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ABSTRACT
Ectopic modulators of alternative splicing are
important tools to study the function of splice
variants and for correcting mis-splicing events that
cause human diseases. Such modulators can be
bifunctional oligonucleotides made of an antisense
portion that determines target specificity, and a nonhybridizing tail that recruits proteins or RNA/protein
complexes that affect splice site selection (TOSS and
TOES, respectively, for targeted oligonucleotide
silencer of splicing and targeted oligonucleotide
enhancer of splicing). The use of TOSS and TOES
has been restricted to a handful of targets. To generalize the applicability and demonstrate the robustness of TOSS, we have tested this approach on more
than 50 alternative splicing events. Moreover, we
have developed an algorithm that can design active
TOSS with a success rate of 80%. To produce
bifunctional oligonucleotides capable of stimulating
splicing, we built on the observation that binding
sites for TDP-43 can stimulate splicing and improve
U1 snRNP binding when inserted downstream from
50 splice sites. A TOES designed to recruit TDP-43
improved exon 7 inclusion in SMN2. Overall, our
study shows that bifunctional oligonucleotides can
redirect splicing on a variety of genes, justifying their
inclusion in the molecular arsenal that aims to alter
the production of splice variants.
INTRODUCTION
Alternative splicing is the process by which exons are
differentially combined to produce different types of

mRNAs from a single gene. This process allows cells to
produce an average of 8–10 splice variants per gene, substantially increasing the coding capacity of the human
genome (1–3) and making an immense contribution to
the structural and functional diversity of our proteome
(4). Defects in alternative splicing contribute to many
human diseases including spinal muscular atrophy
(SMA), myotonic dystrophy and cancer (5,6). In
addition, it is estimated that as many as 60% of human
diseases might be caused by point mutations that alter
splicing (e.g. b-thalassemia, cystic ﬁbrosis and progeria)
(7), However, the function of the majority of splicing
isoforms and the real number of human diseases affected
by splicing remain unclear.
Molecular tools that can speciﬁcally alter the proportion
of splice variants are essential to assess the function of a
multitude of splice variants. Unfortunately, deducing the
function of splice variants by RNA interference approaches is challenging because decreasing the level of a
given splice variant also changes the total amount of
products for that gene (8). Therefore, alternative
approaches are needed to alter the production of splice variants by redirecting splicing decisions without changing
the overall level of gene expression. The original strategy,
pioneered by the group of Kole, used an antisense oligonucleotide (ASO) complementary to a cryptic splice site
in the b-globin gene that prevented its use and favored
selection of the authentic site (9). This approach has since
been used regularly to alter the proportion of splice
variants produced from mutated genes or alternative
splicing units [(10), reviewed in (11,12)]. Since a shift in
splicing does not in principle alter the absolute amount of
gene products, this approach increases the conﬁdence of
attributing a function to a speciﬁc splice variant.
Given that alternative splicing decisions are often
controlled by regulatory proteins bound to exonic and
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MATERIALS AND METHODS
Cell culture and transfection
SKOV3ip1, NIH-OVCAR-3, PC-3, ZR-75-1 and OVC116 cell lines have been described previously (31). TOSS
and ASO were synthesized as 20 OMe and standardly
desalted by IDT (USA). Oligonucleotides purity was
assessed by fractionation on 15% denaturing acrylamide
gels. Oligonucleotides were diluted in Opti-MEM to which
an equivalent volume of Lipofectamine 2000 was added.
The mixture was added to cells that had been previously
seeded in a 6- or 96-well plate with complete media. The
ﬁnal concentration of oligonucleotide was 150 nM for
TOES and 400 nM for TOSS and ASO. TOSS and ASO
were transfected in biological triplicates (three transfections using different cell passages).
RNA extraction and RT-PCR
RNA was extracted 24 h post-transfection using either
Trizol (Invitrogen) or a silica-based column (Absolutely
RNA 96 Microprep kit from Stratagene) (32). We
followed the manufacturer’s instruction for Trizol
(Invitrogen) extraction except that linear acrylamide
(5 mg) was added during isopropanol precipitation.
Integrity and quality of RNA was evaluated by Agilent
Bioanalyzer and Nanodrop, respectively. The level of
contaminating genomic DNA was examined as described
elsewhere (33). The TOSS-induced splicing shift was
evaluated by endpoint RT-PCR and quantitative RTPCR. The design of endpoint RT-PCR primers was performed as described previously (33). The endpoint PCR
assays were performed using the Qiagen One step RTPCR kit (Qiagen) using the gene-speciﬁc reverse primer
in the reverse transcription step. PCR products were
fractionated on a Caliper 90 workstation as described
previously (33). The percent of splicing index (Psi or c
value) were calculated for each sample, and the c
(cLF  cTOSS) was used to monitor the efﬁciency of
TOSS-induced splicing shift. Design and validation of
quantitative RT-PCR assays were done as previously
described (32,34). For each alternative splicing events
followed by endpoint RT-PCR, a long-speciﬁc, a shortspeciﬁc and a global (targeting all isoforms) primer pairs
were designed whenever possible. Following a random
priming strategy (random hexamers) and quantitative
RT-PCR ﬂuorescence measurement using SYBR Green,
two analytical strategies were used. One is the relative expression normalized by housekeeping as previously
described (32). The second is the quantitative splicing
index, which corresponds to the percentage of the longer
isoform over the sum of the short and long isoforms (32).
