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Abstract
microRNAs (miRNAs) are an abundant class of ~22 nucleotide (nt) regulatory RNAs that are
pervasive in higher eukaryotic genomes. In order to fully understand their prominence in genomes,
it is necessary to elucidate the molecular mechanisms that can diversify miRNA activities. In this
review, we describe some of the many strategies that allow novel miRNA functions to emerge, with
particular emphasis on how miRNA genes evolve in animals. These mechanisms include changes in
their sequence, processing, or expression pattern; acquisition of miRNA* functionality or antisense
processing; and de novo gene birth. The facility and versatility of miRNAs to evolve and change
likely underlies how they have become dominant constituents of higher genomes.
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Introduction
microRNAs (miRNAs) are an abundant family of ~21–24 nucleotide (nt) regulatory RNAs
derived from hairpin precursor transcripts [1,2]. They have broad roles in gene regulation
during organismal development and adult physiology, in both plants and animals. Although
the extent of the miRNA regulatory universe has only been appreciated relatively recently,
with hindsight we recognize that the first examples of miRNAs and their targets emerged in
the 1990s. In particular, genetic studies of nematode and fruitfly development provided much
of the framework for our understanding of miRNA genes and miRNA target identification.

Analysis of the Caenorhabditis elegans heterochronic pathway, which controls the timing of
major developmental events, led to the identification of the first two miRNA genes, lin-4 and
let-7 [3,4]. Knowledge of epistatic genetic relationships amongst heterochronic genes fueled
the discovery of their key target genes, even before the discovery of miRNAs as a general
molecular phenomenon. These include lin-14 and lin-28 as key targets of lin-4 [5,6], and
lin-41 as an essential target of let-7 [4]. lin-4 and let-7 shared the feature of regulating targets
via imperfectly complementary sites in target 3′ untranslated regions (3′ UTRs).

Parallel studies of Drosophila revealed that Notch pathway target genes encoding bHLH
repressor and Bearded family proteins were repressed post-transcriptionally, via conserved ~7-

© 2008 IBCB, SIBS, CAS All rights reserved
Correspondence: Eric C Lai, Tel: +1-212-639-5578; Fax: +1-212-717-3604. E-mail: E-mail: laie@mskcc.org .

NIH Public Access
Author Manuscript
Cell Res. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
Cell Res. 2008 October ; 18(10): 985–996. doi:10.1038/cr.2008.278.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nt 3′ UTR motifs termed the Brd, K, and GY boxes [7–9]. The motifs are required to restrict
Notch signaling during normal developmental patterning, since genomic rescue transgenes
bearing specific mutations in “box” motifs (but not wild-type transgenes) induced sensory
bristle and eye defects characteristic of Notch target gene gain-of-function. These motifs
proved to be amongst the first miRNA target sites known, and it was through them that it was
recognized that animal miRNAs primarily identify targets via ~7 nt complements to miRNA
5′ ends [10], also referred to as miRNA “seeds” [11].

Let-7 was the first miRNA known to be well-conserved amongst animal species [12], and the
direct cloning and sequencing of small RNAs from various animals resulted in the landmark
discovery of ~100 miRNA genes in late 2001 [13–15]. Subsequently, a combination of
molecular cloning and computational approaches identified thousands of miRNA genes in
animals [16–20], plants [21–23], and even viruses [24,25], with 600 miRNAs now validated
in humans alone [26]. Computational estimates by various groups vary widely, and a consensus
on the upper limit of miRNA genes has not been reached. New miRNA genes continue to
emerge with the advent of new high-throughput sequencing methods [27–30].

