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A computational view of microRNAs

and their targets

James R.Brown and Philippe Sanseau

Small non-coding RNAs called microRNAs have been shown to play important roles
in gene regulation across a broad range of metazoans from plants to humans. In this
review, the nature and function of microRNAs will be discussed, with special emphasis
on the computational tools and databases available to predict microRNAs and the

genes they target.

) One of the most important developments in molecu-
lar biology over the past two decades is the emerging
picture of a new layer of gene regulation under the
control of small yet versatile RNAs [1]. In 1993, two
papers suggested that, in Caenorhabditis elegans, a
small RNA, called lin-4, was responsible for regulating
the expression of the lin-14 gene through direct in-
teraction with its mRNA [2,3]. Over the following
years, it became evident that short RNAs are much
more versatile than originally thought. It has now
been clearly demonstrated that they play a major
biological role by altering the expression levels of a
diverse repertoire of genes in a sequence-dependent
manner. This is achieved at either the transcriptional
or post-transcriptional level.

Small RNAs can be divided into four subfamilies:
microRNAs (miRNAs) [4-6], short interfering RNAs
(siRNAs) [7,8], tiny non-coding RNAs (tncRNAs) [9]
and unique double-stranded RNAs called small mod-
ulatory RNAs (smRNAs) [10]. The characteristics of
these families have been reviewed elsewhere [11].
Briefly, miRNAs are single-stranded RNAs 21-25 nu-
cleotides in length that silence cellular target genes at
the post-transcriptional level. siRNAs are a class of
double-stranded short RNAs 21-22 nucleotides in
length that have the exact complementary sequence
to the mRNA of their respective target genes. Both
tncRNAs and smRNAs have been discovered recently.
The function of tncRNAs is unknown. smRNA appears
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to play a major role in neuronal differentiation by
regulating the expression of neuron-specific genes,
possibly via interactions at the protein level. Overall,
differences between some of these families seem
slightly superficial. For example, it has been recently
shown that one mammalian miRNA, miR-196, binds
to Hoxb8 mRNA to direct its degradation, an effect
traditionally associated with siRNAs [12]. Conversely,
in mammalian tissue culture, imperfect binding of
siRNAs with their targets will lead to translational re-
pression, similar to the mode of action of miRNAs [13].
Since the identification of lin-4 in C. elegans [2,3],
hundreds of miRNAs have been identified in a
wide range of organisms from plants to humans.
Furthermore, the general activity of short non-coding
RNAs is now exploited as a major experimental ge-
nomics platform to analyse gene function by silencing
target genes in a process named RNA interference
(RNAI) [11,14]. This review will focus on a particular
naturally occurring family of short RNAs, the miRNAs,
for which computational approaches have been
important in not only the discovery of new mem-
bers but also the identification of target genes.

Functional characteristics and biogenesis of
miRNAs

The functional characteristics and biogenesis of
miRNAs have been thoroughly reviewed previously,
but a brief review here is warranted [15-19]. The
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mature miRNA, usually 21-25 nucleotides in length, is | that the strand that enters the RISC is almost always the
originally derived from a larger precursor, ~60-70 nu- | one with the less stable 5' end [28,29].
cleotides long, that folds into an imperfect stem-loop struc- Purification from cells of the RISC has shown that it
ture (Figure 1). In animals, these miRNA precursors are contains at least one member of the Argonaute (AGO)
themselves derived from cleavage of the primary miRNA | protein family [30,31]. Recent structural and mutagenesis
transcript by a multiprotein complex, the microproces- studies suggest that Ago2 is specifically responsible for
sor. Known microprocessor components are Drosha RNase | RISC cleavage activity [32-34]. Several other proteins have
IIT [20] and Pasha (Partner of Drosha), a double-stranded also been co-purified from the RISC, including the RNA-
(ds)RNA-binding protein [21,22]. After cleavage, miRNA binding proteins VIG, fragile X-related protein [35] and
precursors are transported into the cytoplasm by a cargo | nuclease Tudor-SN [36], and the helicases Gemin-3 and
transporter called Exportin 5 [23,24]. Subsequently, the Gemin-4 [37].
miRNA precursors are cleaved into an imperfect dsSRNA Within the RISC, miRNAs have been shown to regulate
duplex by another endonuclease RNase III enzyme, called | gene expression by either inducing mRNA cleavage or
Dicer [20,25-27]. This duplex is composed of the mature | translational repression. In plants, the majority of miRNAs
miRNA strand and its complementary strand, commonly | induce cleavage by being perfect or nearly perfect com-
noted as miRNA*. The mature miRNA strand of the | plements to the coding region of their target mRNA
duplex is then incorporated into an effector complex, the [19,38,39]. In animals, most miRNAs bind with imperfect
RISC (RNA-induced silencing complex). The other strand complementarity to multiple sites in the 3" untranslated
is apparently rapidly degraded. Interestingly, it appears | region (UTR) of their target mRNAs and cause translational

