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Summary

In Drosophila, miRNA strands are predominantly sorted into AGOL1 to regulate seed-matched target
transcripts, while their partner miRNA* strands are thought to be mostly degraded. Here we report
that Drosophila Argonautes exhibit different strand preferences for miRNA duplexes, and that in
particular, many miRNA* species accumulate in the RNAI effector AGO2. AGO2-loaded miRNA*
species require canonical RNAI factors for their accumulation, are efficiently 3’ modified, and are
preferentially active on extensively-matched target transcripts. Differential miRNA/miRNA* sorting
profiles are correlated with specific central mismatches. In vitro assays revealed an active role for
Watson-Crick basepairing at positions 9 and 10 in promoting strand selection by AGO2, with little
reciprocal effect on strand selection by AGO1. We conclude that miRNA strand selection and sorting
are actually linked processes that stem from distinct loading preferences of AGO proteins, and that
independent sorting of duplex strands is a general feature of Drosophila microRNA genes.
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Introduction

microRNAs (miRNAS) are endogenous ~21-24 nucleotide (nt) RNAs that generally function
as post-transcriptional repressors, and they collectively regulate diverse aspects of
development and physiology (Flynt and Lai, 2008). Canonical primary miRNA transcripts in
animals bear local inverted repeats that are cleaved by the nuclear RNAse 111 enzyme Drosha
to yield ~60-70 nt pre-miRNA hairpins, which are cleaved in the cytoplasm by the Dicer
RNAse 1l enzyme to yield a ~22 nt RNA duplex (Kim et al., 2009). One of the strands is
preferentially incorporated into an Argonaute protein and guides it to imperfectly-paired targets
for repression, while its partner miRNA* strand accumulates to a lower level and is presumed
to be mostly degraded.

miRNA biogenesis and function is related to RNA interference (RNAI) induced by small
interfering RNAs (SiRNAs) (Farazi et al., 2008; Okamura and Lai, 2008; Zhou et al., 2008).
The specific selection of mature miRNAs and guide strand siRNAs is governed by
thermodynamic asymmetry of precursor duplexes, as the small RNA whose 5’ end resides in
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the less-structured duplex end is favored for incorporation into an Argonaute protein (Figure
1A) (Khvorova et al., 2003; Schwarz et al., 2003). Nevertheless, Drosophila has substantially
separate molecular pathways for miRNAs and siRNAs. While miRNAs are processed by
Dicer-1 (Dcr-1) and mostly incorporated into Argonautel (AGO1) complex, siRNAs are
processed by Dcr-2 and sorted into AGO2. Mutations in Dcr-2 and AGO2 abolish RNA., but
do not strongly affect development or physiology (Lee et al., 2004; Okamura et al., 2004). On
the other hand, mutants of Dcr-1 and AGO1 are lethal (Kataoka et al., 2001; Lee et al.,
2004), reflecting essential roles for miRNA genes during fly development (Flynt and Lai,
2008).

Separation of the miRNA and siRNA pathways is believed to require active sorting
mechanisms that direct different RNAs into appropriate Argonaute complexes. Strict sorting
of small RNAs was directly confirmed by largescale sequencing of small RNAs purified with
AGO1and AGO2 (Czechetal., 2008). In vitro tests indicated that sorting can occur post-dicing
in Drosophila, and pointed to the importance of central mismatches in precursor duplexes
(Figure 1A) (Forstemann et al., 2007; Tomari et al., 2007). Perfect duplex complementarity
correlated with sorting to AGO2 as siRNAs, while the presence of unpaired nucleotides in
miRNA duplexes were proposed to promote sorting to AGOL. Indeed, a single central bulge
involving positions 7-11 was sufficient to redirect an otherwise fully-paired siRNA duplex to
AGOL1 (Tomari et al., 2007). Reciprocally, an endogenous miRNA duplex (mir-277) with
extensive pairing exhibited substantial sorting to AGO2 (Forstemann et al., 2007).

In contrast to the routing of miRNA strands and siRNA guide strands, whose appropriate
sorting is relevant to understanding miRNA biology and optimizing siRNA efficacy, the sorting
of miRNA* strands has received little attention to date. However, as profiling of small RNA
populations has become increasingly precise (Czech et al., 2008; Ruby et al., 2007; Seitz et
al., 2008), it has become apparent that different miRNA* species accumulate to distinct and
characteristic levels. A substantial proportion of miRNA™* strands are subject to stringent
sequence constraint, reside in AGO1 complexes, and possess gene regulatory activity,
indicating that miRNA™* strands are often used as endogenous regulatory species (Okamura et
al., 2008b). Therefore, miRNA* strands have fates other than default degradation.

It is plausible that the behavior of miRNA™* strands is linked to the sorting pathways that act
on their partner miRNA strands, such that miRNA* sorting simply reflects the consequences
of miRNA sorting. However, we show in this study that several miRNA* species, unlike their
partner mature miRNAs, are preferentially incorporated into AGO2 complex and are 3’
modified. Similar to endogenous siRNAs (endo-siRNAS) in Drosophila (Czech et al., 2008;
Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a), these miRNA* species
require canonical RNAI factors for their accumulation and preferentially repress extensively
paired targets rather than seed-matched targets.

Although miRNA strand selection by AGO1 is generally consistent with thermodynamic
asymmetry, AGO2 strand preference differed substantially from that of AGO1. Notably, we
observed substantial preference of mMiIRNA* sorting to AGO2, which correlated strongly with
mismatches at position 9 and 10. In vitro assays demonstrated facile redirection of AGO2 strand
selection by altering position 9 pairing, without effect on AGOL1 strand selection. These data
indicate that independent routing of partner miRNA and miRNA* strands is due to the distinct
strand preferences of Drosophila Argonautes, revealing unexpected complexity of small RNA
biogenesis pathways.