Knowledge of the functional properties of Brd, GY, and K boxes as conserved 7-nt 3′ UTR
regulatory motifs enabled forward computational searches for target sites to be performed as
early as 1996 ([9] and Christian Burks and Eric C Lai, unpublished data). In addition, while
lin-4 was originally characterized as a translational inhibitor [5,31], studies of Notch pathway
targets showed that miRNA binding sites could also destabilize transcripts via a deadenylation-
associated mechanism [7,9]. Many years later, the concept of 7mer seed matching target sites
would underlie whole genome computational miRNA target searches [11,32–35]. In addition,
as miRNA targets outside of the Notch pathway also proved regulated at the steady-state
mRNA level [36,37], microarray-based efforts proved efficacious in identifying miRNA
targets as transcripts whose levels were inversely correlated with miRNA activity [38–40].
Collectively, these efforts suggest that a majority of animal genes are either under active
selection to maintain miRNA binding sites, or actively avoid the acquisition of miRNA binding
sites [40,41]. In addition, the existence of functional non-conserved sites [37,39,40] and
functional non-seed match sites [4,42,43] likely increases the size of the miRNA target
network.

In terms of the numbers of genes and regulatory targets, then, miRNAs can be considered
amongst the most “successful” gene classes. In order to understand why miRNAs are so
successful as genetic entities, it is imperative to understand how their functions and activities
can be diversified during evolution. In this review, we highlight several molecular mechanisms
by which this can occur. We will focus specifically on “miRNA-centric” mechanisms for the
diversification of miRNA functions. Of course, miRNA functions can change through changes
in their target genes. Since minimal functional sites are only 7 nt long, virtually all genes are
a point mutation away from gaining or losing miRNA binding sites. Such lability of miRNA
target sites underlies the wholesale turnover of miRNA target cohorts between animal clades,
even though the miRNAs them-selves are often highly or even perfectly conserved [44]. This
topic has been extensively reviewed recently [45,46]. In addition, as other perspectives have
presented a detailed discussion of plant miRNA evolution [46–48], we have focused this review
on new concepts that have recently been examined in the context of animal genomes. However,
at least some of the principles discussed here may apply generally to miRNA evolution across
the kingdoms.

A brief overview of animal miRNA biogenesis
To provide context for the mechanisms discussed in this article, it is appropriate to first review
the basic features of animal miRNA biogenesis and function (Figure 1). With only few
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exceptions [49], animal miRNAs are the products of much longer transcripts generated by RNA
Polymerase II [50,51]. The majority of miRNA genes are processed from the introns or exons
of non-coding transcripts, but some 30% of miRNAs are located on the sense strands of introns
of protein-encoding genes. It has been widely assumed that intronic miRNAs are processed
out of spliced host introns; however, where it has been examined experimentally, it appears
that intronic miRNA processing precedes intron splicing [52].

Canonical miRNA precursors bear a duplex stem of at least ~30 basepairs. The base of the
hairpin serves as a binding site for the double-stranded RNA binding protein Pasha/DGCR8,
which positions the RNAse III enzyme Drosha to cleave ~1 helical turn away from the hairpin
base (Figure 1) [53]. This processed hairpin is referred to as the “pre-miRNA”, and is typically
55–70 nt in length. Recently, it was found that short intron hairpins termed “mirtrons” can
bypass Drosha processing and instead use the splicing machinery to directly define their
precursor ends [54–56]. Following intron debranching, mirtrons appear as pre-miRNA mimics
that gain access to the miRNA pathway.

Both mirtrons and pre-miRNAs are exported to the cytoplasm via Exportin-5, and are then
cleaved by the cytoplasmic RNAse III enzyme Dicer (Figure 1) [57]. This yields an ~21–22
nt duplex, of which one strand is preferentially selected for entry into an Argonaute (AGO)
silencing complex. The mature miRNA guides the AGO complex to complementary sites on
target transcripts usually found in their 3′ UTRs. Although rare examples of atypical, functional
miRNA binding sites with non-complementary seeds have been described [4,5,42,43], the vast
majority of miRNA targeting in animals appears to involve ~7 nt of Watson-Crick basepairing
to positions 2–8 from the 5′ end of the miRNA. Thus, precision of the 5′ end of the mature
miRNA is essential for it to select appropriate targets.

Evolutionary fates of duplicated miRNA genes
Just as with protein-encoding genes, a major route for gene diversification begins with aberrant
DNA replication resulting in a local gene duplication [58]. It is generally accepted that
duplicated genes should acquire distinct functions in order to be maintained over significant
evolutionary timescales [59,60]. Although many genes might appear dispensable or
functionally redundant in the laboratory setting, truly redundant genes are not likely to survive
during the evolution of “living” genomes.

