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Asymmetry in the Assembly
of the RNAi Enzyme Complex

(Lagos-Quintana et al., 2001, 2002, 2003; Lau et al., 2001;
Lee and Ambros, 2001; Mourelatos et al., 2002; Reinhart
et al., 2002; Ambros et al., 2003; Brennecke et al., 2003;

Dianne S. Schwarz,1,3 György Hutvágner,1,3

Tingting Du,1 Zuoshang Xu,1 Neil Aronin,2

and Phillip D. Zamore1,*
Lim et al., 2003a, 2003b). miRNAs are encoded in genes1Department of Biochemistry and Molecular
distinct from the mRNAs whose expression they control.Pharmacology and

siRNAs were first identified as the specificity determi-2 Department of Medicine
nants of the RNAi pathway, where they act as guidesUniversity of Massachusetts Medical School
to direct endonucleolytic cleavage of their target RNAsLazare Research Building
(Hamilton and Baulcombe, 1999; Hammond et al., 2000;364 Plantation Street
Zamore et al., 2000; Elbashir et al., 2001a). PrototypicalWorcester, Massachusetts 01605
siRNA duplexes are 21 nt double-stranded RNAs that
contain 19 base pairs, with 2 nt, 3� overhanging ends
(Elbashir et al., 2001a; Nykänen et al., 2001; Tang et al.,Summary
2003). Active siRNAs, like miRNAs, contain 5� phos-
phates and 3� hydroxyls (Zamore et al., 2000; Boutla etA key step in RNA interference (RNAi) is assembly of
al., 2001; Hutvágner et al., 2001; Nykänen et al., 2001;the RISC, the protein-siRNA complex that mediates
Chiu and Rana, 2002; Mallory et al., 2002). Recent evi-target RNA cleavage. Here, we show that the two
dence suggests that siRNAs and miRNAs are function-strands of an siRNA duplex are not equally eligible for
ally interchangeable, with the choice of mRNA cleavageassembly into RISC. Rather, both the absolute and
or translational repression determined solely by the de-relative stabilities of the base pairs at the 5� ends of
gree of complementarity between the small RNA and itsthe two siRNA strands determine the degree to which
target (Hutvágner and Zamore, 2002; Doench et al.,each strand participates in the RNAi pathway. siRNA
2003; Zeng and Cullen, 2003). siRNAs and miRNAs areduplexes can be functionally asymmetric, with only
found in similar, if not identical, complexes, suggestingone of the two strands able to trigger RNAi. Asymmetry
that a single, bifunctional complex—the RNA-inducedis the hallmark of a related class of small, single-
silencing complex (RISC)—mediates both cleavage andstranded, noncoding RNAs, microRNAs (miRNAs). We
translational control (Caudy et al., 2002; Hutvágner andsuggest that single-stranded miRNAs are initially gen-
Zamore, 2002; Martinez et al., 2002; Mourelatos et al.,erated as siRNA-like duplexes whose structures pre-
2002).destine one strand to enter the RISC and the other

Each RISC contains only one of the two strands ofstrand to be destroyed. Thus, the common step of
the siRNA duplex (Martinez et al., 2002). Both siRNARISC assembly is an unexpected source of asymmetry
strands can be competent to direct RNAi (Elbashir etfor both siRNA function and miRNA biogenesis.
al., 2001a, 2001b; Nykänen et al., 2001). That is, the
anti-sense strand of an siRNA can direct cleavage of aIntroduction
corresponding sense RNA target, whereas the sense
siRNA strand directs cleavage of an anti-sense target.Two types of �21 nt RNAs trigger posttranscriptional
Here, we show that small changes in siRNA sequencegene silencing in animals: small interfering RNAs (siRNAs)
have profound and predictable effects on the extent toand microRNAs (miRNAs). Both siRNAs and miRNAs
which the individual strands of an siRNA duplex enter theare produced by the cleavage of double-stranded RNA
RNAi pathway, a phenomenon we term siRNA functional

(dsRNA) precursors by Dicer, a member of the RNase
asymmetry. We designed siRNAs that are fully asymmet-

