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Abstract

MicroRNAs (miRNAs) are tiny genetic rheostats in plants, animals, and viruses, regulating the expression of messenger RNAs by
targeting transcripts for cleavage or translational repression. Their regulatory impact is even more pervasive as a potential therapeutic
tool. Since inception, computational methods have been an invaluable tool complementing experimental approaches. Here, we outline
miRNA-bioinformatics highlighting the biological and therapeutic repertoire of miRNAs, in silico prediction of miRNA genes and their
targets, along with a glimpse of the bioinformatic challenges that lie ahead.
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One of the important recent advancements in biology
research has been the discovery of the versatile RNA mol-
ecules that regulate expression of genes. For years, RNAs
were thought to have just two major functions in cells.
The coding RNAs are essential intermediaries in gene
expression and noncoding RNAs (ribosomal and transfer
RNAs) have structural, catalytic, and information-decod-
ing roles in protein synthesis. The path-breaking discovery
by Andrew Fire, Craig Mello, and their colleagues in 1998
obligated people to think otherwise with their discovery of
RNA interference (RNAi)—the silencing of genes by non-
coding RNAs (ncRNAs) [1]. Although miniscule mole-
cules, 19-25 nucleotides (nts) in length, miRNAs have
large-scale effects due to their regulatory functions. These
are encoded in a wide variety of organisms from viruses
and unicellular eukaryotes to multicellular eukaryotes
[2,3] and comprise 1-3% of the genome [4].

lin-4 is the first founding member of the miRNA family
which was discovered in 1993 by Lee et al. in Caenorhabdi-
tis elegans [5]. Downregulation of the protein lin-14 by lin-4
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regulated the timings of larval development in C. elegans.
let-7 (lethal-7), the second miRNA, was also discovered
in the same worm seven years later by Reinhart et al. [6].
let-7 mediates translational repression of lin-41, the genes
involved in larval development of C. elegans. With the dis-
covery of the homologs of /et-7 in flies and humans [7],
miRNAs were considered to represent conserved novel
gene regulators. Thereafter this new regulatory RNA field
began to garner attention. Nowadays, these genes form
the pervading and widespread feature in plant and animal
genomes [8—10]. Hundreds of miRNAs have been cloned in
several organisms [11-13]. Computational prediction too
has been an efficient strategy to find low expression or tis-
sue specific miRNA genes [14]. The first miRNAs detected
in a viral genome were reported in Science 2004 by Pfeffer
and colleagues [2] in Epstein—Barr virus (EBV). The discov-
ery of miRNAs in EBVs by Pfeffer et al. [2] encouraged the
researchers a lot to look for miRNAs in other viruses too.

Identification and validation of novel miRNAs have
become one of the most challenging problems in under-
standing miRNA mediated gene regulation. The initial
approach of random cloning and sequencing leads towards
the identification of few hundreds of miRNAs. This direc-
ted to a premature conclusion that the repertoire of such
miRNAs is limited. Recently, deep sequencing approaches
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have not only revealed that there are lot more miRNAs,
but have also rendered the inefficiency and diminishing
returns of such approaches to their discovery. Thus, an
integrative approach combining computational/bioinfor-
matic predictions with experimental techniques gives a
complete view of the miRNA biology [15,16]. In this
review, we focus mainly on the computational approaches
towards getting an insight into miRNA gene identification,
target prediction. Further we present the therapeutic
potentials of these RNAs along with a perspective of the
hibernating challenges in miRNA-bioinformatics.

miRNA biogenesis and function

miRNA genes are first transcribed from different geno-
mic locations (within introns of genes or outside genes or
in polycistronic clusters or exist individually) [17] as pri-
mary transcripts (pri-miRNAs) (refer to Fig. 1) by RNA
polymerase II. miRNAs residing in the intron of a host
gene are processed by sharing the same promoter and other
regulatory elements of the host gene. Further, clustered
miRNA genes in polycistronic transcripts are likely to be
coordinately regulated [14]. The pri-miRNAs are processed
to precursor miRNAs (pre-miRNAs) by the RNase endo-
nuclease Drosha in the nucleus [18]. These pre-miRNAs
are ~60 to ~100 nts with a stem-loop secondary structure.
Specific RNA cleavage by Drosha predetermines the
mature miRNA sequence and provides the substrates for
subsequent processing steps. Recently, it has been shown
that miRNAs can also be produced by Drosha independent
pathway from excised introns [19]. Pre-miRNAs get
imported to the cytoplasm from the nucleus by Exportin-
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Fig. 1. The steps involved in biogenesis of miRNAs in animals.

