictions (e.g., TargetScan and miRDB). The pairwise
miRNA–mRNA 100 M reported interactions include the ~0.9 M validated pairs
from miRTarBase database (Sticht et al. 2018).

miRPathDB v2.0 (1/2020) is a dictionary of miRNAs and pathways. It covers an
exhaustive collection of candidate miRNAs from miRBase v.22.1 and miRCarta
(v.1.1), 28 k human targets and ~17 k pathways for Homo sapiens. It uses the
validated MTIs from miRTarBase and activates target prediction by using
TargetScan (v.7.1) and miRanda. A querying system allows determining the max-
imal number of miRNAs to be presented based on a reference pathway (e.g., from
KEGG, Recatome, and WikiPathways). In addition, it provides new functionality by
allowing users to determine a threshold for the reliability of the results. The
miRPathDB presents similarity maps for miRNAs and pathways by the statistical
significance of overlapping in their targets and pathways. The visualization tools and
the downstream analysis are designed to determine a minimal set of candidate
regulators that are sufficient to target a gene list (Kehl et al. 2020).

5.8 miRNA Sponging: ceRNA and lncRNA Interactions

An indirect regulatory level of miRNA function is formulated by the concept of
competing endogenous RNAs (ceRNAs). In cells, miRNAs may be sequestered by
RNA molecules that contain MBS but are not genuine mRNA targets. These RNAs
act as miRNA sponges and are often pseudogenes, long noncoding RNAs (lncRNA),
or circRNAs. Cell physiological and pathological processes are often regulated by
ceRNAs. To fully appreciate the in vivo steady-state in cells, the quantitative aspects
of miRNAs in the cellular context and the subtleties of cellular states and molecular
events such as miRNA partition between nucleus and cytoplasm, exosome signaling,
and miRNA editing may impact the in vivo miRNA-target interaction landscape.

miRSponge (9/2015) is a manually curated database that provides experimentally
supported resources for miRNA sponge interactions. miRSponge reports on
298 miRNA–ceRNA interactions in humans that occur between miRNA,
pseudogenes, lncRNAs, circRNAs, and human viruses. The database covers 11 spe-
cies with ~600 miRNA–ceRNA interactions that are supported by ~1200 published
articles. miRSponge is a webtool with browsing, retrieval, and downloading



capacities. A unique feature is a submission page that allows researchers to enrich
the resource by adding validated miRNA sponge data (Wang et al. 2015).

DIANA-LncBase v.2 (1/2016) is a database of experimentally supported and in
silico predicted MBS in lncRNAs. DIANA-LncBase is an extensive collection of
miRNA–lncRNA interactions with ~70 k experimentally supported interactions
derived from publications and the analysis of ~150 AGO CLIP-Seq libraries. In
addition to the experimentally validated set, DIANA-LncBase lists in silico pre-
dictions based on the DIANA-microT algorithm. A unique feature is the association
of the prediction results with information regarding 66 different cell types from
36 tissues. The database includes an exhaustive analysis of six billion RNA-Seq
reads for obtaining accurate cell-specific lncRNA expression information
(Paraskevopoulou et al. 2016).

5.9 Genomic miRNA Databases: Variations and isomiRs

The following resources address the impact of human genome variations on miRNA
regulation via changes in the identity and specificity of MBSs and miRNAs. Also,
the immense NGS repository becomes fundamental for identifying isomiRs and
other miRNA candidates (Glogovitis et al. 2020).

PolymiRTS v3.0 (1/2014) is a platform for analyzing the impact of genetic poly-
morphisms in miRNA seed regions and miRNA target sites for humans and mice.
The resource provides a comprehensive list of naturally occurring genetic variations
in seed regions of miRNAs and the MBS on targets. SNVs and indels in miRNAs
and their MBS have the potential to alter miRNA-mediated regulation. This database
is a useful resource for genotype and phenotype association studies. The data is
based on CLASH experimental results of miRNA–mRNA interactions. Unique
features include the use of polymorphic sites of TargetScan scores. Interpretation
for the SNVs occurring at the 30-UTR of the human transcripts are presented by
searching the downstream effects on gene expression and pathways in the context of
genome wide association studies (GWAS) for human traits and diseases
(Bhattacharya et al. 2014).

miRdSNP (1/2012) aims to present the impact of SNVs with regard to diseases.
SNVs could lead to gene dysregulation by modifying the efficiency of miRNA
binding to the 30-UTR of the target. miRdSNP is based on a manually curated
literature survey with ~800 disease associations SNVs and ~200 disease types, an
extended list of experimentally validated miRNA–mRNAs pairs, and sites predicted
by key predicting tools (e.g., TargetScan). The tool allows searching for the distance
of the identified MBS and SNVs associated with human diseases. It also provides a
viewer through the UCSC Genome browser (Bruno et al. 2012).

