Chapter 1
What Parameters to Consider and Which Software Tools
to Use for Target Selection and Molecular Design
of Small Interfering RNAs
Olga Matveeva
Abstract
The design of small gene silencing RNAs with a high probability of being efﬁcient still has some elements
of an art, especially when the lowest concentration of small molecules needs to be utilized. The design of
highly target-speciﬁc small interfering RNAs or short hairpin RNAs is even a greater challenging task.
Some logical schemes and software tools that can be used for simplifying both tasks are presented here.
In addition, sequence motifs and sequence composition biases of small interfering RNAs that have to be
avoided because of speciﬁcity concerns are also detailed.
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1. Introduction
1.1. siRNAand shRNA-Mediated
Gene Silencing

Designing any molecule to mimic nature’s design is not an easy
task. Knowing the pathways that nature has taken and roles that
the molecule plays in these pathways simpliﬁes the mission. Small
RNA interfering (RNAi) molecules have been extensively studied,
yet there are substantial gaps in our knowledge of their natural
function and processing. For this reason, bioinformatics of RNAi
design represents a combination of solid statistical facts and educated guesses.
What is the function of small interfering RNA (siRNA) in
mammals? It is well established that in plants and insects short
siRNA duplexes can be generated from long double-stranded RNA
by the enzyme Dicer in response to viral infections that promote
viral RNA destruction (1). Whether RNAi plays a similar role as a
viral infection-ﬁghting agent in mammals is as yet unknown. siRNA
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in a form that resembles a Dicer cleavage product (two paired 21 nt
synthetic oligonucleotides with a 19 nt duplex region and 3¢ end
2 nt overhangs) has become a popular research tool. After their
introduction into a cell, siRNAs can cause speciﬁc target mRNA
degradation. Thus, the biological consequences of the downregulation of any gene can be studied.
siRNA-mediated silencing of mammalian genes uses synthetic
oligonucleotides transfected into cells. An alternative approach
employs the expression of short hairpin RNAs (shRNAs) in cells
following delivery of expression plasmids or viral vectors (2, 3).
shRNAs are artiﬁcial analogs of endogenous microRNAs (miRNAs), the vast class of small noncoding RNA molecules that regulate the stability and translation of their target mRNAs. Precursors
of miRNAs (pre-miRNAs) are stable hairpins, which are encoded
in plant and animal genomes. miRNAs play important regulatory
roles in animals and plants. Most of these molecules appear to regulate the expression of a diverse set of genes. This regulation takes
place during embryonic development, apoptosis, tissue regeneration, and so forth (for review, see ref. 4).
The approach to gene silencing based on synthesized siRNAs
is fast and simple. The shRNA-based approach is more laborious
and time consuming, but it is becoming increasingly popular.
Compared to chemically synthesized siRNAs, the shRNA methodology offers advantages in silencing longevity and lower costs for
genome-wide studies. Also, gene therapy is a particularly promising application for shRNAs. It is believed that transcription of
shRNA delivers lower intracellular concentrations of siRNA-like
products, compared to synthetic siRNA oligonucleotides transfected into cells. Lower intracellular concentrations achieved
through the natural process of transcription for extended periods
of time can yield more speciﬁc silencing effects. It is assumed that
after shRNA molecules are processed in cells they enter the same
enzymatic pathways as siRNAs.
One of the two strands of an siRNA duplex, the “guide strand,”
enters the RNA-induced silencing complex (RISC). RISC loaded
with a guide strand acquires the ability to cleave RNA sequences
that become base paired with the guide strand. The other duplex
strand, the “passenger” strand, is the ﬁrst “victim” of such newly
acquired enzymatic ability. It gets cleaved and its fragments
dissociate from the duplex. After passenger strand cleavage and
dissociation, the guide strand becomes free from any base pairing;
consequently, it becomes available for interaction with a new
partner (5, 6). This new partner must feature some complementarity to the guide strand RNA sequence. Thus, an mRNA can be
cleaved and destroyed if it includes a region complementary to the
guide strand. In relation to the mRNA, the siRNA “guide strand”
is synonymous to the “antisense strand,” while the “passenger
strand” is synonymous to the “sense strand.”
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The RISC core protein complex contains a member of the
Argonaute (Ago) family of proteins (7). So far, variable number of
different Ago protein-coding genes have been characterized in
different organisms (8). In mammals there are eight Ago genes
(9, 10). All of these eight genes have been identiﬁed in the human
genome (11). Among them, only the product of Ago2 mediates
RNA cleavage directed by siRNA (12).
RISC can cleave mRNA between residues base paired to nucleotides 10 and 11 of the siRNA, and the cleavage itself does not require
ATP. Multiple rounds of mRNA cleavage can be guided by the same
siRNA as long as it remains associated with the Ago complex. It is
likely that the release of the cleaved mRNA products involves an RNA
helicase, which is dependent on ATP, because several proteins associated with the RNAi pathway in Drosophila and other organisms contain RNA helicase/ATPase domains (13). The cleavage of the human
siRNA-mediated passenger strand and of mRNA is associated solely
with an Ago2-containing RISC (Ago2-RISC) (12, 14).
Because processing of artiﬁcial siRNAs and shRNAs in cells
utilizes the main components of the cellular RNAi machinery, the
design of new versions of these molecules should allow provision
for successful interaction with RISC and mRNA targets.
1.2. History
of Development
of Algorithms for
Predicting siRNA
Silencing Efﬁciency