5 and are cleaved by the cytoplasmic ribonuclease dicer
to form double stranded mature miRNAs in animals. On
the contrary, plant miRNAs are cleaved into miRNA:miR-
NA™ duplex possibly by dicer-like enzyme 1 (DCLI1) in the
nucleus rather than in the cytoplasm [14,18], then the
duplex is translocated into the cytoplasm by HASTY, the
plant ortholog of exportin 5 [14]. The strands of this duplex
separate and release mature miRNA of 19-25 nt in length
[14,18]. Plant miRNAs undergo further modification by
methylation at the 3’ end by HENI1 [20]. One strand of
the duplex becomes a mature miRNA. Mature miRNAs
gets integrated into a protein-RNA complex (miRNP).
miRNAs within the complex interact with their target
mRNA by base pairing. miRNAs can work by two
modes-mRNA cleavage or translational repression without
RNA cleavage. The degree of complementarity determines
whether the target mRNA is cleaved or not. In plants,
miRNAs base pair with their mRNA targets by precise
or nearly precise complementarity. In contrast, most ani-
mal miRNAs bear imprecise complementarity to their
mRNA targets [21]. A single miRNA has the potential to
recognize several target sequences in the 3’ UTR and cause
translation inhibition of many different genes in animals
[21].

MicroRNAs perform many cellular processes in animals
such as developmental timing, cell death, hematopoiesis,
and patterning of the nervous system [22]. Lin-4 and let-7
of C. elegans play essential roles in controlling timing
events during larval development. The tissue restricted
expression of many miRNAs reveals their probable role
in the determination or maintenance of cell lineage [23].
MicroRNA miR-196 regulates the homeobox transcription
factor HoxB8 which indicates its role in development [23].
Furthermore miR-1 plays a crucial role in the development
of the heart and skeletal muscle. miRNAs are also linked to
the regulation of insulin secretion. All these examples imply
the importance of miRNA in diverse cellular processes.
Consequently, dysregulation of miRNA function might
lead to various diseases. Tourette’s syndrome is a neurolog-
ical disorder whose probable cause lies in mistargeting of a
miRNA, if one of its targets has been mutated [24]. A single
nucleotide polymorphism (SNP) that correlates with this
disease is located in the 3’ untranslated region (3’ UTR)
of the gene SLITRK1 (SLIT and TRK-like 1). This SNP
is located within the binding site for miR-189, rendering
SLITRKI1 a better target of the miRNA.

Cancer is a consequence of disordered genome function.
More than 200 miRNA sequences discovered in the human
genome contribute to the development of cancer [25]. Lev-
els of some miRNAs are altered in cancer. Let-7 is less
expressed in human lung cancers [25]. Lower survival rate
is observed in patients with diminished expression of let-
7. Overexpression of let-7 inhibits growth of lung cancer
cells in vitro [26]. Role of miRNA in leukemia is even more
significant. A majority of DNA alterations occur in a
region on chromosome 13 that are associated with mantle
cell lymphoma and B cell chronic lymphocytic leukemia
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(B-CLL) [27]. Interestingly, miRNAs hsa-miR-15a and
hsamiR-16-1 reside in this region of human chromosome
13, which is now limited to about 30 kb, and lies between
exons 2 and 5 of the LEU2 gene. LEU2 has been excluded
as the tumor suppressor gene. Further, hsa-miR-15a and
hsamiR-16-1 are found to be downregulated or deleted in
70% of tumor cells from patients with B-CLL. A role of
these miRNAs in oncogenesis has been proposed [27].
Studies examining the specific role for miRNAs in regulat-
ing genes in mammalian cells that may be involved in can-
cer associated process have only just been initiated. A
recent report shows that disrupting miRNA regulation of
Hmga?2 gene in human enhances oncogenic transformation
[28]. Previous studies suggest that hsa-miR-21 found on
chr. 17 are overexpressed in glioblastoma and have an
anti-apoptotic function [29]. miRNAs are not only impli-
cated in disease but are also associated with disease states.
Human disease fragile X syndrome is caused by the loss of
the fragile X metal retardation protein (FMRP). This is a
common form of mental retardation.

