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Modulation of Splicing by Single-Stranded Silencing RNAs
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Single-stranded silencing RNAs (ss-siRNAs) are chemically modified single-stranded oligonucleotides that can
function through the cellular RNA interference (RNAi) machinery to modulate gene expression. Because their
invention is recent, few studies have appeared describing their use and the potential of ss-siRNAs as a platform for
controlling gene expression remains largely unknown. Using oligonucleotides to modulate splicing is an important
area for therapeutic development and we tested the hypothesis that ss-siRNAs targeting splice sites might also be
capable of directing increased production of therapeutically promising protein isoforms. Here we observe that ss-
siRNAs alter splicing of dystrophin. Altered splicing requires a seed sequence complementarity to the target and
expression of the RNAI factor argonaute 2. These results demonstrate that ss-siRNAs can be used to modulate
splicing, providing another option for therapeutic development programs that aim to increase production of key
protein isoforms. Splicing is a classical nuclear process and our data showing that it can be modulated through the

action of RNA and RNAI factors offers further evidence that RNAi can take place in mammalian cell nuclei.

Introduction

NA INTERFERENCE (RNAI) in mammalian cells is usu-

ally associated with inhibition of gene expression in the
cytoplasm by duplex RNAs. This restrictive view of the
potential impact of RNAI is slowly changing as evidence ac-
cumulates that RNA can also regulate nuclear processes [ 1-6].
Our laboratory [7] and others [8] have shown that duplex
RNAs that are complementary to gene promoters can be used
to regulate transcription of target genes. The mechanism of
action appears to involve recognition of RNA transcripts that
overlap the gene promoters rather than any direct association
with DNA. Several reports have suggested that endogenous
miRNAs with complementarity to gene promoters may have
the capacity to regulate transcription [7,9-11].

Many researchers have assumed that RNAi factors are
localized to the cytoplasm but evidence exists suggesting that
they are also present and active in mammalian cell nuclei
[12-14]. Relative to the cytoplasm, the amounts of most
nuclear RNAI factors are substantial, in the range of 20%—
40%. The exceptions are RNA loading factors TRAX,
Translin, and Hsp90, which are absent from the nucleus [14],
suggesting that strand loading is a cytoplasmic event.

The presence of RNAIi factors in the nucleus and their
involvement in the regulation of transcription suggests the
potential for the RNAi machinery to be programmed by small
RNAs to control other nuclear processes. Alternative splicing
is a classical nuclear process that affects many genes and

leads to the production of proteins with different function. In
some cases, protein isoforms exist that have the potential to
alleviate disease, but to accomplish this goal their production
must be enhanced. The potential for increased isoform pro-
duction to alleviate some diseases has led to testing antisense
oligonucleotides that target sequences near splice sites for
their ability to shift the processing of pre-mRNA toward
mature mRNAs that code for therapeutically valuable pro-
teins. This approach has been successful, leading to several
drug candidates and multiple clinical trials [15-17].

Several laboratories have demonstrated the potential for
small RNAs to act in concert with the RNAi machinery to
direct alternative splicing [18]. Previously, we identified
duplex RNAs that efficiently redirected splicing of an en-
gineered luciferase reporter gene, survival motor neuron 2
(SMIN2), and dystrophin [19]. The mechanism of action in-
volved argonaute 2 (Ago2), a central factor in RNAi. Other
laboratories have implicated Agol in controlling splicing
through by altering histone modifications and affecting
transcription [20-22].

Another widely held assumption in the past has been that
efficient RNAi requires duplex RNA. Recently, however,
chemically modified single stranded silencing RNAs (ss-
siRNAs) have been demonstrated to silence gene expression
through the RNA interference (RNAi) pathway [23,24]. ss-
siRNAs that target disease-causing trinucleotide repeats
have been shown to allele-selectively inhibit expression of
the mutant forms of huntingtin [25,26], ataxin-3 [27], and
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atrophin-1 [28]. An ss-siRNA complementary to an antisense
transcript that overlaps the promoter of progesterone receptor
has been shown to reduce recruitment of RNA polymerase 2
and block expression of progesterone receptor [29].