repression [40]. The regulatory mechanism
of translational repression is not fully un-
. derstood. Experiments in C. elegans suggest

mMiRNA gene . A
ARV that protein synthesis is affected at the
W translational elongation or termination
- P steps, while the amount of mRNA remains

Pri-miRNA unchanged.
Cytoplasm ' Nucleus g Drosha/ (Ii/ggolper)(()cessor From the perspective of genome organ-
Pasha ? isation, a majority of mammalian miRNA
Pre-miRNA genes overlap with transcription units in
n introns of protein-coding genes, and in
Exportin 5 both introns and exons of mRNA-like
non-coding genes [41,42]. In addition, it
{} appears that miRNAs are transcribed in par-
m allel with these host genes. Intronic miRNAs
have also been identified in C. elegans [43].
ﬂ Dicer Animal miRNAs seem to regulate several
diverse biological processes, such as devel-
_ﬂﬂﬂf miRNA duplex (miRNA-miRNAS) opment [44], apoptosis [45], haematopoietic
ﬂ differentiation [46] and fat metabolism
Unwind [47]. Plant miRNAs appear to target par-
o rrm— ticularly transcription factors [39]. Some
— L miRNAs display higher expression levels
[/ x ﬁggrzg?a'}g ési nto RISC in particular tissues [48-50] or differentiated
expression levels in tumour tissues [51,52].
RISC 1_|_/\_|_|_|_ RISC Recently, microarrays have been used to
\_J Target gene show other instances of tissue-specific
mRNA cleavage Translational repression expression of miRNAs [53-55].
The capability of animal miRNAs to be
Drug Discovery Today . . .

active through imperfect complementarity

FIGURE has profound implications for determining

Gene expression regulation by miRNAs. Primary miRNAs (pri-miRNAs) are initially processed by the
Drosha/Pasha complex (‘microprocessor’) into ~60-70 nucleotide precursor miRNAs (pre-miRNAs) in the
nucleus.These pre-miRNAs are transported into the cytoplasm by Exportin 5.In a next step, they are
cleaved by Dicer into an imperfect double-stranded duplex. One strand of this duplex is incorporated into
the RISC (RNA-induced silencing complex). This complex binds to the target gene and will lead to
translational repression. However, in some cases, miRNAs regulate gene expression by mRNA cleavage [12]
rather than by translational repression.
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the spectrum of target genes, as well as for
the use of RNAI as an experimental tool to
silence gene expression. There are several
reports of synthesized siRNAs affecting
non-targeted mRNA transcripts with only
partial sequence complementarity [56]. In
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TABLE 1
Some major computational approaches used to identify animal miRNA genes
Program/approach URL Species Number of genes References
estimated
MiRseeker Drosophila 110 [69]
MiRscan http://genes.mit.edu/mirscan C. elegans 120 [70]
Human 180-255 [71]
Phylogenetic shadowing Human 976 [75]

addition, it has been shown that siRNAs can affect the
translation of unintended targets [57,58] and induce a
non-specific interferon response [59,60]. One should be
aware of these potential liabilities when designing RNAi
experiments [61]. However, the potential of RNAi remains
enormous, not only as an experimental tool but also for
the discovery of RNA-based drugs, as recently demon-
strated by the silencing of a gene involved in cholesterol
metabolism, apolipoprotein B [62]. Several companies
now offer siRNA libraries to silence genes of pharmaceutical
importance. For example, both Qiagen (Venlo, Netherlands;
http://www.qiagen.com) and Ambion (Austin, Texas;
http://www.ambion.com) have developed siRNA libraries
that focus on genes of therapeutic interest, such as G-pro-
tein-coupled receptors, ion channels, kinases or nuclear
receptors.