Independently selected siRNA duplexes for different mRNA target
regions can have vastly different silencing efﬁciency. In 2003, two
independent studies made very important contributions to understanding how this happens (15, 16).
The experiments performed in the ﬁrst study (15) demonstrated that the rate of RISC entry might be very different for the
two strands of an siRNA duplex. Both the absolute and relative 5¢
terminal duplex stabilities of the two siRNA strands determine the
speed of the process. In other words, RISC prefers the strand
whose 5¢ end more loosely pairs with its complement. Such a strand
enters RISC fast with consequent efﬁcient and fast cleavage of the
target. Conversely, a strand whose 5¢ end pairs tightly with its complement enters RISC slowly with an elevated chance of target
cleavage failure. The statistical analysis performed in the other
study (16) revealed that efﬁcient and inefﬁcient siRNAs differ in
their 5¢ antisense strand terminal duplex stability. The 5¢ ends of
efﬁcient guide strands pair less stably with their complements. The
ﬁndings of both studies are consistent with one another; fast RISC
entry is a prerequisite for efﬁcient siRNA guide strand cleavage.
Thus, asymmetry in siRNA terminal duplex stability deﬁnes which
strand enters RISC efﬁciently and which strand guides efﬁcient target cleavage. The asymmetry can be evaluated by the calculation of
difference in G/C or A/T nucleotide content at siRNA duplex
ends; however, it is more correctly captured by the difference in 5¢
terminal free energy (ddG) of the guide and passenger strand.
While asymmetry in siRNA duplex stability is an important
feature deﬁning molecular silencing efﬁciency, it is not the only
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important feature. Studies from 2004 onwards, some bioinformatic,
focused on analysis of other features deﬁning siRNA silencing
efﬁciency as well as on ways to predict it. The logic of these studies
followed a common series of steps. A database of siRNA with variable efﬁciency was assembled, sequence features (parameters) associated with efﬁcient siRNAs were identiﬁed, and recommendations
were formulated for how to use all of these features for experimental
molecular design. The ﬁrst published study resulted from analysis
of more than a hundred siRNA molecules with variable efﬁciency
(17). The list of features that were found to be associated with
siRNA efﬁciency includes optimal G/C content, low terminal
duplex stability of sense strand, lack of inverted repeats, and certain
nucleotide preferences in the sense strand. A second published
study that resulted from analysis of a few dozen siRNAs also suggested a list of features that included base preference of A or U at
the 5¢ end of the antisense strand; G or C at the 5¢ end of the sense
strand; at least ﬁve A/U residues in the 5¢ terminal one-third of the
antisense strand; and the absence of any GC stretch of more than
9 nt in length (18). The authors of both works suggested that the
probability of an siRNA candidate being efﬁcient could be evaluated according to the number of these sequence features associated
with the candidate. The studies described above involved only “human
intelligence” without sophisticated machine learning techniques—
“artiﬁcial intelligence.”
The sequence features associated with siRNA efﬁciency even in
these early and not-so-sophisticated bioinformatics studies can be
separated into at least four different categories. The ﬁrst category
relates to asymmetry in siRNA terminal duplex stability, the second
to total siRNA duplex stability, the third to base preferences at different siRNA strand positions, and the fourth to the necessity of
avoiding certain nucleotide motifs in siRNA sequences. Some of
these categories are overlapping. For example, as mentioned above,
asymmetry in siRNA terminal duplex stability can be roughly evaluated through certain base preferences at the 5¢ and 3¢ ends of
siRNA strands. Total siRNA duplex stability can be roughly approximated through calculation of the total GC content of any particular duplex strand.
Computer models that can deliver siRNA design candidates
with high probability of being efﬁcient require reliable input
parameters (sequence features associated with siRNA efﬁciency),
large experimental datasets, and good data processing schemes.
Almost all studies that were published in 2004 and in 2005 used
comparatively small databases (no more than a few hundred data
points). However, exploration of different machine learning techniques for the purpose of siRNA design begins even with small
databases. The initial explorations involved Regression Trees (RT)
(19, 20), Genetic Programming (GP) (21), Generalized String