Mol Cell. Author manuscript; available in PMC 2010 November 13.
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Results

miRNA* species with modified 3’ ends

We previously reported that many miRNA* strands are present in AGO1 complex in
Drosophila embryos and cultured cells (Okamura et al., 2008b). However miR-276a* and
miR-184* caught our attention because they co-precipitated poorly with AGO1, relative to
their amount in total RNA. Such behavior might be explained by atypically slow unwinding
of their precursor duplexes during maturation of the AGO1 complex. Alternatively, these
miRNA* strands might be located in a complex other than AGOL. To distinguish these
possibilities, we checked for 3' modification. HEN1 methyltransferase modifies single stranded
SiRNAs in AGO2 and piRNAs in PIWI-class Argonaute complexes, which therefore carry 2'-
O-methylation at their 3’ ends (Horwich et al., 2007; Saito et al., 2007). In contrast, double-
stranded duplexes and mature miRNAs in AGO1 complex have predominantly free 2’ and 3’
—OH at their 3’ ends.

The B-elimination assay increases mobility of small RNAs with free 2" and 3’ —OH group at
their 3’ termini (Hutvagner et al., 2001). We observed that the miRNAs bantam, miR-276a and
miR-184 all exhibited increased mobility following this treatment (Figure 1B), supporting the
previous conclusion that a majority of the pool of mature Drosophila miRNAs have free 3’
ends and sortto AGO1. We also tested the endo-siRNAs hp-CG4068B and G, which are known
to complex with AGO2, and they were resistant to g-elimination as previously reported
(Kawamuraetal., 2008; Okamura et al., 2008a). When we analyzed miR-276a* and miR-184*,
which were not efficiently co-precipitated with AGO1 (Okamura et al., 2008b), we found that
they were nearly completely resistant to g-elimination like endo-siRNAs (Figure 1B). Bantam™*
was similarly p-resistant. Therefore, some small RNAs derived from Drosophila miRNA genes
are efficiently modified at their 3’ termini.

MiRNA* species that are preferentially sorted into AGO2 complex

Because small RNAs in AGO2 complex are modified at their 3’ ends (Horwich et al., 2007;
Pelisson et al., 2007), we tested whether these miRNA* species associated with AGO2. To do
so, we generated S2-R+ cells that were stably transfected with FLAG-HA-AGO2 plasmid
(Czech et al., 2008). These cells slightly overexpressed AGO2 protein, as judged by Western
blotting using anti-AGO2 and anti-FLAG antibodies (Figure 1C), but the moderate increase
in AGO2 did not substantially affect the steady levels of endo-siRNAs or miRNAS in these
cells (Figure 1D, see input lanes). Therefore, these cells should represent an appropriate setting
to study small RNA sorting.

We purified AGO2 and AGO1 complexes from these cells using anti-FLAG and anti-AGO1
antibodies. Consistent with previous reports, endo-siRNAs and miRNAs were highly enriched
in AGO2 and AGOL1 complexes, respectively (Figure 1D). In contrast to their partner mature
miRNAs, miR-276a*, miR-184* and bantam* were highly enriched in AGO2 complex, with
enrichment comparable to that of endo-siRNAs (Figure 1D). Together with the B-elimination
experiments, we conclude that the star strands of mir-276a, mir-184, and bantam are
preferentially sorted into AGO?2 like endo-siRNAs, even though they derive from the miRNA
pathway. Notably, the specific incorporation of only one duplex strand into AGO2 was not
observed in previous studies. For example, the two strands of the endo-siRNA duplex hp-
CG4068B/G accumulate asymmetrically, but both strands are sorted to AGO2 (Figure 1D).
Therefore, the rules for strand selection by different Drosophila Argonautes are more complex
than previously anticipated.

Mol Cell. Author manuscript; available in PMC 2010 November 13.
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The accumulation of AGO2-loaded miRNA* species requires RNAI factors

In light of the efficient loading of many miRNA™* species into AGO2, we tested whether their
biogenesis required miRNA or RNAI factors. We depleted a panel of small RNA biogenesis
factors by soaking aliquots of S2R+ cells with cognate dsSRNAs for 8 days. We observed
reduction of mature miRNAs (bantam) and hpRNA-derived siRNAs (hp-CG4068B) upon
knockdown of the expected miRNA or RNA. factors (Czech et al., 2008; Kawamura et al.,
2008; Okamura et al., 2008a), indicating their functional depletion (Figure 2A).

In contrast to mature miR-276a and miR-184, their partner miRNA* species were sensitive
not only to loss of the miRNA factor Dcr-1, but also to loss of the canonical RNAI factor Dcr-2
(Figure 2A, “Dcr-2"-boxed lanes). In addition, we observed that these miRNA* species
exhibited specific dependence on AGO?2 instead of AGO1 for normal accumulation, consistent
with the biochemical evidence for the residence of these miRNA* species in AGO2 (Figure
2A). However, the accumulation of mMiRNA* species was more similar to miRNA strands in
that they lacked the strong requirement for logs observed for most endo-siRNAs (Figure 2A,
hp-CG4068B blot). In summary, the biogenesis of these miRNA* species depends on a unique
combination of canonical miRNA and RNAI factors, not previously observed for mature
miRNAs or endo-siRNASs.

AGO2-loaded miRNA* species are poorly active on seed targets

Unlike AGO1 complex that can suppress target expression by seed base-pairing, AGO2 was
suggested to be poorly active on target mRNAs with imperfect complementarity to guide small
RNAs (Forstemann et al., 2007). Because miR-276a* and miR-184* were preferentially sorted
to AGO2 complex, one might predict that these small RNAs would fail to suppress bulged
targets as efficiently as canonical miRNAs.

We tested this using luciferase sensors with perfectly complementary target sites or target sites
with central bulges (Figure 2B). To avoid possible mis-sorting of overexpressed miRNA
hairpins, we measured the activity of endogenous miRNA and miRNA* species by introducing
2'-0-methyl antisense oligo nucleotides (20me-ASQs) and assaying for sensor de-repression.
As shown in a previous report (Okamura et al., 2008b), antisense inhibitors of mature and star
strands of miR-276a were able to de-repress both cognate perfect targets confirming that both
strands of the duplex are active in S2 cells (Figure 2B). The bulged sensor for the mature strand
of miR-276a was also de-repressed by cognate ASO, but further mutation of its seed match
resulted in a complete loss of target regulation, as expected for a typical miRNA. We
constructed a similar set of sensors for miR-184, which was similarly active on perfect and
bulged targets, but not on a bulged target with seed mismatches (Supplementary Figure 1).