Western analysis
Proteins were separated by SDS–PAGE and transferred
onto nitrocellulose Hybond C (Amersham) using a
transfer buffer (1.45% glycine, 0.3% Tris-base and 25%
methanol) for 6 h at 70 V and 4 C. The membrane was
washed with TBS (0.24% Tris–HCl, 0.8% NaCl, pH
8.0) for 5 min and then incubated for 1.5 h at 4 C with
TBST (TBS+0.05% Tween 20 and 5% milk powder).
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intronic elements located in the vicinity of alternative
splice sites, the ASO approach has evolved to target
these elements and prevent them from recruiting regulatory proteins (13–15). This new strategy was used successfully to abrogate the action of an intronic splicing silencer
within the SMN2 gene, increase exon 7 inclusion and
improve the SMA-associated cellular phenotype (16–18).
Splice switching oligonucleotides in the same design
category are being tested for other diseases [reviewed
in (12,19)], including Duchenne muscular dystrophy
(20–22).
Another splice switching strategy is to use oligonucleotides that contain a portion complementary to the target
site linked to a non-hybridizing tail that can provide either stimulatory or repressor function. When the tail
contains binding sites for hnRNP A1, positioning such
an oligonucleotide upstream of a 50 splice site (50 ss) interferes with U1 snRNP binding and repress splice site use
(23). This bifunctional oligonucleotide design has been
coined TOSS for targeted oligonucleotide silencer of
splicing (11). Although the inhibitory potential of tails
bound by other proteins has not been examined systematically, exon-binding oligonucleotides with tails carrying
splicing signals also displayed strong inhibitory activity
(23,24). TOSS with A1 tails have been used successfully
to repress exon 8 in SMN2, hence redirecting splicing to
favor exon 7 inclusion in the ﬁbroblasts of SMA patient
and in a mouse model of SMA (25). In contrast,
bifunctional A1 binding oligonucleotides positioned in
introns can stimulate splicing of long introns in vivo and
can elicit skipping of an intervening 50 ss in splicing
extracts (26).
Bifunctional oligonucleotides carrying a tail designed
to stimulate splice site usage are coined TOES for
targeted oligonucleotide enhancer of splicing (27). This
category includes oligonucleotides that contain a tail
that recruits positively acting SR proteins (28) or a tail
made of a synthetic RS domain covalently linked to an
antisense moiety (29). A splicing enhancer element was
also engineered in the U7 snRNA sequence which when
expressed in SMA cells stably stimulated SMN2 exon 7
inclusion (30).
To assess the biological function of a growing repertoire of splice variants, we need approaches that can
change the relative abundance of such variants.
Although bifunctional oligonucleotides are in principle
ideally suited to assess isoform function, their use has
remained restricted to only a handful of cases. To
validate the broad applicability of bifunctional oligonucleotides, we show that TOSS can repress splice site
use on a wide spectrum of targets, leading to an algorithm that can design active TOSS with a success rate of
80%. As for the alternative strategy that aims to stimulate splice site utilization, we describe a new TOES design
that uses a TDP-43 binding tail to promote exon
inclusion. Our results validate the use of bifunctional
oligonucleotides to alter splicing decisions on an expanding repertoire of targets, and make them attractive
as individual or high-throughput tools to modulate the
production of splice variants.
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After blocking, the membrane was incubated with the
antibody at room temperature for 2 h. The membrane
was washed twice with TBST, and the secondary
antibody was added and incubated for 1 h. Detection
was performed with ECL (Amersham Biosciences) according to the manufacturer’s recommendations.
In vitro splicing assay and oligonucleotide-mediated
RNase H protection assay

Construction of the inducible shTDP/HeLa cell line
Oligonucleotides corresponding to TDP-43 were shTDP43Bfwd 50 -GATCCCACTACAATTGATATCAAATTC
AAGAGATTTGATATCAATTGTAGTGTTTTTGGA
AA-30 and shTDP-43Brev 50 -AGCTTTTCCAAAAACA
CTACAATTGATATCAAATCTCTTGAATTTGATAT
CAATTGTAGTGGG-30 . After duplex formation, they
were inserted at the BglII and HindIII sites in plasmid
pTER + which was transfected in HeLa cells already
expressing the transcriptional repressor (via expression
of plasmid pCDNA 6/TR). Four hours post-transfection,
DMEM with 400 mg/ml of zeocine and 3 mg/ml of
blasticidine was added to select for the presence of
both plasmids. Distinct clones were isolated and induced
with 1.5 mg/ml of doxycycline to test for the depletion of
TDP-43.
