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Small interfering RNAs (siRNAs) specifically knock-down target mRNAs via RNA interference (RNAi)
mechanism. During this process, introduction of excess amount of exogenous siRNAs could lead to the
saturation of cellular RNAi machinery. One consequence of RNAi machinery saturation is the competition
between two simultaneously introduced siRNAs, during which one siRNA loses gene silencing activity.
Although competition phenomena have been well characterized, the molecular and sequence features
of siRNAs that specify the competition potency remain poorly understood. Here, for the first time, we per-
formed a large-scale siRNA competition potency analysis by measuring the competition potency of 56
different siRNAs and ranking them based on their competition potency. We have also established an algo-
rithm to predict the competition potency of siRNAs based upon the conserved sequence features of strong
and weak competitor siRNAs. The present study supports our hypothesis that the competition potency of
siRNAs is specified by the 50-half antisense sequence and provides a useful guideline to design siRNAs
with minimal RNAi machinery saturation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Small interfering RNAs (siRNAs) are short (19–21 bp), double-
stranded RNAs (dsRNAs) which trigger sequence-specific mRNA
degradation via the endogenous RNA interference (RNAi) pathway
[1,2]. Because of the high gene silencing activity and simple strat-
egy, siRNA-mediated gene silencing has become a method of
choice for validating target genes in functional genomics field,
and is currently being developed as therapeutics toward several
diseases including viral infection and cancer [3,4].

However, several studies have demonstrated unexpected
non-specific effects triggered by siRNAs such as off-target gene
silencing [5,6], activation of innate immune responses [7–12],
and saturation of RNAi machinery by excess amounts of exoge-
nously introduced siRNAs [13,14] or short hairpin RNAs (shRNAs)
[15–17]. To develop siRNAs as a specific gene knock-down tool
and a therapeutic agent without unwanted side effects, it is imper-
ative to understand the mechanism of non-specific effects trig-
gered by siRNAs and devise ways to circumvent them.

One phenomenon observed due to the saturation of endogenous
RNAi machinery by exogenously introduced siRNAs is the compe-
tition between different siRNAs. Several studies reported that
when the mixture of two siRNAs is co-transfected, gene silencing
ll rights reserved.
activity of one siRNA is often reduced, whereas the other siRNA
functions normally [13,14,18–26]. Understanding the competition
potency of siRNA is important to achieve successful multiple siRNA
treatments for pathway analysis or antiviral therapeutic strategy.
More recently, bioinformatic analysis revealed that exogenously
introduced siRNAs could perturb cellular microRNA (miRNA) func-
tion, resulting in non-specific gene expression pattern [27]. This re-
port further underscores the importance of using siRNAs with
minimal saturation of the RNAi machinery.

Different siRNAs show different levels of competition potency,
i.e., the ability to saturate the RNAi machinery. However, the exact
mechanism or the sequence feature of siRNA affecting competition
potency remains poorly understood. While the protein component
of RNAi machinery saturation was suggested to be Argonaute-2
(Ago2) [22], it is unclear which features of siRNAs dictate strong
vs. weak competition potency. There have been conflicting reports
regarding correlation between gene silencing efficiency and com-
petition potency of siRNAs [21,22]. In our previous study, we have
shown the lack of correlation between gene silencing efficiency
and competition potency of siRNAs [25]. We also found that the
competition potency of siRNA was specified by the 50-half se-
quence of the guide strand [25]. A recent study suggested the RISC
loading efficiency of siRNAs as a major determinant of competition
potency [26]. All these studies tested only a few siRNAs, so that the
generalization of the claims is rather limited.

In this study, we present, for the first time, a large-scale analysis
of siRNA competition potency. A total of 56 siRNAs was tested and
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ranked based upon their competition potency, which resulted in
successful separation of siRNAs with strong or weak competition
potency. Based on these results, we were able to identify the se-
quence features of both strong and weak competitor siRNAs. We
also show that the RISC loading efficiency, predicted by the ther-
modynamic stability of the siRNA ends, does not correlate with
the competition potency.

