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Abstract

During microRNA (miRNA) biogenesis, one strand of a ~21-22-nucleotide RNA duplex is
preferentially selected for entry into a silencing complex. The other strand, known as the miRNA*
species, has typically been assumed to be a carrier strand. Here we show that, although Drosophila
melanogaster miRNA* species are less abundant than their partners, they are often present at
physiologically relevant levels and can associate with Argonaute proteins. Comparative genomic
analyses revealed that >40% of miRNA* sequences resist nucleotide divergence across Drosophilid
evolution, and at least half of these well-conserved miRNA* species select for conserved 3’
untranslated region seed matches well above background noise. Finally, we validated the inhibitory
activity of miRNA* species in both cultured cells and transgenic animals. These data broaden the
reach of the miRNA regulatory network and suggest an important mechanism that diversifies miRNA
function during evolution.

miRNAs are an abundant class of ~21-22-nucleotide (nt) RN As that typically function as post-
transcriptional repressors of gene activity1 2 The biogenesis of animal miRNAs involves
stepwise processing of precursor transcripts containing hairpin structures. Canonical primary
miRNA transcripts are cleaved in the nucleus by the RNase III enzyme Drosha, releasing
~60-80-nt pre-miRNA hairpins3. In addition, splicing and debranching of short hairpin introns
termed ‘mirtrons’ can directly generate pre-miRNA—Iike hairpins4_6. In both cases, the
hairpins are exported to the cytoplasm and cleaved by the RNase III enzyme Dicer, resulting
in a ~21-nt miRNA duplex7_10. Although both strands of miRNA duplexes are necessarily
produced in equal amounts by transcription, their accumulation is asymmetric at steady state.
The convention is to refer to the more abundant product of a pre-miRNA or mirtron hairpin as
the miRNA and its rarer partner as a miRNA* species1 .

The function of miRNA strands is evident from the preferential conservation of 7-nt sequences
in target transcripts with Watson-Crick complementarity to positions 2—8 of mature miRNAs
(the ‘seed’ region). Although other features influence target-site efficacy, miRNA seed matches
are often necessary and sufficient for target 1regu1ation1 =15 and are the basis of most genome-
wide predictions of miRNA regulatory sites10=18_ Such studies conclude that most animal
genes are either actively regulated by one or more miRNAs or actively avoid the acquisition
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of miRNA binding sites!7-19. The reach of the miRNA regulatory network may in fact be
larger, depending on the extent to which additional miRNA genes remain to be discovered, the
extent to which noncanonical target sites are functional, and the extent to which nonconserved
sites are relevant in vivo20.

The nonrandom nature of miRNA strand selection was posited to reflect an active process that
minimizes the population of silencing complexes with illegitimate miRNA* species. The
mechanism of strand selection correlates with the relative free energies of the duplex ends, as
the small RNA whose 5’ end inhabits the less stable end is preferentially maintained in the
mature silencing complelevzz. Nevertheless, miRNA* species are necessarily present in the
cell and have been detected in increasing numbers during large-scale small RNA sequencing
efforts23-25. Although previous studies did not explicitly address their potential trans-
regulatory function, it is difficult to imagine how miRNA* species might be entirely excluded
from entering regulatory complexes. In this study, we combine experimental and computational
methods to show that many D. melanogaster miRNA* species are bona fide trans-regulatory
RNAs with demonstrable effects on endogenous regulatory effects. Furthermore, we show that
the inherent ‘dual’ nature of miRNA hairpins has tangible consequences for miRNA gene
evolution.

Some miRNA* species are relatively abundant in total RNA

Initial analysis of ~4,000 D. melanogaster small RNA sequences yielded clones from 62
miRNA loci26. miRNA* species were cloned for nine loci; however, only one of these was
cloned more than twice (miR-2a-2*, four clones). These and other early cloning efforts
contributed to the prevailing view that miRNA* species are, by and large, rare RNAs. More
recent analysis of > 1 million small RNA sequences that aligned to the D. melanogaster genome
(GEO dataset GSE7448) not only identified new miRNA genes, but also yielded a nearly
comprehensive set of cloned miRNA* specie525. These data permitted detailed analyses of
miRNA* biology.

Inspection of 316,927 miRNA and 28,465 miRNA* clones revealed that many miRNA*
species are actually relatively abundant. Whereas 60 out of 134 miRNA genes showed >20:1
strand bias, 29 out of 134 miRNA genes showed <5:1 strand bias. Some of these ratios were
uncertain owing to low numbers of reads; still, 16 genes in the ‘low’ strand bias set were
confidently sampled by > 100 reads. The entire set of miRNA:miRNA* read counts and ratios,
organized by gene and library of origin, is presented in Supplementary Table 1 online.

The absolute number of miRNA* clones recovered from abundantly expressed loci was greater
than the miRNA clone counts from many lowly expressed loci. The interpretation of this is
ambiguous, as seemingly ‘rare’ miRNAs cloned from a whole animal might be highly
expressed in a specific cell type. However, analysis of S2 cells showed that many miRNA*
species were more abundant than many miRNA species in this single cell type. For example,
we recovered > 50 clones for seven miRNA* species in S2 cells (miR-276a*, bantam*,
miR-34*, miR-2a-2* miR-282*, miR-996* and miR-306%), whereas 40 of the S2-expressed
miRNAs had <50 clones.