The process of cell proliferation and suppression of
apoptosis are found to be controlled by miRNAs in Dro-
sophila melanogaster [30]. The post-transcriptional control
of Notch signaling pathway in D. melanogaster, an evolu-
tionary conserved signal transduction cascade that is
required for patterning and normal development, is per-
formed by miRNAs. miRNA genes are preferentially
expressed in stem cells and may be involved in maintaining
the pluripotent state. Three miRNAs are identified by
Chen et al. [31] which are specifically expressed in hemato-
poietic cells. miR-296 is expressed in mouse embryonic
stem cells, but not in differentiated cells and adult tissues.
On the contrary, some other miRNAs such as miR-15a,
miR-16, and miR-19b are found in both embryonic stem
cells and adult tissues. Several of the novel miRNA genes
identified are homologous to those cloned from mouse
ES cells. These miRNA specific expression profiles suggest
that miRNAs may have important roles in maintaining
mammalian [32] stem cell pluripotency and it will be inter-
esting to see if these stem cell-specific genes are involved in
this process.

About two-thirds of the known plant miRNAs control
the expression of translation factors that regulate crucial
steps during plant development. Plant miRNAs have devel-
opmental role such as in phase changes, leaf morphogene-
sis, etc. [33].

Sources of miRNA data

The miRBase::Sequence database [34] (http://microrna.
sanger.ac.uk/sequences) is the most popular miRNA data-
base maintained by the Sanger Institute. This database
contains all published mature miRNA sequences, together
with their predicted hairpin precursors and annotation
related to their discovery, structure, and function. The total
miRNA entries in this database are 5071 as of August,
2007 (Release 10.0). It has three sections based on their

function. (a) miRBase Sequence Database is a searchable
database of published miRNA sequences and annotation.
(b) miRBase registry provides unique names for novel miR-
NA genes prior to publication of results. The names are
assigned by the Registry as sequential numerical identifiers.
(c) miRBase targets database, a database of computation-
ally predicted miRNA targets in animals. This database
use a novel fully automated pipeline to predict miRNA
targets. Other sources of miRNA include TarBase, Arg-
onaute, and miRGen (refer Table 2b provided as Supple-
mentary material). TarBase offers a manually curated and
comprehensive set of experimentally supported targets in
different species. Argonaute is a comprehensive database
of mammalian miRNAs along with their origin and regu-
lated target genes. It collects latest information from both
literature and other databases. miRGen is a database for
the study of animal microRNA genomic organization
and function.

Structural features of miRNA genes—basis of computational
prediction

The precursor miRNAs have a well-predicted stable
extended stem-loop hairpin structure with continuous heli-
cal pairing and a few internal bulges. The length of hairpin
stem-loops of pre-miRNAs is generally longer in plants
than that of animals. In animals these precursors are 60—
80 nucleotides in length [7] whereas in plants their length
ranges from 60 to more than 400 nucleotides [32]. The
lengths of viral pre-miRNAs vary from 60 to 119 with an
average of 79 nucleotides [35]. The molecular features of
plant pre-miRNAs are also different from those of animal
miRNA precursors, having more variable predicted sec-
ondary structures. To identify a precursor structure,
RNA folding program such as the Vienna package, Mfold
or RNA analyzer is used. As mentioned earlier, precursor
should have a low free energy (<—20 kcal/mol) and the
precursor should be unbranched. Zheng et al. [36] pro-
posed 43 features, 11 global features, and 32 local features
of pre-miRNAs based upon the nucleotide sequences and
secondary structure features. The global features are sym-
metric difference, number of base pairs, GC content, length
base pair ratio (length of the sequence/the number of base
pairs), sequence length, length of central loop, free energy
per nucleotide, bulge size, bulge number, tail length, and
the number of tail(s). The local features include local struc-
tural triplet elements proposed by Xue et al. [37].

Mature miRNAs are usually highly conserved among
the genomes of related species. Viral miRNAs are less con-
served than plant and animal miRNAs, suggesting that
viral miRNAs may evolve rapidly. Different animal miR-
NAs are often clustered within a single precursor RNA,
whereas plant miRNAs derive from individual precursors.
These are usually 20-22 nucleotides in animals and 20-24
nucleotides in plants [14] derived from pre-miRNAs
(shown below in Fig. 2). Mature miRNAs are present in
either arm of the hairpin structure and lack large internal
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Fig. 2. Sequence and structure of a pre-miRNA encoding a mature
miRNA (depicted in blue letters). Here, the pre-miRNA is hsa-mir-93
(Accession  No.  MI0000095, http://microrna.sanger.ac.uk/cgi-bin/
sequences/mirna_entry.pl?acc=MI0000095), located on the complemen-
tary strand of chromosome 7 of Homo sapiens at 99529327-99529406. This
precursor encodes the mature miRNA (hsa-miR-93) which is located
between 12 and 33 bases on the upper arm of hsa-mir-93. (For
interpretation of color mentioned in this figure the reader is referred to
the web version of the article.)

