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Synopsis
Post-transcriptional gene silencing is a widely used method to suppress gene expression. Unfortunately only a
portion of siRNAs do successfully reduce gene expression. Target mRNA secondary structures and siRNA-mRNA
thermodynamic features are believed to contribute to the silencing activity. However, there is still an open discussion
as to what determines siRNA efficacy. In this retrospective study, we analysed the target accessibility comparing very
high (VH) compared with low (L) efficacy siRNA sequences obtained from the siRecords Database. We determined the
contribution of mRNA target local secondary structures on silencing efficacy. Both the univariable and the multivariable
logistic regression evidenced no relationship between siRNA efficacy and mRNA target secondary structures. Moreover,
none of the thermodynamic and sequence-base parameters taken into consideration (H-b index, �G◦

overall, �G◦
duplex,

�G◦
break-target and GC%) was associated with siRNA efficacy. We found that features believed to be predictive of

silencing efficacy are not confirmed to be so when externally evaluated in a large heterogeneous sample. Although it
was proposed that silencing efficacy could be influenced by local target accessibility we show that this could be not
generalizable because of the diversity of experimental setting that may not be representative of biological systems
especially in view of the many local protein factors, usually not taken into consideration, which could hamper the
silencing process.
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INTRODUCTION

RNAi is an evolutionally conserved sequence-specific, post-
transcriptional gene silencing mechanism first described in Caen-
orhabditis elegans by Mello and Fire [1]. Long dsRNAs are pro-
cessed by Dicer, an RNase type III enzyme and cleaved into
small fragments of 21–23 bps [2–5]. Such cleavage products are
loaded on to the RNA-induced silencing complex (RISC) [6], the
passenger strand of dsRNA is cleaved and discarded whereas
the guide strand is targeted to the complementary mRNA [6] res-
ulting in its degradation [1,7,8]. RNA interfering is a widely used
tool to suppress gene expression but only a portion of siRNAs
are able to reduce gene expression [9,10]. There is still an open
discussion regarding what determines the silencing efficacy of a
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specific siRNA. A role may be played by siRNA sequence fea-
tures [9], siRNA chemical modifications [11], i.e. phosphoryla-
tion, interaction with RNA-binding proteins (RBPs) [12,13] and
mRNA target accessibility. Several reports point out the rel-
evance of targeted secondary structures for silencing efficacy
[14,15]. However, most of the features believed to be relevant
for siRNA efficacy were inferred from restricted experimental
settings, which may misrepresent their contribution [16,17]. The
siRecords database [18] contains more than 17000 records of ex-
perimentally validated mammalian siRNAs obtained from about
6000 independent studies. In the present study, siRNA efficacy
is categorized as very high (VH; 90 %–100 % of silencing effic-
acy), high (H; 70 %–90 %), medium (M; 50 %–70 %) and low (L;
0 %–50 %). In the present retrospective study, we compared 150
VH and 150 L randomly chosen siRNA sequences obtained from
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different experimental settings to evaluate the role of mRNA tar-
geted secondary structures and siRNA-mRNA thermodynamic
features on siRNA efficacy.

MATERIAL AND METHODS

siRNA selection and mRNA secondary structure
targeting
Three-hundred siRNA sequences targeting 267 human genes
were randomly selected from the siRecords database [18].
The 19–21 bp synthetic oligonucleotides were classified as VH
(n = 150) and L (n = 150) on the basis of silencing effic-
acy. The gateway for the siRecords database is http://sirecords.
biolead.org/index.php. From each siRNA, the corresponding
mRNA target sequence was obtained from the NCBI nt database
and folded by using the Mfold web server version 2.3 [19] with
default settings (http://mfold.rna.albany.edu/?q = mfold). Min-
imum free energies (mfe) were predicted. Each siRNA sequence
was manually aligned to the correspondent global mRNA sec-
ondary structure to discriminate the local targeted site among
loop, 5′-loop, 3′-loop, internal loop (int-loop), multi-branch loop
(mb-loop), H-loop, bulge loop (b-loop), one base bulge (one-bb)
and stem structures.

For each siRNA duplex, the number of bases targeting each
mRNA local structure and the number of consecutive unpaired
bases in the target site were identified.

H-b index
To determine the overall probability of nts within the siRNA
targeting region to form double-stranded complex with other parts
of the mRNA, we calculated the H-b index for each pair of siRNA-
mRNA. The H-b index is the average number of hydrogen bonds
formed in all possible mRNA secondary structures as predicted
by the Mfold software. It was proposed by Luo and Chang [20]
as a parameter that takes into account the overall contribution of
mRNA secondary structures in the siRNA binding. Low values
of H-b index indicate that most nts within the target region are
in single-stranded structures and are more likely to be accessible
by the RISC–siRNA complex.

Each mRNA sequence was previously folded by MFold web
server version 2.3 [19] using default settings. The ss-count output
was taken into account in order to calculate the H-b index for the
siRNA targeted region. The ss-count is the propensity of a base to
be single-stranded, as measured by the number of times it happens
to be single-stranded in a group of predicted RNA structures. The
H-b index was calculated for the two groups of siRNAs according
to Luo and Chang [20].

