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SUMMARY

Drosophila Argonaute-1 and Argonaute-2 differ in
function and small RNA content. AGO2 binds to
siRNAs, whereas AGO1 is almost exclusively occu-
pied by microRNAs. MicroRNA duplexes are intrinsi-
cally asymmetric, with one strand, the miR strand,
preferentially entering AGO1 to recognize and
regulate the expression of target mRNAs. The other
strand, miR*, has been viewed as a byproduct of
microRNA biogenesis. Here, we show that miR*s
are often loaded as functional species into AGO2.
This indicates that each microRNA precursor can
potentially produce two mature small RNA strands
that are differentially sorted within the RNAi pathway.
miR* biogenesis depends upon the canonical micro-
RNA pathway, but loading into AGO2 is mediated by
factors traditionally dedicated to siRNAs. By inferring
and validating hierarchical rules that predict differen-
tial AGO loading, we find that intrinsic determinants,
including structural and thermodynamic properties
of the processed duplex, regulate the fate of each
RNA strand within the RNAi pathway.

INTRODUCTION

The biogenesis of small RNAs derived from double-stranded or

structured precursors requires the action of RNase III family

proteins. In Drosophila, these small RNAs interact with the two

AGO clade proteins, Argonaute-1 (AGO1) and Argonaute-2

(AGO2), and represent two major classes, microRNAs (miRNAs)

and small interfering RNAs (siRNAs), respectively.

siRNAs are processed from exogenous dsRNAs by a dedi-

cated Dicer protein, Dcr-2, and its cofactor, R2D2 (Lee et al.,

2004b; Liu et al., 2003). Dcr-2 and R2D2 additionally function

during siRNA loading into AGO2 (Tomari et al., 2004). In a mature

complex, only one siRNA strand, the guide strand, is retained.

The remaining strand, the passenger strand, is cleaved by

AGO2 and ultimately degraded (Matranga et al., 2005; Miyoshi

et al., 2005).
Molec
Endogenously encoded double-stranded RNAs can also form

siRNAs, endo-siRNAs (Czech et al., 2008; Ghildiyal et al., 2008;

Kawamura et al., 2008; Okamura et al., 2008a). These can be

derived from dedicated noncoding transcripts that are exten-

sively structured, from intermolecular hybrids of RNAs from

convergently transcribed genes, or from transposon loci, which

form dsRNA through unknown mechanisms. Endo-siRNAs are

processed by Dcr-2 but lack a strong dependency on R2D2

(Czech et al., 2008; Okamura et al., 2008a). Instead, they rely

upon a specific isoform of the dsRNA binding protein, Loqua-

cious (Loqs-PD) (Czech et al., 2008; Hartig et al., 2009; Okamura

et al., 2008a; Zhou et al., 2009). Both endo- and exo-siRNA

primed AGO2 execute efficient small RNA-directed cleavage

of complementary targets (Czech et al., 2008; Hammond

et al., 2000). Moreover, all AGO2-bound guide strands become

20-O-methyl modified at their 30 termini by the methytransferase

Hen1/Pimet (Horwich et al., 2007; Saito et al., 2007).

In contrast to AGO2, AGO1 principally hosts miRNAs. These

are derived mainly from long RNA polymerase II transcripts

through two site-specific cleavages. The first is catalyzed by

Drosha/Pasha complexes (Denli et al., 2004; Gregory et al.,

2004; Lee et al., 2003, 2004a) and the second by Dcr-1 in collab-

oration with another Loquacious isoform, Loqs-PB (Förstemann

et al., 2005; Jiang et al., 2005; Park et al., 2007; Saito et al., 2005).

The product of Dcr-1 cleavage is a duplex comprised of the

miRNA (miR) and the miRNA-star (miR*) strands, with the miR

corresponding to the guide strand and the miR* resembling the

passenger strand. Loading of these duplexes into AGO1 fol-

lowed by unwinding and degradation of the miR* strand leads

to mature RISC. The miR strand guides AGO1 to mRNA targets,

which are generally recognized by imperfect base-pairing inter-

actions. Recognition by miRNAs generally leads to repression

via reduction in protein synthesis. Although both AGO1 and

AGO2 can act via this mechanism (Förstemann et al., 2007; Iwa-

saki et al., 2009), AGO1 seems biochemically optimized for

cleavage-independent repression, while AGO2 is optimized as

a multiturnover nuclease (Förstemann et al., 2007).

Based upon these observations, small RNAs in the RNAi

pathway must be sorted in several ways. First, different types

of small RNA duplexes are directed toward specific AGO

complexes. Second, the individual strands of each small RNA

duplex have a different probability of guiding mature RISC. As
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a consequence of coupled dicing and loading, selective incor-

poration into AGO1 or AGO2 could rely in part on the distinct

enzymatic machinery underlying the biogenesis of siRNAs

and miRNAs. However, at least one miRNA, miR-277, is

substantially AGO2 loaded, although it is processed conven-

tionally by Dcr-1 and Loqs (Förstemann et al., 2007). In contrast

to many miRNA precursors, which contain several mismatches

and bulges, the duplex precursor to miR-277 has an unusual

degree of perfect double-stranded character and therefore

strongly resembles a siRNA precursor. Moreover, alterations

in the extent of pairing in miRNA-mimetic siRNA duplexes al-

lowed experimental direction to AGO1 or AGO2 preferentially

(Tomari et al., 2007). The discrimination of miR and guide

strands from miR* and passenger strands is proposed to rely

upon the thermodynamic properties of the processed

duplexes. In both cases, the strand with the less-stable 50

end preferentially enters RISC.

