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RNA interference can be used as a tool for gene silencing mediated by small interfering RNAs (siRNA). The
critical step in effective and specific RNAi processing is the selection of suitable constructs. Major design
criteria, i.e., Reynolds’s design rules, thermodynamic stability, internal repeats, immunostimulatory
motifs were emphasized and implemented in the siRNA design tool. The tool provides thermodynamic
stability score, GC content and a total score based on other design criteria in the output. The viability
of the tool was established with different datasets. In general, the siRNA constructs produced by the tool
had better thermodynamic score and positional properties. Comparable thermodynamic scores and bet-
ter total scores were observed with the existing tools. Moreover, the results generated had comparable

off-target silencing effect. Criteria evaluations with additional criteria were achieved in WEKA.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

RNA interference (RNAi) a conserved mechanism in most
eukaryotic cells [1], involves small double stranded RNA (dsRNA)
molecules to direct sequence-dependent gene silencing [2,3]. Short
dsRNA molecules are noncoding RNAs involved in regulatory cas-
cades by controlling the gene activity [4,5]. In plants and lower
organisms RNAi protects the genome from viruses and insertion
of rogue genetic elements [6-8].

In RNAi mechanism, generation of short dsRNA in the form of
microRNA(miRNA)orsmallinterfering RNA (siRNA) triggers the pro-
cess. siRNAs are intracellularly generated from long dsRNA cleaved
by Dicer [9]. Dicer cuts the long dsRNA into short 21-23 nucleotide
duplexes, each with two complementary strands [2]. These have
twonucleotide overhangat the 3’-end of each strand, known as siRNA
[10,11]. These strands asymmetrically incorporate into RNA-induced
silencing complex (RISC) [12,13]. Antisense strand is thermodynam-
ically favored and selectively binds with RISC for efficient silencing
while the sense strand is cleaved by RISC assembly. Thereafter, the
whole complex binds to target mRNA with the help of antisense
strand. The Ago2 protein, catalytic component of RISC assembly,
cleaves the target at one specific site within 10-11 bases [14].
Thereafter, these are degraded by nucleases thus no further protein
expression takes place and complete gene silencing occurs [13].

RNA silencing is a useful technique with many applications
[15]. Selection of suitable constructs is the critical step in effective
and specific RNAi processing. This is achieved by a reliable
computational design tools. Various rules based on experimental
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observations [16-19] as well as mathematical modeling are
reported in the open literature [20].

Use of siRNA as a therapeutic tool in mammalian system is lim-
ited due to interferon response (IR), saturating endogenous RNAI
pathways and sequence-dependent off-target silencing [21]. These
need to be addressed while designing siRNA for mammalian
system. siRNA design tools are available based on previously
discussed criteria while addressing these difficulties. Criteria
addressing these difficulties are either optional or inbuilt
[22-27]. However, there is still a need to improve the design
criteria for efficient silencing. In this work, empirical and rational
characteristics from literature were selected and implemented
and evaluated in regression framework. The immunostimulatory
effects and cytotoxicity included in the present tool are previously
reported in siDRM [28] design tool.

Criteria evaluation was implemented in regression framework
using experimental siRNA silencing efficiency values reported
[20,29]. Regression models with Waikato Environment for Knowl-
edge Analysis (WEKA) 3.6.2 [30] were developed. Weight values
were obtained by minimizing the errors between model predicted
and experimental efficiency of the constructs. Regression models
with k-mer [31] criteria were also developed to identify the role
of k-mers in siRNA design.

2. Materials and methods
2.1. Databases

Curated and validated siRNA datasets are available online. One
of such datasets is MIT/ICBP siRNA database at National Cancer
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Institute (http://web.mit.edu/sirna/). This database contains more
than hundred (112) human and mice genes. siRNA associated 66
genes were identified with 94 reported siRNAs. The parent gene
sequences were collected from NCBI database (http://www.
ncbi.nlm.nih.gov/) and used for benchmarking. The reported siRNA
constructs matched with 62 parent gene sequences (for 89 siRNAs)
at NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Katoh and
Suzuki’s [29] dataset was used for criteria evaluation. SNP (sin-
gle-nucleotide polymorphisms) positions collected from NCBI
dbSNP (http://www.ncbi.nlm.nih.gov/snp/) were specified in the
tool. Their presence was penalized.

