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ABSTRACT

Small interfering RNAs (siRNAs) and microRNAs (miRNAs) guide catalytic sequence-specific cleavage of fully or nearly fully
complementary target mRNAs or control translation and/or stability of many mRNAs that share 6–8 nucleotides (nt) of
complementarity to the siRNA and miRNA 59 end. siRNA- and miRNA-containing ribonucleoprotein silencing complexes are
assembled from double-stranded 21- to 23-nt RNase III processing intermediates that carry 59 phosphates and 2-nt overhangs
with free 39 hydroxyl groups. Despite the structural symmetry of a duplex siRNA, the nucleotide sequence asymmetry can
generate a bias for preferred loading of one of the two duplex-forming strands into the RNA-induced silencing complex (RISC).
Here we show that the 59-phosphorylation status of the siRNA strands also acts as an important determinant for strand selection.
59-O-methylated siRNA duplexes refractory to 59 phosphorylation were examined for their biases in siRNA strand selection.
Asymmetric, single methylation of siRNA duplexes reduced the occupancy of the silencing complex by the methylated strand
with concomitant elimination of its off-targeting signature and enhanced off-targeting signature of the phosphorylated strand.
Methylation of both siRNA strands reduced but did not completely abolish RNA silencing, without affecting strand selection
relative to that of the unmodified siRNA. We conclude that asymmetric 59 modification of siRNA duplexes can be useful for
controlling targeting specificity.
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INTRODUCTION

Duplexes of 21-nucleotide (nt) small interfering RNAs
trigger RNA interference (RNAi) in mammalian cells and
are widely used for functional genetic studies or screens
in cultured cells (for reviews, see Dorsett and Tuschl
2004; Echeverri and Perrimon 2006; Fuchs and Boutros
2006; Root et al. 2006; Krausz 2007). siRNA duplexes
are designed to mimic the RNase III processing intermedi-
ates of naturally expressed dsRNAs, such as miRNAs, to

effectively enter the RNAi pathway (for reviews, see Bartel
2004; Meister and Tuschl 2004; Filipowicz et al. 2005;
Tomari and Zamore 2005). Naturally processed siRNAs or
miRNAs carry 59 phosphates and 39-hydroxyl groups and
have symmetric 2-nt 39 overhangs (Elbashir et al. 2001; Lau
et al. 2001). Synthetic siRNA duplexes with 59-hydroxyl
ends are rapidly phosphorylated inside cells by the cellular
kinase Clp1 (Weitzer and Martinez 2007). Some classes of
small RNAs are additionally 29-O-methylated at their 39

ends, depending on the species (Ebhardt et al. 2005; Yu
et al. 2005; Vagin et al. 2006; Horwich et al. 2007; Kirino
and Mourelatos 2007; Ohara et al. 2007; Pelisson et al.
2007; Saito et al. 2007). Mammalian miRNAs or siRNAs
are not methylated, but the germline-specifically expressed
piRNAs are 39-end modified (Kirino and Mourelatos 2007;
Ohara et al. 2007).

One strand of the siRNA duplex or miRNA/miRNA*
molecule is assembled into an effector complex or RISC,
while the other strand is degraded during the assembly
process (Hutvágner and Zamore 2002; Martinez et al.

4These authors contributed equally to this work.
5Present address: RNA Therapeutics, Merck & Co., Inc., WP26-410,

West Point, PA 19486, USA.
Reprint requests to: Thomas Tuschl, Howard Hughes Medical Institute,

Laboratory of RNA Molecular Biology, The Rockefeller University, 1230
York Avenue, Box 186, New York, NY 10021, USA; e-mail: ttuschl@
rockefeller.edu; fax: (212) 327-7652; or Gunter Meister, Munich Center
for Integrated Protein Science (CIPSM), Max Planck Institute of
Biochemistry, Am Klopferspitz 18, D-82152 Martinsried, Germany; e-mail:
meister@biochem.mpg.de; fax: 49-89-8578-3430.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.789808.

RNA (2008), 14:263–274. Published by Cold Spring Harbor Laboratory Press. Copyright � 2008 RNA Society. 263



2002a). The effector complex contains at its heart an
Ago/PIWI protein member (Hammond et al. 2001;
Martinez et al. 2002a). Ago/PIWI proteins contain a
conserved Piwi-Argonaute-Zwille (PAZ) and PIWI domain
(for reviews, see Carmell et al. 2002; Peters and Meister
2007). The PAZ domain, which is also present in Dicer,
specifically binds the characteristic 2-nt 39 overhangs of
RNase-III-processed dsRNAs (Song et al. 2003; Yan et al.
2003; Lingel et al. 2004; Ma et al. 2004). The PIWI domain
contains a RNA 59-phosphate binding (MID domain) and
a RNase H domain (Parker et al. 2004, 2005; Song et al.
2004; Ma et al. 2005; Rivas et al. 2005; Yuan et al. 2005,
2006; Song and Joshua-Tor 2006). The MID domain
anchors the 59 end of the guide small RNAs (Ma et al.
2005; Parker et al. 2005; Rivas et al. 2005), and presumably
also plays a role during RISC-loading by receiving and
binding the guide strand 59 phosphate (Nykänen et al.
2001).

Protein factors critically involved in siRNA or miRNA
silencing complex assembly were first identified in Dro-
sophila melanogaster. Duplex siRNAs are recognized by the
heterodimer of RNase III Dcr-2 and the dsRNA-binding-
domain protein R2D2, both of which are critical for
formation of the Ago2-containing RISC (Liu et al. 2003,
2006). miRNA maturation in D. melanogaster is catalyzed
by a heterodimeric complex of RNase III Dcr-1 and
the dsRNA-binding-domain protein Loquacious/R3D1
(Förstemann et al. 2005; Jiang et al. 2005; Saito et al.
2005). R2D2 preferably binds the thermodynamically more
stable end of the siRNA duplex and thereby directs strand
selection (Tomari et al. 2004b). The assembly of RISC is
ATP dependent, at least to a certain degree (for reviews, see
Filipowicz 2005; Preall and Sontheimer 2005). In mamma-
lian systems, Dicer, the dsRNA-binding proteins TARBP2
and/or PACT, and an Ago protein appear to form the
RISC-loading complex (Chendrimada et al. 2005; Gregory
et al. 2005; Haase et al. 2005; Maniataki and Mourelatos
2005; Lee et al. 2006).