Computational identification of miRNAs

Table 1 summarizes the principal computational approaches
that have been used to identify miRNA genes in animals
and plants. It was the discovery of the C. elegans miRNA
let-7 [63] that led to computational approaches for dis-
covering other novel miRNAs. Through simple sequence
homology searches using BLASTN [64], orthologues of let-7
were identified in numerous species [65]. Orthologues of
the first identified C. elegans miRNA, lin-4, escaped com-
putational identification because of cross-species sequence
divergence. However, in many other cases, simple sequence
searches did identify homologues and orthologues of
miRNAs isolated by cloning [5,66]. Alternative approaches
used RNA fold prediction to identify sequences likely to
form stem-loop structures. For example, the program
Mfold, which predicts RNA secondary structure by free
energy minimisation [67], was used to identify novel
miRNAs in C. elegans [9]. The sequences analysed were
initially derived from intergenic regions conserved between
the closely related nematode species Caenorhabditis briggsae
and C. elegans, as identified by WABA, an algorithm devel-
oped for large-scale genomic alignment [68]. Mfold was also
used to select potential miRNAs obtained from cloning
screens [4].

The MiRseeker procedure [69] also examines the folding
of RNA sequences conserved between two Drosophila species
using Mfold. The MiRseeker procedure uses predictions
of stem-loop structure formation as key criteria. But it also

takes into account the nucleotide divergence of miRNA
candidates, as the authors detected less selective pressure
in the loop sequences of orthologous precursor miRNAs.
Their miRNaseeker program identified 48 conserved novel
miRNAs in Drosophila.

MiRscan (http://genes.mit.edu/mirscan) is yet another
computational approach that has been used to scan the
genomes of C. elegans and humans [70,71]. It relies on the
secondary structure prediction program RNAfold [72], as
an alternative to Mfold, to computationally identify poten-
tial stem-loops. After first predicting >35 000 stem-loops in
sequences conserved between C. briggsae and C. elegans, 50
published miRNAs from these two species were used as a
training set to develop the MiRscan program. The prin-
ciple of MiRscan is to slide a 21-nucleotide window along
candidate stem-loops and assign a log-likelihood score.
The scoring method was developed using criteria such
as the number of base pairs from the loop to the closest
end of the candidate miRNA, variations in 5’ and 3' sequence
conservation, miRNA base pairing, the extension of base
pairing, bulges, sequence biases in the first five bases of
the miRNA (such as a U as the first base), and 2 to 9 con-
sensus base pairs between the miRNA and the terminal
loop region. Using this method in combination with se-
quencing and validation techniques, 30 additional miRNAs
were identified. MiRscan was also used to extrapolate that
the C. elegans genome probably has 120 miRNA genes.
Another study using a similar search strategy but different
selection criteria and fewer experimentally validated can-
didates yielded a comparable prediction of 120-300 miRNAs
in the C. elegans genome [73].

MiRscan has been used to estimate the number of
miRNA genes in other species. Human stem-loop sequences
were predicted from intergenic regions with some conser-
vation between humans, mouse and pufferfish (Takifugu
rubripes). For these sequences, MiRscan estimated an upper
bound of ~255 human miRNA genes, and a lower bound
between 180 and 200 genes. However, some miRNAs ap-
pear to be poorly conserved between humans and puffer-
fish [71]. Therefore, the estimated upper bound of predicted
human miRNA genes might be low. MiRseeker analysis
estimated that around 110 miRNA genes are present in
the Drosophila genome [69]. These various estimates all
correspond roughly to 1% of the total number of predicted
genes in the respective genomes. The MiRscan program
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has recently been improved by adding criteria based on
the presence of a consensus sequence upstream of almost
all transcribed miRNAs in C. elegans [50].

Very recently, a particular phylogenetic approach has
been used to identify potential novel human miRNAs
[74]. The strategy, known as phylogenetic shadowing [75],
is based on the sequence comparison of closely related
species and provides an accurate method to identify con-
served regions at the nucleotide level. The authors compared
the sequences of over 100 miRNA regions in 10 different
primates. A characteristics profile was identified: variation
in loop sequences, conservation in stems of hairpins and
a significant decrease in conservation of sequences flanking
the hairpins. This pattern was used to identify potential new
miRNAs in pairwise alignments of more divergent species,
such as humans and mouse or humans and rat. After
additional filtering, such as looking at the folding free
energy of candidate sequences [76], 976 potential human
RNAs were identified; this set contains over 80% of all
known human miRNAs in release version 3.1 of the
miRNA Registry (see below) [77]. Northern blot analyses
combined with database searches reached a conservative
estimate of 200-300 novel human miRNAs, a twofold
increase over previous studies [71].

