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Cis-splicing and Translation of the Pre-Trans-splicing
Molecule Combine With Efficiency in Spliceosome-
mediated RNA Trans-splicing

Francois Monijaret', Nathalie Bourg', Laurence Suel’, Carinne Roudaut', Florence Le Roy',

Isabelle Richard' and Karine Charton'
'Généthon, CNRS UMR8587, 1, rue de I'Internationale, Evry, France

Muscular dystrophies are a group of genetically distinct
diseases for which no treatment exists. While gene trans-
fer approach is being tested for several of these diseases,
such strategies can be hampered when the size of the
corresponding complementary DNA (cDNA) exceeds
the packaging capacity of adeno-associated virus vec-
tors. This issue concerns, in particular, dysferlinopathies
and titinopathies that are due to mutations in the dysfer-
lin (DYSF) and titin (TTN) genes. We investigated the effi-
cacy of RNA trans-splicing as a mode of RNA therapy for
these two types of diseases. Results obtained with RNA
trans-splicing molecules designed to target the 3" end
of mouse titin and human dysferlin pre-mRNA tran-
scripts indicated that trans-splicing of pre-mRNA gener-
ated from minigene constructs or from the endogenous
genes was achieved. Collectively, these results provide
the first demonstration of DYSF and TTN trans-splicing
reprogramming in vitro and in vivo. However, in addition
to these positive results, we uncovered a possible issue
of the technique in the form of undesirable translation
of RNA pre-trans-splicing molecules, directly from open
reading frames present on the molecule or associated
with internal alternative cis-splicing. These events may
hamper the efficiency of the trans-splicing process and/
or lead to toxicity.
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INTRODUCTION

Muscular dystrophies (MD) are a group of genetic diseases affect-
ing the skeletal muscle with no treatment to date. Gene transfer
strategies using adeno-associated virus (AAV) vector hold great
promise for these diseases, and number of studies have shown
impressive results in experimental models, paving the way for
the first clinical trials that have been performed in the recent
years."? However, one limitation of using AAV vectors is their
encapsidation capacity limited to 4.5kb, preventing the use of
AAV-mediated transfer as therapeutic strategy for large cDNAs
such as those for dystrophin, the protein implicated in Duchenne
MD (DMD). Besides dystrophin, two other causative genes for

MD have a size larger than the AAV encapsidation capacity: titin
(TTN) and dysferlin (DYSF).

The TTN coding sequence is 100kb long and contains 363
exons. It induces two major phenotypes when mutated in its
C-terminus: tibial MD (TMD; OMIM600334) and limb-girdle
MD type 2] (LGMD2J; OMIM608807).>* The C-terminus of
TTN is embedded in the M-line of the sarcomere and is coded
by the last six exons (Mex1 to Mex6). LGMD2]J and TMD muta-
tions have been found exclusively in the last two TTN exons. The
most frequent mutation described so far is referred to as FINmaj
since it is frequent in the Finnish population.” TMD presents as
an autosomal dominant late-onset distal myopathy with weakness
and atrophy of the anterior compartment muscles of the lower leg
and arises when the mutation is present on one allele.* LGMD?2],
a far more severe phenotype, presents as an autosomal recessive
early-onset proximal MD and arises when the mutation is present
on both alleles.**

The DYSF coding sequence is 6.2kb long and comprises 55
exons. It causes, when mutated, two major phenotypes: limb-
girdle MD type 2B (LGMD2B; OMIM253601), which presents
with muscle weakness predominantly in the proximal pelvic
muscles, and Miyoshi myopathy (MM; OMIM254130) that affects
mostly the distal muscles of the lower limbs.”® To date, more than
600 causative mutations have been reported along the DYSF gene
(www.umd.be/DYSF/).