loops or bulges. These are never located on the terminal
loop of the hairpin structure [38]. Profiles of mature miR-
NAs of the 5" and 3’ stem-loop precursor arms have the fol-
lowing features:

e In vertebrate organisms, 5’ arm motif has a conserved U
at the beginning of the sequence and a GU rich region in
the 3’ end (of the 5’ arm) around position 18-25. On the
contrary, the 3’ arm motif essentially only shows U at
the beginning of the mature sequence. Further, the 5’
arm motif also contains an upstream semi-conserved
G at position 13. For invertebrates 3’ arm motif is more
characteristic showing a highly conserved U at the
mature start [39]. In case of plants [39] both the 5’ and
the 3’ arm motifs show characteristic, but different,
motifs. The 5 arm motif having a strongly conserved
U and the 3’ arm a conserved C at the mature end.

e In animals, mature miRNA shows near complementar-
ity to the 3’ untranslated (3’ UTR) regions of target
mRNAs [24]. Moreover, in plants miRNA-target inter-
action is more precise showing a perfect complementar-
ity to the target mRNA sequence.

None of these properties if used separately is specific
enough to accurately predict miRNA genes. However, if
they are used together, dependable predictions can be
made.

These structure based information help in the identifica-
tion of unknown miRNA genes or prediction of its struc-
ture with the help of various folding algorithms-mfold
[40], RNAfold [41], and RNA Analyzer [42]. Apart from
secondary structure information, many methods rely on
phylogenetic conservation of both sequence and structure,
thermodynamic stability of hairpins and sequence, and
structural similarity to known miRNAs, or use information
on genomic location relative to known miRNAs. The dif-
ferent computational techniques used to find miRNA genes
in viruses, plants, and animals are discussed in Table 1
(Supplementary material).

Computational prediction of miRNA targets

The identification of miRNA targets is an essential step
towards understanding their regulatory function. Biologi-

cal functions have only been assigned to few miRNAs,
mostly due to the difficulty of miRNA target identification.
Computational target prediction in plants is comparatively
straightforward and powerful because miRNA and target
mRNA are nearly perfectly complementary [14,36]. On
the contrary, bioinformatic prediction of miRNA targets
in animals is a difficult task as functional duplexes in ani-
mals can be more variable in structure: they contain only
short complementary sequence stretches, interrupted by
gaps, and mismatches. To date, specific rules for functional
miRNA-target pairing that capture all known functional
targets have not been devised. This has created problems
for search strategies, which apply different assumptions
about how to best identify functional sites. Still, different
computational approaches have been developed and used
to unveil such animal miRNA targets in genomes [43].
The large majority of these methods are based on the nat-
ure of the pairing between the miRNA and the target gene
in animals and plants. Lists of computational methods and
databases of miRNA targets have been enlisted in Table 2
(Supplementary material).

Target prediction in plants

Because of the near perfect complementarity of miR-
NAs with their targets, the prediction in plants is easier
and straightforward. In plants, miRNA targets are mainly
transcription factors. These miRNA-regulated transcrip-
tion factors regulate developmental patterning, cell prolif-
eration, environmental and hormonal responses [44].

Target prediction in animals and viruses

Animal miRNA targets appear to be more functionally
diverse than their plant counterparts [14]. Criteria for
developing these computational pipelines include the
following:

e The miRNA sequence is complementary to the 3’ UTR
sequence of potential target mRNAs. The complemen-
tarity is in the form of a “seed” of 7 or more nt at 5’
end of the miRNA to bind to the 3’ UTR sequence. This
is essential to confer regulation of miRNA target. This
seed has been described as crucial to target repression
[38,45]. A requirement for matches outside of the seed
has been required as well [46].

o Sites with weaker 5’ complementarity require compensa-
tory pairing to the 3’ end of miRNA in order to confer
regulation [47] whereas extensive pairing to the 3’ end of
miRNA is not sufficient to confer regulation on its own
without a minimal element of 5’ complementarity.