Single stranded siRNAs offer a potentially significant new
approach to nucleic acid therapeutics because they combine
the favorable pharmacology properties of single stranded
oligonucleotides with the robust silencing produced by
RNAIi. We have previously shown that small duplex RNAs
that are complementary to sequences near splice junctions
can modulate gene expression. We now show that ss-siRNAs
can also modulate splicing. This demonstration that single
stranded oligonucleotides functioning through the RNAi
pathway can control splicing provides a new option for de-
veloping nucleic acids to modulate the expression of thera-
peutic protein isoforms.

Materials and Methods
Cell culture and transfections

Duplex RNAs were synthesized by Integrated DNA
Technologies Inc. To silence Ago2 expression, we used a
siRNA pool targeting four different regions of Ago2 mRNA.
ss-siRNAs were synthesized by Isis Pharmaceuticals Inc.
and reconstituted in nuclease-free water.

Patient-derived Duchenne muscular dystrophy (DMD) fi-
broblast cells (GM03429; Coriell Cell Repositories) were
cultured in minimum essential medium Eagle (MEM; Sigma,
M4655) supplemented with 15% (v/v) fetal bovine serum and
1% MEM nonessential amino acids (Sigma, M7145). Cells
were plated in six-well plates at 100,000 cells per well in
supplemented MEM media 2 days prior to transfection. Cells
were transfected with siRNAs using RNAIMAX (Invitro-
gen). Unless indicated otherwise, total RNA was isolated 24
hours after transfection with Trizol (Invitrogen) for reverse
transcriptase PCR (RT-PCR). For double-transfection experi-
ments, the first transfection was performed as described above.
Media were changed 24 hours later and the second transfection
was carried out on the next day. Total RNA was isolated after
24 hours of second transfection for RT-PCR analysis.

RT-PCR

To generate cDNA, total RNA was extracted and treated
with DNase I (Worthington Biochemical) at 25 uM for 10
minutes. Reverse transcription was performed using high-
capacity reverse transcription kit (Applied Biosystems) accord-
ing to the manufacturer’s protocol. Generally, 2.0 pg of total
RNA was used per 20 pL. of reaction mixture. Primary PCR
was performed on a PCR machine (BioRad, MJ Mini) using
iTaq SYBR Green Supermix (BioRad) using the following
primers 8 forward primer (FP): 5- GACAGATCTGTTGAG
AAATGGCGGCGTT-3’; 83 reverse primer (RP): 5-CCGT
AATGATTGTTCTAGCCTCTTGATTGC-3’). The primary
PCR cycles are as follows: 50°C for 2 minutes; 95°C for 3
minutes; (95°C for 30 seconds; 60°C for 30 seconds; 72°C for
35 seconds) x 30 cycles. Then, nested PCR was carried out
with1 pL of primary PCR product as template using an inner
primer set (61 FP: 5-TCAGTGGCTAACAGAAGCTGAAC
AGTTT-3" and 83 RP) with cycles as follows: 95°C for 3
minutes; (95°C for 30 seconds; 61°C for 30 seconds; 72°C for
40 seconds) for 35 cycles.
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Sequence analysis

RT-PCR products were excised from agarose gels and
extracted using a Promega Wizard SV Gel and PCR Clean-
Up System kit. The McDermott Center Sequencing Core
Facility at University of Texas Southwestern carried out di-
rect DNA sequencing.

Splicing correction analysis

All of the PCR products were separated on a 1.2% agarose
gel and visualized on an Alphalmager. The bands were
quantified using ImageJ software (National Institutes of
Health, http://rsb.info.nih.gov/ij). Splicing correction on
DMD fibroblast cells was calculated as a percentage of the
total amount of spliced mRNA: correct mRNA X 100/(correct
mRNA + aberrant mRNA).