Conventional wisdom holds that the passenger and miR*

strands are simply byproducts of siRNA and miRNA biogenesis

and RISC loading and are, therefore, discarded and degraded.

However, in our studies of AGO2-bound small RNA species,

we noted that a wide range of miR* strands represented

some of the most abundant individual species in AGO2

RISC. This indicated that, following processing by Dcr-1, the

miR:miR* duplex could be bifunctional, flowing down either

the AGO1 or AGO2 loading pathway with the properties of

each individual strand determining its destination. By studying

the patterns of mismatches and thermodynamic stabilities of

precursors to small RNAs resident within each complex and

by selectively manipulating these characteristics, we find that

a hierarchy of rules, depending both on duplex structure and

thermodynamic properties, determines the fate of small RNAs

in the RNAi pathway.
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Figure 1. miR*s Have Modified 30 Termini

(A) Pie charts represent the relative abundance

of different endo-siRNA classes and miRNAs in 19–

24 nt small RNA libraries from wild-type S2 cells.

Results from a standard cloning protocol (upper

diagram) and from a cloning strategy that enriches

for small RNAs with modified 30 termini (lower diagram)

are shown. The fraction of miRs and miR*s is indicated

for both libraries.

(B) Heat maps show the relative abundance of endo-

siRNAs derived from structured loci, miRs, and

miR*s in the indicated libraries (in grayscale). The ratio

of normalized representation in the libraries indicates

preferential association of small RNAs with either

AGO1 (green) or AGO2 (red).

RESULTS

miR* Strands Often Bear
20-O-Methylated 30 Termini
We sought to investigate the fates of dsRNA-

derived small RNAs and their flow through

the RNAi pathway. We began by sequencing

a 19–24 nt small RNA library from wild-type

Drosophila S2 cells using our standard

cloning protocol (‘‘standard’’) (Figure 1). In parallel, we analyzed

a library enriched for small RNAs with 20-O-methylated 30 termini

(‘‘oxidized’’) prepared using a modified cloning strategy (Seitz

et al., 2008). After removing degradation products of abundant

cellular RNAs, sequences were split into six categories: endo-

siRNAs corresponding to (1) genes, (2) structured loci, (3)

repeats, (4) viruses, and (5) genomic regions without annotation

(‘‘none’’) and (6) miRNA (miR or miR*). Within the standard library,

62.6% of all sequences fell within different endo-siRNA classes.

The remaining 37.4% corresponded to miRNA sequences, of

which the vast majority derived from mature miRNA strands

(Figure 1A). Consistent with previous reports that Drosophila

miRNAs lack methylated 30 termini (Horwich et al., 2007; Saito

et al., 2007), miRNA species were significantly depleted in the

oxidized library. There, 97.7% reads could be assigned endo-

siRNAs, while only 2.3% corresponded to miRNA sequences.

Within the remaining miRNA sequences, mature miRNA strands

were strongly depleted, while levels of miRNA* strands did not

change substantially. Specifically, ratios between miR and

miR* strands changed from �33:1 in the standard library to

�2:1 in the oxidized library, which corresponds to a 16-fold rela-

tive enrichment of miR*. Consistent with previous reports of

siRNAs derived from the flock house virus (FHV) being only

partially methylated (Aliyari et al., 2008; Flynt et al., 2009), viral

siRNAs (more than 99% of our viral siRNAs matched to the

FHV genome) were also reduced in the oxidized library. All other

categories of endo-siRNAs were enriched by the modified

cloning strategy (Figure 1A), consistent with the RNAs bearing

modified 30 termini (Chung et al., 2008; Kawamura et al., 2008;

Okamura et al., 2008a). We plotted the cloning frequencies of

the 40 most abundant sequences in each library corresponding

to miRs (red text), miR*s (blue text), and endo-siRNAs from struc-

tured loci (black text) (Figure 1B). We calculated the relative
446 Molecular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier Inc.
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Figure 2. miR*s Are Preferentially Loaded into AGO2

(A) Pie charts show the relative abundance of endo-siRNA classes and miRNA libraries from AGO1 (left diagram) and AGO2 (right diagram) immunoprecipitates

from S2 cells.

(B) Northern blots of RNA from AGO1 and AGO2 immunoprecipitates from S2 cells. AGO-bound small RNAs were untreated (�) or subjected to b-elimination (+)

prior to gel electrophoresis. The same membrane was probed for three miRs, three miR*s, and two endo-siRNAs derived from structured loci.

(C) Heat maps showing the relative abundance of endo-siRNAs derived from structured loci, miRs, and miR*s in AGO1 and AGO2 libraries (grayscale). The relative

association of small RNAs with AGO1 or AGO2 is indicated on a red/green scale.

(D) Median base-pairing (upper chart) and nucleotide composition (lower chart) of all sequences that show a relative association with AGO1 of 70% or more.

Bulges on each strand were counted as mismatches.

(E) Analysis as in (D) but with all sequences having a relative association of 70% or more with AGO2.
representation of each sequence in the two libraries and sorted

by this ratio. Green bars indicate enrichment in the standard

library, and red bars indicate enrichment in the oxidized

library. Since 20-O-methylation is characteristic of AGO2-loaded

sequences, this ratio can also be taken as a rough surrogate for

relative loading into AGO1 and AGO2 complexes. The results of

this analysis are consistent with previous reports of miRNAs prin-

cipally occupying AGO1 and endo-siRNAs occupying AGO2

(Figure 1B). Notably, these data also indicated that miR* strands

were individually abundant within AGO2 complexes.

miR* Strands Primarily Associate with AGO2
To confirm the patterns of small RNA loading, we examined small

RNA libraries from immunoprecipitates of AGO1 and AGO2 from

Drosophila S2 cells (Czech et al., 2008), separating miRNA-

related sequences into miR and miR* strands. Approximately
Molec
98% of all AGO1-associated reads match to annotated miRNAs,

with 99% of these representing the miR strand. In contrast to

recent reports, we did not observe significant loading of miR*s

into AGO1 (Okamura et al., 2008b). The remaining AGO1-associ-

ated sequences comprised distinct classes of endo-siRNAs,

including genic and viral sequences (Figure 2A). In contrast,

AGO2 is predominantly loaded with all classes of endo-siRNAs.

