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a b s t r a c t

RNA interference (RNAi) has become an important tool to study and utilize gene silencing

by introducing short interfering RNA (siRNA). In order to predict the most efficient siRNAs,

a new software tool, RNA Workbench (RNAWB), has been designed and is freely available

(after registration) on http://www.rnaworkbench.com. In addition to the standard selection

rules, RNAWB includes the possibility of statistical analyses of the applied selection rules

(criteria). The role of RNA secondary structures in the RNA interference process as well as
eywords:
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the application of sequence rules are discussed to show the applicability of the software.

© 2007 Elsevier Ireland Ltd. All rights reserved.

(e.g. [8–10]) and recently [11–13]. They model the siRNA–mRNA
iRNA sequence rules

. Introduction

he RNAi [1,2] is a highly regulated enzyme-mediated pro-
ess in which a short interfering RNA (siRNA) suppresses the
xpression of a given gene. RNAi has already significantly
dvanced our understanding of the functions of several genes
e.g. [3]) and future applications for drug development are
nvisaged (e.g. [4]). The process is triggered by the transfec-
ion of a double strand RNA (dsRNA) which is cleaved by the

nzyme Dicer into 21–23 nucleotide segments, the siRNAs [5].
hey are subsequently incorporated into the RNA-induced
ilencing complexes (RISC) [6]; the active RISC includes only
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E-mail address: martin.polcik@siemens.com (M. Polčı́k).
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the siRNA antisense strand which hybridizes with the com-
plementary target region on the messenger RNA (mRNA) and
prevents thus the gene expression. The efficiencies different
target regions are very different [7] and one would like to
find the most efficient siRNA in a fast and straightforward
way. In order to select the siRNA with the highest repression
efficacy, which in a wet-lab is a costly and time-consuming
process, several computational tools have been introduced
hybridization based on selection criteria, either empirical or
constructed from basic principles (e.g. free energy considera-
tion).

erved.
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The aim of this work is to present our new software tool
RNA Workbench (RNAWB). It consists of two parts. The first
one is the Designer which carries out the design of the most
efficient siRNAs. Several thermodynamic and sequence based
rules provided by most existing tools are available. Moreover,
one can use the sequence design rules, which are either built
in or can be inserted by means of regular experessions. Also
a new feature—the so-called Target pattern criterion [14] has
been built into the Designer. The other part of RNAWB is the
Analyzer the goal of which is to perform statistical analyses
of the applied design criteria on already existing experimental
data.

The RNAWB has been applied to analyze experimental data
and some new results have been achieved and published in
Ref. [14]. This article serves primarily as an application note
about the new software to all potential users.

As there has been some discussions in the literature about
the role of the secondary structures of the mRNA (see com-
putational details and theory, part average accessibility), the
first test example of the application of this software tackles
this issue. The other example is related to the sequence rule
testing which is presented in more detail in our publication
[14].

2. Computational details and theory

The criteria (rules) according to which the efficacy of siRNAs
are rated are introduced in this chapter. The RNAWB provides
all the options available in already existing RNAi computa-
tional tools and a new rule—Target Pattern has been included.
These design rules can easily be chosen in the graphical user
interface (GUI) and they are described in the help options.

2.1. Energy and sequence rules

The free energies of the duplex, the 5′ and the 3′ ends, the
middle region and the free energy of siRNA breaking are used
as thermodynamical criteria for the efficacy rating of a cho-
sen siRNA. The values of the free energies are obtained by the
RNAduplex program from the Vienna RNA Package (VRNAp)
[15]. The user can also choose the C/G percentage criterion in
which the targets are valued according to their cytosine and
guanine contents [16].

The sequence strategies offer the user a choice in applying
either the Tuschl rules [17] or to define their own rules using
regular expressions. One example how the regular expressions
can be used is shown on the three Tuschl rules:

Tuschl Rule 1 : AA(N19)UU, regular

Tuschl Rule 2 : NA(N21), regular

Tuschl Rule 3 : NAR(N17)YNN, R ∈ {A, G}, Y ∈ {C, U}, regular

Here N is any from the four nucleotides (C/G/U/A).
A detailed description of the regular expressions is
described in the help option.
Based on a systematic sequence analysis, the so-called Tar-

get Patterns criterion can be chosen in the GUI. Its design and
significance is analyzed in Ref. [14].
n b i o m e d i c i n e 9 0 ( 2 0 0 8 ) 89–94

ssion : AA. ∗ UU

ssion : .A.∗
ssion : .A[AG]. ∗ [CU]..

