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Drosophila microRNAs (miRNAs) and small interfering RNAs (siRNAs) are generally produced by
different Dicer enzymes (Dcr-1 and Dcr-2) and sorted to functionally distinct Argonaute effectors (AGO1
and AGO2). However, there is cross talk between these pathways, as highlighted by the recognition that
Drosophila miRNA* strands (the partner strands of mature miRNAs) are generated by Dcr-1 but are
preferentially sorted to AGO2. Here, we show that a component of the siRNA loading complex, R2D2, is
essential both to load endogenously encoded siRNAs (endo-siRNAs) into AGO2 and to prevent endo-
siRNAs from binding to AGO1. Northern blot analysis and deep sequencing showed that in the r2d2
mutant, all classes of endo-siRNAs were unable to load AGO2 and instead accumulated in the AGO1
complex. Such redirection was specific to endo-siRNAs and was not observed with miRNA* strands. We
observed functional consequences of altered sorting in RNA interference (RNAi) mutants, since endo-
siRNAs generated from cis-natural antisense transcripts (cis-NAT-siRNA) exhibited evidence for biased
maturation as single strands in AGO1 according to thermodynamic asymmetry and a hairpin-derived
endo-siRNA formed cleavage-competent complexes with AGO1 upon mutation of r2d2. Finally, we dem-
onstrated a direct role for the R2D2/Dcr-2 heterodimer in sensing central mismatch positions that direct
miRNA* strands to AGO2. Together, these data reveal new roles of R2D2 in organizing small RNA
networks in Drosophila.

Small interfering RNAs (siRNAs) and microRNAs (miRNAs)
are conserved families of small regulatory RNAs (11, 60) that
operate within related molecular pathways (16, 45). In both
cases, cytoplasmic Dicer class RNase III enzymes metabolize
double-stranded RNA (dsRNA) precursors into small RNA
duplexes. These mature into single-stranded RNA associated
with an Argonaute (AGO) protein in an RNA-induced silenc-
ing complex (RISC), which is guided by the small RNA to
target transcripts. Animal miRNAs have an additional preced-
ing processing step in which primary miRNA transcripts are
cleaved by the nuclear RNase III enzyme Drosha, yielding
�60- to 70-nucleotide (nt) pre-miRNA hairpins that serve as
Dicer substrates (29).

RNase III enzymes often require dsRNA binding protein
(dsRBP) cofactors. Drosophila Drosha binds directly to the
dsRBP Pasha, which is orthologous to mammalian DGCR8;
this family is essential for pre-miRNA generation in all animals
(57). Drosophila encodes two Dicers, of which the miRNA
processing enzyme Dcr-1 binds the dsRBP Loquacious
(Loqs)-PB isoform to generate miRNA duplexes (29). Curi-
ously, a distinct isoform, Loqs-PD, binds the siRNA-generat-
ing enzyme Dcr-2 and is required for endogenously encoded
siRNA (endo-siRNA) biogenesis (19, 65). Another dsRBP,
R2D2, also binds Dcr-2 and is required to load siRNAs into
AGO2. The R2D2/Dcr-2 heterodimer is the key constituent of
the RISC loading complex (RLC), which determines dominant

guide strands by sensing thermodynamic asymmetry of highly
paired small RNA duplexes (35, 56). In particular, the duplex
strand whose 5� end resides in the more unstable end is usually
selected as the mature guide strand (28, 51). The single mam-
malian Dicer binds the dsRBPs TRBP and PACT, which are
also involved in RISC loading (29).

Despite their parallels, the miRNA and siRNA pathways are
substantially separated in Drosophila cells (32, 44). Their small
RNAs are not only generated by different Dicers but also
sorted into functionally distinct Argonautes. miRNAs accumu-
late preferentially in AGO1, which is specialized for its capac-
ity to repress targets with limited complementarity, as little as
6 to 7 nucleotides of base pairing to miRNA 5� ends (positions
2 to 7 or 2 to 8). siRNAs accumulate preferentially in AGO2,
which exhibits greater enzymatic cleavage activity toward
highly or perfectly complementary targets. Since the siRNA/
AGO2 pathway is specifically exploited when the RNA inter-
ference (RNAi) technique is used, it is relevant to elucidate
AGO2 cargoes and understand mechanisms that ensure cor-
rect siRNA loading and function.

The first known endogenous function of Drosophila RNAi
was to defend against RNA viruses (1). In addition, endo-
siRNAs are generated from transposable elements (TEs),
overlapping transcripts (cis-natural antisense transcripts [cis-
NATs]), and structured loci (hairpin RNAs [hpRNAs]) to reg-
ulate expression of TEs and mRNA targets (8, 9, 14, 26, 42,
43). Recently, miRNA* strands, the partner strands of mature
miRNAs, were recognized as a substantial source of AGO2-
loaded small RNAs (10, 15, 46). Building upon earlier mech-
anistic work (13, 55), these studies documented that AGO1
and AGO2 have distinct strand preferences according to 5�
nucleotide identity and central structure in the precursor du-
plex. In particular, AGO2 strongly prefers the strand whose 9th
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and 10th nucleotides from the 5� end are paired, and this
structural preference can override thermodynamic asymmetry.

Because mutants of siRNA pathway components seem to
exhibit little or no RNAi activity (32, 35, 44), it is usually
assumed that the miRNA pathway cannot incorporate siRNAs
as guide molecules. Although there is competition between
AGO1 and AGO2 loading machineries (13, 20, 55), a UV
cross-linking assay showed that AGO1 can largely reject syn-
thetic siRNAs even in the absence of AGO2 loading machinery
(55). On the other hand, genetics suggested possible interac-
tions between these pathways, since double mutants of miRNA
and siRNA pathway genes exhibited synthetic phenotypes (24,
40). Moreover, the sorting of miR-277, whose mature strand
resides in both AGO1 and AGO2 complexes, is altered by the
availability of the two Argonautes (13, 20). Taken together, it
is not clear how broadly such flexible sorting applies. In addi-
tion, a mechanism to sense central duplex mismatch positions,
postulated to underlie the distinct strand preference of AGO2
and AGO1 for miRNA/miRNA* duplex strands, has not been
elucidated.

In this study, we focused our attention on the roles of R2D2
in small RNA sorting. Analysis of AGO2-associated small
RNAs showed an essential role of R2D2 in endogenous small
RNA loading to AGO2. Furthermore, all classes of endo-
siRNAs, but specifically not miRNA* species, were bound
more efficiently by AGO1 in r2d2 and ago2 mutants than in the
wild type. Functional consequences for endo-siRNA misdirec-
tion into AGO1 in r2d2 mutants were demonstrated, and in
vitro assays demonstrated that the R2D2/Dcr-2 complex is di-
rectly involved in sensing central mismatch positions to deter-
mine the strand for AGO2 loading. Together, these results
establish new roles of R2D2 in small RNA-mediated gene
regulatory networks.

