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Small interfering RNAs (siRNAs) are short, double-
stranded RNAs that mediate efficient gene silencing in
a sequence-specific manner by utilizing the endogenous
RNA interference (RNAIi) pathway. The current standard
synthetic siRNA structure harbors a 19-base-pair duplex
region with 3’ overhangs of 2 nucleotides (the so-called
19+2 form). However, the synthetic 19+2 siRNA struc-
ture exhibits several sequence-independent, nonspecific
effects, which has posed challenges to the development
of RNAI therapeutics and specific silencing of genes in
research. In this study, we report on the identification
of truncated siRNA backbone structures with duplex
regions shorter than 19bp (referred to as asymmetric
shorter-duplex siRNAs or asiRNAs) that can efficiently
trigger gene silencing in human cell lines. Importantly,
this asiRNA structure significantly reduces nonspecific
effects triggered by conventional 19+2 siRNA scaffold,
such as sense-strand-mediated off-target gene silenc-
ing and saturation of the cellular RNAi machinery. Our
results suggest that this asiRNA structure is an important
alternative to conventional siRNAs for both functional
genomics studies and therapeutic applications.
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INTRODUCTION

Small interfering RNAs (siRNAs) are short, double-stranded RNAs
(dsRNAs) that mediate efficient gene silencing in a sequence-
specific manner." The specific cleavage of mRNA molecules tar-
geted by siRNAs is mediated by the endogenous RNA interference
(RNAi) pathway, which is present in most eukaryotic cell types.?
Using Drosophila melanogaster embryo lysates, Elbashir et al.’
identified siRNAs with 19-base-pair (bp) duplex regions and
2-nucleotide (nt) 3" overhangs (the so-called 19+2 structure) as
the most efficient triggers of sequence-specific mRNA degrada-
tion. In contrast, blunt-ended siRNAs or siRNAs that harbor

duplex regions shorter than 19bp were shown to be inefficient
silencing structures in Drosophila embryo lysates even at the high-
est concentration tested (100 nmol/l).> The 19+2 siRNA structure
has thus become the standard for designing gene-silencing RNA
molecules for research and therapeutic applications.

Despite the significant promise of siRNA technology, several
studies have demonstrated nonspecific effects triggered by con-
ventional 19+2 siRNA structures. First, siRNA can silence nontar-
get genes either by imperfect pairing between mRNA molecules
and the antisense strand of siRNA,** or by incorporation of sense
strand into RNA-induced silencing complex (RISC) that results
in the cleavage of mRNAs complementary to the sense strand.®
Second, excess amounts of siRNAs can saturate the cellular RNAi
machinery’” and competitively inhibit the activity of other siR-
NAs*? or microRNAs (miRNAs)." Third, while siRNAs were orig-
inally designed to circumvent the dsRNA-induced innate immune
response, several studies have reported that nonspecific innate
immune response can be induced by siRNAs.!*"'® These nonspe-
cific effects triggered by siRNAs limit the development of siRNA
as a specific tool for functional genomics studies and as a thera-
peutic modality. Although several studies have investigated chemi-
cal modifications to circumvent some of the nonspecific effects of
19+2 siRNAs,"”? modification of the backbone structure of 19+2
siRNAs to alleviate nonspecific effects has not been reported.

In recent reports, researchers have attempted to introduce
diverse structural variations into the siRNA backbone without
the loss of gene-specific silencing activity.?-? It appears that some
flexibility in siRNA backbone structure exists and that deviation
from the originally proposed 19+2 structure is possible. For exam-
ple, we have recently shown that the 2-nt 3" overhang is dispens-
able for efficient gene silencing by an siRNA that targets the gene
encoding Lamin A/C in HeLa cells.*® siRNAs longer than 19bp,
that is, the 27-mer Dicer-substrate siRNA, have been tested and
shown, in some cases, to display silencing efficiencies greater than
those of the corresponding 19+2 siRNAs.»

In this study, we report an asymmetric shorter-duplex siRNA
backbone structure with duplexes shorter than 19 bp for mediating
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Figure 1 Gene silencing triggered by asymmetric shorter-duplex siRNAs. (a) Structures of asiRNAs that target TIG3 mRNA. (b) Activities of asiR-
NAs (shown on the x-axis) that target TIG3 mRNA in Hela cells. siRNAs were transfected into Hela cells using Lipofectamine 2000, and TIG3 mRNA
levels were analyzed by quantitative real-time reverse transcription-PCR 24 hours following transfection. The values plotted as “TIG3 mRNA levels”
on the y-axis in the figure were calculated as the TIG3 mRNA level divided by the GAPDH (control) mRNA level. All data in the graph represent mean
+ SD values of three independent experiments. (c) Activities of asiRNAs that target Survivin mRNA in Hela cells. (d) Activities of asiRNAs that target
LaminA/C mRNA in Hela cells. (e) Activities of asiRNAs that target Integrin mRNA in Hela cells. For c-e, see the legend of b for details. 0nmol/I,
control with no siRNA transfected. asiRNA, asymmetric shorter-duplex siRNA; siRNA, small interfering RNA.

efficient gene silencing. Importantly, we show that this RNA
duplex structure significantly reduces nonspecific effects caused
by conventional 19+2 siRNA scaffold, such as sense strand-
mediated off-target gene silencing and saturation of the cellular
RNAi machinery.