In contrast, 20me-ASOs against miR-276a* did not substantially de-repress bulged sensor
activity (Figure 2B). miR-184* similarly showed little activity on its bulged sensor, even
though clear de-repression of its perfect sensor by 20me-ASO was observed (Supplementary
Figure 1). These results are not simply due to different levels of mature and star strands, at
least in the case of mir-276, since perfect sensors of both mir-276a strands were similarly de-
repressed by cognate inhibitors. We conclude that there is a functional consequence of miRNA*
sorting to AGO2, namely the restriction of their target activity on seed-type binding sites. We
note that translational repression by AGO2-RISC was recently recognized using in vitro
extracts (lwasaki et al., 2009). Lack of substantial translational regulation by miRNA*-
programmed AGO2 in our cell-based assay might be explained if translational repression by
AGO?2 is reversible and relatively weaker (lwasaki et al., 2009), while AGO1 mediated
repression is usually associated with deadenylation and mRNA destabilization.

Mol Cell. Author manuscript; available in PMC 2010 November 13.
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The strands of synthetic miRNA/miRNA* duplexes can be independently sorted

The cloning of small RNAs from total RNA inevitably yields a variety of related sequences,
whose relationship to the RNAs detected by hybridization cannot be explicitly assigned.
Conceivably, different cleavage positions of miRNA precursors by Drosha or Dcr-1 might
yield a mixture of duplexes with distinct strand selection and/or sorting preferences, which
would confound the interpretation of independent sorting of strands from any specific miRNA/
miRNA* duplex.

To exclude this possibility, we developed an in vitro assay using synthetic small RNA duplexes
(Figure 3A). We labeled the 5’ end of mature miR-276a or star with 32P, and then annealed
them to unlabeled partner strands. The labeled duplexes were incubated with lysate prepared
from S2-R+ cells expressing FLAG-HA-AGO2 for one hour. AGO2 and AGO1 complexes
were then sequentially purified using anti-FLAG and anti-AGO1 antibodies, and the
immunoprecipitated small RNAs were analyzed on native acrylamide gels. Although the input
RNAs were completely double-stranded, the co-purified small RNAs were predominantly
single stranded. Since the labeled RNA recovered from supernatant were mostly double
stranded (Figure 3B-E, “supernatant” lanes), we conclude that single stranded small RNAs
co-precipitated with Argonaute complexes represent genuine small RNAs in mature
complexes, as opposed to non-specific interactions of fortuitously unwound RNAS to sticky
Argonaute proteins.

Under this experimental protocol, unwound miR-276a* strand co-precipitated more efficiently
with AGO2 than its partner mature strand (Figure 3B). On the other hand, AGO1 preferred the
miR-276a strand (Figure 3B), consistent with in vivo results (Figure 1D). We confirmed this
result using a synthetic miR-184/miR-184* duplex, for which AGO1 and AGO2 also exhibited
different strand preference (Supplementary Figure 2). These experiments demonstrate that the
strands of defined small RNA duplexes can be independently sorted to different Argonaute
complexes.

The influence of 5' nucleotide on strand selection by AGO1 and AGO2

In plants, the 5’ nucleotide of a small RNA is not only strongly correlated with the choice of
Argonaute host, but can actively determine its sorting (Mi etal., 2008). Animal mature miRNAs
exhibit a substantial preference for 5’ uridine, whereas mMiRNA* species do not exhibit this
bias. Largescale sequencing of Drosophila AGO1- and AGO2-associated RNAs verified that
the former are highly enriched in 5’ U, while the latter are not (Czech et al., 2008), with certain
populations of AGO2-resident RNAs exhibiting 5’ C bias (Ghildiyal et al., 2008). Therefore,
one might hypothesize that AGO1 simply prefers RNAs with 5’ U and that AGO2 selects
against such RNAs. This might be plausible since the mir-276a, mir-184 and bantam loci we
studied in depth, like most miRNAs, encode 5’ U only on their mature strands.

We performed in vitro loading assays of a mir-276a duplex in which the mature strand was
altered to 5’ A, while maintaining its structure. The strands of this variant duplex were still
reciprocally sorted (Figure 3C), indicating that the lack of 5" U was not sufficient to promote
sorting of miR-276ato AGO2, nor did AGO?2 lose its ability to distinguish the star strand when
both duplex RNAs bore 5’ A. Similarly, a variant duplex in which both duplex strands bore 5’
U maintained its reciprocal sorting (Figure 3D). However, when we simultaneously changed
mature miR-276a to 5’ A and miR-276a* to 5’ U, we reproducibly observed a reversal in the
strand selection by AGO1, which now showed preference for the star strand (Figure 3E). Still,
AGO?2 preferred the star strand of this variant duplex. In summary, strand selection by AGO1
can be dominantly altered by 5’ nt identity, without changing relative end energies, and the
strand preference of AGO2 is not adequately explained by either duplex end energy or by lack
of 5’ U.

Mol Cell. Author manuscript; available in PMC 2010 November 13.
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Distinct preferences of AGO1 and AGO2 with respect to miRNA and star strands

Based on our detailed analyses of selected miRNAs, we wished to determine how broadly the
principle of independent sorting of miR/miR* strands applies in Drosophila. Hannon and
colleagues reported largescale data on small RNA sequences obtained from AGO1 and AGO?2
complexes immunoprecipitated from S2-NP cells (Czech et al., 2008). In order to obtain an
appropriate baseline for interpreting the relative enrichment of depletion of small RNA reads
in these IP libraries, we analyzed the total small RNA content of S2-NP cells using Illumina
sequencing. We prepared 18-28 nt RNAs and generated 4,310,254 small RNA reads that
perfectly matched the Drosophila melanogaster genome release 5. We then isolated reads that
matched the miRNA and miRNA* strands of miRbase version 11 from the S2-NP total RNA,
S2-NP-AGOL1 and S2-NP-AGO?2 libraries (Supplementary Table 1).