We validated the steady-state accumulation of miRNA and miRNA* species using northern
analysis of total D. melanogaster RNAs (Fig. 1 and Supplementary Fig. 1 online). We easily
detected miRNA* species from members of miRNA families (mir-10, mir-276a and
mir-281-1) and from unique miRNA genes (mir-306, mir-184 and mir-iab-4). Together with
the cloning data, this suggested that many miRNA* species are present at levels that are
conceivably biologically relevant.
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Preferential stability of highly conserved miRNA* species

The mere existence of miRNA* species in total RNA does not establish their function as
regulatory RNAs. A trivial alternative interpretation is that certain discarded miRNA* strands
are degraded more slowly than others. We addressed this by examining the ratio of miRNA:
miRNA* reads across successive time points in D. melanogaster embryonic development.
Indeed, the miRNA:miRNA* ratio of many loci became increasingly skewed as development
proceeded. For example, the ratio of miR-286 to miR-286* increased from 1.6 to 4.8 to 51.6
across three consecutive stages of embryo development (Supplementary Table 2 online). This
trend is consistent with the preferred stability of miRNA species and concomitant turnover of
miRNA* species.

miR-286 derives from a cluster of eight miRNAs: mir-309, mir-3, mir-286, mir-4, mir-5,
mir-6-1, mir-6-2 and mir-6-3 (Fig. 2a). Note that although the miRNA products of the mir-6
genes are identical, their respective miRNA* species are distinct. The isolation of 297
miR-6-1* clones, 373 miR-6-2* clones and 858 miR-6-3* clones provided evidence for fairly
comparable processing of each of the three mir-6 genes (Supplementary Table 1). As was done
in a previous analysis S, we divided the total miR-6 clone counts in each library by three to
estimate the output of each individual mir-6 gene.

All eight miRNA* species from this operon were abundant at the earliest time point (0—1h after
egg laying), with six miRNA:miRNA* pairs cloned at a ratio of 4:1 or less. However, six loci
showed miRNA:miRNA* ratios that rose rapidly with age (in 2—6-h, 6-10-h and 12-24-h
embryos), usually exceeding 50:1 (Fig. 2b). The exceptions were mir-4 and mir-5, whose ratios
rose to only 8:1 (mir-4) or actually decreased to a terminal ratio of 2.2:1 (mir-5). Notably, these
were the same genes of the cluster whose miRNA* sequences were most highly conserved. In
fact, both miRNA and miRNA* of mir-4 and mir-5 are perfectly conserved among 12
Drosophilids (Fig. 2a).

We asked whether these trends applied among miRNA genes more generally. For this purpose,
we selected the 26 miRNA loci that produced at least 50 clones in each of four successive
embryo time points (Supplementary Table 2), values that ensured that their miRNA:miRNA*
ratios were quantitatively meaningful. These genes collectively showed miRNA:miRNA*
ratios that rose sharply, were stable or even decreased with embryo age (Fig. 2¢). Notably, the
nine genes whose ratios remained lowest (bantam, mir-5, mir-92a, mir-2a-2, mir-4, mir-8,
mir-996, mir-7 and mir-2b-2) were all genes whose miRNA* species were perfectly conserved
among 11 or 12 Drosophilid species (Fig. 2c, ‘blue’ genes, and Supplementary Fig. 2a,b
online). These observations generalize the correlation between the degree of nucleotide
conservation of miRNA* species and their tendency to accumulate to higher levels at steady
state.

miRNA* species populate AGO1 complexes

We proposed that the correlation between the evolutionary constraint of miRNA* strands and
their expression level might reflect their usage as endogenous regulatory RNAs and sought
evidence for this by asking whether any miRNA* species were physically associated with
effector complexes. To do so, we immunoprecipitated endogenous Argonaute-1 (AGO1) and
probed this fraction for endogenous miRNA and miRNA* species. These experiments detected
miR-34:miR-34*, miR-184:miR-184* and miR-276:miR-276* in association with AGO1 in
S2 cells, and miR-5:miR-5* and miR-10:miR-10* from 0—10-h embryos (Fig. 3). The fraction
of miRNA* species that associated with AGOI1, relative to their total cellular content, was in
many cases comparable to that of their partner miRNA species. A notable exception was
mir-184, for which much less of the miRNA* detected in total RNA was associated with AGO1
relative to miRNA. This provided compelling evidence that the immunoprecipitation assay
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reports on a small RNA population that is distinct from total RNAs, and probably reflects the
active sorting of miRNAs and miRNA* species into regulatory complexes 7,28 We take these
data as evidence for active miRNA* sorting in both cultured cells and in the animal. At the
same time, these data suggest that caution should be applied in ascribing function to small
RNAs detected in total RNA because they contain species that are rejected from sorting
complexes and/or await their degradation.

Validation of the regulatory activity of miRNA* species

We next tested the regulatory potential of miRNA* species using assays previously used to
validate miRNA targets. Active sorting of miRNA processing intermediates was reported to
influence the type and/or level of target regulation in heterologous tests2. Nevertheless, we
find that perfect target sites are usually more sensitive than imperfect target sites, even when
the bulk of the small RNA partitions into AGO1 complexes. This is probably due to the much
stronger cleavage activity of AGO2 relative to AGOI (ref. 27).

We therefore designed artificial targets containing four tandem sequences antisense to miR-
iab-4-5p or miR-iab-4-3p (the left- and right-arm products of mir-iab-4) downstream of the
Renilla luciferase coding region in psiCHECK2, a vector that also contains a control firefly
luciferase gene. We then examined their response to expression constructs for mir-iab-4 or
mir-315. We earlier showed that this mir-315 construct is biologically active and strongly
represses miR-315 target genesZ9 and, thus, represents an appropriate noncognate control. The
miRNA and miRNA* sensors were strongly repressed (20-fold to 40-fold) by mir-iab-4,
whereas these sensors showed no response to mir-315 (Fig. 4a). We and others have shown
that the antisense strand of mir-iab-4 encodes a functionally distinct miRNA hairpin termed
mir-iab-8 (refs. 30_33). We tested left-arm and right-arm sensors for this pre-miRNA and again
observed strong and specific repression of both miR-iab-8-5p and miR-iab-8-3p sensors (Fig.
4a). Together, these results clearly demonstrate that miRNA* species can have regulatory
capability.

Short intronic hairpins termed ‘mirtrons’ provide a secondary source of miRNA precursors
that are independent of canonical nuclear miRNA processing4_6. Drosophila melanogaster
mirtrons are strongly biased to yield right-arm products, possibly because their left-arm
products begin with a G residue, which is rare among mature miRNAs. Still, we asked whether
the left-arm products of a mirtron might also be functional. We assayed the response of sensors
for miR-1010 and miR-1010* to ectopic mirtron expression constructs for mir-1010 and
mir-1003. We observed strong repression of both sensors by mir-1010 but not by mir-1003
(Fig. 4b), indicating that miRNA* functionality extends to mirtron precursors as well.