RESULTS
Asymmetric shorter-duplex siRNAs with 3’-antisense
overhang trigger efficient gene silencing comparable
to conventional 19+2 siRNAs
While we were studying blunt-ended siRNA structural variants tar-
geting TIG3 mRNA, we observed that siRNAs with duplex region
shorter than 19bp can silence their target gene expression signifi-
cantly. TIG3 mRNA level was reduced to about 13% of original level
by 15 bp-long blunt siRNA (Supplementary Figure S1), suggesting
that duplex RNA as short as 15bp can be successfully incorporated
into RISC and trigger gene silencing via RNAi. However, these
blunt-ended, shorter-duplex siRNAs showed somewhat reduced
silencing activities at low concentration when directly compared
with a conventional 19+2 siRNA (Supplementary Figure S1). The
reduced activities of blunt-ended, shorter-duplex siRNAs could be
due to reduced incorporation into RISC or insufficient length of
antisense strand for optimal gene silencing.

We wondered whether we could increase the activity of these
shorter-duplex siRNAs while maintaining the duplex length, by
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increasing the length of the antisense strand. To test this, we syn-
thesized a series of siTIG3 structural variants (Figure 1a). The
length of the guide (antisense; AS) strand of these siRNAs was
fixed to 19 nt, but the passenger (sense)-strand length was varied.
This process yielded several siRNA structures with duplex regions
shorter than 19bp and AS strands with 3’-overhangs of various
lengths (Figure 1a). We named these as 17+2A, 16+3A, 15+4A,
14+5A, and 13+6A, which refer to a 17-bp duplex with a 2-nt
3’-overhangon the AS strand, a 16-bp duplex with 3-nt 3’-overhang
on the AS strand, a 15-bp duplex with 4-nt 3’-overhang on the
AS strand, a 14-bp with 5-nt 3’-overhang on the AS strand, and
a 13-bp duplex with 6-nt 3’-overhang on the AS strand, respec-
tively. These short RNA duplexes were transfected into HeLa cells
using Lipofectamine 2000, and TIG3 gene-silencing efficiency was
measured at two different concentrations (10 and 1 nmol/l) using
a quantitative real-time reverse transcription-PCR (RT-PCR).
To our surprise, two structures with duplexes shorter than 19bp,
17+2A and 16+3A, showed silencing activity comparable to that
of the conventional 19+2 siRNA at both tested concentrations
(Figure 1b). At 1 nmol/l, the 15+4A and 14+5A siRNAs showed
slightly reduced gene-silencing activity relative to the 19+2 siRNA,
while the 13+6A siRNAs showed reduced silencing at both con-
centrations tested (Figure 1b). Taken together, these results
demonstrate that siRNAs with duplexes shorter than 19bp can
trigger effective gene silencing in human cells. Similar results were
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observed when we transfected these siRNA structural variants
into T98G cells (Supplementary Figure S2). We also tested the
importance of the overhang position with fixed AS sequence. As
shown in Supplementary Figure S3, siRNA structures that have
a 3’-overhang on the AS strand (15+4A structure) showed silenc-
ing activities that were comparable to that of the 19+2 siRNA,
while siRNA with 5’-overhang on the AS strand (15-4A structure)
showed reduced silencing activity. We termed this siRNA back-
bone structure “asymmetric shorter-duplex siRNA (asiRNA)”

We then tested whether active asiRNA structures can be
designed for other mRNA targets. siLamin 19+2 (ref. 1), siSur-
vivin 19+2 (ref. 24), and silntegrin 19+2 (ref. 25), which are con-
ventional 19+2 siRNAs that target the LaminA/C, Survivin, and
Integrin ¢/ subunit, respectively, were converted to asiRNA struc-
tures (Supplementary Figure S4). The gene-silencing efficiencies
of these asiRNA structures were then compared with those of their
corresponding 19+2 structures in HeLa cells (Figure 1c-e). The
17+2A and 16+3A asiRNA structural variants efficiently reduced
the amounts of LaminA/C, Survivin, and Integrin mRNAs at all
concentrations tested, and silencing efficiencies were compa-
rable to those of the 19+2 structures (Figure 1c-e). IC_| values
of active 16+3A asiRNAs were either almost identical to those
of the 19+2 siRNAs (in the case of siTIG3 and siSurvivin), or
slightly increased, about twofold higher than those of the 19+2
siRNAs (in the case of siLamin and silntegrin) (Supplementary
Figure S5). We also converted 16+3A structures of siTIG3 and
siSurvivin to 16+5A structures by adding dTdT overhangs at the
3’-end of antisense strands (Supplementary Figure S6a,b), and
the resulting 16+5A siRNAs showed comparable activities with
those of 19+2 structures (Supplementary Figure S6c,d). We then
designed additional asiRNAs for seven different target genes, and
all asiRNAs showed comparable activities with those of 19+2 siR-
NAs (Supplementary Figure S6e-k). We also performed western
blot to confirm the efficient target protein knockdown by asiRNAs
(Supplementary Figure S7).