MATERIALS AND METHODS

Fly stocks and reagents. We used hen-1[f00810] (20, 50), r2d2[1] (24),
ago2[414] (44), and dcr-2[L811fsX] (32) mutants and FLAG-AGO2 transgenic
flies (9). The FLAG-AGO2 transgenic flies were used to obtain FLAG-AGO2,
r2d2[1] and FLAG-AGO2, dcr-2[L811fsX] recombinant chromosomes.

Small RNA Northern blot analyses and ß-elimination. Small RNA Northern
blot analyses were performed as described previously (44). Probes used in this
study are listed in Table S7 in the supplemental material. ß-Elimination was
described previously (20). Small RNA enriched samples were prepared using a
Mirvana miRNA isolation kit (Ambion) according to manufacturer’s instruction.

Photo-cross-linking assay. A photo-cross-linking assay was done as described
previously (56). Lysates were prepared from 0- to 14-h embryos. 5-Iodouridine
(5-IU)-modified oligonucleotides were purchased from Dharmacon (see Table
S7 in the supplemental material). Other oligonucleotides were described previ-
ously (46). One strand of the duplexes was labeled with 32P and annealed with
the phosphorylated partner strand. Oligonucleotide RNA duplex (�50 fmol) was
incubated in 20 �l of a standard in vitro RNAi reaction mixture containing 5
mg/ml lysate for 60 min at room temperature. Recombinant R2D2/Dcr-2 com-
plex (80 fmol) was added to 20 �l of the in vitro RNAi reaction mixture con-
taining 2.5 mg/ml bovine serum albumin (BSA). UV irradiation at 312 nm using
a handheld UV illuminator (UVP) was done for 15 min on a 96-well plate with
a polystyrene lid. The proteins were separated on a two-layered (12% and 8%)
SDS-polyacrylamide gel.

Argonaute immunoprecipitations. Immunoprecipitation (IP) was done ac-
cording to a published protocol, with some modifications (46). We used RIPA
buffer (0.5% NP-40, 0.5% deoxycholate, 0.1% SDS, 1� Complete EDTA free
[Roche] in 1� phosphate-buffered saline [PBS]) for experiments with results
shown in Fig. 2 and 4 or HEPES–NP-40 buffer {30 mM HEPES-KOH [pH 7.3],
150 mM potassium acetate [KOAc], 2 mM magnesium acetate [Mg(OAc)2], 5
mM dithiothreitol [DTT], 0.1% NP-40, 1� Complete EDTA free} for AGO1-IP
libraries (libraries from small RNAs coimmunoprecipitated with AGO1) to lyse

cells and to wash beads. AGO1 IPs were done with rabbit anti-AGO1 (AbCam)
bound by GammaBind G (GE Healthcare) or Dynabeads (Invitrogen).
FLAG-M2 beads (Sigma) or FLAG-M2 antibody bound by Dynabeads was used
for FLAG-AGO2 IPs.

Small RNA library analysis. Small RNA (18 to 28 nt) libraries were con-
structed as described previously (9), using samples recovered from wild-type
(WT) or mutant ovaries and/or AGO1 immunoprecipitates via phenol-chloro-
form extraction. Each library was subjected to a single lane of sequencing on an
Illumina 1G platform (BC Genome Sciences Centre). We also analyzed pub-
lished ß-elimination libraries and their untreated controls (14, 15).

The raw reads were clipped of 3� linkers, and perfect matches to the fly
genome (FlyBase r5.22 without Uextra) were mapped using Bowtie (30). We
then extracted reads to known miRNA and miRNA* reads (49), TEs (31),
hpRNAs (43), and 3� cis-NATs (42). We considered only 21-mer reads mapped
to canonical transposon sequences from Repbase as TE siRNAs (23). Only
uniquely mapping 21-mers were considered cis-NAT-siRNAs. For the hpRNA-
derived siRNA (hp-siRNA) 5� position analysis, we grouped the reads that share
the same 5� ends and plotted read counts normalized against genomic locations.
To study mononucleotide additions, we trimmed one nucleotide at the 3� end of
the unmapped reads and mapped them to each element (miRNA, miRNA*,
TEs, hpRNAs, and 3� cis-NATs).

Target cleavage assay. We performed the cleavage reaction of the hp-CG4068
target using previously described conditions (43), with the following modifica-
tions. We purified AGO1 and AGO2 using Dynabeads (Invitrogen) from adult
female flies in RIPA buffer and washed them 5 times each with RIPA buffer and
in vitro RNAi lysis buffer (30 mM HEPES-KOH [pH 7.4], 2 mM magnesium
acetate, 5 mM DTT) before use. AGO2 immunoprecipitates were incubated with
5� labeled target RNA in reaction buffer (30 mM HEPES-KOH [pH 7.4], 2 mM
magnesium acetate, 5 mM DTT, 0.4 mM ATP, 25 �g/ml yeast tRNA) in the
presence of 100 nM antisense oligonucleotide inhibitor at room temperature for
2 h. The oligonucleotide sequences for the templates and inhibitors have been
described previously (43).

Nucleotide sequence accession numbers. The complete small RNA data are
available at the modENCODE Data Coordination Center and/or the NCBI
Gene Expression Omnibus: Canton S ovary AGO1-IP (modENCODE_2744,
GSE24310); ago2[414] ovary AGO1-IP (modENCODE_2746, GSE24311);
dcr-2[L811fsX] ovary AGO1-IP (modENCODE_2833, GSE24316); r2d2[1]
ovary AGO1-IP (modENCODE_2749, GSE24313); r2d2[1] ovary total RNA
(GSM628271); ago2[414] ovary total RNA (GSM628272); Canton S adult
ovaries (modENCODE_2976, GSM609246); and dcr-2[L811fsX] ovary small
RNA (modENCODE_2975; GSM609245).

RESULTS

R2D2 is essential for efficient loading of endogenous small
RNAs into AGO2. Dcr-2 binds to the dsRBPs R2D2 and Loqs-
PD. Loqs-PD is strongly required for endo-siRNA accumula-
tion and function (9, 19, 42, 43, 65). In contrast, R2D2 is
dispensable for converting exogenous dsRNA into siRNAs
(35), and r2d2 mutant flies accumulate mature endo-siRNAs
abundantly (38, 65). Nevertheless, R2D2 is essential for load-
ing and function of exogenous siRNAs (exo-siRNAs) (35, 56)
and is genetically required for regulatory processes controlled
by endo-siRNAs (38). Altogether, R2D2 is clearly an essential
RNAi factor, but its roles in endogenous small RNA pathways
are not completely understood.