Finally, we tested whether miRNA* species could regulate target genes in the animal using a
repression assay in the D. melanogaster wing imaginal disc 4 We recently used this assay to
show that mir-iab-4 and mir-iab-8 could selectively repress tub-GFP sensor transgenes
carrying perfect target sites for their respective left-arm products, miR-iab-4-5p and miR-
iab-8-5p (ref. 33). We now prepared transgenic animals carrying sensors for the right-arm, ‘3p’
species and tested these in parallel with their partner, the left-arm, ‘5p’ sensors. We observed
that ectopic mir-iab-4 could repress both its 5p sensor (Fig. 4c, above) and its 3p sensor (Fig.
4c, below), although the regulation of the 3p sensor was weaker. We also found that ectopic
mir-iab-8 strongly inhibited both its Sp (Fig. 4d, above) and 3p (Fig. 4d, below) sensors.
Overall, these data provide convincing evidence that miRNA* species are capable of repressing
targets in both cultured cells and in the animal.
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Patterns of miRNA* evolution are consistent with their regulatory potential

Our tests show that miRNA* species can populate regulatory complexes to guide target
repression. Nevertheless, this could, in principle, be fortuitous. For example, a certain degree
of imprecision in miRNA strand selection might be of neutral consequence and thus tolerated
in vivo. However, this view is not consistent with the well-documented and adverse
consequences of small interfering RNA (siRNA) 0ff—targeting35. Rather, to avoid undesirable
regulation of cellular transcripts, we proposed that many miRNA* species may have infiltrated
endogenous regulatory networks during evolution. To obtain evidence for this model, we
examined the patterns of miRNA gene conservation across 12 Drosophilid species. The
conservation of miRNA sequences, with particular constraint on their seed regions, was
previously taken to reflect their sequence-based, trans-regulatory activity 16 We reasoned that
the same logic might apply to miRNA* sequences and seeds.

In fact, the possibility of trans-acting activity for miRNA* species was hinted at by earlier
computational efforts for miRNA gene finding36. We observed that miRNA* species diverge
much more slowly than miRNA terminal loops, a property that strongly aids the identification
of functional animal miRNA hairpins as ‘saddle’ structures~°>° /. The extent to which miRNA*
strands are constrained in their primary nucleotide sequence is not adequately explained solely
by pressures to maintain particular secondary structures, which would predict a higher
frequency of compensatory mutations than is observed during evolution.

We systematically examined a set of 131 D. melanogaster canonical miRNA genes, almost all
of which had cloned miRNA* specieszs. Of these, 31 miRNA* sequences were completely
conserved among all 12 sequenced Drosophilids (Supplementary Fig. 2a), and another 23
miRNA* sequences were nearly perfectly conserved (Supplementary Fig. 2b), with up to 4
aggregate mismatches among all orthologs (that is, only 4 out of ~260 bases). The fact that so
many ( ~40%) miRNA* sequences resist nucleotide divergence across a broad species range
is inconsistent with the idea that miRNA* species are merely carrier strands whose only
constraint is to maintain hairpin pairing to their miRNA partners. We also classified 11
additional genes as ‘highly conserved’, in that no more than two miRNA* nucleotide positions
had diverged among 12 orthologs (Supplementary Fig. 2b). In total, 65 genes satisfied highly
conserved (HC) criteria, or nearly half of all D. melanogaster miRNA loci. We divided the
remaining miRNA gene alignments on the basis of their presence in non-Sophophoran
Drosophilids (Drosophila virilis, Drosophila mojavensis and Drosophila grimshawi), the most
distantly related sequenced species relative to D. melanogaster. There were 46 genes with non-
Sophophoran orthologs (Supplementary Fig. 2¢) and 20 genes that were restricted to the
Sophophora (Supplementary Fig. 2d; we refer to these as the poorly conserved (PC) gene set).

We calculated the relative conservation of each 7-nt window along the orthologs of all miRNA
strands using a scheme that was weighted according to evolutionary branch length (Methods).
A previous survey of paralogous miRNA families revealed that positions 2—8 showed the
highest constraint of all such 7-nt windows!©. Our analysis differed in that we considered all
orthologous miRNAs, which allowed us to evaluate many more gene comparisons and also to
consider more recent evolutionary trends (as gene orthologs are much more recently diverged
than gene paralogs).

Analysis of 131 miRNAs revealed two discernable evolutionary patterns. First, the 5’ and 3’
ends of miRNAs were more conserved than their central regions (Fig. 5a, dark green). This is
consistent with the idea that there is general pressure to maintain the immediate sequence of
Drosha and Dicer processing sites. Second, the 5’ ends of miRNAs were slightly more
conserved than their 3’ ends. In particular, the miRNA seed window at positions 2—8 was most
conserved (Fig. 5a, below, indicated by an asterisk on the dark green bar). These trends
paralleled the results of paralog analysis 16 and reflect the experimental demonstration that the
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sequence at the 5’ end of the miRNA is most crucial for target identification!415:36_ The 65
HC miRNA genes were nearly universally conserved along their miRNA strands and thus
generated little in the way of evolutionary signal. Nevertheless, it was evident that the central
region of even highly conserved miRNAs showed some measure of divergence, resulting in a
slight dip in their aggregate conservation scores (Fig. 5a, below, light green; see also the closer
view above).

If the primary purpose of a miRNA* species is simply to promote accurate processing of its
miRNA partner, then we might expect that miRNA* species should be more tightly constrained
at their 3’ ends, which pair with the miRNA seed (Fig. 5a). On the contrary, systematic analysis
of the 65 HC miRNA* species produced a profile that was notably analogous to miRNA
strands. In particular, the 5’ and 3’ termini of miRNA* arms were more conserved than their
central regions, but miRNA* 5’ ends were slightly more conserved than their 3’ ends (Fig. 5a,
yellow). miRNA* conservation dropped off noticeably between the positions 2—8 and 3-9
windows, a feature that was suggestive of preferred seed constraint for miRNA* species.
Therefore, although miRNA* species are less well-conserved than miRNA species, they show
patterns of nucleotide divergence that are consistent with their selection for regulatory activity.