Survivin, an inhibitor of apoptosis protein (IAP), is required
for cell viability and proper cell cycle progression.*® A variety of
cancer cells show abundant expression of Survivin, and several
studies have shown that blocking Survivin function inhibits cell
proliferation and induces polyploid phenotypes in diverse cell
lines.” These findings suggest that Survivin may be a prime drug
target for cancer therapy. We transfected the Survivin-specific
siRNAs, siSurvivin 19+2 and 16+3A, into HeLa cells and then
used diamidinophenyl indole (DAPI) staining to visualize the
phenotypic changes triggered by these siRNAs. HeLa cells trans-
fected with siSurvivin 19+2 showed a larger cell size and an
increase in the number of polyploid cells relative to control cells
(Supplementary Figure S8a). siSurvivin 16+3A also induced the
polyploid phenotype in HeLa cells (Supplementary Figure S8a).
To quantify the percentage of polyploid cells in the cell popu-
lations, we performed propidium iodide staining of the siRNA-
transfected cells followed by flow cytometry. Supplementary
Figure S8b showed that the 19+2 and 16+3A siRNAs induced the
production of a similar percentage of polyploid cells. Therefore,
siSurvivin 16+3A not only silenced Survivin mRNAs to the same
extent as did the 19+2 siRNA (Figure 1c), but also induced simi-
lar phenotypic changes.
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AsiRNAs induce gene silencing through the RNAi
pathway utilized by the conventional 19+2 siRNAs

To test whether the asiRNAs silence genes via the same RNAi
pathway used by conventional 19+2 siRNAs, we first knocked-
down Argonaute-2 (Ago2) levels using an siRNA-targeting Ago2
(siAgo2) in HeLa cells. Both Ago2 mRNA and protein levels were
reduced (Supplementary Figure S9a,b). We found that gene
silencing by both 19+2 and 16+3A structures of siSurvivin, siL-
amin, and silntegrin was markedly reduced following cellular
Ago2 knockdown, confirming that gene silencing by asiRNA is
also Ago2 dependent (Supplementary Figure S9d-f). We note
that TIG3 gene silencing by 19+2 or 16+3A siTIG3 was unaf-
fected by Ago2 reduction in our experiment (Supplementary
Figure S9¢). These findings suggest that both 19+2 and 16+3A
siTIG3 can function normally at reduced Ago2 levels because
we were unable to completely knock down Ago2 in HeLa cells.
We further performed 5-RACE analysis to analyze the cleav-
age site of target mRNAs by shorter-duplex siRNAs. Both TIG3
and LaminA/C mRNAs were cleaved at a position 10nt from the
5’-end of the antisense strand of siTIG3 and siLamin structural
variants (Figure 2a,b), confirming that asiRNAs induce gene
silencing through the RNAi pathway utilized by the conventional
19+2 siRNAs.

Studies have shown that siRNA antisense strands alone can
sometimes execute RNAi-mediated gene silencing.” We tested the
gene-silencing activity of antisense strands from each siRNA, and
found no activity for three siRNA antisense strands (siTIG3, siL-
amin, and silntegrin; data not shown) and measurable but severely
reduced gene-silencing activity for siSurvivin antisense strand
(Supplementary Figure S5b). These data suggest that the gene-
silencing activity of asiRNA is due to dsSRNA-mediated RNAi.

Because asiRNAs have a shortened duplex region and longer
overhangs than 19+2 structures, we tested whether it might be
more susceptible to degradation by serum nucleases than the lat-
ter. Supplementary Figure S10 shows that both 19+2 and 16+3A
siRNAs have similar kinetics of degradation when incubated with
serum, suggesting that the serum stability of asiRNAs is compa-
rable to that of conventional 19+2 siRNAs.

AsiRNAs show reduced sense-strand-mediated
off-target silencing activity
Oft-target gene silencing is a key obstacle to the development of
RNAI therapeutics. One mechanism of off-target gene silencing
is the incorporation of sense strand into RISC.® In the assembly
and maturation of RISC, an ATP-dependent helicase activity initi-
ates siRNA duplex unwinding at the thermodynamically unstable
end of the siRNA, resulting in the preferential incorporation of
one strand into RISC over the other.” Therefore, in order to mini-
mize incorporation of the sense strand into the RISC, synthetic
siRNAs are designed such that the 5’-end of the AS strand is ther-
modynamically more unstable than that of the sense strand.?*
Nonetheless, it has been observed that manipulating the thermo-
dynamic stability of each end of a synthetic siRNA is not sufficient
to eliminate sense- strand—-mediated off-target gene silencing.®
We hypothesized that because asiRNA structures are highly
asymmetric and have sense strands whose lengths are subop-
timal for effective gene silencing, these asiRNAs should yield
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Figure 2 16+3A and 19+2 siRNAs cleave identical site within target
mRNAs. (a) PCR products of 5-RACE assay from siTIG3-transfected
cells. TIG3 mRNA cleavage sites were analyzed by 5’-RACE assay and
sequencing. The antisense strand of siTIG3(19+2) is shown in blue and
the antisense strand of siTIG3(16+3A) is shown in red. Cleavage sites
are marked with arrowheads. (b) PCR products of 5"-RACE assay using
siLamin-transfected cells. LaminA/C mRNA cleavage sites were analyzed
by 5’-RACE assay and sequencing. The antisense strand of siTIG3(19+2)
is shown in blue and the antisense strand of siTIG3(16+3A) is shown in
red. Cleavage sites are marked with arrowheads. siRNA, small interfer-
ing RNA.