Our S2-NP total RNA dataset contained 3,819,484 reads matching 100 known miRNA loci,
with the content of individual genes ranging over 6 orders of magnitude. We focused our
analysis on genes with >100 miRNA reads and >10 miRNA* reads in this dataset. The star
read requirement was instated so that inferred miRNA:miRNA* ratios were based on a
reasonable sampling of data; however, few (8/46) genes failed this criterion due to our deep
library coverage. We then compared the miRNA:miRNA* ratios in total RNA with those
obtained from AGO1- and AGO2-IP libraries.

If AGO1 and AGO2 had identical strand preference, we would expect most values to be ~1,
with deviations from 1 being due to either cloning/sequencing bias or perhaps small RNAs not
in mature complexes. However, we instead saw that most miRNAs were enriched in AGO1
while a majority of miRNA* species were enriched in AGO2. This indicated distinct strand
preferences of miRNA duplexes by the two Argonautes. When plotted on a gene-by-gene basis,
~2/3 of miRNA genes exhibited enrichment in AGO?2 relative to total RNA (Figure 4A).
Collectively, we observed significantly different distribution patterns between AGOL1 and
AGO?2 (Figure 4B), with AGO2 in S2-NP cells carrying more miRNA* reads than miRNA
reads (Figure 4C and Table S2). Note that some genes exhibiting star-enrichment in AGO2
had more partner miRNA reads in AGO2, because the number of miRNA reads was often much
greater than miRNA™* reads (Supplementary Table 1). For example, even though there were
7335 reads of mature bantam and 2238 reads of bantam* in AGO?2, this represented ~50 fold
enrichment of bantam* in AGO?2 in light of the fact that bantam™ represents <0.63% of mature
bantam in total RNA. We observed similar enrichment of miRNA* strands in AGO2-1P data
from female ovaries (Figure 4C) (Czech et al., 2008), indicating that this is a genuine feature
of miRNA* sorting in the animal.

The IP assay by itself does not distinguish between immature duplexes in Argonautes and
functionally matured RISC. This may be tested using beta-eliminated libraries, since Henl
modifies single stranded species in AGO2 (Horwich et al., 2007). The beta-elimination reaction
impairs standard 3’ linker ligation, thereby depleting for AGO1-loaded species and enriching
for methylated miRNA or miRNA* species in AGO2. Indeed, we observed a strong enrichment
for miRNA* species in S2 beta-eliminated RNA data reported by Zamore and colleagues
(Seitz et al., 2008) (Figure 4C and Table S2). In summary, these largescale analyses
demonstrate that AGO1 and AGO2 exhibit distinct preferences for the partner strands of most
miRNA duplexes, and that a general attribute of AGO2 is the preferred selection of miRNA*
strands relative to AGO1.

The pairing status of nucleotides 9 and 10 correlates with sorting profiles

Although strand selection by miRISC and siRISC were thought to be governed by the same
thermodynamic rule (Khvorova et al., 2003; Schwarz et al., 2003; Tomari et al., 2004), our
genomewide analyses clearly demonstrated distinct loading preferences of partner miRNA and
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miRNA™* species into AGO1 and AGO2. To search for additional factors that influence strand
selection and sorting, we analyzed the pairing status across all miRNA/miRNA* duplexes;
G:U pairs were considered as a distinct category. To ensure that their companion sorting ratios
were meaningful, we used only those miRNA or star sequences with >30 reads in total S2-NP
data and >10 AGO1- and AGO2-IP reads; in total, 46 mature strands and 32 star sequences.

As expected, the most substantial difference between the collective pairing status of miRNAs
and miRNAX* species occurred at the 5’ nucleotide, reflecting the strong influence of
thermodynamic asymmetry on strand selection by AGO1 (Figure 5A and Table S3). The
second-most substantial difference occurred at position 9 from the 5’ end, with unpaired or
G:U status correlating with AGO1 loading and paired status correlating with AGO2 loading.
We analyzed pairing status with respect to the degree of enrichment in AGO1 or AGO2. This
clearly showed that, by far, the pairing status of the 9th position was most correlated with
differential sorting into the Argonautes; the 10th position also showed a limited correlation
that was evident in this largescale analysis (Figure 5B and Table S3).

Pairing at nucleotides 9 and 10 actively determines strand selection by AGO2

The observation of 9th position as a sensitive point for differential AGO loading of miRNA
strands was reminiscent of previous observations that central mismatches of positions 7-11
strongly determined AGO partitioning of model duplexes (Tomari et al., 2007); in fact, greatest
sensitivity was observed at position 9. However, the effect of central structure on duplex strand
preference was not determined in that study. We directly tested this using the in vitro sorting
assay. We first analyzed the sorting of a miR-276 duplex in which the order of bulged positions
was reversed with respect to the endogenous duplex (Figure 6A, B). Interestingly, AGO1 still
preferred the mature strand of this variant duplex, but the preference of AGO2 was completely
reversed and now loaded only the mature strand. Therefore, the strand selection of AGO2 is
very sensitive to internal duplex structure, and its loading properties can be altered without
affecting those of AGO1.

We probed this further with additional variants. In the endogenous miR-276a duplex, the
mature strand is unpaired at positions 9, 10 and 16, whereas the star strand is unpaired at
positions 5, 11 and 12. To test whether a seed bulge was relevant for AGO2 strand selection,
we reversed the miR-276a* seed bulge to be present in the mature strand; however, this
maintained preferred star sorting to AGO2 (Figure 6C). To test whether this was attributable
to the position of the centrally paired nucleotides, we reversed the position of the central bulges
(Figure 6D). This duplex showed complete selection of the mature strand by AGO2. Given
that position 9 showed the greatest correlation for differential miRNA duplex sorting, we tested
amiR-276a duplex variant with a single star mismatch at position 9, maintaining a paired 10th
position (Figure 6E). This also yielded predominant selection of the mature strand by AGO2.
Finally, as our computational analysis suggested that 9th position G:U pairing might be
functionally similar to mispairing with respect to AGO2 strand selection, we tested an
additional variant. Indeed, introduction of a single G:U pair at position 9 of miR-276a* resulted
in nearly complete selection of miR-276a by AGO2 (Figure 6F). We conclude that Watson-
Crick pairing at position 9 can actively dictate strand selection by AGO2, and that G:U or
mispairing at this position are inhibitory to AGO2 strand selection.