III family of dsRNA-specific endonucleases (Bernstein
ric, with only one of the two siRNA strands forming

et al., 2001; Billy et al., 2001; Grishok et al., 2001; Hutvág- RISC in vitro. Such highly asymmetric siRNA duplexes
ner et al., 2001; Ketting et al., 2001; Knight and Bass, resemble intermediates previously proposed for the
2001; Paddison et al., 2002; Park et al., 2002; Provost miRNA biogenesis pathway (Hutvágner and Zamore,
et al., 2002; Reinhart et al., 2002; Zhang et al., 2002; Doi 2002; Reinhart et al., 2002; Lim et al., 2003b). Our data
et al., 2003; Myers et al., 2003). siRNAs result when suggest that RISC assembly is governed by an enzyme
transposons, viruses, or endogenous genes express that selects which strand of an siRNA is loaded into
long dsRNA or when dsRNA is introduced experimen- RISC. This strand is always the one whose 5� end is less
tally into plant or animal cells to trigger gene silencing, tightly paired to its complement. We propose that for
a process known as RNA interference (RNAi) (Fire et al., each siRNA duplex that is unwound, only one strand
1998; Hamilton and Baulcombe, 1999; Zamore et al., enters the RISC complex, whereas the other strand is
2000; Elbashir et al., 2001a; Hammond et al., 2001; Sijen degraded. For miRNAs, it is the miRNA strand of a short-
et al., 2001; Catalanotto et al., 2002). In contrast, miRNAs lived, siRNA duplex-like intermediate that assembles
are the products of endogenous, noncoding genes into a RISC complex, causing miRNAs to accumulate in
whose precursor RNA transcripts can form small stem vivo as single-stranded RNAs. Designing siRNAs to be
loops from which mature miRNAs are cleaved by Dicer more like these double-stranded miRNA intermediates

produces highly functional siRNAs, even when targeting
mRNA sequences apparently refractory to cleavage by*Correspondence: phillip.zamore@umassmed.edu

3 These authors contributed equally to this work. siRNAs selected by conventional siRNA design rules.
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Figure 1. The Two Strands of an siRNA Du-
plex Do Not Equally Populate the RISC

(A) Firefly luciferase sense and anti-sense tar-
get RNA sequences.
(B) In vitro RNAi reactions programmed with
the siRNA duplex indicated above the graph.
(C) In vitro RNAi reactions as in (B) but pro-
grammed with either the anti-sense or sense
single-stranded, 5� phosphorylated siRNAs
indicated above the graph.
(D) Fraction of anti-sense (black) and sense
(red) siRNA strands assembled into RISC
(open columns) or present as single strands
(filled columns) after incubation with Dro-
sophila embryo lysate for the siRNA duplexes
shown in (B) and (E). The average of four
trials � standard deviation is shown.
(E) In vitro RNAi reactions programmed with
the siRNA duplex indicated above the graph
and the target RNAs in (A). Throughout the
figures, the number of Watson-Crick base
pairs formed between the siRNA guide strand
and the target RNA is indicated in parenthe-
ses, and siRNA bases that mismatch with the
target RNA are noted in blue.

Results and Discussion two siRNA strands are equally effective as single strands
but show dramatically different activities when paired
to each other suggests that the asymmetry in their func-Functionally Asymmetric siRNA Duplexes

To assess if the two strands of an siRNA duplex are tion is established at a step in the RNAi pathway before
the encounter of the programmed RISC with its RNAequally competent to direct RNAi, we measured the in

vitro rates of sense and anti-sense target cleavage for an target.
siRNA duplex directed against firefly luciferase mRNA
(Figure 1A). For this siRNA, the anti-sense siRNA strand Differential RISC Assembly and siRNA

Functional Asymmetrydirected more-efficient RNAi against its sense target
RNA than the sense siRNA strand did toward the anti- siRNA unwinding correlates with siRNA function (Nykä-

nen et al., 2001; Martinez et al., 2002), likely becausesense target (Figure 1B). (Throughout this paper, anti-
sense siRNA strands and their sense target RNAs are siRNA duplex unwinding is required to assemble a RISC

competent to base pair with its target RNA. We mea-presented in black and sense siRNAs and their anti-
sense targets in red.) Control experiments showed that sured the accumulation of single-stranded siRNA from

the luciferase siRNA duplex after 1 hr incubation in anusing siRNA duplexes with 5� phosphates did not alter
this result (data not shown), indicating that different in vitro RNAi reaction in the absence of target RNA.