Approximately 8% of all reads in AGO2 immunoprecipitates

match to miRNAs. Among the AGO2-associated miRNA

sequences, only�40% matched to the miR strand, while almost

60% represented miR* strands (Figure 2A).

To verify conclusions emerging from deep sequencing, we

prepared total RNA from AGO1 and FLAG immunoprecipitates

froma stable S2 lineexpressing FLAG/HA-AGO2under its endog-

enous regulatory elements (Czech et al., 2008) (Figure S1A) and

subjected a fraction of this material to b-elimination. Treated
ular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier Inc. 447
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and untreated RNAs were blotted with probes specific to the miR

and miR* strands of three miRNAs, miR-bantam, miR-184, and

miR-276a. miR-strand probes for all three miRNAs generated

strong signals in AGO1 immunoprecipitates and were only

weakly, if at all, detected in AGO2 immunoprecipitates

(Figure 2B). In contrast, all three miR* probes detected strong

signals selectively in AGO2 immunoprecipitates. As expected,

the endo-siRNA, esi-2.1, strongly associated with AGO2 (Czech

et al., 2008). RNAs coimmunoprecipitated with AGO1 were sensi-

tive to periodate treatment followed by b-elimination. However, all

AGO2-associated RNAs, including the low-abundance AGO2-

associated miR strands, were completely resistant to b-elimina-

tion (Figure 2B).

Patterns observed by northern blotting were also apparent in

an analysis of the most abundant sequences derived from

AGO1 and AGO2 complexes (Figure 2C). In AGO1 complexes,

miR strands (red text) were strongly enriched, whereas miR*s

(blue text) and endo-siRNAs (black text) were rare. In AGO2,

miR*s and endo-siRNAs were cloned at higher frequencies.

Consistent with a previous report (Förstemann et al., 2007), we

also observed a significant proportion of miR-277 in AGO2.

Our data imply that AGO1 and AGO2 loading rest on a more

complex set of parameters than was previously supposed (För-

stemann et al., 2007; Tomari et al., 2007). We therefore analyzed

the properties of sequences that showed strong preferential

(>70%) association with either AGO1 or AGO2 (Figures 2D and

2E). We assessed overall base-pairing patterns and the distribu-

tions of mismatches within miR:miR* and endo-siRNA guide:

passenger duplexes and determined their positional nucleotide

biases. In general, duplexes sorted to AGO1 contained slightly

higher frequencies of mismatched bases than those sorted to

AGO2, indicating that overall pairing is a minor determinant of

small RNA sorting. Nucleotide biases were prominent for

AGO1-loaded RNAs, with the previously noted strong enrich-

ment for a 50 U in miRNAs being easily observed (Figure 2D).

Most of either AGO1- or AGO2-destined duplexes showed

standard Watson-Crick base pairs across their first two residues,

with rates reaching 80% for AGO2 but only 60% for AGO1

(Figures 2D and 2E). In AGO2-bound RNAs, there was an enrich-

ment for a terminal C residue (�50% of sequences).

Strong differences were detected in the structure of the central

regions of duplexes sorted to AGO1 and AGO2. In particular, the

strand destined for AGO1 was often unpaired at position 9, while

pairing at this position occurred in more than 90% of AGO2-

associated strands. This pattern not only held for miR and

miR* strands but also for the guide and passenger strands of

endo-siRNAs. For example, both deep sequencing (data not

shown) and northern blotting (Figure 2B) highlighted the guide
Mole
strand of one endo-siRNA, esi-2.3, that acted anomalously, pref-

erentially entering AGO1 rather than AGO2 complexes. Notably,

in its precursor duplex, esi-2.3 shows central mismatches char-

acteristic of miR strands (Figure S2). Thus, a combination of

sequence and structural determinants contributes to strand

and small RNA sorting in the RNAi pathway, and these character-

istics dominate over signals emanating from the upstream

biogenesis pathways.

Validating Rules for Strand Sorting
To assess the relevance of our observations for small RNA strand

sorting, S2 cells stably expressing FLAG/HA-AGO2 were trans-

fected with altered miRNA-276a and let-7 siRNA duplexes, and

AGO1 and AGO2 complexes were subsequently recovered by

immunoprecipitation (Figure 3A). Differential loading was probed

by northern blotting (Figures 3B and S3). Levels of both top (miR*

for miR-276a, guide for let-7) and bottom (miR for miR-276a,

passenger for let-7) strands were normalized to nontransfected

controls, and relative Argonaute loading indices for each strand

were calculated compared to corresponding wild-type controls

(Figures 3C and 3D). We found that both strands of the perfectly

matched let-7-1 duplex showed relatively strong association

with AGO2 (Figure 3D). The insertion of central bulges or

mismatches at the ends of let-7 duplexes caused a general shift

of both top (guide) and bottom (passenger) strands toward

AGO1. We observed stronger effects on AGO1 loading for the

strand featuring central bulges around position 9, as measured

from its 50 end (compare let-7-4 and let-7-7 with let-7-2 and

let-7-3). Introduction of mismatches at positions 9 and 10

caused a stronger preference for AGO1 loading than introduc-

tion of mismatches at positions 11 and 12 (compare the top

strand with the bottom strand of let-7-2 and let-7-3), in accord

with our analysis of naturally AGO1-associated miRNA strands

(Figure 2D). The combination of central bulges with unpaired

terminal nucleotides in reciprocal configurations caused both

strands to favor AGO1 (let-7-5, let-7-6, let-7-8, and let-7-9).

