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bstract

The most challenging task in RNA interference is the design of active small interfering RNA (siRNA) sequences. Numerous strategies have been
ublished to select siRNA. They have proved effective in some applications but have failed in many others. Nonetheless, all existing guidelines have
een devised to select effective siRNAs targeting human or murine genes. They may not be appropriate to select functional sequences that target
enes from other organisms like viruses. In this study, we have analyzed 62 siRNA duplexes of 19 bases targeting three genes of three morbilliviruses.
n those duplexes, we have checked which features are associated with siRNA functionality. Our results suggest that the intramolecular secondary

tructure of the targeted mRNA contributes to siRNA efficiency. We also confirm that the presence of at least the sequence motifs U13, A or U19,
s well as the absence of G13, cooperate to increase siRNA knockdown rates. Additionally, we observe that G11 is linked with siRNA efficacy.
e believe that an algorithm based on these findings may help in the selection of functional siRNA sequences directed against viral genes.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Small interfering RNAs (siRNAs) can achieve post-
ranscriptional gene silencing by degradation of homologous

RNA through a process known as RNA interference (RNAi)
Fire et al., 1998; Hammond et al., 2001; Hannon, 2002). RNAi
athway is triggered, in an initiation phase, by longer double-
tranded precursor RNA (dsRNA), which is cleaved in fragments
f 21–25 nt in length by the RNAs III-like protein DICER. The
leavage products are subsequently incorporated into the RNA-
nduced silencing complex (RISC) (Hammond et al., 2000;
ernstein et al., 2001). This RISC, which consists of several
roteins and a single strand siRNA, recognizes, combines, and
egrades the target mRNA (Zamore et al., 2000; Martinez et
l., 2002). siRNAs are naturally produced when transposons

r endogenous genes form long dsRNAs in vegetal or animal
ells (Fire et al., 1998; Zamore et al., 2000; Hammond et al.,
001). RNAi is a natural antiviral defense mechanism in plants
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Zamore et al., 2000). Likewise, it may also occur in animal cells
n defense against viral infections. In mammalian cells, delivery
f chemically synthesized siRNAs into the cytoplasm can silence
he expression of a desired gene, circumventing the non-specific
eutralization of mRNA by interferon response (Elbashir et al.,
001).

Recent studies have shown that the most critical point in
pplying RNAi is the identification of potent siRNAs and that
heir functionality is affected by the duplex nucleotide compo-
ition and the accessibility of target RNA (Elbashir et al., 2001;
marzguioui and Prydz, 2004; Gilmore et al., 2004; Khvorova

t al., 2003; Luo and Chang, 2004; Reynolds et al., 2004; Ui-Tei
t al., 2004; Yoshinari et al., 2004; Heale et al., 2005; Huesken et
l., 2005; Overhoff et al., 2005; Schubert et al., 2005; Westerhout
t al., 2005). This limitation represents an important drawback
ince experiments to verify whether a given siRNA is effective
re both time-consuming and expensive. To solve this prob-
em, various guidelines or algorithms to optimize the design of
ffective siRNAs have been published (Amarzguioui and Prydz,
004; Ding et al., 2004; Levenkova et al., 2004; Reynolds et

l., 2004; Ui-Tei et al., 2004; Wang and Mu, 2004; Arziman et
l., 2005; Patzel et al., 2005; Yiu et al., 2005). These strategies
ave proved effective under certain circumstances, but they have
ailed in many others. In the case of viruses, to our knowledge,
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here is no comprehensive procedure for the selection of active
nterfering RNA molecules homologous to virus genes which
as been validated by extensive in vitro biological assays. Naito
t al. (2006) have developed a computational tool to design
ptimal antiviral siRNA sequences. However, their software
ncorporates guidelines previously devised for sequences target-
ng mammalian genes. Although there are probably no inherent
ifferences between viral and non-viral mRNA sequences, it
ould be interesting to evaluate whether the already published
ules for the inactivation of mammalian genes are also relevant
or viral genes.

Here, we carried out an analysis on 62 siRNA duplexes
irected against three genes of three different mor-
illiviruses. We evaluated the participation of various
ublished features previously reported necessary for siRNA
unctionality, defined here as a minimum reduction of
0% of protein expression. We have evaluated several
ublished algorithms as siVirus (http://sivirus.rnai.jp),
-RNAi (http://www.dkfz.de/signaling2/e-rnai/), SDS-
iRNA Design Software (http://i.cs.hku.hk/∼sirna/software/
irna.php), siRNA Selection Program (http://jura.wi.mit.edu/
ioc/siRNAext/siRNA search.cgi?tasto=680346486), Sfold
http://sfold.wadsworth.org/sirna.pl), Deqor (http://cluster-1.
pi-cbg.de/Deqor/deqor.html), siSeach–siRNA design

http://sonnhammer.cgb.ki.se/siSearch/siSearch 1.7.html), and
uidelines (Schwarz et al., 2003; Amarzguioui and Prydz,
004; Ding et al., 2004; Henschel et al., 2004; Pekarik, 2005;
eynolds et al., 2004; Ui-Tei et al., 2004; Yoshinari et al., 2004;
uesken et al., 2005; Jagla et al., 2005; Schubert et al., 2005;
habalina et al., 2006). However, none of these algorithms
ere able to find the functional sequences. Moreover, we
ave detected that several criteria previously recommended in
hese guidelines are not needed for siRNA functionality and
ther ones, which had not been reported before, and probably
ontribute to the siRNA knockdown rates. The important
eatures related with functionality were specific sequence
eterminants and secondary of the mRNA target.

