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RNA interference (RNAI) is a mechanism through which small interfering RNA (siRNA)
induces sequence-specific posttranscriptional gene silencing. RNAI is commonly recog-
nized as a powerful tool not only for functional genomics but also for therapeutic applica-
tions. Twenty-one-nucleotide-long siRNA suppresses the expression of the intended gene
whose transcript possesses perfect complementarity to the siRNA guide strand. Hence,
its silencing effect has been assumed to be extremely specific. However, accumulated
evidences revealed that siRNA could downregulate unintended genes with partial com-
plementarities mainly to the seven-nucleotide seed region of siRNA. This phenomenon is
referred to as off-target effect. We have revealed that the capability to induce off-target
effect is strongly correlated to the thermodynamic stability in siRNA seed-target duplex.
For understanding accurate target gene function and successful therapeutic application,
it may be critical to select a target gene-specific sSiRNA with minimized off-target effect.
Here we present our siRNA design software for a target-specific RNAI. In addition, we also
introduce the software programs open to the public for designing functional siRNAs.
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INTRODUCTION

RNA interference (RNAI) is a broadly used technique by which
small interfering RNA (siRNA) downregulates a specific tar-
get gene with perfect complementary sequence, and promised
to use in therapeutic application for human diseases (Castan-
otto and Rossi, 2009; Ketting, 2011). Although human has more
than 20,000 genes, it is desirable to use siRNA which is highly
functional and has no effects on any genes other than its spe-
cific target. In this article, we review an optimized method to
design siRNA based on the mechanism of RNAi. In addition,
we introduce the websites open to the public for selecting siRNA
sequences.

OPTIMIZED DESIGN OF siRNA

Duplexes of 21-nucleotide (nt) RNA with 2nt 3’ overhangs
(siRNA) is usually used for RNAi experiments. Upon delivery into
the cells, siRNAs are incorporated into the RNA-induced silencing
complex (RISC) as a double-stranded RNA. RISC is the effector
complex containing Argonaute protein (Ago) with slicer activ-
ity (Hammond et al.,, 2001; Martinez et al., 2002). The siRNA
guide strand containing the thermodynamically less stable 5'-end
is preferentially retained by RISC (Khvorova et al., 2003; Schwarz
et al., 2003; Ui-Tei et al., 2004). The passenger strands of most
of the double-stranded siRNAs loaded onto RISC are cleaved by
Ago2 protein and degraded (Matranga et al., 2005; Rand et al,,
2005; Leuschner et al., 2006). The retained guide strand pairs tar-
get mRNA with perfectly complementary sequence, and represses
it by cleavage by Ago2 protein at nucleotide position 10 of siRNA
guide strand (Elbashir etal.,2001; Hammond et al., 2001; Martinez

et al., 2002). However, an accumulated evidence from genome-
wide experiments indicate that a great number of mRNAs with
partial complementarities to the guide strand are also reduced
(Jackson et al., 2003, 2006; Lim et al., 2005; Birmingham et al.,
20065 Ui-Tei et al., 2008). This phenomenon is referred to as seed-
dependent off-target effect and preferably observed in mRNA 3’
UTRs. The target recognition mechanism of this off-target effect
is known to be similar to that of miRNA-mediated gene silenc-
ing (Lewis et al., 2005; Lim et al., 2005; Grimson et al., 2007).
The transcripts with sequences complementary to the seed region
positioned 2-8 from the 5’ terminal are mainly reduced. The seed
region is known to be situated on the surface of Ago in a quasi-
helical form to serve as the entry or nucleation site for small RNAs
in the RISCs (Ma et al., 2005; Yuan et al., 2005). Thus, the seed
region first identifies the target mRNAs, and subsequently form
perfect base-pairing with intended target mRNA and induce RNAi
by Ago2.

Based on the mechanism of RNAI, a target gene-specific siRNA
is considered to be selectable according to the following three steps.