Binding affinity
The Oligowalk program [21] included in the software package
RNAstructure version 5.3 [22] was used to predict the binding

affinity of each oligonucleotide to its mRNA target. In particular,
three parameters were taken into account:

�G◦
overall: The net �G in kcal/mol (1 cal≡4.184 J) of oligo-

target binding, when all contributions are considered, including
breaking target structure and oligo-self-structure, if any. A more
negative value indicates tighter binding.

�G◦
duplex: The free energy change due to hybridization at the

binding site. It measures the oligo-target binding affinity from
unstructured states. A more negative value indicates more stable
duplex.

�G◦
break-target: The free energy cost for opening bps in the

region of complementarity to the target so that the binding site
becomes completely open. A more negative value indicates less
accessible siRNA.

GC content analysis
The siRNA were separated into siRNA with GC content <25 %,
between 25 % and 55 % and >55 %. We also evaluated subgroups
with GC content from 25 % to 34 %, 35 % to 44 %, 45 % to 54 %
and 55 to 64 %.

Statistical analysis
The separate contribution of loop 5′-loop 3′-int-loop, mb-loop, h-
loop, b-loop, one-bb and stem to siRNA efficacy was evaluated by
univariable logistic regression. Multivariable logistic regression
was used to quantify the joint contribution of the same predictors
to siRNA efficacy. siRNA efficacy was coded as 0 = low and
1 = very high and all predictors were modelled as continuous
(number of occurrences).

Univariable logistic regression was used to evaluate the con-
tribution of consecutive unpaired bases on the RNA target to
the siRNA efficacy. Odd ratios (OR) and robust 95 % confidence
intervals (CI) were calculated as measures of effect size.

Between-group comparisons were performed with Student’s
unpaired ttest for Gaussian distributions and with Mann–Whitney
U-test for non-Gaussian distribution.

Fisher’s exact test was used to estimate the probability of get-
ting the observed data under the assumption that the frequencies
of VH and L siRNA with GC content 25 %–55 % are the same.

Pearson’s chi-square test was used to estimate the probability
of getting the observed data under the null hypothesis that the
proportions of VH and L siRNA within the GC content subgroups
are the same.

RESULTS AND DISCUSSION

siRNA efficacy and local secondary structures
The efficacy of siRNA on gene silencing varies within targeting
sites of the same mRNA [5,10,23–25]. There is still an open dis-
cussion as to what determines those silencing efficacy. Although
it was proposed that silencing efficacy could be influenced only by
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Figure 1 mRNA target secondary structures analysis
(a) For each siRNA, information on the targeted region within the mRNA was collected. (b) The number and position of
unpaired bases within the mRNA local targeted region were listed. A single siRNA can target several local structures.

siRNA intrinsic characteristics [9]; previous studies have shown
that local target accessibility might contribute to silencing effic-
acy [14,26]. However, these studies may not be generalizable be-
cause they involved low numbers of siRNAs and target structures.
The contribution of target accessibility in a given experimental
setting may not to be representative of biological systems, espe-
cially in view of the many local factors, such as RBPs, chaperons,
RNA–RNA interactions, metabolites and ions that have effect on
the RNA folding in vivo [12,13,27]. In this retrospective study,
we analysed the target accessibility and the thermodynamic prop-
erties of a large number of siRNA with particular attention to the
portion of siRNA targeting a given local secondary structure on
the mRNA.

We evaluated 300 randomly chosen siRNA sequences and
their targets from siRecords Database. To reduce bias, no more
than two siRNAs per working group were selected in each
category.

Each mRNA was folded using the Mfold web server version
2.3 [19] and in each siRNA targeted region were identified both
the local structures and the number of unpaired bases within the
mRNA (see Figure 1 for an example).

Schubert et al. [14] observed that silencing is greatly influ-
enced by the number of paired nts within the mRNA target. These

nts are likely to be incorporated in hairpin structures which are
unfavourable for siRNA silencing [14,28].

To determine whether silencing efficacy depends on the num-
ber of unpaired bases within the mRNA targeted region, we eval-
uated the frequency of siRNAs targeting mRNA sites with the
predicted number of base-pairing (Figure 2). Logistic regres-
sion was used to evaluate the association between the number
of unpaired bases within the mRNA target region and siRNA
efficacy. Although most L siRNAs are reported to preferentially
target mRNA regions with a low number of unpaired bases (4–
8) our analysis showed no association between the number of
unpaired bases in the mRNA target region and the siRNA effic-
acy (OR = 1.00; 95 % CI, 0.89–1.12; P = 1.0). We also found no
association between the number of consecutive unpaired nts per
targeted local mRNA secondary structure (OR = 1.03, 95 % CI,
0.97–1.09 P = 0.269; Figure 3). Thus, we were not able to rep-
licate Schubert’s findings on an external and much larger dataset.