2.2. Algorithm

Primary sequence based design criteria reported for highly
functional siRNAs were identified from literature. These criteria
and their scores are listed in Table 1 and a schematic of the algo-
rithm developed is depicted in Fig. 1. These criteria were used in
regression framework to obtain the important criteria and corre-
sponding weights in place of empirically assigned scores.

23 nucleotide long sequences were generated by one of the two
ways - motif selection NA(N21), based on Tuschl rules [32], or
complete enumeration (N23). Thermodynamic stability score, GC
content and total fitness score were then evaluated based on all
other criteria and their scores. AA(N19)TT was preferred as per
Tuschl rules. The silencing efficiency is higher with Reynolds’s ra-
tional design rules as compared to other rules [16]. Therefore, Rey-
nolds’s rational design rules were implemented with the
previously reported empirical scores and with minor modification
in the folding algorithm. The GC stretch rule by Ui-Tei [17] was
used besides the Reynold’s design rules. Holen et al. [33] reported
that siRNA activity is highly position dependent.

Immunostimulation against the siRNA occurs if certain motifs
are present. Thus, two immunostimulatory motifs (GUCCUUCAA
and UGUGU) [34,35] with negative scores were included along
with a cytotoxic motif (UGGC) [36] in the criteria set. Immuno-
stimulation criteria score can be reversed for desired cases [37].

Poly-G are undesirable for synthesis, purification [38] and activ-
ity [39]. Poly-C in one of the strands will give rise to poly-G in the
complementary strand. Polynucleotides also create low complex
regions which may cause internal fold back structures or palin-
dromic repeats. These structures may hinder in the binding of siR-
NAs. Thus, poly-A/T criterion was also included.

Table 1
Design criteria for the algorithm (all the positions from 5'-end of sense strand).

S. No. Criteria Empirical score
Presence Absence

1 Thermo (thermodynamic) score < 0 +1 -1.5
2 G/C score (30-52%) +1 -1
3 Motif: AA (N19) TT +1 -1
4 Aat19 +1 -1
5 Aat3 +1 -1
6 Tat 10 +1 -1
7 G/C at 19 (it should not be present) -1 +1
8 G at 13 (it should not be present) -1 +1
9 Folding (internal repeats/palindrome) -1 +1

10 3-5 A/T at 15-19 +1 -1

11 Cytotoxic motif (UGGC) -1 0

12 Immunostimulatory 1 (GUCCUUCAA) -1 0

13 Immunostimulatory 2 (UGUGU) -1 0

14 Poly-A/T (more than four) -1 0

15 Poly-G/C (more than three) -1 0

16 GC stretch>9 -1 0

17 Contiguous AT/TA -0.1 0

18 SNPs -1 0

Contiguous AT/TA stimulates hydrolysis by ribonuclease-A [40]
which is detrimental. Chemical modifications, if used, lead to inef-
ficient siRNAs due to higher stability of siRNAs which affect bind-
ing with RISC complex. Small penalty was given to contiguous AT/
TA as recommended by Patzel [41].

SNPs should be avoided in the designed siRNAs. SNP positions
were specified and their presence was penalized. SNPs can be se-
lected for target specificity [42] and need not be penalized in some
other applications.

The presence of secondary structure in a siRNA strand was
considered detrimental for silencing efficiency [43,44] and was
penalized. The base pairing of RNA secondary structure was pre-
viously considered a biological palindrome [44]. The folding algo-
rithm was adapted from general rules implemented in other
secondary structure predicting algorithm [45]. The scoring system
was modified to +HB_bp i, j (the number of hydrogen bonds be-
tween i and j base pairs) for a base pair and 0 for anything else.
This scoring was iteratively implemented on the siRNA strand to
get the maximum folding score. If bases at given positions i, j in a
strand pair then the score for pairing between i and j was sum-
mation of the score for (i — 1),(j — 1) and HB_bp i, j (case 1). If i,
j do not pair the pairing for (i+1) and j (case 2) and i and
(j — 1) (case 3) were checked. The pairing of i with k (i<k<j)
and (k + 1) with j was also checked for multiple pairing, and the
score of sequences i, k and (k + 1), j could be the maximum score
for a secondary structure between i and j (case 4). Thus the scor-
ing was implemented as:

