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Abstract

Mature microRNAs (miRNAs) are short RNA sequences about 18-24 nucleotide long, which provide the
recognition key within RISC for the posttranscriptional regulation of target RNAs. Considering the
canonical pathway, mature miRNAs are produced via a multistep process. Their transcription
(pri-miRNAs) and first processing step via the microprocessor complex (pre-miRNAs) occur in the nucleus.
Then they are exported into the cytosol, processed again by Dicer (dsRNA) and finally a single strand
(mature miRNA) is incorporated into RISC (miRISC). The sequence of the incorporated miRNA provides
the function of RNA target recognition via hybridization. Following binding of the target, the mRNA is
cither degraded or translation is inhibited, which ultimately leads to less protein production. Conversely, it
has been shown that binding within the 5 UTR of the mRNA can lead to an increase in protein product.
Regulation of homeostasis is very important for a cell; therefore, all steps in the miRNA-based regulation
pathway, from transcription to the incorporation of the mature miRNA into RISC, are under tight control.
While much research effort has been exerted in this area, the knowledgebase is not sufficient for accurately
modelling miRNA regulation computationally. The computational prediction of miRNAs is, however,
necessary because it is not feasible to investigate all possible pairs of a miRNA and its target, let alone
miRNAs and their targets. We here point out open challenges important for computational modelling or
for our general understanding of miRNA-based regulation and show how their investigation is beneficial. It
is our hope that this collection of challenges will lead to their resolution in the near future.
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1 Introduction

Cell homeostasis is vital; therefore, gene expression (RNA /protein)
is under tight control [1]. The dysregulation of gene expression is
associated with various disorders such as Parkinson’s [2] and can-
cers [3, 4]. Regulatory interventions are manifold. For example,
transcript abundance is influenced by cis- and trans-acting tran-
scriptional regulators and epigenetics mechanisms while protein
lifetime is controlled via, for example, ubiquitination [5]. One
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regulatory pathway which was discovered relatively recently [6]
controls protein abundance following transcription and export of
the mRNA templates. This process, termed posttranscriptional
regulation, is currently under heavy investigation due to the prom-
ise it holds of generating easily accessible biomarkers and persona-
lized therapeutic interventions [4, 7].

Checks and balances need to be in place to ensure that any
regulatory mechanism cannot wreak havoc on cell homeostasis.
Therefore, miRNA biogenesis and targeting are under strict regu-
lation themselves [8]. MicroRNA biogenesis occurs in a multistep
process [9, 10] starting with the transcription of pri-miRNAs. This
initial transcription step is controlled by genetic and epigenetic
mechanisms. Transcriptional control is more relevant to miRNAs
produced from their own loci while other miRNAs might be
coproducts of other transcripts such as mRNAs or long noncoding
RNAs (IncRNAs). Mirtrons, microRNAs encoded within introns,
are sideproducts of genes and do not influence the abundance of
the host gene they are encoded in directly. This is different for
miRNAs which are encoded within exons. A relevant example in
this context is a miRNA (not listed in miRBase yet) encoded within
the sixth exon (or seventh intron; depending on gene version) of
the Di George Ciritical Region Eight (DGCRS8) [11]. This presents
a direct feedback loop for the abundance of the microprocessor and
produces a miRNA which has several putative targets [12]. Both
events, however, are not direct and the decreased amount of mRNA
for DGCRS8 will take effect during its translation and the resulting
pre-miRNA needs to proceed through the miRNA biogenesis and
targeting pathways to take effect. Here emerges a very important
question, what is the abundance of the transcripts involved and how
much ncRNA /protein will they produce? Obviously, this question
is too complex to be answered in a straightforward manner. There-
fore, we will break down questions into smaller, manageable chunks
in the following.