The position of unpaired nts within the target was taken into
account to test whether the mRNA has a role in determining
siRNA efficacy. Table 1 summarizes the distribution of unpaired
bases within the siRNA targeted structures. It should be noted that
a single siRNA can target one, two or more secondary mRNA
structures.
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Figure 2 Number of unpaired bases per local mRNA targeted structure

Figure 3 Number of consecutive unpaired bases within the targeted mRNA local structure

Since it has been reported that targeting loop-based structures
has a positive influence on silencing efficacy [15,20], an associ-
ation between silencing efficacy and local targeted mRNA struc-
tures was expected. However, we found no association between
silencing efficacy and targeted mRNA local structure (Table 2).
Loop-based structures have been reported to be more favourable
for highly effective siRNA binding [15], but we found again that
they were not predictive of silencing efficacy (Table 2).

Although mRNA secondary structures could influence siRNA
binding, they cannot be considered the only factor determining
silencing efficacy. Indeed, Holen et al. [10] reported variable si-
lencing efficacies in siRNAs targeting similar predicted second-
ary structures. Gredell et al. [15] noticed that siRNA silencing

efficacy may depend on the transfected cell line independently of
the mRNA local region targeted. Furthermore, whereas Overhoff
et al. [26] found an improvement in siRNA efficacy based on
target accessibility, they also noted that not all siRNAs against
inaccessible targets are ineffective. Finally Amarzguioui et al.
[29] encountered some discrepancies between silencing experi-
ments conducted in vitro and in vivo. Putting these observations
together with our findings, it appears that the target secondary
structure has not a clear role in siRNA silencing efficacy. Other
factors, rarely taken into consideration, for instance RBPs, may
also influence siRNA binding and silencing efficacy [13]. In vivo
RNA is not a ‘naked’ molecule, but is bound to a dynamic set
of RBPs that begin to be deposited on to the RNA molecule
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Table 1 Distribution of unpaired bases within the siRNA targeted structures

Loop 5′ Loop 3′ Int-loop mb-Loop H-loop b-Loop One-bb Stem

Unpaired bases VH L VH L VH L VH L VH L VH L VH L VH L

Number of observations (siRNAs)

0 94 91 102 111 82 88 83 95 114 118 127 135 99 106 90 89

1 7 18 2 10 1 – 22 18 – – 1 – 38 41 28 33

2 8 13 10 10 21 17 15 17 – – 7 3 5 2 15 19

3 8 10 13 5 13 11 9 5 3 6 5 3 – – 6 2

4 5 5 6 7 7 9 6 4 4 6 2 4 – – 4 5

5 8 4 4 2 6 10 2 4 13 12 1 2 – – – –

6 5 – 1 – 4 5 1 1 22 2 – 1 – – – 1

7 – – – – – – – – 3 3 – – – – – –

8 – – – – – – – – 2 – – – – – – –

9 – – – – – – – – – – – – – – – –

10 – 1 1 1 – 2 – – – – – – – – – –

11 – 2 – – – 1 – – – – – – – – – –

12 – – – – – – 1 – – – – – – – – –

13 1 – – – 1 – – – – – – – – – – –

14 1 – 1 – – – – – 1 – – – – – – –

15 – – – – – – – – – – – – – – – –

16 – – – – – – – – – – – – – – – –

17 – – 1 – – – – – – – – – – – – –

18 – – – 1 – – – – – – – – – – – –

The table reports the number of observations (siRNAs) targeting mRNA regions with a variable number of unpaired bases. A single siRNA can target more than one local secondary
structure within the mRNA. Only few siRNAs (both VH and L) bind to mRNA regions with higher amounts of unpaired nts.

co-transcriptionally [12]. Thus RBPs not only affects the RNA
secondary structure but also can occasionally mask siRNA target
sites. The implication is that RBPs could influence siRNA effic-
acy [13]. The full complement of proteins associated in vivo is
likely to be different from that bound to the same RNA in vitro.
Frequently in vitro experiments are not able to reproduce such a
complex system producing biased results and a lack of correlation
between in vitro accessibility and in vivo efficacy [13,29].

H-b index
One important issue to be considered is the RNA secondary
structure prediction. Although there are some evidences about
the accuracy of the computational methods [15,26], it is worth to
notice that the secondary-structure predictions based on the mfe
calculation, used by Mfold, assume that the total free energy is
the sum of independent contributions by the singles paired or un-
paired nts within the RNA sequence. These contributions could
be sensitive to small changes in the energy parameters, temperat-
ure, ions concentrations. Not necessarily the thermodynamically
most stable structure is the one encountered in vivo [12]. Tak-
ing into consideration these evidences, we used the H-b index
to predict target accessibility [20]. This index takes into account
all possible secondary structures of a given RNA to estimate the
probability that a base within the RNA sequence is in a single- or
double-stranded conformation. If the target region of the mRNA
has a more loosened structure (i.e., less intramolecular hydrogen

bonding) as in the case of loop-based structures, it should be
easier for the siRNA to bind with the targeted mRNA through
base-pairing. Thus, the H-b index provides a measure of mRNA
accessibility.

