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Abstract
We briefly review the history of microRNA (miRNA) research and some of the lessons learnt. To
provide some insights as to how and why miRNAs came into existence, we consider the evolution
of the RNA interference machinery, miRNA genes, and their targets. We highlight the importance
of systems biology approaches to integrate miRNAs as an essential subnetwork for modulating
gene expression programs. Building accurate computational models that can simulate highly
complex cell-specific gene expression patterns in mammals will lead to a better understanding of
miRNAs and their targets in physiological and pathological situations. The impact of miRNAs on
medicine, either as potential disease predisposing factors, biomarkers or therapeutics, is highly
anticipated and has started to reveal itself.
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In eukaryotes, miRNA genes encode a class of small regulatory RNAs, 21–24 nucleotides
(nt) in length, that are not translated into protein in order to function, but instead physically
interact with complementary RNA sequences and Argonaute (Ago) protein complexes to
mediate sequence-specific gene silencing [9]. Due to their small size and inability to code
for protein, miRNAs were overlooked until recently. Nowadays, they are widely recognized
as important regulators of gene expression programs and consequently a diverse array of
cellular processes such as signal transduction, cell cycle, apoptosis, pluripotency,
differentiation, and transformation [31, 47, 52, 59, 64, 79, 80, 107]. Thus defects in miRNA-
mediated regulation could lead to human disease. To date, there are reportedly about 700
miRNAs encoded in the human genome that in turn potentially target 30–60% of the
protein-coding genes [29, 32]. Accordingly, they deserve our attention as they are a major
class of emerging players in broader RNA-based gene silencing processes in eukaryotes.

Studies in worms led to the discovery of the first microRNAs
Mutations in a collection of genes in the nematode worm C. elegans result in changes to the
cell lineages that are genetically programmed to divide and differentiate, in a characteristic
fashion, to ultimately form an adult, wildtype worm. Initially reported in 1981, one such
mutant was designated lin-4 [17, 98]. Then, in 1993, Lee, Feinbaum and Ambros proposed
that the lin-4 gene did not encode a protein but instead a small RNA [59]. In 2001, many
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more examples of such small RNAs were cloned and sequenced, and the term microRNA
(miRNA) was coined to classify this distinctive class of small untranslated RNAs [3, 54, 57,
58]. We now appreciate lin-4 as the founding member of the miRNA genes.

The lin-4 gene is essential for the normal temporal control of diverse postembryonic
developmental events in C. elegans. The lin-4 genetic mutation was mapped to a 693 base
pair region of DNA within intron 9 of another gene, F59G1.4 [59] (Figure 1). The function
of F59G1.4 is not known but is not responsible for the lin-4 mutant phenotype. Interestingly,
the identified intronic genomic region is conserved not only in sequence but also in function
between C. elegans, C. briggsae, C. remanei and C. vulgaris. It is unlikely that the lin-4 gene
encodes a protein, since no conserved open reading frame could be identified in this
genomic region. However, RNAse protection experiments revealed that two small RNAs are
produced from the lin-4 gene. The approximately 61 and 22 nt long RNA species are now
appreciated as the Drosha-generated precursor (pre-miRNA) in the form of a short hairpin
RNA, and the Dicer-processed mature miRNA, respectively (Figure 1). The lin-4 (ma161)
loss-of-function allele was particularly informative, since it revealed a C-to-A nucleotide
point mutation at the evolutionarily conserved 5′ end of the lin-4 miRNA. Later studies
revealed that the 5′ end of miRNAs constitute the “seed” or “nucleus” sequence that is
generally required for recognition of their cognate targets [15, 53, 61, 62]. Indeed,
nucleotide substitutions that disrupt seed sequence pairing diminish miRNA-mediated
repression [15, 25, 51, 55].

Interestingly, recessive loss-of-function lin-4 mutants displayed a similar phenotype to
dominant gain-of-function lin-14 mutants [59, 109]. At the molecular level, lin-14 protein
levels were increased in the aforementioned lin-4 and lin-14 mutant worms. This implied
that lin-4 negatively regulated in trans the synthesis of lin-14 protein via cis element(s)
linked to lin-14. The novel mechanism was proposed to be based on sense-antisense RNA
hybridization, since the lin-14 3′ untranslated region (UTR) happened to contain seven sites
partially complementary to lin-4 miRNA (Figure 2). Furthermore, when a region of the
lin-14 3′ UTR that contained five out of the seven putative binding sites was deleted, a less
severe phenotype was observed compared to a deletion that removed all seven sites [109,
110].