The limitation coming from the AAV encapsidation capacity
has fostered the generation of numerous alternative strategies to
direct gene transfer, such as splicing-mediated RNA trans-splic-
ing.>!° Splicing-mediated RNA trans-splicing creates a hybrid
mRNA from two different molecules through a trans-splicing
reaction mediated by the spliceosome that makes it possible
to exchange mutated sequences for normal ones. Most of the
trans-splicing strategies applied so far have utilized therapeutic
RNAs to replace the 3’ part of the transcript to be repaired. In
this case, a trans-splicing event occurs between the 5’ splice site
of an endogenous targeted pre-messenger RNA (pmRNA) and
the 3’ splice site of an exogenously delivered pre-trans-splicing
molecule (PTM). RNA repair through 3’ trans-splicing has been
reported in a variety of in vitro and in vivo experimental stud-
ies especially recently in genetic disease contexts at different
levels.!-18
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We have investigated the efficacy of 3’ trans-splicing to replace
the last or the last three exons of titin with the aim of targeting
all the known TMD/LGMD2] mutations and the six last exons
of dysferlin which covers about 20% of the currently identified
LGMD2B/MM mutations (111 of 633 mutations; www.umd.be/
DYSF/). PTMs have shown their ability to trans-splice the tran-
scripts of a titin or a dysferlin minigene in vitro as well as the
endogenous titin transcript in mouse muscular cells. However, we
uncovered autonomous PTM translation occurring both in vitro
and in vivo. Such events may have the possibility to be toxic
depending on the generated products but give directions toward
improvement of the efficiency of the strategy.

RESULTS

Design of trans-splicing molecules

The trans-splicing approach for titin and dysferlin pmRNA was
tested initially in vitro in nonmuscular HER911 cells using minige-
nes coding part of each protein. For this purpose, a minigene
encompassing the genomic sequence for the last 5 exons and 4
introns of the mouse titin gene was amplified from the DNA of a
mouse model carrying the FINmaj mutation previously described
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(KI TTN FINmaj)" and cloned in frame with a V5 tag (Figure
1a). Similarly, a minigene consisting of the genomic sequence
from exon 48 to intron 50 followed by the coding sequence of
exon 51 to 55 of the human dysferlin gene was cloned in fusion
with a V5 tag (Figure 1b).

For targeting dysferlin and titin pmRNA, several PTM mol-
ecules were synthesized and cloned in an expression plasmid in
fusion with a 3xFlag epitope motif. The PTMs have in common
to be composed of a binding domain (BD) except for the nega-
tive control of the experiments (delta BD: dBD), a 70-bp artifi-
cial intron (al), the targeted wild-type exonic sequences to be
exchanged for titin (human TTN Mex6 or the last three exons of
human TTN Mex4-5-6) or for dysferlin (human exons 49-55),
and finally, a SV40 pA signal (Figure 1). More specifically, the
BD of the RTM Mex6 specific for the titin pmRNA was designed
to target the mouse intron Min-5 sequence between Mex5 and
Mex6 or the mouse intron Min-3 sequence between Mex3 and
Mex4 for the PTM Mex4-6 (Figure la). For dysferlin, the BD
of the PTM Dysf was designed to target the intron 48 of the
human dysferlin gene (Figure 1b).* For each approaches, spe-
cific oligonucleotides were chosen to analyze the expression of the
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Figure 1 Trans-splicing strategy of titin and dysferlin minigenes. (a) Diagram of the trans-splicing tools used for the 3 titin exon(s) replacement
(please note that the diagram is not drawn to scale). From top to bottom are depicted: : The mouse titin minigene construct used for the experiments
in which the last 5 exons and last 4 introns of the mouse TTN gene were fused to a V5 epitope followed by a polyadenylation (pA) signal from SV40.
The star symbolizes the presence of the FINmaj mutation. : The titin PTMs Mex6 and Mex4-6 consisting of a binding domain (BD) targeting the titin
Min-5 or Min-3 introns, followed by an artificial intron (al) containing a branching point (BP), a polypyrimidine tract (PPT) and an acceptor site (AS)
followed by the WT last or last three exons of human titin fused to a 3xFlag epitope. The location of the oligonucleotides used to discriminate the
trans-spliced RNA from the minigene and PTM transcripts is indicated by arrows 1-1’-2-3 and 4. Their sequences are given in Supplementary Table
$1. (b) Diagram of the trans-splicing tools used for 3’ dysferlin exon replacement. The minigene carries the genomic sequence from exon 47 to intron
49, followed by a merge of the last 6 dysferlin exons fused to a V5 tag followed by a SV40 pA signal. The PTM provides the last 6 exons of dysferlin
and carries the same al as the titin PTM, with a specific BD that targets dysferlin intron 49. The location of the oligonucleotides used to discriminate
trans-spliced RNA is indicated by arrows a, b, ¢, and d, and their sequences are given in Supplementary Table S1.
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PTMs, the minigenes and the molecules produced after pmRNA
trans-splicing (Figure 1a,b and Supplementary Table S1).