Two pathways are known for the transition of the
duplex siRNAs or miRNA/miRNA* processing intermedi-
ate into a single-stranded RNA-containing effector complex
(Matranga et al. 2005; Rand et al. 2005; Leuschner et al.
2006). The first pathway requires near-perfect base-pairing
of the small RNA strands and depends on the RNase H
activity intrinsic to a subset of the siRNA-binding Ago
proteins (Liu et al. 2004; Meister et al. 2004; Parker
et al. 2004, 2005; Rand et al. 2004; Song et al. 2004; Ma
et al. 2005; Miyoshi et al. 2005; Rivas et al. 2005; Yuan et al.
2005). RNase H active Ago proteins are able to receive the
duplex siRNAs and guide the cleavage of the nonretained
siRNA strand (often referred to as passenger, nonguide,
or sense siRNA) (Matranga et al. 2005; Rand et al. 2005;
Leuschner et al. 2006). Upon release of the cleavage pro-
ducts, the retained guide (or anti-sense) siRNA is able
to recognize complementary or partially complementary

mRNA targets. The second RISC loading pathway is used,
when duplex siRNA or miRNA/miRNA* duplexes either
encounter a RNase-H-deficient Ago protein member or
when the duplexes are imperfectly paired across the center
and cleavage site (like most miRNA/miRNA* duplexes),
thereby preventing RNase H cleavage (Matranga et al. 2005).
Presumably, a RNA helicase activity residing or transiently
associating with the RISC-loading complex catalyzes the
second RISC loading process (Tomari et al. 2004a; Meister
et al. 2005; Robb and Rana 2007).

The duplex-initiated RISC assembly process appears
to be bypassed if high concentrations of single-stranded
siRNAs are added to cell lysates or transfected into cells
(Martinez et al. 2002a). The role and the requirement for a
59 phosphate in reconstituting RISC and its activity, how-
ever, remained somewhat controversial (Liu et al. 2004;
Song et al. 2004; Ma et al. 2005).

The specificity of small-RNA-guided mRNA degradation
was examined in detail including mRNA array analysis
(Jackson et al. 2003; Lin et al. 2005; Birmingham et al. 2006;
Jackson et al. 2006b). These studies revealed ‘‘off-targeting’’
activities of siRNAs that could not be separated from
the ‘‘on-targeting’’ activity by simply decreasing the siRNA
concentration. Some of the off-targets contained sequence
segments of extensive complementarity to the siRNA, but
many other off-targets showed only partial complementarity
within their 39-untranslated region (UTR) to the siRNAs,
notably at the 59 end of the siRNA guide strand. The latter
observation was reminiscent of miRNA ‘‘seed’’ sequence
(comprising positions 1–8) mediated target mRNA regula-
tion (Lai 2002; Lewis et al. 2003; Stark et al. 2003; Rajewsky
and Socci 2004; Lim et al. 2005; Linsley et al. 2007). Off-
target signatures can be identified for both the sense and
the anti-sense siRNA strands, although strand biases during
the assembly of RISC affect the targeting efficiencies of the
two strands (Khvorova et al. 2003; Schwarz et al. 2003). In
selecting siRNA sequences one takes now into consideration
the differential thermodynamic stability of the siRNA ends
to favor the incorporation of the target mRNA comple-
mentary guide siRNA (for review, see Pei and Tuschl 2006).
Other strategies proposed to control off-targeting activities
included the introduction of 29-O-methyl-ribose residues
into the seed sequences of the siRNAs, which reduces off-
targeting without detectable drop in on-targeting (Jackson
et al. 2006a).

Here we study the role of the 59-terminal phosphate
during RISC assembly from duplex and single-stranded
siRNAs using 59-O-methyl-modified siRNAs. We show that
the 59-phosphorylation status within a duplex siRNA is an
important determinant of strand incorporation into RISC,
and we demonstrate that selective 59-O-methylation can be
used to control strand-specific off-targeting activity. The
phosphorylation status of single-stranded siRNAs has little
impact on the nonnatural RISC assembly and the sub-
sequent activity of RISC.
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RESULTS

59 phosphates are required for reconstitution of RISC
from double-stranded but not single-stranded siRNAs

To revisit the requirements for 59 phosphates described
for reconstituting RISC in D. melanogaster (Nykänen et al.
2001) or human cell lysates (Martinez et al. 2002a; Liu et al.
2004; Song et al. 2004; Ma et al. 2005), we prepared single-
and double-stranded siRNAs with uridine and thymidine
59-end modifications (Fig. 1A). 59-O-methyl-thymidine is
currently the only nucleotide readily available for solid-phase
synthesis to render the ribose 59 ends of siRNAs refractory
to phosphorylation in cell lysates (Nykänen et al. 2001).
HeLa cells and lysates contain hClp1 kinase, which rapidly
phosphorylates 59-hydroxyl termini of dsRNA or dsDNA
as well as single-stranded RNA (Martinez et al. 2002a;
Weitzer and Martinez 2007). To control for the concomitant
introduction of a 5-methyl group with 29-deoxythymidine
incorporation into RNA, we also prepared siRNAs with
59-hydroxyl-29-deoxythymidine, 59-hydroxyl-uridine, and
59-phosphorylated uridine-containing siRNAs.

HeLa S100 cell lysates were incubated with double-
stranded siRNA derivatives followed by addition of 59
32P-labeled complementary target mRNA segments. Irre-
spective of the modification of the sense (passenger) strand,
59-hydroxyl- or 59-phosphate-modified anti-sense strands
mediate target RNA cleavage. In contrast, 59-O-methylated
anti-sense siRNA showed substantially reduced activity
(Fig. 1B). The siRNA duplexes were cognate to firefly luci-
ferase (Pp-luc) mRNA, and they were cotransfected with
plasmids encoding the Pp-luc target and sea pansy control
luciferase (Rr-luc) genes into HeLa cells. Consistent with
the biochemical results, only the duplex with 59-O-methyl-
modified anti-sense strand showed reduced silencing ac-
tivity (Fig. 1C). Together, these observations were pointing
to a role of the 59 phosphate of the anti-sense strand during
RISC loading or RISC activity.