less sense-strand-mediated off-target gene silencing than 19+2
siRNAs. To test this hypothesis, we designed expression vector
constructs that encoded luciferase mRNA bearing either a sense
or an AS siRNA target sequence in the 3’ untranslated region.
We then co-transfected HeLa cells with these luciferase expres-
sion vector constructs and siSurvivin or siTIG3 structural vari-
ants and measured the resulting luciferase activity. Although
siSurvivin 19+2 and siTIG3 19+2 were designed with AS strands
that had thermodynamically unstable 5" ends, these two siRNAs
showed strong sense-strand-mediated gene-silencing activity
(Figure 3a,b). In contrast, 16+3A siTIG3 and siSurvivin yielded
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Figure 3 AsiRNAs show reduced sense-strand-mediated off-target
gene silencing. Hela cells were transfected with a luciferase reporter
plasmid that carried either a Survivin AS, Survivin sense, TIG3 AS, or
TIG3 sense-target sequence, without (0 nmol/l) or with 10 nmol/Il of
Survivin or TIG3 19+2 or 16+3A siRNAs. Luciferase activity was mea-
sured 48 hours after transfection. (a) Gene-silencing activities of sense
and AS strands of siSurvivin variants. (b) Gene-silencing activities of
sense and AS strands of siTIG3 variants. asiRNA, asymmetric shorter-
duplex siRNA.

significantly reduced gene-silencing activity by their sense
strands (Figure 3a,b). These data demonstrate that asiRNAs dis-
play less sense-strand-mediated off-target silencing than 19+2
siRNAs.

To test whether the asymmetric nature of the asiRNA is
responsible for the reduction in sense-strand-mediated off-
target silencing, we synthesized symmetric shorter-duplex siR-
NAs with 3 nt overhang at the 3" end of both strands (designated
as 16+3) (Supplementary Figure S11a). We then compared the
activities of sense and antisense strand of 16+3 siRNAs with
those of 16+3A siRNA variants. As shown in Supplementary
Figure S11b, both symmetric (16+3) siRNAs showed stronger
sense-mediated off-target silencing activities than their corre-
sponding asymmetric (16+3A) siRNAs. These results demon-
strate that reduced sense off-target silencing is most efficiently
achieved in asymmetric structures.

AsiRNAs have less or no inhibition of exogenous
siRNA and endogenous miRNA activity

Recent reports have documented another unexpected complica-
tion of RNAi-mediated gene silencing: saturation of the RNAi
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machinery (e.g., Ago2) by exogenously introduced siRNAs,” which
can result in competition between two siRNAs.**' We assessed the
ability of our asiRNA variants to saturate the RNAi machinery by
measuring the competition potency of these siRNAs when co-
transfected into HeLa cells along with another siRNA. When co-
transfected with 19+2 siCREB3, 19+2 siTIG3 effectively reduced
siCREB3-mediated gene silencing (Figure 4a). To our surprise,
the ability of 17+2A and 16+3A siTIG3 to reduce 19+2 siCREB3-
mediated gene silencing was significantly reduced, compared with
that of its 19+2 counterpart, and 15+4A siTIG3 displayed almost
no competition potency (Figure 4a). A similar trend in competi-
tion potency was observed for the asiRNA structural variants of
siSurvivin (Figure 4b).

It has been also shown that siRNAs compete with endog-
enous miRNAs to inhibit miRNA function.”® Our observation

a
120
100
E
2 80
s T
T 60 - - ---------0 ameeo e
@
@ 40 T
S T
20 - ---- g - ——-— o --
0 L 4 |
0 nmol/l siCREB3 siTIG3 siTIG3 siTIG3 siTIG3
(19+2) (19+2) (17+2A) (16+3A) (15+4A)
1 nmol/l 10nmol/l | 10 nmol/l | 10 nmol/l 10 nmol/l
+ siCREB3(19+2) 1 nmol/I
120
100 | - gy - oo
°
>
2 gyl - e e
<
% [
3 [ R e T
[y
o 40
i
@]
0 F=-- - - - - == J---—---S T L —— o = =
0 i . .
0 nmol/l siCREB3 siSurvivin siSurvivin siSurvivin
(19+2) (19+2) (17+2A) (16+3A)
1 nmol/l 10 nmol/l 10 nmol/l 10 nmol/l
+ siCREB3(19+2) 1 nmol/I
Cc miR-21
0.8
0.7 4
2
s 0.6 4
S
©
o 0.5 4
(2]
o
£ 0.4
o
=] T
2 0.3 4
©
S 02 - o
T
I O
o4
Mock  siTIG3 siTIG3 siTIG3 siTIG3 Anti Anti
(19+2)  (17+2A) (16+3A) (15+4A) miR-19 miR-21