2 Open Challenges

2.1 Transcription
and Transcriptional
Regulation

For intergenic miRNAs the primary transcript frequently remains
unannotated, thus making it difficult to systematically investigate
miRNAs under similar transcriptional control. The situation is also
far from ideal for intronic miRNAs. Here the question remains
whether miRNAs are processed equivalently from alternative over-
lapping transcripts. Furthermore, there are indications for a cou-
pling of alternative splicing and miRNA processing in plants
[13, 14]. Disentangling such connections will require a systematic
analysis of matching sRNA-seq and RNA-seq data to see the rela-
tionships between precursors and processing products. A wealth of
such data is presumably available as part of the large-scale cancer
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sequencing projects, but does not seem to have been mined with
such generic questions in mind. From a computational perspective,
prediction of RNA-Polymerase binding sites and their resulting
transcription efficiency would be beneficial to pinpointing miRNAs
from their own loci. Attempts have been made to analyze large scale
ChIP-seq data leading to the detection of many transcription factor
binding sites [15]. However, not all possible stress responses, envi-
ronmental conditions, tissues, and so on, can be queried via ChIP-
seq; therefore, a computational tool for predicting such binding
sites is needed. This leads to the following list of queries.

1. Improve miRNA annotation [ 16], for example, for the primary
transcript of intergenic loci.

2. Define whether there is an effective expression difference
between exons and miRNAs encoded in the introns of the
same genes, considering alternative transcripts.

3. What is the effect of miRNA processing on alternative splicing?

4. Mine the large amount of available sSRNA- and RNA-seq data
from different perspectives, for example, to answer (1-3).

5. Detect or predict RNA-polymerase binding sites to aid predic-
tion of pri-miRNAs.

6. Predict RNA-polymerase efficiency (based on binding sites) to
predict the abundance of pri-miRNA transcripts that can be
expected.

In summary, points (1-6) pertain to the questions of whether
and how much initial transcript can be expected from a locus. With
more than a hundred million hairpin structures that can be pre-
dicted from the human genome defining whether they are likely to
be expressed in large enough amounts would aid in filtering many
of the candidate miRNAs.

In order to better understand miRNA-based regulation, a number
of important investigations should be performed.

7. Define the specificity of Drosha.

8. Define the specificity of Drosha cleavage.

9. Define the specificity of Exportin-5.
10. Define the specificity of Dicer.

11. Define the possible types of mature miRNAs derivable from a
pre-miRNA.

12. Define incorporation into RISC.
13. Define targeting specificity and effect.

14. Define number and intracytoplasmic localization of RISC
per cell.
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15.
16.
17.

10.

Define mRNA translation efficiency.

Define how often loaded RISC can modulate translation.
Define dissociation of miRNA from RISC.

. Some of the challenges (7-16) are still complex and can be

further broken down. For example, defining Drosha, includes
whether there are structural and /or sequence requirements for
hairpin recognition. Structural questions can be answered rela-
tively easily by carefully designing a set of RNAs including one
hairpin each, with varying structural features. Incubating them
with Drosha for a set period of time and determining the ratio
of educts to products can define the enzyme’s specificity. Given
knowledge from the previous experiment, the hairpins can be
varied in terms of sequence while the structure stays intact.
Performing the same experiment as before will show whether
Drosha has a preference for sequence features. Determining
these rules, will not only benefit the prediction of pre-miRNAs
from a genome but will further allow for quantitative
modelling.

. It is not only important to understand which hairpins (if any

bias) Drosha processes but also what the outcome may
be. There are accounts in literature ranging from blunt cutting
of the RNA duplex, to several nucleotide overhang on either
side. Knowledge about this could be a side effect of experi-
ments performed for (7) since sequencing the products of the
known educts will lead to clearly defined cleavage rules whether
based on structure, sequence, or both.

. Any hairpin excised by Drosha or created as a miRTron, needs

to be exported from the nucleus into the cytosol to progress in
the miRNA biogenesis pathway. Incubating purified Exportin-
5 with hairpins and performing a pull-down experiment is one
approach that could be taken. Whether inserting Exportin-5
into vesicles along with other essential proteins, filled with
pre-miRNAs and then measuring efflux is an easy experiment,
is unlikely. Perhaps similar approaches might be performable.
Unless some hairpins are rejected from transport due to struc-
tural or sequence features, which seems unlikely, working
knowledge about Exportin-5 will allow quantitative modelling
of the transport.