. Materials and methods

.1. siRNA design

Sixty-two 19-bases long siRNAs were designed in the lab-
ratory against three morbilliviruses, the human measles virus
MV), the bovine rinderpest virus (RPV), and the small rumi-
ant “peste des petits ruminants” virus (PPRV). The design was
ade by using private software (Cenix algorithm, Ambion) for

6 molecules or in-house criteria for the other 36. Among these
iRNAs, 20 were specific for the PPRV nucleoprotein (N) gene
f PPRV, 12 specific for MV-N gene, 14 specific for the RPV-N
ene, 11 specific for the PPRV matrix (M) gene, and 5 specific
or the RPV fusion (F) gene. All siRNA sequences and their
osition in corresponding genes are listed in Table 1 ordered by

ene target. They were all synthesized and purified by Ambion.
wenty-eight of these siRNAs were variations of functional siR-
As defined by displacement in 3′ and 5′ directions (Servan de
lmeida et al., 2007; Keita et al., submitted). For the design

w
a

Research 79 (2008) 37–48

f siRNA, we first selected conserved regions of the genome
n different multiple alignments of morbilliviruses, including
08 MV, 11 RPV, 6 PPRV, 51 canine distemper viruses and
phocine distemper viruses. The conservation was assessed on

uccessive stretches of 20 nucleotides covering the full sequence.
n the multiple alignment of 208 N gene of MV, the mini-
um and maximum percentages of identities were 86% and

00%, respectively. In the rest of the study, the selection of
onserved segments for further siRNA design was based on a
inimum conservation of 93%. siRNA sequences were finally

erived from conserved regions of the following strains MV
GenBank/EMBL accession numbers U03668), RPV (Z30697),
PRV (X74443). The 36 siRNA were designed without par-

icular attention to their sequences, but some sequences were
ejected because they lacked necessary characteristics defined
y Amarzguioui and Prydz (2004), Reynolds et al. (2004), and
i-Tei et al. (2004). We therefore considered features like GC

ontent of the duplex ranging between 32% and 58%, low
nternal stability of the 3′ terminal of the sense strand, and
ome desired bases in strategic positions, as S1 and W19. We
imited our study to the 19mer duplex region of the siRNA
nd excluded the 3′ overhangs. However, more than 75% of
equences have dTdT 3′ overhang in both strands. Irrelevant
APDH siRNA (Ambion, SilencerTM GAPDH siRNA Human
ontrol, sense: 5′-AAGGUCAUCCAUGACAACUtt-3′, anti-

ense: 5′-AGUUGUCAUGGAUGACCUUtt-3′), cells that have
eceived lipofectamine without siRNA and after were infected
lipo + siRNA-virus + cells) and cells that have received siRNA
ithout lipofectamine and were subsequently infected (lipo-

iRNA + virus + cells) were used as controls.

.2. Cell culture and transfection

Vero cells (ECACC 84113001) with 48 h of growth were
rypsinized and plated at 1 × 105 cells per well in 24-well plates.
wenty-four hours later, different final concentrations of siR-
As (100, 50, 25 and 12,5 nM) were complexed with 2 �g per
ell of Lipofectamine 2000 (Invitrogen) in 100 �l of OptiMEM
(Invitrogen) serum-free. After 20 min of incubation at room

emperature, the siRNA/Lipofectamine 2000 complexes were
dded to wells containing 200 �l of MEM serum-free. Plates
ere incubated for 6 h at 37 ◦C in an atmosphere containing 5%
f CO2. Afterwards, the cell supernatant was replaced with 1 ml
f MEM supplemented with 5% of fetal bovine serum (FBS).
wenty-four hours after transfection, cells were infected with
PRV, RPV, or MV, using a multiplicity of infection of 0.1. Four
ays later, the siRNA silencing effect was evaluated by scoring
he reduction of cytopathic effect (CPE) and by flow cytome-
ry quantification of the decrease in virus protein expression.
eductions of 50% and 70%, respectively for CPE and protein
xpression, were considered as the cut-off for functionality.