In a recent study, the entire set of human and mouse
precursor and mature miRNAs in the miRNA Registry, ver-
sion 2.2 [77] was compared to the human genome using the
sequence comparison tool BLAT [78]. After further filter-
ing using tools (Mfold) and criteria (G-U base pairings),
35 human and 45 mouse new potential miRNAs were
identified [79].

Similar computational strategies have been used to pre-
dict miRNAs in plants. However, these methods had to be
modified to take into account some specific characteris-
tics of plant miRNAs, such as the variability in length of
miRNA precursors (invalidating a fixed-window approach),
differences in G+C content and lower sequence conserva-
tion of precursors. In an initial analysis, the computa-
tional pipeline known as MIRFINDER predicted 91 miRNA
genes in the genome of Arabidopsis thaliana [80]. Another
study predicted a similar number, 95 miRNA genes in
A. thaliana [81]. A different computational strategy is
based on the observation that miRNA genes appear to be
organized in clusters and scans for stem-loops near known
miRNAs [82].

Computational prediction of miRNA targets
The identification of miRNA targets is an essential step
towards understanding their regulatory function. Recently,
different computational approaches have been developed
and used to uncover such targets [83]; these are summa-
rized in Table 2. The large majority of these methods are
based on knowledge of the nature of the pairing between
the miRNA and the target gene in animals and plants.
In animals, imperfect complementarity with miRNAs
makes computational prediction of their targets particularly
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challenging. However, over the past few years, progress has
been made in the prediction of Drosophila and mammalian
miRNA targets [84-90]. The principles behind these
approaches are relatively similar and are based on previ-
ously acquired knowledge of the pairing between animal
miRNAs, such as lin-4 [2] and let-7 in C. elegans [63,65],
and bantam [45] in Drosophila, and their targets. In general,
the criteria for developing these computational pipelines
are the complementarity between the 3' UTRs of the
potential targets and miRNAs, with an emphasis on the
critical pairing at the 5’ end of the miRNA [91,92]; the
conservation of target 3' UTR sequences in orthologous
genes; and the kinetics and thermodynamics of the asso-
ciation between the miRNA and its target, as determined
by RNA folding programs [93]. Some of these criteria, such
as the importance of the pairing at the 5’ end of the miRNA,
were strongly suggested by computational approaches
before experimental evidence [94]. In combination, com-
putational searches for known pairings and experimental
confirmation are commonly used to measure the validity
of the approaches. Although the general principles are
similar, some technical details are not. Key differences
exist in the methods used to measure conservation and
to predict single [88] or multiple binding sites [85] in
miRNA targets, and in the statistical approaches chosen.
One illustration of this is the different conservation rules
applied to select 3' UTRs for Drosophila [84,86]. A review
of all published methods used to predict mammalian tar-
gets found that the overlap of identical predictions from
the different computational approaches varied between
10% and nearly 50% for a common set of 79 miRNAs [89].
TargetScan [85] is a widely used program for predicting
miRNA targets. In its latest version, TargetScanS, certain
criteria have been simplified, such as the omission of both
the thermodynamic stability of pairings and multiple tar-
get sites per UTR [95]. With the availability of new genomes
(i.e. chicken and dog) and updated annotations for others
(i.e. humans, mouse and rat), TargetScanS looks for target
site sequence conservation across species, thereby reducing
the number of false positive predictions. Some original
parameters of TargetScan, such as the requirement for a
seven-nucleotide match in the region of complementarity
(the seed) between the miRNA and its target gene, can also
be relaxed, to a six-nucleotide match. In addition, the pres-
ence of conserved adenosines flanking the seed miRNA
sequence has been integrated into TargetScanS. Using this
refined algorithm on four genomes (humans, mouse, rat
and dog), the authors predicted that the 3' UTRs of 30%
(5300 genes) of the gene set used in the analysis (17 850
orthologous mammalian genes) were potential miRNA
targets. This work reinforces the possibility that a larger
proportion of mammalian genes than initially thought
are under the potential control of miRNAs.
Interestingly, miRNAs have also been identified in
viruses such as the Epstein—Barr virus (EBV) [96]. The authors
used a computational approach tested first on Drosophila [85]



DDT - Volume 10, Number 8 « April 2005

REVIEWS

TABLE 2

Summary of major programs for the identification of animal miRNA targets

Name URL Species References
TargetScan and TargetScanS http://genes.mit.edu/targetscan Vertebrates [86,96]
DIANA MicroT http://diana.pcbi.upenn.edu/DIANA-microT Human/mouse [89]
miRanda http://www.microrna.org//miranda.html Drosophila/human [85,90]
miRNA - Target prediction http://www.russell.embl.de/miRNAs/home.html Drosophila [84]
RNAhybrid http://bibiserv.techfak.uni-bielefeld.de/rmahybrid/welcome.html Drosophila [88]

to identify potential miRNA targets. Several targets were
predicted, including B-cell-specific chemokines and cy-
tokines, transcriptional regulators, and genes involved in
signal transduction pathways, or cell proliferation or death.
Therefore, miRNA silencing is possibly a mechanism used
by EBV to regulate host gene expression.