RESULTS
Measuring TOSS efﬁcacy
We have shown previously that a bifunctional interfering
oligonucleotide (TOSS A1_Bclx4) containing a 20 OMe tail
with hnRNP A1 binding sites and a sequence complementary to the 4 to 24 region upstream of the Bcl-xL 50 ss
region can shift Bcl-x splicing from the long variant (BclxL) to the short variant (Bcl-xS) in human PC-3 and
HCT-116 cells (23) (Figure 1A and B). Quantitative RTPCR indicates that the shift in the production of Bcl-x
variants is caused by a reduction in Bcl-xL and an
increase in Bcl-xS (Figure 1C), suggesting that the repressive effect of the TOSS on the 50 ss of Bcl-xL improves the
competitivity of the 50 ss of Bcl-xS. However, it is difﬁcult

Structural elements affecting TOSS efﬁcacy
With the goal of improving the design of TOSS, we
evaluated some of the parameters that affect TOSS
activity. To control intra- and intermolecular secondary
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Splicing assays were performed as described (35) using
HeLa nuclear extracts (36). RNase H protection assay
was performed as follows: to 4 ml of HeLa extract are
added 0.5 ml of rATP 12.5 mM, 0.5 ml of MgCl2 80 mM,
0.5 ml of creatine phosphate 0.5 M, 2.5 ml of PVA 13%,
0.25 ml of DTT 0.1 M, 0.25 ml of RNAguard 40 U/ml,
0.25 ml of KCl 1 M, 1.375 ml of buffer D (35) and 0.25 ml
of RNase H 5 units/ml. One microliter of radiolabeled
RNA is added (30 000 cpm) and 1 ml of creatine kinase
(1 U/ml). Mixtures were incubated 0, 5 or 20 min at 30 C
and then placed on ice. In total, 0.75 pmol of oligonucleotides 7A-A5 and 7B-A5 (35) are added with 2.5 U of
RNase H, and incubation is carried out for 15 min at
30 C. RNA is then phenol extracted after adding 500 ml
of extraction buffer (0.3 M sodium acetate, 0.2% of SDS),
and ethanol precipitated. RNA is resuspended in
formamide dyes, boiled, loaded and fractionated on a
denaturing acrylamide gel.

to exclude the possibility that the observed effect was at
least in part due to the interference of the TOSS with the
reverse transcription step required for PCR analysis
(Supplementary Figure S1a). To evaluate this possibility,
we measured the effects of adding TOSS to total RNA
prior to reverse transcription and PCR ampliﬁcation.
Increasing amounts of TOSS targeting three different
genes (Bcl-x, APAF1 and CAPN3) were added immediately before the reverse transcription step and the splicing
pattern determined using PCR. In all cases, the synthesis
of the longer product was inhibited, even at concentrations as low as 4 nM (Supplementary Figure S1b). This
result suggests that the TOSS remaining in the total
RNA samples extracted from transfected cells may alter
the splicing isoform ratio and lead to an overestimation of
TOSS efﬁciency. The impact of TOSS on the splicing
pattern estimated by PCR varied based on the procedure
used for RNA extraction. Column-based puriﬁcation procedure did not fully remove the TOSS in RNA samples
(37), while Trizol-based extraction removed the oligonucleotide from the aqueous phase (Supplementary
Figure S2) and eliminated the artifactual impact of
TOSS during RT-PCR (Supplementary Figure S3).
However, while Trizol extraction eliminates the RT-PCR
artifact, this step is inconvenient when multiple samples
must be analyzed in a high-throughput manner. Since
none of the commercially available high-throughput
RNA puriﬁcation kits tested removed TOSS from the
RNA samples, modiﬁcations of the RNA extraction procedure do not provide a practical approach for the elimination of TOSS interference when detecting alternative
splicing using RT-PCR.
To obtain an unbiased estimate of the in vivo impact of
TOSS on the production of splice isoforms, we performed
quantitative RT-PCR to detect the short and long variants
individually. While the long variant values could vary depending on the method of RNA puriﬁcation, the values
for the short variant were similar, as expected because
these variants lack sequences complementary to the
TOSS (Supplementary Figure S4). Measuring the short
variant by quantitative RT-PCR, therefore, accurately
assess the shift in splicing regardless of the presence of
TOSS in the reverse transcription reaction. We conclude
that if Trizol extraction cannot be accommodated, the
reliable monitoring of the effects of bifunctional oligonucleotides requires PCR methods that exclude the ampliﬁcation of the targeted sequence.
To further conﬁrm the PCR estimates of the TOSS-dependent splicing shift we analyzed the ratio of the protein
isoforms after exposure to TOSS and compared it to the
PCR pattern. As shown in Figure 1D, the western blot of
CASP8 and CASP10 isoforms, which are used as model
genes, were altered in the same direction and produced a
splicing ratio similar to that detected by PCR using the
same samples (37).
