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Abstract 

In mammalian RNA interference (RNAi), a limited fraction of the short interfering RNA 

(siRNA) is capable of successful interference, since the efficiency of RNAi depends 

highly on the siRNA sequence used. Several different algorithms for selecting functional 

siRNA sequences have been published. To find a robust siRNA selection procedure by 

integrating these algorithms, we performed validation studies on some published rational 

siRNA design algorithms. In this study, we used a single reporter assay with the firefly 

luciferase gene, since it is likely that the efficiencies of siRNA sequences vary between 

target genes, partially depending on the detection sensitivity of the expression of each 

gene. The results suggest that it is best to select siRNAs that generally satisfy a 

combination of some reliable integrated algorithms. Our results should be considered 

when conducting RNAi experiments. 

Introduction 

RNA interference (RNAi) is used in loss-of-function genetics to assess the 

functions of genes involved in various biological processes, and the therapeutic 

applications of RNAi are currently being investigated [1]. RNAi is an evolutionarily 

conserved process by which specific genes are silenced using short interfering RNA 

(siRNA) molecules [2]. In mammalian cells, the extent of RNAi depends on the 
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sequence being used; only a fraction of the possible siRNAs is capable of successful 

interference [3, 4]. Although several databases and other sources offer experimentally 

validated siRNAs, the number of available target genes is limited; thus, it is difficult 

to use these siRNAs for genome-wide experiments. The best way to select well-

authenticated functional siRNAs is to apply reliable published integrated algorithms 

based on experimental evidence. For this purpose, we performed validation studies 

using the firefly luciferase gene as a reporter. 

Results and Discussion 

Distribution of siRNAs Predicted to be Functional by the Rational siRNA 

Design Algorithms in Human Genome 

Among the published algorithms for selecting siRNA sequences, at first three 

algorithms I [4], II [5], and III [6] were compared because they are based on data 

from biological analyses. In algorithm I, the parameters for selecting effective siRNA 

sequences are as follows: A/U at the 5’-end of the guide strand, G/C at the 5’-end of 

the passenger strand, at least four A/U residues in the 5’-terminal third of the guide 

strand, and the absence of any long GC stretches. In Algorithm I, siRNAs 

simultaneously satisfying all of these conditions are defined as functional. In 

algorithm II, the following 8 characteristics have been shown to be associated with 

siRNA functionality: low G/C content, low internal stability at the 3’-terminus of the 

passenger strand, and the absence of inverted repeats. Furthermore, the passenger 

strand should contain A, U, and A at positions 3, 10, and 19, respectively, from the 

5’-end of the passenger strand. Additionally, the 5’-terminus of the guide strand 

should not be G/C, and G should not be present at position 13 from the 5’-end of the 

passenger strand.  In this algorithm, each parameter was scored (see Table 1) and 

siRNAs having a score ! 6 are determined as functional. Algorithm III recommended 

that the A/U content of the three terminal nucleotides is different between the ends of 

the duplex, and the 5’-terminus of the guide strand and its passenger strand partner 

should be A/U, while the 5’-terminus of the passenger strand and its guide strand 

partner should be G/C. However, U and G each at position 1 and 19 of the passenger 

strand should be avoided. Moreover, functional siRNAs contain A at position 6. In 

this algorithm, functional siRNAs are also determined by algorithm-derived score 

(see Table 1). 
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Figure 1. The distribution of human siRNA sequences and their RNAi activities against the firefly 

luc gene. In total, 71,051,231 human sequences, each 21 bp in length, extracted from the RefSeq 

mRNA database (version 21) were chosen as siRNA candidates and classified using algorithms I, 

II, and III. The percentages indicate the proportions of the sequences that were classified into each 

compartment. Red, orange, green, and black circles indicate the relative levels of luc activity (0–10, 

10–30, 30-60, and 60–100%, respectively). The numbers inside each circle indicate the actual 

values. 

All human siRNA sequences (21 bp each, 7.1 ! 10
7
 total) were extracted from the 

RefSeq database (version 21) by dividing into pieces of 21 bp and classified using the 

three algorithms. Their correlation is presented in Figure 1. The percentages of functional 

siRNA sequences satisfying algorithms I, II, and III were 14.7, 12.7, and 20.1 %, 

respectively. Nearly 90 % of the siRNAs satisfying algorithm I were predicted to be 

functional by algorithm II or III, or both. About 85 % of the siRNAs simultaneously 

predicted to be functional by algorithms II and III were also predicted to be functional by 

algorithm I. More than 50 % of the siRNAs labeled as functional by algorithm II were not 

predicted to be functional by algorithm III, and 74 % of the functional siRNAs from 

algorithm III were not predicted to be functional by algorithm II. For genome-wide 

experiments, it is desirable that functional siRNA sequences can be provided for as many 

genes as possible. Our computational analyses indicate that at least an siRNA sequence 

predicted to be functional by algorithm I, II, and III, respectively, can be designed for all 

of human genes (Table 2). Although all of the siRNAs determined to be functional by 

both of algorithms I and II, II and III, or all of three algorithms reduced luc activity equal 

to or less than 33 %, functional siRNA sequences were not able to be selected for 6, 6 or 

8 genes in all of 24,261 transcripts registered in RefSeq database. The results indicated 

that about 8 millions of siRNA sequences (12 % of total 21 bp sequences) is necessary for 

selecting at least one siRNA sequence against all of human genes. Therefore, it may be 

advantageous to use combined algorithms covering as many sequences as possible in 

some circumstances, especially when more than one siRNA are recommended for each 

gene. 
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Table 2.  Functionality of siRNAs and the number of unselectable 

transcripts (Total=24,261) 

! " # $

%&'(&)*+,& -.