We recognize that the end energies of mir-276a duplex are relatively similar, so that this

particular duplex might in principle be especially sensitive to central structure. We therefore
wished to confirm our results with a different miRNA duplex. Zamore and colleagues reported
mir-277 as an unusual locus for which a substantial amount of mature strand is sorted to AGO2
(Forstemann et al., 2007); this duplex is clearly asymmetric with the 5’ end of mature miR-277
residing in the less-structured end. We subjected mir-277 duplex to in vitro sorting assay, and
confirmed that AGO?2 selected mature miR-277 exclusively. Inspection of this duplex showed

Mol Cell. Author manuscript; available in PMC 2010 November 13.
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that the miR-277* strand has G:U at position 9 (Figure 6G), consistent with rejection of the
star strand by AGO2. We tested this by mutating the miR-277* strand to reverse its pattern of
central bulges, now paired at 9th and 10th positions of the star strand and unpaired at 9th and
10th positions of the mature strand (Figure 6H). This reversed the behavior of AGO2, which
now accepted a substantial amount of miR-277*. This reciprocal redirection strongly supports
our proposal that AGO2 strand selection is actively directed by the duplex pairing status of
positions 9 and 10, even in the context of a thermodynamically asymmetric duplex.

Studies of siRNA biogenesis indicated that the star strand of the precursor duplex represents
the first target of guide strand-programmed cleavage. This is functionally relevant since the
introduction of non-cleavable phosphorothiorate (PS) linkages at the scissile phosphodiester
bond (Schwarz et al., 2004) impedes RISC maturation (Leuschner et al., 2006; Matranga et al.,
2005; Miyoshi et al., 2005; Rand et al., 2005). We tested whether passenger strand cleavage
was similarly important for maturation of miRNA*-loaded AGO2 complex by introducing PS
linkage between nucleosides 10 and 11 of mature miR-276a, thereby blocking its potential
cleavage by miR-276a*. However, unwound miR-276a* still accumulated efficiently in AGO2
(Supplementary Figure 3). This suggests that passenger strand cleavage of miRNA duplexes
is not absolutely required for the maturation of miRNA*-loaded AGO2-RISC.

Central duplex structure is less critical for strand selection by AGO1

It is relevant to note that in none of these manipulations, which redirected AGO2 preference
from star to mature (for mir-276) or from mature to star (for mir-277), did we observe a reversal
of strand selection by AGO1. Moreover, it was clearly evident that while pairing at positions
9/10 are critical for star strand selection by AGO2, pairing at these positions of the mature
miRNA was not reciprocally unfavored for loading into AGO1. For example, in the
mir-276a duplexes in Figure 6B, D, E and F all are fully paired at the 9th and 10th positions
of mature miR-276a. Nevertheless, mature miR-276a was selected by AGO1 from all of these
duplex variants, as in the endogenous situation where miR-276a contains G:U 9 and mismatch
10. In addition, full pairing at positions 9 and 10 of mature miR-277 (Fig. 6G), as well as full
mismatching at these positions (Fig. 6H), were both compatible with nearly complete selection
of mature miR-277 by AGOL. We infer from these data that AGO1 selects its strand primarily
on the basis of the thermodynamic rules and on 5’ nucleotide, and is less actively influenced
by central duplex structure.

Discussion

Because higher eukaryotes usually have multiple Argonaute proteins with distinct functions
(Carmell et al., 2002; Farazi et al., 2008), it follows that the sorting of small RNASs to the
appropriate effectors is critical for their function. Several mechanisms for small RNA sorting
have been reported in different organisms. In Arabidopsis, sorting is actively influenced by the
5" nt of the small RNA, with AGO1 preferring 5’ U, AGO2 and AGO4 preferring 5’ A, and
AGO5 preferring 5’ C (Mietal., 2008). In C. elegans, miRNA and siRNA sorting are influenced
by RNA precursor structures and the protein machineries that process them (Jannot et al.,
2008; Steiner et al., 2007). Mammals have 4 Argonaute-class proteins, only one of which is
endowed with Slicer activity (Liu et al., 2004; Meister et al., 2004). Although initial studies
suggested that mammalian miRNASs are similarly apportioned to the different Argonautes,
recent immunoprecipitation studies suggest potential differences in their miRNA cargoes
(Azuma-Mukai et al., 2008; Ender et al., 2008; Su et al., 2009). It also remains to be seen
whether the recently-discovered mammalian endo-siRNAs are sorted differently from
miRNAs (Babiarz et al., 2008; Tam et al., 2008; Watanabe et al., 2008).

In Drosophila, predominant sorting of mature miRNASs and exogenous siRNAs to AGO1 and
AGO2 complexes, respectively, was reported earlier (Miyoshi et al., 2005). Our studies allow
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us to infer a substantial pathway that preferentially sorts miRNA* species into AGO2. We
hypothesize that Drosophila miRNA genes are in fact finely tuned to generate specific amounts
of miRNA and miRNA* species in both AGO1 and AGO2 complexes. Whilst the incorporation
of miRNA* species in AGOL1 has generated modest target pools, adding to those of
conventional miRNA binding sites, the biological basis of either miRNA or miRNA* loading
into AGO2 remains mysterious. Despite biochemical evidence for programming of AGO2 by
endogenous miRNAs and miRNA™* species (Czech et al., 2008; Forstemann et al., 2007;
Ghildiyal et al., 2008; Kawamura et al., 2008; Seitz et al., 2008; this work), there are hardly
any perfectly complementary targets apparent in the transcriptome. We searched for imperfect
targets of many miRNA* species with strong AGO2 preference using general criteria that
identified plant miRNA targets, for which extensive complementarity is the rule (Rhoades et
al., 2002). Although there were some candidate targets with only a few mismatches and G:U
pairs, we also observed similar numbers of hits to sense strands of mMRNAs (Supplementary
Table 4). However, the lack of clear enrichment for antisense matches does not rule out that
some might be functional targets of miRNA*-programmed AGO2 complex, and relatively little
is known about the parameters for recognition of imperfect targets by AGO2. In any case, the
broad sorting of mMiRNA* species into AGO2 suggests that this feature is under evolutionary
selection, perhaps either to regulate some endogenous or viral targets, or alternatively to
suppress their ability to repress transcripts via miRNA-like seed matching.