Two possibilities can be envisioned responsible for the
reduced silencing activity of 59-O-methylated anti-sense
strand duplex siRNAs: (1) loading of the anti-sense strand
into RISC was compromised, and/or (2) the anti-sense
strand-loaded RISC had reduced activity because of con-
formational restraints imposed by an unoccupied Ago2
59-phosphate binding pocket (Liu et al. 2004; Ma et al.
2005; Parker et al. 2005; Rivas et al. 2005). We therefore
tested if we were able to load RISC using the single-
stranded anti-sense siRNAs. Because single-stranded siRNAs
are more susceptible to nucleases present in cell lysates
than duplex siRNAs, we immunopurified FLAG/HA-affinity-
tagged Ago2 protein complexes from HEK 293 cell lysates,
and subsequently incubated them with single-stranded
siRNAs and target RNA substrate. Surprisingly, the single-
stranded siRNAs reconstituted RISC activity irrespective of
their 59 modification status (Fig. 1D).

These data suggest that the 59 phosphate plays an
important role during the process of RISC loading, that
a 59-phosphate-sensing mechanism can be bypassed using
single-stranded siRNAs, and that the Ago2 59-phosphate
binding pocket does not need to be occupied to mediate
target mRNA cleavage.

FIGURE 1. 59 phosphates are required for reconstitution of RISC
from double-stranded but not single-stranded siRNAs. (A) Schematic
presentation of the luciferase duplex siRNAs used in B and C. (B)
HeLa S100 extract was incubated with the siRNAs shown in A. After
preincubation, a 32P-cap-labeled RNA substrate was added, and the
cleaved RNA fragments were analyzed on a denaturing sequencing gel.
T1 refers to partial nuclease T1 digestion of the target RNA. The black
line to the left indicates the segment of the target RNA covered by the
used siRNAs. (C) The effect of duplexes 1–5 and a control siRNA
duplex on inhibition of the firefly luciferase (Pp-luc) expression
relative to Renilla luciferase (Rr-luc) in a dual-luciferase assay. The
ratios of the signals of Pp-luc/Rr-luc for duplexes 1–5 were normalized
to that of the control siRNA. The plotted data were averaged from
three independent experiments 6SD. (D) FLAG/HA-tagged Ago2 was
transiently transfected into HEK 293 cells. Tagged proteins were
immunoprecipitated from the lysates using anti-FLAG beads, and
RISC activity was reconstituted by adding single-stranded siRNA
against the luciferase mRNA either with a 59 phosphate (lane 1),
without a 59 phosphate (lane 2), with a 59-hydroxyl-29-dT (lane 3), or
with a 59-methoxy-29-dT (lane 4). The beads were subsequently
incubated with a 32P-cap-labeled RNA substrate and analyzed by
denaturing RNA-PAGE followed by phospho-imaging. T1 refers to
partial nuclease T1 digestion of the luciferase target RNA. p indicates
59 phosphate; Me, 59-O-methyl group.
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Asymmetric 59-O-methylation of duplex siRNAs
directs strand selection during RISC formation

The loss of silencing activity of duplex siRNAs in which
only the anti-sense strand was 59-O-methyl-modified could
be due either to preferential loading of the sense strand into
RISC under these conditions or to a defective recognition
of the siRNA duplex by some RNAi machinery protein at a
stage prior to RISC assembly. To monitor the asymmetry of
siRNA strand incorporation and target RNA cleavage, we
synthesized two pairs of siRNA duplexes that were pre-
dicted to be symmetrically and asymmetrically incorpo-
rated into RISC based on the differences in thermodynamic

stability at their duplex termini (Khvorova et al. 2003;

Schwarz et al. 2003).
We first characterized biochemically the symmetric

siRNA duplex (Fig. 2A) by incubating it in lysates from

HEK 293 cells transiently transfected with FLAG/HA-

affinity-tagged Ago2. HEK 293 cells were chosen because

they are efficiently transfected at large scale with FLAG/

HA-Ago2 expression plasmids. The siRNAs that coimmu-

noprecipitated with FLAG/HA-Ago2 were analyzed by

Northern blotting using probes complementary to either

the anti-sense or the sense strand. Signals for the anti-sense

strand were detected when the siRNA duplex contained

FIGURE 2. siRNA 59-O-methylation inhibits RISC loading and RISC activity. (A) Schematic presentation of the symmetric RISC loading siRNA
duplexes used in B, C, D, and E. (B) FLAG/HA-Ago2 and FLAG/HA-EGFP were transiently transfected into HEK 293 cells. Cell lysates were
preincubated with siRNA duplexes allowing for RISC loading. RISCs were immunoprecipitated using anti-FLAG antibodies, and the precipitated
proteins were analyzed using anti-HA antibodies (lower panel). Ig indicates the heavy chain of the immunoglobulin. The bound siRNA strands
were examined by Northern blotting (upper panel). (C) HeLa cell extracts were preincubated with the indicated siRNA duplexes allowing for RISC
loading. Control (Ctrl) refers to luciferase siRNA duplex. 32P-cap-labeled substrates either complementary to the sense strand or the anti-sense
strand were subsequently added and the cleaved RNA products were analyzed by 4% denaturing RNA PAGE. T1 indicates digestion of the
substrate using nuclease T1. The bar to the left of the image indicates the sequence of the substrate RNA, which is complementary to the used
siRNAs. (D) 59-O-methylated siRNAs inhibits RNAi in living cells. Plasmids encoding EGFP, EGFP fused to a complementary target site for the
anti-sense strand or EGFP fused to a complementary target site for the sense strand were cotransfected with control (ctrl), luciferase siRNAs, or
the indicated siRNA duplex. A plasmid encoding the DS Red gene was cotransfected and served as a transfection control. (E) Plasmids containing
either a Pp-luciferase gene fused to a complementary target site for the anti-sense strand or a complementary target site for the sense strand of the
siRNA were cotransfected with Rr-luciferase and the indicated siRNAs. GFP siRNA was utilized as control (ctrl) siRNA. The Pp-luc/Rr-luc ratios
were normalized to that of the control siRNAs.
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unmodified or 59-O-methyl sense strand but not when the
anti-sense strand was 59-O-methylated (Fig. 2B). Signals for
the sense strand were detected when the siRNA duplex
contained unmodified or 59-O-methyl anti-sense strand
but not when the sense strand was 59-O-methylated (Fig.
2B). We then confirmed that symmetrically or asymmetri-
cally loaded FLAG/HA-Ago2 immunoprecipitates cleaved
siRNA-complementary 32P-cap-labeled target RNAs (Tuschl
et al. 1999) as expected from their strand-loading ratios
determined by Northern blotting (Fig. 2C).