Kernel (GSK) combined with Support Vector Machine (SVM) (22,
23), and so forth.
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A large experimental database (more than 2,000 siRNA data
points) was published by Novartis in 2005 (24). This database, as
well as others (25) that were compiled from experiments described
in the literature, became fuel for the next round of studies that
explored advanced statistical analysis and Artiﬁcial Intelligence for
developing algorithms for efﬁcient siRNA design. These studies
utilized Neuronal Networking (24, 26) and supervised learning of
a Radial Basis Function (RBF) network combined with Regression
Trees (27), Linear Regression (28–30), SVM (31–34), Random
Forest Regression (35), and RBF (36). The siRNA design algorithms utilizing large experimental databases were called secondgeneration algorithms.
There are a number of statistical tools which can be helpful for
evaluating the performance of the algorithms listed above. When a
predictive method outputs a continuous measure of siRNA efﬁciency,
then correlation between experimental and theoretical values can be
calculated. When a predictive method outputs a binary measure of
efﬁciency, for example, siRNA is predicted to be either efﬁcient or
inefﬁcient, then Receiver Operating Characteristic or Precision
Recall Curves can be created. Both types of curves characterize an
algorithm’s performance from slightly different angles (37). Despite
the existence of all of these statistical techniques and the expansion
of approaches for siRNA design, very few studies addressed algorithm comparison issues (30, 38). A more recent work was published
in 2007 (30), and it revealed that four algorithms (24, 29, 30, 39)
out of 11 used for comparison fared better than the others.
Although considerable success has been reported in predicting
siRNA activity, very few studies deal with the analysis of shRNA
features related to their silencing efﬁciency (3, 25, 40). The difference between the fate of chemically synthesized siRNA and intracellular transcribed shRNA within the cell is in the transcription
and enzymatic processing. shRNA has to be ﬁrst transcribed and
then cleaved by RNases to enter the RISC pathway, while siRNA
enters this pathway without transcription or cleavage. Two popular
types of shRNA molecules are currently experimentally used. The
ﬁrst type is miRNA-like shRNAs. Their design is based upon one
particular miRNA (miR30) and they are frequently employed for
loss-of-function assays (41, 42). These molecules have long
(more than 21 nt) sometimes partially mismatched stems, and
undergo processing by RNaseIII-like endoribonucleases (Drosha
and Dicer). The second type is shRNAs with short perfectly paired
stems (19–21 nt). They are more frequently used in experiments
that require silencing of individual genes (2).
It is likely that the processing of miR30-based shRNAs
depends on the rates of Drosha and Dicer cleavages. Both enzymes
demonstrate certain nucleotide preferences for their cleavage sites.
This is probably the reason why approaches that try to transfer
siRNA design to miRNA-like shRNAs have a tendency to fail (40).
It has been suggested, however, that the processing of shRNAs of
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the second type from shorter (19 nt) stems is not Dicer dependent
(43). Perhaps single-strand RNases (for example, representatives
of the RNase A gene superfamily) are involved in the processing
of shRNAs with short stems. Thus, the ability of such shRNAs to
silence genes might depend on the susceptibility of their loop
sequences to RNase A cleavage. The 9 nt “UUCAAGAGA” loop
was described as the optimal conﬁguration for a potent silencing
trigger (2, 44). Both types of shRNA enter the RISC after enzymatic cleavage, and at this stage the pathways of chemically synthesized and intracellularly transcribed molecules merge.
This scenario suggests that design rules for shRNA duplexes,
which emerge after the enzymatic cleavage step, should be highly similar to those for siRNA duplexes. However, the precise location of
enzymatic cleavage sites as well as cleavage site sequence requirements
are not always well characterized. Moreover, efﬁcient transcription
considerations should also affect shRNA design rules. Thus, bioinformatics of shRNA design belongs primarily to the future. Future
progress needs to be fueled by new experimental databases that permit careful analysis of transcription and cleavage preferences of all
the enzymatic machinery involved in the shRNA pathway. One such
database was recently published and hopefully is going to be a great
asset for the design of efﬁcient miR30-based shRNAs (40).
1.3. List of siRNA
Sequence Features
Associated with
Speciﬁc Silencing
Efﬁciency