Distinct mechanisms for miRNA and miRNA* strand selection by Argonautes

Distinct AGO preferences of partner miRNA and miRNA* species were not anticipated, since
the thermodynamic rules for guide strand loading into miRISC and siRISC were thought to be
the same (Khvorova et al., 2003; Schwarz et al., 2003; Tomari et al., 2004). While we cannot
exclude that the two strands of an individual duplex are sent to different Argonautes, we
envision that independent sorting occurs across a population of a given duplex. If the loading
complexes for AGO1 and AGO2 have different strand preferences, duplexes that can bind both
loading factors would appear to exhibit independent sorting (Figure 7).

We used in vitro assays to distinguish duplex features that actively influence strand selection
and sorting. The apparent insensitivity of AGO1 strand preference to central mismatch
positions (Figure 6) is consistent with the thermodynamic asymmetry rule. However, we could
reverse the strand selection by AGO1 by making reciprocal changes in the duplex 5’ ends so
that only the star strand had 5’ U (Figure 3). Therefore in addition to preferring the less-
structured duplex end, AGOL1 also detectably prefers 5” U, perhaps underlying the propensity
of mature miRNAs to have 5’ U.

On the other hand, our studies of the small RNAs associated with AGO1 and AGO2 indicated
substantial differences in their strand selection from individual duplexes, suggesting that
AGO?2 is not solely governed by thermodynamic asymmetry. Although in vitro sorting assays
did not show a strong influence of 5’ nucleotide, they clearly demonstrated that AGO2 strand
selection could be reversed by manipulating central duplex structure. In particular, we found
that pairing at position 9 and 10 strongly promoted strand selection by AGO2 (Figure 6). In
all of these manipulations, strand selection by AGO1 was largely unaffected, indicating that
strand selection and sorting to AGO?2 are controlled actively and independently of the behavior
of AGOL. Therefore in addition to thermodynamic duplex asymmetry (Schwarz et al.,
2003;Tomari et al., 2004), our data reveal a powerful influence of central structure on strand
selection by Drosophila AGO?2.

Altogether, our study unifies the phenomena of strand selection and sorting of miRNAs in
Drosophila, providing evidence that they stem from the distinct strand preferences of the
Argonautes (Figure 7). Moreover, the structural and sequence features of Drosophila miRNA
genes appear to have evolved in concert with the properties of AGO1 and AGO2 to yield
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differential sorting of miRNA duplex strands, implying that this arrangement is of biological
utility.

Materials and Methods

Northern blotting and B-elimination

Northern blotting was performed as described (Okamura et al., 2007) using total RNA from
S2-R+ cells or cells that had been treated with two consecutive 4-day treatments with
previously described dsRNAs (Okamura et al., 2008a). 5' 32P labeled LNA or DNA
oligonucleotide probes were used to detect small RNAs. Total RNA was subjected to p-
elimination as described (Horwich et al., 2007).

Immunoprecipitation

S2-R+ cells were stably transfected with a genomic construct of FLAG-HA-tagged AGO2.
Cells were lysed in IP buffer (30 mM HEPES-KOH (pH 7.3), 150 mM KOAc, 2 mM MgOAc,
5mM DTT, 0.1% NP40) and cleared by a centrifugation at 10,000g for 10 min at 4 degrees.
FLAG-M2 conjugated beads (Sigma) or Gamma Bind G Beads (GE Healthcare) bound with
rabbit anti-myc (Santa Cruz) or rabbit anti-AGO1 (AbCam) were used for
immunoprecipitation. Beads were incubated with lysate for 1-1.5h at 4 degrees and supernatant
from 15t IP was used for 2"d IP. Co-precipitated RNA was extracted by a Phenol/Chloroform/
Isoamyl alcohol extraction and precipitated with EtOH.

Luciferase assay

A modified psiCHECK plasmid was used to construct perfect or bulged targets for miRNA or
miRNA* species. The complete list of oligos used for sensor cloning is listed in the
Supplementary Table 5. The sensor plasmids were co-transfected with 100nM 2'-O-methyl
antisense oligonucleotides. Three days after transfection, luciferase activity was measured with
Dual-Glo Luciferase assay system (Promega). Details were described before (Okamura et al.,
2007).

In vitro sorting assay

S2 lysate was prepared as described (Okamura et al., 2008a). We prepared duplexes of 32P-
labeled oligos annealed to unlabeled phosphorylated partner oligos. 1nM (~1-2x10° cpm)
labeled duplexes were incubated for 1h in 80 pl in vitro RNAI reactions and the reactions were
stopped by adding chilled 320 ul IP buffer. IP was performed as described above. Co-
precipitated RNA was extracted by phenol/chloroform followed by EtOH precipitation. Excess
of unlabeled small RNA identical to labeled strand was added after phenol/chloroform
extraction to prevent re-annealing. The RNA oligos used for this assay was listed in
Supplementary Table 5.

Small RNA library analysis

Small RNAs (18-28nt) were purified from S2-NP cells and cloned as described (Czech et al.,
2008), and subjected to a single lane of sequencing on the lllumina 1G platform (BC Genome
Sciences Centre). The reads were deposited at NCBI Gene Expression Omnibus under sample
GSM371638. We also analyzed published AGO1-IP (GSM280088) and AGO2-1P
(GSM280087) libraries from S2-NP cells, total RNA (GSM280082) and AGO2-IP
(GSM280086) libraries from ovaries (Czech et al., 2008), and total RNA and beta-eliminated
RNA from S2 cells (GSE9389; 0, 1 and 2 linker mismatch datasets) (Seitz et al., 2008).