We sought to clarify the influence of siRNA loading factors
on endo-siRNA biogenesis by examining the 3�-end structures
of endo-siRNAs in null mutants of AGO2 (44) or r2d2 (35).
Small RNA duplexes or AGO1-loaded single-stranded small
RNAs have free 2� and 3� OH groups at their 3� ends and react
to this treatment, thereby increasing their mobility on acryl-
amide gels. On the other hand, single-stranded small RNAs
matured in the AGO2 complex carry 2� O-methyl modification
at their 3� ends and hence are resistant to ß-elimination. Con-
sistent with previous reports (14, 26, 43), endo-siRNAs were
resistant to ß-elimination in a Hen1-dependent manner, while
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mature miR-8 exhibited increased mobility after ß-elimination
(Fig. 1A). A recent study showed that the endo-siRNA hp-
CG4068B (also known as esi-2.3) was sensitive to ß-elimination
in the r2d2 mutant (38). We assayed other hp-siRNAs and
observed that all species tested, hp-CG4068B, hp-CG4068G,
and hp-CG18854A, were fully sensitive to ß-elimination in the
r2d2[1] mutant. Moreover, mutation of AGO2 had similar ef-
fects on hp-siRNA modification (Fig. 1A).

We extended this analysis to other small RNA species by
using published small RNA sequencing data from oxidized
RNA samples (15). Small RNAs that bear 2�,3� hydroxyl ter-
mini are oxidized at their 3� termini upon treatment with
NaIO4; this blocks adaptor ligation and depletes them from the
cloned library. As a result, libraries made from oxidized sam-
ples are enriched with 3� modified endo-siRNAs (14). We
calculated changes in abundance of small RNAs by dividing
normalized read counts in the mutant libraries by those in the
wild-type libraries. This analysis confirmed the finding that
miRNA* species are modified in an R2D2- and AGO2-depen-
dent manner (14, 15) (Fig. 1B; also see Fig. S1 and Tables S1
to S5 in the supplemental material). We similarly observed that
other classes of endo-siRNAs, including TE-siRNAs, cis-NAT-
siRNAs, and hp-siRNAs, were all reduced in oxidized libraries
from r2d2 or ago2 mutant heads relative to wild-type levels

(Fig. 1B; also see Fig. S1 in the supplemental material). There-
fore, the 3� modification of all known endo-siRNAs depends
on R2D2 and AGO2. Since Drosophila Hen1 can modify only
3� ends of properly loaded small RNAs, the simplest interpre-
tation is that R2D2 is required to load endo-siRNAs into
AGO2, as with exogenous siRNAs.

To test this directly, we introduced a FLAG-AGO2 genomic
transgene (9) into the dcr-2 and r2d2 mutants. We found that
the tagged AGO2 transgene provided full rescue of the RNAi
defect in ago2 mutant embryos (see Fig. S2A in the supple-
mental material), indicating its functionality. Unexpectedly,
although R2D2 was previously described to be important for
fertility (24), r2d2[1] flies homozygous for FLAG-AGO2 (i.e.,
bearing 4 copies of AGO2) could be maintained as a stable
homozygous stock. Extra copies of AGO2 may partially com-
pensate for the absence of R2D2; alternatively, meiotic recom-
bination might have removed background mutations from the
parental r2d2[1] chromosome.

Using these flies, we sequentially purified AGO2 and AGO1
complexes from embryos or male adult flies with anti-FLAG or
anti-AGO1 antibody and analyzed the copurified RNAs by
Northern blotting (Fig. 2B; also see Fig. S3 in the supplemental
material). We verified that the precipitation efficiency and ex-
pression levels of AGO1 and FLAG-AGO2 were not strongly

FIG. 1. R2D2 and AGO2 are essential for 3� modification of endo-siRNAs. (A) 3� structures of different small RNAs in RNAi pathway
mutants. Total RNAs (hp-CG4068B, miR-276*, and miR-8) or small RNA enriched samples (hp-CG4068G and hp-CG18854A) were isolated from
wild-type (Canton S [CS]) and hen1, r2d2, and ago2 mutant male flies, ß-eliminated, and analyzed by Northern blotting. In the wild type, miR-8
was sensitive to this reaction while the endo-siRNAs hp-CG4068B, hp-CG4068G, and hp-CG18854A were resistant; this was dependent on Hen1
methyltransferase, indicating their authentic modification. endo-siRNAs present in r2d2 and ago2 mutants were fully sensitive to ß-elimination. A
majority of miR-276* was ß-elimination resistant in the wild type, consistent with sorting to the AGO2 complex. However, its ß-elimination-
sensitive population was not increased in r2d2 or ago2 mutants, in contrast to those of endo-siRNAs. (B) Genome-wide analysis of the 3�
modification of endo-siRNAs. We reanalyzed published small RNA libraries from r2d2 and ago2 mutants (14, 15) and plotted normalized ratios
between the mutant and wild-type samples in log2 scale. miRNA* species and all classes of endo-siRNAs were relatively constant in total RNA
from the wild type and these mutants. In contrast, all of these classes were reduced in oxidized samples from the mutants, demonstrating essential
roles for R2D2 and AGO2 in 3� modification.
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affected in the mutants (see Fig. S4 in the supplemental ma-
terial). Consistent with the ß-elimination experiment, copre-
cipitation of endo-siRNAs (hp-CG4068B, -D, and -G and hp-
CG18854A) and a miRNA* species (miR-276a*) with AGO2
was dramatically reduced in the r2d2 mutant. These results
provided direct evidence that R2D2 is required for proper
loading of endogenous small RNAs in the AGO2 complex.

endo-siRNAs but not miRNA*s are redirected to AGO1 in
RNAi pathway mutants. Since hpRNA-derived siRNAs de-
tected in r2d2[1] flies were sensitive to ß-elimination, we hy-
pothesized that they were either not unwound or incorporated
into another complex in this mutant background. We tested
whether they might associate with AGO1 using Northern blot-
ting. As reported previously, the endo-siRNAs hp-CG4068B,
hp-CG4068G, and hp-CG18854A preferentially sort to AGO2

in the wild type (9, 14, 26, 43). In contrast, we observed efficient
incorporation of all of these endo-siRNAs in AGO1 in the r2d2
mutant, indicating that endo-siRNAs can efficiently be sorted
to the AGO1 complex in the absence of R2D2 activity (Fig.
2B). This re-sorting accounts for the accumulation of endo-
siRNAs in r2d2 mutants.