2. Materials and methods

2.1. Cell culture

A HeLa cell line was purchased from the American Type Culture
Collection and maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 10% fetal bovine serum and penicillin/
streptomycin (100 U/ml penicillin and 100 lg/ml streptomycin),
and cultured at 37 �C with 5% CO2. Cells were regularly subcultured
to maintain exponential growth.

2.2. Preparation of siRNA or antisense oligonucleotide (ASO)

siRNA oligonucleotides were synthesized by Bioneer (Daejeon,
Korea). Sense and antisense RNA oligonucleotides were mixed at
a final concentration of 100 lM, denatured at 90 �C for 2 min,
and then annealed at 37 �C for 1 h. Sequences of siRNA used were
described in Table S2. Ago2-specific ASO was synthesized as previ-
ously described [24]. The ASO sequence was CTGCTGGAATGTTTC
CACTT, with fully phosphorothioated backbones. 20-O-Methyl
modified nucleotides were marked in bold characters.

2.3. Transfection of siRNA or ASO

One day before transfection, HeLa cells were plated in 12-well
plates with complete medium without antibiotics and were incu-
bated for 24 h at 37 �C until they reached 50% confluency. For siR-
NA competition assay, cells were transfected with siCREB3 either
alone or in combination with competitor siRNAs using lipofect-
amine2000 (Invitrogen) according to the manufacturer’s instruc-
tions. For the co-transfection of ASO with siRNAs, siRNAs with
indicated concentrations were mixed with final 25 nM of ASO
which were subsequently reverse-transfected into the HeLa cells
using G-fectin as manufacturer’s instruction (Genolution Pharma-
ceuticals). After 48 h incubation at 37 �C, the transfected cells
were harvested, RNA was isolated, and reverse transcription-poly-
merase chain reaction (RT-PCR) was performed. For Western blot,
a final concentration of 25 nM Ago2-targeting ASO was reverse-
transfected to 106 HeLa cells using G-fectin. After 48 h incubation,
cells were washed, lysed, and then Western blot was performed.
2.4. Quantitative real-time PCR

Cells were harvested 48 h after transfection, and total RNA was
extracted using Trizol (Ambion) according to the manufacturer’s
instructions. Five hundred nanograms of total RNA was used for
cDNA synthesis using the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems) and an oligo-(dT) 15 primer. Aliquots
(1/10) of the cDNA reaction mixture were analyzed by quantitative
real-time PCR on a StepOne™ Real-Time PCR Systems (Applied Bio-
systems) according to the manufacturer’s protocol. Primer se-
quences for the PCRs were: CREB3 forward, 50-TTC TGA GGT ACC
GAG CGA CT-30 and reverse, 50-GGA GGG AGT AGG TGT GGT CA-30;
MAVS forward, 50-GGG TAA ACA GGG TGC AGA GA-30 and reverse,
50-ACA GGC ATC AAG GTG GTA GG-30; GAPDH forward, 50-GAG TCA
ACG GAT TTG GTC GT-30 and reverse, 50-GAC AAG CTT CCC GTT CTC
AG-30.
2.5. Measurement of siRNA base frequency

siRNA base frequency was calculated by web-based logo pro-
gram (WebLogo3 ver. 2.8.2) [28]. Sequences of total, strong, or
weak competitors were uploaded in FASTA format and frequency
plot was presented (Fig. 2).

2.6. Measurement of thermodynamic asymmetry of siRNAs

The first 4 nts from the 50-end of both antisense and sense
strand of siRNAs were used for the calculation of thermodynamic
asymmetry of siRNAs to determine the strand loading bias [26].
The 50-end thermodynamic stability difference between antisense
and sense strands were indicated as positive or negative scores.