Small RNAs were clipped of 3’ linkers and string-matching was used to identify known miRNA
and miRNAX* reads (Ruby et al., 2007). Star/miR enrichment analysis (Figure 4A and B) was
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done for 38 genes with >100 miRNA reads and >10 miRNA™* reads in S2-NP total library. For
miR*/miR ratio analysis (Figure 4C), all the non-redundant reads mapped on miRNA hairpins
were counted. For Figure 5A and B, all miRNA or miRNA* species with >30 reads in the total
RNA library and >10 reads in the combined AGO1-1P and AGO2-IP datasets. Mature and star
strands were considered separately; 46 mature + 32 star strands were analyzed. No reads were
recorded for miR-306* and miR-994* in AGO1, or for miR-252*, miR-11* and miR-970*in
AGO?2; we arbitrarily assigned them values of 0.5 so that real number miRNA:miRNA* ratios
could be calculated. mir-2 genes were removed because the vast majority had multiple blast
hits, complicating their assignment to any particular duplex; mir-281-1 and -2 genes were kept
because both have a similar structure; miR-13b reads were all assigned to 13b-2 because 13b-1
had no star reads in S2 cells (the other members of the mir-13b-1, mir-13a mir-2c operon also
had very few reads). 5’ nucleotided positions were determined by the most frequently cloned
sequences in NP library; Gaps were not considered as nucleotides. Cutoffs for the three
expression groups were high (AGO1/AG02>15), medium (15>AGO1/AG02>5) and low
(AGO1/AG0O2s5).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sorting of mMiRNA* species into mature AGO2 complexes

(A) Previously proposed rules for the selection and sorting of guide strand miRNAs and
SiRNAs. For a given siRNA or miRNA duplex, the strand whose 5’ end inhabits the less
structured duplex end is favored for selection as the guide strand (Khvorova et al., 2003;
Schwarz et al., 2003). In Drosophila, centrally paired nucleotides were proposed to promote
sorting of the duplex to AGO2, followed by cleavage of the passenger strand. Conversely,
centrally bulged nucleotides was proposed to promote sorting to AGO1 (Forstemann et al.,
2007; Tomari et al., 2007), followed by unwinding and ejection of the miRNA™* strand.

(B) Total RNA samples were subjected to -elimination followed by Northern blotting for the
indicated small RNAs. miRNA species such as bantam, miR-276a, miR-184 are sensitive to
B-elimination and migrate more quickly following this treatment. sSiRNAs such as hp-CG4068B
and hp-CG4068G (which derive from a single precursor duplex), as well as the partner star
strands of all these miRNAs, are resistant to f-elimination.

(C) S2-R+ cells stably transfected with FLAG-HA-AGO?2 plasmid exhibit only aslight increase
in AGO2 levels, as assayed by either anti-FLAG antibody (left) or anti-AGO2 antibody (right).

Mol Cell. Author manuscript; available in PMC 2010 November 13.

hp-CG4068B
W PlGRNA)



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Okamura et al.

Page 15

(D) AGO2 and AGO1 complexes were sequentially purified from S2-R+ or S2-R+/FLAG-
HA-AGO?2 cells, using anti-FLAG or anti-AGOL1 antibodies, and their associated small RNAs
were assayed by Northern blotting. Input lanes (10% of the sample used for
immunoprecipitation) demonstrate that the levels of small RNAs are not markedly altered by
the presence of AGO2 plasmid. bantam*, miR-276a*, miR-184*, hp-CG4068B and hp-
CG4068G predominantly load AGO2, while miR-276a, miR-184 and mature bantam
predominantly load AGO1.
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Figure 2. Distinct biogenesis and activity of miRNA and miRNA* species

(A) Accumulation of miRNA™* species requires both miRNA and RNA:i factors. The indicated
factors were depleted in S2-R+ cells, and small RNAs were assayed by Northern blot. These
experiments represent sequential probing and stripping of two master membranes, used to
analyze miR-276a/miR-276a*/bantam and miR-184/miR-184*/hp-CG4068. Membranes were
re-exposed to verify complete stripping of old probes, and were finally probed for 2S rRNA
to confirm equal loading (bottom). The appropriate behavior of bantam and hp-CG4068B
across the dsRNA panel verified the efficacy of knockdowns (Czech et al., 2008; Okamura et
al., 2008a). These experiments showed that miRNA* species share requirements for Drosha,
Pasha, Exp5 and Dcr-1 with their partner miRNA species. However, the accumulation of
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miR-276a* and miR-184* is decreased upon depletion of AGO2, while the accumulation of
miR-276a and miR-184 is specifically decreased upon depletion of AGO1. The accumulation
of the various miRNA and miRNA* species is comparably less dependent on Logs than is the
endo-siRNA hp-CG-4068B.

(B) AGO2-loaded miRNA™* species exhibit greater target stringency than AGO1-loaded
miRNA species. Renilla luciferase sensors bearing four tandem perfect or bulged targets for
the indicated miRNA (cloned in psiCHECKZ2, which contains an internal control firefly
luciferase gene); bulged+mut targets also contained 3 mutations in seed pairs (shown is the
miR-276a mutant pattern). These were co-transfected with 2’OMe antisense oligos (ASO) and
derepression of sensor activity was measured. For each construct, two sets of quadruplicate
transfections were done on 2 different days and the data were pooled. VValues were normalized
to sensor activity in the presence of non-cognate ASO against miR-288, and mean values +
S.D. are shown. Both miR-276a and miR-276a* perfect sensors were derepressed by cognate
ASO; however, only miR-276a bulged sensor could be derepressed.
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Figure 3. Distinct loading preferences of the strands of synthetic miRNA duplexes

(A) In vitro sorting assay. Synthetic duplexes carrying one labeled strand were incubated with
lysate from S2-R+ cells stably transfected with FLAG-HA-AGO?2 (Figure 1C). AGO2 and
AGOL1 complexes were sequentially purified and analyzed along with the final supernatants
on native gels; 2% of input and 2.5% of supernatant relative to the IP lanes were loaded. Note
that miRNA and miRNA™* species of similar length exhibit distinct mobility in this matrix.
(B) Wild-type mir-276a duplex shows preferential sorting of star strand to AGO2 and mature
strand to AGO1.