Luo and Chang [20] found that low H-b indexes (<25) were
predictive of high silencing efficacy. However, they considered a
low number of siRNAs and mRNA targets and their data were
obtained from a single-group study targeting a single mRNA. In
the present study, we found that the mean (S.D.) H-b index was
nearly the same for VH compared with L siRNA (31.29 +− 6.97
and 31.82 +− 5.29 respectively, P = 0.82). Using a cut-point of
25 for the siRNA index, was again found no association with
silencing efficacy (95%CI, 0.88–1.9, P = 0.085).

Binding affinity
Several groups recommend considering thermodynamic prop-
erties when performing siRNA studies [21,30]. In the present
work, we used Oligowalk v3.5 [21] to analyse the thermody-
namic properties of siRNAs. In detail, we evaluated overall �G◦,
i.e. the overall Gibbs free energy change of RNA binding at 37 ◦C.
This parameter takes into account the �G◦ variation of break-
ing target structures and of intramolecular secondary structural
formation, including self-structure formation in the target and
in the siRNA. Since the silencing efficacy should be positively
associated with the stability of the siRNA-mRNA duplex and
negatively associated with the stability of the siRNA and mRNA
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siRNA efficacy. However, we found that overall �G◦ was similar
in VH compared with L siRNA [mean (S.D.) − 19.18 +− 7.37 and
− 18.26 +− 7.09 respectively; P = 0.27]. It appears therefore that
�G◦

overall is not associated with siRNA efficacy although some
reports have shown a weak association [30]. Similar results were
obtained when considering the �G◦

break-target that corresponds to
the free energy cost for breaking the target intramolecular bps at
the binding site that becomes completely single stranded. More
negative values mean that the binding site is less accessible for
siRNA binding.

In a sample of about 100 siRNAs challenged against three
human genes, Shao et al. [31] found that �G◦

break-target was
the only predictor of siRNA efficacy. In the present study,
based on 300 siRNAs targeting 267 different mRNAs, we find
similar �G◦

break-target values for VH compared with L siRNAs
[mean (S.D.) − 14.56 +− 8.52 compared with − 14.58 +− 7.04;
P = 0.99].

We also evaluated the stability of the potential siRNA-mRNA
duplex (�G◦Mduplex). In theory, the more stable is the duplex,
the more negative is the �G◦

duplex value. Although we found a
statistically significant difference in �G◦

duplex between VH and L
siRNA, ( − 35.57 +− 4.73 and for L − 33.11 +− 10.82; P = 0.04),
this difference is unlikely to be biologically relevant. A poor
predictive ability for �G◦

duplex was reported also from Shao et
al. [31]. An association between �G◦

duplex and siRNA efficacy
was reported by Matveeva et al. [30] at a cut-off − 30 kcal/mol.
However, use of such cut-off offered no improvement in the
present study as the percentage of L siRNA with �G◦

duplex �
− 30 kcal/mol was actually greater than VH siRNAs (14.7 %
compared with 8.7 %; P = 0.09).

GC content and siRNA efficacy
Some studies have shown that a low GC content (30 %–55 %)
has a positive effect on silencing [32–34] whereas other studies
have shown only a weak association [35,36]. CG content surely
influences both RISC loading and target affinity and specificity.
A higher CG content may negatively influence the dissociation
of the siRNA duplex hampering RISC loading [37,38]. On the
other side, it has been postulated that a low GC percentage may
decrease silencing by reducing target affinity [39]. In a previ-
ous study [40] where several CG content ranges were analysed,
51.7 % of effective siRNA (product level less than 30 %) had a GC
content of 25 %–55 %. When shifting this range toward higher GC
contents (35 %–75 %) the percentage of effective siRNAs reduced
up to 42.2 %. In our analysis we considered also the threshold
25 %–55 % and we did not find any statistically significant dif-
ference between VH and L siRNA (86 % compared with 79 %;
P = 0.2) indicating that this CG range is not a discriminating
factor for VH and L siRNAs. To support these results, we tested
the null hypothesis that the 51.7 % of VH siRNA have a GC
content 25 %–55 % obtaining a statistically significant difference
between observed and expected frequencies (P = 0.001). When
considering different subgroups (25 %–34 %; 35 %–44 %; 45 %–
54 %; 55 %–64 %) again we did not find any statistically relevant
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difference among VH and L siRNAs (8 % compared with 12 %;
36 % compared with 28 %; 46.7 % compared with 43 %, 14 %
compared with 14 %; P = 0.85). Although GC% affects the ther-
modynamic stability of siRNA duplex and target binding, at least
in vitro and in silico, it is not central for silencing efficacy in vivo
and this is in agreement with the findings of Tafer et al. [41] who
consider the GC content a poor predictor of siRNA efficacy.