Similar to Drosha, it needs to be tested whether Dicer has a
specificity in terms of structure, sequence, or both and what
the exact outcome of the processing is. A similar approach can
be taken as for Drosha (Challenges 7 and 8). In addition, the
position of the cleavage event needs to be determined precisely
and whether it is dependent on structure and /or sequence of
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the stem-loop. Determining the cleavage rules will strongly
enhance the prediction of the mature sequence from the
stem-loop precursor.

In addition to mature microRNAs derived from the 5'-arm or
the 3’-arm of the hairpin, there is evidence that the loop
region can also give rise to a third mature microRNA called
“loop-miR” [17, 18]. These loop-miRs have been found in
different species and have been shown to be functionally
active. The only known determinant of loop-miR production
is the size of the loop, that is, the distance between the Dicer
processing sites at the 3’-end of the 5’-arm and the 5’-end of
the 3’-arm. For the future, it would be important to investi-
gate, how many and which pre-miRNAs can give rise to this
third mature microRNA, to establish their functional role and
target spectrum and to elucidate whether they could be used
in biotechnology to create multifunctional microRNA pre-
cursors giving rise to multiple independent microRNA
sequences.

There are different accounts of incorporation of mature
sequences into RISC. One mature sequence, both with
some bias, or without can be assembled into miRISC. For
computational prediction and for the understanding of the
process, it is important to know which mature sequence or in
which ratio they are incorporated into RISC. Here current
methodologies such as HITS-CLIP and CLASH [19, 20] can
help to define the amount of mature miRNAs bound in
miRISC.

Currently, knowledge about targeting is based on a small
number of early studies. There a seed sequence and an
out-seed have been defined. This needs to be tested on a
larger scale. For example, miRISC with different mature
sequences could be used to pull down random RNAs which
can then be sequenced. Thereby, the binding affinity can be
defined. In a follow-up experiment, overexpression experi-
ments can be performed and the ratio of translational repres-
sion to mRNA degradation can be measured. When done for
a large variety of miRNAs and targets, this can help detect any
sequence and structure biases for the miRISC-mRNA system.
Furthermore, such experiments will allow for a better under-
standing of the targeting process and perhaps more precise
computational models.

There exist estimates for the number of RISC complexes in a
cell. Here it would be interesting to analyze the RISC content
among different tissues and species. Another important
finding would be the ratio of miRISC versus free RISC. Add-
ing to this complexity is the intracytoplasmic re-localization of
miRISC complexes, which might add another layer to the
regulation of miRNA activity [21, 22].
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15. It is important to understand how effective an mRNA is trans-
lated without miRNA influence. This is something that is being
investigated computationally in the DREAM challenges in
proteogenomics. Then the effects of miRNA on the translation
can be better understood and perhaps delineated based on
binding site motifs, location of binding sites, and binding site
multiplicity. Initially, more combined investigations of mRNA
and protein abundance are needed.

16. After RISC binds an mRNA, can the same RISC complex
dissociate from the mRNA (perhaps after processing the
mRNA) and bind another mRNA for cleavage or translational
repression? This is an important question which goes hand in
hand with the following one.

17. Whether an assembled miRISC complex can revert to free
RISC and bind another miRNA and what are the association
and dissociation constants?