2.7. Western blot

Forty-eight hours after transfection, cells were washed twice
with 1� PBS, lysed with RIPA buffer (50 mM Tris–Cl, pH 8.0,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 2 mM EDTA). Protein concentration was measured
by BCA method. Thirty micrograms of total lysate was mixed with
5� sample buffer and loaded to 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS–PAGE). Samples were electro-
phoretically transferred onto PVDF membrane (Immune-Blot™
PVDF membrane, Bio-Rad). Proteins of interest were detected with
specific antibodies as indicated (1:2000 dilution), and then visual-
ized with an enhanced chemiluminescence (ECL plus) reagent
(Amersham Bioscience). Mouse monoclonal anti-Ago2 antibody
(ab57113) was purchased from Abcam.
3. Results and discussion

3.1. The position of antisense 50-half sequence is essential for the
competition potency

Competition phenomenon is dependent upon the amount of
siRNA taken up by the cells. To identify siRNA concentration opti-
mal for competition study, we first performed competition exper-
iments using siCREB3, a CREB3-targeting siRNA which was
identified as a weak competitor from our previous study, and si-
MAVS, a strong competitor siRNA, with varying siRNA concentra-
tions (1, 3, and 10 nM). We found that the maximal competition
between siRNAs was observed at 10 nM siRNA concentration, and
reducing the siRNA concentration to 3 and 1 nM reduced the ex-
tent of competition (Fig. S1). Therefore, for our purpose of identify-
ing strong and weak competitors, we decided to use 10 nM siRNA
concentration to maximize the extent of competition. Another
important point to consider is that, at this siRNA concentration,
the competitor siRNA should not interfere with normal CREB3
mRNA level when transfected alone. As shown in Fig. S1, at all
tested concentration range, the siMAVS treatment did not signifi-
cantly affect CREB3 mRNA level. Therefore, we conclude that the
competition phenomenon we observe is a specific effect of RNAi
machinery saturation.

In our previous study, we demonstrated that the competition
potency of siRNA was dependent on antisense 50-half sequence of
siRNAs, by testing the competition potency of chimeric siRNAs
with antisense 50-half sequences from the strong (or weak) com-
petitors and antisense 30-half sequences from the weak (or strong)
competitors [25]. Further with these observations, we wondered
whether the position of antisense 50-half sequence of siRNAs mat-
ters to dictate the competition potency. To test this hypothesis, we
generated another chimeric siRNAs, such as siMyDB and siMyTI, in
which the antisense 50-half sequences of strong competitors, such
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as siTIG3 and siDBP, were directly attached to the 30-end of the
antisense 50-half sequences of a weak competitor, siMyD88. These
chimeric siRNAs were co-transfected into the cells with the si-
CREB3 (Fig. S2A). The gene silencing efficiency of siCREB3 was only
slightly affected by siMyD88, siMyDB, and siMyTI, whereas siDBP
and siTIG3 significantly inhibited siCREB3 gene silencing efficiency
(Fig. S2B). The data further support our previous observation that
the position of antisense 50-half sequence is important for dictating
the competition potency of siRNAs.

3.2. Identification of the consensus sequence which specifies
competition potency of siRNAs

Previous studies failed to identify the general feature of siRNAs
which dictates the competition potency of siRNAs, because they
tested only a few siRNAs in their studies. Based on our finding that
the position and the sequence of the 50-half antisense are important
for siRNA competition potency, here we conducted, for the first
time, a large-scale analysis of siRNA competition potency. For this,
we randomly chose 56 different siRNAs targeting various target
mRNAs. These siRNAs (10 or 50 nM, respectively) were co-transfec-
ted into cells with siCREB3 (10 nM), and the competition potency of
each siRNA was measured (Fig. 1A and B). A wide range of compe-
tition potency was observed for different siRNA competitors. The
Fig. 1. Measurements of competition potency of various siRNAs. (A) Endogenous CREB3
variety of competitor siRNAs were measured by quantitative RT-PCR. Ten nanomolars (gra
competitor siRNA (siCREB3) and transfected into the HeLa cells. Values shown on the y
10 nM (gray spot) and 50 nM (black spot) of competitors was arranged in regular seque
inhibition of siCREB3 gene silencing efficiency by competitor siR-
NAs ranged minimum 1.06-fold to maximum 5.58-fold in the case
of 10 nM competitor siRNAs, or minimum 1.83-fold to maximum
7.35-fold in the case of 50 nM competitor siRNAs, compared with
control transfected with siCREB3 only (Fig. 1A and B). We then cal-
culated the median value of competition potency and used this va-
lue to separate strong and weak competitors. Median values of 2.26
(10 nM competitor siRNAs) and 3.93 (50 nM competitor siRNAs)
were obtained compared with siCREB3 only transfected control,
respectively. By comparing the competition potency of each indi-
vidual siRNA with the median values, we selected 14 strong com-
petitor siRNAs and 20 weak competitor siRNAs (Table S1).