To measure the cell-based silencing activities from the
assembly of the anti-sense and the sense siRNA strand into
RISC, we introduced anti-sense and sense-complementary
sequence segments into the 39 UTR of EGFP as well as
Pp-luc reporters. The results were consistent with our
biochemical observations in HEK 293 lysates (Fig. 2D,E).
Symmetric 59-O-methylation of both siRNA strands lead to
an overall reduced gene silencing activity in the luciferase
reporter assay, without changing the symmetry of the
residual cleavage activity when compared with the unmod-
ified siRNA duplex. In contrast, a single asymmetric
modification did not alter the activity attributable to the
unmodified siRNA strand. Together, these observations
indicate that the RISC assembly of symmetrical siRNA
duplexes can be influenced using asymmetric 59-O-meth-
ylation, whereby the methylation of one strand directs
incorporation of the complementary strand into RISC.

We next evaluated whether strand selection of a ther-
modynamically asymmetrical siRNA duplex could be con-
trolled by 59-O-methylation (Fig. 3A). The activities of the
modified and unmodified siRNA duplexes were determined
using the EGFP and luciferase reporter assay described
above (Fig. 3B,C). The unmodified siRNA duplex prefer-
entially repressed the target complementary to the sense
strand, as expected from the design of the siRNA. The 59-
O-methylation of the anti-sense siRNA reduced its cleavage
activity about twofold. Reciprocally, 59-O-methylation of
the sense siRNA strand reduced its cleavage activity two-
fold, while the anti-sense strand cleavage activity was
significantly increased. Similar to the observations made
for the symmetric siRNA duplex above, double 59-O-
methylation weakened the silencing activity of both the
anti-sense and sense strands. These observations indicate
that 59-O-methylation of siRNA strands can influence
siRNA strand incorporation into RISC, even in the context
of a thermodynamically asymmetric siRNA.

Strand-specific 59-O-methylation also controls siRNA
off-targeting activity

Off-target effects are, like on-target effects, strictly
sequence-specific and caused either by near-perfect com-
plementarity between the central region of the siRNA and
its targets or by seed-sequence complementarity between
the siRNA and the target 39 UTR (Jackson et al. 2003,

2006b; Birmingham et al. 2006). To assess if strand
selection from asymmetrically 59-O-methylated siRNA
duplexes could be used for controlling siRNA off-targeting
activity, we determined the gene expression profiles of HeLa

FIGURE 3. siRNA 59-O-methylation inhibits RISC loading and
RISC activity. (A) Schematic presentation of the asymmetric RISC
loading siRNA duplexes used in B and C. (B) The same experiments
and controls described in Figure 2D were carried out using the
asymmetrically RISC loading siRNAs duplex as well as complemen-
tary EGFP target constructs. (C) The same experiments and controls
described in Figure 2E were performed using the asymmetrical RISC
loading siRNAs.
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cells transfected with 59-O-methylated or unmodified siRNA
duplexes. The symmetrical siRNA duplex, whose both
sense and anti-sense strands are incorporated into RISC,
was selected for the analysis (Fig. 2A).

The choice of cell line and transfection reagents was
critical for identifying siRNA-strand-specific off-targets.
We first tested Lipofectamine 2000 Transfection Reagent
(Invitrogen) in HEK 293 cells, but variations in gene
expression, caused presumably by mild toxicity of the
formulated transfection reagent, made it impossible to
detect siRNA-sequence-dependent off-target signatures.
Next, we tested Lipofectamine RNAiMAX transfection
reagent (Invitrogen) in HEK 293 cells. Though the siRNA
and mock transfection yielded reproducible and stable
expression profiles, we did not detect any off-targeting
signature using either Affymetrix or Agilent mRNA micro-
arrays (data not shown). Finally, we examined HeLa cells
transfected with Lipofectamine RNAiMAX using Affymetrix
microarrays, and we were able to identify the expected
off-targeting effects. Using the same approach, we also
detected the previously reported off-targets of a siRNA
duplex targeting the PIK3CB gene (PIK3CB-6340) (Jackson
et al. 2006b), indicating that our Affymetrix array platform
was sufficiently sensitive for off-target analysis in this cell
type.

The off-target effects were quantified by analyzing the
frequency of seed-complementary sites (where the seed was
defined as nucleotides 1–7, 2–8, or 1–8 of the siRNA) for
real and randomized siRNAs within the 39 UTRs of mRNAs
that were down-regulated 1 d after siRNA transfection
(Fig. 4). Consistent with our biochemical analysis, which
indicated that both strands of our unmodified siRNA du-
plex were loaded into RISCs, we found seed-complementary
site enrichment for both siRNA strands. 59-O-methylation

of the sense strand increased the off-targeting activity of the
anti-sense strand, while decreasing its own off-targeting
activity, and vice versa. Note that the sense strand has
intrinsically fewer off-targets compared with the anti-sense
strand. This is because the sense strand contains a CG
dinucleotide in its seed sequence and CG-containing motifs
are underrepresented in the genome compared to other
dinucleotides. The random controls for the sense strand,
being selected to have a similar number of seed-comple-
mentary sites in the entire set of 39 UTRs as the sense strand,
also have low numbers of seed matches in the set of down-
regulated UTRs. This leads to a higher variance in the
expected number of seed-complementary sites for the sense
compared with the anti-sense strand. Nonetheless, the seed
enrichment for the sense strand is statistically significant in
the case of the s/as and s/meT-as constructs. These analyses
thus indicate that chemical modification can limit the off-
targeting activity to only one strand of the siRNA duplex.