STEP 1: SELECTION OF FUNCTIONAL siRNA SEQUENCE

The knockdown efficiencies of siRNAs are revealed to be highly
dependent on their sequences. We advocated the empirically based
rule which prescribed the characteristics of highly functional
siRNAs (Ui-Tei et al., 2004), such rule is called as Ui-Tei rule
(Figure 1). The siRNA selected by Ui-Tei rule satisfy the following
four conditions simultaneously: (1) A or U at position 1 from 5’
terminus of siRNA guide strand, (2) G or C at position 19, (3) AU
richness (AU >4) in positions 1-7, and (4) no long GC stretch

www.frontiersin.org

June 2012 | Volume 3 | Article 102 | 1


http://www.frontiersin.org/Genetics
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/editorialboard
http://www.frontiersin.org/Genetics/about
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=YukiNaito&UID=44082
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=KumikoUi_Tei&UID=24146
mailto:y-naito@RNAi.jp
http://www.frontiersin.org
http://www.frontiersin.org/Non-Coding_RNA/archive
http://www.frontiersin.org/Non-Coding_RNA/10.3389/fgene.2012.00102/abstract

Naito and Ui-Tei

Software for a target-specific RNAI

[STEP 1]
Selection of functional siRNA sequence
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Selection of siRNA sequence for minimized seed-dependent off-target effects
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Elimination of near-perfect matched off-target genes
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Selection of highly functional and off-
target effect-reduced siRNAs

FIGURE 1 | Schematic representation for selecting functional and
off-target effect-reduced siRNAs. Selection of highly functional siRNA
by Ui-Tei, Reynolds, Amarzguioui rules, or the combination of them
(STEP 1). Selection of siRNAs with low stability in the seed-target
duplexes (STEP 2). Elimination of siRNAs with nearperfect matched
sequences to non-target genes (STEP 3). In each rule, the nucleotide
position indicates the number of nucleotide counted from 5" terminal of
the guide strand. [Ui-Tei rule} © A/U at position 1. @ G/C at position 19.

Exclusion

® 4 to 7 A/Us in positions 1-7. @ No GC stretch > 10. [Reynolds rule| ©

GC content (30%-52%). @ A/U > 3 at positions 1-5. @ Absence of
internal repeats. @ A at position 1. ® Aat position 17. ©® U at position 10.
@ Not G/C at position 1. ® Not G at position 7. [Amarzguioui rule} © An
asymmetry in the stability of the duplex ends (measured as the A/U
differential of the three terminal basepairs at either end of the duplex). @
G or C at position 19. @ A or U at position 1. @ A or U at position 14. ©
Not U at position 19. ® Not G at position 1.

>10. Except for (4), our rule indicated that the functional siRNA
has asymmetrical stability in 5’ and 3’ terminals. Our experimen-
tal validation using luciferase reporter assay showed that 98% of
the siRNAs satisfying above conditions reduced the expression of
luciferase reporter below 33% (Ui-Tei et al., 2004). Other groups
also demonstrated the rules of highly functional siRNAs referred
to as Reynolds rule (Reynolds et al., 2004) and Amarzguioui rule
(Amarzguioui and Prydz, 2004) as summarized in Figure 1. These
rules also clearly showed that functional siRNAs are asymmet-
rical: an RNA strand with unstable 5’ terminal was effective as

a guide strand. Furthermore, common in these rules, 5 termi-
nus of functional siRNA guide strand was preferable to be A
or U. It was revealed later that the results reflected the struc-
tural features of human Ago2 (Frank et al., 2010). The crystal
structure of a MID (middle) domain from human AGO2 and
NMR titration experiments showed that nucleotide monophos-
phates, AMP and UMP, bind with up to 30-fold higher affin-
ity than either CMP or GMP, providing structural evidence for
nucleotide-specific interactions in the MID domain of eukaryotic
AGO proteins.
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Sl Dl reCt version 2.0 highly effective, target specific siRNA online design site.