S(i—1,j—1)+HBDbpijfor i,j bp

Si+1,j)) for i+1,j bp

S(i,j)=max{ S@i,j—1) for i,j—1 bp
mlflx[S(i,k)+S(l<+17j)] fori,k and k+1,j bp
i<k<j

A 19 x 19 array was defined to monitor the scores neglecting
the end overhangs in the folding algorithm. Only Watson and
Crick base pairs were considered. For each G-C base pair and
A-T base pair, HB_bp values of +3 and +2 were added, respec-
tively. The scores S(i, i) and S(i, i + 1) were initialized to zero for
the impossibility of folding between these pairs. The calculation
of scores was then done iteratively for the upper triangular ma-
trix starting from the bottom right corner and moving right to left
in each row from bottom. The algorithm resulted in a maximum
value at the top right corner based on the primary sequence and
the possible hydrogen bonds. A maximum HB_bp value of 27 cor-
responding to nine G-C base pairs was used to calculate the prob-
ability for secondary/hairpin-like structure formation. Fitness of
the siRNA sequence was penalized if its folding probability was
more than 0.5.

Thermodynamic stability score refers to the asymmetrical bind-
ing of antisense strand to RISC which is a crucial step in RNA silenc-
ing. Negative value of the difference in Gibbs free energy between
antisense and sense strands [46,47] is recommended for entry of
RISC from 5’-end of antisense rather than its 3’-end [48]. This dif-
ference was used as the thermodynamic design criterion and a
high score was used (as shown in Table 1). The difference was cal-
culated based on the nearest neighbourhood model [49] for five
nucleotides [22] at the ends of strands and one adjacent nucleotide
on the dangling end assumed to be nucleotide “T” based on cost
factors.

2.3. Off-target silencing

Designed siRNA may bind to off-targets and prevent the expres-
sion of other essential genes [21]. Off-target searches were
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Fig. 1. The workflow for siRNA prediction with a new design algorithm (nt is any nucleotide, N - No and Y - Yes).

performed at NCBI BLAST (-S 2 -W 7 —-e 1000) with RefSeq mRNA
sequence set.

A different dataset [29] was used for criteria evaluation (silenc-
ing efficiencies for MIT/ICBP gene are reported in a range). Kataoh’s
dataset [29] consisted of 19 nt long sequences. “TT” overhangs
were added to calculate the thermodynamic criterion. WEKA was
employed for siRNA silencing efficiency prediction. Regression
models with k-mers were generated.

3. Results

Gene sequences identified from the MIT/ICBP database were
retrieved from NCBI database as discussed in Section 2. The mean
value and the standard deviation were calculated for thermody-
namic score, GC content and total score. These were compared
for the two motifs and few values are shown in Table 2 (complete
results: worksheet ST-1, Supplementary information).
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Table 2