In this reaction, �22% of the anti-sense strand of therates of 5� phosphorylation for the two strands cannot
explain the asymmetry. luciferase siRNA was converted to single-strand (Figure

1D, siRNA B, solid black bar). Remarkably, we did notSingle-stranded siRNA can direct RNAi but is �10-
fold less effective than siRNA duplexes, reflecting the detect a corresponding amount of single-stranded

sense siRNA (Figure 1D, siRNA B, solid red bar). Sincereduced stability of single-stranded RNA in vitro and in
vivo (Schwarz et al., 2002). Surprisingly, the two strands the production of single-stranded anti-sense siRNA

must be accompanied by an equal amount of single-of the luciferase siRNA duplex, used individually as 5�
phosphorylated single-strands, had identical rates of stranded sense siRNA, the missing sense strand must

have been destroyed after unwinding.target cleavage (Figure 1C). Thus, the difference in the
cleavage rates of the sense and anti-sense strands can- We also used a novel RISC-capture assay to measure

the fraction of each siRNA strand that was assemblednot reflect a difference in the inherent susceptibility of
the two targets to RNAi. Instead, the finding that the into RISC (G.H., M. Simard, C. Mello, and P.D.Z., unpub-
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lished data). Double-stranded siRNA was incubated in To test our hypothesis, we examined the strand-spe-
cific rates of cleavage of sense and anti-sense humanan RNAi reaction for 1 hr, then we added a complemen-
Cu, Zn-superoxide dismutase (sod1) RNA targets (Figuretary 2�-O-methyl oligonucleotide tethered to a magnetic
2A) triggered by the siRNA duplexes shown in Figure 2.bead via a biotin-streptavidin linkage. 2�-O-methyl oligo-
In Figure 2B, the 5� ends of both siRNA strands of thenucleotides are not cleaved by the RNAi machinery but
duplex are in G:C base pairs, and the two strands arecan bind stably to complementary siRNA within the
similar in their rates of target cleavage. In Figure 2C, theRISC, so the amount of radioactivity stably associated
C at position 19 of the sense strand was changed to A,with the beads is a direct measure of the amount of
causing the anti-sense strand to begin with an unpairedRISC formed. The assay was performed with siRNA du-
nucleotide. This change, which was made to the sense-plexes in which either the sense or the anti-sense strand
strand of the siRNA, caused the rate of target cleavagewas 5�-32P-radiolabeled. All RISC activity directed by the
guided by the anti-sense siRNA strand to be dramati-siRNA strand complementary to the tethered oligonucle-
cally enhanced and the sense strand rate to be sup-otide was captured on the beads; no RISC was captured
pressed (Figure 2C). Because the enhancement of senseby an unrelated 2�-O-methyl oligonucleotide (data not
target cleavage was caused by a mutation in the senseshown). The RISC-capture assay recapitulated our un-
siRNA strand, which does not participate in the recogni-winding measurements: ten-fold more anti-sense siRNA-
tion of this target, the effect of the mutation must be oncontaining RISC was detected than sense-strand RISC
a step in the RNAi pathway that is spatially or temporally(Figure 1D, siRNA B, open bars). The simplest explana-
coupled to siRNA unwinding. However, the suppressiontion is that the two strands of the siRNA duplex are
of anti-sense target cleavage might have resulted fromdifferentially loaded into the RISC and that single-
the single-nucleotide mismatch between the sensestranded siRNA not assembled into RISC is degraded.
strand and its target RNA generated by the C-to-U sub-
stitution.siRNA Structure and RISC Assembly