We then aligned and graphically represented the sequence fre-
quencies on each position by using total siRNAs, strong competitor
siRNAs, and weak competitor siRNAs, respectively [28] (Fig. 2).
From this analysis, we found an over-represented sequence feature
specific to the strong competitor siRNAs, (U/A)ACAGANGN(A/
C)NNNNNNCNNNN. Interestingly, the alignment of antisense 50-
half of siRNA showed a rather prominent consensus sequence com-
pared with the antisense 30-half sequence, which well correlates
with our previous results that the antisense 50-half sequence dic-
tates competition potency of siRNAs [25].

To confirm whether the consensus sequence derived from the
strong competitor siRNAs is indeed relevant to the strong compe-
mRNA levels that were regulated by either siCREB3 only control or siCREB3 with a
y bar) or 50 nM (black bar) of competitor siRNAs was mixed with 10 nM of the weak

-axis are means + standard deviations (SD) from at least two experiments. (B) Each
nce.



Fig. 2. Base frequencies of tested total, strong, and weak competitor siRNAs. The
guide sequences of total, strong, or weak competitor siRNAs were represented by
WebLogo, the web-based sequence alignment program http://weblogo.berke-
ley.edu/. The x-axis represents the identities of antisense 50–30 sequences of siRNAs
while the values on the y-axis are the frequencies of nucleotide appearance.
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tition potency, we synthesized a siRNA sequence based upon the
most over-represented sequence from the sequence alignment.
As expected, the newly designed siRNA based upon the consensus
sequence from strong competitor siRNAs strongly inhibited the
gene silencing efficiency of siCREB3 (Fig. 3).

Next, we generated a scoring matrix for antisense 50-half se-
quences for strong competitor siRNAs and weak competitor siR-
NAs, respectively (Table 1A). For strong competitor siRNAs, the
Fig. 3. Competition potency of an artificial strong competitor siRNA. Competition
between siCREB3 with siMyD88 (a validated weak competitor), siSt (a predicted
strong competitor sequence from the sequence alignment result), or siMAVS (a
validated strong competitor), was measured by quantitative RT-PCR with indicated
concentration. Values shown on the y-axis are means + standard deviations (SD) of
at least three independent experiments. GF; transfection reagent only, C3; siCREB3,
My10; siMyD88 10 nM, My50; siMyD88 50 nM, St10; siSt 10 nM, St50; siSt 50 nM,
MA10; siMAVS 10 nM, MA50; siMAVS 50 nM, C3 + My10; siCREB3 + siMyD88
10 nM, C3 + My50; siCREB3 + siMyD88 50 nM, C3 + St10; siCREB3 + siSt 10 nM,
C3 + St50; siCREB3 + siSt 50 nM, C3 + MA10; siCREB3 + siMAVS 10 nM, C3 + MA50;
siCREB3 + siMAVS 50 nM.
base frequencies of each position within the 11 nts from the 50-
antisense strand of 14 strong competitor siRNAs were calculated
and used to generate the scoring matrix (Table 1A). The scoring
matrix for weak competitor siRNAs was generated similarly, using
the sequences of 20 weak competitor siRNAs (Table 1A). To verify
this scoring method, we analyzed the scores of selected strong and
weak competitor siRNAs using Table 1A. Sequences and scores of
the selected siRNAs are shown in Table 1B. We found that 86% of
strong competitor siRNAs (12/14) scored higher using strong com-
petitor scoring matrix than weak competitor scoring matrix,
whereas 85% of weak competitor siRNAs (17/20) scored higher
using weak competitor scoring matrix than strong competitor
scoring matrix. This result further supports the idea that specific
nucleotide sequences within the antisense 50-half of siRNAs deter-
mines competition potency. In addition, the scoring matrix shown
in Table 1A could be used as a useful guide to design siRNAs with
minimal RNAi machinery saturation.