Thus, there was a negative correlation between lin-4 miRNA expression and lin-14 protein
levels. It appeared that lin-4 acted post-transcriptionally, since lin-14 mRNA levels were
unaffected by lin-4. Therefore, it was proposed that lin-4 repressed translation of lin-14 by a
novel mechanism that depended on lin-4 base pairing to complementary sites in the 3′ UTR
of the lin-14 message. Furthermore, this inhibition seemed to occur at a stage following
translation initiation, since lin-14 mRNA could associate with polyribosomes [82].
Subsequently, lin-4 was found to also directly repress lin-28 (an inhibitor of let-7 miRNA
processing) in hypodermis; and lin-57/hbl-1 (a Zn-finger protein homologous to fly
hunchback and mammalian TRIM71) in ventral nerve cord [67, 78]. It is remarkable how
worm genetics can facilitate the demonstration of the functionality of miRNA-target
interactions. This is currently a challenge in mammalian systems. However, in one success
story, Abelson and colleagues discovered a rare single nucleotide polymorphism (SNP) in
the 3′ UTR of the gene encoding Slit and Trk-like 1 (SLITRK1) that appears to interfere
with direct regulation by miR-189 in Tourette’s syndrome patients [1]. Recent systematic
studies suggest that SNPs in predicted miRNA-binding sites may have functional
consequences [18, 93].

In 2000, a second miRNA, let-7, was reported by Gary Ruvkun and colleagues [84]. Let-7
was shown to repress lin-41 via two partially complementary sites in the 3′ UTR [89, 96]. It
is expressed during L2 and L3 larval stages of C. elegans development and is required for
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the developmental transition between the late larval and adult stages. The let-7 (n2853) loss-
of-function allele revealed a G-to-A nucleotide point mutation at the evolutionarily
conserved seed region of the let-7 miRNA. Pasquinelli et al observed that humans encoded
multiple copies of the let-7 gene in their genome and let-7 is widely conserved across
animals [84]. This finding suggested that more miRNAs may be found in C. elegans, and
that miRNAs are not an oddity of the worm, thus opening the field of miRNA biology.
Indeed, in 2001, more miRNAs were identified from C. elegans, Drosophila, and humans
[54, 57, 58].

Today, miRNAs are recognized as functional bona fide genetic elements present in many
species from alga, sponges, plants and animals – and even some viruses [32]. In recognition
of their significance in biology and medicine, the 2008 Lasker Basic Medical Research
Award was given to Victor Ambros, Gary Ruvkun and David Baulcombe for their
laboratories’ studies that gave birth to the field of miRNA research [2, 11, 91]. In 2006, the
Nobel Prize in Physiology or Medicine was awarded to Andy Fire and Craig Mello for the
discovery of RNA interference (RNAi) by double-stranded RNA (dsRNA), a pathway that,
in part, mediates miRNA biogenesis and function [27, 73].

RNAi machinery mediates miRNA biogenesis and function
The common link between these award-winning discoveries is that small dsRNAs, be it
short interfering RNAs (siRNAs) derived from long dsRNAs or miRNAs derived from
stem-loop precursors, are generated by an endonuclease of the RNaseIII superfamily called
Dicer [14, 34, 41, 49]. Dicer cleavage (“dicing”) results in the production of short dsRNA
species, approximately 20–25 nt long with characteristic 2 nt 3′ overhangs. These Dicer
products are then bound by Ago protein(s) and are capable of triggering sequence-specific
gene silencing in different ways [26, 37].