At least three fates have been proposed for duplicated genes [61–63]. In the case of
“nonfunctionalized” duplicates, one of the genes loses its activity through the accumulation of
mutations. It eventually becomes a pseudogene or disappears from the genome entirely.
“Subfunctionalized” gene pairs lose complementary functions, so that both genes need to be
maintained in the genome in order to fulfill the aggregate function of the ancestral gene. Finally,
a “neofunctionalized” gene acquires a novel activity that becomes selectively advantageous,
leading to its stabilization in the genome. It is often easier to recognize examples of
neofunctionalization, although sometimes this occurs hand-in-hand with subfunctionalization
[64]. In the next few sections, we consider some of the molecular mechanisms that underlie
neofunctionalization or subfunctionalization of duplicated miRNA genes, including via the
acquisition of new miRNA sequences or expression patterns. Interestingly, as we shall see, at
least some of these mechanisms can also apply to non-duplicated miRNA genes.

Changes in miRNA sequence
As antisense regulators, alteration to the miRNA sequence will have an impact on their
targeting capabilities. This is a convenient mechanism for the invention of miRNA gene
novelty. One can easily imagine that, following gene duplication, one of the genes may sustain
a mutation that changes its targeting activity. Under the right circumstances, this might become
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favorably selected and eventually fixed in the form of a new miRNA gene. In this scenario,
one of the ancestral genes should retain its sequence while its derivatives may drift. This is
indeed what one sees amongst conserved animal miRNAs. Many apparent founder genes are
identical amongst invertebrate and vertebrate genomes, but each lineage can have a series of
related family members [18,20,27,28,65].

Although changes might occur along the length of the miRNA, changes in the seed region will
have particular impact. Inspection of miRNA families reveals a predominant trend in which
duplicated miRNA genes are most similar in their seed regions (Figure 2A), perhaps reflecting
that miRNA duplicates often shift their target spectra modestly via 3′ pairing [11, 42, 66].
However, there are also examples of related miRNA genes with distinct seed regions. For
example, Drosophila miR-263a and miR-263b are highly related miRNAs that nevertheless
have different seed regions (Figure 2B). As a consequence of this minor sequence difference,
these two miRNAs are expected to have mostly non-overlapping target sets.

However, it should be noted that any change along the length of the mature miRNA is likely
to be of some functional impact. miRNAs that differ only in their 3′ regions can select different
targets, especially in cases where 3′ compensatory target pairing is in operation. For example,
different members of the Drosophila K box miRNA family with identical seed regions
nonetheless exhibit distinct capacities to regulate the proapoptotic targets grim and sickle
[42]. As another example, nematode let-7 and its related family members miR-48/miR-84/
miR-241 have distinct capacity to regulate the lin-41 gene, which is a non-canonical, seed-
mispaired target that requires 3′ compensatory pairing unique to let-7 [4,67].

Post-transcriptional editing of miRNAs
A different strategy to change a miRNA sequence, and thus diversify its function, is through
RNA editing. In this process, an adenosine deaminase acts selectively within dsRNA to convert
adenosine (A) residues into inosines (I) [68]. Since animal miRNA precursors are necessarily
composed of dsRNA, it is conceivable that some miRNAs are edited so as to affect their
processing and/or their target spectra. Studies of miR-376 nicely demonstrated this principle
(Figure 2C). Since a highly edited site is positioned in the middle of its “seed” region, the
genomic and edited versions of miR-376a-5p are predicted to target entirely different sites.
Indeed, functional tests demonstrated this to be the case [69]. Systematic analysis has revealed
a number of other miRNA genes that are edited at various positions [30,70]. In addition, editing
might theoretically affect processing and/or loading of miRNAs, with subsequent effects on
target regulation. For example, editing of the pre-mir-151 hairpin blocks its cleavage by Dicer
[71].