The sequence features found to be associated with siRNA-speciﬁc
silencing efﬁciency can be subdivided into at least seven categories.
A list of these categories is provided below, along with the references
to the studies in which the relationship between the experimental
siRNA silencing efﬁciency and feature presence were studied.
Additionally, the rationales for incorporating these features are presented in greater detail in Subheadings 1.4–1.7 below.
Category 1. Asymmetry in terminal duplex stability in siRNA (15–18,
25, 31, 34, 39, 45–47).
Category 2. Total siRNA duplex stability (a rough approximation
can be made through the evaluation of GC content) (17, 21,
25, 27, 31, 34, 39, 40, 45, 47).
Category 3. Internal local siRNA duplex stability (30, 39, 40).
Category 4. Base preferences at different siRNA strand positions
(17, 20, 23, 24, 31, 36, 39, 40, 45, 47–50).
Category 5. Frequency of occurrence or avoidance of certain motifs
in the complete sequence and at certain positions along the
siRNA (22, 29, 31, 51).
Category 6. Guide siRNA strand (31, 33, 34, 52, 53) and/or target
mRNA secondary structure (33, 34, 47, 54–61).
Category 7. Negative inﬂuence of cross-hybridization potential
(39, 62).
The siRNA sequence features belonging to the ﬁ rst two
categories most strongly affect silencing efﬁciency. In one way or
another they are included in all siRNA design algorithms.
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High asymmetry in terminal duplex stability is responsible for a
high rate of RISC loading for the siRNA cleavage guidance strand
and a low rate of RISC loading for the passenger strand. This rate
difference eliminates strand competition for RISC access.
Theoretically, this competition is not a problem when the RISC
molecular concentration is higher than the concentration of siRNAs. However, even in such cases, RISC loading with the passenger strand is not a desirable event because RISC being loaded with
the passenger strand can make an extra contribution to nonspeciﬁc
cleavages. In other words, optimization of the terminal asymmetry
in siRNA duplexes increases both the efﬁciency and speciﬁcity of
silencing.
Two scenarios for interaction between the siRNA strands and
RISC are possible (Fig. 1). The ﬁrst scenario happens when the
concentration of RISC is below that of the siRNA and the second
when the concentration of RISC is equal to, or above, that of the
siRNA. According to the ﬁrst scenario, the competition between
the strands for RISC entry happens if the 5¢ ends of both strands
are loosely paired and does not occur when one of the 5¢ ends is
tightly paired with its complement. According to the second scenario, there is no competition between the two strands regardless
of how tightly their 5¢ ends are paired with the complements. The
absence of competition between the strands can be a consequence
of RISC concentration excess or terminal asymmetry in siRNA
duplexes.
If experiments are performed in RISC excess, symmetrical or
asymmetrical duplexes will appear efﬁcient (no strand competition). If experiments are done in siRNA excess only asymmetrical
duplexes will appear efﬁcient (strand competition exists but only
for symmetrical duplexes). It is important to understand that sometimes it appears that asymmetry is not needed because in a RISC
excess scenario symmetrical duplexes with loosely paired ends will
look efﬁcient.
Even though considerable time has passed since the 2003 discovery that asymmetry in siRNA terminal duplex stability deﬁnes
which strand is loaded into RISC (15), the optimal method for
calculating this asymmetry is still debatable. Mismatches in the ﬁrst
four nucleotides from the 5¢ end of an siRNA duplex affect the rate
of strand entry into RISC. This led to the conclusion that 4 nt
should be considered for asymmetry calculation. However, careful
statistical analysis has demonstrated that the contribution of the
ﬁrst nucleotide to siRNA efﬁciency is the strongest, while that of
the fourth is the weakest (63).
Analysis of four independent experimental databases revealed
that a ddG value equal to, or above, 2 kcal/mol calculated for the
two terminal nucleotides of an siRNA duplex corresponds to the
highest silencing activity (25). Almost all siRNA duplexes with two
U/A at the 5¢ end of the cleavage guidance strand and two G/C
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I
RISC concentration below siRNAs
(it appears from a database analysis that asymmetry is very important)
Competition between
the strands for RISC entry
Symmetrical duplexes
are non efficient