Selective conservation of miRNA* seed matches in target 3' UTRs

The evolutionary rigidity of ~50% of Drosophila miRNA* species was suggestive of their
functional constraint. We sought to corroborate this by comparing the evolutionary behavior
of miRNA and miRNA* seed matches. Watson-Crick complements to miRNA seeds, namely
positions 2—8 from their 5' ends, identify si()gnificantly more conserved matches in 3" UTRs
than do matched cohorts of shuffled seeds!0:18:34, We asked whether this applied to miRNA*
seeds as well. Because sequence randomization necessarily yields some motifs that are not
representative of a true genome, we took care to create control heptamers that had the same
nucleotide composition and the same hit frequency (x~10%) in D. melanogaster 3' UTRs as
genuine miRNA heptamers (see Methods).

We first asked whether miRNA:miRNA* seed matches were more conserved than matches to
all other heptamers along these small RNAs!0. We used the pairwise conservation score (PCS)
method to rank the relative conservation of D. melanogaster 3' UTR sequences with that of
divergent Drosophilids38. This score represents the log rank ratio between the number of seed
matches in D. melanogaster and the species of comparison, for which positive values imply
functional constraint. As expected, seed matches to 7-nt windows at the 5 ends of D.
melanogaster miRNAs were preferentially conserved in the highly diverged species D.
mojavensis and D. virilis, with other 7-nt windows evolving neutrally (Fig. 5b, above, green).
The highest-scoring windows were positions 2—8 and 1-7, consistent with their known role in
determining miRNA target specificity. Analysis of the 65 highly conserved miRNA* species
yielded a similar picture. Although the trends were more modest, heptamer matches to the 5'
ends of miRNA* species clearly showed preferential conservation (Fig. 5b, above, yellow).

For comparison, we analyzed the set of 20 D. melanogaster miRNAs (Supplementary Fig. 4d
online) that lack orthologs or homologs outside of the Sophophoran subgenus. We designated
these as PC miRNAs, although their conservation status is heterogeneous: some PC genes have
orthologs in nine species. Neither PC miRNAs nor PC miRNA* species showed preferred
conservation of 3’ UTR matches across any 7-nt window (Fig. 5b, below, light blue and pink),
negative data that provided reassurance that our control sets were selected appropriately.

We next examined the numbers of seed matches to the 2—8 window that were conserved
between species of increasing evolutionary distance from D. melanogaster. The fraction of
conserved hits to functional miRNA seeds relative to controls increases with evolutionary
distance, resulting in a rising signal-to-noise profile across speciati0n16’18. For the 65 HC
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miRNA genes, average miRNAs showed a ~3:1 ratio in the most diverged species (Fig. 5c,
green diamonds). On the other hand, the 20 PC miRNA seed matches showed no enrichment
across evolution, so their values stayed flat at a ratio of ~1.0 (Fig. Sc, blue triangles). The same
was true for the PC miRNA* seeds (Fig. 5c, black circles).

In light of the PC miRNA:miRNA* data, the behavior of the 65 HC miRNA* species was
noteworthy. Their values increased steadily to a terminal signal-to-noise of 1.48 to 1 in D.
mojavensis and D. virilis (Fig. Sc, yellow squares). A caveat to this value is that some miRNA*
species have the same seed as some miRNAs; notably, miR-5* shares the K box seed of
miR-2/6/11/13/308, whereas miR-9a* shares the Brd box seed of miR-79. We consider it
appropriate to include their contributions to the miRNA* target network because, at least in
the case of mir-5, we presented biochemical evidence that its precursor actively loads
appreciable amounts of miRNA* into AGO1 (Fig. 3). Nevertheless, even when discounting
these miRNA* species to afford a more conservative interpretation, the remaining HC miRNA*
still reached a signal-to-noise ratio of 1.38:1.

Another way to demonstrate that the HC miRNA* data was not dominated by a few genes was
to consider the percentage of genes that select for targets. Of 65 HC miRNAs, 62 showed a
positive PCS score in 3' UTRs, and 54 out of 65 (83%) reached a P-value significance of 95%
relative to their controls (see Supplementary Table 3 online for individual gene values). On
the other hand, 40 out of 65 HC miRNA* species showed a positive PCS score in their 3’ UTRs,
with 23 out of 65 (35%) with P > 95%. Therefore, the biological signal of targeting by HC
miRNA* species was not dominated by a few genes. Only three PC miRNAs and two PC
miRNA* achieved a P > 95% difference with their random controls (see Supplementary Table
4 online for individual gene values).

According to these measures based solely on conserved seed matches, highly conserved
Drosophila miRNAs have at least conserved 30 targets above noise, whereas their
corresponding miRNA* species have ~10 targets above noise (Fig. 5d). Although these
miRNA* target networks are smaller than those of average miRNAs (Fig. 5¢), their significance
can be measured in light of the fact that at least one-fifth of all miRNA* species can be
confidently described as showing some endogenous 3’ UTR targets that are conserved among
the Drosophilids, whereas one-sixth of D. melanogaster miRNAs (that is, the PC gene set) lack
such conserved targets.

Experimental evidence for endogenous miRNA* activity

Our bioinformatic studies strongly support the idea that a significant fraction of miRNA*
species contribute to 3' UTR—mediated regulatory networks. In our final experimental tests,
we wished to generate experimental evidence for the regulatory activity of an endogenous
miRNA* and/or regulation of an endogenous miRNA* target.