Molecular Therapy vol. 17 no. 4 apr. 2009

Reduced Nonspecific Effects by Short siRNAs

that asiRNAs have little or reduced competition with 19+2 struc-
tures (Figure 4a,b) suggests that cellular RNAi machinery satura-
tion may be reduced or prevented with our asiRNA structures.
Thus, we tested whether asiRNA structures have less inhibition
of endogenous miRNA activity. We transfected HeLa cells with
a luciferase reporter plasmid harboring target sequences for the
endogenous miRNA miR-21 in the 3’ untranslated region and the
ability of miR-21 to inhibit luciferase gene expression was mea-
sured (Figure 4c). Luciferase activity was dramatically reduced
(approximately tenfold) in HeLa cells transfected with the miR-21
luciferase reporter construct, relative to that produced by cells
transfected with the control luciferase reporter without miR-21
target sequence (Figure 4c). Consistent with a recent report,*
co-transfection of HeLa cells with the miR-21 luciferase reporter
and the 19+2 siTIG3 yielded an increase in luciferase activ-
ity (Figure 4c). These results suggest that the exogenous 19+2
siTIG3 interferes with miR-21-mediated luciferase gene silenc-
ing. Importantly, the corresponding 17+2A and 16+3A structures
showed less inhibition of miR-21 activity, with the 15+4A showing
almost no inhibition of miR-21 activity in cells (Figure 4c). These
findings demonstrate that asiRNAs have less or no inhibition of
endogenous miRNA activity.

A recent study has shown that inhibition of phosphorylation
of the 5-end of the sense strand of siRNAs through chemical
modifications results in reduced sense-strand-mediated off-tar-
get silencing.”” We tested whether the reduction of sense-strand
activity is sufficient to alleviate siRNA-mediated RNAi saturation.
5-end of the sense strand of 19+2 siTIG3 was amine-modified
(Supplementary Figure S12a), and the resulting structural vari-
ant showed reduced sense-strand-mediated gene silencing as
expected (Supplementary Figure S12b). However, this siRNA
still maintained strong competition potency that is similar to
the unmodified 19+2 siTIG3 (Supplementary Figure S12c).
Therefore, the reduction of competition potency of asiRNA cannot

Figure 4 AsiRNAs have less or no inhibition of the activities of other
siRNAs or miRNAs. (a) siRNAs that target CREB3 mRNA [siCREB3 (19+2)]
and competitor siRNA variants (shown on the x-axis) were co-transfected
into Hela cells at the indicated concentrations. CREB3 mRNA levels were
analyzed by quantitative real-time reverse transcription—-PCR 24 hours
after transfection. The CREB3 mRNA levels plotted on the y-axis in the
figure were calculated as the CREB3 mRNA level divided by the GAPDH
(control) mRNA level. All data in the graph represent mean + SD values
of three independent experiments. The black bars labeled 0 nmol/I and
siCREB3(19+2) 1nmol/l represent transfections of Lipofectamine 2000
only and 1T nmol/l of siCREB3(19+2) only, respectively. For experiments
represented by the gray bars, 10 nmol/l competitor siRNAs (siTIG3 19+2,
SiTIG3 17+2A, siTIG3 16+3A, or siTIG3 15+4A) were transfected with
1nmol/l siCREB3(19+2). (b) Hela cells were transfected with 1nmol/I
siCREB3(19+2) with or without 10nmol/l Survivin siRNAs (Survivin
19+2, Survivin 17+2A, or Survivin 16+3A) into Hela cells. See the legend
of a for details. (c) Changes in the gene-silencing activity of miR-21 by
transfection of exogenous siRNAs into Hela cells. Hela cells were trans-
fected with a pMIR-luc-based firefly luciferase reporter plasmid (200ng/
ml) that contained a miR-21 binding site, the control pRL-SV40 Renilla
luciferase expression vector (2ng/ml), and one of several siTIG3 variants
at a concentration of 10 nmol/I. The firefly luciferase activity was normal-
ized by dividing it by the Renilla luciferase activity. Luciferase activity
of the control luciferase reporter was set as one. All data in the graph
represent means + SD values of two independent experiments. Mock,
mock-transfected control Hela cells; anti-miR-19 and anti-miR-21, Hela
cells treated with an antagomir against miR-19 or miR-21, respectively.
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be explained by the lack of sense-strand activity. Rather, we sug-
gest that the unique backbone structure of asiRNA is responsible
for the reduced competition potency.

DISCUSSION

Chemical modifications to the conventional 19+2 siRNA duplex
structure have been reported to improve the specificity of siRNA-
mediated gene silencing at the cost of reduced gene-silencing effi-
ciency. Despite these efforts, the nonspecific effect of 19+2 siRNA
structure remains a major bottleneck in the application of RNAi.
Unlike previous reported attempts at chemical modifications,
we have introduced changes to the backbone structure of con-
ventional 19+2 siRNAs. Using these modified asiRNA backbone
structures, we were able to reduce multiple nonspecific effects
triggered by conventional siRNAs, such as off-target effect medi-
ated by the sense strand and saturation of the RNAi machinery.
The asiRNAs used in this study only have modifications to the
backbone structure and do not contain any chemical modifica-
tions. Further chemical modification of asiRNAs can be expected
to add additional benefits.