However, the effects of central mismatches at positions 9 and

10 still showed a stronger impact than did alterations of duplex

ends (compare let-7-5 with let-7-6 and let-7-8 with let-7-9).

Generally, consistent results were obtained for sorting of

miR-276a duplexes (Figure 3C). Changing the 50 uracil of the

miR strand (bottom, in red) to adenine did not extinguish AGO1

loading (miR-276a-2), while substitution of the 50 adenine of the

miR* strand (top, in blue) to uracil did cause a slight shift toward

AGO1 (miR-276a-3). Modifying the terminal nucleotides of

both strands at once failed to trigger more dramatic changes in

AGO preference than did single substitutions, indicating that

the observed nucleotide bias of miRNAs has a minor, if any,
Figure 3. Small RNA Duplexes Can Be Directed to AGO1 or AGO2

(A) Schematic drawing of the experimental procedure (Argonaute loading assay).

(B) Immunoprecipitation followed by northern blotting shows the loading of both top and bottom strands of various modified miR-276a duplexes into AGO1 or

AGO2. miR-bantam and esi-2.1 served as controls.

(C) Quantification of the Argonaute loading assay for modified miR-276a duplexes. The relative Argonaute loading index for each strand was normalized to that of

the corresponding strand of duplex #1 (wild-type control); results were log(2) transformed and plotted. Positive numbers indicate preferential loading into AGO1,

whereas negative numbers indicate favored loading into AGO2. The asterisk indicates that the bottom strand of duplex 5 had low signal and could not be reliably

quantified. The inset shows the loading pattern of both individual strands of duplex #1. Duplex structures are shown to the right.

(D) The relative Argonaute loading index for modified let-7 duplexes as described in (C).
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impact on sorting behavior (miR-276a-4). Next, we combined

modification of terminal nucleotides with altered central bulges

by inserting mismatches at positions 9 and 10 counted from

the 50 end of either the top or bottom strands. Alteration of the

miR* strand combined with reversed terminal nucleotides

(miR-276a-6) caused a dramatic shift of the miR* toward

AGO1, while the miR strand was moderately shifted toward

AGO2. Similar results were obtained if central mismatches only

were introduced into the miR* strand (miR-276a-8) or if the

central mismatches were combined with mismatches in the

seed region of the miR strand (miR-276a-5 and miR-276a-10).

Sealing the central mismatches in the miR strand either alone

(miR-276a-11) or in combination with a reversion of seed

mismatches (miR-276a-9) biased the miR strand toward AGO2

as compared to the wild-type duplex. Considered together, we

conclude that central mismatches are the dominant determinant

for sorting of small RNAs among AGO1 and AGO2 complexes,

while the overall pairing within the duplex also contributes, albeit

to a lesser extent. Central mismatches also contribute to the

decision of which strand is loaded, while thermodynamic proper-

ties become important for duplexes with relatively perfect

dsRNA character.

Biogenesis of miRNA* Strands
Since our results pointed to bifunctionality within miRNA precur-

sors, we wished to compare the requirements for processing

and loading of miR and miR* strands. We depleted canonical

components of the miRNA and endo-siRNA pathways in S2 cells

and examined the impacts on levels of miRNAs, miR*s, and

endo-siRNAs derived from structured loci. RNAs from the

indicated knockdowns were split and subjected to b-elimination

or left untreated prior to northern blotting. Knockdown of

established miRNA pathway components generally had consis-

tent effects on miR and miR* strands. Reduction of drosha and

pasha together led to a decrease in both the miR and miR*

strands, while endo-siRNA levels were not affected (Figure 4A).

Depletion of Dcr-1 caused accumulation of pre-miRNAs and

slightly reduced the levels of mature miRs and miR*s, while not

affecting endo-siRNAs. In contrast, knockdown of some siRNA

pathway components showed differential effects on miR and

miR*. Knockdown of dcr-2 or loqs had no effect on either miR

or miR* levels, while endo-siRNAs were strongly reduced. How-

ever, depletion of Dcr-2 or R2D2 did cause significant band shifts

for b-eliminated RNAs corresponding to miR*s. Upon AGO1

depletion, we noted a significant reduction in mature miRNA

strands and an unexpected concomitant increase in the levels

of miR-bantam* and miR-276a*. The latter resisted b-elimination,

indicating proper loading into AGO2. Finally, depletion of

AGO2 caused a reduction of endo-siRNA and miR* levels, while

miRNA levels were unaffected. Consistent with the requirement

of AGO2 binding for terminal methylation, miR*s remaining

in ago2 knockdowns had completely lost their resistance to

b-elimination.