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Figure 1. Impact of TOSS on the production of apoptotic splice variants. (A) Schematic representation of the Bcl-x splicing unit and the location of
Bclx–TOSS1. (B) Positions of the PCR primers used to quantify splice variants of Bcl-x. (C) Histograms representing average percentage values
obtained by endpoint RT-PCR (upper panel) or the relative expression of variants by quantitative RT-PCR (bottom panel) in three biological
replicates. PC-3 cells were transfected with Bclx–TOSS1 (400 nM ﬁnal concentration) or a control TOSS carrying an antisense sequence not complementary to Bcl-x (ctrl–TOSS). Total RNA was extracted with Trizol 24 h later. (D) Western analysis of TOSS-induced shifts in CASP protein
isoforms. HeLa cells were transfected with CASP8–TOSS1 and a mutated version (ctrl–TOSS) containing four mismatches (upper panel) or
CASP10–TOSS1 and a mutated version (ctrl–TOSS) containing two mismatches (bottom panel). Proteins were extracted 72 h later, and the proportion of the splice variants was veriﬁed by western analysis.

structures that could interfere with the interaction of
TOSS with its target RNA we use the UNAFold
software package (38) to predict the minimal G of
TOSS. By examining the impact of previously tested
TOSS with different G, we found that a G superior
to 9.4 kcal/mol, which is two standard deviations away
from the average free energy of a thousand randomly
designed TOSS, generally yielded TOSS with efﬁcient
and reproducible modulation of alternative splicing.
Other parameters were taken into account such as GC
content, polynucleotide repeats and innate immune
response activating sequences (Figure 2).
We also evaluated the general requirement of the tail of
TOSS because although it was previously shown that a tail
that binds hnRNP A1 was required for maximal modulation of Bcl-x splicing, it was not clear if this was true for

other target genes (23). Therefore, we generated ASOs
containing (TOSS) or lacking a tail (ASO) against 10 different splicing events and monitored their impact on
splicing. A splicing shift was acknowledged when either
the short or long splice variant changed by at least 2fold. As shown in Figure 3, eight ASOs modulated
splicing without affecting the overall level of gene expression, while the ASO targeting SYK affected both splicing
and global gene expression. On the other hand, seven of
the eight TOSS that modulated alternative splicing did
so in a manner superior to the corresponding ASO
(Figure 3). We also noted a large increase in short
isoforms when TOSS were targeting CCNE1, KITG,
LIG4 and MCL1, ruling out any over estimation of the
splicing shift by the interfering RT-PCR artifact. Even if
residual amounts were present, we observed that ASO
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Figure 2. Development of the algorithm for designing TOSS. An application programming interface (API) and web application was developed using
Perl version 5.8.8 (the Perl directory http://www.perl.org/) with CGI::Application, HTML::Template and Bioperl CPAN modules (CPAN:
Comprehensive Perl Archive Network, http://cpan.org/). (A) To perform TOSS prediction, the user speciﬁes the alternative exon sequence.
The algorithm then extracts all possible sequences from the target sequence using a window of 20 nucleotides. Each 20mer is evaluated for valid
GC content (between 30% and 80%), the absence of four consecutive identical nucleotides, and of immune stimulatory responses sequence motifs
(39–42), and self-complementarity of the sequence (G higher than 9.4 kcal/mol). Self-complementarity minimum energy folding was calculated
using the hybrid-ss-min software included in the UNAFold package (38) using default parameters. The G threshold was determined by calculating
the average and standard deviation of 10 000 randomly generated 20mer sequences located at the 50 end of TOSS. The threshold was ﬁxed as the
average plus two standard deviations to ensure that no strong intramolecular folding structure (lower than 9.4 kcal/mol) was formed.
(B) Predictions that meet the above criteria’s are then sorted according to different ﬁlters. First, each prediction is submitted to a Blast analysis
(43) against an in silico generated transcriptome database derived from the Aceview annotation (44). This step is performed to determine potential
(continued)
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Parameters of targets for optimal TOSS modulation
TOSS efﬁciency may be affected by the distance that separates its hybridization site from the target splice site.
Indeed, in vitro studies on Bcl-x suggested that the
impact of a TOSS decreased as the distance between its
binding site and the targeted 50 ss increased (23). To determine if this observation applies to other pre-mRNAs
in vivo, we tested TOSS harboring sequences complementary to various positions upstream of a 50 ss in two genes
(MCL1 and SHMT1). The results indicate that the distal
positioning of TOSS (31 and 38 on MCL1, and 49
and 58 on SHMT1) was the most efﬁcient, and that a
downstream exonic site either reduced TOSS efﬁciency or
was as active (Figure 4). A TOSS targeting an intronic
region downstream of an alternative 50 ss in KITLG had
no impact (Supplementary Table S1). Although we have
not identiﬁed the upstream limit for the impact of TOSS,
efﬁcient TOSS activity has so far been obtained by targeting the 1 to 60 region from the target 50 ss. The position
that imposes maximal activity likely varies between targets
most probably due to differences in secondary structure,
the presence of regulatory elements and the existence of
off-target hybridization sites that could reduce the effective concentration of TOSS.