We focused on mir-276a for tests of the former, as we recovered similar numbers of small
RNAs from both its hairpin left arm(5p) and right arm(3p) from various samples. For example,
there were 408 miR-276a-5p and 479 miR-276a-3p clones from S2 cells, and we could
corroborate the steady-state accumulation of both strands using northern analysis (Fig. 1). We
note that the mir-276a and mir-276b loci encode identical left-arm products, which might
obscure their assignment to a particular locus. However, their right-arm (3p) products have
unique sequences. As no miR-276b-3p clones were recovered from S2 cells, despite > 1,000
clones of this RNA in other libraries (Supplementary Table 1), we inferred that mir-276a is
uniquely expressed by S2 cells. We verified this by performing quantitative reverse-
transcription PCR (qPCR) for pri-mir-276a and pri-mir-276b, which provided evidence for a
> 15:1 discrepancy in the level of their primary transcripts in S2 cells (Supplementary Fig. 3
online).
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Using four-tandem site sensors for miR-276a or miR-276a* into psiCHECK?2, we first assayed
their response to ub-Gal4 and UAS-DsRed-mir-276a. We observed that either mir-276a or
mir-276b induced 4-fold to 8-fold repression of both 5p and 3p sensors. Evidence for specificity
of repression came with their insensitivity to a noncognate expression vector for mir-315. Thus,
both mir-276 genes (which are both perfectly conserved on their left and right arms across
Drosophilid evolution, Supplementary Fig. 4) produce functional small RNAs (Fig. 6a),
consistent with our previous tests with mir-iab-4, mir-iab-8 and mir-1010 (Fig. 4).

We then analyzed the effect of depleting endogenous miR-276a-5p and miR-276a-3p using 2’
O-methylated antisense oligonucleotides (ASO)39’40. As a control, we used a similarly sized
ASO to miR-288. We observed that the miR-276a-5p sensor was specifically derepressed by
its cognate ASO but not by miR-276a-3p or miR-288 ASO (Fig. 6b). Conversely, the
miR-276a-3p sensor was specifically derepressed by its cognate ASO and was unaffected by
noncognate ASO. These data provided evidence for the endogenous regulatory activity of both
small RNAs derived from a single pre-miRNA hairpin.

To obtain experimental evidence for an endogenous 3’ UTR target of a miRNA* species, we
returned to the Hox miRNA mir-iab-4. We showed that its miRNA* species miR-iab-4-3p is
an active repressor in cultured cells and in the animal (Fig. 4), and its strict conservation
suggested that it might have endogenous targets. Searches for miR-iab-4-3p seed matches
revealed abrupt as a top candidate!8. The abrupt 3' UTR contains three seed matches that are
Watson-Crick complements to positions 2—8 of miR-iab-4-3p (Fig. 6¢). Two of these sites are
perfectly conserved across 12 sequenced Drosophilid genomes (Supplementary Fig. 4) and are
located close enough to each other to mediate synergism41’42. One of these sites also has a
t1A feature, which increases site efficacy43. Finally, all three sites are located near the stop
codon (Fig. 6¢), an optimal location for miRNA target-site function#1:44435_ For these reasons,
abrupt is a compelling miRNA* target. We note that miR-iab-4-5p shows plausible matching
to these sites; however, all of the sites are mispaired with position two of miR-iab-4-5p
(Supplementary Fig. 4b), a disruption that has explicitly been shown to nearly eliminate target
regulation in D. melanogaster1 . We therefore consider miR-iab-4-5p unlikely to be
functionally relevant to abrupt regulation.

We tested the ability of ectopic mir-iab-4 to repress Abrupt in the wing imaginal disc.
Endogenous Abrupt protein is present at the highest level in the L5 wing p1rim0rdium46 (Fig.
6d). Expression of ectopic mir-iab-4 using bx-Gal4 did not suppress L5 expression of Abrupt
(data not shown), possibly because of the high target level, compensatory regulation and/or
occluding factors bound to abrupt transcripts in this domain. However, when we examined
discs that ectopically expressed mir-iab-4 using ptc-Gal4, which specifically overlaps a region
of lower Abrupt expression in the L3 wing primoridium, we detected mild downregulation of
endogenous Abrupt (Fig. 6e). To obtain clearer evidence for this regulatory relationship, we
analyzed a fub-GFP-abrupt 3' UTR transgenic sensor. The heterologous promoter excludes
the possibility of compensation at the transcriptional level. These assays clearly revealed
repression of the abrupt sensor in mir-iab-4—expressing cells (Fig. 6f), confirming it as a
genuine miRNA* target. In summary, these experimental tests provide functional evidence for
the regulatory activity of endogenous miRNA* species and targets.

DISCUSSION

miRNA hairpins produce two distinct regulatory RNAs

It has long been recognized that pre-miRNA hairpins necessarily produce a duplex composed
of two potential small RNAs. Because one of the two strands usually accumulates to a higher
level than its partner, it has been widely assumed that the poorly expressed products, termed
miRNA¥* species, represent functionally irrelevant carrier strands. However, this idea is not
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consistent with the fact that most miRNA* sequences are substantially constrained during
evolution (Supplementary Fig. 2), nor with the fact that several miRNA* species are cloned at
high frequency relative to their miRNA partner (Fig. 2 and Supplementary Table 1).

High-throughput methods allowed us to collect comprehensive data on miRNA* sequences
and quantitative data on miRNA:miRNA* ratios2. With cloned miRNA* species in hand, we
found that a significant fraction of pre-miRNA hairpins produce a miRNA* species whose
seed sequence identifies 3' UTR target sites that are under demonstrable selective conservation.
This indicates that miRNA* species are not only present in cells, as they must be, but that a
significant proportion of them have acquired endogenous regulatory targets. In support of this,
we found that miRNA* species can populate AGO1 complexes and obtained evidence for their
ability to repress target transcripts. Therefore, although miRNA* are by no means equivalent
to miRNA species, they nonetheless comprise a functionally relevant and substantial aspect of
small RNA regulatory networks.