One important feature of asiRNA structural variants is that
they have a reduced ability to saturate the RNAi machinery. What
is the mechanism by which asiRNAs alleviate saturation of the
RNAi machinery? One possible mechanism is that the suboptimal
length of the sense strands of asiRNAs renders them poor sub-
strates for incorporation into the RISC. Because RNAi pathway
components exist in limited amounts, it has been suggested that
the critical point for saturation of the RNAi machinery is siRNA
incorporation into the RISC. Therefore, lack of activity by the
sense strand of the asiRNA relieves RNAI saturation by the sense
strand. We think this hypothesis is unlikely, because we showed
that the 5’-amine modification at the end of the sense strand,
which eliminates sense-strand-mediated RNAi, did not affect the
degree of RNAi saturation by the siRNA. Another possible mecha-
nism is due to the shortened length of the duplex. It has been sug-
gested that siRNA duplex unwinding is the rate-determining step
of siRNA-mediated gene silencing.”? Because asiRNAs are likely
to be unwound more easily than their 19-base—pair counterparts,
these siRNAs might proceed relatively quickly through the rate-
limiting step. This fast structural transition might impart upon the
asiRNAs reduced ability to saturate the cellular RNAi pathway.

Recently, Chu and Rana® reported a symmetric short siRNA
structure with 16 bp-long duplex region. While our asiRNA struc-
ture is similar to theirs in terms of the duplex length, the asym-
metric structure of asiRNAs, which is responsible for the reduced
off-target silencing of sense strand (Supplementary Figure S11),
is a unique feature of our asiRNAs that makes them more specific
gene silencers than the symmetric siRNA structures. Our obser-
vation is also consistent with the report by Rose et al.,** in which
they showed that the siRNA strand with 3’-overhang is preferen-
tially incorporated into RISC over the other strand with blunt-end
or 5’-overhang.

The algorithm for optimizing 19+2 siRNAs are mainly to pro-
vide thermodynamic asymmetry to the symmetric siRNA duplex
structure.”” In contrast, our asiRNA structures are highly asym-
metric. Therefore, it is possible that shorter-duplex siRNAs might
have different sequence preferences than the 19+2 structure.
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Similarly, it is well known that the sequence rules for siRNA and
shRNA are different.”> Future work should focus on identifying
sequence rules that confer optimal gene-silencing efficiency upon
asiRNAs.

While siRNAs were originally selected to circumvent the
innate immune surveillance system,' several reports have dem-
onstrated that synthetic siRNAs can trigger nonspecific innate
immune responses.'? Strikingly, a recent report demonstrated
that siRNA can nonspecifically suppress neovascularization when
introduced into eye, via Toll-like receptor-3 activation.’® Further
in this study, siRNAs with duplex regions shorter than 19bp
showed reduced or no immune activation, which suggests that
our shorter-duplex siRNAs may not trigger nonspecific Toll-like
receptor-3 activation. Therefore, we expect that shorter-duplex
siRNA may circumvent or reduce the challenge of nonspecific
immune responses observed with 19+2 siRNA, which is especially
critical in therapeutic development of siRNA-based drugs.

In conclusion, the asymmetric shorter-duplex siRNA struc-
tures described in this report showed gene-silencing activities
that are comparable to the conventional 19+2 siRNA structures.
Importantly, our asiRNA strcuture provides several advantages,
which includes reduced sense-strand-mediated off-target gene
silencing, reduced saturation of the cellular RNAi machinery, and
areduction in production costs. Our findings provide a new struc-
tural scaffold for designing silencing RNA duplex that can poten-
tially overcome nonspecific effects evoked by siRNAs, a significant
challenge in broad RNAi applications in functional genomics and
therapeutics.

MATERIALS AND METHODS
siRNAs. Chemically synthesized RNAs were purchased from Bioneer and
annealed according to the manufacturer’s protocol. RNA sequences for
siAgo2 and siCREB3 were:

siAgo2 antisense: 5-AAUCUCUUCUUGCCGAUCGGG-3’

siAgo2 sense: 5'-CGAUCGGCAAGAAGAGAUUAG-3’

siCREB3 antisense: 5'-GGCUCAGACUGUGUACUCC(dTdT)-3"

siCREB3 sense: 5-GGAGUACACAGUCUGAGCC(dTdT)-3
Sequences and structures of other siRNAs used in experiments are shown
in figures.

Cell culture and siRNA transfection. HeLa or T98G cells were cultured in
Dulbeccos modified Eagle’s medium (Hyclone) supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, and 100 pug/ml streptomycin. Cells
were plated on 12-well plates 24 hours before transfection at 30-50% con-
fluence in complete medium without antibiotics. All transfections were
performed using the Lipofectamine 2000 reagent at the indicated concen-
trations following the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
Cells were harvested 48 hours (T98G cells) or 24 hours (HeLa cells) after
transfection. In the case of Ago2 knockdown experiments, HeLa cells were
transfected with 10nmol/l siAgo2 or Lipofectamine 2000 alone. Twenty-
four hours following siAgo2 or Lipofectamine 2000 treatment, siRNAs
were transfected and the cells were harvested after further 24 hours.