The exceptional hpRNA-derived siRNA hp-CG4068D (esi-
2.3) accumulated preferentially in AGO1 in the wild type (10,
41), consistent with the unstable base pairing in the central
region of the hp-CG4068D/E duplex (Fig. 2A). We note that
this endo-siRNA was decreased in AGO1 when R2D2 was
mutated. Since AGO1 loading is believed to be independent of
R2D2 activity, we infer that R2D2 has a minor role in hpRNA
processing, as suggested recently (38). Finally, we note that
miR-276a* did not accumulate further in AGO1 in the r2d2

FIG. 2. hp-siRNAs but not miRNA* strands are misdirected to AGO1 in the r2d2 mutant. (A) Structures of the small RNA duplexes analyzed.
(B) FLAG-AGO2 and AGO1 complexes were purified from wild-type and dcr-2 and r2d2 mutant embryos (hp-CG4068B) or male adults (others);
all genotypes carry the FLAG-AGO2 transgene. Canton S was used as a control for FLAG-AGO2 IP, and normal rabbit IgG was used as a control
for AGO1 IP; inputs contain �5% of IP reactions. In the wild type, mature miR-8 was sorted exclusively to AGO1, while the endo-siRNAs
hp-CG4068B, hp-CG4068G, hp-CG18854A, and miR-276* were highly enriched in AGO2 (also see Fig. S3 in the supplemental material for a
longer exposure of hp-CG4068G, which more clearly illustrates this rare siRNA in the AGO2 complex). In contrast, endo-siRNAs were loaded
into AGO1 in the r2d2 mutant. Endo-siRNAs were not detected in the dcr-2 mutant, consistent with the essential role for Dcr-2 in siRNA
biogenesis. miR-276* was not loaded in AGO2 in the dcr-2 and r2d2 mutants; however, loading of miR-276* in AGO1 was not changed in r2d2
and dcr-2 mutants. hp-CG4068D was enriched in AGO1 in the wild type (10); this siRNA was reduced in AGO1 in the r2d2 mutant, suggesting
that R2D2 may also be involved in hp-siRNA processing.
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mutant. This was consistent with our observation that a portion
of miR-276* is normally sensitive to ß-elimination in the wild
type and that this population was not further increased in r2d2
and ago2 mutants (Fig. 1A). Therefore, not all AGO2-loaded
species are redirected into AGO1 in the absence of the RNAi
pathway.

Genome-wide analysis of small RNA sorting in RNAi-defec-
tive mutants. Since various hp-siRNAs, but not miR-276a*,
were re-sorted to AGO1 in r2d2 mutant flies, we were inter-
ested to determine the breadth of changes in the sorting
profiles in RNAi-defective mutants. To do so, we prepared
libraries from small RNAs coprecipitated with AGO1 from
wild-type and ago2, dcr-2, and r2d2 mutant ovaries. Illumina
sequencing of these libraries yielded 4,438,146, 5,178,786,
5,137,283, and 5,206,992 mapped reads, respectively. In order
to obtain an appropriate baseline for interpreting any changes
in sorting, we also prepared libraries from total ovary RNA
samples from the same genetic backgrounds, yielding
17,913,478, 23,077,842, 18,807,309, and 22,521,947 mapped
reads, respectively. We extracted reads that mapped to mature
miRNA strands, miRNA* strands, transposable elements
(TEs), and hp-siRNA and 3� cis-NAT-siRNA loci. We normal-
ized read counts by the total mapped reads in each data set and
calculated the ratio between the normalized reads in the mu-
tants and those in the wild type (Fig. 3A; also see Fig. S5A and
Table S1 in the supplemental material).

The relative abundance of mature miRNA reads was largely
unchanged in these mutants, in both AGO1-IP and total RNA
libraries (Fig. 3A, B, and F; also see Fig. S5A and Table S2 in
the supplemental material). This was consistent with the fact
that RNAi factors are not essential for normal miRNA regu-
lation. As predicted by a previous study (15) and our Northern
blot analysis (Fig. 2B), the overall abundance of miRNA*
species in the AGO1 complex was not changed in any of the
RNAi-defective mutants (Fig. 3A, C, and G; also see Table S2
in the supplemental material). In contrast, hp-siRNAs were
enriched in the AGO1 complex in r2d2 and ago2 mutant
ovaries compared to levels in the wild type (Fig. 3A), confirm-
ing our Northern blotting data (Fig. 2B). hp-siRNAs were
essentially eliminated in the dcr-2 mutant, as expected from its
essential role in siRNA production (Fig. 3A; also see Fig. S5A
in the supplemental material).

We further analyzed changes in AGO1-sorted hp-endo-
siRNAs by examining individual duplexes grouped by their 5�
ends (Fig. 3J and K; also see Table S5 in the supplemental
material). Endo-siRNAs from most hpRNA duplexes showed
strong enrichment in AGO1 complex in r2d2 and ago2 mu-
tants, indicating that the aggregate enrichment was not skewed
by individual outliers. However, some hp-siRNAs were re-
duced in AGO1-sorted population in the r2d2 mutant (Fig. 3J),
including hp-CG4068D (Fig. 2B). The hp-siRNAs reduced in
the r2d2 mutant appear to have mismatches in their duplex
central regions and were relatively abundant in AGO1 in the
wild-type background. The reduction of some hp-siRNAs sup-
ports the notion that R2D2 plays a role in endo-siRNA pro-
cessing.

More compellingly, we observed 40 to 80 times enrichment
of TE-siRNAs and cis-NAT-siRNAs in AGO1 complexes from
r2d2 and ago2 mutants (Fig. 3A). This was not a consequence
of the biased behavior of a subset of loci, since siRNAs from

essentially all the different families of TEs (Fig. 3D and H) and
from all the different cis-NAT regions (Fig. 3E and I) exhibited
these characteristic re-sorting patterns. The representation of
TE-siRNAs in AGO1 in these mutants was particularly re-
markable. About 9% of AGO1-bound small RNAs in r2d2 and
ago2 mutants were TE-siRNAs (452,267 and 463,001 reads,
respectively), whereas these comprised only �0.1% (4,447
reads) in wild-type AGO1-IP (see Table S1 in the supplemen-
tal material).

We note that TE-siRNAs and cis-NAT-siRNAs were slightly
overrepresented in the total RNA libraries prepared from the
r2d2 and ago2 mutants (see Table S1 and Fig. S5 in the sup-
plemental material). Since RNAi restricts TEs, it is conceiv-
able that a mild increase in TE substrates leads to increased
siRNA production; however, this does not satisfactorily explain
increased cis-NAT-siRNAs in AGO1. Another possibility is
that 3� modified and unmodified species may have differential
cloning efficiencies, potentially at the 3� linker ligation step
(59). However, the 2-fold increase in 3� OH availability does
not account for the proportionally stronger enrichments of all
endo-siRNAs in the AGO1 complex from r2d2 and ago2 mu-
tant ovaries (Fig. 3A; also see Tables S3 and S4 in the supple-
mental material).