Within the consensus sequence derived from the antisense 50-
half sequences of strong competitor siRNAs, the emergence of A/U
and A as the over-represented sequence of the 1st and 2nd nucle-
otide of the strong competitor siRNAs may support the recent sug-
gestion that the thermodynamic stability of the antisense 50-end
determines the RISC loading efficacy of siRNAs, which in turn
specifies the competition potency [26,29]. To determine the
correlation of competition potency with the 50-end thermody-
namic asymmetry of siRNAs, we calculated the asymmetry score
of all the siRNAs tested by comparing the thermodynamic stability
of the first 4 nts of two ends of siRNA duplex as described [26]. As
shown in Fig. S3, there was no correlation between the
competition potency and thermodynamic asymmetry of siRNAs
(R2 = 0.0281). These results suggest that, contrary to the previous
report, the thermodynamic asymmetry may not be used as a
major guideline to accurately predict the siRNA competition
potency.

3.3. Competition potency of siRNAs correlates with Ago2 dependency

A previous study suggested that the RISC component which is
the target of the siRNA competition phenomenon might be Ago2,
as ASO-mediated reduction of the Ago2 level resulted in the en-
hanced competition [24]. We hypothesized that, if Ago2 is indeed
the machinery saturated by siRNAs, the gene silencing efficiency
of weak competitor might be sensitive to the cellular Ago2 protein
level, whereas that of strong competitor might be relatively insen-
sitive. To test this hypothesis, we co-transfected an Ago2-targeting
ASO along with a weak competitor siRNA, siCREB3, or a strong
competitor siRNA, siMAVS, respectively. The Ago2 ASO treatment
resulted in �50% reduction of both Ago2 mRNA and protein levels
(Fig. S4B). Forty-eight hours after transfection, endogenous CREB3
or MAVS mRNA levels were observed. As expected, we found that
the gene silencing efficiency of a weak competitor, siCREB3, was
Table 1A
Scoring matrix for calculating nucleotide frequency of competitor siRNAs.

Antisense strand 50-nucleotide position

1 2 3 4 5 6 7 8 9 10 11

Strong competitor scoring
A 0.29 0.50 0.07 0.43 0.14 0.50 0.07 0.14 0.29 0.36 0.36
C 0.21 0.14 0.43 0.29 0.21 0.21 0.29 0.29 0.36 0.36 0.14
G 0.21 0.21 0.21 0.07 0.50 0.14 0.29 0.50 0.14 0.14 0.21
U 0.29 0.14 0.29 0.21 0.14 0.14 0.36 0.07 0.21 0.14 0.29

Weak competitor scoring
A 0.25 0.15 0.5 0.25 0.2 0.35 0.4 0.3 0.2 0.4 0.3
C 0.25 0.2 0.1 0.4 0.2 0.25 0.3 0.25 0.35 0.2 0.2
G 0.25 0.4 0.1 0.15 0.15 0.1 0.1 0.3 0.2 0.2 0.25
U 0.25 0.25 0.3 0.2 0.45 0.3 0.2 0.15 0.25 0.2 0.25

http://weblogo.berkeley.edu/
http://weblogo.berkeley.edu/


Table 1B
Sequences and scores of sorted competitors.