Changes in Drosha or Dicer processing
A third mechanism that can change the sequence of mature miRNAs involves shifting their
processing to create new small RNAs with different 5′ ends. As mentioned, since the 5′ end of
a mature miRNA sets the register for target site recognition, even a single nucleotide shift in
its 5′ end will yield a radical alteration in target selection. Some compelling examples of this
mechanism emerged following careful re-inspection of long-known miRNAs. For example,
“K box” miRNAs constitute the largest family of miRNAs in Drosophila [10,72]. Because
many K box loci have been duplicated, the genomic mapping of several K box miRNAs is
ambiguous. In particular, it was earlier presumed that several genes in the miR-2/miR-13 K
box subfamily produce identical miRNAs [15,73]. For example, it was originally thought that
mir-2a-1 and mir-2a-2 (Figure 3A) encode the same product, UAUCACAG
CCAGCUUUGAUGAGC.
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On the contrary, close inspection of larger miRNA sequence datasets, which now included
substantial numbers of miRNA* species and even cloned miRNA hairpin loops, permitted the
unambiguous assignment of some miRNAs with more than one genomic match to specific
miRNA hairpins [28]. This revealed that certain seemingly identical miRNA loci actually
generate miRNAs with completely distinct seeds, due to alternative Drosha/Dicer processing.
For example, with mir-2a-1 and mir-2a-2, their unique “star” strand sequences allowed their
corresponding mature miRNAs to be inferred from small RNA duplexes with 3′ overhangs
(Figure 3A–3C). On this basis, one can see that miR-2a-1 and miR-2a-2 are actually distinct
miRNAs with a 2-nt offset in their 5′ ends and seeds.

In the case of the miR-2a genes, it seems that a shift in the Drosha cleavage at the hairpin base
probably underlies the change in the Dicer cleavage register at the terminal loop side. However,
these events can be unlinked since miRNA precursors generated from at least some non-
duplicated loci in Drosophila appear to be subject to alternative Dicer processing. A
particularly compelling example is miR-210 (Figure 3D), for which approximately equal
numbers of miRNAs with different 5′ ends are generated from a single precursor hairpin
[28]. Thus, alternate miRNA processing can apparently generate functional diversity without
changes to the gene sequence itself.

Changes in spatial or temporal expression pattern
It is popularly presumed that miRNA genes that produce similar or even identical miRNAs
must necessarily have overlapping functions. However, this need not be the case if the miRNA
genes are deployed in different places or times. Indeed, the acquisition of distinct expression
domains is a common strategy for the functional diversification of duplicated protein-encoding
genes, and this seems to occur frequently with miRNA genes as well.

The Drosophila K box family provides a nice illustration of this principle. There are eight
genes located in four genomic clusters that comprise the miR-2/miR-13 subfamily [16]. The
embryonic expression patterns of three of these loci were determined, and all found to be
distinct [74]. In fact, miR-13b-1 and miR-13b-2, which otherwise produce the same mature
miRNA (Figure 4A), have nearly non-overlapping expression in the central nervous system
and muscles/gut, respectively (Figure 4B and 4C). Therefore, it is undoubtedly the case that
the diversification of the K box family has been accomplished, at least in part, by deploying
them in distinct spatial domains.

A similar concept applies to members of the nematode let-7 family, not at the spatial level but
instead at the temporal level. Members of the let-7 family have similar seeds and thus at least
some overlapping target specificity (Figure 4D). However, they are deployed at different times
in development [4, 75], and their particular temporal expression underlies their essential roles
in specifying stage-specific developmental events (Figure 4E and 4F). Genetic analyses
revealed that three related let-7 “sisters” termed miR-48, miR-84, and miR-241 are activated
between the second (L2) and third (L3) larval stages, and they promote L3 development by
repressing hbl-1. Slightly later in development, the let-7 miRNA is activated between the L4
and adult stages, and it promotes adult development by repressing lin-41 and hbl-1 (Figure
4F). Inspection of large-scale small RNA cloning efforts reveals a variety of other miRNA
families in which individual members are expressed at different times and/or places in
invertebrate or mammalian organisms [28, 30].