The computational identification of miRNA targets in
plants is relatively more straightforward than in animals,
as a large majority of miRNAs bind to their gene targets
with near to perfect complementarity. In a first approach,
PatScan [97] was used to identify complementary RNAs
for 16 miRNAs from A. thaliana [39]. Hits selected had
four or less mismatches and no gaps, with non-canonical
and G-U pairs considered mismatches. This analysis led
to the prediction of 49 targets for 16 miRNAs. The same
authors have recently improved this computational
approach by relaxing the criteria, allowing for gaps and
more mismatched nucleotides. Additionally, similar to
the comparative genomic analyses used to predict animal
miRNAs, they looked at sequence conservation between
A. thaliana and Oryza sativa, which revealed 19 additional
plant miRNA targets [98].

With the growing number of verified and potential
miRNA targets, animal miRNA targets appear to be more
functionally diverse than their plant counterparts [15].
Plant miRNAs appear to target in particular transcription
factors involved in development [99]. Although animal
miRNAs control similar target genes, they also affect a
large spectrum of diverse biological functions, such as pro-
tein metabolism, transport, intracellular signalling cas-
cades, cell organization and response to external stimuli
[85,88,89,95]. Some of these miRNA targets have particular
relevance in a disease context, such as genes of the TGF-3
signalling pathway [95].

Computational prediction of miRNA targets is bound
to improve in accuracy over time. This will be achieved
by the thorough refinement of training sets, rules for defin-
ing complementarity and statistical approaches. Recently,
it has been suggested to examine not only 3' UTR sequences
but also 5" UTRs [18]. As always, experimental validation,
in an iterative process with in silico methods, will be essen-
tial to benchmark any new predictive algorithms.

miRNA data resources
The increasing number of identified miRNAs has led to
the establishment of a searchable database maintained at

the Sanger Centre in the UK, called the miRNA Registry
(http://www.sanger.ac.uk/Software/Rfam/mirna/index.
shtml); it can also be downloaded by FTP (fast transfer
protocol) [77]. The database can be searched by BLAST
[64] for both the hairpin and mature sequences, and by
keywords, names, references and annotations. At the time
of writing, the latest release (version 5.1) of the miRNA
Registry contains 1420 entries from 2 plant and 7 meta-
zoan species, the majority of which are vertebrates. The
current number of human entries, 222, is probably an
underestimate if novel miRNAs recently identified by
phylogenetic shadowing are confirmed experimentally [74].

The criteria for the inclusion of miRNA sequences in
the database are not identical across species. For example,
all C. elegans entries are supported by experimental evidence
by cloning or tissue distribution. However, the 79 miRNAs
from C. briggsae were identified by close sequence homol-
ogy to C. elegans miRNAs and for their capacity to form
stem-loop structures. Human, mouse and rat sequences are
mixtures of experimentally verified miRNAs and compu-
tationally determined putative orthologues. Of the 222
miRNAs listed for humans, only 126 have been experi-
mentally verified. In support of cataloguing miRNAs, the
miRNA Registry provides names for novel miRNAs before
publication, as well as guidelines to promote greater con-
sistency in the annotation of miRNAs [99].

A specific Arabidopsis database for small RNAs has also been
developed and is available at http://asrp.cgrb.oregonstate.
edu [100]. It contains miRNAs and also siRNAs. Version
3.0 contains a total of 1920 unique sequences.

Conclusions

Over the past few years, the complex and subtle roles of
miRNAs in gene regulation have been increasingly appre-
ciated [101]. Computational approaches have played a key
role in identifying miRNAs from plants to animals, as well
as in predicting their putative gene targets. Studies that
verify in silico predictions with wet-bench experiments
will be crucial to the testing and refinement of miRNA
computational databases and algorithms. Sequences of
miRNAs are now being tracked in a comprehensive database
using agreed standards. Many challenges remain in under-
standing miRNAs and dissecting the affected pathways.
One hopes that iterative interactions between in silico and
experimental methods will continue to push forward future
developments in this exciting field.
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