Enter an accession number and retrieve sequence:
l NM_012131 ‘ ( retrieve sequence j

or Paste in a nucleotide sequence:

>gil297515473|ref[NM_012131.2| Homo sapiens claudin 17 (CLDN17), mRNA
CCACTCCGAATTGAACCAGTCTTCAAAGTAAAGGCAATGGCATTTTATCCCTTGCAAATTGCTGGGCTGG
TTCTTGGGTTCCTTGGCATGGTGGGGACTCTTGCCACAACCCTTCTGCCTCAGTGGAGAGTATCAGCTTT
TGTTGGCAGCAACATTATTGTCTTTGAGAGGCTCTGGGAAGGGCTCTGGATGAATTGCATCCGACAAGCC
AGGGTCCGGTTGCAATGCAAGTTCTATAGCTCCTTGTTGGCTCTCCCGCCTGCCCTGGAAACAGCCCGGG
CCCTCATGTGTGTGGCTGTTGCTCTCTCCTTGATCGCCCTGCTTATTGGCATCTGTGGCATGAAGCAGGT
CCAGTGCACAGGCTCTAACGAGAGGGCCAAAGCATACCTTCTGGGAACTTCAGGAGTCCTCTTCATCCTG
ACGGGCATCTTCGTTCTGATTCCGGTGAGCTGGACAGCCAATATAATCATCAGAGATTTCTACAACCCAG
CCATCCACATAGGTCAGAAACGAGAGCTGGGAGCAGCACTTTTCCTTGGCTGGGCAAGCGCTGCTGTCCT
CTTCATTGGAGGGGGTCTGCTTTGTGGATTTTGCTGCTGCAACAGAAAGAAGCAAGGGTACAGATATCCA
GTGCCTGGCTACCGTGTGCCACACACAGATAAGCGAAGAAATACGACAATGCTTAGTAAGACCTCCACCA
GTTATGTCTAATGCCTCCTTTTGGCTCCAAG

Options: (dickhere]

C Effective siRNA candidates

specificity check:
functional P mum m

RNA oligo sequences seed-duplex  minimum number of
et target sequence SIRNA
=) 21nt guide (53 . stbily (Tm);  mismatches against
posiion  2inttarget + Zntoverhang | 5,0 TLESE T, selecton:

guide passenger guide passenger

B Options:

Functional siRNA selection algorithm by: @

g Ui-Tei et al., Nucleic Acids Res 32, 936-948 (2004) Link
[more options...]

High,

inimization of d. off-target effects @

¥ Seed-duplex stability: Max Tm 21.5 °C

(for reducing seed-dependent off-target effect)
Ui-Tei et al., Nucleic Acids Res 36, 7100-7109 (2008) Link Low

Seed Tm

‘e—Off-1arget reduced

All seeds

Specificity check: | Homo sapiens (human) non-redundant database 3| (&

(] Hide less-specific SIRNAs
[more options...]

Other options

[] Target range: from start to end

['] Avoid contiguous G's or C's | 4 3 | nt or more (for chemically synthesized SiRNA)
e

[_] Avoid contiguous A's or T's | 4 3| nt or more (for shRNA vectors with pol III promoter)

['] GC content: from o % to 100

'] Custom pattern: NNGNNNNNNNNNNNNNNNNNN @

['] Exclude pattern:

[ Only show siRNAs that match all checked criteria

D Similar Sequences

5
VITUEEUTTTTETL L] ||[M28622 | Hs#51166 Human interferon beta- 1 (IFN-beta- 1) mRNA, complete cds.
NM_002176.2 | Homo sapiens interferon, beta 1, fibroblast (IFNB1), mRNA