A concurrent computational study proposed that 11 miRNA* species in D. melanogaster show
characteristics of regulatory miRNA species47. Notably, ten of these genes were independently
scored in our bioinformatic surveys as HC miRNA*s that select for targets above noise at a
significance level of 98% (Supplementary Table 3). We found that the eleventh gene
(miR-959%) selects for targets at a significance of 94%, even though we designated it as a PC
gene (Supplementary Table 4). mir-959 is actually the most highly conserved member of the
PC gene set, and its miRNA* seed sequence is maintained precisely across nine Sophophoran
orthologs (Supplementary Fig. 2d). Thus, some signature of its targeting capability may linger
in the other Drosophilids. Our studies go further in demonstrating that 23 out of 131 miRNA
genes select targets above noise at a significance level of 95%. Undoubtedly, this is an
underestimate of the number of functional miRNA* species that are incorporated into
endogenous regulatory networks, as we were able to validate the function of other miRNA*
species that did not reach this significance level (that is, miR-iab-4-3p and miR-276a*; Figs.
4 and 6, and Supplementary Table 3). We infer from this that up to ~50% of all D.
melanogaster miRNA genes—that is, genes that show exceptional evolutionary constraint on
their miRNA* species (Supplementary Fig. 2a,b)—may prove to have some endogenous
targets.

Dual miRNA-miRNA* function of Hox miRNAs

Because of our historical interest in Hox miRNAs3O’33, we dedicated particular effort to
experimental tests of Hox miRNA* species. It was earlier speculated that the Hox miRNA
locus mir-10 might have the capacity to repress independent targets via its left- and right-arm
productszz. Target predictions revealed miR-10-5p as a likely repressor of the Hox gene Abd-
B2548 and miR-10-3p as a regulator of the Hox gene Scrl4. we support this idea with
experimental evidence that both miR-10-5p and miR-10-3p are indeed loaded into AGO1 (Fig.
3). In amore extreme case, we and others showed that bidirectional transcription and processing
of the Hox mir-iab-4/mir-iab-8 locus results in four different miRNAs3 =33, We show that
all four mir-iab-4/mir-iab-8 miRNAs have regulatory activity in the animal (Fig. 4), and three
of these now have validated endogenous targets30’32’33 (Fig. 6). Thus, dual miRNA-miRNA*
function is a shared feature of the different Hox miRNA genes.

In light of our computational and experimental studies on miRNA* functionality, additional
examples of compelling miRNA* targets will undoubtedly come to be recognized. The Bartel
laboratory maintains a web server that searches for conserved matches to user-defined
sequences (http://www.targetscan.org/fly_10/seedmatch.html), and can be used to generate
candidate target lists for miRNA* species. It is important to bear in mind that, although the
endogenous miRNA* regulatory network is considerable, it is not as broad as the miRNA
regulatory network. Therefore, predicted miRNA* target lists will have substantial
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background, with 2 out of 3 attributable to noise (Fig. 5). As with miRNAs, then, experimental
tests are necessary to draw firm conclusions on the biological utility of individual
computationally inferred target sites.

n hairpins may drive miRNA diversification

Our data suggest that all miRNA loci are, at least to some extent, dualfunction genes that
produce distinct regulatory RNAs from both left- and right-hairpin arms (Fig. 7a). Of course,
the principal mode is for one regulatory RNA to predominate over its partner, owing to
preferential degradation of miRNA* species and/or preferential loading of miRNA strands into
effector complexes. On the other hand, it would seem challenging, if not impossible, to exclude
all miRNA* species from entering effector complexes. A considerable amount of siRNA off-
targeting is attributable to the unintended regulatory activity of siRNA* passenger strands from
nonasymmetrically loaded siRNA duplexes 1,22 On this basis, we propose that the regulatory
activity of miRNA* strands will not generally be neutral with respect to a cell. Instead, this
must be accompanied by their functional incorporation into endogenous regulatory networks,
just as with miRNA strands.

For unique miRNA loci, the extent to which miRNA* species are transferred to AGO
complexes may also depend on the degree to which the remaining amount of miRNA species
is sufficient to serve the normal regulatory needs of an organism. In theory, diversion of hairpin
output toward the miRNA* species might be better tolerated in cases of miRNA gene
duplication, which could free a gene copy from normal constraints. In this scenario, we might
expect to identify cases in which paralogous miRNA loci produce dominant small RNAs from
opposite arms. We previously found this to be true for both the K box and Brd box gene
families#Y. Further inspection of small RNA sequences revealed two other clear examples of
families that show ‘miRNA arm switching’ (mir-310/311/312/313 and mir-276a/276b) and
four other examples where families include highly asymmetric and more equivalent miRNA
hairpin outputs, possibly representing loci that are in the process of switching arms (including
mir-252/1002, mir-12/960, mir-279/286 and mir-285/995/998; Fig. 7b). Thus, the phenomenon
of arm switching has a demonstrable impact on miRNA gene evolution.

In summary, the inhabitance of miRNA* species in AGO complexes, the demonstration of
their regulatory activity and the detection of selective evolutionary pressures on miRNA* seeds
and their complementary sequences in 3' UTRs indicate that miRNA* function has measurable
effects on gene regulatory networks in living animals, and during the course of species
evolution. In addition, they have strong implications for the interpretation of ectopic expression
of miRNAs, which in our experiments frequently result in the repression of both miRNA and
miRNA¥* targets.

Northern analysis

Quantitative

Total RNA was isolated from staged Drosophila samples or S2 cells using Trizol (Gibco).
RNAs associated with AGO1 were isolated from 0—10-h embryos or from S2 cells as
described?.

reverse transcription PCR

We reverse-transcribed 2 pg DNA-free RNA with random primer and Superscript 111
(Invitrogen), and used 1 pul cDNA as a template for gPCR using SYBR Green (ABI). gPCR
primers are listed in the Supplementary Methods.
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Luciferase sensor assays

Single-site and four copy—site sensors for the various miRNAs were cloned into a modified
version of psiCHECK?2 with 5’ Notl and 3’ XholI cloning sites. miRNA and mirtron expression
constructs consisted of ~400 nt of genomic sequence cloned into the 3' UTR of UAS-
DsRed34. Luciferase sensor assays and 2'Omethyl antisense oligonucleotide treatments were
performed as previously described?. Fold repression was normalized to the effect of the
miRNA construct on the empty psiCHECK sensor, and all data were pooled from two sets of
quadruplicate transfections performed on independent batches of cells. Sensor primers are
listed in the Supplementary Methods.