Quantitative real-time RT-PCR. Total RNA was extracted from cell lysates
using a Tri-reagent kit (Ambion, Austin, TX). Total RNA (1 pg) was used
as a template for cDNA synthesis, which was performed using a ImProm-II
Reverse Transcription System (Promega, Madison, WI) according to
the manufacturers protocol. Aliquots (1/20) of each ¢cDNA reaction
were analyzed by quantitative real-time RT-PCR using a Rotor-Gene
3000 (Corbett Research, Sydney, Australia). Gene-specific primers were
mixed with Power SYBR Green PCR Master Mix (Applied Biosystems,
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Foster City, CA) containing the cDNA to be analyzed and the mixture was
placed into 0.1ml tubes. Samples were assayed in duplicate and the data
obtained were analyzed using Rotor-Gene 6 software (Corbett Research).
The primer sequences for each gene were:

Ago2-forward 5'-GGA AGT ACC GTG TCT GCA ATG-3’
Ago2-reverse 5-ACT GCT TGT TCC GCA TGT C-3’
ATF6-forward 5-GCC TTT ATT GCT TCC AGC AG-3’
ATF6-reverse 5-TGA GAC AGC AAA ACC GTC TG-3’
Calcineurin-forward 5’-GCA ACC ATG AAT GCA GAC AC-3’
Calcineurin -reverse 5-TGG TGA AAG TCC ACC ATG AA-3’
CREB3-forward 5-TTC TGA GGT ACC GAG CGA CT-3’
CREB3-reverse 5-GGA GGG AGT AGG TGT GGT CA-3’
DBP-forward 5’-GTA GAC CTG GAC GCC TTC CT-3"
DBP-reverse 5-CGG GTT CAA AGG TCA TCA AC-3’
GAPDH-forward 5-GAG TCA ACG GAT TTG GTC GT-3’
GAPDH-reverse 5-GAC AAG CTT CCC GTT CTC AG-3’
HIF1o-forward 5'-CCA GCA ACA GAA AGT CGT CA-3’
HIFlo-reverse 5-GGC TAT ACT TGG GCA TGG AA-3’
Integrin-forward 5-CGT ATC TGC GGG ATG AAT CT-3’
Integrin-reverse 5 GGG TTG CAA GCC TGT TGT AT-3’
Lamin-forward 5'-CCG AGT CTG AAG AGG TGG TC-3’
Lamin-reverse 5-AGG TCA CCC TCC TTC TTG GT-3’
NF-kB-forward 5’-CCT GGA GCA GGC TAT CAG TC-3’
NF-xB -reverse 5-CAC TGT CAC CTG GAA GCA GA-3’
Survivin-forward 5'-GCA CCA CTT CCA GGG TTT AT-3’
Survivin-reverse 5’-CTC TGG TGC CAC TTT CAA GA-3’
TEF-forward 5"-CCC CAG CCT ATG ATC AAA AA-3
TEF-reverse 5-CCG GAT GGT GAT CTG ATT CT-3’

Plasmids. DNA oligonucleotides corresponding to the sense or antisense
strands of TIG3 or Survivin siRNA (see below for the DNA sequences)
were cloned into the Spel and HindIII sites of the pMIR Report-luciferase
vector (Ambion).

TIG3 sense target:
5"-CTAGTTAGAGAACGCCTGAGACAGA-3

3’-A ATCTCTTGCGGACTCTGTCTTCGA-5

TIG3 antisense target:
5"-AGCTTTAGAGAACGCCTGAGACAGA-3’

3’-A ATCTCTTGCGGACTCTGTCTGATC-5

Survivin sense target:
5"-CTAGTTGAAAATGTTGATCTCCTTA-3

3’- A ACTTTTACAACTAGAGGAATTCGA-5

Survivin antisense target:
5-AGCTTTGAAAATGTTGATCTCCTTA-3’
3"-AACTTTTACAACTAGAGGA ATGATC-5

TIG3 sense target-2:
5’-AGCTTGCCCUGUCUCAGGCGUUCUCUAGAUA-3’
3’-ACGGGACAGAGUCCGCAAGAGAUCUATGATC-5
TIG3 antisense target-2:
5'-AGCTTAUCUAGAGAAGCCCUGAGACAGGGCA-3’
3’-AUAGAUCUCUUGCGGACUCUGUCCCGTGATC-5
Survivin sense target-2:
5"-AGCTTGGAAAGGAGAUCAACAUUUUCAAATA-3’
3’-ACCUUUCCUCUAGUUGUAAAAGUTTATGATC-5
Survivin antisense target-2:
5"-AGCTTATTUGAAAAUGUUGAUCUCCUUUCCA-3’
3’-ATAAACUUUUACAACUAGAGGAAAGGTGATC-5

Assay for RNAi saturation by siRNAs. HeLa cells were plated on 12-well
plates in complete medium without antibiotics and incubated for 24 hours
at 37°C until they reached ~50% confluency. The cells were then trans-
fected according to the manufacturer’s instructions using Lipofectamine
2000 reagent and the target siRNA (siCREB3) (at a final concentration of
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1 nmol/l), with or without competitor siRNA variants (at a final concentra-
tion of 10nmol/l). Forty-eight hours following transfection the cells were
harvested, total RNA was isolated and RT-PCR was performed. To mea-
sure miRNA-mediated luciferase gene silencing, HeLa cells were plated at
50% confluency on 24-well plates 24 hours before transfection. The cells
were then transfected using Oligofectamine (Invitrogen) and siRNAs
(at a final concentration 10 nmol/l). Forty-eight hours following the initial
transfection, a second transfection was performed using Lipofectamine
2000 reagent, siRNAs (at a final concentration 10 nmol/l), 200 ng of either
the pMIR-luc luciferase reporter DNA (Ambion) or the pMIR-luc reporter
that contained various miRNA target sites”” in its 3" untranslated region,
and 2ng of pRL-SV40 reporter DNA. 48 hours following the second
transfection, cells were harvested and luciferase assays were carried out.
Antagomirs against miR-19 and miR-21 were purchased from Ambion and
transfected into HeLa cells as described.”