Purification and western blot analysis of cytoplasmic
and nuclear fractions

Purification of DMD fibroblast cytoplasmic and nuclear
fractions and western blot analysis was performed as described
previously [14]. For comparing nuclear and cytoplasmic frac-
tions by western blot, the same cell equivalents of extract were
separated by electrophoresis. Blocked western blot membranes
(Hybond-C Extra, GE Healthcare Life Sciences) were incu-
bated with the following primary antibodies for 16 hours at
4°C in PBST (phosphate-buffered saline+0.05% TWEEN-
20)+ 5% milk with rocking: anti-Ago?2 at 1:1,000 (Abcam,
ab57113), anti-Calreticulin at 1:1,000 (Cell Signalling,
2891S), anti-Histone H3 at 1:10,000 (Abcam, ab1791), anti-
Lamin A/C at 1:1,500 (Abcam, ab8984), anti-glyceraldehyde
3-phosphate dehydrogenase at 1:600 (Abcam, ab9484), anti-
RNA polymerase 2 at 1:4,000 (Millipore, 05-623).

Results
Structure of ss-siRNAs

To act through the RNAi pathway inside cells RNA must
be chemically modified to be stable to degradation by nu-
cleases. These modifications, however, must be compati-
ble with the ability to bind RNAi proteins and inhibit
protein translation through the RNAi-induced silencing
complex. Chemical modifications incorporated into the ss-
siRNAs include 2’-O-methyl (2’-0O-me), 2’-Fluoro, and 2’-O-
methoxyethyl nucleosides (Fig. 1A) [23]. Internucleotide
linkages are either phosphodiester or phosphorothioate, with
the phosphorothioate substitutions contributing to nucleoly-
tic stability. For in vivo applications, ss-siRNAs require a
vinyl phosphonate at the 5" terminus. All studies presented
here, however, were done using cultured patient derived
cells. ss-siRNAs with 5’-phosphate groups are active in cul-
tured cells and we used 5’-phosphate siRNAs in our experi-
ments because their synthesis is simpler.

The ss-siRNAs used in our studies target exon 51 of dys-
trophin (Fig. 1B; Table 1). This target was chosen because
antisense oligonucleotides [30,31] and duplex RNAs [19] that
are complementary to the exon cause exon 51 to be skipped.
Clinical trials have suggested that antisense-mediated exon
skipping might be an attractive therapeutic option [32-35],
although the refinements to the approach may be needed to
increase the likelihood of optimal clinical success [36].
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FIG. 1. Design and targeting of
single stranded silencing RNAs (ss-
siRNAs). (A) ss-siRNA 642661
possess a typical pattern of chemi-
cal modifications. Positions of
chemical modifications within the
sequence are indicated as follows:
2’-O-me (methyl) modified base is
background shaded; 2’-O-MOE
(methoxyethyl) modified base is
boxed; 2’-Fluoro modified base
is underlined; mismatched base is
bold and italicized; phosphor-
othioate (PS) linkage is shown as
subscript (). The terminal thymi-
dine has a 5’- phosphate. All other
linkages are phosphate. (B) Sche-
matic showing splicing of dystro-
phin pre-mRNA and how splicing
might be modified by a RNA acting
through the RNA interference
(RNAi) pathway and argonaute 2
(Ago2).
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Out of frame dystrophin mRNA

v
Premature and non functional
Dystrophin protein.

Truncated but partially
functional Dystrophin protein.

' In frame dystrophin mRNA

TABLE 1. SILENCING RNAS TESTED IN THE EXPERIMENT TO CORRECT SPLICING OF DUCHENNE’S
MuscULAR DYSTROPHY WITHIN PATIENT-DERIVED FIBROBLAST CELLS

Position
of mismatch

Name Antisense sequence (5 to 3') ss or dsRNA Target gene (if any)
CM 5’-GCUAUACCAGCGUCGUCAUATAT ds Negative control
66 5’-AAGGAAGAUGCCAUUUCUAATAT ds Exon 51, DMD 11
68/10 5-UCAAGGAAGUUGGCAUUUCATAT ds Exon 51, DMD 10
642661 5-P{II,C,AA,GG,AAGU,UG,GC,A U,UU,C JAlJA] ss Exon 51, DMD 10
642662 5’-P-T,A,GG,AA;GA,UG,CC,AU,UU,C,U,A J[AlJAl ss Exon 51, DMD 11
642663 5’-P-MT,G,AA,AC,CU,CU,UA,CC,U,C,A,G,U JAl[A] ss Negative control, Luciferase
642664 5'-PT,A,AC,UU,CA,GG,GU,CA,GC,U,U,G JA|Al ss Negative control, EGFP