GFP sensor assay in transgenic flies

UAS-DsRed-mir-iab-4 (ref. 30) and UAS-DsRed-mir-iab-8 (ref. 33) were described previously.
We inserted a 1.8-kb PCR product that including the entire abrupt 3' UTR and the flanking
downstream sequence (to ensure normal polyadenylation) was inserted into tub-GFP3% to
generate the abrupt sensor. We prepared perfect mir-iab4/mir-iab8 GFP sensors by inserting
oligonucleotides with pairs of complementary sites into the Xbal/Xhol sites of tub-GFP; sensor
primers are listed in the Supplementary Methods. We selected GFP+ DsRed+ late third instar
larvae from appropriate crosses to obtain animals bearing Gal4, UAS-DsRed-miRNA and tub-
GFP transgenes. It was necessary to express ptc-Gal4 with UAS-DsRed-mir-iab-4, and dpp-
Gal4 with UAS-DsRed-mir-iab-8, because of early lethality with reciprocal Gal4-UAS
combinations. We used a standard immunostaining technique50 with rabbit anti-GFP
(Molecular Probes, 1:1250) and goat anti—rabbit-Alexa 488 (Molecular Probes, 1:500).
Abrupt staining was performed with a rabbit antibody5 1 (Stephen Crews, 1:500).

Drosophilid miRNA gene alignments

We retrieved 15-way multiz alignments for each miRNA precursor from the University of
California, Santa Cruz (UCSC) Genome Browser Database (http://genome.ucsc.edu) using the
Table Browserzs. We extracted the 12-fly data from these files, made manual adjustments to
the alignments as necessary, and color-coded the output so that mature miRNAs were in green,
miRNA* species in yellow, inferred miRNA* species in blue and positions of divergence in
red. The complete alignment data are reported in Supplementary Fig. 2.

Analysis of miRNA gene conservation

The conservation of individual miRNA bases was assessed by pairwise comparison of each
position in each ortholog with D. melanogaster Dm2 as the reference. Matches were scored as
1, whereas mismatched or gapped nucleotides in the alignment were scored as 0. To capture
the significance of evolutionary distance across the species, we weighted the score in each
species using the following scheme: droSim1 = 0.1, droSecl = 0.1, droYak2 = 0.25, droEre2
=0.25, droAna3 = 0.3, dp4 = 0.7, droPer1 = 0.7, droWill = 0.9, droVir3 = 1, droMoj3 = 1,
droGri2 = 1. For each 7-nt window across the miRNA-miRNA* sequence, we summed the
seven scores and rescaled them from 0-100, with the maximum score reflecting perfect
conservation of all 7 nts in the window across all 12 Drosophilids.

Generation of miRNA seed controls

To establish biologically appropriate controls, we first tabulated the occurrence of all (47 =
16,384) possible heptamers among annotated Dm 3’ UTRs. We then generated controls for
each consecutive heptamer across all miRNA and miRNA* species by calculating the unique
permutations of a given heptamer and selecting those with the closest frequency in Dm 3’ UTRs
to the reference heptamer. Specifically, we generated sets of controls containing all
permutations within + x% of the experimental frequency where x = (1, 2, 3,4, 5, 8, 10 or 15),
choosing the lowest x whose corresponding set contained at least five controls. If no x met this
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criterion, we chose the lowest x that gave at least three controls. 91% of the control heptamers
to miRNAs and 89% of the control heptamers to miRNA* species were within 4% tolerance
for the number of hits to D. melanogaster 3' UTRs.

Analysis of 3' UTR seed match conservation

To study the conservation patterns of sequences complementary to miRNA-miRNA*
sequences, we identified 3' UTR heptamers complementary to 7-nt windows slid across a given
small RNA. We then used a lookup table of ~16,000 relative conservation values for different
heptamers across different pairs of Drosophilids (that is, the PCS score as defined in ref. 38)
and plotted the average values for various sets of miRNA or miRNA* seed matches and their
corresponding control sets.

To specifically evaluate canonical miRNA target sites, we considered 3' UTR seed matches to
positions 2—8 of miRNAs and miRNA* species. Controls were generated for these seeds using
our standard method. We then used a lookup table of the number of heptamer instances that
were conserved between the following species pairs: dm-dm, dm-dy, dm-da, dm-dp, dm-dmo
and dm-dv38 (that is, the AC score as defined in ref. 38). We calculated the average of these
values across all genes in the data set, and took the ratio of experimental seed match values to
control seed match values as the signal-to-noise value.

To measure the significance of target conservation, we followed previously described
methods#® and calculated the following P-value based on the binomial distribution:

Nrun.ku rved

Namet
P= Z ( Nd[nul )P-'Vrnnmml X (l == P)-'Vu'nwl “Neonserved

Neonserved

where p is the average conservation level of the control shuffled heptamers. That is,

- A\’Crﬂge [LS conserved )
A\’erage (S dmet)

where S simply denotes the fact that we are considering shuffled controls. Stated more simply,
this value is the probability of obtaining the same or greater number of conserved sequences
given the average conservation of the shuffled controls. Therefore, for small values, we
conclude that the level of target conservation is significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Both miRNA and miRNA* species can be detected in total RNA. RNA was analyzed from D.
melanogaster cells at different stages: E, 0-24 h embryos; LP, 3rd instar larvae and mixed
pupae; A, adult males and females; S, S2 cells. Each blot was sequentially hybridized, stripped
and rehybridized to detect a miRNA* species, its partner miRNA species, then 2S rRNA (the
exception is miR-10*, whose companion 2S blot is shown in Supplementary Fig. 1). Arrows
indicate the mature 21-24 species and brackets indicate the pre-miRNA hairpin.
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Figure 2.