The titin and dysferlin minigenes are trans-spliced

in vitro

The minigenes and PTM plasmids were cotransfected in the
HER911 cell line using several minigene:PTM ratios (1:3, 1:6, 1:9,
and 1:12 for titin PTM Mex®6, 1:9 and 1:12 for titin PTM Mex4-6
and 1:5, 1.7 and 1:9 for PTM Dysf). The controls consisted of

© The American Society of Gene & Cell Therapy

transfection of the minigene or the PTM alone (with a quantity
corresponding to the highest cotransfection ratio), and cotrans-
fection of the minigenes with a PTM where the BD was removed
(dBD). Reverse transcription-PCR (RT-PCR) specific for the
minigenes, the PTMs, and the expected trans-splicing products
were performed on RNA extracted 48 hours after transfection.
For the titin and dysferlin experiments, trans-spliced RNAs
were amplified whatever the ratio of transfected DNAs and the
PTMs used, indicating that trans-splicing of premessenger titin
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and dysferlin RNA took place. Importantly, trans-splicing did
not occur when using PTM where the BD was removed (dBD),
proving that pairing of the PTM and its target was required for
the trans-splicing to occur (Figure 2a,b). Sequencing of the trans-
spliced products using the specific Flag oligonucleotide uncov-
ered the expected WT titin sequence, confirming the exchange
of the last or the three last exons of titin. As expected, sequenc-
ing of the minigene transcript using the V5R oligonucleotide
(Supplementary Table S1) showed the presence of the FINmaj
mutation (Figure 2c). Western blots (WB) using a V5 antibody
were performed on protein extracts and showed the presence of
the miniproteins at the expected size (69 kDa for titin and 32kDa
for dysferlin) in all transfected samples. Labeling with an antibody
directed against the Flag epitope (specific for the trans-spliced
products) revealed the bands at the expected size for all the trans-
fection ratios for PTMs Mex6, PTM Mex4-6, and PTM Dysf but
not for the PTM Mex6 and PTM Dysf dBD as expected (Figure
2d,e). A relationship between the level of protein translated from
the trans-spliced RNA and the quantity of transfected PTM
expressing plasmids was observed in both cases (Figure 2d,e).
Interestingly, it seems that increasing the PTM Mex6 quantity
played a positive role on the minigene expression, suggesting
that the PTM binding can affect the stability of the targeted gene.
Taken together, these data indicated that the minititin and mini-
dysferlin trans-spliced RNA were correctly translated.

Trans-splicing is efficient on endogenous mRNA

in vitro and in vivo

We next wanted to address the possibility of obtaining trans-
splicing on endogenous RNA. As a first step, we analyzed the
expression of titin and dysferlin mRNA in a number of cell lines
including the myogenic C2 cells at the myoblast stage (D0) and
after 1 (D1), 2 (D2), and 7 days (D7) of differentiation (data not
shown). Detection of titin and dysferlin RNA was obtained only
from C2 at all stages. RT-PCR was performed with a set of oligo-
nucleotides (Mex2F and Mex6R for titin and a and 51R for dys-
ferlin, Supplementary Table S1). The titin set encompasses the
alternatively spliced Mex5 exon. As a control for this RT-PCR, TA
of WT mouse were amplified and showed the two known alterna-
tive spliced isoforms (Mex5+ and Mex5-). The C2 cells at each
stage were shown to express dysferlin RNA (Figure 3a, left) and
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almost exclusively the Mex5+ variant (Figure 3a, right) as pre-
viously shown for some mouse, rabbit, and human muscles.”
Because the trans-splicing is targeting a region of alternative
splicing, we hypothesized that the location of the BD could have
an important effect. To locate the best site of interaction on titin
Min-5, we designed three additional PTMs (PTM1 to 3) only dif-
fering from the original one (PTM Mex6) in their BD for target-
ing different locations on the Min-5 titin intron (Figure 3b and
Supplementary Table S2).