Strong competitor scoreb Weak competitor scoreb

siRNA No. Sequence (As)a Strong Weak siRNA No. Sequence (As) Strong Weak

1 50-CAG CAU GGC CGC CGC CAU CTT-30 3.21 2.6 3 50-AUG GAU AGU GAU GGA AUC GTT-30 2.50 2.70
2 50-UUC ACA GGC AUC AAG GUG GTT-30 3.8 2.8 4 50-UCU CUA ACU AGA AGC UUG UTT-30 2.79 3.50
7 50-AAG UCA CGA AGC CUA CUC GTT-30 3.57 2.7 5 50-AGU CCA GAG UAU CCA AGA CTT-30 2.86 2.65
9 50-AAC AGA CCC UAG ACA UCU GTT-30 4.09 2.65 10 50-AGA AAU GGA GCC ACU ACU GTT-30 2.64 2.90
14 50-UCU AGA GGA AAU GGC UCU GTT-30 3.95 2.8 11 50-AUU AUU CUU GUG UGA AAA G UC-30 2.43 2.95
18 50-AGU CAC UAU AGG UCU CCU UTT-30 2.71 3.2 13 50-GGA CAC CAG UUC AGA AAA G GA-30 2.14 3.25
24 50-CAU UCC UCC GAU CGC ACA C AU-30 3.14 2.65 17 50-GAU AGU UUG UCU GUU CCA GTT-30 2.93 2.35
25 50-GCU GGU CGU GUG UCC ACC U CA-30 2.78 2.65 20 50-CGA GGU AGU AGU CUA AGU ATT-30 2.57 3.35
31 50-UAG AGA ACG CCU GAG ACA GTT-30 3.43 2.5 26 50-UCU UUA AGC GAU UAC UCA GTT-30 3.00 3.30
40 50-GGC AGG UCC CUC UGU UGA C GC-30 3.58 2.5 30 50-UGA UUA UCA CUU GCU CUG AUU TT-30 3.00 3.25
41 50-UUC CUA UGA CUU CAU UGA A AU-30 3.59 2.95 33 50-UGA AGC UGC CAU CAU CCU GTT-30 3.64 3.15
45 50-GGA CGG UUG AAG AAA UUG C UU-30 2.71 3.05 34 50-CAA GCA ACC AUG GCU UUC GUCTT-30 2.93 3.25
47 50-AAC AUC CAA UCU GUC CCG GTT-30 3 2.65 37 50-UGC UCC ACA AUC ACU UCU GGA-30 2.86 2.90
56 50-CAC UGA GGU CAA UGU GGA C AG-30 4.07 2.35 43 50-GUG AUA ACC AGU GUG UAG C CA-30 2.93 3.30

48 50-CAA CCG CAA AGA AGG GUU GCG UUU A-30 2.71 3.05
49 50-CUU UUU CAG CCA CAG GAA A AA-30 2.21 2.95
51 50-AGA CAA CAC CAG CAA AUC A AU-30 3.00 3.55
53 50-GCC CUC CAC UCG GCU CCG C AU-30 2.50 3.00
54 5’-GUA CUC AGC AAC CUU CUG A AG-3’ 2.71 3.85
55 5’-CCA CUG UUU AGG UAA UUU C CA-3’ 2.21 3.15

a 11 nt of 50-antisense strand of siRNAs are marked in bold characters.
b Calculated scores from Table 1A are indicated.
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significantly reduced by the Ago2 ASO treatment, whereas that of
siMAVS, a strong competitor, was not affected (Fig. S4A). The data
suggest that the siRNA competition potency correlates with the
Ago2 dependency, and supports the previous proposal that the
interaction with Ago2 is a major mechanistic point in RNAi
machinery saturation by siRNAs.

Although a number of studies have reported the competition
phenomenon, which is a consequence of endogenous RNAi
machinery saturation, the molecular feature of siRNAs which spec-
ifies the competition potency is still poorly understood. Previously,
using a limited set of siRNAs, we found that the 50-half sequence of
antisense strand is critical for determining competition potency of
siRNAs [25]. In this study, we performed the first large-scale anal-
ysis of siRNA competition potency to verify our previous conclu-
sion, as well as to identify sequence features that specify
competition potency of siRNAs. Contrary to a recent report, there
was no correlation between the thermodynamic asymmetry of siR-
NA ends and competition potency. We also found that the compe-
tition potency correlated with the Ago2 dependency of siRNAs,
supporting the previous report that Ago2 is the main target mole-
cule for RNAi machinery saturation [14,22,24–26].