To exclude this possibility, we used a different strat-The finding that the two siRNA strands can have different
egy to unpair the 5� end of the anti-sense strand. Incapacities to form RISC when paired suggests that some
Figure 2D, the sense strand is identical to that in Figurefeature unique to the duplex determines functional
2B, but the first nucleotide of the anti-sense strand wasasymmetry. For the siRNA in Figure 1B, the 5� end of
changed from G to U, creating a U-C mismatch at its 5�the anti-sense siRNA strand begins with U and is thus
end in place of the G-A of Figure 2C. This siRNA duplexpaired to the sense siRNA strand by an U:A base pair
still showed pronounced asymmetry, with the anti-sense(two hydrogen bonds). In contrast, the 5� nucleotide of
strand guiding target cleavage to the nearly completethe sense siRNA strand is linked to the anti-sense strand
exclusion of the sense strand (Figure 2D). Thus, theby a C:G base pair (three hydrogen bonds). A simple
suppression of the cleavage rate of the sense strand inhypothesis is that the siRNA strand whose 5� end is
Figure 2C was not a consequence of the position 19more weakly bound to the complementary strand more
mismatch with the anti-sense target. This finding is con-readily incorporates into RISC.
sistent with previous studies that suggest that mis-

As an initial test of this idea, we changed the first
matches with the target RNA are well tolerated if they

nucleotide of the siRNA sense strand from C to U, replac-
occur near the 3� end of the siRNA guide strand (Amarz-

ing a C:G pair with a less stable U:G wobble. The se-
guioui et al., 2003). When we paired the sense strand

quence of the anti-sense siRNA was not altered (Figure of Figure 2C with the anti-sense strand of Figure 2D
1E). This single nucleotide substitution increased the to create the duplex in Figure 2E, the resulting siRNA
rate of cleavage directed by the sense strand and virtu- directed anti-sense target cleavage significantly better
ally eliminated RNAi directed by the anti-sense strand than the siRNA in Figure 2C, although the two siRNAs
(Figure 1E). That is, the single C-to-U substitution in- contain the same sense strand (Figure 2E).
verted the functional asymmetry of the siRNA. Assembly Figures 2F–2H show a similar analysis in which the 5�
of the two strands of the siRNA into RISC was also end of the sense strand or position 19 of the anti-sense
reversed: nearly 30% of the sense siRNA strand was strand of the siRNA in Figure 2B was altered to produce
converted to single strand after 1 hr incubation, but no siRNA duplexes in which the 5� end of the sense strand
single-stranded anti-sense strand was detected (Figure was either fully unpaired (Figures 2F and 2G) or in an
1D, siRNA E). A:U base pair (Figure 2H). Again, unpairing the 5� end of

We calculated the stability of the initial four base pairs an siRNA strand—the sense strand in this case—caused
of the siRNA strands in Figure 1 using the nearest-neigh- that strand to function to the exclusion of the other
bor method and the mfold algorithm (Mathews et al., strand. When the sense strand 5� end was present in
1999; Zuker, 2003). The 5� end of the sense siRNA strand an A:U base pair and the anti-sense strand 5� end was
in Figure 1E, but not that in Figure 1B, is predicted to in a G:C pair, the sense strand dominated the reaction
exist as an equilibrium of two conformers of nearly equal (Figure 2H), but the anti-sense strand retained activity
energy. In one conformer, the 5� nucleotide of the sense similar to that seen for the original siRNA (Figure 2B).
strand is bound to the anti-sense strand by a U:G wobble We conclude that the relative ease with which the 5�
pair, whereas in the other conformer the 5� end of this ends of the two siRNAs can be liberated from the duplex
siRNA strand is unpaired (Supplemental Figures S1A– determines the degree of asymmetry. Additional data
S1C online at http://www.cell.com/cgi/content/full/115/ supporting this idea is shown in Supplemental Figure
2/199/DC1). The analysis suggests that RISC assembly S1. Figure S1F shows an siRNA that cleaved the two
favors the siRNA strand whose 5� end has a greater sod1 target RNAs (Figure S1D) with modest functional

asymmetry that reflects the collective base pairingpropensity to fray.
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Figure 2. 5� Terminal, Single-Nucleotide Mismatches Make siRNA Duplexes Functionally Asymmetric