.3. Immunostaining and flow cytometry
For flow cytometry analysis, viral proteins in infected cells
ere labeled using specific monoclonal antibodies (Mabs)

gainst N protein of PPRV and RPV, M protein of PPRV, F

http://sivirus.rnai.jp/
http://www.dkfz.de/signaling2/e-rnai/
http://i.cs.hku.hk/~sirna/software/sirna.php
http://i.cs.hku.hk/~sirna/software/sirna.php
http://jura.wi.mit.edu/bioc/siRNAext/siRNA_search.cgi%3Ftasto=680346486
http://jura.wi.mit.edu/bioc/siRNAext/siRNA_search.cgi%3Ftasto=680346486
http://sfold.wadsworth.org/sirna.pl
http://cluster-1.mpi-cbg.de/Deqor/deqor.html
http://cluster-1.mpi-cbg.de/Deqor/deqor.html
http://sonnhammer.cgb.ki.se/siSearch/siSearch_1.7.html
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Table 1
Targeted positions and siRNA sequences
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Table 1 (Continued )
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Table 1 (Continued )
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he functional sequences are in green.

rotein of RPV, and FITC antibody conjugated as secondary
ntibody. In brief, cells were trypsinized and plated on 96-well
lates. Monoclonal antibodies specific for each of the viral pro-
eins were appropriately diluted and added to each well. After
0 min of incubation at 4 ◦C and two washing steps, cells were
ncubated for 30 min at 4 ◦C with a second FITC-conjugated
ntibody (Bio Rad). Finally, cells were washed twice and fixed
ith 1% paraformaldehyde. All dilutions and washings were car-

ied out using a PBS solution containing 0.025–0.015% saponine
or cell permeabilization and intracellular staining. The silenc-
ng of the viral protein production by siRNAs was measured by
ow cytometry using a FacSort (Becton Dickinson).

.4. Validation of positively correlated features with siRNA
unctionality

From our siRNA efficacy results and based on previ-
usly published data (Bohula et al., 2003; Luo and Chang,
004; Yoshinari et al., 2004; Heale et al., 2005; Overhoff
t al., 2005; Schramm and Ramey, 2005; Schubert et al.,
005; Westerhout et al., 2005; Yiu et al., 2005) we analyzed
he secondary structure of siRNA targets and the intrin-
ic sequence of siRNAs to define a procedure that would
ptimize the identification of effective siRNA. Secondary
tructures of mRNA targets were defined using the Mfold soft-
are (http://www.bioinfo.rpi.edu/applications/mfold/old/rna/)

nd all predicted structures were analyzed. Moreover, we applied
computational statistical approach proposed by Luo and Chang

2004) that is based on the average number of hydrogen bonds
ormed between nucleotides in the target region, a parameter
alled “the hydrogen bond (H–b) index”. The H–b index scores
uplex siRNAs according to their secondary structure and dis-
inguishes between functional and non-functional molecules. In
ddition, we examined the accessibility of our siRNA sequences
sing the application STarMir described by Long et al. (2007).

his application evaluates the potential effects of the secondary
tructure of a target mRNA on its sensitivity to miRNA regu-
ation by energy calculations for miRNA-target hybridization
nd is available at http://sfold.wadsworth.org (for more details

r
g
a
a

ee Long et al., 2007). Last, the frequency of the 12 criteria
ompiled from the literature and related to siRNA activity, was
etermined on active versus non-active siRNAs. The list of these
riteria and the respective positions on which they applied in the
uplex sense strand are given in Table 2. Statistical analyses
ere done using the Chi-square test on discrete variables, test-

ng the null hypothesis H0 (no difference between the active
nd non-active siRNA populations) and using the R language
http://www.r-project.org/).

. Results

.1. Determination of siRNA functionality

To assess the efficacy of the sequences, we considered that a
eduction of 70% of protein expression was the minimal require-
ent for functionality, provided that a minimum level of 80% of

iral protein expression was obtained using cells treated with the
rrelevant GAPDH siRNA, lipo + siRNA-virus + cells and lipo-
iRNA + virus + cells controls. All these controls have shown no
eduction of viral protein expression. In total, 12 out of 62 (19%)
iRNA duplexes were functional according to this criterion. The
ummary of results for all siRNAs is presented in Table 3. We
dentified four siRNAs able to knock down the N gene of PPRV,
ve active on the N gene of RPV and three active on the N gene
f MMV.

.2. Secondary structure and siRNA functionality

Using the Mfold software, we obtained several predicted
NA folded structures for the same mRNA. A compilation of

he secondary structure of mRNA targets of the siRNA set is
hown in Table 4. We found that the hairpin structures and
arget sites located between two very close branches possi-
ly contributed to the inefficacy of siRNAs. In contrast, our

esults do not support a relation of stem doubled-stranded tar-
ets, or H–b index, proposed by Luo and Chang (2004), with
decrease in siRNA activity. The method proposed by Long et

l. (2007), which searches for potential target sites for a defined

http://www.bioinfo.rpi.edu/applications/mfold/old/rna/
http://sfold.wadsworth.org/
http://www.r-project.org/
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Table 2
Criteria evaluated in the siRNA sequences

Criteria Authors

1. At least four out of seven A/U residues in the 5′ terminal of the antisense
strand* and four out of seven G/C residues in the 3′ terminal of the
antisense strand

Ui-Tei et al. (2004)

2. Absence G, C stretches >4 nt Ding et al. (2004), Henschel et al. (2004)
3. S1 Schwarz et al. (2003), Amarzguioui and Prydz (2004), Jagla et al. (2005)
4. A3 Reynolds et al. (2004), Schubert et al. (2005), Pekarik (2005)
5. A6 Amarzguioui and Prydz (2004)
6. U10 Amarzguioui and Prydz (2004), Reynolds et al. (2004), Yoshinari et al.