MIRPIPE (8/2016) is a pipeline for the quantification of miRNA based on
smRNA sequencing reads. MIRPIPE allows an automatic trimming of sequencing
adapters from raw RNA-seq reads and clustering of isomiRs. MIRPIPE does not rely
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on the generic reference genome to identify miRNAs. A unique feature is its flexible
model for miRNA quantification. Any uploaded database can be considered a
reference for the homology search engine (Kuenne et al. 2014).
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SomamiR v 2.0 (1.2016) is a database of cancer somatic mutations that potentially
affect miRNAs and their targets. It addresses the impact of genetic alterations on
ceRNA, including their effect on circRNAs and lncRNAs. SomamiR provides an
integrated platform for functional analysis of somatic mutations. To this end,
miR2GO is used to analyze the functional consequences of somatic mutations in
the seed region of miRNAs. Besides, experimental data (CLASH, CLIP-seq) are
analyzed given the somatic mutations. The database highlights mutations in
miRNAs and their target sites that change cancer risk as reported in GWAS and
various experimental evidence (Bhattacharya and Cui 2016).

Enriching the miRNA variant landscape from external data collections led to the
development of dedicated pipelines. An example ismiRVarwhich is based on LOVD
v.2.0 (Build 22) (Bhartiya et al. 2011). A machine learning approach using SVM
predicts the processing sites of pre-miRNA and the guide strand selection (Fig. 5.1).
The possible effect of variations in miRNAs was assessed based on the expected
penetrance in the human population.

5.10 miRNA Dysregulation: Diseases, Cancer,
and Signaling

The regulation by miRNAs on their intended target only represents a snapshot of a
dynamic circuit (Re et al. 2017). miRNAs take active parts in many pathologies and
altered signaling pathways. The regulatory networks are produced from small
network motifs that are recurrent in nature. While motifs that involve TFs were
studied extensively, those including lncRNAs or epigenetic regulators (Sato et al.
2011) introduce overlooked dimensions to the role of miRNAs in cell physiology
and pathology.

Regulation of gene expression is the key to maintaining homeostatic processes.
Several databases aim to cope with miRNA-target interactions upon changing
conditions (e.g., CSmiRTar (Wu et al. 2017). In this view, many events that involve
cell pathological conditions are reflected by a shift in miRNA action in cells (e.g.,
miRwayDB (Das et al. 2018)). The dysregulation of miRNAs has been associated
with many diseases such as type 2 diabetes (T2D) and cardiovascular diseases. The
impact of miRNAs in other conditions such as arthritic diseases, Alzheimer, and
several mental conditions becomes evident. The discovery of miRNA signaling by
exosomes is a novel aspect of cell–cell regulation and is an attractive source of
biomarkers.
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5.10.1 Disease-Related miRNA Databases

Studying disease-related miRNAs is beneficial to understand disease mechanisms at
the miRNA level. However, most current methodologies in miRNA research
(Fig. 5.2) are limited to in vitro binding assays and cellular manipulation
(Fig. 5.3). Several studies have developed networks of miRNAs and diseases
(Gu et al. 2016). The validity of such networks was analyzed (Chen et al. 2018b),
and proved to be useful for miRNA-disease relation predictions (You et al. 2017;
Chen et al. 2018c).

HMDD v3.2 (1/2019) (Human microRNA Disease Database) is a database that
curated experiment-supported evidence for miRNA-disease associations. The list of
evidence (with 20 evidence codes) includes genetics, epigenetics, circRNAs, and
miRNA-target interactions. HMDD bridges between observations from numerous
experiments and disease-associated miRNAs. HMDD also covers GWAS results
and copy number variations (CNV) leading to gain and loss of genomic miRNAs
(Huang et al. 2019). The current version covers a manually collected list of 35.5 k
miRNA-disease associations involving 1200 miRNAs and about 900 human dis-
eases. The findings are supported by >19 k publications. The disease annotation is
linked to ICD-10 that is the unified index used by the medical community. A
connection to major disease ontology terms (e.g., DOID, MESH, OMIM, and
HPO) is also provided (Huang et al. 2019).

miRNASNP-v3 (1/2020) is a rich resource that combines data on genetic varia-
tions in miRNAs and MBS with disease-related variations (DRVs). miRNASNP is
used to determine the possible effect of SNVs on miRNA interactions. The resource
analyzes >7 M germline and somatic SNVs and 0.5 M disease-related variations
with respect to ~2600 mature miRNAs and > 18 k 30 UTRs of human genes.
miRNASNP compiled the set of SNVs from clinical samples (ClinVar and COS-
MIC) and population variation catalogs (dbSNP, GWAS Catalog). It provides a
functional enrichment analysis of miRNA target gain/loss caused by SNPs/DRVs.
Correlations between drug sensitivity and miRNA expression level are presented,
with a special focus on potential targets in cancers (Liu et al. 2021).

miRandola (9/2017) is a database of extracellular ncRNAs that are attractive as
noninvasive biomarkers from body fluids. miRandola collected data from 314 arti-
cles that reported on ~1000 miRNAs and other ncRNAs. The website provides a
browsing capacity, name convertor, and details tabular information on the experi-
ments and the nature of the carrier of miRNA (e.g., exosome and microparticle)
(Russo et al. 2018).