To probe the effects of AGO1 and AGO2 depletion more

broadly, we sequenced small RNAs from knockdown cells

(Figure 4B). By comparing individual sequences within these

libraries, we could establish relative dependence on the two

AGO proteins. miR*s and endo-siRNAs showed more depen-
450 Molecular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier
dence on AGO2, whereas miRNAs were more dependent

on AGO1 (Figure 4B). We also examined the small RNA popula-

tions associated with AGO1 or AGO2 in cells depleted of Dcr-2

and observed a significant decrease in the miR* fraction

within AGO2-bound miRNAs as compared to control samples

(Figure S4). These results are consistent with miR*s being

predominantly associated with AGO2 and depending upon

components of the miRNA pathway for processing and compo-

nents of the siRNA pathway for loading, stabilization, and 30 end

modification.

miR* Strands Can Silence Targets In Vitro
miR* strands show abundances in AGO2 RISC similar to those of

endo-siRNAs, which are competent to silence target RNAs

(Czech et al., 2008; Okamura et al., 2008b). We therefore tested

whether AGO2-loaded miR*s could repress sensors carrying

perfect complementary sites. Since a recent report employed

AGO2 in the regulation of bulged target sites, we also probed

the impact of miR* strands on sensors carrying imperfect sites

(Iwasaki et al., 2009). We generated Renilla luciferase reporter

constructs that carry multiple perfect or bulged binding sites

for either the miR or miR* strand of miR-276a or miR-bantam

(Figure 5A). These sensor constructs were transfected into S2

cells together with dsRNAs targeting canonical miRNA and

siRNA pathway components, and the impact of depletion of

these factors on reporter activity was examined. As expected,

depletion of Drosha caused a consistent derepression of all

sensors for the miR strand of miR-276a or miR-bantam. Impor-

tantly, Drosha depletion also led to a similar derepression of all

sensors for miR* strands, indicating that these are also capable

of repressing mRNA targets (Figures 5B and 5C). While depletion

of Pasha or Dcr-1 caused a moderate derepression of sensors

for endogenous miR or miR* strands, we observed a more con-

sistent phenotype following overexpression of primary miRNAs

(Figures 5B–5E). In addition, the sensor constructs for either

miR-276a* or miR-bantam* in a ‘‘perfect match’’ configuration

were derepressed upon depletion of AGO2, consistent with their

acting in a complex with this protein (Figures 5B and 5C). This

was dependent on Dcr-2 and R2D2, but not Loqs. Most notably,

depletion of AGO1 enhanced the repression of the same set of

sensors, in accord with the observed increase in miR* strands

in knockdown cells (Figures 5B and 5C). Similar changes in

sensor activity were observed when pri-miRNAs were overex-

pressed (Figures 5D and 5E). We therefore conclude that miR*

strands are capable of silencing target transcripts carrying either

perfect or imperfect complementary sites in cultured S2 cells

and that the silencing of ‘‘perfect match’’ targets by miR* species

depends on canonical siRNA pathway components.

miR* Strands Can Silence Targets In Vivo
To test whether the miR* strands also function in vivo, we gener-

ated transgenic sensor flies in which binding sites for either

strand of miR-276a or miR-bantam in perfect or bulged configu-

rations were placed within the 30 UTR of an EGFP transgene. We

tested silencing using clonal analyses in the developing wing

disc. In homozygous dcr-1 clones, GFP signals from sensors

for the miRNA strand of miR-276a or miR-bantam (in both perfect

and bulged configurations) increased as expected (Figures 6A,
Inc.



Molecular Cell

Drosophila Small RNA Sorting
A B

10%

1%

0.1%

0.01%

0.001%

fr
ac

ti
o

n
 o

f l
ib

ra
ry

90%

70%

50%

70%

90%

A
G

O
1

A
G

O
2

ago2  k
nockdown

ago1  k
nockdown

m iR -2 8 2
m iR -1 4
m iR -3 1 7
m iR -9 9 6
m iR -3 0 6
m iR -2 7 5
m iR -3 0 7
m iR -2 a -1
m iR -2 7 9
m iR -2 7 6 a
m iR -2 a -2
m iR -3 0 5
m iR -b a n ta m
m iR -3 4
m iR -9 b
m iR -8
m iR -9 7 0
m iR -1 3 b -2
m iR -1 1
m iR -9 9 9
m iR -7 9
m iR -9 8 0
m iR -9 b *
m iR -9 9 8
m iR -2 7 7
m iR -1 8 4
m iR -9 c
m iR -9 9 5
e s i-1 .6 -g u id e
e s i-1 .4 -g u id e
m iR -2 b -2
m iR -3 4 *
m iR -3 3
m iR -1 4 *
m iR -2 7 7 *
m iR -2 8 2 *
m iR -8 *
e s i-2 .1 -g u id e
m iR -9 9 6 *
m iR -3 3 *
m iR -2 a -1 *
m iR -b a n ta m*
e s i-1 .2 -g u id e
m iR -1 8 4 *
m iR -1 3 b -2 *
m iR -3 0 8 *
m iR -2 a -2 *
m iR -2 7 6 a*
m iR -2 b -2 *
m iR -9 9 8 *

ra
tio

miR-bantam*

esi-2.1

2S rRNA

miR-276a*

miR-bantam

miR-276a

20 nt

60 nt

40 nt

20 nt

60 nt

40 nt

20 nt

60 nt

40 nt

20 nt

60 nt

40 nt

+-
lacZ

+-

drosha
&

 pasha
+-

dcr-1
+-

dcr-2
+-

loqs
+-

r2d2
+-

ago1
+-

ago2

dsRNA treatment

30 nt

20 nt

ß-elimination

Figure 4. Requirements for Biogenesis and Loading of miR*s

(A) Northern blots were probed with two miRs, two miR*s, and an endo-siRNA derived from a structured locus. Total RNAs from the indicated RNAi knockdowns

were untreated (�) or subjected to b-elimination (+) prior to gel electrophoresis. 2S rRNA served as loading control.