This section will focus on miRNAs, since they are currently the best understood of the
mammalian Dicer products. miRNAs are encoded in our genome, sometimes as
polycistronic clusters, and are evolutionarily conserved along with their putative binding
sites primarily found in 3′ UTR of mRNAs [9, 50]. They are even encoded by herpesviruses
such as Epstein-Barr virus and Kaposi sarcoma-associated herpesvirus [85]. In 2008, nearly
700 human miRNAs have been identified and catalogued in miRBase 12.0 [32]. Generally,
miRNA genes are initially expressed from the genome as long primary miRNA (pri-
miRNA) transcripts generated by RNA polymerase (pol) II. This process is regulated by
transcription factors that bind the promoter and surrounding regulatory cis-elements, similar
to the transcription of any other gene [50] (Figure 3). Thus, the transcription pattern of
miRNA genes may be ubiquitous or highly specific. While in the nucleus, pri-miRNA
transcripts are processed by the microprocessor complex (consisting of Drosha, another
RNAseIII-like enzyme, and its partner DGCR8, DiGeorge Syndrome critical region gene 8)
in order to excise the 60–70 nt-long short-hairpin precursor miRNA (pre-miRNA) [38]. This
step may be subject to regulation. For example, Lin-28 protein was recently implicated in
preventing let-7 pri-miRNA from being processed potentially by binding the loop region
[108]. The Drosha-excised pre-miRNAs are exported into the cytoplasm by exportin-5,
which requires the Ran-GTP gradient across the nuclear membrane [69, 114]. Once in the
cytoplasm, pre-miRNAs are processed into their functional mature form by Dicer and its
partner TRBP, TAR RNA-binding protein. This step may also be regulated. Again, Lin-28
protein can also inhibit the Dicer processing step by facilitating uridylation of pre-let-7 [40].
The double-stranded mature miRNA may either be unwound by a yet unidentified helicase
or if the strands are highly complementary then one strand could be cleaved by the “Slicer”
activity of Ago2 [72]. Ultimately, the single-stranded mature miRNA is bound by an
Argonaute protein and forms the core of the multi-component RNA-induced silencing
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complex (RISC). In humans, there are four genes encoding Argonaute proteins (Ago1–4).
The miRNA bound by each RISC guides the complex to complementary RNA sequences in
the cell and mediates sequence-specific gene silencing.

Modus operandi of miRNA-mediated gene silencing
Generally, miRNAs are predicted to bind to sites in 3′ UTRs of mRNAs [61, 112].
However, there is some evidence that functional miRNA-binding sites exist in the protein-
coding region of mRNAs as well [28, 61, 100]. It has been proposed that these sites tend to
mediate repression to a smaller magnitude, perhaps because translating ribosomes may
compete and eject RISC from their path [9, 10]. However, once translation is inhibited by
miRNAs, it is conceivable that RISC can bind any accessible sites along a target mRNA
without being bumped off by ribosomes.

Crystallographic studies of distantly related proteins from bacteria suggested that the PIWI
domain of Ago proteins harbors an RNaseH-fold domain that can catalyze the “Slicer”
activity [97, 116]. Indeed, it was shown that Ago2 possesses the catalytic triad (DDH motif)
to carry out RNA-programmed cleavage of perfectly complementary RNA targets. Thus far,
Ago1, Ago3 and Ago4 have no demonstrable “Slicer” activity, eventhough Ago3 harbors
the conserved DDH motif. Thus, Ago2-containing RISC may cleave its target if it is
programmed with a small RNA that is highly complementary in sequence. “Slicing” is a
common mechanism for miRNA-mediated gene silencing in plants, but seems to be rarely
invoked by mammalian miRNAs. Only two examples have been reported in mammals:
miR-196 cleaving HOXB8 mRNA; and miR-127 and miR-136 cleaving retrotransposon-like
1 (rtl1) mRNA, a Sushi-like retrotransposon also known as paternally-expressed gene 11
(peg11) [22, 113]. In contrast, when miRNA-programmed RISCs (miRISC) anneal by
imperfect base-pairing to a target, they negatively regulate translation. In parallel or in
addition, miRISCs may also enhance de-adenylation and subsequent mRNA decay of their
targets by recruiting the decapping and deadenylation machinery [12, 31, 111]. Furthermore,
under certain conditions (e.g. stress) miRISCs become concentrated in cytoplasmic P bodies
or stress granules [26]. However, it is not clear whether this is a cause or consequence of
miRNA-induced mRNA decay. Thus, it was generally believed that miRNAs directly
repressed gene expression by a number of mechanisms, but recent reports suggest that
miRNAs may also play positive roles in gene expression. For example, it was shown that
miRNAs can activate gene expression (e.g. a TNFα gene reporter construct) under certain
circumstances, and miR-122 directly facilitates replication of hepatitis C virus RNA in liver
cells [46, 104–106]. The molecular mechanisms and generality behind these novel
phenomena need to be investigated further.