Many functions can derive from the knowledge queried in
(7-16), for example, when designing miRNA mimics to control
diseases such as cancer. This list above pertains only to the canonical
processing of miRNAs. However, there are many alternatives that
only partially overlap with the canonical pathway [23]. It would be
important to understand (a) how to identify the sequence proces-
sing steps in each case, (b) to what extent they can vary and admit
alternatives (e.g., loop miRNAs processed from precursors that also
produce canonical Dicer-cleaved products, or the production of
microRNA-offset RNAs, moRNAs, from overly long precursor
hairpin [24-26], and (c¢) to what extent the usage of pathways
changes throughout evolution. One should also keep in mind
that details of the relevant pathways will not have been invariant
over large evolutionary time scales. We suspect, therefore, that the
answers to the questions above (7-17) will show subtle differences
between clades. It will be important in particular for computational
approaches to understand this variability. The fact that it is possible
to recognize a clade by the k-mer distribution of microRNAs
[27, 28] is a clear indication for such an effect. MicroRNAs seem
to have emerged independently several times in the history of
Eukaryotes, thereby using the RNAi pathway(s) as an additional
layer of gene regulation. What are the commonalities and differ-
ences between these innovation events? To what extent are homol-
ogous proteins used in the pertinent pathways, and to what extent
have different pathways been co-opted into this new function. Is
the observed plurality of processing pathways in animals a reflection
of the ease with which the RNAi pathway(s) can be accessed by
feeding them with custom-produced RNAs? Therefore, the ques-
tions (7-17) need to be investigated in different species from
different clades to gain a better understanding of functionality
and miRNA evolution.
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Experimental miRNA and miRNA target detection has improved
with many novel technologies enabling the capturing of actual
miRNA target interactions [29]. Nonetheless, it is not feasible to
investigate miRNA, mRNA, and protein expression under all devel-
opmental stages, all tissue types, and all different stressors. There-
fore, computational prediction of miRNAs and their targets is
indispensable [20]. While pre-miRNA prediction is at a quite
mature state [30], the prediction of mature miRNAs [3] from
these pre-miRNAs and the prediction of miRNA targets needs
further improvement [31]. A deeper understanding of how the
various enzymes in the miRNA biogenesis and targeting pathway
work would be very beneficial for computational modeling.

18. Does the Microprocessor complex have a structural or
sequential bias?

19. What are the exact cleavage rules of the Microprocessor com-
plex, and are they dependent on sequence or structure?

20. Is there a structural or sequential bias for pre-miRNA export
into the cytosol?

21. Are all transported pre-miRNAs associated with Dicer or is
there a structural, sequential bias or a competition among
pre-miRNAs?

22. What are the exact cleavage rules of Dicer, and are they
dependent on sequence or structure?

23. On which factors does the mature miRNA incorporation into
RISC depend?

18. Similarly to questions (7) and (8), question (18) investigates
pri-miRNA processing into pre-miRNA. It is likely that the
Microprocessor complex has a structural bias and for further
investigation in this direction more cocrystals have to be pro-
duced and linked to processing efficiency. Binding often
changes the structures of the partners and, therefore, the
RNA structure before binding is another clue needed to better
understand miRNA genesis. Whether apart from structural
biases sequence biases play a role can be investigated by analyz-
ing processing efficiency of a large number of pri-miRNAs
(perhaps containing many pre-miRNAs) where the predicted
structures are largely similar but the sequence varies.

19. seems similar to (18) but here the question is where the
pre-miRNA is cleaved to produce the pre-miRNA. Is there a
structural dependence such as cleavage n bases following the
opening of the stem? Maybe the distance is measured from the
loop since only a limited size structure fits into the Micropro-
cessor complex. Perhaps some kind of sequential or energetical
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2.4 MiBNA Tools
and Databases

motifis required for the cleavage to occur. What determines the
actual cleavage leading to blunt products or products with an
overhang? Answering these questions would greatly reduce the
amount of false positive pre-miRNA predictions.

20. Following the excision of pre-miRNAs, are they all exported or
do some remain in the nucleus and are perhaps degraded there?
Here markers could help determine the cellular localization of
miRNAs. Perhaps the flux of pre-miRNAs from overexpressed
pri-miRNAs can be monitored live using markers and confocal
laser scanning microscopy.

21. Another important question is whether hairpins are free-
floating in the cytosol or whether they are handed from one
protein complex to the next, for example, Microproces-
sor— Exportin—Dicer. Whether free floating or not, is there a
competition among pre-miRNAs for Dicer processing and then
incorporation into RISC? If there is competition, is it structural
or sequence-based? Perhaps it is based on the binding energy
distribution in the stem or maybe just miRNA abundance.