Taking these findings together, we propose a model for siRNA
competition, i.e., RNAi machinery saturation by siRNAs. We sug-
gest that the key feature of siRNA competition phenomenon is
the interaction between antisense 50-end sequence of siRNAs and
Ago2, the catalytic component of RISC machinery. In this model,
a strong competitor sequence might have higher binding affinity
to Ago2, which would result in an increased occupancy of RISC
complex. Further biochemical and structural analysis will clearly
reveal the molecular mechanism of RNAi machinery saturation
by siRNAs, which will help researchers to design siRNAs not only
suitable for gene silencing with minimal non-specific effects but
also optimal for combinatorial RNAi strategies.
Acknowledgments

This study was supported by Global Research Laboratory Grant
(2008-00582) from Korean Ministry of Education, Science and
Technology to D.-k.L. and J.W.Y. acknowledge support from Seoul
Fellowship.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.06.041.

References

[1] S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, A. Tuschl,
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells, Nature 411 (2001) 494–498.

[2] G.J. Hannon, RNA interference, Nature 418 (2002) 244–251.
[3] Y. Dorsett, T. Tuschl, SiRNAs: applications in functional genomics and potential

as therapeutics, Nat. Rev. Drug Disc. 3 (2004) 318–329.
[4] S.L. Uprichard, The therapeutic potential of RNA interference, FEBS Lett. 579

(2005) 5996–6007.
[5] A.L. Jackson, S.R. Bartz, J. Schelter, S.V. Kobayashi, J. Burchard, M. Mao, B. Li, G.

Cavet, P.S. Linsley, Expression profiling reveals off-target gene regulation by
RNAi, Nat. Biotechnol. 21 (2003) 635–637.

[6] A. Birmingham, E.M. Anderson, A. Reynolds, et al., 30 UTR seed matches, but
not overall identity, are associated with RNAi off-targets, Nat. Methods 3
(2006) 199–204.

[7] M.E. Kleinman, K. Yamada, A. Takeda, et al., Sequence- and target-independent
angiogenesis suppression by siRNA via TLR3, Nature 452 (2008) 591–597.

[8] A. Reynolds, E.M. Anderson, A. Vermeulen, Y. Fedorov, K. Robinson, D. Leake, J.
Karpilow, W.S. Marshall, A. Khvorova, Induction of the interferon response by
siRNA is cell type- and duplex length-dependent, RNA 12 (2006) 988–993.

[9] J.W. Yoo, S.W. Hong, S. Kim, D.K. Lee, Inflammatory cytokine induction by
siRNAs is cell type- and transfection reagent-specific, Biochem. Biophys. Res.
Commun. 347 (2006) 1053–1058.

[10] M. Sioud, Induction of inflammatory cytokines and interferon responses by
double-stranded and single-stranded siRNAs is sequence-dependent and
requires endosomal localization, J. Mol. Biol. 348 (2005) 1079–1090.

[11] A.J. Bridge, S. Pebernard, A. Ducraux, A.L. Nicoulaz, R. Iggo, Induction of an
interferon response by RNAi vectors in mammalian cells, Nat. Genet. 34 (2003)
263–264.

[12] J.T. Marques, B.R. Williams, Activation of the mammalian immune system by
siRNAs, Nat. Biotechnol. 23 (2005) 1399–1405.

[13] C.I. Chang, J.W. Yoo, S.W. Hong, et al., Asymmetric shorter-duplex siRNA
structures trigger efficient gene silencing with reduced nonspecific effects,
Mol. Ther. 17 (2009) 725–732.

[14] D. Castanotto, K. Sakurai, R. Lingeman, H. Li, L. Shively, L. Aagaard, H. Soifer, A.
Gatignol, A. Riggs, J.J. Rossi, Combinatorial delivery of small interfering RNAs
reduces RNAi efficacy by selective incorporation into RISC, Nucleic Acids Res.
35 (2007) 5154–5164.