(B) Heat maps showing the relative abundance of miRs, miR*s, and endo-siRNAs derived from structured loci in total RNA libraries of samples treated with

dsRNAs against AGO1 or AGO2 (in grayscale). Preferential dependence of small RNAs on AGO1 (green) or AGO2 (red) is shown to the right.
6B, S5A, and S5B). Sensors for the miR* strand of miR-bantam

(in perfect and bulged configurations) were also derepressed in

dcr-1 clones (Figures 6C and 6D). We did not observe the

same effect with sensors for the miR-276a* strand, presumably

due to its low endogenous levels in the wing disc (Figures S5C

and S5D). We conclude that the miR-bantam* strand is gener-

ated in a Dcr-1-dependent manner and is capable of repressing

sensors carrying either perfect or bulged binding sites.

In ago1 clones, perfectly complementary sensors for the miR

strand of miR-276a or miR-bantam were derepressed (Figures
Mole
6E and S5E), as were sensors for the miR strand of miR-276a

or miR-bantam in bulged configurations (Figures 6F and S5F).

In ago1 mutant clones, we found that perfect match sensors

for the miR* strand of miR-bantam became hyper-repressed as

compared to background tissue, which is heterozygous for the

ago1 mutation. We saw concomitant derepression in the twin

spots, which carry two copies of the wild-type ago1 gene

(Figure 6G). The increase in silencing upon AGO1 depletion is

consistent with effects of ago1 knockdown in S2 cells (Figures

5B–5E). We were unable to detect significant derepression of
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Figure 5. Silencing by miR and miR* Strands in S2 Cells

(A) Schematic diagram showing the configuration of the sensor constructs. Three perfect match or bulged target sites for the miR or miR* strands of miR-bantam

and miR-276a were placed in the 30 UTR of the Renilla luciferase gene. A firefly luciferase construct without target sites served as a normalization control.

(B) The indicated Renilla luciferase sensor constructs for miR-bantam or a control Renilla luciferase construct without target sites was cotransfected into S2 cells

with a firefly luciferase construct. Cells were treated with dsRNAs targeting indicated RNAi pathway components. Fold changes in reporter activity were calcu-

lated as Renilla/firefly ratio normalized first against the control sample (cells treated with dsRNA targeting lacZ), then against cells transfected with the control

construct without target sites. Shown is the average reporter activity (error bars indicate SD; n = 2).

(C) Sensor activities for miR-276a as described in (B).

(D) Sensor activities for overexpressed miR-bantam. Experiments were performed as described in (B), but in addition, an expression construct for miR-bantam

was cotransfected with the reporter constructs.

(E) Sensor activities for overexpressed miR-276a as described in (D).
the sensors for the miR* strand of either miR-bantam or miR-

276a in perfect configuration in ago2 clones, possibly due to

residual AGO2 protein in mutant clones (Figure S6). In fact,

a sensor transgene for esi-2.1, a highly abundant endo-siRNA

shown to be loaded to AGO2, was only mildly derepressed in

ago2 clones (Figure S10). Neither were obvious phenotypes

observed in loqs clones (Figure S9). We did observe a moderate

derepression of a perfect match sensor for the miR-bantam*

strand in dcr-2 or r2d2 clones (Figures S7G and S8G), consistent

with their derepression following similar treatment of S2 cells

(Figures 5B–5E).

Thermodynamic Properties of Endo-siRNAs
and Strand Selection
Our data indicated that central bulges are the major determinant

of sorting and strand selection in mismatch-containing duplexes.

For these species, the thermodynamic properties of duplex ends
452 Molecular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier
impact sorting and strand selection to only a minor degree. To

test the contribution of thermodynamic asymmetry for sorting

and loading from perfect duplexes, we analyzed the energies

of endo-siRNAs from the klarsicht locus and of viral siRNAs.

These were almost absent from AGO1 immunoprecipitates

but were loaded into AGO2 (Figure 2A). Only sequences where

both the guide and passenger strands were cloned in libraries

from AGO2 immunoprecipitates were considered for our

analysis. We split siRNA duplexes into those showing strong

asymmetry (strand bias of guide to passenger of 20:1 or

higher) and weak asymmetry (strand bias of 5:1 or lower). We

calculated the average thermodynamic energies of both ends,

considering up to six terminal nucleotides. The average

energies of guide-strand ends were divided by the average ener-

gies of passenger-strand ends, and the results were plotted

(Figure 7A). Endo-siRNAs derived from the klarsicht locus that

show stronger asymmetry (as indicated by the ratio of 20:1 or
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Figure 6. Silencing by miR and miR* Strands in Flies

(A–D) Shown are sensors for miR-bantam or miR-bantam* containing perfectly matched or bulged target sites (as indicated to the left). Negative b-Gal staining

(red channel in the merged images) indicates dcr-1 mutant clones (also marked with arrows). Cells with strong b-Gal staining contain two wild-type dcr-1 genes,

while cells with intermediate staining are heterozygous for dcr-1. EGFP sensor activity is shown in green. The black and white panels indicate the separate chan-

nels for b-Gal and EGFP.

(E–H) Clonal analysis for ago1: details as in (A–D). Selected regions (enclosed in white boxes) were enlarged and shown as insets within each panel to display the

smaller ago1 clones.
higher) also show prominent differences in the end energy

between guide and passenger strands for up to four terminal

nucleotides. In contrast, klarsicht endo-siRNAs with low asym-

metry (ratio of 5:1 or lower) show little if any energy differences

between their ends. Similar results were obtained for siRNAs

derived from viruses, although the magnitude of the overall

energy differences was lower (Figure 7A).