522247 SI'P'sus A Hs C Hs A us A As U Qs A us C sAs G sgs U As
557429 5'-PJ1].C,AG,CU,GU,UG,CU,AC,U,G,U,U,G JAlAl

SS
SS

Negative control, PTEN
Negative control

Modification positions within the sequence are indicated as follows: boxed, 2’-O-MOE (methoxyethyl); wunderlined, 2’-Fluoro;

background shaded, 2’-O-me (methyl); bold and italicized, mismatched bases; subscripted

deoxyribose.

g 0

s,”” phosphorothioate (PS) linkage; d,

DMD, Duchenne’s muscular dystrophy; dsRNA, double stranded RNA; EGFP, enhanced green fluorescent protein; ssRNA, single

stranded RNA; PTEN, phosphatase and tensin homolog.
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FIG. 2. An ss-siRNA corrects splicing of Duchenne’s muscular dystrophy (DMD) within patient-derived fibroblast cells.
(A) Polymerase chain reaction (PCR) amplification followed by gel electrophoresis to separate aberrant and correct splice
products upon the addition of small RNAs (50 nM). (B) Sequencing PCR products to confirm that visualize products are due
to skipping of exon 51. Patient-derived GM03429 fibroblast cells were used. CM, negative control duplex RNA; GFP, green
fluorescent protein; Luc, luciferase; PTEN, phosphatase and tensin homolog; RM, negative control ss-siRNA.

Skipping exon 51 removes a premature stop codon and
leads to production of an alternate protein isoform. The al-
ternate protein isoform is naturally produced in a less severe
muscular dystrophy, Becker’s muscular dystrophy, and is
known to possess partial function. By increasing production
of the dystrophin variant lacking exon 51 it is hoped that the
symptoms of Duchenne muscular dystrophy can be alleviated
so that they become more similar to Becker’s muscular
dystrophy, potentially resulting in a better quality of life and
enhanced survival for patients.

Ago?2 is a critical RNAI factor that cleaves RNA substrates
when guide strands are perfectly complementary [37]. When
an ss-siRNA is fully complementary to target it can engage
Ago?2 leading to cleavage of mRNA. However, structural and
biochemical data indicate that RNAs with central mis-
matches can recognize complementary sequences but cannot
cleave them [38]. To avoid potential complications from
cleavage of mRNA targets, some ss-siRNAs were designed
so that they were mismatched relative to their intended target
sequence at positions in the center of molecule (Table 1).

Single stranded siRNAs mediate exon exclusion

We introduced ss-siRNAs and analogous duplex RNAs
(Table 1) into GM03429 patient-derived cells by transfection

with cationic lipid. After harvesting, cellular RNA was ana-
lyzed by reverse transcriptase PCR to evaluate the effect of
RNA addition on the relative production of dystrophin with
exon 51 deleted (Fig. 2A). As observed previously [19],
duplex RNA 68/10 with a mismatch at position 10 efficiently
altered splicing to create product lacking exon 51. A non-
complementary duplex RNA had no effect, nor did duplex
RNA 66 containing a mismatch at position 11.

We then tested ss-siRNAs with mismatches at positions 10
(ISIS 642661) or 11 (ISIS 642662). Similar to the duplex
RNA, ss-siRNA ISIS 642661 with a position 10 mismatch
altered splicing while ss-siRNA ISIS 642661 with a mis-
match at position 11 did not. Four different negative control
ss-siRNAs that lacked complementarity to dystrophin had no
effect on splicing even though they shared the same pattern of
chemically modified bases as found in the active compound.
Sequencing confirmed that the observed amplified products
were derived from RNA lacking exon 51 and had the pre-
dicted splice junctions (Fig. 2B).