We hypothesize that the differences in re-sorting patterns
between TE- or cis-NAT-siRNAs and hp-siRNAs are a conse-
quence of their distinct precursor structures. hp-siRNA du-
plexes usually have mismatches between the two strands,
whereas TE-siRNAs are believed to derive from perfect/nearly
perfect dsRNA molecules. The mismatches in hpRNA precur-
sors may allow loading to AGO1 to some extent, while per-
fectly duplexed siRNAs almost never enter AGO1 in the wild
type. In summary, our data demonstrate that in vivo, AGO1 is
capable of binding to all classes of endo-siRNAs: TE-siRNAs,
hp-siRNAs, and cis-NAT-siRNAs. However, the activity of the
R2D2-driven loading pathway into AGO2 efficiently depletes
endo-siRNAs from the miRNA pathway in wild-type flies.

Role for R2D2 in endo-siRNA fidelity. We noticed that hp-
siRNAs that were misdirected into AGO1 in r2d2 mutants
exhibited a broader size distribution in wild-type total RNA,
occupying a size range extended by �1 to 2 nt on Northern
blots (Fig. 4A). We examined the heterogeneity of other endo-
siRNA species misloaded to AGO1, with respect to size dis-
tribution and 3� untemplated additions (Fig. 4B). In general,
endo-siRNAs from perfect or nearly perfect dsRNAs exhibit
a strong preference for 21 nt, defined by Dcr-2 cleavage (8,
9, 14, 42). To avoid the possibility that the size distribution
of TE-siRNAs was affected by the breakdown of abundant
TE-piwi interacting RNAs (TE-piRNAs) present in ovaries,
we focused our analysis on uniquely mapping cis-NAT-
siRNAs.

Interestingly, when the read numbers were normalized by
the number of 21-nt cis-NAT (i.e., “siRNA”) reads, 20-nt cis-
NAT small RNAs were slightly more frequent in the ago2 or
r2d2 mutant than in the wild type (Fig. 4B). We also counted
reads containing single nucleotide mismatches to the reference
genome at their 3� ends, which are generally considered to
derive from untemplated nucleotide addition (3, 5, 7). We
observed that the mutant libraries contained a higher propor-
tion of reads with terminal mismatches than the wild type (Fig.
4B, right), with additions of adenosine or uridine being much
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FIG. 3. Global changes in small RNA sorting in ago2 and r2d2 mutants. (A) Enrichment of endo-siRNAs in the AGO1 complex in RNAi
mutants. Reads matching TEs, 3� cis-NATs, hpRNAs, and mature or star strands of miRNAs in AGO1-IP from RNAi mutants were normalized
by their counts in those in AGO1-IP from the wild type. As expected, endo-siRNAs were strongly reduced in the dcr-2 mutant. TE- and hp-siRNAs
were enriched in AGO1 in ago2 and r2d2 mutants, suggesting that sorting of endo-siRNAs is globally affected in these mutants. However, none
of these mutants showed significant changes in miRNA or miRNA* sorting, even though miRNA* species are substantially incorporated in AGO2
in the wild-type background (10, 15, 46). (B to I) Small RNAs matching to mature miRNAs (B and F), miRNA* strands (C and G), TEs (D and
H), and 3� overlapping transcripts (cis-NATs) (E and I) in the wild type and RNAi mutants. Individual points represent single miRNA or miRNA*
species, reads summed across single 3� cis-NAT regions, or reads summed across the canonical sequences of individual TE families. (J and K)
hpRNA analysis. Normalized small RNA density (reads/million mapped reads; y axes) was mapped on the genomic regions corresponding to 1 of
20 repeats in the hp-CG4068 locus (J) and the hairpin region of the hp-CG18854 gene (K). The positions of 5� ends are shown (x axes; nt). The
majority of peaks are higher in the r2d2 and ago2 mutants than in the wild type in the AGO1-IP libraries, with a small number of exceptions, such
as hp-CG4068D.
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more frequent than guanosine or cytosine additions. In con-
trast, the size distribution and untemplated addition of miRNAs
and miRNA* strands were not altered in these RNAi mutants.
This suggested that variability of small RNA sequences in the
mutants was specific for endo-siRNAs misloaded to AGO1
(Fig. 4B, C, and D).

These observations mirror recently reported trimming and
tailing effects on miRNAs in the presence of artificial perfectly
complementary targets (3). Since endo-siRNAs usually have
endogenous perfectly complementary targets, unlike most
miRNAs, such tailing and trimming processes may predict that
endo-siRNAs in the AGO1 complex would be unstable. How-
ever, although our analysis detected increased 3� variation of
endo-siRNAs in ago2 and r2d2 mutants, this did not effectively
deplete bulk endo-siRNAs from AGO1, the large majority of
which remained 21 nt in length. We were therefore interested
to address whether re-sorted endo-siRNAs were functional as
regulatory species in the AGO1 complex.

Functionality of AGO1-sorted endo-siRNAs. It was not a
given that endo-siRNAs could program active AGO1 com-
plexes, since AGO1 is poorly capable of unwinding perfectly
base paired siRNA duplexes in vitro (25, 55). We confirmed
using lysate preparations that AGO1 could bind artificial
siRNA duplexes weakly but did not unwind them efficiently in

vitro (see Fig. S6 in the supplemental material). In this system,
3� overhangs were required for efficient binding to AGO1,
arguing against the possibility of nonspecific associations stem-
ming from a high concentration of synthetic small RNA du-
plexes in the reactions (see Fig. S6). These in vitro tests sug-
gested that a strong proportion of perfectly complementary
endo-siRNA duplexes might be arrested for AGO1-RISC mat-
uration.

Still, we sought to assay whether any endo-siRNAs from
perfectly base paired cis-NAT regions could be unwound in
vivo. As cis-NAT-siRNAs were too rare to detect by Northern
blotting (data not shown), we could not perform native gel
analysis to distinguish duplex and single-stranded cis-NAT-
siRNAs. However, we could address this issue using the deep
sequencing data, by taking advantage of the fact that strand
selection by active RISC is influenced by duplex thermody-
namic asymmetry. In particular, AGO1 preferentially selects
the strand whose 5� end resides in the less stable duplex end. In
the total RNA sample from the wild type, the 5� ends of
cis-NAT-siRNAs (i.e., precisely 21-nt reads) exhibited a strong
bias for A and U nucleotides, consistent with the thermody-
namic asymmetry rule (Fig. 5A). Interestingly, we observed
significantly higher (P � 0.05) A-U contents only at positions
1 and 2 of cis-NAT-siRNAs in the total RNA and AGO1-IP

FIG. 4. Variability of endo-siRNA sequences in the AGO1 complex. (A) Heterogeneity of siRNA hp-CG4068B in the AGO1 complex. AGO1
complexes were purified from the wild type and the r2d2 mutant. RNA samples prepared from the input, supernatant, and immunoprecipitate were
analyzed on a denaturing gel. Anti-myc antibody was used as a negative control. The hp-CG4068B signal in the r2d2 mutant shows heterogeneity
in the migration, whereas miR-8 and ethidium bromide (EtBr) staining did not show evidence of RNA degradation. (B to D) Size distribution and
3� mononucleotide additions of cis-NAT-siRNAs and miRNAs. Size distribution is shown by normalizing the read counts with 21-nt reads for
cis-NATs (B) or with 22-nt reads for miRNAs (C) and miRNA* species (D). 3� addition was analyzed by calculating the fractions of mononu-
cleotide-added read counts compared to the total number of reads.
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libraries from ago2 and r2d2 mutants (Fig. 5A; also see Table
S6 in the supplemental material).