152 I. Blass et al.

5.10.2 Cancer-Related miRNA Databases

As miRNAs govern cell identity and physiology in many tissues, alterations in
miRNAs signify all cancer types. Human cancer databases such as The Cancer
Genome Atlas (TCGA) provide a rich resource for the expression levels of miRNAs
and mRNAs for over 14 k cancer samples. Other collections include the OncomiR
cancer database (e.g., (Sarver et al. 2018)). The expression levels of oncogenic
miRNAs (oncomiRs) and those that act as tumor suppressors make them attractive
sites for manipulation and a lead for cancer therapeutic methods.

dbDEMC 2.0 (1/2017) is a cancer-specific resource for storing and displaying
differentially expressed miRNAs in human cancers. It uses a simple text search for
human cancers from the GEO gene expression data collection. The latest version of
dbDEMC contains ~2200 differentially expressed miRNAs identified for 36 cancer
types (73 subtypes) from 436 experiments. From large-scale analyses of cancer
samples (based on ~150 publications), a collection of 49 k miRNA–cancer associ-
ations is provided (Yang et al. 2017). For example, based on TCGA, a list of
miRNAs in colon cancer (total 2100) is split into those induced or suppressed
relative to the healthy tissue. A unique feature is a meta-profiling representation
that allows the user to provide an input set of miRNAs and retrieves as an output
their differential expression trend by a heatmap according to broad clinical charac-
teristics (e.g., metastasis, high and low grades) (Yang et al. 2017).

miRCancer (1/2013) provides a comprehensive collection of miRNA expression
profiles in various human cancers that are automatically extracted from published
literature using text-mining approaches. It utilizes rule-based techniques for mining
key sentences regarding the expression trend in cancer and control cells. Manual
revision is applied after auto-extraction to improve precision. miRCancer reports on
236 miRNAs and 79 human cancer types from 26 k publications. A unique feature is
the constant updating of the information by analyzing the literature in PubMed (Xie
et al. 2013).

miRNACancerMAP (9/2018) is a user-friendly web server with integrated data
sources and a computational workflow for exhaustive searching of miRNA-cancer
information. Specifically, one can ask for the common miRNA-gene regulation
networks in multiple cancers using context-dependent expression evidence. The
resource allows identifying the sponge regulations by lncRNAs in a clinical setting.
The interactive interface allows merging of public data (e.g., TCGA and GEO) with
user results such as cancer-derived miRNA–mRNA expression data. Therefore, for
the known pathways (e.g., KEGG and Reactome) the impact of miRNA
dysregulation on cancer is determined. It allows highlighting miRNAs acting as
cancer drivers and tumor suppressors by the cancer hallmark database. A unique
feature is the possibility to analyze the user miRNA data by providing interactive
visualization tools, and activating multiple miRNA algorithms (Tong et al. 2018).

OncomiR (2/2018) is a user-friendly resource for exploring miRNA dysregulation
in cancer. OncomiR covers ~1200 mature miRNA and 30 k mRNA transcripts from



~10 k patients spanning 30 cancer types, along with statistical analysis. OncomiR
consists of a database and a dynamic web server. Key functions of OncomiR are the
identification of cancer-relevant miRNAs and de novo analysis based on miRNA
expression. The unique functionality of OncomiR is in providing the most signifi-
cant miRNAs for any specific cancer type. Moreover, it allows listing potential
miRNAs for a survival signature with Kaplan–Meier (KM) survival curve represen-
tation available for a given cancer type (Wong et al. 2018).
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5.11 Summary and Future Perspectives

The field of experimental and computational miRNA research has been gradually
evolving over the last 18 years (Fig. 5.2). To this end, hundreds of stand-alone,
online tools (e.g., multiMiR package) (Ru et al. 2014), algorithms, and databases
have been developed for miRNA research. The main task was to provide simple
rules for the miRNA regulation in living cells and at the organism level. Unfortu-
nately, the degree of inconsistency remains high among the many miRNA-target
prediction tools (Riffo-Campos et al. 2016). Therefore, selecting suitable databases
and tools for researchers became increasingly challenging. In this chapter, we briefly
discuss tools and databases for assisting miRNA-focused research according to
major categories (Fig. 5.3). Notably, the improved HTP technologies such as deep
sequencing led to an increase in the number of miRNA candidates, with many of
them still awaiting experimental validation. It became clear that in living cells,
examining miRNA profiles is not limited to simple miRNA-target pairing rules.
Instead, an integration of different regulation layers (TFs, epigenetics, translation,
and lncRNAs) is essential. Currently, tools for quantifying key players (i.e.,
miRNAs, TFs, mRNAs, and proteins) and their dynamics in living cells are missing
(Mahlab-Aviv et al. 2019). Such measurements are essential for evaluating the
degree of competition and cooperativity among miRNAs in cellular systems (Balaga
et al. 2012). The use of medical informatics to determine genetic variations and their
impact on diseases allowed to bridge between miRNA research and research in
human health (Fig. 5.4). Refining experimental methods for miRNAs and collecting
accurate data in databases and well-maintained and undated online tools will con-
tinue to advance the field. Specifically, designing solid benchmarks for comparing
the tools’ performance is a pressing need. The current knowledge on miRNA
regulation in health and disease will benefit from modern statistical methods (e.g.,
deep learning) and further development of integrative approaches.
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