(C) Mutation of the 5" U of miR-276a into 5’ A does not substantially alter its sorting pattern.
(D) Mutation of the 5’ A of miR-276a* into 5’ U does not substantially alter its sorting pattern.
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(E) Double 5’ alterations do not affect AGO2 strand selection, but result in preferred
incorporation of star strand into AGO1 over the mature strand.
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= Figure 4. Distinct miRNA duplex strand preferences of AGO1 and AGO2
Q (A) We sampled 3.82 million miRNA reads from S2-NP cells, and selected the 38 miRNA
= genes that generated at least 100 miRNA reads and 10 miRNA* reads for further analysis. In
g red, we plotted the fold enrichment of the reported ratio of mMiRNA*:miRNA reads in AGO2
= (Czech et al., 2008) relative to total S2-NP RNA (this study). In blue, we plotted the fold
) enrichment of the miRNA:miRNA* ratio in AGO1 relative to total S2-NP RNA. Ratios
-§' deviating from 1 are unexpected unless AGO1 and AGO2 have different strand preferences;

however, most miRNAs are enriched in AGO1 and many miRNA™* species are enriched in
AGO?2 relative to total RNA. For genes exhibiting star-enrichment (>1) in AGO2, the AGO2-
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IP library might contain more mature strand than star reads, due to the highly asymmetric nature
of miRNA:star populations in total RNA (see also Supplementary Table 1).

(B) Log values of the miR* enrichment factors in AGO2 and AGO1 complexes were plotted.
Box plots follow Tukey’s standard conventions: A rectangle represents inter-quartile range of
the first to the third quartiles, a bold horizontal line shows the median, whiskers connected to
the rectangle indicate the largest and smallest values. P-values were calculated by the two-
sided Wilcoxon test. There is a highly significant difference between the miR* enrichment
factors in AGO2 vs. total RNA and AGO1 vs. total RNA.

(C) miRNA and miRNA* content of total RNA and AGO1-IP and AGO2-IP from cells and
ovaries (Czech et al., 2008) shows tremendous enrichment of miRNA* species in AGO?2.
Similar trends were observed in B-eliminated samples of S2 cells (Seitz et al., 2008).
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Figure 5. Mispairing at positions 9 and 10 correlates with sorting profiles

(A) The pairing status of well-expressed miRNA duplexes in S2-NP cells was analyzed. Upper
chart: Frequency of basepairing. Bars indicate % frequency of paired nucleotides at each
position. Yellow: canonical basepairing (G-C or U-A), Pink: G-U wobble pair, Green:
unpaired. Lower chart: Differences of % basepairing frequency between star and mature strands
were plotted. A strong discrepancy between mature and star pairing status at their 5" nucleotides
was observed, correlating with the thermodynamic asymmetry rule for AGO1 strand selection.
Another highly discrepant position was found at the nucleotide #9, suggesting a previously
unrecognized constraint on the miRNA structures.

(B) Correlation between sorting and 9-10th mismatches. miRNA genes were grouped
according to the ratio of reads in AGO1-IP and AGO2-IP libraries (Czech et al., 2008). We
considered three categories of AGO1/AGO?2 ratio, high (>15), intermediate (5-15) and low
(<5). Relative basepairing frequency was calculated by basepairing frequency at each position
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in the given group of genes divided by basepairing frequency at the position in the all genes.
Clear correlation was observed at the position 9, suggesting the pairing status at this position
affects the sorting trends. The position 10 also exhibits modest but recognizable correlation.

Note that these correlations do not distinguish between attraction to AGO1 and repulsion by

AGO2; however, we designate a high AGO1/AGO2 ratio as representing depletion from AGO2
on the basis of in vitro sorting assays (Figure 6).
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Figure 6. AGO2 strand selection is directed by duplex structure at positions 9/10
(A) Wild-type mir-276a duplex shows preferred sorting of mature strand to AGO1 and star

strand to AGO?2.
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(B) Complete reversal of the order of bulged nucleotides in mir-276a duplex induces AGO2
to select the mature strand exclusively; AGOL1 still maintains preference for mature strand as

well.

(C) Specific reversal of the miR-276a* seed bulge does not alter strand preference.
(D) Specific reversal of central bulges reverses the strand preference of AGO2.
(E) A single 9th position bulge of the star strand induces AGO2 to select mature miR-276a.
(F) Asingle 9th position G:U pair of the star strand induces AGO?2 to select mature miR-276a.
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(G) Wild-type mir-277 duplex shows that both AGO1 and AGO?2 select mature miR-277. Note
that our bioinformatics analysis showed that 9/10th positions correlated best with sorting
profiles when gaps were not counted as nucleotide positions (Figure 5); thus, the 10th
nucleotide of miR-277* was annotated as paired.

(H) Continuous pairing at the 9th and 10th positions of miR-277* redirects the star strand into
AGO2. Note that mature strand miR-277 has gone from being fully paired to fully unpaired at
9th and 10th positions, but this did not alter strand selection by AGOL1.

Mol Cell. Author manuscript; available in PMC 2010 November 13.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Okamura et al. Page 26

/ Thermodynamic instability

& 5'uridine 9th & 10th

e /A S e
I I \ [ N 1 !
LU LT L | gL L NpEa
\ L \ /
\Y N, TV \V N
- ; — 9th & 10th —

mismatch/GU

@ — @

Figure 7. Model for differential miRNA strand selection by AGO1 and AGO2

AGOL1 strand selection is influenced by 5’ uridine in addition to the previously proposed
thermodynamic rule, while it is insensitive to the positions of central mismatches. In contrast,
AGO?2 strand selection is highly sensitive to 9th and 10th basepairing status. Drosophila
miRNA genes are generally configured to access distinct strand preferences of AGO1 and
AGO?2, thereby yielding the seemingly independent sorting of miRNA and miRNA™* species.

Mol Cell. Author manuscript; available in PMC 2010 November 13.