(1)

2.2. Average accessibility

The role of the secondary structure of the mRNA for the
interference has been discussed in the literature. While no
relationship between Mfold-predicted [18] mRNA structures
and the potency of the siRNA has been concluded in Ref. [19]
and little importance of target secondary structures in Ref. [7],
the effect of the secondary structures of the target for gene
silencing has been shown in Refs. [20–24]. Here we treat the
issue by introducing average accessibility and looking on its
significance for the siRNA design. This accessibility is a result
of mRNA folding due to hydrogen bonds leading to inaccessi-
ble regions of the mRNA strand. For value calculation of the
average accessibility, the Vienna RNA Package [15] has been
used.

The accessibility, which takes this effect into consideration,
is implemented the following way: the Boltzmann-weighted
ensemble of suboptimal secondary structures is generated.
The accessibility, which is defined as the percentage of
nucleotides not bonded via hydrogen bond, is calculated for
every member of the ensemble. Finally, by averaging the
accessibilities over the ensemble, the average accessibility
is calculated for the target. The ensemble can be produced
by stochastic backtracking as introduced in SFOLD [8], here
we use the implementation in the RNAsubpot program from
VRNAp. It should be pointed out that the average accessibility
is a continuous parameter ranging from 0 to 100. This seems
a bit controversial assuming rather small number of the tar-
get nucleotides, which may imply only discrete values of the
average accessibility. Its value, however, is calculated from a
large number of secondary structures from the ensemble and
the averaging then produces the continuous distribution of
values.

2.3. Access to the experimental data

The RNAWB part – Analyzer makes it possible to perform anal-
yses on two public databases – CGB siRNA [25] and siRecords
[26]. The databases contain experimental RNAi results of about
420 (October 2005) and 1220 (February 2006) siRNAs, respec-
tively.

3. System description

The flow chart process diagrams of the two main parts of the
RNAWB system are shown in Fig. 1a and b. The architecture
of the system is presented in Fig. 1c. Tomcat has been used as

the application server. From the architectural point of view, the
web (application) server part of the application can be further

divided into:

• JavaServer Pages layer (JSP) which provides the HTML code to
be displayed in the Web pages.
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Fig. 1 – (a) The flow process diagram of the RNAWB system to calculate the siRNA efficacy. (b) The flow chart of the Analyzer
part of the RNAWB. (c) The architecture of the RNA Workbench system.
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Fig. 2 – Histogram showing the distribution of experimental
siRNAs from both databases together for different average
accessibility and for different efficiencies—the bars
correspond to efficacies 0–20%, 20–40%, 40–60%, 60–80%
and 80–100% as the collor gets darker.

The results shown in Fig. 2 can be used as a test case,
• Facade: the layer which connects the JSP and Core Logic. It is
not desirable that the JSP pages access the core logic classes
directly out of the following reasons: JSP pages should con-
tain just the display logic. The Facade layer can be adjusted,
e.g. for the EnterpriseJava Bean (EJB) or Struts framework in
the future if needed.

• Core logic: implements the main algorithms, including call-
ing of the C/C++ functions and programs and cooperation
with the Persistence layer.

• Persistence: provides the access to the database through
Java objects. This layer is further divided into the Java Per-
sistence layer – the general Java-DB mapping framework

– and the RNA WB Persistence layer – the extension of
the Java Persitence layer fitted for the RNA Workbench
project.

Table 1 – Some of the statistically significant sequence criteria

Description of criterion CGB siRNA database

Position in siRNA Nucleotide Mean efficacy difference Wilco

−2 (first in overhang) A 11.01 0.0
A/U 9.58 0.0
No C 8.26 0.0

1 G 13.14 3.3
C/G 10.48 9.7
No U 9.89 0.0

9 No U 9.96 0.0

Mean efficacy difference is the difference of mean efficiencies of the siRNA
n b i o m e d i c i n e 9 0 ( 2 0 0 8 ) 89–94

4. Results and discussion

To test the RNAWB we performed a rather thorough com-
parison with the published results by Gong et al. [11]. Good
agreement with the presented data has been achieved. The
results have been summarized in Ref. [14]. The following
part concentrates on the practical application of the RNAWB
and in particular on the role of the average accessibility
and the sequence rules, which were in the centre of our
attention.