If cis-NAT-siRNAs were double stranded, as seen from in
vitro tests, then their 5� A-U enrichment should be mirrored by
A-U enrichment at positions 18 and 19, which base pair with
positions 1 and 2. Such complementary features of small RNA
pairs are seen, for example, between sense/antisense piRNAs
with a 10-nt overlap. In this setting, the 5� U bias of Aub-
loaded piRNAs is mirrored by an A10 bias of AGO3-loaded
piRNAs, indicating their guide-target relationships (4, 18).
However, positions 18 and 19 of endo-siRNAs exhibited lower
A-U bias than their corresponding 5� nucleotides, and this
result was observed consistently among total RNA pools and
AGO1-IP pools from the wild type and the RNAi mutants
(Fig. 5A). These data were consistent with the notion that
cis-NAT-siRNA populations were biased toward single-

stranded species, as a result of duplex thermodynamic asym-
metry and/or 5� U preference of AGO1 for mature guide
strands. This in vivo analysis suggested that a substantial pro-
portion of cis-NAT-siRNAs in AGO1 complexes from RNAi
mutants were unwound and available to serve as regulatory
molecules.

Because a mismatch in the seed region of the guide or
passenger strand can strongly facilitate unwinding by AGO1
(25, 55), we hypothesized that the activity of siRNAs derived
from imperfect duplexes, such as hp-siRNAs, might be even
more readily detectable in the AGO1 complex. To test whether
hp-siRNAs were active in AGO1 in the r2d2 mutant back-
ground, we challenged FLAG-AGO2 and AGO1 complexes
from wild-type and dcr-2 and r2d2 mutant female adult flies to
cleave cap-labeled targets (Fig. 5B). Consistent with previous
reports, miRNA- and endo-siRNA-mediated cleavage activi-

FIG. 5. Functionality of endo-siRNAs misloaded into AGO1. (A) cis-NAT-siRNAs in the RNAi mutants exhibit single-stranded siRNA
features. The nucleotide composition of 21-nt cis-NAT-siRNAs was analyzed using the total RNA and AGO1-IP libraries from Canton S and the
r2d2 and ago2 mutants. The average A-U content across all cis-NAT regions was �66%. In all libraries, the first two nucleotides were enriched
with A and U nucleotide, especially at the first position (��, P � 1E�6; �, P � 0.05) (also see Table S6 in the supplemental material). On the other
hand, nucleotides 18 and 19, which are predicted to base pair with the 5� 2 nucleotides of their partner strand, exhibit lower A-U contents than
the first two nucleotides. The asymmetric distribution of A-U nucleotides argues that the cis-NAT-siRNA population in the mutants contains a
significant fraction of unwound siRNAs, as opposed to arrested siRNA duplexes. (B) In vitro cleavage assay. FLAG-AGO2 and AGO1 complexes
were purified from wild-type and dcr-2 and r2d2 mutant female flies and subjected to an on-bead cleavage assay using a cap-labeled RNA target.
The RNA target contains sequences perfectly complementary to hp-CG4068B and let-7. Thus, the cleavage activity by an endo-siRNA (hp-
CG4068B) and a mature miRNA (let-7) can be monitored in the same reaction. (C) In vitro cleavage assays were carried out in the presence of
antisense oligonucleotide (ASO) inhibitors against hp-CG4068B or an unrelated sequence (hp-CG18854A) to demonstrate assay specificity. In the
wild type, hpRNA-directed cleavage activity was associated exclusively with AGO2. As expected, AGO1 complexes from different genotypes
exhibited similar cleavage activities against the let-7 target sequence. In the dcr-2 mutant, neither Argonaute complex showed hp-CG4068-directed
target cleavage activity. In the r2d2 mutant, CG4068B-mediated cleavage activity was not detected in the AGO2 complex but was instead robustly
detected in the AGO1 complex.
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ties were associated with AGO1 and AGO2, respectively, in
wild-type flies (26) (Fig. 5C). Neither complex showed endo-
siRNA-directed cleavage activity in the dcr-2 mutant, because
Dcr-2 is essential for endo-siRNA production. In the r2d2
mutant, AGO2 was not capable of cleaving the hpRNA target,
confirming the importance of R2D2 for efficient AGO2 load-
ing. On the other hand, the AGO1 complex purified from the
r2d2 mutant could efficiently cleave the hp-siRNA target. let-
7-directed cleavage activities were similar among the AGO1-IP
samples, a control that excluded artifacts such as changes in IP
efficiency.

Our results therefore suggest two functional consequences
of the redirection of endo-siRNAs into AGO1 in the absence
of r2d2 and ago2. First, endo-siRNA duplexes may occlude
maturation of AGO1 complexes. Second, those endo-siRNAs
that mature in AGO1 complexes are expected to have altered
function as a consequence of the distinct functions of AGO2
and AGO1 (13, 21). We provided evidence that populations of
both cis-NAT-siRNAs and hp-siRNAs are available in single-
stranded form in AGO1 and could execute regulatory function.

R2D2/Dcr-2 complex directionally binds to miRNA du-
plexes. Since our results indicated that R2D2 plays a central
role in small RNA loading to AGO2 (Fig. 1 and 2), we were
interested to further test the role of R2D2 in strand selection.
Recent studies showed that Drosophila AGO2 prefers the
strand whose 9th and 10th nucleotides from the 5� end are
paired (10, 46). To study the mechanisms of sensing central
mismatch positions, we took advantage of a photo-cross-link-
ing assay (56). A photoreactive cross-linker, 5-iodouridine (5-
IU), was introduced at the second nucleotide from the 3� ends
of synthetic sod1 small RNAs (Fig. 6A). As shown previously,
R2D2 and Dcr-2 cross-linked with the guide and passenger
strands of the thermodynamically asymmetric sod1 siRNA du-
plex, respectively (Fig. 6A and B, duplexes #1 and #2) (56).