By cotransfection with the titin minigene in HER911 cells, we
then verified and compared their trans-splicing efficiency. WB
for detection of the Flag and the V5 epitopes was performed, and
the presence of the trans-spliced miniprotein was observed in all
conditions, indicating that all PTMs were efficient (Figure 3c).
From the level of protein obtained, it seemed that the BD giving
the best performance of trans-splicing is located in the 5" part of
the targeted intron (i.e., PTM Mex6). This observation is in agree-
ment with previous reports showing that targeting the 5 end of
the intron can improve the trans-splicing efficiency.”! In addi-
tion, we modified some splicing elements in the PTM Mex6 in
an attempt to improve the TS efficiency. First, we introduced by
directed mutagenesis, a strong intron splicing enhancer sequence
in the chimeric intron of the PTM Mex6. This exon splicing
enhancer was described previously as being active in skeletal
muscle.”’ Second, we performed silent directed mutagenesis to
transform an exon splicing silencer sequence present in the cod-
ing sequence into an exon splicing enhancer sequence that is
recognized by three different factors as determined by exon splic-
ing enhancer Finder software (Supplementary Figure Sla). We
performed an in vitro experiment in the same conditions than
described above using PTMs carrying a single or both modifica-
tions (Supplementary Figure S1b and Supplementary Materials
and Methods). WB was performed and quantified, showing that
no significant improvement was achieved with the addition of
these modifications (Supplementary Figure S1c).

To analyze the efficiency of the PTMs on the endogenous
pmRNA, we transfected C2 myoblasts with the corresponding
plasmids. After 48 hours, cells were scraped and RT-PCR was
performed. Results showed the incorporation of the dysferlin Flag
sequence (Figure 3d, right), and the titin Mex6-Flag in the endog-
enous C2 titin mRNA regardless of the PTM used. However, the

Figure 2 The titin and dysferlin minigenes are trans-spliced in vitro. (a) RT-PCR performed 48 hours after transfection on HER911 cells using
specific oligonucleotides for titin trans-splicing (see Figure 1 and Supplementary Table $1). The presence of the minigene and pre-trans-splicing
molecule (PTM) transcripts were detected in the appropriated samples using the 1-2 and 3—-4 polymerase chain reaction (PCR), respectively. The pres-
ence of a trans-spliced RNA was observed for all the minigene:PTM(s) (Mex6, upper panel or Mex4-6, lower panel) cotransfections using the 1-4 or
1’-4 PCR. A control (0:12) was performed with PTM only at the quantity corresponding to the 1:12 ratio and showed no corresponding trans-splicing
product as expected. (b) RT-PCR performed 48 hours after transfection on HER911 cells using specific oligonucleotides for dysferlin TS (see Figure 1
and Supplementary Table $1). The presence of a trans-spliced RNA was observed (arrow) in the case of minigene:PTM dysf cotransfection using
the a-d PCR. A control (0:9) was performed with minigene only and PTM without binding domain (BD) showed no corresponding trans-splicing
product as expected. (c) The presence of the FINmaj mutation (in red) on the minigene product (left panel) was verified by direct sequencing using
the V5R oligonucleotide (Supplementary Table $1). The trans-spliced product was verified by direct sequencing using the Flag oligonucleotide.
The resulting sequence showed the correct WT hMex6 sequence (in red) both for the PTM Mex6 and the PTM Mex4-6 experiment (middle and
right panels). Black arrows indicate the orientation of the coding strand. (d) Western blot (WB) performed on the cellular extracts transfected with
titin PTM, showed the presence of the titin miniprotein at 69kDa in red (V5 epitope), and the presence of the trans-spliced product in green (Flag
epitope) from all ratios of transfection. A-actin was used as control. Quantification of trans-spliced protein/miniprotein is represented in arbitrary unit
(AU). (e) WB was performed on HER911 extracts cotransfected with the dysferlin minigene and the PTM Dysf. Labeling using an anti-V5 antibody
showed the translation of the minigene into a 32kDa protein in the corresponding samples (in red). Trans-spliced product was detected using the Flag
antibody with all minigene:PTM ratios (in green, arrow). A-actin was used as a loading control. Quantification of trans-spliced protein/miniprotein is
represented in AU. Images were cropped to focus on the proteins of interest. RT-PCR, reverse transcription-PCR.
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titin PTM differing by their BD gave a different profile of alter-
native exon splicing. Indeed, all PTMs induced the synthesis of
both Mex5+ and Mex5- titin isoforms but with different relative
ratios, while PTM3 led in addition to the synthesis of a new aber-
rant TTN isoform (Figure 3d, right). These results highlight the
importance of the BD selection and demonstrate the possibility
of modifying the endogenous titin transcript during the splicing
reaction. Interestingly, the BD of the PTM Dysf was first designed
to target the intron 48 of the human dysferlin gene. Since the
BD sequence presents a homology of 62% of the corresponding
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mouse intronic sequence (Supplementary Figure S2), the results
obtained indicate that this level of matching is sufficient to obtain
recognition for RNA trans-splicing.