Evolutionary history of the protein apparatus involved in small
untranslated RNA metabolism

The core molecular apparatus involved in RNA-based gene silencing can be traced back to
the last eukaryotic common ancestor [16, 43]. Based on the currently available data, the
ancestral apparatus can be reconstructed as primarily comprising of 1) a processing RNAse
(Dicer), which generates small RNAs from a longer precursor through endonucleolytic
cleavage. The ancestral Dicer family of RNAses contained tandem catalytic domains of the
RNAseIII superfamily linked to additional RNA-binding domains. 2) An effector nuclease
which uses the small RNAs generated by the former enzyme as guides to target transcripts
and other RNAs. This nuclease belongs to the Piwi-Argonaute family of the RNAseH
superfamily. 3) Additionally, in several eukaryotes the siRNAs generated from transcripts
might be amplified to generate further copies by means of an RNA-dependent RNA
polymerase (RdRp). However, it is exclusive to the siRNA branch of the RNAi system and
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mammals appear to be missing RdRp orthologs. All these enzymes, comprising the core of
the ancestral eukaryotic silencing system, have bacterial and archaeal antecedents [4, 42].
However, they appear to have come together as single coherent functional system only in the
eukaryotes (Figure 4).

Within eukaryotes, the system has considerably diversified both in terms of the domain
architecture and the recruitment of additional components [4, 16, 95]. For example, Dicers
from early-branching eukaryotic lineages such as Trichomonas and Giardia contain two
RNAseIII catalytic domains linked to an N-terminal PAZ domain and a divergent C-
terminal dsRNA-binding domain (dsRBDs). Further duplications and domain accretions to
this core appear to have happened by the time of the divergence of the heterolobosean
lineage (the amoeboflagellate Naegleria), resulting in versions of Dicer with fusions to two
more N-terminal modules, namely the superfamily-II helicase and an additional dsRBD [16,
43] (Figure 4). Since that point on, most eukaryotic lineages possessed two versions of the
Dicer family, one with an associated helicase domain and another without. In animals and
amoebozoans, a representative of the latter type, with two RNAseIII domains and a C-
terminal dsRBD, seems to have been fixed as a conserved orthologous lineage of proteins
prototyped by Drosha. The Piwi-Argonaute family similarly appears to have differentiated
extensively in eukaryotes. The Piwi sub-group probably represents the ancestral versions of
these proteins in eukaryotes, which in the crown group (animals, fungi, amoebozoans and
plants) spawned a new sub-group, the Argonaute (Ago) proteins. The Ago sub-group
underwent further lineage-specific expansions independently in the plants and animals [16].
In some lineages the RNAseH fold nuclease domain of Ago underwent apparent inactivation
-- three of the four mammalian Ago proteins have lost catalytic activity.

Beyond these core proteins, there are additional dsRBD proteins which function as co-
factors. Of these, Pasha (DiGeorge syndrome critical region gene 8; DGCR8 in mammals), a
co-factor for Drosha in animals, has orthologs in plants (DRB2/Hyl1-like proteins) and
Dictyostelium. Thus, such a dsRNA-binding protein is likely to have been already present
prior to radiation of the eukaryotic crown group (Figure 4). In contrast, loquacious (TRBP or
TARBP2 and PACT or PRKRA in mammals), the co-factor for the animal Dicer proteins
with helicase domains (Dcr-1), appears to be an animal-specific innovation with no currently
known orthologs in other organisms. Furthermore, the divergence of TRBP and PACT
apparently occurred only in the lineage leading to vertebrates. The regulatory RNA-binding
factor Lin-28, with S1-like and Zinc-knuckle RNA-binding domains, is conserved in plants
and animals suggesting an origin prior to the radiation of the crown group. As mentioned
previously, Lin-28 has been shown in animals to be a repressor of let-7 miRNA processing
by binding its stem-loop and promoting 3′ terminal oligouridylation [40]. In plants,
uridylated small RNAs appear to be actively degraded and this may also be the case in
animals [63].