: UCUGUUAAUGAAGUAARAGUU wc| a9ec |2 etan| 3 detan
595617 AACTITTACTTCATTAACAGACT | UCUCUUARIGARGUAMMGUY |y [ 118ec 495 2 faetail] 3 detai]

co1-623 TACTICATAACAGACTTACAGG USUMGUCUGWANUGAGUA 5[] a1 | mc 3 deta) 2 (cetal]
720-742 TGGCTANTGTACTGCATAT A | UCAURUGCAGURCAULAGECA |y [] 1.2 116 3 (et 2 [ta]
721702 cocw UUCAUALUGCAGURCAUUASCE |y [ sa9vc | msoc |3 deral 2 (o]
744-766 GACACTAGAAGATTTGAATT | AUUUCAMMAUCUUCUAGUGUC 5[] 770 | 169 2 deta] 2 (cetal]
746-758 oMY | AAUUCAAAUCULCUAGUS 5[] 7.4c  202°C 2 et 2 [etal]
745771 TAGAAGATTTGAAKTTTTATT | UAMMMAUUCAAMACUUCUS | [ 1z 0o 5:3° 2 detal 2 cetal]

Graphical view of effective siRNA candidates
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FIGURE 2 | Screen views of siDirect 2.0 siRNA design software.
(A) Top page (http://siDirect2.RNAI.jp/). (B) Optional parameters for
siRNA design. (C) Result page. (D) Detailed list of off-target

naligned-notalign(1)
ACUUGUUGGUCAUGUUGACAA . . .
68-90 | TIGTCAACATGACCAACAAGTGT ACWGUUGGUCAUGUUGACAA iy ] 367 °C | 20.5°C 2 [detai) 3 (detil] RILITILLIIXE]]]] ] ]|[BX648613 | Hs#516818038 Homo sapiens mRNA; CDNA DKFZp686N06224 (from clone DKFZp686N06224)
131153 crerT T U 0190 201°C 3etai) 2 cetai
o [detail) 2 [detail] —
. UUCUUUGUAGGAAUCCAAGCA . . XX| 1 1X11 11111 ]]|[M30640 | Hs#52104 Human endothelia leukocyte adhesion molecule I (ELAM1) mRNA, complete cds.
152-174 TGCTTGGATTCCTACAMAGAAGC 1920 201 200
cuvseacconcamenee. 9 O i > NM_000450.1 | Homo sapiens selectin E (endothelial adhesion molecule 1) (SELE), mRNA
302-324 ccscar UCUCUAGAUSSUCRAUSCSS 5[] 17.55c 20.57C 4 et 3 [t click —
CCARAGAUBLLCUGS . . RUIRIXKI| 11T L] ]|[EX648671 | Hs#516817980 Homo sapiens mRNA; CDNA DKFZp686B0247 (from clone DKFZp686B0247)
326-348 TCCAGAACATCTTTGCTATITTC | AMAUAGCAMAGAUGUUCLGEA g [] 10,72 19.2°C 2 [detall] 2 [detal NM 182523.1 | Homo sapiens hypothetica protein MGCB1571 (MGCS1571), MRNA
331-353 acaTCTTGCTATTICAGACA | UCUSAMAUAGCAMGAUGUY [ 123 | 12.0°C 2 detil 2 (el )
KChGA X0 11IXILTITIX] L] |[AY010114 | Hs#53438475 Homo sapiens unknown mRNA sequence
338360 TIGCTATTTTCAGACAAGATICA  AMUCUUSUCUGMANUAGEAA |y [] 10,20 | -3 3 fdeal] 2 detal])
372-394 TATTGTTGAGA 0 [iacc 240 2 3 e )
GGAAUGAGACUAUUGUUGAGA X001 1] 11 1%] 11T ]|[NH_001001786.1 | Homo sapiens BRCCZ mRNA (BRCC), mRNA
409-431 oaOtAUCAGOAeCAUey U D 200°c 17.4°C 3 [detail)| 3 [detail) T
AAAAGUUCCUUAGGAUULCCA )
561-603 TGGAAATCCTAAGGAACTTTTAC 0 0133 1875 2 e 2 (et ()
GAAAUCCUAAGGAACUUUUAC 0 (€3] BETE X1 T1T1IX]]1%] [] ] 1]|[NM-024638.2 | Homo sapiens queuine tRNA-ibosyltransferase domain conteining 1 (QTRTD1), mRNA
S57-609 TCCTAAGGARCTTTACTTCATT USACUMAGULCCUUACEA 1y ] 1aec | 1097 3 focta 2 (o) LI
UUMUGAAGUMAAGUUCCU 3 q
591-613 AAGGAACTITTACTTCATIAACA | UUAMUGAAGUAMAGUUCCUU [ 9o 13.3°C 2 [detal] 2 [detai] KITITTIT TR ] 1] 1||AL833606 | Hs#S4621785 Homo saplens mRNA; cONA DKFZps8sL2267 o cone DKFZ0686.267)
INM_003872.2 | Homo sapiens neuropilin 2 (NRP2), transcript variant 2,