4.1. Average accessibility

Fig. 2 shows the distribution of siRNAs from both databases
together [25,26] as a function of the average accessibility. The
picture indicates that most efficient siRNAs are located in the
central part of the histogram (33–66% average accessibility)
and that the accessibility may thus be a significant parameter
as the efficient siRNAs in the central region clearly domi-
nate the unefficient. To look into this effect in more detail,
two statistical analyses have been carried out. The analysis
of variance (one way ANOVA test) gives us the value of the
statistic F = 7.51 (the ratio mean square between and mean
square error) for the siRNAs efficiencies in the central region
compared to those from the side regions, clearly rejecting
the null hypothesis (i.e. one distribution for siRNAs for all
average accessibilities). The probability of the F value being
random is 0.0061, well bellow the significance at 1% level. The
mean efficacy in the central region is 58.89% while the global
mean value for both side regions (0–33% and 66–99% aver-
age accessibility) is 53.9%. Similarly high significance can be
achieved by applying the Wilcoxon rank sum test [27] (called
also Mann–Whitney test, Mann–Whitney U-test) which has
been used to compare the medians of the investigated sets.
The Wilcoxon p-value, which characterizes the statistical sig-
nificance of the difference of the mean efficiencies, is 0.0148,
which is well bellow the 5% significance level.
because the histogram can be produced by the user of the
RNAWB. The example shows that the average accessibility is
a significant parameter in the efficient siRNA design.

for the CGB siRNA and siRecords databases

siRecords database

xon p-value Mean efficacy difference Wilcoxon p-value

01474 7.54 5.42 × 10−6

02206 7.42 1.21 × 10−5

1133 4.93 0.02871

97 × 10−4 6.10 2.609 × 10−4

12 × 10−4 7.11 3.847 × 10−5

1295 5.59 0.01163

1334 4.22 0.01292

s to fullfil and fail the particular sequence rule given in column 2.
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Fig. 3 – Statistical analysis of the sequence criterium A.* in
the siRecord database. The dark bars show the number of
siRNAs that match, the bright that do not match the
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riterium. The data stored in the siRecord database have
iscrete efficacy values.

.2. Sequence rules

he next example presents the design of the sequence rules.
he sequence rules can be inserted by regular expessions, see
q. (1).

One interesting application shown here is the system-
tic search for new sequence rules. All single nucleotides
C/G/U/A) at all positions (−2 to 21, −2 means the first
osition in the overhang) in the siRNA have been tested

n both databases. Table 1 shows several of the applicable
ules, which we analyzed. For each rule, Table 1 contains
he mean efficacy differences between the siRNAs that
ulfill and fail the rule. Fig. 3 shows the result of the cal-
ulation in the first row of the table when the A.* (i.e.
ucleotide A at position −2) rule has been tested. From
he 1220 targets in the siRecord database a histogram in
ig. 3 has been constructed which clearly shows that for
igh silencing efficacy the targets that match (dark bar) dom-

nate those that do not match the selection rule (bright
ars). This fact is also reflected in the very low value of
he Wilcoxon parameter (p-value) which indicates that the
ifference between the two sets (bright and dark) is signifi-
ant.

Fig. 3 shows very clearly what can be found in Table 1,
ll those chosen rules are statistically significant, because
ilcoxon p-value is smaller than 0.05. This allows us to

se the rules in the search for new siRNAs by means of
NAWB or other available tools. This example is only one
f several more that have been presented in a more thor-

ugh analysis of the RNAi databases using the RNAi Analyzer

14].
Further development of the RANWB will concentrate on

aking the access to more experimental data and possibly
b i o m e d i c i n e 9 0 ( 2 0 0 8 ) 89–94 93

tackle issues like off-target effects and/or look in more detail
on the secondary structure role.

5. Mode of availibility

The system can be accessed on the web address http://www.
rnaworkbench.com. It requires registration.
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