Comparison of the effects of 59-O-methylation and
duplex-destabilizing mutations on strand selection

The differential thermodynamic stability of siRNA duplex
termini impacts siRNA strand selection (Khvorova et al.
2003; Schwarz et al. 2003). Thermodynamic biases can be
introduced by varying the G/C content of the termini of the
siRNA duplex or by placing destabilizing, non-Watson–
Crick base pairs (mismatches) at one of the termini. We
therefore wanted to compare the strand bias introduced by
59-O-methylation with that introduced by mismatches
using the asymmetrical siRNA duplex described above,
whose sense strand is preferentially incorporated into RISC.

We placed mismatches in the G/C-rich terminus by
altering the sequence of the anti-sense siRNA from posi-
tions 1 to 5 (Fig. 5A). According to the current model of
strand selection, destabilizing the G/C-rich termini should
lower the bias for incorporation of the sense strand of this
siRNA duplex and should enhance the incorporation of the
anti-sense strand into RISC. What we observed was that
mismatches only minimally reduced the activity of the
sense siRNA-containing RISC measured by the sense re-
porter, while 59-O-methylation of the sense siRNA showed
a more pronounced effect (Fig. 5B).

Anti-sense siRNA strand incorporation was determined
by the anti-sense reporter assay. Mismatches introduced
by altering the sequence of the anti-sense siRNA trivially
lead to mismatches between the anti-sense siRNA and
its reporter, resulting in the lack of cleavage activity for
mutants of positions 3–5 of the anti-sense siRNA. Muta-
tions placed at position 1 or 2 of the anti-sense siRNA
showed similar activity as the unmodified siRNA duplex,
consistent with unaltered behavior of the sense reporter,
indicating that mismatches at position 1 or 2 were insuf-
ficient to alter asymmetry of RISC assembly. In contrast,
the 59-O-methylation of the sense strand, led to a much

FIGURE 4. siRNA off-target analysis of the symmetric RISC loading
siRNA duplexes. Enrichment of ‘‘seed’’-complementary sequences for
sense (left panel) and anti-sense (right panel) strands relative to
random controls in the 39 UTRs of transcripts that are down-
regulated upon siRNA transfection (see Materials and Methods).
Dark gray and light gray bars show the number of occurrences of
seed-complementary sites for the siRNAs used in the study and
random controls, respectively. Double and single stars indicate
enrichments that are significant at 0.01 and 0.05 level.
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more pronounced activity of the anti-sense siRNA. To-
gether, these experiments showed that 59-O-methylation of
the 59 end of siRNAs was more effective in changing strand
preferences compared with alterations of thermodynamic
stability induced by duplex-destabilizing mismatches.

DISCUSSION

Our analysis describes for the first time the consequences
of strand-specific 59-O-methyl-modification of siRNA du-
plexes on the assembly and activity of RISC. 59-O-methyl-
ation of the terminal ribose blocked the phosphorylation of
siRNAs by cellular kinases (Nykänen et al. 2001; Martinez
et al. 2002b; Weitzer and Martinez 2007). The requirement
for 59 phosphates during the assembly of RISC was noted
previously using symmetrically 59-O-methylated siRNA
duplexes in D. melanogaster embryo lysates (Nykänen
et al. 2001), and similarly, we also found that double 59-
O-methyl modification reduced RISC assembly in human
cells. Strikingly, the placement of a single 59-O-methyl only
reduced the incorporation of the methylated strand with-
out impairing the incorporation of the unmodified siRNA
strand. It even appeared that modification of the sense
siRNA strand enhanced the incorporation of the unmod-
ified anti-sense strand, and vice versa. The effect of the
59-O-methyl modification was also strong enough to

counteract the otherwise strong strand preference of an
asymmetrically loading siRNA duplex. This observation em-
phasizes the importance of 59-phosphate recognition dur-
ing RISC assembly and its potential use for siRNA design
and application.

The molecular events responsible for 59 phosphate
recognition during RISC assembly remain to be defined.
Presumably the contacts are made while placing the 59

phosphate of the guide siRNA strand into the 59-phosphate
binding pocket of Ago (Ma et al. 2005; Parker et al.
2005). The sensing of the 59 phosphate also appears to
take place in the context of a duplex siRNA or a partially
unwound duplex siRNA, because artificial loading of RISC
with single-stranded 59-O-methyl-modified or unmodified
siRNAs was possible and led to similar RISC-mediated
cleavage activities. Interestingly, a bulky 59-fluorescein modi-
fication coupled via a 59-phosphodiester linkage to the
guide strand of a siRNA duplex did not affect its silenc-
ing efficiency (Harborth et al. 2003). It will be interesting
to explore the effects of other 59-hydroxyl modifications,
for example, bulky alkyl groups (e.g., tertiary butyl), on
RISC assembly.

Although siRNA duplexes are widely used in research as
reagents for gene silencing, sequence-specific off-target
effects can be problematic. Off-target effects are typically
caused by siRNA sense and anti-sense strands, and the
strand-specific reduction of off-target effects using 59-O-
methyl modifications will help to improve siRNA specificity.
However, 59-O-methylation will only eliminate off-target
effects caused by the 59-O-methylated strand of the siRNA
duplex. Moreover, this may also lead to an enhanced off-
target effect of the unmodified strand as its loading into
RISC may increase; it should nonetheless allow for lowering
the dose of siRNAs needed in gene silencing experiments
and will aid in controlling potential side effects caused
by competition of siRNA with miRNA pathways (Grimm
et al. 2006).