guide strand
passenger strand

loosely paired 5’ end

No competition between
the strands for RISC entry
Asymmetrical duplexes
are efficient

tightly paired 5’ end

Only asymmetrical duplexes are efficient

II
RISC concentration above or equal to siRNAs
(it appears from a database analysis that asymmetry is less important)

No competition between
the strands for RISC entry
Symmetrical duplexes
are efficient
No competition between
the strands for RISC entry
Asymmetrical duplexes
are efficient
Both symmetrical and asymmetrical duplexes are efficient
However, only asymmetrical duplexes are guide strand specific

Fig. 1. Two scenarios of siRNA–RISC interaction. Two scenarios for interaction between siRNA strands and RISC are possible.
The ﬁrst scenario (I) happens when the concentration of RISC is below that of siRNA, and the second (II) when the concentration of RISC is equal to, or above, that of siRNA. According to the ﬁrst scenario, the competition between the strands for
RISC entry happens if the 5¢ ends of both strands are loosely paired and does not occur when one of the 5¢ ends is tightly
paired with its complement. According to the second scenario, there is no competition between both strands regardless of
how tightly their 5¢ ends are paired with the complements. The absence of competition between the strands can be a
consequence of RISC concentration excess or terminal asymmetry in siRNA duplexes.

at its 3¢ end belong to the category of those with optimal ddG. It
was noticed that the guide strand of efﬁcient siRNA and shRNA
molecules frequently starts with U rather than with A (40). This
bias is most likely explained by AGO2 binding preferences (64).
Consequently, selection of siRNAs with U at the ﬁrst position from
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the 5¢ end of the cleavage guidance strand, U/A at the second
position, as well as two G/C at their 3¢ end should deliver the best
silencing efﬁciency and speciﬁcity in RISC loading. That is why in
Fig. 1 “U” is presented with larger symbol in comparison with “A”
in the RISC entry key.
For shRNAs, transcription start nucleotide preferences have
to be considered to achieve optimal duplex asymmetry. The transcription of shRNAs is usually performed from Polymerase III
promoters H1 or U6 (2, 3). The H1 promoter favors adenine at
the ﬁrst position of a potential encoded shRNA, while a U6 promoter favors guanine.
1.5. Optimal siRNA
Duplex Stability