IM_201264.1 | Homo sapiens neuropilin 2 (NRP2), transcript variant 6, mMRNA
INM_201266.1 | Homo sapiens neuropilin 2 (NRP2), transcript variant 1, mRNA
INM_201267.1 | Homo sapiens. neumpllm 2 (NRP2), transcript vanznt 5, MRNA
NM_201279.1 | Homo sapiens i 2 (NRP2), trans ant 3, mRNA

exon junc
1%/ | 1%%| [ [[1]]]]]]][XM_035572.9 | PREDICTED: Homo sapiens chromosome 4 open reading frame 9 (C4orf9), mRNA
1K TTIXI 11111 1] 1] |[BF895230 | Hs#S3158510 CM2-MTO158-301100-572-¢12 MTO158 Homo sapiens cONA, MRNA sequence
GATTGGAC a|
1XI[T1IX 111X ] [[xM_373814.2 | PREDICTED: Homo sapiens hypothetical LOC388572 (LOC388572), MRNA
GATTGGAC T
P L T1I%] 1111 L] 1] |AK12509 | Hs#516887605 Homo sapiens cDNA FLI43109 fis, clone CTONG2025516, moderately similar to
l6rTTGEAC 7a||Homo sapiens general transcription factor 11, | (GTF21)

IXULTIXIITILTTTR] IaL135733 | Hs#51712524 DKFZpd34H0831_r1 434 (synonym: htes3) Homo sapiens cONA clone
GATTGGAC! T MRNA sequence

on(2
[XILTLLLTTT 1] | ]| [[AB094093 | Hs#515632068 Homo sapiens DLNB14 mRNA, complete cds
G TTTGGATTCCTATCAAGA] (VM- 198485.1 | Homo sapiens similar to DLNB14 (DLNB14), mRNA

Vrxxx| | [T [AFa91263 | Hs#51368572 Homo saplens RNA binding ot protein 5 (RBMS) mRNA, complte cd
- NM_005778.1 | Homo sapiens RNA binding motif protein 5 (REMS), mR
exon(2)
T[] ][ []]]]]]1][Bo023552 | Ha#55517855 Homa saplensstraii, mRNA (ONA clone MGC:19713 IMAGE:3534328),
complete

N 006142.3 | Homo saplens stratifn (SFN), mRNA

PUIRIRLLIOOITT ] 511665772 | He#S4081636 UI-E-CK1-afn-h- 18-0-ULs1 UI-E-CK1 Homo sapiens cDNA clone UL-E-CK1-
afn-h-18-0-UI 3', mRNA sequence

T 11T T TR IR |CR74325 | Hes21591552 Homo sapiens mRNA; cONA DKFZpSBSE1S106 (fom clone DKFZp6SGEL9106)