Finally, following the demonstration of trans-splicing in vitro
on endogenous titin and dysferlin, we investigated whether trans-
splicing could also be observed in vivo. For this purpose, we gen-
erated AAV vectors carrying the PTM Dysf (AAV-PTM-hDysf)
and the PTM Mex6 (AAV-PTM-Mex6). Intramuscular injections
of the AAV coding for the PTM Dysf at the dose of 3.9 x 10'? viral
genome (vg)/kg and PTM Mex6 and at the dose of 2.3 x 10'? vg/kg
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were performed in the tibialis anterior of 1-month-old wild-type
male mice. One month after injection, the muscles were sampled
and analyzed by RT-PCR, sequencing, and WB. The results showed
trans-splicing of the endogenous dysferlin and titin pmRNA in
vivo by RT-PCR (Figure 3e). Due to technical difficulty related
to the huge size of the titin protein, we investigated the presence
of a corresponding protein only for dysferlin. No protein corre-
sponding to the trans-spliced RNA was seen at the expected size
on WB (Figure 3f). These results showed that the trans-splicing
was successfully obtained in vivo at RNA level but suggested that
the corresponding protein was not sufficiently expressed from this
trans-spliced RNA, similarly to what was already reported in other
in vivo trans-splicing studies.'*

Evidence of an undesired translation of the PTM itself
in vitro and in vivo

Of note, additional bands tagged with the Flag epitope were
detected on WB in all the previous experiments, in vitro whatever
the cell type. The profiles varied between the PTM used but were
consistent for each PTM. These bands were detected even under
the conditions where PTM or PTM devoid of its BD were trans-
fected alone for the PTM Mex6 and Mex4-6. Indeed, a protein
of 16kDa was visible in all conditions when the titin PTM Mex6
with or without the BD was transfected (Figure 4a, left). For the
PTM Mex4-6 with or without the BD, protein bands were detected
at about 19, 21, and 25kDa (Figure 4a, left). For PTM Dysf, a
whole range of specific proteins carrying the Flag tag were seen on
WB with the major bands at about 16, 20, 32, 42, 48, and 60kDa
(Figure 4a, right).

Similarly, the muscles injected with the AAV carrying the
PTM Mex6 and PTM Dysf showed the expression of unexpected
proteins (Figure 4b). For AAV-PTM Mex6, a protein at 16kDa
similar to the one reported in vitro was detected (Figure 4b, left).
For AAV-PTM-Dysf, WB revealed the presence of proteins at 16,
20, 32, 42, 48, and 60kDa (Figure 4b, right). The six bands cor-
respond to the bands seen in vitro after transfection of the PTM
Dysf (Figure 4a). Therefore, these data confirmed the possibil-
ity of PTM to be autonomously translated in vivo. Since it was
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previously reported that AAV-mediated expression of a minidys-
ferlin coding for the first exon and exons 40-55 demonstrated
toxicity, we were concerned about the possibility that the expres-
sion of PTM-driven proteins may be detrimental. A histomorpho-
logical analysis of the injected muscles showed an increase of the
fibers presenting centrally located nuclei 1 month after injection
in both cases (PTMhDysf and PTM Mex6) (Figure 4c).