siRNA duplex stability should be neither too high nor too low for
efﬁcient siRNA functioning and have dG values between −35 and
−27 kcal/mol (25). Low duplex stability results in slow formation
and short lifetime of cleavage guidance strand–target duplexes,
with consequent inadequate opportunity for RNA cleavage to
occur. On the other hand, the siRNA passenger strand of duplexes
that are too stable may dissociate too slowly even after cleavage by
RISC. The same problem can occur with target RNA cleavage
products. In addition, stable siRNA duplexes are usually GC rich
and GC-rich guide strands, or their target regions, are usually constituents of stable RNA secondary structures. The optimum value
of duplex stability of most efﬁcient siRNAs or shRNAs might be
concentration dependent, however.

1.6. Optimal Proﬁle
of Internal Local
siRNA Duplex Stability
and Nucleotide
Preferences

The nucleotide preferences at terminal siRNA strand positions of
efﬁcient molecules are related to terminal duplex asymmetry, so
they are easily explainable. However, it is still unclear why some
nucleotides are preferred at certain nonterminal positions of siRNA
strands and some are avoided. Speculatively, the preference for A at
the 10th position of a guidance strand has been revealed in a number of studies (17, 20, 30, 34), and may be related to RISC cleavage preference, because this cleavage occurs between residues base
paired to nucleotides 10 and 11 of the siRNA. Perhaps preferential
low stability (A/U enrichment) of some base pairs (6th, 7th, 12th,
13th, and 14th from the 5¢ end of the guide strand) in the siRNA
duplex (30, 34) is needed for easier dissociation of the cleaved
RNA product and enhances RISC turnover. Some evidence was
obtained that this dissociation proceeds energetically uphill because
it involves an ATP-dependent RNA helicase P (10).

1.7. Speciﬁcity
Problems

Early reports related to siRNA target gene silencing speciﬁcity
were very optimistic; they suggested that siRNA is a highly speciﬁc
tool for targeted gene knockdown (65, 66). However, later
microarray studies showed that in addition to the intended target,
siRNAs down regulate many unintended target transcripts (67–
69). Intended and unintended transcript targets may be silenced
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with indistinguishable kinetics, though unintended transcripts are
generally down regulated to a smaller degree (67). Off-target
silencing is now widely recognized as a complication of any studies involving siRNAs (70, 71). It seems that to a large extent,
target silencing effects are mediated by the participation of artiﬁcial
siRNAs in natural miRNA pathways. The miRNA translational
suppression pathway is directed by imperfect base pairing between
the target and the miRNA guide strand (72). The speciﬁcity of
this base-pairing depends on the 6–7 base “seed region” at the 5¢
end of the guide strand of an miRNA. This miRNA-type seedmatched, off-target silencing by siRNAs is very common. Most of
the siRNA unintended targets share sequence complementarity in
their 3¢ UTR regions with residues 1–8 (or contain seed motif
matching nucleotides 1–6, 2–7, or 3–8) of the siRNA guide strand
(67–69, 73).
The investigation of “seed region” complementarity and
siRNA off-target silencing or miRNA down regulation revealed
several interesting facts. It was found that the stability of a duplex
between the siRNA “seed region” and an off-target region, measured as free energy dG, and the degree of gene silencing correlate
with each other (74). A correlation was also discovered between
the frequency of a seed hexamer being present in the 3¢ UTR portion of a transcriptome and siRNA off-targeting effects. In other
words, siRNAs with the most unique hexamers in their seed regions
are less prone to off targeting (74). It was also found that extra
complementarity within the 3¢ end of a guide strand increases the
miRNA targeting effect. The effect was also increased if miRNA
target seed regions were located within AU-rich regions of 3¢ UTRs
(75). The latter observation might indicate that AU-rich mRNA
regions are usually not involved in stable base-pairing within RNA
secondary structure and consequently are more likely to be available for intermolecular interaction with miRNA.
siRNAs can be potent inducers of interferons (IFNs) and
inﬂammatory cytokines both in vivo and in vitro (76–78). These
ﬁndings are promoting a growing concern among researchers
whether activation of an immune response can be systematically
avoided during gene silencing experiments. The problem of
immune-stimulatory motifs can be addressed through certain
chemical modiﬁcations; however, this approach has its own limitations. For example, it cannot be used for in vivo transcribed shRNA,
which along with chemically synthesized siRNA, is a popular tool
for gene silencing experiments.
A basic series of steps for incorporating the design criteria presented in Subheading 1.3 and further detailed in Subheadings 1.4–
1.7 is provided below. Suggested Web resources that can best help
to achieve these criteria are also provided.
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2. Materials
Computer with Internet access.