(2004), Pekarik (2005), Shabalina et al. (2006)
7. W19 Amarzguioui and Prydz (2004), Reynolds et al. (2004), Huesken et al.

(2005), Pekarik (2005), Shabalina et al. (2006)
8. U13 Pekarik (2005), Huesken et al. (2005)
9. Absence of G13 Arziman et al. (2005) Pekarik (2005)
10. S11 Jagla et al. (2005)
11. G16 Hsieh et al. (2004)
12. U18 Huesken et al. (2005)
13. Evaluation of secondary structure of mRNA target Bohula et al. (2003), Luo and Chang (2004), Yoshinari et al. (2004), Heale

et al. (2005), Overhoff et al. (2005), Schramm and Ramey (2005), Schubert
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i(si)RNA sequence according to its secondary structure, was
ble to select 4 out of 12 (∼33%) of our functional sequences and
9 out of 50 (38%) of our non-functional sequences. Nonethe-
ess, this method has identified a probable off-target site for
he functional NPPRV7 siRNA which opens the possibility that
his set of siRNAs interacts and regulates the mRNA expres-
ion in an alternative way. At the end, 100% of our functional
iRNAs targeted mRNA positions which were accessible in
ore than 60% of the predicted secondary RNA structures.

n contrast, 68% of non-functional siRNAs targeted positions
ith less than 60% of accessible secondary mRNA structures.
he frequency of the accessible secondary structures in active
iRNAs was significantly higher (p ≤ 0.05) than in non-active
iRNAs.

.3. Sequence stability and siRNA functionality

Low internal stability of the 3′ terminal may be used to
nhance RNAi activity (Khvorova et al., 2003; Schwarz et al.,
003). As a measure of stability asymmetry, we considered a
inimum of four out of seven A/U residues in the 3′ terminal

f the sense strand, according to Ui-Tei et al. (2004) and a min-
mum of four out of seven G/C residues in the 5′ terminal of
he sense strand. We also estimated the stability asymmetry of
he first four nucleotide pairs of the 5′ end duplex by calculating
he thermodynamic energy and considering a minimum energy
ifference of −0.3 to guarantee this asymmetry, as proposed by
utvagner (2005).
Nine out of our twelve functional siRNAs (75%) had a high

ncidence of A/U at the 3′ end of the sense whereas 38 out of 50
76%) non-functional siRNAs also showed this criterion. More-

ver, only 50% of functional siRNAs showed four out of seven
/C residues in the sense 5′ end, whereas 54% of non-functional

iRNAs followed this rule. Finally, we found a minimum value
f −0.3 kcal/mol for the energy difference between the 5′ ends

e
(
e
a

et al. (2005), Westerhout et al. (2005), Yiu et al. (2005)

f the duplex in 8 out of 12 (67%) functional siRNAs. How-
ver, a higher percentage (76%) of the non-functional siRNA
lso showed this minimal difference.

.4. Specific sequence motifs and siRNA functionality

We next investigated if some nucleotides in specific posi-
ions previously described as suitable for functional siRNA
uplex were also associated with functional siRNAs in our study
Table 2). The incidence of these nucleotides was determined
or functional (f) and non-functional (nf) siRNA groups. Results
re given in Table 5. The most frequent motifs found in the
et of functional siRNAs were (i) U10 (f = 50%; nf = 14%), (ii)
11 (f = 75%; nf = 40%) where S is G or C, (iii) U13 (f = 75%;
f = 26%), (iv) absence of G13 (f = 100%; nf = 58%), and (v)
19 (f = 100%; nf = 60%) where W is A or U. The occur-

ence of these motifs was significantly higher in active siRNAs
p ≤ 0.01 except for S11 where p ≤ 0.05). The motif A3 (f = 42%;
f = 22%) was moderately represented in the functional siRNAs
nd the less frequent motifs were (i) G16 (f = 16%; nf = 20%),
ii) S1 (f = 75%; nf = 72%), (iii) A6 (f = 17%; nf = 22%), and (iv)
18 (f = 17%; nf = 22%). However, the difference between active
ersus non-active siRNAs was not significant (p ≥ 0.05). Addi-
ionally, the incidence of the four nucleotides was determined at
ach position, and the functional and non-functional sequences
ere compared (see Fig. 1). This analysis confirmed the strong
ominance of motif U13 (differential incidence of 49%), the
bsence of G13 (−42%), U10 (36%) and A/U19 (40%) in our
unctional sequences. In contrast to other reports, motifs S1
C = −15%; G = 18%), A3 (22%), A6 (−5%), and U18 (4%)
ere not dominant in the functional siRNAs in this study. How-
ver, a new important motif was identified. Indeed, motif G11
differential incidence of 59%) and a strong statistical differ-
nce (p ≤ 0.0001) was over-represented in functional siRNAs
nd under-represented in non-functional sequences. Addition-
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Table 3
siRNA functionality measured by flow cytometry

siRNA Percentages of functionality (Gene target)