Comparison of NA(N21)" and (N23) motifs.
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Gene (Accession no.) Statistics Complete enumeration (N23) Tuschl motif (NA-N19)
Thermo-dynamic score GC content Total score Thermodynamic score GC content Total score
ABCB1 Average -2.14 39.17 4.07 -2.25 37.33 4.11
NM_000927 Std dev 1.54 6.85 0.71 1.61 6.53 0.8
CDH1 Average -2.12 41.38 4.01 -1.95 43.43 4.06
NM_004360 Std dev 1.38 7.05 0.62 1.38 6.54 0.57
FH Average -2.36 37.37 4.02 -2.24 37.29 4.1
NM_000143 Std dev 1.65 6.28 0.74 1.59 5.06 0.81
GSK3B Average -2.19 38.99 3.96 -2.11 37.29 3.81
NM_002093 Std dev 1.58 6.78 0.61 1.85 5.87 0.41
IGF2R Average -2.22 42.55 4,03 -2.08 42.53 4.13
NM_000876 Std dev 1.56 6.55 0.65 1.4 7.11 0.73
AKT3 Average -2.26 38.53 3.85 -2.18 38.94 3.85
NM_005465 Std dev 1.65 6.4 0.53 1.5 6.76 0.52
RHOA Average -1.81 40.14 3.91 -1.52 41.56 4.01
NM_001664 Std dev 1.17 7.1 0.55 0.75 7.52 0.65
STAT1 Average -1.84 37.38 3.95 -1.81 36.65 3.95
NM_007315 Std dev 1.47 5.9 0.64 137 4.2 0.66
YWHAZ Average -2.24 39.02 3.89 -2.37 40.81 3.99
NM_003406 Std dev 1.61 6.69 0.52 1.71 7.57 0.65
" Tushl motif is for siRNA construct while proposed work used the parent gene sequence (target) and motif as NA(N21).
Table 3
Comparison between tool’s and MIT/ICBP results.
Gene (Accession no.) Position Target sequence Thermodynamic score GC content Total score
ABCB1 NM_000927 N23 2509-2531 ttggaggattatgaagctaaatt —6.18 36 5.6
4441-4463 gtggagagaaatcatagtttaaa -5.11 31 5.6
2876-2898 aatgatgctgctcaagttaaagg —4.05 36 5.8
NA(N21) 2876-2898 aatgatgctgctcaagttaaagg —4.05 36 5.8
4330-4352 aagcaaacacttacagaattatg -3.6 31 5.7
1954-1976 tatcatgaaactgcctcataaat 2.7 36 5.7
MIT/ICBP 0-22 gccgaacacattggaaggaaatg -0.91 42 5.9
CDH1 NM_004360 N23 1711-1733 tgccaactggcetggagattaatc -4.75 47 5.8
454-476 ttccaccaaagtcacgcetgaata -3.9 52 6
1360-1382 atacaccatattgaatgatgatg —2.44 31 5.5
NA(N21) 4268-4290 gatccgtggtttgtactcaaage -4.39 42 3.9
362-384 gatggtgtgattacagtcaaaag -3.9 36 3.8
1280-1302 gagaacgaggctaacgtcgtaat -0.1 52 5.8
MIT/ICBP 0-22 tcggectgaagtgactcgtaacg —5.66 52 1.9
FH NM_000143 N23 405-427 gatgaggtagctgaaggtaaatt —4.87 42 5.8
1465-1487 atggatcaaccttaaaggaaact —2.09 36 5.8
1364-1386 gatcaacaagctgatgaatgagt —1.64 36 5.8
NA(N21) 405-427 gatgaggtagctgaaggtaaatt -4.87 42 5.8
463-485 gatcaggaactcagacaaatatg —6.01 36 3.8
492-514 aatgaagtcattagcaatagagc -1.11 31 5.6
MIT/ICBP 0-22 gagatctacgatgaactttaaga —4.26 31 3.6
0-22 cccaacgatcatgttaataaaag -3.85 26 5.5
GSK3B NM_002093 N23 3264-3286 tgagaggacattgtagttaaata -6.15 31 5.7
4511-4533 aggcaggtctgtgatagagaaat —3.66 47 5.8
5381-5403 agtgagaccggtttcatttcata -3.07 42 5.9
NA(N21) 790-812 aaggagaaatatatcgcttgttt -3.18 36 5.5
7099-7121 tagcctggaaatgaaattaaaaa -7.25 31 3.7
1823-1845 aatcagagaaatgaacccaaact -2.16 36 49
MIT/ICBP 0-22 ctgcatttatcgttaacctaaca —0.46 31 35
0-22 aacactggtcacgtttggaaaga -1.57 47 2
IGF2R NM_000876 N23 2965-2987 caacagtggatttgtgtttaatc -5.05 31 5.8
6207-6229 acggagtctcgtactatataaat -5.74 36 5.4