Highly conserved miRNA* species accumulate to higher relative levels at steady state. (a)
Evolution of the mir-309->mir-6 cluster. Both miRNA (green) and miRNA* (yellow)
sequences of mir-4 and mir-5 are perfectly conserved across 12 Drosophilids. The other six
miRNA* species in this cluster all accumulated divergence (red nucleotides); mir-6-1 is shown.
(b) Temporal dynamics of miRNA:miRNA* ratios. Six genes show read ratios that rise
progressively with embryo age (time after egg laying (AEL)). Only the genes with highly
conserved miRNA* (mir-4 and mir-5) maintain a low miRNA:miRNA* ratio. (¢) The
miRNA:miRNA* ratios of all 26 miRNA loci that generate at least 50 clones in each of four
embryonic time points. Loci whose miRNA* species is perfectly conserved in 11 or 12
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Drosophilids are in blue; all other loci are in gray. The most highly conserved miRNA* species

tend to be present at a more comparable level to their miRNA partners and are concentrated at
the bottoms of these graphs.
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Figure 3.

miRNA and miRNA* species can be co-immunoprecipitated with AGO1. Each blot contains
input total RNA, the immunoprecipitate (IP) of mouse anti-T7 (as a control) and mouse anti-
AGOL1, and the supernatant (sup) of anti-T7 and anti-AGO1 incubations. IPs were performed
from S2 cells and 0-10-h-old embryos, as indicated, and probed for the indicated small RNAs.
In the cases of mir-34, mir-5 and mir-10, both miRNA and miRNA* were effectively
coimmunoprecipitated with AGO1 but not T7 antibody; miR-184* and miR-276a* were
weakly, but specifically, coimmunoprecipitated with AGO1.
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Figure 4.

Sensor assays in cultured cells and transgenic animals validate the regulatory activity of
miRNA* species. (a) Repression by miRNA* species (colored bars) from canonical precursors.
Luciferase sensors bearing complementary sites to miR-iab-4-5p/miR-iab-3p and miR-
iab-8-5p/miR-iab-8-3p were all repressed by cognate but not noncognate pre-miRNAs. Mean
values and s.d. are shown. (b) Repression by miRNA* species from a mirtron precursor.
Sensors for both miR-1010 and miR-1010* were repressed by mir-1010 but not by the unrelated
mirtron mir-1003. (c,d) Repression of miRNA¥* targets in transgenic animals. Shown are the
wing pouch regions of third instar imaginal discs that express the indicated DsRed-miRNA
constructs and GFP sensors. Inhibition of both 5p and 3p sensors by mir-iab-4 (¢) and mir-
iab-8 (d) is reflected by the loss of GFP in DsRed™ cells.
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Figure 5.

Bioinformatic evidence for the endogenous usage of both miRNAs and miRNA* species as
regulatory RNAs. (a) miRNA-miRNA* sequence evolution. Above is a schematic of a typical
miRNA hairpin, showing that the miRNA seed pairs to the 3’ end of the miRNA*, and vice
versa. Analysis of all miRNAs (below, dark green) shows that miRNA termini are more
conserved than their central regions, but that windows 1-7 and 2—8 are the most highly
conserved. Similar trends apply to the subset of 65 highly conserved (HC) miRNAs and
miRNA* species; the highest-scoring portion of the graph has been enlarged (middle). (b) The
relative conservation of 3' UTR complements to 7-nt windows across the 65 HC miRNA-
miRNA* (above) and 20 poorly conserved (PC) miRNA/miRNA* (below), assessed between
D. melanogaster and its distant relatives D. mojavensis and D. virilis. There is preferential
conservation of heptamers complementary to positions 1-7 and 2—8 (and, to a lesser extent, 3—
9) of both miRNAs and miRNA* species. (¢) The proportion of 3' UTR matches to miRNA
2-8 seeds that are conserved between D. melanogaster (Dm) and the increasingly divergent
species D. simulans (Ds), D. yakuba (Dy), D. ananassae (Da), D. pseudoobscura (Dp), D.
mojavensis (Dmo) and D. virilis (Dv). The signal-to-noise ratio (S/N) of HC miRNA and
miRNA* seeds, but not of PC seeds, increases steadily with evolutionary distance. (d)
Estimated number of conserved target sites for HC miRNAs-miRNA*s. miRNA and miRNA*
seeds with similar hit frequencies as their controls in Dm (left) have more conserved matches
than their controls in Dmo/Dv (right).
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Figure 6.

Endogenous relevance of miRNA*-mediated repression. (a) Ectopic mir-276a and mir-276b,
but not DsRed or mir-315, specifically repress both miR-276a-5p and miR-276a-3p sensors.
The experimental design is the same as for Figure 4a; mean values and s.d. are shown. (b) 2’
O-methylated antisense oligos (ASO) against endogenous miR-276a-5p and miR-276a-3p
specifically derepress cognate sensors. Data were collected and analyzed as in a. (¢) Abrupt is
an endogenous target of the miRNA* species, miR-iab-4-3p. Of three “2-8” seed matches
(highlighted yellow) near the start of the abrupt 3' UTRs (denoted ab#1, ab#2 and ab#3) two
are highly conserved among divergent Drosophilids and one has a t1A feature (red). (d)
Endogenous Abrupt protein in a wing pouch carrying one copy of ptc-Gal4 and two copies of
UAS-DsRed. Abrupt accumulates to a high level in the L5 wing vein primordium and a lower
level in the L3 vein domain (arrows). (e) Wing pouch of an animal carrying two copies of pzc-
Gal4 and one copy of UAS-DsRed-mir-iab-4. Abrupt protein is reduced in L3 (arrows).
Genotypes d and e express roughly equivalent amounts of DsRed and control for the neutral
effect of DsRed on Abrupt. (f) In ptc-Gal4, UAS-DsRed-mir-iab-4; tub-GFP-abrupt 3’ UTR
wing imaginal discs, GFP is strongly suppressed in DsRed/miR+ cells.
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Figure 7.

The inherent dual-regulatory capability of miRNA hairpins may influence miRNA evolution.
(a) Although bulk miRNA* species are degraded, miRNA hairpins are designed to load specific
fractions of miRNA and miRNA* species into AGO complexes. As with miRNA strands,
miRNA* functionality has been accompanied by their incorporation into endogenous
regulatory networks. (b) The relative ratio of left-arm and right-arm products can differ among
members of the same miRNA family. In some cases, the dominant ‘miRNA’ strand has
switched between family members. Other miRNA families share a preferred strand, but the
level of strand asymmetry can differ dramatically among family members. Perhaps these are

miRNA loci in the midst of ‘switching’ their dominant arm.
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