To increase the utility of the different parameters
inﬂuencing the modulation of alternative splicing we
built a web interface-based program for TOSS design
that takes into account structural and target features
based from the above and our previous studies
(23,24,32) (Figure 2; http://toss.lgfus.ca). We use the
program to design TOSS targeting more complex
pre-mRNAs. NUP98 carries three competing 50 ss

(Figure 5A) and we used two TOSS complementary to a
region upstream of the more downstream 50 ss (Figure 5A).
Using endpoint RT-PCR (Figure 5B), we monitored the
level of inclusion of the long variant (Figure 5C). NUP98–
TOSS1 had little impact, whereas NUP98–TOSS2
decreased the production of the long variant more importantly than NUP98–ASO2 (Figure 5C). Quantitative RTPCR conﬁrmed that the level of the short splice variant
was strongly and speciﬁcally increased by NUP98–TOSS2
(Figure 5D).
To determine whether a TOSS could affect the splicing
of an exon ﬂanked by adjacent alternative exons, we
targeted three double cassette exons units (APP, FGFR2
and FANCA) and three units with triple adjacent alternative exons (PTPN13, NRG1 and BCAS1). For each event,
a TOSS was designed to target the ﬁrst or the last alternative exon. Quantitative and endpoint RT-PCR were
used to evaluate exon-speciﬁc and multiple exon splicing.
Exon-speciﬁc modulation was noted in ﬁve of six cases
(APP, FGFR2, FANCA, PTPN13 and BCAS1;
Supplementary Figure S8–S13), and a reduction in
global expression was also observed in one case
(BCAS1; Supplementary Figure S13). Overall, the TOSS
remained speciﬁc to the targeted exon as the impact of
TOSS on the splicing of non-targeted adjacent alternative
exon was never observed.
In conclusion, we have tested a total of 89 TOSS and
control oligonucleotides. The ‘winner’ designs proposed
by the TOSS algorithm were active in 80% of the cases
(24 of 30), as judged by endpoint RT-PCR
(Supplementary Table S1). When Trizol extraction was
not used for purifying RNA, quantitative RT-PCR conﬁrmed that 17 of the 20 TOSS-mediated shifts were not
artifacts caused by the presence of TOSS in the endpoint
PCR mixtures. Although we have focused our study
on the ability of TOSS to target 50 ss, modulating alternative 30 ss usage was attempted once with success
(Supplementary Figure S14). Notably, some ASO and
TOSS promoted global reduction in expression but the
reasons for these effects are unclear. Thus, our study demonstrates that TOSS provides a robust approach that can
promote dramatic shifts in the ratio of splice variants with
limited impact on global expression levels.
Development of a TOES that promotes exon inclusion
The antisense technology currently applied to splicing
control mostly aims at preventing the binding of splicing
factors. However, in some instances it may be useful to
improve splice site recognition. One technology that has
been developed to stimulate exon inclusion has been

Figure 2. Continued
off-targets associated with the hybridizing portion of the TOSS. Second, the sequence complementary to the hybridizing portion of the TOSS is
evaluated for the potential presence of splicing enhancer (ESE) and splicing silencer (ESS) motif sequences. To perform this step, each nucleotide
found in the input sequence was scored against a database of potential ESE and ESS motifs previously identiﬁed by Stadler et al. (45). If the
nucleotide is part of an ESE or an ESS motif, the nucleotide score is increased or decreased by 1, respectively. The TOSS prediction is then attributed
a global ESE/ESS score representing the sum of the nucleotides. Then, valid predictions are separated in two pools based on 50 ss distances; the ﬁrst
and second pool being, respectively, below and above a distance of 30 nucleotides from the 50 splice junction. Once all ﬁlters are computed, both
pools are then ordered to favor predictions with the least potential off-targets and the highest global ESE/ESS score to maximize disruption of
potential enhancers. Finally, predictions from the pool closest to the 50 ss (<30 nucleotides) are favored over the long distance pool. The program web
application can be accessed at http://toss.lgfus.ca.
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interfered with RT-PCR in a manner quantitatively
similar to TOSS (Supplementary Figure S5). Thus, the
greater shifting activity of TOSS in cells cannot be explained by an artifactual impact on RT-PCR. Moreover,
this increased efﬁciency in splicing modulation can directly
be attributed to the recruitment of hnRNP A1 to the tail
because mutations in the tail reduced the effect on splicing
in all cases (Supplementary Table S1; Supplementary
Figure S6).
In comparison to RNA or DNA, the 20 OMe composition of the tail remains the most efﬁcient to promote exon
skipping on the KITLG pre-mRNA (Supplementary
Figure S7), as shown previously for modulation of 50 ss
selection on Bcl-x (23). Although tails carrying a
branched structure, a branch site or a 50 ss can provide
repressor activity (23,24), we have used the hnRNP A1
tail for the remainder of the current TOSS analysis.
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Figure 3. Effect of TOSS versus ASO. (A) Schematic representation of a standard cassette exon. The positions of qRT-PCR primers are indicated.