22. How does Dicer cleave the stem-loop exactly? Are there over-
hangs or blunt ends? Is the cleavage dependent on sequential or
structural features? These questions can be queried in vitro.

23. Similarly, how is the incorporation of the mature miRNA into
RISC achieved? There seems to be a bias for one of the strands
of the ds-RNA following Dicer processing. What are the rules
driving the selection of the strands? Are they based on binding
energy, sequence-based, or structural? Given a set of miRNAs
with perfect complementarity, thereby excluding structural
components, sequence and energetical components can be
investigated.

MicroRNAs have seen a lot of experimental investigation in the past
decades which led to humongous amounts of data available for
further analysis. However, it is a challenge to incorporate all this
information into a comprehensive resource. Having this in mind,
we focused on exploring the available literature and providing
useful and practical guidance on the miRNA database and tools
[32]. From a bioinformatics perspective, the prediction of
pre-miRNAs, mature miRNAs, miRNA-targeting are important
areas that need improvement. Also, integrating the various data-
bases which include miRNAs, targets, expression, and function and
other information separately, would be beneficial. Despite all
advances in the miRNA and miRNA-target prediction field, the
next-generation of predictors should incorporate the following
tasks.
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Improve precision, by increasing the number of true positives
and decreasing the number of false positives in the predictions
for all pre-miRNA, mature, and target prediction.

Integrate the prediction into the regulatory networks and
pathways by considering the expressed genes in the tissue/
condition being analyzed.

Detect when the action of a miRNA on a specific target is
direct or indirect (i.e., a miRNA targets a gene and its genes
regulate another gene that also has a binding site, but this
binding site is not functional).

Take into account the transcript isoforms present of the spe-
cific target. In this sense, the predictors should consider the
existence of alternative poly-A signals in the 3’ UTR
sequence, and, when possible, the tools should use transcrip-
tome data to confirm the 3’ UTR isoform present in the
tissue /condition being analyzed as well as consider alternative
splicing.

The miRNA target predictors should consider the genomic
context of the UTR and the region of the binding site therein
(i.e., the position of the binding site, secondary structure of
the UTR, etc.).

Predictors for targeting should consider target multiplicity,
distance of targets to the stop signal, and other information
that could be integrated.

Current miRNA databases are largely dependent on miRBase
for naming miRNAs and they are interlinked. Both are good,
but an ontology integrating all information and allowing
logical reasoning other the data would do much to improve
on the current knowledge.

Enable the prediction of noncanonical mature miRNAs such
as loop-miRs.

Establish whether sequence information is sufficient to pre-
dict the mature miRNA.

As pointed out in challenge (11), it is important to discover
noncanonical mature miRNAs such as loop-miRs that are
located in the loop part. Yet those mature miRNAs are ignored
by current tools that predict the location of the mature miRNA
[3]. Here the challenge is to develop an algorithm enabling the
identification of noncanonical mature miRNAs. At the same
time it is important to annotate miRNAs more precisely in
existing databases to support algorithm development.

32. Recent studies show that it is possible to predict the microRNA

precursor considering only sequence information, more
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2.5 MicroRNA
Function

specifically, utilizing a vector of k-mers [27, 33, 34]. Studies
considering the mature miRNAs’ targets similarly led to some
success when just employing sequence information
[35, 36]. Here the challenge is to explore the idea of the
prediction of the location of the mature part considering just
the sequence information. This can also answer whether
sequence information is a determining factor for the selection
of mature miRNAs during RISC incorporation.

Points (24 to 30) bring us to miRNA function which (see query
25) is not a singular process void of interactions with other
processes [12].