THUTTT 1] 1) 11 1[4 6036052 | Homo sapens myomesin 1 skelemin) 185503 (YO, mRNA

TTTITL 13k 2] 111114 002196.2 | Homo sapiens nsulinoma-sssocated 1 (INSML), mRa

TTTITTIRIX] [ 1] 1] [ ][BX647741 | Hs#516819013 Homo sapiens mRNA; CONA DKFZp686C0786 (from clone DKFZp686C0786)
lscrrecac NM_198283.1 | Homo sapiens EGF-like-domain, multiple 11 (EGFLI1), mRNA

@
TUIITTITIRTIX] ][ ||[BS007372 | Hs#53603344 Homo sapiens tripartite motif-containing 52, MRNA (cONA clone MGC:16175
IMAGE:3636274), complete cds
TTGGATTACTTCAAGGA
(SCTTGGATTACTTCARCGA |\ 632765.2 | Homo sapiens tripartite motif-containing 52 (TRIMS2), mRNA

TUITTITIIRET L] |[BC039511 | Hs#S6158647 Homo sapiens, clone IMAGE:5579213, mRNA
T

@
PIITTIL LX) ] ] IXX] | [|AK023166 | Hs#52651220 Homo sapiens CONA FLI13104 fis, clone NT2RP3002343
NM_012461.1 | Homo sapiens TERFI (TRF1)-interacting nuclear factor 2 (TINF2), mRNA

candidates with nearperfect matches. The alignment between each
off-target transcript and the siRNA sequence visualizes the
positions of mismatches.
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STEP 2: SELECTION OF siRNA SEQUENCE WITH REDUCED OFF-TARGET
EFFECTS

To avoid seed-dependent off-target effects, one approach may be to
select the siRNA guide strand whose seed sequence is not comple-
mentary to any sequences in the 3’ UTR of all non-targeted genes.
However, this approach is proved to be impossible, because human
siRNAs with the most infrequent seven-nt seed sequence still had
seed-complementarities with several non-targeted mRNAs. So, we
have looked for the rules that govern the capability of siRNAs
to induce seed-dependent off-target effect, and revealed that the
efficiency of off-target effect is highly correlated to the thermody-
namic stability of the duplex formed between the seed region of
siRNA guide strand and its target mRNA (Ui-Tei et al., 2008). The
melting temperature (Ty,), one of the thermodynamic parameters
for the formation of RNA duplex, showed strong positive correla-
tion with the induction of seed-dependent off-target effects. Thus,
selecting the siRNAs with low Ty, of the seed-target duplex should
minimize seed-dependent off-target silencing (Figure 1). The Ty,
of 21.5°C may serve as the benchmark, which discriminates the
almost off-target-free seed sequences from the off-target-positive
ones. Furthermore, since the off-target effect may be caused by
not only by the guide strand but also by the passenger strand, siR-
NAs whose seed-target T'r, is sufficiently low for both strands are
favorable.

STEP 3: ELIMINATION OF NEAR-PERFECT MATCHED OFF-TARGET
GENES

Even when the T, value of the seed-target duplex is sufficiently
low, the target gene silencing can still take place if the non-seed
region is completely complementary. Therefore, in the third step,
siRNAs that have near-perfect matches to any other non-targeted
transcripts were eliminated (Figure 1).

siRNA DESIGN SOFTWARE

We presented siRNA design software, siDirect 2.0 (http://siDirect2.
RNALjp/; Figure 2), which provides functional, target-specific
siRNA design software according to the procedures mentioned
above (Naito et al., 2009). In default parameter, siRNAs satisfy-
ing Ui-Tei rule can be selected. When the candidate functional
siRNAs could form seed-target duplexes with Ty, values below
21.5°C, and their 19-nt regions spanning positions 2-20 of both
strands have at least two mismatches to any other non-targeted
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CONCLUSION
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silencing effects arise when the siRNA has partial complementarity
in the seed region with unintended genes. Here, based on the RNAi
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