(A) The sequences at the cleavage site of the 560 nt sod1 RNA sense or 578 nt sod1 anti-sense target RNAs. The siRNAs in this figure and
in Figure 3 cleave the sense target to yield a 320 nt 5� product and the anti-sense target to yield a 261 nt 5� product.
(B–H) In vitro RNAi reactions programmed with the siRNA indicated above each graph using the target RNAs diagrammed in (A).
(I) In vitro RNAi reactions programmed with anti-sense or sense single-stranded, 5� phosphorylated siRNAs (the single nucleotide mismatch
with target RNA is underlined): black squares, 5�-pGUCACAUUGCCCAAGUCUCdTdT-3�; black circles, 5�-pUUCACAUUGCCCAAGUCUCdTdT-3�;
red squares, 5�-pGAGACUUGGGCAAUGUGAAdTdT-3�; red circles, 5�-pGAGACUUGGGCAAUGUGACdTdT-3�.
(J–M) A single hydrogen bond difference can cause the two strands of an siRNA duplex to assemble differentially into RISC. (J–L) In vitro
RNAi reactions programmed with the siRNA indicated above each graph using the target RNAs in (A). (M) In vitro RNAi reactions as in (J)–(L)
but programmed with anti-sense or sense single-stranded, 5� phosphorylated siRNAs: black circles, 5�-IUCACAUUGCCCAAGUCUCdTdT-3�;
red circles, 5�-IAGACUUGGGCAAUGUGACdTdT-3�.

strength of the first four nucleotides of each siRNA tion, we altered the siRNA in Figure 2B by introducing
inosine (I) in place of the initial guanosines of the siRNAstrand (Figure S1E; see below). Asymmetry was dramati-

cally increased when a G:U wobble was introduced at strands. These siRNAs cleave the same sites on the two
target RNAs as the siRNA in Figure 2B but contain I:Cthe 5� end of the anti-sense strand of the siRNA (Figure

S1G), but no asymmetry was seen when the individual pairs instead of G:C. An I:C pair is similar in energy to
an A:U (Turner et al., 1987). When the sense strandsingle-strands strands were used to trigger RNAi (Figure

S1H), demonstrating that differential RISC assembly, not began with I, it directed target cleavage more efficiently
than the anti-sense strand (Figure 2J). An inosine at thetarget accessibility, explains the functional asymmetry

of the siRNA duplex. 5� end of the anti-sense strand had the opposite effect
(Figure 2K). Thus, a difference of a single hydrogen bond
has a measurable effect on the symmetry of RISC as-A Single Hydrogen Bond Can Determine Which

siRNA Strand Directs RNAi sembly. When both siRNA strands began with I, the
relative efficacy of the two siRNA strands (Figure 2L)How small a difference in siRNA base pairing can the

RISC-assembly machinery sense? To explore this ques- was restored to that measured for the individual single
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strands (Figure 2M). Thus, the small difference in rates times lower frequency than the miRNAs themselves,
they could always be paired with the correspondingin Figure 2L reflects a difference in the intrinsic capacity
miRNA to give miRNA duplexes with 2 nt overhangingof the two strands to guide cleavage, not a difference
3� ends (Lim et al., 2003b). Their data suggest that miRNAsin their assembly into RISC. We note that the absolute
are born as duplexes but accumulate as single-strandsrates are faster for the siRNA in Figure 2L than that in
because some subsequent process stabilizes theFigure 2B, suggesting that production of RISC from an
miRNA, destabilizes the miRNA*, or both.individual strand is governed not only by the relative