In addition to these proteins, studies on Piwi-interacting RNA (piRNA) maturation in
Drosophila have uncovered RNA helicases (Spindle-E and Armitage), a nuclease with an
HKD catalytic domain (Zucchini), and an inactive nuclease and HMG domain-containing
protein (Maelstrom) [50, 83, 117]. Another protein Squash, which was implicated in this
process was originally claimed to be a nuclease [83], but our analysis found no evidence for
it being related to any known nuclease domain. The spindle-E type superfamily-II helicases
contain a C-terminal tudor domain and are thus far restricted to animals in their distribution,
although related RNA-helicases are more widely distributed across eukaryotes. The armitage
family group of helicases belong to superfamily-I and appear to have emerged prior to the
divergence of animals, fungi and plants [4]. The Zucchini group of nucleases is conserved in
animals, ciliates and early-diverging plant lineages like chlorophyte algae (Figure 4);
however, they have not been directly implicated in RNA silencing outside of Drosophila.
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Like Zucchini, the Maelstrom proteins have a sporadic phyletic distribution history being
present in animals, Entamoeba, and trypanosomes. In the latter two taxa the nuclease
domain of Maelstrom appears to be catalytically inactive unlike the version in animals
[117]. MiRNAs of plants and piRNAs of animals are methylated at the 2′-OH position of
the 3′ end sugar, by a RNA methylase of the Hen1 family [63, 92]. This enzyme appears to
have emerged just prior to the divergence of the plants along with other components such as
the Ago family, Armitage and the Pasha-like proteins [4] (Figure 4).

The origin of miRNAs and their relation with the evolution of the protein
apparatus

Early-branching eukaryotes like Giardia and Trichomonas appear to only have the system
for siRNA processing, which has been shown in the former organism to function as a
regulatory mechanism in antigenic variation [88]. While very little is known about the
function of other small RNAs in eukaryotes outside of the crown group (Figure 4), studies
on ciliates show that small RNAs known as scanRNAs are required for the targeting of
internal eliminated sequences during the generation of a new macronucleus by elimination
of micronuclear sequences [70, 76]. In Tetrahymena ~28 nucleotide scanRNAs are produced
via the dicing action of a Dicer-like nuclease Dcl1p and associates with a Piwi-like protein
Twi1p. Other distinct, shorter ~24nt RNAs have also been reported in ciliates and might be
transcribed from distinct non-protein coding genes or introns [60]. Such small RNAs are
conceivably comparable to the antecedents of the classical piRNAs and miRNAs of the
crown group eukaryotes.

The advent of the crown group was characterized by the emergence of several distinctive
RNAs, namely the miRNAs, the longer piRNAs in animals, and the functionally comparable
shorter rasiRNA in plants [50]. However, among the crown group lineages this diversity is
only observed in plants and animals; currently characterized fungi, which are more closely
related to animals than to plants, appear to have only conventional siRNA as seen in earlier
branching eukaryotes [16]. Furthermore, plant miRNAs differ from animal miRNAs in
showing methylation of the 3′ end sugar and in being derived from longer stem-loop
precursors processed by a single Dicer protein solely in the nucleus. In contrast, animal
miRNAs are processed in two stages by two distinct nucleases: Drosha in the nucleus (pri-
miRNA processing) and Dcr-1 in the cytoplasm (pre-miRNA processing). They also have
distinct modes of action; the majority of plant miRNAs target mRNAs for Ago-mediated
slicing, whereas only a small subset of animal miRNAs direct Ago-mediated slicing of their
cognate target mRNAs [45]. This raises the question as to whether miRNAs in plants and
animals are independent innovations.

However, it should be noted that despite the differences, several components of the protein
apparatus involved in processing and action of miRNAs/piRNAs appear to have emerged
coevally in the crown group and specifically lost in lineages like fungi that lack miRNAs
(Figure 4). These include the Ago subfamily, the dsRBD cofactors, like Pasha and DRB2/
Hyl1, different RNA helicases, Hen1 RNA methylase, and Lin-28, the negative regulator of
let-7 biogenesis. This might imply that there was a distinct miRNA-system in the common
ancestor of animals and plants, but in each lineage miRNAs have subsequently undergone a
drastic diversification, repeatedly displacing ancestral versions. Consistent with this
proposal, none of the miRNAs of early-branching plant lineages like the algae have
counterparts in multicellular plants [77, 119]. Likewise, almost all bilateralian animal-
specific miRNAs appear to be innovations with no equivalents in early-diverging animal
groups like cnidarians and sponges [33]. A close sister group of the vertebrates, the
urochordate Oikopleura, and the early-branching animal Trichoplax show dramatic
reduction or complete loss of miRNAs [30, 33]. Thus, the miRNA system could be easily
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attenuated and possibly entirely lost, as was perhaps the case with Saccharomyces in the
fungi.