CONCLUSION

The evidence that siRNAs synthesized against a common RNA
target have different silencing efficacies has pointed out the im-
portance of secondary structures on silencing activities. Stud-
ies have shown that a relationship between siRNA efficacy and
mRNA target secondary structure exists [15,26]; however, a com-
mon drawback of these studies is the so-called ‘over-fitting prob-
lem’ [16,17]. In other words, the siRNA-mRNA target features
involved in siRNA efficacy extracted from data that have small
sample size and unique experimental settings (i.e. a set of siRNA
against the same target or a restrict number of targets) are likely
to perform unsatisfactorily when applied on large datasets un-
der different experimental settings. In vitro experiments could
not accurately represent the dynamic setting encountered in vivo.
This is due to the presence of RBPs, chaperons, RNA–RNA in-
teractions, metabolites and ions that affect the RNA folding [12].
In addition, differences in the expression and turnover of sev-
eral components of the RISC pathways were observed among
cell lines and tissues [27,42]. Another aspect influencing the de-
gree to which a target gene is silenced in vitro is represented
by the target protein stability and turnover. It is accepted that
many proteins have different cellular stabilities depending on
their biological functions. Poor correlation between mRNA and
protein, as expected for transcription factors, cell-cycle modulat-
ors and signalling transducers, could provide a biased evaluation
of siRNA efficacy [43].

In the present study, we analysed several siRNA-mRNA tar-
get features involved in silencing efficacy, most of them derived
from a unique experimental setting. We found out that features
believed to be predictive of silencing efficacy are not such when
transferred to a larger dataset of experiments and different experi-
mental settings. In particular, from our analysis we cannot derive
any preference for VH and L siRNAs in targeting a particular
mRNA local structure. Moreover none of the considered thermo-
dynamic and sequence-base parameters (i.e. �G◦

overall, �G◦
duplex,

�G◦
break-target and GC%) is predictive for siRNA efficacy. We

believe that although secondary structures and thermodynamic
parameters are important for siRNA efficiency, they are not suffi-
cient to reliably predict siRNA efficacy [44], many other factors
could hamper the silencing process in vivo preventing mRNA
target recognition and binding [12,13]. Usually not taken into
consideration this aspect could be relevant since, for instance,
mRNA interacting proteins are not the same for all RNAs and
they change depending on the RNA processing stage [45]. Thus

the question as to which factors determine siRNA silencing ef-
ficacy is still open and should be reconsidered in view of these
observations.

AUTHOR CONTRIBUTION

Devis Pascut conceived the study, participated in the study design,
carried out the alignments and the other bioinformatics analysis
and drafted the manuscript. Giorgio Bedogni participated in the
design of the study, performed the statistical analysis and drafted
the manuscript. Claudio Tiribelli participated in the study design
and co-ordination of the work, read and edited the manuscript. All
authors read and approved the final manuscript.

FUNDING

This work was supported by the region Friuli Venezia Giulia, Italy,
POR FESR 2007-2013 and PAR-FSC 2007-2013.

REFERENCES

1 Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E. and
Mello, C.C. (1998) Potent and specific genetic interference by
double-stranded RNA in Caenorhabditis elegans. Nature 391,
806–811 CrossRef PubMed

2 Meister, G. and Tuschl, T. (2004) Mechanisms of gene silencing by
double-stranded RNA. Nature 431, 343–349 CrossRef PubMed

3 Bernstein, E., Caudy, A.A., Hammond, S.M. and Hannon, G.J.
(2001) Role for a bidentate ribonuclease in the initiation step of
RNA interference. Nature 409, 363–366 CrossRef PubMed

4 Zamore, P.D., Tuschl, T., Sharp, P.A. and Bartel, D.P. (2000) RNAi:
double-stranded RNA directs the ATP-dependent cleavage of mRNA
at 21 to 23 nucleotide intervals. Cell 101, 25–33
CrossRef PubMed

5 Elbashir, S.M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K.
and Tuschl, T. (2001) Duplexes of 21-nucleotide RNAs mediate
RNA interference in cultured mammalian cells. Nature 411,
494–498 CrossRef PubMed

6 Hammond, S.M., Bernstein, E., Beach, D. and Hannon, G.J. (2000)
An RNA-directed nuclease mediates post-transcriptional gene
silencing in Drosophila cells. Nature 404, 293–296
CrossRef PubMed

7 Hannon, G.J. (2002) RNA interference. Nature 418, 244–251
CrossRef PubMed

8 Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R. and
Tuschl, T. (2002) Single-stranded antisense siRNAs guide target
RNA cleavage in RNAi. Cell 110, 563–574 CrossRef PubMed

9 Ui-Tei, K., Naito, Y., Takahashi, F., Haraguchi, T., Ohki-Hamazaki, H.,
Juni, A., Ueda, R. and Saigo, K. (2004) Guidelines for the selection
of highly effective siRNA sequences for mammalian and chick RNA
interference. Nucleic Acids Res. 32, 936–948 CrossRef PubMed

10 Holen, T., Amarzguioui, M., Wiiger, M.T., Babaie, E. and Prydz, H.
(2002) Positional effects of short interfering RNAs targeting the
human coagulation trigger tissue factor. Nucleic Acids Res. 30,
1757–1766 CrossRef PubMed