1426-1448 gatgagcgtcataaactttgagt —-4.14 36 5.8
NA(N21) 2965-2987 caacagtggatttgtgtttaatc -5.05 31 5.8
1426-1448 gatgagcgtcataaactttgagt -4.14 36 5.8
1145-1167 gagcagcaggatgtctccataga -3.73 52 5.7
MIT/ICBP 0-22 accgcaggtaacgatgggaaagg -3 52 0.8
0-22 gggagtctcgtactatataaatc -5.23 31 14
AKT3 NM_005465 N23 606-628 tatgaagattctgaagaaagaag —1.68 31 5.9
330-352 agagagaacatttcatgtagata -1.36 31 5.7
2579-2601 acgcagctccaacttatataaaa —6.84 36 35
NA(N21) 606-628 tatgaagattctgaagaaagaag -1.68 31 5.9
2425-2447 aaacaggtgtttgecttatttaa -5.9 36 3.8
1449-1471 tatggactgcatggacaatgaga -3.97 47 3.8
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Table 3 (continued)
Gene (Accession no.) Position Target sequence Thermodynamic score GC content Total score
MIT/ICBP 0-22 acgcagctccaacttatataaaa —6.84 36 3.5
0-22 cggagtgatcatggaaatgtatt -2.5 36 3.6
RHOA NM_001664 N23 840-862 tgggtgccttgtcttgtgaaacc -5.21 47 4
1490-1512 taatactgtcatcctcaaagaaa —0.96 36 5.7
1095-1117 acacaccaggcgctaattcaagg -4.03 47 3.8
NA(N21) 1490-1512 taatactgtcatcctcaaagaaa —0.96 36 5.7
1098-1120 caccaggcgctaattcaaggaat -2.59 52 3.8
313-335 gatggagcctgtggaaagacatg -1.52 52 4
MIT/ICBP 0-22 ttcggaatgatgagcacacaagg -2.01 47 1.8
0-22 caagctagacgtgggaagaaaaa -3.12 47 0.9
STAT1 NM_007315 N23 259-281 ctcgagagctgtctaggttaacg —4.21 47 5.8
2831-2853 atgcatcttactgaaggtaaaat —4.05 36 5.7
778-800 tcagagcacagtgatgttagaca -3.74 42 5.8
NA(N21) 781-803 gagcacagtgatgttagacaaac -2.75 42 5.8
2297-2319 aaagaactttctgetgttacttt -1.52 36 5.9
803-825 cagaaagagcttgacagtaaagt -1.36 36 5.9
MIT/ICBP 0-22 cacaactatattatcatgcaaat 0.71 26 2.8
0-22 ctgcttgacgtaggaacggtaaa 0.15 52 2.7
YWHAZ NM_003406 N23 2142-2164 atgtagtgtgttccatttaaaat —-4.27 31 5.7
503-525 aaggagattactaccgttacttg -3.96 42 5.6
226-248 actgagcaaggagctgaattatc -6.17 42 3.8
NA(N21) 503-525 aaggagattactaccgttacttg -3.96 42 5.6
777-799 cagcacgctaataatgcaattac —5.56 36 35
340-362 aagacggaaggtgctgagaaaaa —4.42 52 4
MIT/ICBP 0-22 caggtttatgttacttctatttg —-2.42 26 1.5
Table 4
Comparison between present and existing design tools (for ABCB1 (NM_000927) gene).
Tool Position Target sequence Thermo-dynamic Score GC content Total Score
WI siRNA Selection Program 2592-2614 aaccagcatttgcaataatattt -6.91 31 3.4
3219-3241 aagcacacatctttggaattaca —6.09 36 5.7
1182-1204 aagaggtcttggcagcaattaga -6.14 47 1.8
Ambion’s siRNA Target finder 25-47 aaagattagagatcatttctcat 0.75 31 -29
86-108 aagagaggtgcaacggaagccag 0.33 63 -6.5
97-119 aacggaagccagaacattcctec -0.78 52 -1.1
siExplorer 3499-3521 gccgaacacattggaaggaaatg -0.91 42 5.9
444-466 gaggagcaaagaagaagaacttt -4.01 42 2
3913-3935 tagcactaaagtaggagacaaag —2.72 42 3.8
Gene Script Corp siRNA Target Finder 3931-3953 aaggaactcagctctctggtgtg 0.44 57 -3.5
4250-4271 aagcgccagtgaactctgactct -4.18 57 -1
312-332 aagaagcagaggccgctgttctc -1.65 63 0
Design Tool 2509-2531 ttggaggattatgaagctaaatt -6.18 36 5.6
4441-4463 gtggagagaaatcatagtttaaa —5.11 31 5.6
2876-2898 aatgatgctgctcaagttaaagg -4.05 36 5.8