/012334,-'0*567

1&4+*08& 49( +(*080*:

2-; -. *'+)/('0!* .-'

<50(5 .9)(*0-)+4 /0123

(+) )-* =& >&/0,)&>

? ?? ??? !@AB !CCB 2-; -. ,&)&

!" " " DC EF A

" !" " GG EH A

" " !" HG FF A

!" !" " DH @AA G

" !" !" GD @AA G

!" " !" GD ED A

!" !" !" GD @AA F

" " " @I H@ J

#$%&'()*"+,)"-(./&%+,0"%1"1-+%12%)34"5(-67"'/(806*"+,)"-(./&%+,0"%1"
6/+"1-+%12%)39"  

Functionalities of the Selected siRNAs Evaluated by a Reporter Assay 

To evaluate their functionalities, 114 siRNA sequences were designed against the 

firefly luc gene according to the scoring criteria of each algorithm, score 4, ! 6 and ! 3 

are functional in algorithm I, II and III, respectively (Table 1). Their effects were 

investigated using a Dual-Luciferase Reporter Assay System [4] in duplicated 

experiments (Figure 1). The concentration of siRNA used was 50nM. The relative level 

of luc activity was reduced to below 10 % by 73, 66, and 56 % of the siRNAs predicted to 

be functional by algorithms I, II, and III, respectively (Figure 1 and Table 2). Only 14 % 

of the siRNAs predicted to be not functional exhibited luc activity less than 10 %. Fourty 

of 41 (98 %) of siRNAs predicted to be functional by algorithm I reduced luc activity 

equal to or less than 33 % (Table 2). Furthermore, we compared the scores of siRNAs 

that only be predicted functional in one algorithm but not any other two algorithms. All 

the siRNAs predicted to be functional in algorithm II or III but not algorithms I and III, or 

I and II showed marginal score 3 in algorithm I. The average scores of siRNAs predicted 

to be functional only in algorithm I or II also showed close scores 2.0 or 1.5, respectively, 

in algorithm III. Although siRNAs predicted to be functional in algorithm I alone showed 

an average score of 4.7 in algorithm II, those predicted functional in algorithm III alone 

was as low as 1.2. The result clearly suggested that it would be much safer to use at least 

two different algorithms I and II in designing effective siRNAs successfully. So the 

assessments of the 114 luc siRNAs evaluated in the other algorithms IV-VII published 

were also performed (Table 1) [7-10]. The relative luc activity was reduced to below 

10 % by 64, 67, 56 and 33 % of siRNAs, and below 30 % by 91, 92, 93 and 89 % of 

siRNAs predicted to be functional by algorithms IV, V, VI and VII, respectively. And 

100 % of siRNAs simultaneously selected by at least 4 among 7 algorithms reduced 

relative luc activity below 33 %, and 71 % of them reduced the activity below 10 %. In 

contrast, 9 % of siRNAs which were not selected to be functional by any algorithms 

reduced the luc activity below 10 %. 
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Other Insight 

Mismatched siRNA may occasionally inactivate genes other than the target, an 

undesired side effect designated as the “off-target effect”. For selecting siRNA sequences, 

it is also important to avoid off-target effects especially for therapeutic applications. The 

molecular basis for this remains to be clarified, though mRNA cleavage requires a nearly 

strict nucleotide sequence identity between the mRNA target portion and guide strand of 

siRNA. Thus, at least some fraction of undesirable siRNAs, giving rise to the off-target 

effect through destabilization of mRNAs other than the target, may be eliminated by 

computer-based homology search [11]. siRNA is also shown to be capable of causing 

translational inhibition depends on the "seed" sequence, 2-8 nucleotides from the 5’end of 

the guide strand [12]. The homology search of possible seed sequences (4
7
 sequences) for 

human RefSeq mRNA database (version 20) indicated that most of all 7 nucleotide seed 

sequences are proved to be completely matched with more than two genes. Furthermore, 

about 65 % of 7 nucleotide sequences matched with multi-sites in over 200 human genes 

(our unpublished data). If translational inhibition is taken up by any seed sequences, the 

off-target effect could not be avoided by using any siRNA. Although further study for 

revealing the molecular mechanism of off-target effect is expected, one promissing 

procedure for reducing off-target effects without any mechanistic implication is to use 

multiple siRNAs at a time. The siRNA sequences completely matched with a target gene 

but each seed sequence is distinct should lead specific interference without actual off-

target effects.  

Conclusion 

In this report, we compared the rational siRNA design algorithms for selecting 

reliable siRNA sequences by the uniform assay system using the firefly luc gene as a 

target. The result suggests that it is efficient to select siRNAs commonly satisfying the 

reliable algorithms combined as mentioned above. However, it is noted that the 

experiments targeting endogenous genes might provide more information. Our findings 

should be considered when conducting RNAi experiments. 
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