11 Corey, D.R. (2007) Chemical modification: the key to clinical
application of RNA interference? J. Clin. Invest. 117, 3615–3622
CrossRef PubMed

12 Lai, D., Proctor, J.R. and Meyer, I.M. (2013) On the importance of
cotranscriptional RNA structure formation. RNA 19, 1461–1473
CrossRef PubMed

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c© 2015 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

7

http://dx.doi.org/10.1038/35888
http://www.ncbi.nlm.nih.gov/pubmed/9486653
http://dx.doi.org/10.1038/nature02873
http://www.ncbi.nlm.nih.gov/pubmed/15372041
http://dx.doi.org/10.1038/35053110
http://www.ncbi.nlm.nih.gov/pubmed/11201747
http://dx.doi.org/10.1016/S0092-8674(00)80620-0
http://www.ncbi.nlm.nih.gov/pubmed/10778853
http://dx.doi.org/10.1038/35078107
http://www.ncbi.nlm.nih.gov/pubmed/11373684
http://dx.doi.org/10.1038/35005107
http://www.ncbi.nlm.nih.gov/pubmed/10749213
http://dx.doi.org/10.1038/418244a
http://www.ncbi.nlm.nih.gov/pubmed/12110901
http://dx.doi.org/10.1016/S0092-8674(02)00908-X
http://www.ncbi.nlm.nih.gov/pubmed/12230974
http://dx.doi.org/10.1093/nar/gkh247
http://www.ncbi.nlm.nih.gov/pubmed/14769950
http://dx.doi.org/10.1093/nar/30.8.1757
http://www.ncbi.nlm.nih.gov/pubmed/11937629
http://dx.doi.org/10.1172/JCI33483
http://www.ncbi.nlm.nih.gov/pubmed/18060019
http://dx.doi.org/10.1261/rna.037390.112
http://www.ncbi.nlm.nih.gov/pubmed/24131802
http://creativecommons.org/licenses/by/3.0/


D. Pascut, G. Bedogni and C. Tiribelli

13 Rudnick, S.I., Swaminathan, J., Sumaroka, M., Liebhaber, S. and
Gewirtz, A.M. (2008) Effects of local mRNA structure on
posttranscriptional gene silencing. Proc. Natl. Acad Sci. U.S.A.
105, 13787–13792 CrossRef PubMed

14 Schubert, S., Grunweller, A., Erdmann, V.A. and Kurreck, J. (2005)
Local RNA target structure influences siRNA efficacy: systematic
analysis of intentionally designed binding regions. J. Mol. Biol.
348, 883–893 CrossRef PubMed

15 Gredell, J.A., Berger, A.K. and Walton, S.P. (2008) Impact of target
mRNA structure on siRNA silencing efficiency: a large-scale study.
Biotechnol. Bioeng. 100, 744–755 CrossRef PubMed

16 Chalk, A.M., Wahlestedt, C. and Sonnhammer, E.L. (2004)
Improved and automated prediction of effective siRNA.
Biochem. Biophys. Res. Commun. 319, 264–274
CrossRef PubMed

17 Saetrom, P. and Snove, Jr, O. (2004) A comparison of siRNA
efficacy predictors. Biochem. Biophys. Res. Commun. 321,
247–253 CrossRef PubMed

18 Ren, Y., Gong, W., Xu, Q., Zheng, X., Lin, D., Wang, Y. and Li, T.
(2006) siRecords: an extensive database of mammalian siRNAs
with efficacy ratings. Bioinformatics 22, 1027–1028
CrossRef PubMed

19 Zuker, M. (2003) Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31, 3406–3415
CrossRef PubMed

20 Luo, K.Q. and Chang, D.C. (2004) The gene-silencing efficiency of
siRNA is strongly dependent on the local structure of mRNA at the
targeted region. Biochem. Biophys. Res. Commun. 318, 303–310
CrossRef PubMed

21 Mathews, D.H., Burkard, M.E., Freier, S.M., Wyatt, J.R. and Turner,
D.H. (1999) Predicting oligonucleotide affinity to nucleic acid
targets. RNA 5, 1458–1469 CrossRef PubMed

22 Reuter, J.S. and Mathews, D.H. (2010) RNAstructure: software for
RNA secondary structure prediction and analysis. BMC
Bioinformatics 11, 129 CrossRef PubMed

23 Harborth, J., Elbashir, S.M., Bechert, K., Tuschl, T. and Weber, K.
(2001) Identification of essential genes in cultured mammalian
cells using small interfering RNAs. J. Cell. Sci. 114, 4557–4565
PubMed

24 Vickers, T.A., Koo, S., Bennett, C.F., Crooke, S.T., Dean, N.M. and
Baker, B.F. (2003) Efficient reduction of target RNAs by small
interfering RNA and RNase H-dependent antisense agents. A
comparative analysis. J. Biol. Chem. 278, 7108–7118
CrossRef PubMed