Because not all siRNAs that are cognate to a given target
mRNA are equally effective, computational tools have
been developed based on experimental data to increase
the likelihood of selecting effective siRNAs (for review, see
Pei and Tuschl 2006). Though these methods facilitate
selection of functional siRNAs, they do not yet alleviate
the need for experimental validation. 59-O-methylation of
the passenger strand adds an additional constraint and
might be useful in the context of generating genome-wide
siRNA libraries, where the validation of each single siRNA
is technically not feasible. Depending on the assay, high-
throughput RNAi screens are sensitive to seed-sequence-
mediated off-targeting effects (Lin et al. 2005), and reduc-
ing the likelihood for contributions of the passenger siRNA
is useful.

Although it has been proposed that thermodynamic
asymmetry can be readily introduced into siRNAs using
LNAs (Elmén et al. 2005), minimizing the degree of

FIGURE 5. Influence of thermodynamic stability vs. 59-O-methyl
modification. (A) Schematic presentation of the asymmetric RISC
loading siRNA duplexes used in B. (B) Plasmids containing either a
Pp-luciferase gene fused to a complementary target site for the anti-
sense strand or a complementary target site for the sense strand of the
siRNA were cotransfected with Rr-luciferase and the indicated
siRNAs. GFP siRNA was utilized as control (Ctrl) siRNA.
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chemical modification needed to control asymmetry may
be beneficial from the point of view of manufacturing or
potential therapeutic use. It was also interesting to observe
that the introduction of conventional mismatches for
destabilizing one of the siRNA termini was less effective
then the selective placement of a 59-O-methyl group.

In summary, in this study we describe a novel approach
of biasing siRNA strand selection from duplex siRNA based
on 59-phosphate sensing during RISC assembly.

MATERIALS AND METHODS

Oligonucleotide synthesis

siRNAs were chemically synthesized using RNA phosphoramidites
(Pierce) on an Äkta Oligopilot 10 DNA/RNA synthesizer (GE
Healthcare Life Sciences) at a 1 mmol scale. The synthesis,
deprotection and precipitation were performed according to the
manufacturer’s protocol. 59-O-methylated siRNAs were pur-
chased from Dharmacon. The sequences of the siRNAs used in
this study are as follows: luciferase siRNA anti-sense strand, 59-
UCGAAGUAUUCCGCGUACGUU, sense strand, 59�CGUACG
CGGAAUACUUCGAUU; GFP siRNA anti-sense strand, 59-GGC
AAGCUGACCCUGAAGUUT, sense strand, 59-ACUUCAGGGU
CAGCUUGCCUT; symmetrically RISC-loaded siRNA anti-sense
strand, 59-UUGUCUUGCAUUCGACUAAUT, sense strand, 59-
UUAGUCGAAUGCAAGACAAUT; and asymmetrically RISC-
load siRNA anti-sense strand, 59-UUAAGAUCUGUUAUCCGC
AUT, sense strand, 59-UGCGGAUAACAGAUCUUAAUT. For
analysis of the importance of the 59 phosphate, the 59 uridine
residues were substituted by 59-O-methyl-29-deoxythymidine or
29-deoxythymidine as control.

Plasmids

The mammalian expression plasmids for FLAG/HA-tagged Ago2
and GFP were previously described (Meister et al. 2004) and are
available from www.addgene.org. Reporter plasmids for measur-
ing RISC activity of anti-sense and sense siRNA strands were
generated as follows: Complementary pairs of DNA oligonucleo-
tides bearing the siRNA target sequence and flanking SacI and
NaeI restriction sites were annealed, digested with SacI and NaeI,
and cloned into the 39 UTR of the reporter vectors, using the SacI
and NaeI sites of the pMIR-REPORT plasmid (Ambion) or the
SacI and SmaI sites of the pEGFP-C2 plasmid (Clontech),
respectively. Prior to this procedure, the pEGFP-C2 plasmid was
modified by the insertion of a stop codon into the BglII site. The
oligos containing the siRNA target sequences were as follows:

Target complementary to symmetric RISC loading anti-sense
siRNA strand, 59-CGCTGAGCTCATCGCCACCTTGTTTAAG
CCTTAGTCGAATGCAAGACAAATTAGACCTACGCACTCC
AGGCCGGCTCGC and 59-GCGAGCCGGCCTGGAGTGCGT
AGGTCTAATTTGTCTTGCATTCGACTAAGGCTTAAACAA
GGTGGCGATGAGCTCAGCG;

Target complementary to symmetric RISC loading sense siRNA
strand, 59-CGCTGAGCTCATCGCCACCTTGTTTAAGCCTT
GTCTTGCATTCGACTAAATTAGACCTACGCACTCCAGGC
CGGCTCGC and 59-GCGAGCCGGCCTGGAGTGCGTAGGT

CTAATTTAGTCGAATGCAAGACAAGGCTTAAACAAGGTG
GCGATGAGCTCAGCG;

Target complementary to asymmetric RISC loading anti-sense
siRNA strand, 59-CGCTGAGCTCATCGCCACCTTGTTTAAG
CCGCGGATAACAGATCTTAAAATTAGACCTACGCACTCC
AGGCCGGCTCGC and 59-GCGAGCCGGCCTGGAGTGCGT
AGGTCTAATTTTAAGATCTGTTATCCGCGGCTTAAACAA
GGTGGCGATGAGCTCAGCG; and

Target complementary to asymmetric RISC loading sense siRNA
strand, 59-CGCTGAGCTCATCGCCACCTTGTTTAAGCCTT
TAAGATCTGTTATCCGCATTAGACCTACGCACTCCAGGC
CGGCTCGC and 59-GCGAGCCGGCCTGGAGTGCGTAGGT
CTAATGCGGATAACAGATCTTAAAGGCTTAAACAAGGTG
GCGATGAGCTCAGCG.

Plasmids for in vitro transcription of RNA cleavage substrates
were generated by cloning of the annealed oligodeoxynucleotides
into the SacI/SmaI sites of the pIVEX2.4d plasmid (Roche).