(B–I) SKOV3ip1 cells were transfected with speciﬁc TOSS, their ASO versions (lacking a tail) and a control TOSS carrying no complementarity to
the targeted gene. Total RNA was extracted 24 h later using Absolutely RNA 96 Microprep kit (Stratagene). Histograms represent average relative
values for global expression (dark gray), short isoform (white) and the long isoform (black) obtained by quantitative RT-PCR in three biological
replicates (upper portion of each panel). The quantitative RT-PCR values for the short and long isoforms were output as percentage of long variant
for each condition (lower portion of each panel) using calculations described previously (32).
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bifunctional oligonucleotides that can recruit SR proteins
(28). We tested a TOES design that uses a phosphorothioate SRSF1 binding tail (28). Alternative units
in LGALS9 and KITLG were targeted with SRSF1recruiting TOES, and splicing was monitored using
PCR. As expected, the TOES promoted exon inclusion
in both cases (Supplementary Figure S15). However, we
found that the phosphorothioate tail required for TOES
activity was toxic for our ovarian and breast cancer cell
lines, which makes these TOES difﬁcult to use in functional assays. To avoid the toxic effects, we replaced the
phosphorothioate tail with a 20 OMe tail, which has
worked well for splicing repression using hnRNP A1.
Unfortunately, TOES with 20 OMe tails failed to stimulate
splicing presumably due to the lack of binding of
SRSF1 (Supplementary Figure S15). We conclude that

phosphorothioate TOES or 20 OMe TOES using SRSF1
are not practical for analyzing the impact of alternative
splicing on cell functions.
To design TOES capable of modulating splicing
without affecting cell viability we focused on TDP-43.
This RNA-binding protein and splicing factor can bind
with similar afﬁnity to single-stranded TG and UG
repeats (46), suggesting that its binding may tolerate
20 OMe nucleotide modiﬁcations. Its relatively high abundance also decreases the possibility that its partial sequestration by nanomolar quantities of TOES will impact
normal TDP-43-mediated functions. The enhancing
capacity of TDP-43 was tested by inserting the TDP-43
binding element (TBS) (UG)13 downstream of a 50 ss in the
model Dup 5.1 minigene which contains duplicated
b-globin exon and intron sequences (Figure 6A). Since
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Figure 4. Impact of the distance relative to 50 ss on TOSS activity. (A) Schematic representation of MCL1 (left panel) and SHMT1 (right panel)
cassette exon and the relative positions of TOSS to 50 ss. (B) SKOV3ip1 cells were transfected with TOSS harboring sequences complementary to
various positions upstream of a 50 ss of the two genes (MCL1 and SHMT1) and a control TOSS carrying no complementarity to the targeted genes
(MCL1_TOSS_2 position 38; MCL1_TOSS_3 position 31; MCL1_TOSS_1 position 2; SHMT1_TOSS_2 position 58; SHMT1_TOSS_3
position 49 and SHMT1_TOSS_1 position 0). Total RNA was extracted 24 h later using Absolutely RNA 96 Microprep kit (Stratagene).
Histograms represent average relative values for global expression (dark gray), short isoform (white) and the long isoform (black) obtained by
quantitative RT-PCR in three biological replicates (upper panel). (C) Histograms represent average percentage values obtained by end-point PCR in
three biological replicates.
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skipping of the central exon was stimulated, the TBS
appeared to improve selection of the 50 ss of the ﬁrst
exon relative to that of the central alternative exon
(Figure 6B). This splicing shift was abrogated when cells
were depleted of TDP-43 through expression of a shRNA
(Figure 6B and C). It is possible that exon skipping in Dup
5.1 is caused by repression of the internal exon. To address
the mechanism by which TDP-43 controls splice site selection we tested the impact of inserting UG repeats in model
pre-mRNAs carrying a single intron. In the two different
model pre-mRNAs tested, the presence of UG repeats
positioned downstream from the 50 ss stimulated splicing
in HeLa nuclear extracts (Supplementary Figure S16),
indicating that intronic TDP-43 binding sites stimulate
the use of the upstream 50 ss.
Next, we tested the TBS in a different model pre-mRNA
(553) carrying two competing 50 ss (Figure 7A) as a prelude
to measuring the impact of the TBS on U1 snRNP
binding. Pre-mRNA splicing in a HeLa nuclear extract
indicated that the TBS shifted splicing to favor the 50 ss
directly upstream from the TBS (Figure 7B). We used this
pre-mRNA to analyze U1 snRNP binding to the
competing 50 ss through an oligonucleotide/RNAse H protection assay (35) and observed that the TBS improved U1
snRNP binding to the 50 ss directly upstream from it
(Figure 7C and D).

Finally, we designed (UG)10-carrying TOES targeting
the disease-related human SMN2 gene (Figure 8A).
Improving the inclusion of alternative exon 7 in SMN2
is used as a strategy to increase the production of the
SMN protein in SMA patients who have lost the SMN1
gene (13,14,19). The antisense portion of the TOES was
complementary to positions +21 to +35 downstream of
the 50 ss of exon 7, a position previously shown to be ineffective when targeted by an ASO (14). TOES were transfected in the Sma77 cell line derived from a SMA patient.