N M F

PPRV
NPPRV1 9–13% (n ≥ 10)
NPPRV1 − 1 19.5–22% (n = 5)
NPPRV1 − 2 83–88% (n = 7)
NPPRV1 − 3 89–93% (n = 8)
NPPRV1 + 1 75–78% (n = 6)
NPPRV1 + 2 68–74% (n = 7)
NPPRV5 83.7–84.3% (n = 5)
NPPRV6 19–21% (n ≥ 10)
NPPRV6 − 1 64.1–65.9% (n = 2)
NPPRV6 − 2 85.5–90.4% (n = 2)
NPPRV6 + 1 42.3–45.7% (n = 10)
NPPRV6 + 2 57.6–64.5% (n = 10)
NPPRV7 12.7–13.3% (n ≥ 10)
NPPRV7 − 1 54.6–57.3% (n = 4)
NPPRV7 − 2 64.2–65.8% (n = 2)
NPPRV7 + 1 35.3–38.7% (n = 5)
NPPRV7 + 2 58–59.9% (n = 3)
NPPRV8 65.3–66.7% (n = 2)
NPPRV9 64.9–66% (n = 5)
NPPRV10 36.5–40.4% (n = 6)
MPPRV1 66.6–71.3% (n = 2)
MPPRV2 66.5–68.5% (n = 4)
MPPRV4 79–81% (n = 4)
MPPRV5 89–93% (n = 2)
MPPRV6 65.9–69% (n = 2)
MPPRV8 54.3–57.7% (n = 3)
MPPRV9 64.6–67.4% (n = 3)
MPPRV11 68.9–75.1% (n = 3)
MPPRV75/1 1 95.3–100% (n = 2)
MPPRV 75/1 2 96.7–99.3% (n = 2)
MPPRV 75/1 3 44–48% (n = 10)
FPPRV1 72.8–79.2% (n = 2)
FPPRV2 82.9–91.2% (n = 3)
FPPRV3 93–100% (n = 2)
FPPRV4 94.5–100% (n = 2)
FPPRV5 99.5–100% (n = 2)

RPV
NRPV1 25–30.2% (n ≥ 10)
NRPV1 − 1 2.3–4.2% (n ≥ 10)
NRPV1 − 2 65.5–71% (n = 6)
NRPV1 + 1 54–60% (n = 4)
NRPV6 14.4–15.6% (n ≥ 10)
NRPV6 − 1 97.7–100% (n = 2)
NRPV6 − 2 87.8–90.1% (n = 2)
NRPV6 + 1 63.1–64.9% (n = 3)
NRPV6 + 2 58.5–59.5% (n = 4)
NRPV7 23.5–24.5% (n ≥ 10)
NRPV7 − 1 61.7–66.2% (n = 4)
NRPV7 − 2 81.8–82.2% (n = 2)
NRPV7 + 1 14.7–15.2% (n ≥ 10)
NRPV7 + 2 50.2–51.8% (n = 4)

MV
NMMV1 9.5–11% (n ≥ 10)
NMMV1 − 1 13–18% (n = 10)
NMMV1 − 2 62–66% (n = 6)
NMMV1 + 1 67–75% (n = 8)
NMMV6 45.4–48.5% (n = 5)
NMMV6 − 1 75.4–78.6% (n = 2)
NMMV7 45.9–48.1% (n = 5)
NMMV7 − 2 65.5–72.4% (n = 3)
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Table 3 (Continued )

siRNA Percentages of functionality (Gene target)

N M F

NMMV7 − 3 52.2–57.5% (n = 2)
N1MMV 14.6–15.3% (n = 2)
N2MMV 61.5–62% (n = 2)
N3MMV 57.6–58.5% (n = 2)

GAPDH 97.2–100% (n ≥ 10) 98–99% (n ≥ 10) 98–100% (n ≥ 10)

The cut-off established for functionality was a reduction to a minimum of 70% of the N protein expression. The level of viral protein expression was measured
u ction
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sing the data obtained by transfection of the irrelevant GAPDH siRNA (see Se
ontrols. These controls were considered when a minimum level of 80% of vira
xpression and the number of replicates for each siRNA are shown for each siR

lly, other motifs were moderately over-represented like G2
30%), U4 (34%), G7 (26%), C9 (30%), G16 (30%) and G15
26%) or under-represented like A5 (−26%), U8 (−26%), G9
−30%) and A15 (−30%).