Evolution of animal miRNAs: explosive radiation in vertebrates
Identification of about eight miRNAs in the sponge shows that the common ancestor of all
multicellular animals (metazoans) possessed at least a minimal miRNA complement [33].
This miRNA repertoire vastly expanded over metazoan evolution. Cnidarians, the first
metazoans with a nervous system, possess a complement of around 40 miRNAs and about
30 miRNA families have been reconstructed as being present in the last common ancestor of
bilateralian animals [30, 33, 101]. However, barring the highly conserved miR-100, none of
the conserved bilateralian families have representatives amongst the cnidarian miRNAs, nor
are any of the bilateralian and cnidarians miRNAs discernible orthologs of their counterparts
in sponges. This suggests that there have been cycles of miRNA loss and lineage-specific
innovation and expansion in the course of the animal radiation. Thus, the dynamics of
miRNA evolution appears to resemble that of transcription factors in the course of
eukaryotic diversification [43]. Indeed a number of studies have made the case that
miRNAs, like transcription factors, might be incorporated into conserved molecular
regulatory networks that were central to the emergence of animal-specific structures. For
example, the conserved bilateralian miR-7 and the homeodomain protein Rx (Rx3 in
vertebrates) appear to cooperate in a regulatory network to specify the development of a
group of extraoccular photoreceptor and chemoreceptor neurons in both invertebrates (e.g.
the annelid worm Platynereis) and vertebrates (e.g. Zebrafish) [102]. These neurons appear
to define the core of the hypothalamus and its homologous structures, which might have
been important in regulating reproductive behavior in response to light across bilateralian
animals [102]. Thus, the origin of a regulatory network including both a conventional
transcription factor Rx and a miRNA might have been critical for the emergence of a key
brain-structure, the hypothalamus. Interestingly, miRNAs target transcription factors in both
plants and animals and this interplay might represent an ancient regulatory theme even if
both of the actual players, miRNAs and transcription factors, have been rapidly turning over
in the course of evolution [6, 19, 90].

Just as in the case of transcription factors, miRNAs exhibit a dramatic expansion in
vertebrates – about 500–700 miRNAs have been confidently identified in mice and humans,
which is almost 3–5 times the number identified in insects and nematodes. Of these, at least
41 orthologous lineages of miRNAs appear to have newly emerged in the last common
ancestor of all vertebrates and probably an additional 30–40 in the ancestor of all mammals
[39]. Given studies suggesting a role for miRNAs in specification of specialized structures
in animals (e.g. see above), it has been postulated that the great radiation of miRNAs in
vertebrates has been central to the evolution of morphological complexity in terms of cell
and tissue types in vertebrates [39]. Some researchers have even correlated the complexity
of the nervous system in terms of number of neurons with miRNA diversity [101]. Several
circumstantial pieces of evidence support the general thrust of these arguments. Firstly, the
urochordate Oikopleura, a vertebrate relative with a degenerate morphology indeed shows a
marked reduction in miRNAs [30]. Secondly, several thousands of genes are predicted to be
regulated by miRNAs and increasing the number of miRNA genes provides for an increased
possibility of combinatorial regulation [19, 61]. Thirdly, whereas several developmental and
differentiation regulators are conserved throughout animal evolution, miRNAs show much
greater lineage-specific specialization, suggesting a role in morphological diversity of
animals, and vertebrates in particular. Computational studies also suggest that miRNA-target
relationships are rapidly diversifying. In a three-way comparison between nematodes,
insects and vertebrates, only five miRNA-target relationships are preserved across all
lineages, though over 250 were observed to be shared by at least a pair of lineages [20]. This
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observation was interpreted as an extensive ongoing rewiring of the miRNA-target
interactions, with only a very few being conserved across all organisms. Thus, during
evolution, even with conserved miRNAs, there is a turnover of genes that attach themselves
to the miRNA as a target. Here too, evolution of miRNA-target interactions closely
resembles the rewiring of interactions between transcription factors and their target genes
[7].