We tested whether the positions of central mismatches were
also sensed by the R2D2/Dcr-2 complex. We used the mir-276a
duplex as a model because its central structure is known to
direct AGO2 to select its star strand (Fig. 6A, duplex #3) (10,
46). When embryo lysate was incubated with the synthetic
mir-276a duplex, in which miR-276a* was radioactively labeled
and also contained 5-IU at its second-to-last position, we ob-
served that R2D2 cross-linked strongly to the miR-276a*
strand (Fig. 6B, lane 3). We previously showed that the strand
selection of AGO2 was strongly changed by moving the mis-
match positions (46). We modified the sequence of the bottom
strand to reverse the relative positions of internal mismatches,
without changing the first 4 nucleotides of either of the ends
(Fig. 6A, duplex #4). The binding direction of the R2D2/Dcr-2
complex on this substrate was remarkably altered (Fig. 6B,
lanes 3 and 4). These results indicate that the R2D2/Dcr-2
complex possesses the ability to sense internal duplex mis-
matches and that the asymmetric binding determines the dom-
inant strand selected by AGO2.

To further dissect the effect of mismatch positions on the
binding direction, we prepared another set of mutant duplexes.
When the mismatch in the seed region of the star strand was
moved to the opposite side, AGO2 selected the star strand
(Fig. 6A, duplex #5). Consistently, R2D2 was more efficiently
cross-linked than Dcr-2 (Fig. 6B, lane 5). When only the cen-
tral mismatches were moved, AGO2 selected the mature

strand (Fig. 6A, duplex #6), and correspondingly the star
strand was cross-linked with Dcr-2 (Fig. 6B, lane 6).

Because the end energies of the miR-276a duplex are rela-
tively similar, we wished to confirm our results with a duplex
with greater thermodynamic asymmetry. In our previous re-
port, we showed that changes in the central structure of a
terminally asymmetric duplex, the mir-277 duplex, could de-
tectably alter AGO2 strand selection (46). Although AGO2
selects exclusively the mature strand from the WT mir-277
duplex, we were able to change the central structure of the
miR-277 duplex to load a significant amount of miR-277*
strand to AGO2 in our previous report (Fig. 6A, duplexes #7
and #8). Using the 5-IU-modified oligonucleotides, we ob-
served the expected cross-linking patterns. With the WT mir-
277 duplex, we could not detect cross-linking with R2D2, con-
sistent with the complete rejection of the star strand from
AGO2 loading (Fig. 6B, lane 7). In contrast, we observed
substantial cross-linking of R2D2 when the centrally mutated
mir-277 duplex was used (Fig. 6B, lane 8).

These results indicate that the R2D2/Dcr-2 complex is in-
volved in sensing the positions in the internal structures. These
aspects mirrored previous observations made using perfectly
duplexed siRNAs (56) and suggested that the mechanisms of
sensing terminal free energy and internal mismatch positions
are tightly linked processes.

R2D2/Dcr-2 is directly involved in central mismatch sens-
ing. We sought to determine whether the R2D2/Dcr-2 complex
itself or other cofactors determine the binding direction, since
it is known that the RISC loading complex contains additional
factors (48). We tested whether the known Dcr-2 binding fac-
tors AGO2 and Loqs-PD isoform could contribute to direc-
tional binding. We used the ago2[414] mutant or the loqs[KO]
mutant complemented by the loqs-PB transgene (47, 65) (see
Fig. S2C in the supplemental material). As described previ-
ously, loqs[KO]; P[loqs-PB] flies are rescued for miRNA pro-
cessing and are consequently viable, but this genotype is highly
compromised for endo-siRNA accumulation due to the ab-
sence of Loqs-PD (19, 65); we therefore refer to this genotype
as the loqs-PD mutant. Loqs-PD appears to be dispensable for
siRNA function, judging from relatively normal siRNA-initi-
ated target cleavage activity in this background (see Fig. S2A in
the supplemental material). Mutant lysates from ago2 or
loqs-PD mutant flies did not reveal obvious defects in asym-
metric binding, indicating that these factors are not essential
for strand selection (Fig. 6F and H).

In reciprocal experiments, we used a purified protein
complex of R2D2/Dcr-2. Notably, a substantial switch in
binding direction was also observed when a purified, recom-
binant R2D2/Dcr-2 complex was used (Fig. 6C, lanes 3 and
4). We also added functional recombinant AGO2 protein
(see Fig. S2B in the supplemental material) to the purified
R2D2/Dcr-2 heterodimer, but this also did not improve
binding asymmetry (Fig. 6G), arguing against involvement
of AGO2 in this step. Although we demonstrated a new
activity for R2D2/Dcr-2 in sensing central mismatch posi-
tions, the asymmetry of the binding was more prominent in
lysate than in purified complex (Fig. 6B and C); some sub-
strates exhibiting asymmetric binding in the lysate were not
similarly bound asymmetrically by recombinant proteins
(e.g., duplexes 5 and 6). Indeed, it was noted previously that
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directional binding of R2D2/Dcr-2 onto thermodynamically
asymmetric duplexes was better in lysate than in purified
proteins (56). This could suggest the existence of other
auxiliary factors for asymmetric binding. In fact, the direc-
tional binding was partially improved by adding dcr-2 mu-
tant lysate (Fig. 6D), which lacks signals for both Dcr-2 and
R2D2 (Fig. 6E). While the results with recombinant pro-
teins and complex cell extracts are not directly comparable,

they may suggest an additional factor(s) that promotes di-
rectional binding of the RISC loading machinery.

DISCUSSION

The nearly complete lack of RNAi activity in mutants of
core RNAi components led to the conclusion that the Dro-
sophila miRNA pathway is not capable of incorporating