25 Bohula, E.A., Salisbury, A.J., Sohail, M., Playford, M.P., Riedemann,
J., Southern, E.M. and Macaulay, V.M. (2003) The efficacy of small
interfering RNAs targeted to the type 1 insulin-like growth factor
receptor (IGF1R) is influenced by secondary structure in the
IGF1R transcript. J. Biol. Chem. 278, 15991–15997
CrossRef PubMed

26 Overhoff, M., Alken, M., Far, R.K., Lemaitre, M., Lebleu, B.,
Sczakiel, G. and Robbins, I. (2005) Local RNA target structure
influences siRNA efficacy: a systematic global analysis. J. Mol.
Biol. 348, 871–881 CrossRef PubMed

27 Vickers, T.A., Lima, W.F., Nichols, J.G. and Crooke, S.T. (2007)
Reduced levels of Ago2 expression result in increased siRNA
competition in mammalian cells. Nucleic Acids Res. 35,
6598–6610 CrossRef PubMed

28 Kretschmer-Kazemi, F.R. and Sczakiel, G. (2003) The activity of
siRNA in mammalian cells is related to structural target
accessibility: a comparison with antisense oligonucleotides.
Nucleic Acids Res. 31, 4417–4424 CrossRef PubMed

29 Amarzguioui, M., Brede, G., Babaie, E., Grotli, M., Sproat, B. and
Prydz, H. (2000) Secondary structure prediction and in vitro
accessibility of mRNA as tools in the selection of target sites for
ribozymes. Nucleic Acids Res. 28, 4113–4124 CrossRef PubMed

30 Matveeva, O.V., Mathews, D.H., Tsodikov, A.D., Shabalina, S.A.,
Gesteland, R.F., Atkins, J.F. and Freier, S.M. (2003)
Thermodynamic criteria for high hit rate antisense oligonucleotide
design. Nucleic Acids Res. 31, 4989–4994 CrossRef PubMed

31 Shao, Y., Chan, C.Y., Maliyekkel, A., Lawrence, C.E., Roninson, I.B.
and Ding, Y. (2007) Effect of target secondary structure on RNAi
efficiency. RNA 13, 1631–1640 CrossRef PubMed

32 Shah, J.K., Garner, H.R., White, M.A., Shames, D.S. and Minna,
J.D. (2007) sIR: siRNA Information Resource, a web-based tool for
siRNA sequence design and analysis and an open access siRNA
database. BMC Bioinformatics 8, 178 CrossRef PubMed

33 Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W.S.
and Khvorova, A. (2004) Rational siRNA design for RNA
interference. Nat. Biotechnol. 22, 326–330 CrossRef PubMed

34 Wang, L. and Mu, F.Y. (2004) A Web-based design center for
vector-based siRNA and siRNA cassette. Bioinformatics 20,
1818–1820 CrossRef PubMed

35 Heale, B.S., Soifer, H.S., Bowers, C. and Rossi, J.J. (2005) siRNA
target site secondary structure predictions using local stable
substructures. Nucleic Acids Res. 33, e30 CrossRef PubMed

36 Petri, S., Dueck, A., Lehmann, G., Putz, N., Rudel, S., Kremmer, E.
and Meister, G. (2011) Increased siRNA duplex stability correlates
with reduced off-target and elevated on-target effects. RNA 17,
737–749 CrossRef PubMed

37 Holen, T. (2005) Mechanisms of RNAi: mRNA cleavage fragments
may indicate stalled RISC. J RNAi Gene Silencing 1, 21–25
PubMed

38 Matveeva, O., Nechipurenko, Y., Rossi, L., Moore, B., Saetrom, P.,
Ogurtsov, A.Y., Atkins, J.F. and Shabalina, S.A. (2007) Comparison
of approaches for rational siRNA design leading to a new efficient
and transparent method. Nucleic Acids Res. 35, e63
CrossRef PubMed

39 Li, W. and Cha, L. (2007) Predicting siRNA efficiency. Cell Mol. Life
Sci. 64, 1785–1792 CrossRef PubMed

40 Liu, Q., Zhou, H., Cui, J., Cao, Z. and Xu, Y. (2012)
Reconsideration of in-silico siRNA design based on feature
selection: a cross-platform data integration perspective. PLoS. One
7, e37879 CrossRef PubMed

41 Tafer, H., Ameres, S.L., Obernosterer, G., Gebeshuber, C.A.,
Schroeder, R., Martinez, J. and Hofacker, I.L. (2008) The impact of
target site accessibility on the design of effective siRNAs. Nat.
Biotechnol. 26, 578–583 CrossRef PubMed

42 Wei, J., Jones, J., Kang, J., Card, A., Krimm, M., Hancock, P., Pei,
Y., Ason, B., Payson, E., Dubinina, N. et al. (2011) RNA-induced
silencing complex-bound small interfering RNA is a determinant of
RNA interference-mediated gene silencing in mice. Mol.
Pharmacol. 79, 953–963 CrossRef PubMed