Luciferase reporter assay. Cells were lysed using Passive lysis buffer (Dual-
luciferase Reporter Assay System; Promega). Firefly and Renilla luciferase
activity was then measured in 20 il of each cell extract using a Victor3 plate
reader (PerkinElmer, Boston, MA).

Flow cytometric analysis. HeLa cells were transfected with siSurvivin
variants using Lipofectamine 2000. Forty-eight hours following transfec-
tion the cells were harvested, washed twice with 2% fetal bovine serum
in phosphate-buffered saline, and fixed with 70% ethanol overnight. Cells
were then resuspended in 250l of phosphate-buffered saline contain-
ing 50 ug/ml RNase A, incubated for 30 minutes at 37°C, and treated
500l of propidium iodide (25ug/ml). The propidium iodide-stained
cells were then analyzed using a FACSCalibur System (Becton Dickinson,
Franklin Lakes, NJ). Data shown are representative of two independent
experiments.

DAPI staining. HeLa cells were treated with siSurvivin variants, collected
48 hours after transfection and fixed in 3.7% formaldehyde. The fixed cells
were then stained with DAPI solution (2pg/ml), and visualized using a
fluorescence microscope.

5"-RACE assay. Twenty-four hours after siRNA transfection into HeLa
cells, total RNA was extracted using Tri-reagent kit (Ambion). Total RNA
(2 ug) was then ligated to 0.25ug of GeneRacer RNA oligo without prior
treatment.* The GeneRacer RNA oligo-ligated total RNA was then reverse
transcribed using a GeneRacer oligo dT and a SuperScript III RT kit
(Invitrogen). After 35 cycles of PCR using the GeneRacer 5" primer and
a gene-specific 3’ primer, 25 cycles of nested PCR was performed using
the GeneRacer 5" nested primer and a gene-specific 3" nested primer. The
resulting PCR product was then cloned into a T&A vector (RBC) and
sequenced. Sequences of primers used are as follows:

TIG3 Gene specific 3’ primer: 5-GGGGCAGATGGCTGTTTAT
TGATCC-3’

TIG3 Gene specific 3’ nested primer: 5-ACTTTTGCCAGCGAGA
GAGGGAAAC-3’

Lamin Gene specific 3" primer: 5-CCAGTGAGTCCTCCAGGTCT
CGAAG-3’

Lamin Gene specific 3" nested primer: 5-CCTGGCATTGTCCAGCT
TGGCAGA-3’

Western blot analysis. HeLa cells were transfected with 10 nmol/l of siAgo2
using Lipofectamine 2000. Forty-eight hours after transfection, cells were
lysed using RIPA buffer containing 150 mmol/l NaCl, Tris pH 7.5, 0.5%
sodium dodecyl sulfate, 0.1% sodium deoxycholate, 0.02% sodium azide,
I mmol/l EDTA, and protease inhibitors. Protein concentration was mea-
sured by BCL protein assay kit (Pierce, Rockford, IL). Equal amounts of
protein were resolved on a sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis gel in Tris-glycine sodium dodecyl sulfate running buffer and
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transferred to a nitrocellulose membrane. The membranes were blocked
for 1 hour in Tris-buffered saline buffer containing 5% milk powder. After
overnight incubation at 4°C with a mouse monoclonal antibody to hAgo2
(Abcam), membranes were washed in Tris-buffered saline containing 1%
Tween-20. After 1-hour incubation with peroxidase-coupled secondary
mouse antibody, membranes were developed using enhanced chemilumi-
nescence detection system (Amersham Biosciences, Piscataway, NJ) and
exposed to X-ray films (Kodak, Rochester, NY).

Serum stability of siRNAs. 0.1 nmole of siTIG3(19+2) or siTIG3(16+3A)
was incubated in 40 pl of 10% fetal bovine serum solution. Seven microliter
of each sample was taken at the indicated time points and immediately
frozen at —80°C. A 3-ul aliquot of each sample was then separated in a
15% (wt/vol) nondenaturing polyacrylamide gel, stained with EtBr, and
visualized by UV transillumination.

SUPPLEMENTARY MATERIAL

Figure S1. Structures and activities of blunt-ended, shorter-duplex
siRNAs targeting TIG3 mRNA in Hela cells.

Figure $2. Activities of asiRNAs targeting TIG3 mRNA in T98G cells.
Figure $3. Structures and activities of siTIG3 variants with 15-bp du-
plex regions.

Figure $4. Structures of other asiRNAs.

Figure $5. IC, values of 19+2 and 16+3A siRNAs.

Figure $6. Strucures and activities of diverse asiRNAs.

Figure $7. asiRNAs efficiently knockdown the protein levels of target

genes.
Figure $8. siSurvivin 16+3A induces same phenotype with siSurvivn
19+2.

Figure $9. AsiRNAs trigger gene silencing in Ago2-dependent
manner.

Figure $10. Serum stability of 19+2 and 16+3A siRNAs.

Figure $11. Activities of asymmetric and symmetric siRNA variants for
their antisense and sense targets.

Figure $12. Comparison of competition potency and sense strand-
mediated gene-silencing activity between the 16+3A and a 5’-NH,-
sense 19+2 siRNAs.
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