As shown in Figure 8B, inclusion of exon 7 remained unchanged when the complementary ASO was used (lane 2),
consistent with previous observations (14). In contrast, the
presence of the (UG)10 tail at the 50 end of the TOES oligo
increased exon inclusion (lane 3); a larger increase was
obtained by positioning the TDP-43 binding tail at the
30 end of TOES, possibly because of closer proximity of
the tail to the target splice site (lane 4). As expected, the
higher level of the exon 7-containing SMN2 splice variant
improved production of the SMN2 protein (Figure 8C).
Because SMA cells have limited growth potential and do
not support well successive transfections, we have been
unable to conﬁrm that the splicing shift in SMA cells is
caused by TDP-43. Thus, while we would argue that the
activity of the trans-acting TBS is mediated by TDP-43 (as
was the cis-acting TBS in HeLa cells), we cannot rule out
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Figure 5. Using TOSS to redirect splicing in a complex unit carrying alternative 50 ss. (A) Schematic representation of the NUP98 alternative splicing
unit as well as the position of NUP98–TOSS1 and NUP98–TOSS2 on the 222 nt exon. (B) Positions of primers used to amplify splice variants of
NUP98 in endpoint and quantitative PCR assays. (C) SKOV3ip1 cells were transfected with NUP98–TOSS1, NUP98–TOSS2, their ASO versions
(lacking a tail), and a control TOSS and ASO carrying no complementarity to NUP98 (ctrl–TOSS and ctrl–ASO, respectively). Total RNA was
extracted with Trizol 24 h later. Histograms representing average percentage values of the long variant obtained by endpoint PCR in three biological
replicates are depicted. (D) SKOV3ip1 cells were transfected with NUP98–TOSS1, NUP98–TOSS2 and a control TOSS carrying an antisense
sequence not complementary to NUP98 (ctrl–TOSS). Total RNA was extracted 24 h later using the Absolutely RNA 96 Microprep kit
(Stratagene). Histograms represent average relative values for global expression (dark gray) and the short (white) splice variant obtained by quantitative RT-PCR in three biological replicates.
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that other UG repeats binding proteins are contributing to
the shift in SMA cells. The TOES containing a TDP-43
binding site, therefore, represents an interesting tool
for improving the relative inclusion of SMN2 exon 7.
We conclude that TOES with TDP-43 binding sites are
a practical alternative for improving exon inclusion, and
for monitoring the impact of splicing shifts on cell functions since no apparent toxicity was noted following
transfection.
DISCUSSION
Alternative splicing is a powerful generator of protein diversity, and proﬁles of alternative splicing are often altered
in human diseases, from muscular dystrophy to cancer.
Procedures that can speciﬁcally decrease the level of
splice variants or redirect splicing to favor the production
of others can be useful to address the function of the continuously expanding repertoire of splice variants, and to
correct or interfere with the production of splice isoforms
in human maladies.
TOSS
To generalize the use of bifunctional oligonucleotides as
tools to modulate the production of splice variants, we

have developed an algorithm that can design functional
TOSS with a success rate of 80%. Using this program, we
have successfully targeted 50 ss in genes displaying a variety
of architecture including competing 50 ss as well as cassette
exons in simple or more complex splicing units. By targeting a region upstream of an alternative 50 ss, there might be
additional impact on gene expression since the hybridized
TOSS or ASO may interfere with the deposition of the
exon junction complex, possibly compromising mRNA
transport and stability. Further interference may occur
at the translational level. In all cases, however, altering
these processes would contribute to the ultimate goal
which is to repress speciﬁcally the expression of the
splice variant. While most of the splicing shifts had
minimal impact on the overall expression levels, some
ASO and TOSS promoted decreases in global expression.
The reasons for these effects are not understood but one
possible mechanism may be chromatin-mediated, as
shown for the Ago-mediated action of siRNAs (48).
Although we have not systematically investigated the
ability of TOSS to modulate 30 ss choice, our single
attempt at it was encouraging, suggesting that it should
be possible to extract rules to achieve maximal interference on splicing units with different 30 ss conﬁgurations.
All the TOSS that display repressing activity were
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Figure 6. Impact of TDP-43 binding sites on splicing. (A) The Dup 5.1 minigene was used as model (47). The (/) is the wild-type version that
contains an alternative cassette exon, while the (+/) version contains a (UG)13 element (TBS) in the ﬁrst intron, 90 nt downstream from the 50 ss and
47 nt upstream of the 30 ss of the internal exon. (B) In vivo splicing of (/) and (+/) in induced (I shTDP-43) and non-induced (NI) HeLa/shTDP43 cells. Following an induction or mock-induction period of 48 h with doxycycline, plasmids were transfected and RNA collected 24 h later.
RT-PCR products were fractionated on denaturing acrylamide gels, and the relative level of exon inclusion was calculated from biological triplicates.
(C) Western analysis of TDP-43 expression in the induced (I shTDP-43) and NI HeLa/shTDP-43 cell line following doxycycline induction for the
times indicated.