Acquistion of miRNA* functionality
miRNA biogenesis proceeds via an obligate small RNA duplex step (Figure 1), and the small
RNAs are necessarily produced initially at a 1:1 ratio by transcription. However, the mature
miRNA/miRNA* ratio is asymmetric at steady-state, sometimes at a discrepancy of >10 000:1

Liu et al. Page 5

Cell Res. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[27,28]. The asymmetry of miRNA strand selection has been taken as evidence that miRNA*
species are merely carrier strands that are needed only to promote accurate processing of their
partner miRNA strands. In support of this, thermodynamic rules can rationalize which miRNA
strand is favored for selection into a mature regulatory complex [76,77]. Nevertheless, the
notion that miRNA* species are “junk” strands has come about mostly through lack of study.

Recently, this premise was put to experimental test in the Drosophila system [66]. In the null
hypothesis, if miRNA* strands were truly irrelevant as regulatory RNAs, they would not
exhibit any particular sequence constraint, would not associate with AGO proteins, would not
be capable of repressing target transcripts, and would not exhibit preferential conservation of
seed-matching sites. In fact, every single one of these premises turns out to be false: miRNA*
species are often highly conserved small RNAs that are actively sorted to AGO proteins to
regulate conserved targets (Figure 5). Although it is true that miRNA* species mediate much
smaller regulatory networks than their sister miRNA species, ~40% of all Drosophila miRNA*
species are under stringent sequence selection, implying their function as regulatory RNAs,
and about half of these have confident evidence for the selective conservation of
complementary seed sites in 3′ UTRs [66].

The implications of these findings are substantial. Every pre-miRNA hairpin has the inherent
property of being able to generate two distinct regulatory RNAs. Although one of these is
always dominant, in that it accumulates to a higher level and typically has more conserved seed
matches, pre-miRNA hairpins are nevertheless evolutionarily selected so as to produce a
specific amount of functional miRNA* species. This means that individual miRNA genes may
constantly be in a state of neofunctionalization, in which the two strands essentially compete
for incorporation into a regulatory complex.

One might imagine that a trend to switch the effective miRNA strand might be favored amongst
duplicated miRNA genes, in which a gene copy is now freed from functional constraint to
choose a particular arm for regulatory purposes. Indeed, careful analysis of miRNA cloning
patterns revealed members of at least four different miRNA families that have switched their
dominant arm, and many more in which the miRNA/miRNA* strand bias is widely divergent
[66,78].

Antisense miRNA transcription and processing
A perfect genomic inverted repeat can adopt a hairpin structure that is identical on sense and
antisense strands. On the other hand, as animal pre-miRNAs are imperfect hairpins containing
bulged nucleotides, internal loops, and non-canonical G:U basepairs, miRNA hairpins are
generally dissimilar as sense vs antisense transcripts [16]. Typically, one of the two strands
adopts a hairpin with significantly better hairpin characteristics, so that computational methods
can often accurately predict the transcribed strand of a candidate miRNA locus. However, in
many cases, the sense and antisense hairpins are insufficiently different to permit a confident
strand prediction. In fact, some confirmed miRNA hairpins have less duplex structure than
their antisense counterparts. However, as early small RNA cloning efforts yielded miRNAs
only from a single strand of a given genomic hairpin, it was widely assumed that antisense
strands of miRNA hairpins were not relevant.

This assumption was challenged by recent studies of the Drosophila Hox clusters, which are
physically broken into the Bithorax Complex (BX-C) and the Antennapedia Complex (ANTP-
C) (Figure 6). Canonical Hox genes encode homeodomain transcription factors that are central
to the appropriate assignment of segmental identities along the anterior-posterior axis of all
animals [79]. Misregulation of canonical Hox gene activity results in striking transformations
of body segments; thus, it is essential to control their activity with great precision.
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Earlier cloning efforts showed that miRNAs are conserved components of animal Hox clusters
[15,73,80,81], and the BX-C locus mir-iab-4 regulates the canonical BX-C Hox gene
Ultrabithorax [82]. Curiously, earlier in situ hybridization studies showed that the sense and
antisense strands of the mir-iab-4 locus are transcriptionally active in distinct spatial domains
of the developing embryo [83,84]. In fact, transcription and processing of the antisense strand
was recently shown to yield novel miRNAs from the mir-iab-8 hairpin (Figure 6) [85–87].
Interestingly, the mature miRNAs of the antisense hairpin are functionally distinct from their
sense counterparts, and have both overlapping and distinct roles in BX-C and potentially
ANTP-C gene regulation [85–87].