[15] S. Barik, RNAi in moderation, Nat. Biotechnol. 24 (2006) 796–797.
[16] R. Yi, B.P. Doehle, Y. Qin, I.G. Macara, B.R. Cullen, Overexpression of exportin 5

enhances RNA interference mediated by short hairpin RNAs and microRNAs,
RNA 11 (2005) 220–226.

[17] D. Grimm, K.L. Streetz, C.L. Jopling, T.A. Storm, K. Pandey, C.R. Davis, P. Marion,
F. Salazar, M.A. Kay, Fatality in mice due to oversaturation of cellular
microRNA/short hairpin RNA pathways, Nature 441 (2006) 537–541.

http://dx.doi.org/10.1016/j.bbrc.2010.06.041


X. Li et al. / Biochemical and Biophysical Research Communications 398 (2010) 92–97 97
[18] M.T. McManus, B.B. Haines, C.P. Dillon, C.E. Whitehurst, L. van Parijs, J. Chen,
P.A. Sharp, Small interfering RNA-mediated gene silencing in T lymphocytes, J.
Immunol. 169 (2002) 5754–5760.

[19] G. Hutvagner, M.J. Simard, C.C. Mello, P.D. Zamore, Sequence specific inhibition
of small RNA function, PLoS Biol. 2 (2004) e98.

[20] V. Bitko, A. Musiyenko, O. Shulyayeva, S. Barik, Inhibition of respiratory viruses
by nasally administered siRNA, Nat. Med. 11 (2005) 50–55.

[21] E. Formstecher, C. Reverdy, M. Cholay, et al., Combination of active
and inactive siRNA targeting the mitotic kinesin Eg5 impairs silencing
efficiency in several cancer cell lines, Oligonucleotides 16 (2006) 387–
394.

[22] E. Koller, S. Propp, H. Murray, et al., Competition for RISC binding
predicts in vitro potency of siRNA, Nucleic Acids Res. 34 (2006) 4467–
4476.

[23] V. Stierle, A. Laigle, B. Jolles, Modulation of the efficiency of a siRNA directed
against MDR1 expression in MCF7-R cells when combined with a second
siRNA, Biochimie 89 (2007) 1033–1036.
[24] T.A. Vickers, W.F. Lima, J.G. Nichols, S.T. Crooke, Reduced levels of Ago2
expression result in increased siRNA competition in mammalian cells, Nucleic
Acids Res. 35 (2007) 6598–6610.

[25] J.W. Yoo, S. Kim, D.K. Lee, Competition potency of siRNA is specified by the 50-
half sequence of the guide strand, Biochem. Biophys. Res. Commun. 367 (2008)
78–83.

[26] M. Tanudji, D. Machalek, G.M. Arndt, L. Rivory, Competition between siRNA
duplexes: impact of RISC loading efficiency and comparison between
conventional-21 bp and dicer-substrate siRNAs, Oligonucleotides 20 (2010)
27–32.

[27] A.A. Khan, D. Betel, M.L. Miller, C. Sander, C.S. Leslie, D.S. Marks, Transfection of
small RNAs globally perturbs gene regulation by endogenous microRNAs, Nat.
Biotechol. 27 (2009) 549–555.

[28] G.E. Crooks, G. Hon, J.M. Chandonia, S.E. Brenner, WebLogo: a sequence logo
generator, Genome Res. 14 (2004) 1188–1190.

[29] D.S. Schwarz, G. Hutvagner, T. Du, Z. Xu, N. Aronin, P.D. Zamore, Asymmetry in
the assembly of the RNAi enzyme complex, Cell 115 (2003) 199–208.


	Identification of sequence features that predict competition potency of siRNAs
	Introduction
	Materials and methods
	Cell culture
	Preparation of siRNA or antisense oligonucleotide (ASO)
	Transfection of siRNA or ASO
	Quantitative real-time PCR
	Measurement of siRNA base frequency
	Measurement of thermodynamic asymmetry of siRNAs
	Western blot

	Results and discussion
	The position of antisense 5'-half sequence is es
	Identification of the consensus sequence which specifies competition potency of siRNAs
	Competition potency of siRNAs correlates with Ago2 dependency

	Acknowledgments
	Supplementary data
	References