We propose that incorporation of miRNA into RISCpropensity of the two 5� ends to fray, but also by their
is this process. Our results with siRNA suggest thatabsolute propensities to fray.
preferential assembly of a miRNA into the RISC wouldWe hypothesize that siRNA end fraying provides an
be accompanied by destruction of its * strand (Figureentry site for an ATP-dependent RNA helicase that un-
4A). To favor miRNA accumulation, miRNA duplexeswinds siRNA duplexes (Figure 4A). The involvement of
would present the miRNA in a structure that loads thea helicase in RISC assembly is supported by previous
miRNA strand, but not the miRNA*, into RISC.observations. (1) Both siRNA unwinding and production

Is this idea plausible? We deduced the miRNA duplexof functional RISC require ATP in vitro (Nykänen et al.,
that might be generated by processing of pre-let-72001), and (2) several proteins with sequence homology
(“conceptual dicing,” Figure 4B). Pre-miRNA stems areto ATP-dependent RNA helicases have been implicated
only partially double stranded; the typical animal pre-in RNA silencing (Wu-Scharf et al., 2000; Dalmay et al.,
miRNA contains mismatches, internal loops, and G:U2001; Hutvágner and Zamore, 2002; Ishizuka et al., 2002;
base pairs predicted to distort an RNA helix. As a conse-Kennerdell et al., 2002; Tabara et al., 2002; Tijsterman
quence, miRNA duplexes should also contain terminalet al., 2002). However, other mechanisms are possible,
and internal mismatches and G:U base pairs. For pre-including strand selection by an ATP-dependent nuclease
let-7, the 5� end of let-7 is unpaired in the predictedor the concerted action on the siRNA of an ATPase and
miRNA duplex, whereas the 5� end of the * strand issingle-stranded RNA binding proteins and/or nucleases.
paired. The results presented in Figures 1 and 2 predictFour to six bases of single-stranded nucleic acid are
that this structure should cause the let-7 strand to enterbound by the well-studied helicases PcrA (Velankar et
the RISC and the let-7* strand to be degraded. Embold-al., 1999) and NS3 (Kim et al., 1998). Therefore, we tested
ened by this thought experiment, we extended the analy-the effect of single-nucleotide mismatches in this region
sis to other Drosophila miRNA genes (Lagos-Quintanaof the siRNA using a series of siRNAs containing a mis-
et al., 2001). For each, we inferred from its precursormatch at the second, third, or fourth position of each
structure the double strand predicted to be producedsiRNA strand. We also analyzed siRNAs bearing G:U
by Dicer. These conceptually diced miRNA duplexes arewobble pairs at the second, third, or both second and
shown in Figure 4C. For 20 of the 27 duplexes analyzedthird positions (Figure 3). These siRNAs were again
(including pre-let-7), the difference in the base pairingbased on the siRNA in Figure 2B and targeted the sod1
of the first five nucleotides of the miRNA versus thesense and anti-sense RNAs in Figure 2A. The results of
miRNA* strand accurately predicted the miRNA, andthis series demonstrate that mismatches, but not G:U
not the miRNA*, to accumulate in vivo. The analysiswobbles, at positions 2–4 of an siRNA strand alter the
succeeded irrespective of which side of the pre-miRNArelative loading of the two siRNA strands into RISC.
stem encoded the mature miRNA. In this analysis, weMismatches at position five have very modest effects
relied on our observations that single mismatches in theon the relative loading of the siRNA strands into RISC
first four nucleotides of an siRNA strand, an initial G:U(data not shown). In contrast, the effects of internal mis-
wobble pair, but not internal G:U wobbles, directed thematches at positions 6–15 cannot be explained by their
asymmetric incorporation of an siRNA strand into RISCinfluencing the symmetry of RISC assembly (data not
(Figures 1, 2, 3, and S1). However, our experiments withshown). In sum, these data are consistent with the action
siRNA predict that both the miRNA and the miRNA*of a nonprocessive helicase that can bind about four
strand should accumulate for miR-2a-2, miR-4, miR-5,nucleotides of RNA.
one of the three miR-6 paralogs, miR-8, miR-10, and
miR-13a. Recently, Tuschl and colleagues reported an