Antisense miRNAs are not an oddity of the Drosophila Hox complex. The recent availability
of large small RNA catalogs permitted additional antisense miRNAs to be found in flies and
mammals [85,86]. This demonstrates antisense processing as a general principle that can
diversify miRNA function in animals. When combined with miRNA* function, one can
imagine that four distinct regulatory RNAs might be produced from a single locus. Indeed,
tests in both cultured cells and transgenic animals showed that both miRNA and miRNA* of
sense and anti-sense mir-iab-4/mir-iab-8 are functional inhibitory RNAs [66,85,86].

It remains the case that the quantity of antisense miRNAs in any organism is quite low.
Nevertheless, the study of mir-iab-4/mir-iab-8 clearly shows that this principle has been
utilized by highly conserved regulatory circuits. The general phenomenon of broad
euchromatic transcription, coupled with the observation that a substantial fraction of miRNA
hairpins may plausibly be processed as antisense hairpins, therefore raises this as an economical
method to generate new miRNA genes via pre-existing miRNA hairpins.

De novo generation of miRNA hairpins
In addition to EST evidence, global analyses of genomic transcription using tiling microarrays
have yielded the picture that a majority of the animal euchromatin is converted into RNA,
usually in a temporally and/or defined manner [88,89]. As with the concept of broad antisense
transcription [90], the biological significance of broad transcription of the genome is
controversial at present. However, one can easily imagine that this might have tangible
consequences for the birth of miRNA genes.

Animal genomes encode very large numbers of candidate hairpins that are plausible as miRNA
precursors. Analysis of Drosophilid genomes yields 100 000s of candidate hairpins [16,91],
while mammalian genomes have 1000 000s of such hairpins [20]. While it cannot be formally
excluded that there are a million human miRNAs, extensive cloning evidence strongly suggests
that the real number is perhaps three orders of magnitude smaller. Because of the large number
of raw hairpins, all effective computational methods for miRNA genefinding in animal
genomes rely upon the usage of evolutionary conservation as an essential filter to distinguish
between bulk genomic hairpins and ones with possible regulatory activity. Even the existence
of a conserved hairpin is insufficient to categorize miRNA loci with confidence, since at least
some conserved hairpins are fortuitous or represent conserved structures that are not processed
into ~21–24 nt regulatory RNAs. Conversely, the mere finding of a cloned small RNA that
maps to an arm of a genomic hairpin [92] is today no longer sufficient to warrant classification
as a miRNA gene. Large-scale cloning efforts yield a surplus of singleton hairpin-matching
reads, for which one cannot confidently infer that the small RNA was produced by Drosha/
Dicer cleavage (as opposed to representing a degradation RNA fragment that fortuitously
matches a genomic hairpin).

Although this sea of hairpins might be seen as an annoyance for computational miRNA
genefinding efforts, they conversely have very compelling evolutionary implications. Such
incidental hairpins may be routed at low levels through the miRNA processing pathway to
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generate small regulatory RNAs lacking beneficial targets (Figure 7). Likely, if they do find
targets, their regulation would be detrimental. On the other hand, their regulatory capacity
would serve as a general proving ground for natural selection, by which “useful” target
interactions would be stabilized in the genome [45,93,94].

In this scenario, newly born miRNA genes might be part of a general mechanism by which
speciation might occur. It is well-accepted that speciation can occur by changes in the cis-
regulatory control of existing genes. However, the idea that newly evolved genes might play
a substantial role has been less studied to date [95–97]. Although these types of evolutionary
questions provide a great challenge for informative experimental tests, small RNA cloning
efforts have revealed miRNA genes in every animal and plant subclade that are highly species-
specific [27–29]. Cloning of primate brain miRNAs revealed a rich assortment of miRNAs
specific to individual primates [98], leading to the proposition that human-specific brain
miRNAs might theoretically impart human-specific traits. In addition, it has been observed
that the mirtron subclass of miRNA genes evolves more rapidly than canonical miRNAs
[54–56]. Therefore, the potential contribution of newly evolved mirtrons to speciation may be
greater than that of canonical miRNAs.