Sequence specificity

The addition of oligonucleotides into cells has the potential
to perturb interactions with splicing factors and possibly alter
splicing through indirect off-target effects. During RNA,

TABLE 2. SILENCING RNAS TESTED IN THE EXPERIMENT TO CORRECT DMD
SPLICING USING SEQUENCE-SPECIFIC SIRNA

Name Antisense sequence (5 to 3) ss or dSRNA  Target gene  Mismatch position
CM 5’-GCUAUACCAGCGUCGUCAUATAT ds Negative control

642661 5-P{T,C,AA,GG,AA,GU,UG,GC,A U, UUC JA|[A] Ss Exon 51, DMD 10

678870 5-U,C,A A,G,G,A;A;G,A,U,G,G,C,A,U,U,U,C,U ss, 2-OMe Exon 51, DMD -
6462662 5-P{T,A,GG,AA,GA,UG,CC,AU,U,U,C,U,AJAJAl ss Exon 51, DMD 11

678865 5-P-T,CAAGGAA,GU,UG,GC,A,U,U,U,C JAlJA] ss, 3 less PS Exon 51, DMD 10

678866 5-P-T,CAAGGAAGUUG,GC,A,U,U,U,C JA|[A] ss, 5 less PS Exon 51, DMD 10

678867 5-P{TI,C,AAGC,AAGU,UG,GC A, U,U,U,C [AlJAl ss Exon 51, DMD 6, 10

678868 5-P{Tl,C,AUGC,AA,GU,UG,GC,A U,U,U,C JAlJAl Ss Exon 51, DMD 4,6, 10
678869 5'-P-[T|,C,AU,GC,AU,GU,UG,GC,A,U,U,U,C JA|[A] ss Exon 51, DMD 4,6, 8,10

Modification positions within the sequence are indicated as follows: boxed, 2’-O-MOE (methoxyethyl); underlined, 2’-Fluoro; back-

ground shaded, 2’-O-me (methyl); bold and italicized, mismatched bases; subscripted ‘s,

g

phosphorothioate (PS) linkage; d,deoxyribose.

DMD, Duchenne’s muscular dystrophy; dsRNA, double stranded RNA; ssRNA, single-stranded RNA.
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FIG. 3. Correction of DMD splicing by ss-siRNA is se-
quence specific. (A) Correction of DMD splicing by a com-
plementary ss-siRNA and ss-siRNAs containing mismatched
bases (50nM). (B) Correction of dystrophin splicing by ss-
siRNA (50 nM) does not provoke an interferon response. Five
different interferon-responsive genes were monitored by
quantitative PCR after treatment with 50 nM ss-siRNA. Poly
I:C is a positive control nucleic acid known to stimulate the
interferon response. Patient-derived GM03429 fibroblast cells
were used. IFITM1, interferon-induced transmembrane pro-
tein 1; ISGF3g, interferon-stimulated transcription factor 3
gamma; MX1, interferon-induced GTP-binding protein Mx1;
NT, no treatment with RNA; OAS1/2, 2°-5’-oligoadenylate
synthetase 1/2.

recognition, complementarity to a ‘‘seed sequence’’ (posi-
tions 2—8) within the small RNA is critical for activity. To test
the specificity of ss-siRNA mediated production of the de-
leted exon 51 variant dystrophin we assayed ss-siRNAs with
one, two, or three mismatches relative to dystrophin mRNA

117

within the seed sequence in addition to the mismatch at
position 10 (Table 2). None of these ss-siRNAs was active
(Fig. 3A), supporting the conclusion that the ss-siRNA me-
diated splicing that we observe is due to an on-target inter-
action between the ss-siRNA and dystrophin mRNA.

Another source of off-target effects is induction of the
interferon response. To analyze the potential of ISIS 642661
to induce an interferon response that that might lead to off-
target splice correction we analyzed the induction of in-
terferon responsive genes upon addition of ss-siRNA. We
observed little induction of these genes relative to treatment
with known inducer Poly (I:C) (Fig. 3B), further supporting
belief that production of the exon 51-deleted product is an on-
target effect due to recognition of dystrophin pre-mRNA by
ss-siRNA.