43 Schwanhausser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J.,
Wolf, J., Chen, W. and Selbach, M. (2011) Global quantification of
mammalian gene expression control. Nature 473, 337–342
CrossRef PubMed

44 Filhol, O., Ciais, D., Lajaunie, C., Charbonnier, P., Foveau, N., Vert,
J.P. and Vandenbrouck, Y. (2012) DSIR: assessing the design of
highly potent siRNA by testing a set of cancer-relevant target
genes. PLoS One 7, e48057 CrossRef PubMed

45 Hogan, D.J., Riordan, D.P., Gerber, A.P., Herschlag, D. and Brown,
P.O. (2008) Diverse RNA-binding proteins interact with functionally
related sets of RNAs, suggesting an extensive regulatory system.
PLoS Biol. 6, e255 CrossRef PubMed

Received 30 September 2014/12 February 2015; accepted 19 February 2015

Published as Immediate Publication 23 February 2015, doi 10.1042/BSR20140147

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8 c© 2015 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

http://dx.doi.org/10.1073/pnas.0805781105
http://www.ncbi.nlm.nih.gov/pubmed/18784366
http://dx.doi.org/10.1016/j.jmb.2005.03.011
http://www.ncbi.nlm.nih.gov/pubmed/15843020
http://dx.doi.org/10.1002/bit.21798
http://www.ncbi.nlm.nih.gov/pubmed/18306428
http://dx.doi.org/10.1016/j.bbrc.2004.04.181
http://www.ncbi.nlm.nih.gov/pubmed/15158471
http://dx.doi.org/10.1016/j.bbrc.2004.06.116
http://www.ncbi.nlm.nih.gov/pubmed/15358242
http://dx.doi.org/10.1093/bioinformatics/btl026
http://www.ncbi.nlm.nih.gov/pubmed/16443930
http://dx.doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/12824337
http://dx.doi.org/10.1016/j.bbrc.2004.04.027
http://www.ncbi.nlm.nih.gov/pubmed/15110788
http://dx.doi.org/10.1017/S1355838299991148
http://www.ncbi.nlm.nih.gov/pubmed/10580474
http://dx.doi.org/10.1186/1471-2105-11-129
http://www.ncbi.nlm.nih.gov/pubmed/20230624
http://www.ncbi.nlm.nih.gov/pubmed/11792820
http://dx.doi.org/10.1074/jbc.M210326200
http://www.ncbi.nlm.nih.gov/pubmed/12500975
http://dx.doi.org/10.1074/jbc.M300714200
http://www.ncbi.nlm.nih.gov/pubmed/12604614
http://dx.doi.org/10.1016/j.jmb.2005.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15843019
http://dx.doi.org/10.1093/nar/gkm663
http://www.ncbi.nlm.nih.gov/pubmed/17905815
http://dx.doi.org/10.1093/nar/gkg649
http://www.ncbi.nlm.nih.gov/pubmed/12888501
http://dx.doi.org/10.1093/nar/28.21.4113
http://www.ncbi.nlm.nih.gov/pubmed/11058107
http://dx.doi.org/10.1093/nar/gkg710
http://www.ncbi.nlm.nih.gov/pubmed/12930948
http://dx.doi.org/10.1261/rna.546207
http://www.ncbi.nlm.nih.gov/pubmed/17684233
http://dx.doi.org/10.1186/1471-2105-8-178
http://www.ncbi.nlm.nih.gov/pubmed/17540034
http://dx.doi.org/10.1038/nbt936
http://www.ncbi.nlm.nih.gov/pubmed/14758366
http://dx.doi.org/10.1093/bioinformatics/bth164
http://www.ncbi.nlm.nih.gov/pubmed/15001477
http://dx.doi.org/10.1093/nar/gni026
http://www.ncbi.nlm.nih.gov/pubmed/15722476
http://dx.doi.org/10.1261/rna.2348111
http://www.ncbi.nlm.nih.gov/pubmed/21367974
http://www.ncbi.nlm.nih.gov/pubmed/19771200
http://dx.doi.org/10.1093/nar/gkm088
http://www.ncbi.nlm.nih.gov/pubmed/17426130
http://dx.doi.org/10.1007/s00018-007-7057-3
http://www.ncbi.nlm.nih.gov/pubmed/17415516
http://dx.doi.org/10.1371/journal.pone.0037879
http://www.ncbi.nlm.nih.gov/pubmed/22655076
http://dx.doi.org/10.1038/nbt1404
http://www.ncbi.nlm.nih.gov/pubmed/18438400
http://dx.doi.org/10.1124/mol.110.070409
http://www.ncbi.nlm.nih.gov/pubmed/21427169
http://dx.doi.org/10.1038/nature10098
http://www.ncbi.nlm.nih.gov/pubmed/21593866
http://dx.doi.org/10.1371/journal.pone.0048057
http://www.ncbi.nlm.nih.gov/pubmed/23118925
http://dx.doi.org/10.1371/journal.pbio.0060255
http://www.ncbi.nlm.nih.gov/pubmed/18959479
http://creativecommons.org/licenses/by/3.0/