The best three constructs were identified on the basis of scaled
scores (summation of normalized thermodynamic scores and total
scores between —1 and +1) and off-target silencing. Comparisons
were made between thermodynamic score, GC content and total
score. Table 3 shows a few results generated with the designed
tool and the MIT/ICBP predictions (complete results: worksheet
ST-2).

Comparisons for ABCB1 gene (NM_000927.3) with the exiting
design tools - Whitehead Institute’s siRNA Selection Program
(http://jura.wi.mit.edu/bioc/siRNAext/), Ambion’s siRNA Target
finder (http://www.ambion.com/techlib/misc/siRNA_finder.html),
siExplorer (http://rna.chem.t.u-tokyo.ac.jp/cgi/siexplorer.htm)
and Gene Script Crop siRNA Target Finder (https://www.gen
script.com/ssl-bin/app/rnai) were made. The best three results
from each are outlined in Table 4.

Predominant criteria were identified by regression models.
Three different regression models were generated. These were for
a total of 18 criteria (model 1), 18 + 3-mer (model 2) and 18

+ k-mers (model 3). Regression was done in WEKA 3.6.2. Model 1
had systematic errors and large scatter as compared to models 2
and 3 (Fig. 2). Model 2 was preferred over model 3 due to similar
predictions with lesser criteria.

4. Discussions

In Table 2, the statistical analyses show that almost similar
results were obtained by both motifs. Common siRNAs were gener-
ated for both motifs, e.g., for FH gene, the siRNAs generated with
NA(N21) and (N23) were similar (Table 3). With NA(N21), some
effective siRNAs could be missed as compared to (N23) although
the search effort is much less for NA(N21). Thus, NA(N21) motif
was not preferred.

Table 3 shows that the proposed design tool predicts better
thermodynamic score as well as total score in comparison with
MIT/ICBP dataset. Moreover, 12 siRNA out of 90 siRNAs in MIT/
ICBP datasets had positive thermodynamic stability score that
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Fig. 2. A comparison between the predicted and experimental efficiencies (a) for 18 criteria (model 1); (b) for 18 + 3-mer criteria (3 nucleotide combination, model 2); and (c)

for 18 + k-mer criteria (1, 2, 3,4 nucleotide combinations, model 3).

could produce off-target binding, (e.g., STAT1 gene, Table 3).
Moreover, 42 siRNAs in the dataset had total score close to
zero.

Finally, the results were compared on the basis of percentage
failure of design criteria. The percentage failure was calculated
only for fifteen out of eighteen criteria. Criteria 1, 16 and SNP val-
ues were not included. The criterion 1 was evaluated in a different
way (Table 2) while criterion 16 resulted in negative values in most
cases. SNP values were not listed for all genes at the NCBI dbSNP
site and hence SNP criterion was not considered. The percentage
failure was defined as the percentage of criteria failure out of the
fifteen criteria (Column difference in worksheet ST-2). Percentage
failure for the predicted constructs was in the range 0.0-13.33%.
This was much better as compared to the reported results for
MIT/ICBP predictions with 0.0-33.33% percentage failure. Few
(23 out of 90) predicted siRNAs were similar to the reported siRNAs
at the MIT/ICBP website. Though, comparable results for a few
genes were obtained with the designed tool, most of these similar
siRNAs were below the 10 best predicted sequences based on
scaled score. Thus, better siRNAs were predicted as compared to
those of MIT/ICBP dataset. This was further substantiated on com-
paring the best predictions and matching the design criteria (work-
sheet ST-2). Furthermore, off-target silencing effect was verified at
NCBI BLAST search with a cut-off score of 30 [50]. Comparable re-
sults for most of the siRNAs were observed. MIT/ICBP dataset re-
sulted in off-target silencing for a few siRNAs with this cut-off
score, e.g., ARHGDIB, BAG4, HPRT1, NMET1, etc. (worksheet ST-2).
However, siRNAs for NME2 gene were showing high similarity
with a closely related family gene, i.e., NME1-NME2 co-transcribed
product of genes NME1 and NME2, hence, an effective siRNA could
not be designed for this gene. MIT/ICBP results were also showing
off-target effect for this gene.

Comparable thermodynamic scores and better total scores
were observed with the designed tool as compared to the siRNA
Selection Program. Better thermodynamic scores as well as total
scores were observed with the designed tool as compared to

the siRNA target finder, siExplorer and siRNA Target Finder
(Table 4).