To gain another perspective on the susceptibility of
splicing to recognition of the target sequence we tested a
single stranded antisense 2’-O-methyl oligonucleotide anal-
ogous in sequence to ss-siRNA ISIS 642661. This 2’-O-
methyl oligomer effectively altered splicing, confirming the
susceptibility of the target. We also tested an ss-siRNA that
was analogous in sequence to active ss-siRNA ISIS 642661
but possessed fewer phosphorothioate linkages. We found
that it was inactive, suggesting that ss-siRNA action is sen-
sitive to the exact nature of chemical modifications intro-
duced during synthesis.

Splice correction is mediated by Ago2

Previous studies had indicated that ss-siRNAs have the
potential to act through an RNAi mechanism. ss-siRNAs,
however, are chemically modified oligonucleotides that in
many ways resemble standard antisense oligonucleotides
whose mode of action is independent of RNAi. To deter-
mine whether ss-siRNA ISIS 642661 might be functioning
through an RNAIi pathway to affect splicing we first isolated
nuclei from GMO03429 patient-derived fibroblast cells and
showed that Ago2 can be found in cell nuclei and that our

FIG. 4. Ago2 expression affects
modulation of splicing by ss-siRNA.
(A) Purified cell cytoplasmic or nu-
clear extract reveals Ago2 in cell
nuclei. Calreticulin is a marker for
endoplasmic  reticulum. Glycer-
aldehyde 3-phosphate dehydroge-
nase (GAPDH) is a marker for
cytoplasm. Lamin A/C, RNA poly-
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(B) Knockdown of Ago2 mRNA in
DMD patient fibroblast GM03429
using anti-Ago2 siRNA (50nM)
compared with the effect of treating
cells with noncomplementary RNA
duplex CM. (C) Effect of silencing
Ago2 on modulation of splicing
by ss-siRNA (100nm) or an anti-
sense oligonucleotide. Patient-
derived GM03429 fibroblast cells
were used.
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TABLE 3. SILENCING RNAS USeED TO TEST EFFECT OF AGO2 EXPRESSION ON MODULATION OF SPLICING BY SS-SIRNA

Position
ss or of mismatch
Name Antisense sequence (5 to 3) dsRNA Target gene (if any)
CM 5’-GCUAUACCAGCGUCGUCAUATAT ds Negative control
642661  5-P{Il,C,AAGG,AA,GU,UG,GC,A,U,U,U,CJA|[A] ss Exon 51, DMD 10
678870 5-U,C,A;A,G,G,;A,A,G,;A,U,G,G,C,A,U,UU,C,U ss,2-O-Me Exon 51, DMD -

Modification positions within the sequence are indicated as follows: boxed, 2’-O-MOE (methoxyethyl); underlined, 2’-Fluoro;

background shaded, 2’-O-me (methyl); bold and italicized, mismatched bases; subscripted ‘s,

[PAE1)

phosphorothioate (PS) linkage;

d, deoxyribose. DMD, Duchenne’s muscular dystrophy; dsRNA, double stranded RNA; ssRNA, single-stranded RNA.

preparations are free of contamination from the endoplasmic
reticulum and cytoplasm (Fig. 4A). Interestingly, triplicate
purifications all showed a preponderance of Ago2 in cell
nuclei relative to cytoplasm, an outcome that differs from
other cell lines tested in our laboratory where the amount
cytoplasmic Ago2 is equal or greater than nuclear Ago2 [14].
We used an anti-Ago2 siRNA to deplete cells of Ago2 (Fig.
4B) and examined the effect on splice correction of dystro-
phin mRNA.

To accomplish this experiment we performed a double
transfection. In the first transfection we introduced a non-
complementary control duplex RNA or a siRNA designed to
silence Ago2 mRNA. In the second transfection we intro-
duced ISIS 642661 or an analogous 2’-O-methyl oligonu-
cleotide (Table 3). Addition of ISIS 642661 to cells caused
formation of the isoform lacking exon 51 when a noncom-
plementary RNA was added during the first transfection. By
contrast, addition of an RNA that reduces Ago2 expression
blocked the activity of ISIS 642661 and prevented formation
of the A51 isoform (Fig. 4C). Interestingly, only ~50% re-
duction of AGO2 expression is sufficient to reverse the ac-
tivity of ISIS 642661. One explanation is that normal cellular
processes are relatively resistant to moderate reduction in
AGO2 levels while effects from exogenously added ss-siRNAs
are more sensitive.