3. Methods
Steps for designing siRNAs according to the seven criteria categories
provided in Subheading 1.3, and further discussed in
Subheadings 1.4–1.7, are provided below. Step 1 can be used as a
broad method for selecting siRNAs that satisfy criteria categories
1–5. The remaining steps will help to reﬁne the selection of siRNAs with consideration of target secondary structure as well as
siRNA speciﬁcity requirements to satisfy criteria categories 6–7.
1. Use one of the following Web tools for ﬁltering out inefﬁcient
siRNAs according to the features from the categories 1–5 in
Subheading 1.3: http://www5.appliedbiosystems.com/tools/
siDesign/ or http://www.med.nagoya-u.ac.jp/neurogenetics/
i_Score/i_score.html (see Notes 1 and 2).
2. (Optional) Use Web tools for ﬁltering out inefﬁcient siRNAs
according to the optimal accessibility of the guide strand and target secondary structures (see Note 3): http://rna.tbi.univie.ac.at/
cgi-bin/RNAxs?hakim=1, http://sfold.wadsworth.org/cgi-bin/
sirna.pl, or http://rna.urmc.rochester.edu/servers/oligowalk.
3. (Optional) Use siRNA candidates that are in overlapping pools
in outputs from steps 1 and 2.
4. Filter out siRNA candidates that are vulnerable to nonspeciﬁc
silencing efﬁciency due to the presence of immune-stimulating
motifs if you are using any software other than http://www5.
appliedbiosystems.com/tools/siDesign/. Three sequence
motifs, “UGUGU,” “GUCCUUCAA,” and “AUCGAU(N)
nGGGG,” should be included in an immune-motif avoidance
list. In addition, U-rich sequences or sequences with biased
nucleotide content, such as (G + U) >> (C + A) or with A + U or
G + U rich motifs, should also be avoided (see Note 4).
5. Filter out siRNA candidates with the motif “UGGC,” which is
associated with reduced cell viability (see Note 5).
6. Filter out siRNA candidates with motifs of low sequence complexity such as “GGGG,” “UUUU,” “CCCC,” and “AAAA”
(see Note 6).
7. Use Washington University BLAST (WU-BLAST) to ﬁlter out
the least speciﬁc siRNAs: http://informatics-eskitis.grifﬁth.
edu.au/SpeciﬁcityServer/ (see Notes 7–9).
8. Use for your experiments siRNA candidates with the top scores
from step 1 that pass all the ﬁlters listed above.
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4. Notes
1. A large number of Web services for siRNA design are currently
available. However, very few of them use the most relevant
updated information, so I have recommended two Web sites
that are most committed to predicting efﬁcient siRNAs:
http://www5.appliedbiosystems.com/tools/siDesign/ (34).
This Web service ﬁlters out siRNA candidates with miRNA
“seed” matches, and toxic and immunostimulatory motifs.
http://www.med.nagoya-u.ac.jp/neurogenetics/i_Score/
i_score.html (27) This Web site allows the calculation of siRNA
efﬁciency scores based upon nine independent siRNA design
tools. In addition it provides thermodynamic information
related to the dG value of an siRNA duplex, dG of guide strand
secondary structure, and dinucleotide dG values at the 5¢ and
3¢ ends. However, the Web service does not ﬁlter out siRNAs
with continuous runs of identical nucleotides or other nondesirable siRNA sequence motifs. It does not consider the
BLASTN score.
2. Two independent studies suggested that the ability of the
siRNA guide strand to cross hybridize with multiple off-target
regions (39, 62) diminishes this strand’s ability to silence its
own target. Recently, a downloadable software was described
that can perform siRNA design steps that can substitute for
steps 1, 2, and 7 (79).
3. There are reported correlations between the openness of the
secondary structures of the siRNA guide strand and target
mRNA. I have recommended three Web tools that offer design
of siRNAs based upon consideration of these sequence features. It has to be noted that for http://sfold.wadsworth.org/