FIG. 6. R2D2/Dcr-2 complex senses central duplex mismatches. (A) Small RNA duplexes tested in photo-cross-linking assays. Duplexes
#1 and #2 are thermodynamically asymmetric sod1 siRNA duplexes (56); duplexes #3 to #8 are wild-type and variant mir-276a and mir-277
duplexes characterized previously (46). The dominant guide strands known to be preferred by AGO2 are indicated by arrows. The arrows
are blue when AGO2 selects the mature miRNA and red when AGO2 selects the miRNA* strands or the guide siRNA strands. Purple “x”s
depict 5-iodouridine modification, and P*s represent 32P labels. Note that the second nucleotide from the 3� end of miR-276* and miR-277*
was changed from C to U to incorporate the cross-linker. Cross-linked proteins were visualized via the radiolabeled RNA and identified by
their characteristic migration in SDS-PAGE. (B to H) Photo-cross-linking assays using embryo lysates and/or recombinant proteins, as
indicated below each set of panels; the numbers at the bottom indicate ratios of R2D2/Dcr-2 signals. The R2D2/Dcr-2 complex orients
directionally onto thermodynamically asymmetric duplexes (B, lanes 1 and 2) (54), as well as onto miRNA duplexes whose central structure
determines strand preference by AGO2 (B, lanes 3 to 8). R2D2 dominantly bound the star (top) strand of the WT mir-276a duplex (B, lane
3), but reversal of its unpaired bases caused Dcr-2 to bind this strand preferentially (B, lane 4). Such directional binding was not determined
by the seed bulge (B, lane 5) but instead by the duplex central bulges (B, lane 6). In the WT mir-277 duplex, whose star (top) strand is strongly
rejected by AGO2, we observed no cross-linking between miR-277* and R2D2 (B, lane 7). The reversal of central duplex bulges, which allows
partial loading of miR-277* to AGO2, permits detectable cross-linking with R2D2 (B, lane 8). The recombinant R2D2/Dcr-2 complex also
bound directionally to asymmetric siRNA (C, lanes 1 and 2) and mir-276a (C, lanes 3 and 4) duplexes. However, asymmetric binding of
recombinant proteins was less prominent than in embryo lysate, and purified R2D2/Dcr-2 did not orient directionally on some duplexes (C,
lanes 5 to 8). This was rescued by supplementing recombinant R2D2/Dcr-2 with a dcr-2 mutant lysate (D) that was confirmed to lack the
functional R2D2/Dcr-2 complex (E). Directional binding of the R2D2/Dcr-2 complex was normal in the ago2 mutant lysate (F), and
recombinant AGO2 did not improve binding of purified R2D2/Dcr-2 (G). The loqs mutant lysate specifically lacking siRNA cofactor activity
(Loqs-PD) exhibited full directional binding of R2D2/Dcr-2 (H). Functional validation of the ago2 mutant lysate, recombinant AGO2, and
the loqs-KO; loqs-PB lysate is shown in Fig. S3 in the supplemental material.
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siRNAs as guide molecules (32, 35, 44). In fact, in vitro studies
using dcr-2 or ago2 mutant lysates showed that AGO1 still
prefers mismatched duplexes in RNAi-defective mutants (25,
55). However, our results not only demonstrate that R2D2 is
essential for endogenous small RNA loading to AGO2 but also
reveal that the RNAi pathway prevents endo-siRNA duplexes
from binding to AGO1. All classes of endo-siRNAs were en-
riched in AGO1 in the r2d2 mutant, whereas the abundance of
miRNA* species in AGO1 remained unchanged (Fig. 2 and 3).
The different behaviors of endo-siRNAs and miRNA* species
in the r2d2 mutant emphasize the sophistication of sorting
machineries.

Distinct behaviors of endo-siRNAs and miRNA* species in
r2d2 and ago2 mutants suggested that all classes of endo-
siRNAs are sorted primarily to AGO2 by the degree of base
pairing in the central region. The dramatic change of sorting in
the r2d2 and ago2 mutants fits well with this hypothesis. In
contrast, miRNA* species were not further accumulated
in AGO1 in RNAi-deficient mutants, consistent with the no-
tion that miRNA* species are sorted to AGO2 by the distinct
strand selection mechanisms of the two Argonautes (10, 15,
46). Although additional miRNA/miRNA* duplexes become
available for AGO1 in RNAi mutants, AGO1 continues to
incorporate the mature strands preferentially. Reciprocally,
AGO1 knockdown can increase the amount of miRNA* spe-
cies (10, 15), suggesting that loss of AGO1 can increase the
pool of miRNA duplexes available to AGO2 for miRNA*
strand incorporation.

R2D2, together with Dcr-2, directly mediates strand selec-
tion according to the thermodynamic stabilities of strongly
paired siRNA duplexes (56). It was proposed that the dsRNA
binding domains of R2D2 have greater affinity for the more
stably base paired end, thereby orienting Dcr-2 at the less
stable duplex end. We analyzed the role of R2D2 in strand
selection from imperfectly paired duplexes and found that the
direction of R2D2/Dcr-2 binding was strongly influenced by
characteristic positions of internal mismatches (Fig. 6). The
capacity of R2D2/Dcr-2 to sense central mismatch positions
was not predicted by the existing models. We note that the
purified R2D2/Dcr-2 complex showed the weakest affinity,
across a panel of variant duplexes, to a duplex with a mismatch
at the 9th nucleotide (55). Because position 9 is not exactly in
the middle of 22-mer duplexes, this asymmetry might contrib-
ute to orienting the RLC according to positions of internal
mismatch.

Although the biological requirement for RNAi as an endog-
enous defense system against viruses or selfish genetic ele-
ments is now well documented, it remains unclear why the
RNAi pathway has to be separated from the miRNA pathway.
Nevertheless, the factors for both pathways are well conserved
among insect species (6, 58). Moreover, while the siRNA fac-
tors of Caenorhabditis elegans are not orthologous to those in
insects, the miRNA pathway is also separated from endo-/exo-
siRNA pathways in the nematode (17, 63). These observations
suggest that separation of these pathways is of biological utility.
Because viral infection can induce the production of large
quantities of viral siRNAs (2, 12, 33, 62), the lack of R2D2 or
AGO2 may conceivably saturate the miRNA pathway upon
viral infection. In addition to the occlusion of AGO1 com-
plexes by highly complementary endo-siRNA duplexes (e.g.,

from TEs and cis-NATs), we provide explicit evidence for
activity of an endo-siRNA redirected to AGO1 in the absence
of R2D2 (Fig. 5C). Our bioinformatics analysis also suggests
that at least some fraction of endo-siRNAs from perfectly
double-stranded RNAs is unwound in the AGO1 complex,
implicating activity of endo-siRNAs (Fig. 5A). Because AGO1
is a more potent repressor against seed-matched target
mRNAs than AGO2 (13, 21), the residence of normally
AGO2-loaded siRNAs in AGO1 predicts potential misregula-
tion of targets bearing seed matches. We propose that the loss
of developmental robustness in RNAi mutants may potentially
be due to the off-target effects of endo-siRNAs in AGO1 (36),
in addition to the direct loss of endo-siRNA-mediated regula-
tion.

Off-target effects of siRNAs on seed-matched targets are a
major problem in mammalian cells (22). In addition, transfec-
tion of synthetic siRNAs in mammalian cells can saturate the
miRNA pathway, yielding derepression of endogenous
miRNA targets (27). More strikingly, injection of siRNAs into
zebrafish embryos induces non-sequence-specific effects, pos-
sibly by saturating the miRNA pathway (64). In contrast to
invertebrate model systems, siRNAs and miRNAs seem to be
broadly incorporated into all Argonautes in mammals (34, 39),
perhaps suggesting that there are inherent limitations to our
ability to completely control the regulatory capacity of mam-
malian siRNAs. Intriguingly, though, the mammalian endog-
enous siRNA and miRNA pathways appear to be temporally
segregated by keeping miRNAs inactive in oocytes and very
early embryonic stages (37, 52) and by allowing the majority of
siRNA production only in oocytes (53, 61). Our results high-
light the central role of R2D2 in organizing the Drosophila
siRNA and miRNA pathways by loading duplexes to the cor-
rect complex and selecting the correct strands. In principle,
such a factor could provide selectivity for mammalian small
RNA sorting.
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