We performed a similar experiment using the analogous
2’-0-methyl oligomer. The antisense 2’-O-methyl oligomer
also efficiently altered splicing. This alteration, however, was
not affected by addition of anti-Ago2 siRNA. These results
indicate that the ss-siRNA and the antisense 2’-O-methyl
RNA act by different mechanisms and that RNAIi drives the
observed splice modulation by ss-siRNA.

Discussion

Duchenne muscular dystrophy is an incurable disease and
treatments that can slow or halt the progression of symptoms
are an urgent unmet need for patients and their families.
Clinical trials have shown impressive results in some patients
for the 6-minute walk test and elevated dystrophin levels
upon biopsy [35]. While promising, small trial size and an
absence of definitive data have left many questions unre-
solved. What is clear is that new approaches to starting points
for more potent and efficacious molecules continue to be
needed [36].

Our results add ss-siRNAs to the list of nucleic acid
chemistries, the most prominent of which are morpholino and
phosphorothioate-modified 2’-O-methyl RNA, capable of

inducing skipping of exon 51. The skipping that we observe is
sequence specific and not due to off-target induction of in-
terferon response. Dependence on Ago2 expression demon-
strates involvement of RNAI proteins.

The mechanism of action for splice regulation by ss-siRNAs
likely begins with association of the ss-siRNA with AGO2 in
the cytoplasm, the known location for strand loading [14].
The AGO2-ss-siRNA complex is then transported into the
nucleus, where AGO2 (and probably other RNAI factors like
TNRC6A) promote association with the target mRNA. This
association of RNA-AGO2 with mRNA disrupts association
with the splicing machinery and affects alternative splicing.
This mechanism is similar to the mechanism of antisense
oligonucleotides that affect splicing, consistent with the fact
that our active ss-siRNA was designed to target a dystrophin
sequence similar to that targeted by previously known active
antisense oligomers [30,31].

Single stranded siRNAs have been studied in a handful of
publications to date [23-26,28-9]. One previous paper ex-
amined inhibition of transcription by ss-siRNAs targeting a
gene promoter [29], suggesting that ss-siRNAs can act within
cell nuclei. The results we report here support the conclusion
that ss-siRNAs can modulate nuclear processes through an
RNAi mechanism by showing that they can affect splicing.

Because ss-siRNAs are single stranded oligomers that act
through the RNAi pathway, they have the potential to be a
distinct starting point for clinical development relative to
antisense oligonucleotides or duplex RNAs. In theory, ss-
siRNAs combine the strengths of antisense oligonucleotides
(simplified synthesis, better biodistribution upon formulation
in saline) with the potential for the RNAi pathway to afford
better potency. More research will be necessary to determine
whether these theoretical advantages can bring real benefits
to drug development but the ability to affect splicing or
transcription widens the options for development.

Another significant aspect of this work is that ss-siRNA
mediated alteration of splicing in cell nuclei supports the
conclusion that RNAi pathways are functional in the nuclei of
mammalian cells. While this conclusion may not seem sur-
prising given the existence of nuclear RNAi in many non-
mammalian organisms [1], whether or not RNAi acts in
mammalian nuclei has met with skepticism in the literature
and in general discussions. The consequence of this skepti-
cism and the difficulty of accurately studying RNAi factors in
mammalian cell nuclei has slowed progress and clouded vi-
sion about potential applications. Our data demonstrate one
potential application for using synthetic nucleic acids in
combination with RNAi to modulate gene expression.



MODULATING SPLICING WITH ss-siRNAs

In summary, this report extends the activity of ss-siRNAs
to modulation of splicing within the nuclei of human cells.
Specifically, we show that ss-siRNAs can enhance produc-
tion of dystrophin lacking exon 51 providing a new starting
point for the production of a therapeutic isoform of dys-
trophin protein. Single stranded siRNAs are a relative new
and understudied nucleic acid motif. Our data supports the
conclusion that they are a promising platform for future
development.
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