Transposon-assisted miRNA gene birth
In addition to the de novo emergence of miRNA hairpins from randomly occurring hairpins,
the birth of miRNA genes may also be assisted by pre-existing genetic elements. A substantial
proportion of animal genomes is composed of transposons or their defunct remnants. In fact,
the human genome may in some sense be considered to be composed of more of these parasitic
genetic elements than actual “human” DNA. This of course has substantial consequences for
endogenous gene regulation and gene evolution [99–102]. The transposition of selfish genetic
elements can mutate genes by directly inserting into them, or by disrupting cis-regulatory
elements. Proximity to transcriptional regulatory elements carried on transposons can alter the
expression of host genes. Transposons can even become incorporated into host genes,
contributing exons and protein-coding potential.

Transposons often carry terminal inverted repeats, but even ones with direct terminal repeats
can insert near or into each other, resulting in inverted repeat gene arrangements between once
distinct elements. Transcription across such elements might be a substantial source of hairpins
that comprise “accidental” miRNA substrates. Their possible regulatory activities might favor
their mutation and loss if deleterious, but could also be subject to positive selection if beneficial
to the organism. For example, a number of mammalian miRNAs derive from LINE
transposable elements or other repetitive elements [103]. Another perhaps more direct route
might be through the fortuitous entry of miniature inverted-repeat transposable element (MITE)
transcripts, which can be in the range of typical pre-miRNA hairpins, through the miRNA
biogenesis pathway [104]. A recent systematic analysis revealed at least 55 human miRNAs
derived from LINE elements, SINE elements, or MITEs, with some 85 additional novel TE-
derived miRNA candidates predicted [105].