Implications of siRNA Asymmetry exhaustive effort to clone and sequence miRNAs from
for miRNA Biogenesis Drosophila (Aravin et al., 2003). They found that miR-
miRNAs are derived from the double-stranded stem of 2a-2*, miR-4*, miR-8*, miR-10*, and miR-13a* are all
hairpin precursor RNAs by cleavage catalyzed by the expressed in vivo. We have confirmed by Northern hy-
double-stranded RNA-specific endonuclease Dicer (Lee bridization that both miR-10 and miR-10* are expressed
et al., 1993; Pasquinelli et al., 2000; Reinhart et al., 2000; in adult Drosophila males and females and in syncitial
Grishok et al., 2001; Hutvágner et al., 2001; Ketting et blastoderm embryos (Supplemental Figure S2). Thus, of
al., 2001; Lagos-Quintana et al., 2001, 2002; Lau et al., the seven miRNAs we predict to accumulate as both
2001; Lee and Ambros, 2001; Reinhart et al., 2002). Pre- miRNA and miRNA* species, five have now been con-
miRNA processing by Dicer may generate a product firmed experimentally. No miRNA* species were cloned
with the essential structure of an siRNA duplex, as first by Tuschl and colleagues for any of the miRNAs we
suggested by Bartel and colleagues (Reinhart et al., predicted to accumulate asymmetrically (Aravin et al.,
2002; Lim et al., 2003b). Using a small RNA cloning 2003). These data strengthen our proposal that pre-
strategy to identify mature miRNAs in C. elegans, they miRNAs specify on which side of the stem the miRNA
recovered small RNAs corresponding to the non-miRNA resides by generating miRNA duplexes from which only
side of the precursor’s stem (Lim et al., 2003b). Although one of the two strands is assembled into RISC. When

these double-stranded miRNA intermediates do notthese miRNA* sequences were recovered at about 100
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Figure 3. The First Four Base Pairs of the siRNA Duplex Determine Strand-Specific Activity

Internal, single-nucleotide mismatches (A–F) near the 5� ends of an siRNA strand generate functional asymmetry but internal G:U wobble
pairs (G–I) do not. Target RNAs were as in Figure 2A.

contain structural features enforcing asymmetric RISC RNAi pathway. A review of the published literature sug-
gests that the structure of the siRNA duplex, rather thanassembly, both strands accumulate in vivo. It is tempting

to speculate that pre-miRNAs such as pre-miR-10, that of the target site, explains most reports of ineffec-
tive siRNAs duplexes. Such inactive duplexes may bewhich generates roughly equal amounts of small RNA

products from both sides of the precursor stem, regulate coaxed back to life simply by modifying the sense strand
of the siRNA. An example of this is shown in Supplemen-target RNAs with partial complementary to either small

RNA product. tal Figure S1 for an ineffective siRNA directed against
the huntingtin (htt) mRNA (Figure S2K). Changing the
G:C (Figure S2K) to an A:U pair (Figure S2L) or a G-AImplications for RNA Silencing

Our observations have important implications for the mismatch (Figure S2M) dramatically improved its target
cleavage rate in vitro and its efficacy in vivo (E. Milkani,design of functional siRNAs for mammalian RNAi. We

have shown that siRNA structure can profoundly influ- N.A., and P.D.Z., unpublished data). Because RNAi is a
natural cellular pathway, siRNAs should be designed toence the entry of the anti-sense siRNA strand into the
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Figure 4. Asymmetric RISC Assembly Can Explain siRNA and miRNA Strand Choice