The common criteria exhibiting good correlation with experi-
mental siRNA silencing efficiency were GC content, criteria 6, 7
and 8 (Table 1) in all the three regression models developed. Be-
sides these defined criteria, some of the other criteria were also
identified from models 2 and 3 (worksheet ST-3). Thermodynamic
score and the GC content were the predominant criteria in model 1.
The observed weights for these criteria were much less, as ex-
pected, in models 2 and 3 due to increase in number of criteria.

Table 5
Criteria evaluation and their corresponding weights.
S.no. Criteria Weights
Model Model Model
1 2 3
1 Thermo (thermodynamic) score < 0 -21.16 -8.59 0
2 G/C score (30-52%) —55.58 -34.64 -46.48
3 Motif: AA (N19) TT 0 0 0
4 Aat19 3.8 0 0
5 Aat3 3.99 0 0
6 Tat 10 5.43 6.89 9.03
7 G/C at 19 (it should not be present)  3.48 6.27 3.65
8 G at 13 (it should not be present) 2.79 3.34 3.16
9 Folding (internal repeats/ 0 0 0
palindrome)
10 3-5 A/T at 15-19 0 0 10.71
11 Cytotoxic motif (UGGC) 0 0 0
12 Immunostimulatory 1 0 0 0
(GUCCUUCAA)
13 Immunostimulatory 2 (UGUGU) 0 0 0
14 Poly-A/T (more than four) 0 0 0
15 Poly-G/C (more than three) 7.5 0 -16.25
16 GC stretch>9 0 1] —-26.69
17 Contiguous AT/TA 17.94 21.79 0
18 SNPs 0 0 0
Bias 66.63 55.23 126.77
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A total of 11 criteria (1, 2, 4-8, 15 and 17) predominantly appeared
in one of the three models while the remaining criteria did not ap-
pear in any of the models (Table 5). These 11 criteria are reported
to be significant in the literature [16-19]. Khvorova et al. [46], Pol-
iseno et al. [51] and Chalk et al. [52] suggested negative value for
the difference in Gibbs free energy between antisense and sense
strands. Criterion 1 (thermodynamic score, based on the difference
in Gibbs free energy between antisense and sense strands) was
thus desirable for effective binding with RISC. Various studies have
reported G/C content (criterion 2) as an important criterion which
had been also included in almost all the existing tools [16,18,53].
Criterion 4 (A at position 19) [16] and Criterion 7 (No G/C at posi-
tion 19) [16,18,54,55] were also important criteria. Criterion 5 (A at
position 3) was previously reported by Reynolds et al. [16] and was
not reported in any further studies. Reynolds et al. [16] and Jagla
et al. [19] reported criterion 6 (U at position 10) as a preferred cri-
terion while Amarzguioui and Prydz [18] suggested that U should
not be present at position 10. Criterion 10 (3-5 A/T at 15-19 posi-
tions) was included in different ways in different studies. These
were either specific positions of A/T between 15 and 19 positions
[54] or varying length from 13 to 19 [19] or 15 to 19 [16]. Ui-Tei
et al. have defined this as one third of 3’-end sense strand [17],
which was same as varying length from 13 to 19. Criterion 15
(poly-G/C) was included in various algorithm as an important cri-
terion [22-24]. Criterion 16 (G/C stretch) was implemented in this
study similar to Ui-Tei et al. [17], i.e., GC stretch should not be not
more than 9. This was different than the more stringent criterion
by Yuan et al. [22] (GC stretch should not be more than 7). Crite-
rion 17 (contiguous AT) was observed to be important. Though
the criterion is reported in literature, it has not been implemented
in any of the existing design tools. Thus, it was implemented as a
new criterion in the developed tool.

Some common nucleotides were observed in 3-mer and k-mers.
1-mer and 2-mer were not observed to be as significant as 3-mer.
Thus, only these common nucleotides (worksheet ST-3) are recom-
mended to be included as additional criteria along with the basic
18 criteria.

5. Conclusions

A siRNA design tool was developed and implemented. The via-
bility of the tool was established by predicting and comparing the
siRNA constructs for genes in the MIT/ICBP database. The tool was
further used to predict and compare the results with some other
existing design tools. The predictions, in general, were observed
to have better values for thermodynamic score and other design
criteria with almost similar or better off-target silencing. It is noted
that the results are in silico and in vitro verification should be per-
formed to further validate the claims.
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