Conclusions
Although a major conclusion of evolutionary-developmental biology has been that
fundamental molecular circuits remain the same over the eons, even the most conserved of
pathways is subject to change, adaption, and functional diversification in different settings. In
this perspective, we have examined some of the many ways that miRNAs have been able to
diversify their functions. We argue that their extraordinary flexibility and versatility explain
their success in the genomic landscape.
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First, miRNAs are easily able to acquire new functions-even a single nucleotide change in their
seed region will completely alter their target spectra. Conversely, it is relatively trivial for a
given target gene to be captured by a miRNA, since virtually every gene is a point mutation
away from acquiring a high-affinity binding site for one or more miRNAs. Second, miRNA
genes are frequently duplicated, creating abundant possibilities for their subfunctionalization
or neofunctionalization. Third, mechanisms for neofunctionalization can apply even to single
miRNAs. We have described examples in which alternate Drosha/Dicer cleavages can
diversify the output of a major miRNA species. In addition, inherent miRNA* functionality
frequently allows a second functional species to emerge from any given miRNA hairpin. If
that were not enough, antisense transcription and processing of miRNA hairpins is yet another
genuine mechanism to diversity a single miRNA locus. Finally, miRNAs are easily born de
novo. Unlike protein-encoding genes, they do not need to acquire translational initiation
context, nor evolve an open reading frame of significant length, nor produce a polypeptide that
should fortuitously resist unfolding and degradation. Truly, miRNAs are an evolutionary
wonder, constantly capable of reinventing themselves, and even of making something out of
thin air.
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Figure 1.
Features of canonical miRNA and mirtron biogenesis. Canonical miRNAs are transcribed as
long primary transcripts whose hairpin structures are cleaved by the nuclear Drosha RNAse
III enzyme to release pre-miRNAs. Mirtrons are short hairpin introns that are spliced and then
debranched, yielding pre-miRNA mimics. Both types of hairpins are exported from the nucleus
by Exportin-5, then cleaved by the cytoplasmic RNAse III enzyme Dicer; this yields a duplex
of ~21–24 nt RNAs. One RNA product, termed the mature miRNA, is preferentially loaded
into an Argonaute (AGO) protein and guides it to complementary transcripts for regulation.
The other duplex strand, termed the miRNA* species, is favored for degradation and
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accumulates to a lower level than the miRNA. The schematic was adapted from a published
model [54].
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Figure 2.
Changes in miRNA sequence can diversify miRNA activity. (A) Typical families of miRNAs
can be classified according to shared 7mer motifs located at positions 2–8, also known as the
miRNA “seed” (green box). Shown are the three members of the Drosophila miR-9 family;
note that their sequences are identical through position 8, but strongly diverge beginning with
position 9. The members of this family are inferred to have at least some common targets
because of their shared seed, although their target properties are likely somewhat distinct
because of their divergent 3′ ends. (B) An atypical family of Drosophila miRNAs which differ
in a seed position (red box). These miRNAs are inferred to have mostly non-overlapping target
sets. (C) Example of a miRNA that is edited in human and mouse, miR-376-5p. Of several
edited positions identified, the A-I conversion at position 4 is significant as it is inferred to
redirect its targeting capacity.
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Figure 3.
Changes in Drosha or Dicer processing can diversify miRNA activity. (A) mir-2a-1 and
mir-2a-2 share 27 consecutive nucleotides along their miRNA-producing arms; therefore many
sequences can be mapped to either genomic locus (# loci=2). However, their unique miRNA*
sequences (# loci=1) allow their respective miRNA strands to be deconvolved based on
miRNA/miRNA* duplexes with ~2-nt 3′ overhangs (B). This reveals the 5′ ends of miR-2a-1
and miR-2a-2 to be shifted by 2 nt with respect to each other (C). (D) An example of a rare
miRNA locus that appears to be subject to alternative Dicer processing, yielding equal numbers
of the distinct miRNAs miR-210.1 and miR-210.2. Note that the mir-2 and mir-210 cloning
data depict the most abundant isoforms recovered from large-scale sequencing data [28]; less
abundant reads mapped to these loci are not shown.
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Figure 4.
Changes in spatial or temporal expression can diversify miRNA activity. (A) miR-13b-1 and
miR-13b-2 are identical miRNAs produced from loci on different chromosomes. Their non-
redundant activity is evidenced by the distinct expression of their primary transcripts in the
central nervous system (B) and the gut and musculature (C). (D) The let-7 sisters comprise
related miRNAs with distinct temporal expression. (E) The levels of miR-48/miR-84/ miR-241
peak during the transition from L2 to L3, while the level of let-7 peaks during the transition
from L4 to the adult. (F) Genetic hierarchy of the control of L2-L3 transition by miR-48/
miR-84/miR-241 and control of the L4-adult transition by let-7. Note that let-7 is a unique
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regulator of lin-41 at this developmental stage since it requires 3′ compensatory pairing that is
specific to let-7; mir-48/miR-84/miR-241 may repress hbl-1 at both stages.
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Figure 5.
Acquisition of miRNA* functionality can diversify miRNA activity. While bulk miRNA*
species are preferentially degraded, a substantial fraction of miRNA* species are actively
sorted into AGO complexes and are used to repress endogenous targets. The schematic was
adapted from a published model [66].
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Figure 6.
Antisense miRNA transcription and processing can diversify miRNA activity. The mir-iab-4
hairpin in the Drosophila Bithorax Complex (BX-C) is transcribed on its antisense strand as
the mir-iab-8 hairpin. Thus, four different small RNAs are produced from a single hairpin locus
in embryos. The 5p miRNAs of mir-iab-4 and mir-iab-8 directly regulate other Hox genes;
stronger regulatory interactions are depicted with darker lines. The schematic was adapted from
a published model [86].
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Figure 7.
Typical genomes encode many miRNA-like hairpins but only a limited set of genuine miRNA
hairpins that are specifically processed by the canonical miRNA or mirtron machinery (Figure
1). The large surplus of genomic hairpins that occur frequently throughout the genome may
serve as a breeding ground of nascent miRNAs that may accidentally enter the miRNA
processing pathway at some low frequency. If they provide a useful function to the organism,
these may eventually be stabilized as genuine miRNA genes.
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