DISCUSSION

miRNAs have been honed by evolution to selectively load one

strand, the miR strand, into RISC and thus specifically regulate

a set of targets that contain complementarity to its specific

seed (Bushati and Cohen, 2007; Eulalio et al., 2008). The data

presented herein suggest that miRNA precursors can be bifunc-

tional, with individual strands adopting different fates within

small RNA pathways. We find that miR* strands are not mere

byproducts of miRNA biogenesis but can instead be loaded

into demonstrably functional AGO complexes. Notably, this

occurs despite miR and miR* strands being produced by pre-

cisely the same biogenesis mechanism involving Drosha/Pasha

and Dcr-1/Loqs-PB complexes (Figure 4A). Current models

incorporate coupled small RNA biogenesis and AGO loading in

which Dicer-AGO interactions capture the energy of phospho-

diester bond hydrolysis to facilitate incorporation of the small

RNA into RISC. Results presented here seem at odds with this
Mole
model unless Dcr-1 interacts simultaneously with AGO1 and

AGO2 to drive the individual strands of a single duplex into sepa-

rate RISCs. However, this seems unlikely, because depletion of

either AGO tends to enrich rather than simultaneously deplete

those RNAs present within the other complex. miR* strands

persist but lose their terminal 20-O-methylation in the absence

of Dcr-2/R2D2, and the ratio of miR*/miR of AGO2-bound small

RNA species significantly decreases under these conditions,

indicating that this complex is required not for biogenesis but

instead for successful and proper miR* loading into AGO2.

Thus, we instead favor a model in which the miR:miR* duplex

is released from Dcr-1 and subsequently recognized by Dcr-2/

R2D2, which shepherds loading into AGO2 (Figure 7B). This

release and rebinding has previously been proposed for strand

selection within the siRNA pathway (Preall et al., 2006; Tomari

and Zamore, 2005). Whether the proximate Dcr-1 product is

ever released en route to miR strand loading into AGO1 remains

an open question. In one scenario, loading of the miR strand

could remain coupled to Dcr-1 cleavage, with those duplexes

destined to produce miR*/AGO2 RISC being produced and

released by Dcr-1 enzymes that had not formed a complex

with AGO1 prior to pre-miRNA cleavage. However, even Dcr-1

complexes must somehow coordinate loading of miR strands,

which lie on either the 5p or 3p arm of the precursor, perhaps

suggesting that the AGO1 loading machinery might also rely on

Dcr-1 product release prior to loading so that both strands can
cular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier Inc. 453
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Figure 7. A Hierarchy of Rules for Small RNA Loading in Flies

(A) Thermodynamic properties of AGO2-associated endo-siRNAs matching the klarsicht locus (upper chart) and viral siRNAs (lower chart). All siRNA duplexes

with both strands cloned were extracted bioinformatically, and ratios of cloning abundances between guide and passenger strands were calculated. Average

energies for up to six terminal nucleotides were plotted for strongly asymmetric (strand bias of 20:1 or higher) and weakly asymmetric duplexes (strand bias

of 5:1 or lower).

(B) Model for differential sorting of miRNA duplexes in flies.
be interrogated. This is further supported by the observation that

the endo-siRNA esi-2.3, a Dcr-2 product, is preferentially loaded

into AGO1 (Figure 2B).

In this regard, several lines of evidence suggest that the avail-

ability of AGO proteins influences the fate of the miR and miR*

strands. The absence of AGO1 clearly impacts the abundance

of miR* strands relative to other small RNAs, e.g., endo-siRNAs,

that join AGO2 complexes. However, the strongest indications

for coupling between AGOs and the fates of miR and miR*

come from functional analysis of sensors in cell culture and in

animals. A comparison of tissues containing 0, 1, or 2 copies

of the ago1 gene shows a graded ability to repress sensors for

the miR* strands of miR-bantam or miR-276a. As compared to

heterozygous cells, homozygous ago1 clones hyper-repress

miR* sensors, while cells with 2 copies of intact ago1 show

reduced repression as compared to heterozygous cells. Thus,

either a true coupling remains between the biogenesis

machinery and AGO proteins that determines the fate of small

RNA duplexes, or the relative levels of proteins that will accept

miR or miR* strands simply influence the availability of substrates

for loading along each pathway.

Results presented herein incorporate several previously

proposed rules for small RNA sorting in the Drosophila RNAi

pathway, but refine some and place these within an overall hier-

archy for selection of both the loaded strand and the destination

AGO protein. For imperfect small RNA duplexes, the principal

determinant seems to be the detection of paired or unpaired resi-
454 Molecular Cell 36, 445–456, November 13, 2009 ª2009 Elsevier
dues around the ninth position of the interrogated strand. Each

strand of a precursor duplex seems to be assessed individually,

since a single miRNA precursor can funnel one strand into AGO1

with the other independently flowing into AGO2. This is not

specific to small RNAs generated by Dcr-1, since endo-siRNAs,

which are Dcr-2 products, also follow this rule and can, based

upon the pattern of interior bulges, select a particular strand

for loading into AGO1. Analyses of natural miRNAs and of

experimentally altered precursor duplexes indicate that this

strand selection rule dominates thermodynamic asymmetry.