. Discussion

Previously published works have correlated several specific
otifs intrinsic to the siRNA sequences as well as particular sec-

ndary structure of the target site with efficient siRNA silencing

Elbashir et al., 2001; Amarzguioui and Prydz, 2004; Gilmore et
l., 2004; Khvorova et al., 2003; Luo and Chang, 2004; Reynolds
t al., 2004; Ui-Tei et al., 2004; Yoshinari et al., 2004; Heale et al.,
005; Huesken et al., 2005; Overhoff et al., 2005; Schubert et al.,

b
w
R
k

able 4
econdary structure of mRNA targets

tructure Description

Stem with lateral or asymmetric internal bulge
extremities

Stem with asymmetric internal bulges and unp

Paired extremities

Unpaired extremities

Target site located between two branches sepa
bases and unpaired 3′ end

Target sites located between two very close br

Hairpin and unpaired 3′ end

Hairpin and unpaired extremities
2), non-treated + infected cells and non-lipofectamine + infected cells, used as
in expression was obtained. The minimum and maximum level of viral protein

005; Westerhout et al., 2005). The application of these features
as proven to be effective in certain cases but has failed to distin-
uish between functional and non-functional siRNAs in many
thers. To address the conditions that determine siRNA func-
ionality, we analyzed a panel of 62 siRNA sequences targeting

orbillivirus genes. The features associated with siRNA activ-
ty comprised mainly the secondary structure of target mRNA
nd at least five motifs strategically located in the 19 base-long
iRNA sequences.

Target mRNA secondary structure is a criterion that cannot

e easily defined nor confidently scored. Using the Mfold soft-
are, secondary structure can be obtained as sets of 10 predicted
NA folded structures for the same mRNA. It is difficult to
now which of the probable structures represents the real or

References that agree with the results of this work

s and paired

aired 5′ end

Luo and Chang (2004), Schramm and Ramey
(2005), Schubert et al. (2005)

Schubert et al. (2005)

rated by two Schubert et al. (2005)

anches Schubert et al. (2005), Yiu et al. (2005)

Luo and Chang (2004), Schramm and Ramey
(2005), Westerhout et al. (2005)

Luo and Chang (2004), Schramm and Ramey
(2005), Westerhout et al. (2005)
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Table 5
The incidence of each criterion for the functional and non-functional siRNA
groups

Criteria Functional Non-functional
siRNAs siRNAs

1 8/12 (>66%) 24/50 (48%)
2 12/12 (100%) 47/50 (94%)
3 9/12 (75%) 36/50 (72%)
4 5/12 (>41%) 11/50 (22%)
5 7/12 (>58%) 30/50 (60%)
6 6/12 (50%) 7/50 (14%)
7 12/12 (100%) 30/50 (60%)
8 9/12 (75%) 13/50 (26%)
9 12/12 (100%) 29/50 (58%)
10 9/12 (75%) 20/50 (40%)
11 2/12 (>16%) 10/50 (20%)
12 11/12 (>91%) 32/50 (64%)
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tions to this rule, also found by Beale et al. (2003), Bohula et al.

F
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w
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ll incidence differences between functional and non-functional groups were
tatistically calculated by Chi-square test on discrete variables.

he most frequent folding into cell. Luo and Chang (2004) pro-
osed to use a statistical approach to solve this limitation by
ntroducing a single parameter (H–b index) to try to reflect the
verall probability of the target siRNA sites to form doubled-
tranded complexes, which are considered not accessible by
everal studies (Schubert et al., 2005; Heale et al., 2005). Nev-
rtheless, our results do not support the lower activity of siRNA
argeting doubled-stranded mRNA stems or siRNA sequences
aving a high H–b index (data not shown). In the same way,
he Sfold algorithm (Ding et al., 2004) for RNA folding and
rediction of target accessibility rejected all of our active siR-

As. On the other hand, we found that hairpin structures and

arget sites located between two very close branches may con-
ribute to the inefficacy of siRNAs, as previously reported (Luo
nd Chang, 2004; Schramm and Ramey, 2005; Westerhout et

(
t
i

ig. 1. Differential nucleotide incidence in functional vs. non-functional siRNAs. Fo
he four nucleotides were determined. Percentage differences between functional and
positive cut-off) were considered over-representations of the corresponding nucleotid
ere considered under-representations. Results >25% or <−25% are shown in gray bo
y horizontal dashed lines.
Research 79 (2008) 37–48 45

l., 2005; Yiu et al., 2005). Moreover, 100% of the functional
iRNAs, whereas 68% of the non-functional siRNAs targeted
RNA positions were defined as accessible in more than 60%

f the predicted secondary RNA structures. Westerhout and
erkhout (2007) also found that hairpin structures in target

equences can obstruct the access of siRNA. However, these
uthors showed that, although the tightest RNA hairpins were
ompletely resistant to RNAi, an inverse correlation between
he overall target hairpin stability and RNAi-mediated inhibi-
ion existed. Although, the structure stability could determine
he inefficacy of our siRNAs sequences, a threshold of paired
ases that confer this stability has to be determined. Ideally, the
orrelation between the stability level of the target structure and
NAi efficiency has to be done by a mutational analysis of one

arget instead of comparing different siRNAs with intrinsically
ifferent RNAi efficacy. Consequently, this kind of evaluation
as not possible with our set of data since we have analyzed

iRNAs with different targets and nucleotide compositions.
For the selective incorporation of the antisense strand into