In vitro transcription of RISC cleavage substrates

DNA templates for in vitro transcription of RNA cleavage
substrates were generated by linearization of the respective
pIVEX2.4d plasmids using BamHI restriction enzyme digestion.
The linearized plasmid was used for run-off in vitro transcription
using T7 RNA polymerase (Fermentas) according to the manu-
facturer’s protocol. The transcripts were purified by denaturing
PAGE, visualized by UV-shadowing, excised, and eluted overnight
in 0.3 M NaCl at 4°C. The eluted RNA was precipitated by
addition of 3 volumes of ethanol and collected by centrifugation.
The cleavage substrate complementary to the luciferase targeting
siRNAs was 32P-cap-labeled (Martinez et al. 2002a), and the
cleavage was assayed as described previously (Meister et al. 2004).
The sense and anti-sense 32P-cap-labeled cleavage substrates were
188 nt and 195 nt, respectively.

Northern blotting

The oligodeoxynucleotide probes 59-TTAGTCGAATGCAAGA
CAA, and 59-TTGTCTTGCATTCGACTAA were used for detec-
tion of the symmetrically RISC-loading siRNAs. Probes were
radioactively labeled with T4 polynucleotide kinase (New England
Biolabs) using [g-32P]-ATP. RNA samples were separated by 15%
denaturing PAGE and transferred to a nylon membrane (Hybond-
N+, Amersham) by semi-dry electroblotting. The membrane was
then subjected to UV cross-linking using the auto-crosslink
function on the Stratalinker (Stratagene) and subsequently baked
for 1 h at 80°C. The membrane was incubated with 15 mL of
prehybridization buffer (53 SSC/20 mM sodium phosphate
buffer (pH 7.2)/7% SDS/13 Denhardt’s solution/3 mg of soni-
cated salmon sperm DNA) in a hybridization oven for 1 h rotating
at 50°C. The prehybridization solution was then replaced with
15 mL of hybridization buffer containing 3,000,000 cpm of
32P-radiolabeled DNA probe and incubated overnight at 50°C.
The membrane was washed twice with 100 mL of wash solution
I (53 SSC/1% SDS) at 50°C for 10 min followed by a single
wash step with wash solution II (13 SSC/1% SDS) at 50°C.
The membrane was wrapped in plastic wrap and exposed to a film
for 2 d.

Chen et al.

270 RNA, Vol. 14, No. 2



Tissue culture and transfections

HEK 293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 unit/mL penicillin, and 100 mg/mL streptomycin at
37°C in a 5% CO2-containing atmosphere. The stably transfected
HeLa S3 FLAG/HA-Ago2 cell line (Meister et al. 2004) was
cultured under the same conditions with the addition of 0.5
mg/mL G418. HEK 293 cells were cotransfected with reporter or
control plasmids and siRNAs using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s protocol in a 24-well format
24 h after seeding. Transfected cells were analyzed for luciferase
activity or GFP fluorescence 24 h after transfection. For immu-
noprecipitation experiments, HEK 293 cells were transfected using
the calcium chloride method. Cells were plated to 40% confluency
3–4 h before transfection on a 15-cm dish. Twenty micrograms of
plasmid DNA were diluted in 858 mL of water and 122 mL 2M
CaCl2. One milliliter of 23 HEPES-buffered saline (274 mM
NaCl, 1.5 mM Na2HPO4, 54.6 mM HEPES-KOH at pH 7.1) was
added drop-wise under gentle agitation. The transfection solution
was then sprinkled onto the cells.

Microscopy

HEK 293 cells were seeded on coverslips and were cotransfected
with either empty pEGFP-C2 as control or pEGFP-C2 bearing the
target complementary to siRNA strand-specific sequences (0.2 mg/
well), pDsRedmonomer-C1 (Clontech; 0.1 mg/well) and siRNA
(20 pmol/well). After 24 h, cells were fixed in PBS with 4%
formaldehyde for 30 min at room temperature, washed twice with
PBS, and mounted to slides using Vectashield mounting medium
(Vector Laboratories). Images were recorded using a Leica TCS
SP2 confocal laser microscope and a 203 immersion oil objective.
For GFP and DsRed images, 10 z-sections of the cells were
recorded and processed to average projections using the Leica
confocal software.

Dual luciferase assays

For experiments described in Figure 1C, 7000 HEK 293 cells per
well were transferred into 96-well plates the day before trans-
fection. The cells were then cotransfected with 0.2 mg pGL2-
control (Promega), 0.02 mg pRL-TK (Promega), and 3.75 pmol
siRNA duplexes (final concentration 25 nM) with Lipofectamine
2000 (Invitrogen; 0.75 mL). Luciferase activities were measured
20 h after transfection using the Dual Luciferase Assay Kit
(Promega) and a Bio-Tek Clarity luminometer. The ratios of
the signals of firefly (Pp) luciferase to seapansy (Rr) luciferase were
calculated and normalized by dividing by the ratio for control
siRNA against FLJ30525.3. The plotted data were averaged from
triplicates 6SD For Figures 2–5, HEK 293 cells were cultured in
24-well plates and each cotransfected with either empty pMIR-
REPORT (Pp-luc) control plasmid or pMIR-REPORT bearing the
target complementary to siRNA strand-specific sequences (0.2 mg/
well), pRL-SV40 control vector (Rr-luc) (Promega) (0.1 mg/well),
and siRNA (20 pmol/well). The cells were lysed and assayed 24 h
post-transfection following the Dual-Luciferase Reporter Assay
system (Promega) instructions. Samples were analyzed on a
Mithras LB 940 Multimode Microplate Reader (Berthold Tech-
nologies). All samples were assayed in triplicates.