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complementary to the exonic region upstream of the
targeted 50 ss (up to position 60 was tested). The tail
portion of the TOSS was important in the majority of
the cases, since a tail-less ASO was less likely to work or
its impact was consistently lower than that of a TOSS.
Although we have limited our current study to a tail
bound by the hnRNP A1 protein, we have shown
that tails of various architectures can repress splicing
(24), suggesting that it should be possible to design repressing tails that recruit other RNA-binding proteins,
provided that binding is not disrupted by the chemical
modiﬁcation used to improve the stability or delivery of
the oligonucleotide.

Interestingly, bifunctional oligonucleotides with an
hnRNP A1-bound tail can also be used to stimulate
splicing when they are positioned downstream of a 50 ss
(49). This activity has been associated with the presence
of additional hnRNP A1 binding sites located further
downstream in the intron, and we have proposed that
stimulation occurs when an interaction between multiple
bound hnRNP A1 approximate the ends of the intron to
favor spliceosome assembly (49). A similar A1/A1 interaction across an exon may lead to repression (50,51),
possibly explaining why intronic A1 binding elements can
also be silencers (18). On the other hand, we have observed
that recruiting hnRNP A1 downstream of the 50 ss in
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Figure 7. TDP-43 stimulates U1 snRNP binding. (A) Structure of the model pre-mRNAs used to determine the in vitro impact of a binding site for
TDP-43 [TBS made up of (UG)13] on 50 ss selection. The 553 (/) pre-mRNA carries two competing 50 ss (distal and proximal). The 553 (+/) premRNA derivative carries a (UG)13 TBS element 30 nt downstream of the distal 50 ss. (B) In vitro splicing of the two model pre-mRNAs for 90 min in
a HeLa nuclear extract. The percentage of skipping of the proximal 50 ss is indicated. (C) Uniformly radiolabeled transcripts are incubated 0, 5 or
20 min at 30 C in a HeLa nuclear extract. Two DNA oligonucleotides complementary to each 50 ss are added along with RNase H which will cut the
RNA moiety of the DNA:RNA duplex. Transcripts are therefore cut when U1 is not bound to the 50 ss. Cleavage products are separated on a
denaturing acrylamide gel. The bands corresponding to double protection, proximal 50 ss protection only or distal 50 ss protection only are quantitated
on PhosphorImager. The table indicates the normalized percentage of U1 snRNP occupancy at both 50 ss, at only the proximal 50 ss or only the distal
50 ss after incubation for 0, 5 and 20 min in a HeLa nuclear extract at 30 C.
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KITLG had no effect. Thus, the impact of an hnRNP A1
binding site located downstream of a 50 ss may vary according to the presence and position of additional high afﬁnity
sites for hnRNP A1 on the pre-mRNA.
TOES
Considerably less attention has been devoted to oligonucleotides designed to stimulate splicing by recruiting
or mimicking splicing regulators. Furthermore, we found
that phosphorothioate oligonucleotides were cytotoxic
and that 20 OMe versions designed to recruit the positive
splicing factor SRSF1 were inactive most likely because
they were incompatible with efﬁcient protein binding.
Possibly for the same reason, we have been unable to
document the activity of 20 OMe tails with sequences

normally recognized by RBFOX proteins (data not
shown).
Because the above observations limited our ability to
test TOES on a variety of targets, we instead aimed at
identifying a protein that could stimulate 50 ss usage
when positioned downstream from a 50 ss and that could
act when recruited by a tailed 20 OMe oligonucleotide. We
focused on TDP-43 because this hnRNP-like protein
displays similarly strong binding to RNA and DNA
(46), suggesting that it could also interact with a 20 OMemodiﬁed sequence. While a role for TDP-43 in 30 ss control
is well established (46), a function in 50 ss selection is more
ambiguous (52). We ﬁrst showed that cis-acting TDP-43
binding sites positioned downstream of a 50 ss could stimulate splicing in two different model genes; in one case the
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Figure 8. TOES-mediated exon inclusion on SMN2 transcripts. (A) A portion of the SMN2 gene was targeted with TDP-43-TOES complementary
to positions +21 to +35 downstream of exon 7. The portion of the oligos complementary to SMN2 is underlined. (B) RNA was extracted 48 h posttransfection. Computerized versions of electropherograms are shown as well as a histogram with standard deviations derived from biological
triplicates. Primers used for SMN2 ampliﬁcation were 54C618 (sense) 50 -CTCCCATATGTCCAGATTCTCTT-30 and 541C1120 (antisense)
50 -CTACAACACCCTTCTCACAG-30 . The position, structure and size of the ampliﬁcation products corresponding to the splice variants are
shown. The identity of the doublet bands (*) migrating above the two SMN2 splice products is unknown. The graph displays the inclusion frequency
(in percentage) of SMN2 exon 7 based on biological triplicates. (C) Expression of the SMN2 protein was analyzed in one set by western blot 72 h
after transfection with using anti-human SMN antibodies (BD Transduction Labs).
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