e The number and location of G:U wobbles has been used
by target prediction programs to estimate the stability of
a sequence, and therefore its likelihood. A G:U wobble
occurs when guanine and uracil base-pair and form a
hydrogen bond with each other. Such a wobble creates
a local distortion in RNA shape and can reduce binding


http://microrna.sanger.ac.uk/cgi-bin/sequences/mirna_entry.pl?acc=MI0000095
http://microrna.sanger.ac.uk/cgi-bin/sequences/mirna_entry.pl?acc=MI0000095

10 Z. Ghosh et al. | Biochemical and Biophysical Research Communications 363 (2007) 611

and therefore the effectiveness of the silencing mecha-
nism if inside the 50 seed region on a miRNA [45,47].
While G-U wobbles are reported to have no effect out-
side of a seed, Vella et al. [46] report that a G:U wobble
is critical for downregulation of lin-41. G:U wobbles
also provide recognition sites for protein and RNA
enzymes and RNA-binding proteins. Therefore, a small
number of G:U wobbles in the seed are expected of an
miRNA, but at some point a larger number of wobbles
reduce the likelihood of a sequence belonging to an
miRNA.
e Cooperative translational control is observed where
more than one miRNA typically regulates one message,
whereas one miRNA may have several target genes,
reflecting target multiplicity. This implies combinatorial
control of a single target by multiple miRNAs. This can
be an important feature of miRNA targeting, very sim-
ilar to the mode of transcription factor control of genes
[45], and multiple binding sites for an miRNA on the 3’
UTR can increase the efficiency of RNA silencing.
miRNAs could also target other miRNAs for silencing.
The kinetics and thermodynamics of the association
between miRNA and its target can be determined by
RNA folding programs [48].

Integrative approach combining computational searches
for known pairings and experimental conformations is
commonly used to measure the validity of the approaches
used for elucidating the targets. Fundamental differences
exist in the methods used to measure conservation and pre-
diction of single or multiple binding sites in miRNA targets
[49,50], and also in the statistical approaches chosen.

Although animal miRNAs target similar genes, they fur-
ther control over a large spectrum of diverse biological
functions which includes protein metabolism, intracellular
signaling cascades, etc. [49-51]. Some of these targets are
often relevant in a disease context [51]. Table 2 (Supple-
mentary material) gives a listing of target prediction
algorithms and their basic working principle. As a precau-
tionary note we must mention that the predictions of these
algorithms vary significantly with the results showing an
overlap of 10-20% between them. Computational predic-
tion of targets is bound to improve in due course of time
through refinement of the training sets, rules for comple-
mentarity and statistical approaches. Along with the
in silico methods, experimental validation will be essential
to benchmark any new predictive methods.

Conclusion

With the discovery of the regulatory role of miRNA in
cancers, lots of fervor have been created among the
scientists. It is probably tip of the iceberg. Its immense
therapeutic potential needs to be harnessed further. The
convergence of genomic technologies and the development
of miRNA drugs designed against specific molecular tar-
gets will provide many opportunities for using bioinfor-

matics to bridge the gap between biological knowledge
and clinical therapy. It has marked the beginning of unveil-
ing the versatility of these mini-molecules. Although a large
number of miRNA genes have been predicted additional
forays into the genome reveal scores of new genes. Addi-
tionally, genes can be linked to cancer via recurrent geno-
mic or genetic abnormalities. Further, there lies a difficult
problem in identifying miRNA targets as well as decipher-
ing the exact mechanism of translational repression of
mRNAs by these snippets. miRNA-bioinformatics can
lead us towards quicker solution. Integrating large and dis-
parate datasets, gene-level distinctions can be made
between the different biological states represented by the
data. Better understanding of in vivo mechanisms of miR-
NAs will lead us towards more precise in silico modeling
of repression pathways and identification of miRNA genes
and their targets. Biological validation of computational
results is absolutely essential. Conversely, such biological
validation often depends on computational techniques
[7,14]. Hence, it is a symbiotic process. An iterative integra-
tion of both experimental and bioinformatic approaches
can provide better insight into biogenesis, mechanisms,
and functions of miRNAs.

Bioinformatic approaches and their associated methodol-
ogies can be applied across a range of technologies, facilitat-
ing rapid identification of new target leads for further
experimental validation. In other words, bioinformatics
can accelerate this silent race from RNA laboratory to clinic.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
2007.08.030.
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