MicroRNAs are under spatiotemporal control and so are messenger
RNAs. Posttranscriptional control involving miRNAs can only
occur when both the miRNA and at least one of its targets is
coexpressed in the same space at the same time. Whether both are
expressed in the same space can be confirmed relatively easily using
RNA-seq. MicroRNAs can also be transported to their targets via
exosomes [37]. Posttranscriptional regulation can only be
measured on the transcriptional level for those regulations where
the mRNA is degraded, however, it may be hard to differentiate
among RNAs specifically degraded in response to miRNA regula-
tion and other degradation events. For those miRNA regulatory
events that modulate protein abundance without degrading the
mRNA, protein abundance needs to be correlated with mRNA
abundance and miRNA abundance and its overall occupancy status
in RISC. Additionally, miRNAs with many coexpressed targets may
not cause a measurable effect while the same miRNA coexpressed
with only a few of its targets may cause strong regulation. Addi-
tionally, miRNA sponges (see below) can modulate miRNA regu-
lation. Even for two slightly similar miRNAs (X and Y) a complex
interaction network can unfold (Fig. 1). The hypothetical regu-
latory network in Fig. 1 also shows that some target sites may be
shared among miRNAs while others are not. The location of target
sites may also be important (exon mRNA D) or in 3’ UTRs (A-D).
The IncRNA in the example will likely hide any gene regulatory
effect of miR-X while not significantly affecting miR-Y (Fig. 1).
Therefore, all possible target sites of a miRNA need to be
monitored. MicroRNAs can be derived from genes and, therefore,
they are bound to the same regulation as the gene. To elucidate this
complex situation, a number of statistics need to be defined.

33. How much RISC is available in a cell?

34. What s the association rate and dissociation rate of the mature
sequence and RISC, that is, how long is a miRISC complex
active before the mature miRNA is replaced or the miRISC is
degraded?
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Fig. 1 Two miRNAs (green) and three of their mRNA targets (blue) as well as one
long noncoding RNA acting as a sponge (red). Target sites are red boxes and
connections show binding of the two miRNAs. 3’ UTRs are in gray

35. How many proteins are translated from one mRNA before it

is degraded?

36. When miRISC binds an mRNA, but does not degrade it, will

it dissociate from the mRNA and allow translation in another
round or will it stay bound until either is degraded?

37. Do all miRNAs have the same chance to be incorporated in

33.

34.

35.

RISC or is there a structural bias?

while this seems trite at first glance, it cannot be expected that
the RISC amount is similar for all cell types and, therefore, this
needs to be investigated for various tissues. Perhaps the RISC
amount also varies in response to stress and other stimuli.
Initially (see 4), overall expression levels could be established
mining publicly available mRNA and protein expression data.

Similarly to (17), it is important to understand whether RISC
can be reused and whether the mature miRNA goes back into
the pool of possible miRISC partners or is degraded. How fast
do mature miRNAs associate and dissociate to RISC (if they
do). Once loaded, is the miRISC only used to regulate one
mRNA or is it reused and if it is how long does the mature
miRNA stay associated with miRISC?

When miRISC inhibits translation; it is important to know
whether the same mRNA would be translated multiple times.

If so, does the inhibition affect all possible translation events of
the mRNA?

36. Very similar to (33), assuming that there are multiple rounds of

translation from on mRNA and that there is only translational
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2.6 MicroRNA
Sponges

repression. Does miRISC dissociate from the mRNA after
failed translation and bind another mRNA or is it bound to
the mRNA and degraded together with it?

37. Similarly to processing with Drosha and Dicer, is there a
sequence-based or energetical bias for incorporation of the
mature miRNA into RISC? This can be investigated by mining
publicly available expression data.

MicroRNAs, which are important micromanagers of gene expres-
sion at the posttranscriptional level, are themselves subject to regu-
lation both at the transcriptional and posttranscriptional levels. One
of the most interesting posttranscriptional regulatory mechanisms
that modulates intracellular miRNA abundance involves sponging
by other transcripts that includes but is not limited to IncRNAs,
circRNAs, and pseudogenes [38]. Although sponging, by defini-
tion, requires the presence of multiple miRNA recognition ele-
ments on the sponging transcript, there are numerous examples
of sponging that involve a single binding site. Thus, the major
challenge in this field is to distinguish among various potential
miRNA-RNA interactions especially when there exists a single
interaction between two transcripts. The best-characterized inter-
action includes miRNA-mediated silencing and/or translational
inhibition of the target transcript. However, the miRNA binding
to its target RNA can induce miRNA degradation as well. More
importantly, miRNA-RNA interaction may simply sequester the
miRNA away from its real target RNA without having any effect
on the sponging RNA. The outcome can be predicted when multi-
ple miRNA binding sites exist, especially on circRNAs. However,
we do not yet have a sufficiently good grasp of sequence informa-
tion and/or complementary rules for reliable predictions with
bioinformatics methods only. Pressing questions in this field are:

38. What is the minimum number of miRNA binding sites for
effective sponging?

39. What is the minimum amount of sequence complementarity
required to induce the sponging mechanism without

compromising the integrity of the miRNA and the
bound RNA?

40. Which protein complexes are involved in the recognition of
sponged miRNAs versus others?

41. What triggers the release of the sequestered or sponged
miRNAs?

42. Are all miRNAs subject to sponging or is there a selective set
of miRNAs targeted for sponging?

43. How do sponging, gene regulation, and miRNA regulation
collaborate to form regulatory circuits?



2.7 Studying
MicroRNAs and
Extreme Stress
Adaptation

Current Challenges in miRNomics 435

Answering these (43) questions will significantly forward our
understanding of miRNA-based regulation and will lead to large
improvement for the computational prediction of functional
miRNA interactions. All this will aid experimental studies and
support novel questions such as stress adaptation.

The identification and characterization of both conserved and
novel species-specific miRNAs in non—-genome-sequenced organ-
isms poses numerous challenges that can be circumvented via de
novo transcriptome sequencing and assembly and /or through the
development of complex bioinformatics pipelines [39]. To gain
global insights into the unity of miRNA regulation in different
environmental stresses will require expanding the current studies
to more unique species [40]. Increasing the biodiversity of a com-
parative work to more uniquely adapted species is difficult when
working on nonmodel organisms. This is due to the harsh environ-
ments these animals inhabit as well as due to the difficulty of
performing downstream validation (for example siRNA and
knock-out) experiments, in a scientific system that is centered on
model organisms [41].

The field of miRNA research in nonmodel organisms is rapidly
expanding and this can be helped with the adoption of more readily
available next generation sequencing technologies. This expansion
is paving the way for the generation of increasingly reliable and
accurate biomarker profiles for different stresses that could be
applied in biomedical contexts. Examples of this from extreme
animal survival strategies include using the miRNAs implicated in
protecting the brains of anoxia tolerant and for the development of
stroke therapeutics and interventions, as well as the use of freeze
tolerant responsive miRNAs to innovate organ and tissue
preservation.

3 Conclusion

Much has been achieved in the past decades since the first account
of miRNA regulation. MicroRNAs are now recognized as impor-
tant regulators of gene expression and it has become clear that
miRNA-based regulation and transcription factor-based gene reg-
ulation are intertwined and form complex regulatory networks.
Unfortunately, the discourse about and involving miRNAs is
suffering because some terms do not have the same meaning to
all researchers. For example, what is a miRNA? Does this refer to
the mature miRNA or a generic concept involving regulation? Does
the term miRTron refer to a miRNA precisely excised during
splicing or, more generally, to a miRNA encoded in an intron?
Therefore, we want to add one more challenge here:
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44. An ontology and a controlled vocabulary defining terms and
actions in miRNomics is needed to ensure a common under-
standing of miRNA-based regulation.

It is clear that trying to investigate all miRNA-target interac-
tions encoded in a genome is a futile endeavor. This is due to both
miRNAs and their targets being under spatiotemporal control.
Some miRNAs may be triggered only under special circumstances
such as in response to stresses. This entails the need for computa-
tional prediction of miRNAs and their targets directly from gen-
omes. Currently, eukaryotic genomes with millions of candidate
hairpins are a formidable challenge. In order to alleviate the situa-
tion, we define (44) challenges in miRNomics which, when solved,
will enhance the accuracy of computational predictions. We hope
that this is an inspiration to researchers in the field of miRNomics to
perhaps slightly modify their experiments to solve one of the chal-
lenges while pursuing their primary aims.
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