Despite these observations, the large number of unique miRNAs detected in mammals along
with the poor conservation of miRNA-target interactions [19] does raise the issue if they are
indeed all functionally important [5]. In this context it should be noted that some miRNAs
are essentially intronic sequences. Interestingly, a subset of intronic miRNAs, termed
“mirtrons”, bypass the conventional Drosha system of processing and are instead processed
via the spliceosome as they comprise a complete small intron [13, 81]. Hence, in a sense
these miRNAs are no different from regular non-coding introns other than having a peculiar
structure. Furthermore, several mammalian miRNAs may have been recently derived from
“selfish DNA” or transposons. For example, recent studies have shown that over 50 human
miRNAs are likely to be derived from mobile elements or their fragments including the
LINEs, SINEs and the miniature inverted-repeat transposable elements [86, 87]. While a
regulatory role via mRNA degradation has been proposed for some of these transposon-
derived miRNAs [87], it is not at all clear if all of them indeed have functional relevance.
Indeed, the enormous expansion of transposable elements in various vertebrate lineages
would then in part account for the proliferation of miRNAs in them. Emergence of a large
number of new miRNAs from mobile elements might also explain the lineage-specific
nature and lack of conservation of several miRNAs from mammals in particular. In light of
this, the actual functional relevance of miRNAs in the emergence of vertebrate complexity
needs to be treated with circumspection. In particular, the regulatory significance of the
miRNAs needs to be carefully evaluated in comparison with conventional regulators like
transcription factors that have also expanded, and chromatin proteins that have increased in
architectural complexity during the provenance of vertebrates.

Towards predictive models of miRNA-regulated networks
Currently, numerous laboratories around the world are generating inventory lists of the
molecular components (DNA, RNA, protein, lipids, metabolites, etc.) that make up their
favorite biological systems. The current challenge for systems biologists is to determine how
all these parts relate to each other, the emergent function of these inter-connected parts, and
the dynamic behavior of the system in the context of the cell, tissues, organism and
ecosystem. However, to date we have an incomplete, albeit extensive, parts list. For
example, despite marked advances in proteomic technologies, a cell’s expressed proteome
cannot be comprehensively determined at this time. Nevertheless, systems biology aims to
start putting the pieces together for this immense jigsaw puzzle and models of biomolecular
networks will be refined over time as better technologies and data sets become available.

As discussed, it was only recognized recently that a portion of our genome is expressed for
the purpose of generating functional small RNAs that are not translated into protein, but play
important roles in regulating gene expression. Moreover, deep sequencing technologies are
allowing us to comprehensively discover the identities and expression levels of these small
RNAs in any given cell type. Already, miRNA expression profiles appear to be useful in
classifying cancers [68]. In addition, miRNAs have been found to participate in negative
feedback loops [44, 64, 99], and systematic analyses of miRNA-containing circuits have
begun [21, 65, 103, 115]. However, the role of miRNAs in the biology of a cell or organism
remains unclear. Multiple miRNA mutants in C. elegans display no obvious phenotypes
[75]. This could be due to significant redundancy of individual miRNAs or miRNA
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‘families’ or the possibility that most miRNAs act to fine-tune expression of hundreds of
genes. On the other hand, there are examples of miRNA mutants such as lin-4 and let-7 that
display dramatic developmental phenotypes due to dysregulation of a few known key
targets. In addition, the severity of knock-outs of the RNAi machinery, like Dicer, Drosha
and Argonaute2 suggest that miRNAs as a system play pivotal roles in cellular
differentiation. A key to understanding what miRNAs are doing will require systematic
identification of the targets that they regulate. Currently, we rely on prediction algorithms
that identify evolutionarily conserved miRNA seed matches to annotated 3′ UTRs [e.g. 53,
62]. However, annotation of 3′ UTRs are currently imperfect, and seed matches are not
always sufficient to predict bona fide miRNA target sites [23, 24]. Furthermore, it is
generally not yet possible to predict in which cell types or tissues, a miRNA-target pair
might function in vivo [48, 74]. Thus, experimental strategies are needed to exhaustively
map direct relationships between the small RNAs and the transcriptome [31, 36, 52, 66,
118], as well as the proteome [8, 35, 94].