(A) A model for RISC assembly. Dicing of both pre-miRNAs and dsRNA is proposed to generate a duplex intermediate that is a substrate for
an ATP-dependent RNA helicase that directs only one of the two strands into RISC; the other strand is degraded.
(B and C) Asymmetric RISC assembly from double-stranded intermediates explains why miRNAs accumulate in vivo as single strands. (B)
pre-let-7 might be processed by Dicer into a miRNA duplex in which the 5� end of let-7, but not that of let-7*, is unpaired. (C) The miRNA
duplexes predicted to result from Dicer cleavage of Drosophila miRNA precursors. The end bearing features predicted to promote asymmetric
siRNA strand incorporation into RISC is highlighted in yellow, and the mature miRNA sequence is in italics. Analysis of the predicted miR-
10/miR-10* duplex, for which both ends are highlighted in purple, provides little information as to why miR-10 would predominate in vivo.
miRNA sequences are from Lagos-Quintana et al. (2001) and Brennecke et al. (2003), with minor sequence corrections from Aravin et al.
(2003); miRNA* sequences for miR-2a-2, miR-4, miR-8, miR-10, and miR-13a are as reported by Aravin et al. (2003).
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mRNA, which was transcribed from a plasmid template (Crow etreflect the biological requirements for entry of the anti-
al., 1997) linearized with BamHI. PCR templates for htt sense andsense strand into RISC. In cultured HeLa cells, siRNAs
anti-sense and sod1 anti-sense target RNAs were generated bydesigned according to the mechanism-based rules pre-
amplifying 0.1 ng/�l (final concentration) plasmid template encoding

sented in this paper show maximum suppression of htt or sod1 cDNA using the following primer pairs: htt sense target,
target mRNA expression at concentrations �100-fold 5�-GCGTAATACGACTCACTATAGGAACAGTATGTCTCAGACATC-3�

and 5�-UUCGAAGUAUUCCGCGUACGU-3�; htt anti-sense target,lower than those typically used in mammalian RNAi
5�-GCGTAATACGACTCACTATAGGACAAGCCTAATTAGTGATGC-3�studies (Schwarz et al., 2002, and our unpublished data).
and 5�-GAACAGTATGTCTCAGACATC-3�; sod1 anti-sense target,Rana and colleagues previously noted the dispropor-
5�-GCGTAATACGACTCACTATAGGGCTTTGTTAGCAGCCGGAT-3�tionate influence of the 5� nucleotides of the anti-sense
and 5�-GGGAGACCACAACGGTTTCCC-3�.

strand on siRNA function (Chiu and Rana, 2003). Consis-
tent with our in vitro data, Khvorova and colleagues have Immobilized 2�-O-methyl Oligonucleotide Capture of RISC

The 5� end of the siRNA strand to be measured was 32P-radiolabeledfound that a low base-pairing stability at the 5� end of
with PNK. 10 pmol biotinylated 2�-O-Methyl RNA was immobilizedthe anti-sense strand, but not the sense strand, charac-
on Dynabeads M280 (Dynal) by incubation in 10 �l lysis buffer con-terizes functional siRNAs in cultured cells (Khvorova et
taining 2 mM DTT for 1 hr on ice with the equivalent of 50 �l of theal., 2003 [this issue of Cell]).
suspension of beads provided by the manufacturer. The beads were

siRNAs designed to function asymmetrically may also then washed to remove unbound oligonucleotide. 50 nM siRNA was
be used to enhance RNAi specificity. Expression profil- preincubated in a standard 50 �l in vitro RNAi reaction for 15 min

at 25�C. Then, all of the immobilized 2�-O-Methyl oligonucleotideing studies show that the sense strand of an siRNA can
was added to the reaction and the incubation continued for 1 hr atdirect off-target gene silencing (Jackson et al., 2003). A
25�C. After incubation, the beads were rapidly washed three timespotential remedy for such sequence-specific but unde-
with lysis buffer containing 0.1% (w/v) NP-40 and 2 mM DTT followedsirable effects is to redesign the siRNA so that only the
by a wash with the same buffer without NP-40. Input and bound

anti-sense strand enters the RNAi pathway. radioactivity were determined by scintillation counting (Beckman).
Our observations also suggest a need to revise the The 5�-biotin moiety was linked via a six-carbon spacer arm. 2�-O-

methyl oligonucleotides (IDT) were: 5�-biotin-ACAUUUCGAAGUAUcurrent design rules for the construction of short hairpin
UCCGCGUACGUGAUGUU-3� (to capture the siRNA sense strand)RNA (shRNA) vectors, which produce siRNAs transcrip-
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