cgi-bin/sirna.pl the restriction in mRNA target length is
250 nt. Two other Web sites can deal with longer mRNAs.
However, all the listed Web services do not ﬁlter out siRNAs
with continuous runs of identical nucleotides or some other
non-desirable siRNA sequence motifs.
4. Varieties of different specialized cellular receptors have evolved
for recognition of pathogen-associated molecular patterns
(PAMPs) that trigger immune responses when their ligands
(viral or bacterial components) become present (80, 81).
Some of these receptors are restricted to immune cells only,
while others are present in all cells. Toll-like receptors (TLRs)
are type I transmembrane proteins involved in the functioning of innate immunity by recognizing pathogen-speciﬁc
molecules including DNA and RNA. The human TLR7 and
TLR8 immune response appears to be stimulated strongest
with U-rich sequences (82–84). AU-rich motifs mostly were
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shown to activate TLR8 and GU-rich motifs both TLR7 and
TLR8 receptors (85). A- and U-rich sequences stimulate
TLR8, which triggers the production of both IFNa and TNFa
from monocytes (84, 85), while G- and U-rich sequences trigger
TLR7, thereby causing IFNa production from pDCs (86).
Certain siRNA sequences are particularly immuno-stimulatory,
such as “GUCCUUCAA” (77) and “UGUGU” (78, 87).
Experimental evidence demonstrates that the latter motif triggers induction of IFN type 1 and nonspeciﬁc gene down regulation through TLR7. However, some siRNA sequences,
independent of their GU or AU enrichment, are potent inducers
of IFN-alpha production. One study showed that the presence of the CpG motif “AUCGAU” in RNA oligonucleotides
together with a poly-G tail stimulates monocytes to produce
large amounts of IL-12 (88).
5. A strong correlation has been found between the presence of
motif “UGGC” in an siRNA cleavage guidance strand and
reduced cell viability (89).
6. Clear answers are elusive about why certain motifs are preferred or avoided in efﬁcient siRNA molecules. These parameters are poorly studied. However, it is widely believed that it
is desirable to avoid targeting mRNA regions with low sequence
complexity, particularly those represented by continuous runs
of four identical nucleotides. It is assumed that the “UUUU”
motif should be avoided during design of shRNAs because it
represents an RNA III polymerase termination site.
7. NCBI BLASTN allows the fast discrimination of siRNA design
candidates according to their homology with potential
off-target hits. It can be also used for simple homology searches.
For BLAST searching, it is recommended to discard any candidate with a score above 30 (34). However, BLASTN default
parameters have been demonstrated to be inappropriate for
siRNA design and other parameters have been suggested (90).
8. In general, siRNA off-target silencing is a function of many
characteristics of duplexes between the guide strand and multiple regions in a transcriptome that are partially complementary to this strand (off-target hits) (91). So far, there is no ideal
software for careful screening and characterization of these
imperfect mismatched duplexes.
9. It is preferable to design siRNAs without “seed regions” present in known miRNAs. miRNA-like off targeting that involves
mRNA translation inhibition can lead to gene-nonspeciﬁc
down regulation (92). The list of these regions can be extracted
from the sequences of mature miRNAs. A database of these
sequences is available from http://www.mirbase.org/ftp.shtml.
However, the siRNA design tool available from http://www5.
appliedbiosystems.com/tools/siDesign/ performs this function automatically.
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