Already, investigators have begun to model how miRNAs are wired into biomolecular
networks [21, 65, 103, 115]. However, these modeling efforts must be interpreted with
caution since they are largely unvalidated experimentally and based on predictions instead
of large-scale experimental data. Recently, Martinez et al provided an example of one type
of data sets required to build miRNA regulatory networks [71]. They experimentally
determined for about 71 miRNA promoters (representing approximately 66% of C. elegans
miRNAs) in the C. elegans genome which transcription factors can bind these putative
promoter fragments, using a high throughput yeast one-hybrid screening system. As a result,
they reported 347 high-confidence interactions between 116 proteins and 63 miRNA gene
promoters. In the absence of experimental data, they used computationally predicted miRNA
targets to model the circuitry; however, the resulting model awaits validation.

Since miRNAs regulate diverse aspects of cellular function (cell cycle, apoptosis, signal
transduction, transcription), defects in such a pathway could lead to discernible phenotypes
in mammals. It is safe to say that current models of regulatory gene networks are far from
complete. Integration of the miRNA regulatory subnetwork will bring us one step closer to a
more precise model. The resulting regulatory network maps will hopefully contribute
towards a predictive model that aims to translate a cell’s genotype into its phenotype. Such
models may be useful for computerized simulations that can depict the global changes that
occur from healthy to disease states.

Conclusion
In summary, miRNAs can play important roles in determining cell fates by regulating the
expression levels of oncoproteins, tumor suppressors, cell cycle and death regulators,
signaling and transcription factors. They might also represent a mechanism by which certain
viruses modulate host functions. Thus, there is a need for systematic discovery of regulatory
networks involving miRNAs. However, this effort is currently limited by the availability of
dependable high-throughput methods to identify direct targets of miRNAs that are functional
in vivo. Furthermore, given the large number of predicted miRNA-mRNA target pairs, more
efficient strategies to confirm the functionality of these interactions are needed. As more
miRNA-target pairs become implicated in human diseases, therapeutic strategies can be
rationally designed to restore this relationship to normal either by supplying synthetic
miRNAs or antagonizing miRNA activity as appropriate.
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Figure 1. A schematic of lin-4 gene, pre-miRNA, and miRNA structure
The lin-4 miRNA was mapped to a 693 bp region (depicted by a bar) within the ninth intron
of F59G1.4 (not drawn to scale) [59]. Processing of the primary lin-4 transcript (pri-
miRNA) by Drosha-DGCR8 liberates the pre-miRNA. Dicer processes the pre-miRNA
further into a 21 nt RNA duplex. The two miRNA strands are separated by an unknown
mechanism, and typically one strand is loaded into Ago to form an active RISC, whereas the
other strand (passenger strand) is excluded from RISC.
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Figure 2. Sense-antisense binding of lin-4 miRNA to 3′ UTR of lin-14
Schematic depicts the seven putative lin-4 binding sites in the 3′ UTR of lin-14. Three out
of the seven sites are complementary to the seed sequence of lin-4, and the predicted base-
pairings are depicted for illustration [56, 61, 109]. The sense (top) strand represents the 3′
UTR sequence, and the anti-sense (bottom) strand represents the mature lin-4 sequence. The
seed region is underlined by a bar in each case.
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Figure 3. The miRNA silencing pathway
Transcription and pri-miRNA processing in the nucleus (large circle) are depicted, as well as
miRISC assembly and silencing of target mRNAs in the cytoplasm. An interaction that
results in activation is denoted by a positive symbol (+); whereas a negative symbol (−)
denotes inhibition. Bottom, a legend of what the symbols represent are provided (inset box).
A detailed description of the pathway can be found in the text.
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Figure 4. evolution of RNA silencing machinery
The evolutionary scenario for proteins involved in RNA-dependent gene silencing
mechanisms is superimposed on the major developments in terms of small RNAs. Details on
the architectures of proteins involved in the process can be found in the text. This scenario is
based on the current state of comparative genomics and may require revisions as new
eukaryotic species are sequenced.
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