ISC complex, the two strands of siRNA duplex should have
weak binding affinity at the 5′ end of the antisense strand

Khvorova et al., 2003; Schwarz et al., 2003). This weak affin-
ty can be obtained by selecting target sequences rich in A/U
ontent at the 5′ end of the antisense (Khvorova et al., 2003;
chwarz et al., 2003). Seventy-five percent of our functional
iRNAs but also 76% of our non-functional siRNAs showed a
inimum of four out of seven A/U residues at the 5′ end of

he antisense. Although several studies suggested that the ther-
odynamic instability of the 5′ end of the antisense plays an

mportant role in siRNA activity, our results show many excep-
2003), Ui-Tei et al. (2004) and Gilmore et al. (2004). Moreover,
he requirement for efficacy of four out of seven G/C residues
n the 5′ end of the sense was not confirmed in our siRNA set,

r each of the 19 positions, the relative percentages of functional siRNAs with
non-functional siRNAs are reported in table (a). Differences higher than 25%

es in functional siRNAs. Conversely, results lower than −25% (negative cut-off)
xes. In plot (b), the results are shown with curves, and cut-offs are materialized
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Fig. 2. Strategy for identification of effective siRNA. The procedure considers
as potentially functional firstly the 19-nt siRNAs that target accessible sequences
in at least 60% of the predicted mRNA secondary structures. Subsequently, the
screened siRNAs are evaluated based on the stability asymmetry between the
5′ and 3′ termini of the sense strand (higher A/U content in the 3′ termini and
a lower A/U content in the 5′ termini) and the desirable motifs (G2, U10, G11,
U13, absence of G13 and W19). The siRNAs that fulfill four out of seven of these
latter criteria are finally selected. The percentages of our sequences that showed
t
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ince only 50% of functional siRNAs showed this characteris-
ic whereas 54% of non-functional siRNAs followed this rule.
utvagner (2005) evaluated the stability asymmetry of the 5′

nds of the duplex by calculating thermodynamic energy and
ound that an energy difference of −0.3 kcal/mol was the mini-
um to guarantee the incorporation of the antisense strand into

he RISC. We found a relatively high percentage (67%) of func-
ional siRNAs satisfying this requirement. However, 76% of the
on-functional siRNAs also fulfilled this criterion. Interestingly,
e observed that 8 out of 12 (>66%) of functional siRNAs had

imultaneously a higher A/U content at the 5′ end of the anti-
ense strand and a lower A/U content at the 5′ end of the sense
trand while 24 out of 50 (48%) of non-functional siRNAs did
ot. Although the difference was not significant (p ≥ 0.05), we
till believe that this parameter could probably be more relevant
or siRNA activity than the strict requirement of a minimum
umber of A/U or G/C nucleotide pairs at the siRNA extremi-
ies (Ui-Tei et al., 2004) or a minimal value of thermodynamic
nergy (Hutvagner, 2005). Our prediction is also supported by
marzguioui and Prydz (2004).
This work also shows that the parameter previously published

hat most contributes to the activity of our siRNAs was the pres-
nce of a uracil in position 13. Using this criterion alone we
ere able to increase substantially the likelihood of selecting
functional siRNA in our siRNA set because 75% of these

iRNA have a U13 against 26% in non-functional siRNAs. We
ave evaluated the occurrence of G or C at position 11 sug-
ested by Jagla et al. (2005) but we only confirmed that the G
ucleotide is over-represented at position 11 of active siRNAs
nd under-represented in inactive siRNAs. Consequently, this
otif, which had not been reported previously, deserves special

ttention. Our analyses also revealed that motifs U10, A and
at position 19 and absence of G13 are dominant, although

ess intensively, in functional siRNAs as reported by others
Amarzguioui and Prydz, 2004; Reynolds et al., 2004; Huesken
t al., 2005; Pekarik, 2005; Shabalina et al., 2006). We can spec-
late that these motifs contribute to the overall performance of
he siRNA directed against viral genes. Our findings also show
hat G/C at position 1, A at positions 3 and 6, and U at position 18
re not clearly linked with siRNA efficacy against the N gene of
orbillivirus. Additionally, the results suggest that some other

ew motifs might play a role in functional siRNAs, such as the
resence of G2, U4, G7, C9, G15 and G16 and absence of A5,
8, G9, and A15. However, the dominance of G2 in the func-

ional sequences might have resulted from an artifact since at
east 4 out of 12 sequences had been selected using this criterion
o guarantee a higher stability at the 5′ end of the sense strand.
n addition, G7, C9, G15 and G16, although they exceed the
ositive cut-off selected in this study, are not so distant from the
ther nucleotides, as visualized in Fig. 1. Therefore, the inter-
st of these motifs as selection criteria for siRNA efficacy is
resently not obvious. In contrast, U4 is clearly individualized
rom the other nucleotides. Its functional importance needs to

e validated on a larger set of functional sequences.