For example, a number of miR* strands join AGO2 despite having

a substantially more stable 50 end than the miR strand. Previously

proposed thermodynamic asymmetry rules (Khvorova et al.,

2003; Schwarz et al., 2003) become dominant for perfectly

paired small RNA duplexes, such as those arising from the

klarsicht locus and from viruses. Thus, our studies not only begin

to hierarchically integrate rules for small RNA selection in the

RNAi pathway but also suggest that the pathways leading

to the generation of miR-loaded AGO1 RISC and siRNA-

loaded AGO2 RISC are perhaps not as separate as generally

supposed.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and RNAi

S2-NP cells were maintained, transfected, and selected as previously

described (see Supplemental Experimental Procedures).
Inc.
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DNA Constructs

DNA fragments (�500 bp) encompassing miR-bantam and miR-276a were

amplified by PCR and cloned into pRmHa-3. Pairs of oligonucleotides contain-

ing three perfect or bulged target sites for miR-bantam, miR-bantam*, miR-

276a, or miR-276a* were annealed and cloned into pRmHa-3-Renilla or

pJB8 (tubulin-EGFP in pCaSpeR4) to generate sensor constructs. A pair of

oligonucleotides containing two perfect sites for esi-2.1 was annealed and

cloned into pJB8 to generate an esi-2.1 sensor. All these sensor constructs

were used to generate transgenic flies using standard P-element-mediated

transformation. See Table S1 for oligonucleotide sequences.

b-Elimination

The chemical structure of 30 termini of small RNAs was analyzed as described

(Vagin et al., 2006) (see Supplemental Experimental Procedures).

Immunoprecipitation

Cell extracts were prepared, evenly split and subjected to immunoprecipita-

tion using antibodies against AGO1 (Abcam; Cambridge, MA) or the FLAG

epitope (Sigma; St. Louis), respectively, as described (Czech et al., 2008;

Zhou et al., 2008). RNAs were recovered from the immunoprecipitated

samples using TRIzol (Invitrogen; Carlsbad, CA) and used for production of

small RNA libraries or northern blotting.

Northern Blotting

Northern blotting was carried out as described (Czech et al., 2008; Zhou et al.,

2009) (see Supplemental Experimental Procedures).

Small RNA Libraries

Small RNAs were cloned as described (Brennecke et al., 2007). A detailed

description of small RNA libraries prepared or used in this study can be found

in the Supplemental Experimental Procedures.

Bioinformatic Analysis of Small RNA Libraries

The analysis of small RNA libraries was performed similarly as described

(Czech et al., 2008) (see Supplemental Experimental Procedures).

Fly Strains

Fly strains were maintained in standard media. All generated and used strains

are listed in Table S2.

Clonal Analysis

Clonal analysis was performed as described (Brennecke et al., 2005). Briefly,

developing larva were heat-shocked at 37�C for 1 hr at 50–60 hr of develop-

ment for flies carrying mutations for dcr-1, dcr-2, ago2, r2d2, or loqs, except

for ago1 flies, which were heat-shocked at 96–108 hr of development.

Wandering third-instar larva were dissected, and the imaginal wing discs

were fixed in 4% formaldehyde-PBS at room temperature for 30 min and

stained with monoclonal anti-b-Gal antibody (1:500; Promega; Madison, WI),

rabbit anti-GFP antibody (1:1000; Molecular Probes; Carlsbad, CA), and

secondary antibodies (Alexa 488-conjugated goat anti-rabbit and Alexa 594-

conjugated goat anti-mouse; 1:500; Molecular Probes). A rat anti-HA antibody

(1:1000; Roche; Indianapolis, IN) was employed to examine the expression

pattern of FLAG/HA-AGO2 in the imaginal wing disc.

Argonaute Loading Assay

Cells expressing FLAG/HA-AGO2 (see above) were transfected with various

siRNA or miRNA duplexes (Table S1) using HiPerFect (QIAGEN; Valencia,

CA). Two days after transfection, cell lysates were prepared and evenly split,

and each half was subjected to immunoprecipitation using antibodies against

AGO1 and the FLAG tag, respectively (see above). RNAs were recovered from

the immunoprecipitates and subjected to sequential northern blotting using

a mixture of probes complementary to the top strands or to the bottom

strands of the miR-276a or let-7 series of duplexes and those against miR-

bantam and the guide strand of esi-2.1. The intensity of the signals was quan-

tified and normalized to those of esi-2.1 and miR-bantam for AGO2 and AGO1

loading, respectively. The corresponding Argonaute loading index for each

sample was calculated using the following equation. For example, the AGO1
Mole
loading index for the top strand of miR-276a duplex 1 is calculated as: [(miR-

276a duplex #1 top strandmiR-276a duplex #1 tfxn AGO1 IP � gel background) /

(miR-bantammiR-276a duplex #1 tfxn AGO1 IP � gel background)] � [(miR-276a

duplex #1 top strandnontransfection control AGO1 IP � gel background) / (miR-

bantamnontransfection control AGO1 IP � gel background)]. To calculate the relative

Argonaute loading index, the AGO1index/AGO2index ratio for each strand of

the duplex was determined. Finally, the relative Argonaute index for each strand

was normalized to that of the corresponding strand of duplex 1, and the results

were log(2) transformed and plotted.

Thermodynamics Calculations

All 21 nt long reads within the wild-type AGO2 IP library matching to the klar-

sicht locus or viral genomes were extracted bioinformatically (Czech et al.,

2008). Only those sequences corresponding to pairs of guide and passenger

strands resembling perfect match duplexes with 2 nt overhangs at the 30

termini were subjected to further analysis. The terminal energies of up to six

nucleotides counted from both ends of those duplexes were calculated indi-

vidually using UNAfold (Markham and Zuker, 2008). Sequences matching to

both categories were next grouped into strong asymmetric duplexes (cloning

count ratio of guide to passenger of 20:1 or higher) and weak asymmetric

duplexes (strand bias of 5:1 or less). Average energies were computed for

both groups, and energies of guide-strand ends were divided by energies

for passenger-strand ends. To correlate the energies with the degree of asym-

metry, the median results were plotted for all six nucleotides individually.

ACCESSION NUMBERS

Small RNA sequences generated in this study can be obtained at GEO using

accession number GSE17734.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, two

tables, and ten figures and can be found online at http://www.cell.com/

molecular-cell/supplemental/S1097-2765(09)00688-1.
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