Western blotting, extract preparation,
and immunoprecipitation

Western blotting was performed as previously described (Meister
et al. 2004). For immunoprecipitation, HEK 293 cells transiently
transfected with FLAG-/HA-tagged Ago2 and HeLa S3 cells stably
transfected with FLAG/HA-tagged Ago2 were harvested from
15 cm plates 48 h post-transfection. The cells were washed with
PBS (pH 7.4) and subjected to lysis with 700 mL of lysis buffer
(150 mM KCl, 25 mM Tris-HCl at pH 7.4, 2 mM EDTA at pH 8.0,
1 mM NaF, 0.5 mM DTT, 0.05% NP40, 0.5 mM AEBSF) for
10 min at 4°C. The cells were subsequently scraped off of the plate
and centrifuged at 17,200g for 10 min. The supernatant was
incubated with 15 mL of anti-FLAG M2 agarose beads (Sigma),
which were activated by washing once with 0.1 M glycine-HCl
(pH 2.5) and equilibrated by washing with 1.5 M Tris-HCl (pH
8.8), for 3 h at 4°C with rotation. The beads were collected and
washed three times with 300 mM NaCl/5 mM MgCl2/0.05%
NP40/50 mM Tris-HCl (pH 7.5) and once with PBS (pH 7.5). To
isolate the RISC-incorporated siRNA, the beads were then
incubated in 300 mL of proteinase K solution consisted of 23

proteinase K buffer (300 mM NaCl/25 mM EDTA at pH 8.0/2%
SDS/200 mM Tris-HCl at pH 7.5 and proteinase K at 1 mg/mL
concentration) for 10 min at 37°C. The RNA was phenol/
chloroform-extracted and ethanol precipitated.

RNA cleavage assays

In vitro transcribed cleavage substrates were 59-cap labeled as
described previously (Martinez et al. 2002a). In a typical RNA
cleavage reaction, 100 nM of siRNA was incubated in a 15 mL
reaction containing 50% HeLa S100 extract, 1 mM ATP, 0.2 mM
GTP, 10 U/mL RNasin (Promega), 100 mM KCl, 1.5 mM MgCl2,
0.5 mM DTT, 10 mM HEPES-KOH (pH 7.9) at 30°C. After
30 min, 5 nM of the cap-labeled cleavage substrate was added and
further incubated for 1.5 h at 30°C. The reactions were stopped by
adding 200 mL of proteinase K buffer containing 1 mg/mL pro-
teinase K. The RNA was subsequently isolated using phenol/
chloroform extraction, and the cleavage products were analyzed
by 8% denaturing RNA PAGE. The labeled RNA was detected by
phosphoimaging and autoradiography.

Microarray mRNA expression analysis

HeLa cells were plated in a six-well plate with a volume of 2.5 mL
at a density such that next day they are z75% confluenent for
transfection. A transfection solution of 0.5 mL was utilized for
transfection for the final siRNA duplex concentration of 50 nM
using RNAiMAX (Invitrogen). Total RNA was extracted 24 h
post-transfection with Trizol (Invitrogen) and purified using the
RNeasy Mini Kit (Qiagen). Three micrograms of purified RNA
was used to synthesize the first strand of cDNA using ArrayScript
reverse transcriptase (Ambion, catalog no. 1791) and an oligo(dT)
primer bearing a T7 promoter. The single-stranded cDNA was
converted into dsDNA by DNA polymerase I in the presence of
Escherichia coli RNase H and DNA ligase. After column purifica-
tion, the dsDNA was served as a template for in vitro transcription
in a reaction containing biotin-labeled UTP, unlabeled NTPs, and
T7 RNA polymerase. The amplified, biotin-labeled, anti-sense
RNA (aRNA) was purified, and quality was assessed using the
Agilent 2100 Bioanalyzer and the RNA 6000 Nano kit. Twenty
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micrograms of labeled aRNA were fragmented, and 15 mg of the
fragmented aRNA was hybridized to Affymetrix Human Genome
U133 Plus 2.0 Array for 16 h at 45°C as described in the
Affymetrix Technical Analysis Manual (Affymetrix). After hybrid-
ization, Gene Chips were stained with streptavidin-phycoerythrin,
followed by an antibody solution (anti-streptavidin), and a second
streptavidin-phycoerythrin solution, with all liquid handling
performed by a GeneChip Fluidics Station 450. Gene Chips were
then scanned with the Affymetrix GeneChip Scanner 3000. Agilent
Whole Human Genome Oligonucleotide Microarray (catalog no.
4112F) analysis was performed by Cogenics.

Computational analyses of putative off-targets

We normalized the probe intensities for the five microarrays
(transfection reagent only, symmetric RISC loading sense/anti-
sense, MeO-sense/anti-sense, sense/MeO-anti-sense, MeO-sense/
MeO-anti-sense siRNA duplexes) using the bioconductor (see
http://www.bioconductor.org and Gentleman et al. 2004) and
gcRMA software (Wu et al. 2004). To quantify off-target effects
based on the frequency of seed-complementary sites in the 39

UTRs, we selected, for each gene measured by the microarray, the
transcript with median 39-UTR length. This data set consisted of
14,997 transcripts. From all the probe sets corresponding unam-
biguously to a given gene, we selected the one that responded
best (exhibited the highest variance) across a large number of ex-
periments performed on the Affymetrix platform that we used.
This probe set was used to monitor the per-transcript expres-
sion level across our experiments. From each experiment (sense/
anti-sense versus mock transfection, MeO-sense/anti-sense versus
mock transfection, sense/MeO-anti-sense versus mock transfection,
MeO-sense/MeO-anti-sense versus mock transfection), we extracted
the top 1%, i.e., 149, most down-regulated transcripts and com-
puted the number of occurrences of matches to the 1–7, 2–8, 1–8
nucleotide positions of both the sense and the anti-sense strands
in these set of transcripts. We compared these numbers with the
number of occurrences expected for ‘‘random siRNAs,’’ which we
calculated as follows. For each of the anti-sense and the sense
strand, we determined the number of occurrences of seed-
complementary sites in the entire set of 39 UTRs. From all
octameric sequences, we then selected the 5% (3277) whose
reverse complements occurred with a frequency closest to that
of siRNA-complementary sites in the entire set of 39 UTRs. These
served as ‘‘random siRNA controls.’’ We determined the number
of occurrences of seed-complementary sites of these random
siRNAs in the down-regulated set of 39 UTRs, To correct for
slight variations in this number that can be expected simply
because the frequency of seed-complementary sites for real and
random siRNAs in the 39 UTRs overall are not identical, we
adjusted the observed counts by a factor equal to the ratio of
observed occurrences of the real siRNA-complementary sites to
the random siRNA-complementary sites in the entire set of
39 UTRs. We used the distribution of the values determined for
random siRNAs to estimate the P-value of the number of
occurrences of real siRNA-complementary sites.
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