To optimize the identification of effective siRNA, firstly the
equences were selected using as eliminatory criterion an mRNA
ccessibility of at least 60%. The requirement for G2, U10,

d
t
i
o

hese attributes are in the green area. Abbreviations: f, functional siRNA; nf,
on-functional siRNA.

11, U13, absence of G13 and W19 and a stability asymmetry
etween the 5′ and 3′ termini of the sense strand were confronted
o the selected ones using an inclusive cut-off score of any four
ut of these seven features. This strategy allowed the selection
f >83% functional siRNAs while only 8% of non-functional
iRNAs could not be rejected (Fig. 2).

As discussed above, our results suggest that the intramolec-
lar secondary structure of the targeted mRNA has an essential
ontribution to siRNA efficiency according to several previ-
us publications (Bohula et al., 2003; Luo and Chang, 2004;
oshinari et al., 2004; Heale et al., 2005; Overhoff et al., 2005;
chramm and Ramey, 2005; Schubert et al., 2005; Westerhout
t al., 2005; Yiu et al., 2005; Köberle et al., 2006; Ameres et al.,
007; Long et al., 2007; Westerhout and Berkhout, 2007). The
ndings from Long et al. (2007) for example indicate a potent
ffect of target structure on target recognition by miRNA and
ased on a defined model of interaction between an miRNA and
target (for further details, see Long et al., 2007). They have

eveloped the STarMir application which searches for poten-

ial target sites for a defined mi(si)RNA sequence according to
ts secondary structure. The STarMir application has found that
nly 4 out of our 12 functional siRNAs (∼33%) have an acces-
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ible target against 19 out of our 50 non-functional sequences
38%). In the end, there is a higher number of our active siR-
As that match inaccessible targets as predicted by the Long’s
ethod compared to our method including eight criteria, lead-

ng to the elimination of more than 66% of them. Our method
as, therefore, a better output for the identification of active
iRNA. With this method, we are able to select 14 potentially
ctive sequences of which 10 (>71%) have been confirmed to
e active in vitro (our method did not select the two remaining
unctional siRNAs). Interestingly, when the Long’s application
s used after the pre-selection of active siRNAs according to
ur method, then a more restrictive selection is obtained with 4
ut of 14 pre-selected siRNAs being retained and three of them
75%, NRPV1-1, NRPV6 and N1MMV) being functional in
itro. Two out of these three selected active sequences yield an
nhibitory effect higher than 85%, the average degree of knock-
own observed with all of our functional siRNAs (85%). By this
ombination of methods (first ours and second Long’s method),
he success rate for the selection of active siRNA is increased,
hus reducing the cost for synthesis and in vitro testing, but this is
n detriment of a high number of other functional ones. There-
ore, we recommend using that combination if the purpose is
o identify only few active sequences with a high probability
f success and stronger activity. In the other cases, our method
ay offer more active sequences but with a higher number of

on-active sequences. In addition, the Long’s application can
e secondarily applied for searching potential off-target sites of
n vitro functional siRNA. Indeed, the Long’s application has
ound that one of the active siRNA (NPPRV7) has a high proba-
ility of having an off-target effect. Interestingly, this sequence
s one of our two functional sequences that were not predicted
s active using our method because it has not the minimal num-
er of criteria required. Therefore, to check if the activity of
he siRNA NPPRV7 results from an off-target site hybridiza-
ion, mutational studies in the off-target and/or target sites of the
orresponding mRNA are required.

Further validation on other functional siRNA sequences pos-
ibly by other groups is needed, but we already believe that
ur selection strategy might be useful to increase the prob-
bility of selecting functional siRNA sequences against viral
ene and could serve in the development of an algorithm for
omputerized design of siRNAs. Although generated on siRNA
argeting virus genes, we anticipate that these rules would also
e applicable to siRNA against mammalian mRNA sequences
ince both uses the same conserved cell machinery for RNA
nterference.

. Conclusions

In this study, some specific related features of siRNA func-
ionality are confirmed as being important for the design of
ctive siRNAs against viral genes. The sequence that we can
nally recommend as a model for the selection of functional

iRNAs directed to virus mRNAs is a RNA duplex of 19
ucleotides with a 2 nucleotides 3′ overhang and the sense
trand consisting of 5′-N1, G2, N3-9, U10, G11, N12, U(-G)13,
14–18 and W19-dTdT-3′ (where subscripted numbers indicate

H

H

Research 79 (2008) 37–48 47

he nucleotide positions and S; N; and W are G or C; an arbi-
rary nucleotide; and A or U, respectively as defined by the
nternational Union of Pure and Applied Chemistry: IUPAC,
ttp://www.iupac.org. U(-G) at position 13 means the presence
f U13 and absence of G13. Moreover, our data show that the
ntramolecular secondary structure of mRNA target contributes
o siRNA efficacy.
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