Confirmation of translation from ORF in the PTM
Since the observed bands were present even when the PTM was
transfected alone (with or without the presence of the BD for
titin PTM), they seem related to the presence of the PTM but not
dependent on trans events at the location of binding. A bioinfor-
matics analysis indicated the existence of an open reading frame
(ORF) for all PTM sequences in-frame with the Flag epitope and
for which the ATG start codon was associated with a predicted
Kozak sequence as defined by the ATGPR software (http://atgpr.
dbcls.jp/) (Figure 5a). In the titin sequence of PTM Mex6, only
one such ORF was identified, starting at an ATG embedded in a
sequence with a weak predicted Kozak score (ATGPR score 0.10).
This ORF would lead to a 6 kDa polypeptide if translated, therefore
with a size not consistent with the 16 kDa protein seen on WB. On
the PTM Mex4-6, five ORFs were predicted leading putatively to
polypeptides of 14, 18, 19, 21, and 25kDa with respective Kozak
scores of 0.19, 0.17, 0.30, 0.23, and 0.31. Three of these putative
sequences (18/19, 21, and 25kDa) may therefore correspond to
what was observed on the WB experiment (Figure 5a). On the
PTM Dysf, six ORFs were predicted that would lead to proteins at
9,12, 16, 20, 31, and 32kDa with respective Kozak scores of 0.33,
0.31, 0.13, 0.29, 0.20, and 0.63 (Figure 5a). Bands at these sizes,
except for the 9 and 12kDa proteins, were seen on WB, but the
predicted ORFs could not account for all observed bands (i.e., 42,
48, and 60kDa bands; Figure 5a).

To verify whether the predicted ORFs could effectively lead
to translated products, we performed site-directed mutagenesis
transforming ATG into ACG codons. Consistent with the differ-
ence between the predicted size and the actual size seen on WB, the
mutation of the only ATG of titin PTM Mex6 did not abolish the

Figure 3 Efficiency of trans-splicing on endogenous targets. (a) dysferlin exons 47-51 RT-PCR with oligonucleotides a to 51R (left) and titin
Mex4-6 RT-PCR with oligonucleotides Mex4F to Mex6R (right) (Supplementary Table $1) on RNA extracted from WT tibialis anterior (TA) mouse
muscle and C2 cells at different days of differentiation DO, D1, D2, and D7. Titin and dysferlin RNA are expressed from the myoblast stage (DO)
of C2. Mex5+ and Mex5- were detected in the mouse TA muscle, while the Mex5+ isoform was detected as the major transcript expressed in C2
cells regardless of the differentiation stage. Polymerase chain reaction (PCR) on RNA without reverse transcription was the experimental control.
(b) Localization and size (nt) of the 4 binding domain (BD) targeting the TTN Min-5 intron used for trans-spliced the titin pmRNA. PTM Mex6 con-
tains BDs targeting the 5" end of the intron Min-5. The BD of the PTM1 targets the middle of the Min-5 intron sequence before the start of the BP.
The BD of PTM2 targets the BP and the PPT sequences in the Min-5 intron plus the AS sequence and the first 10 bases of the Mex6 exon. The BD of
PTM3 targets the PPT of Min-5. (c) Western blot on cell extracts obtained 48 hours after cotransfection of the titin minigene and PTM Mex6, PTMT,
PTM2 and PTM3 and PTMT1 alone, or minigene alone. Upper: the presence of the mutated V5 tagged miniprotein titin. Lower: the presence of the
trans-spliced Flag product. The intensity of the green staining depends on the BD used in the PTM to perform trans-splicing. Images were cropped
to focus on the proteins of interest. Irrelevant lanes were removed. The lanes in each subpanel originate from the same gel. (d) RT-PCR using specific
oligonucleotides (see Figure 1 and Supplementary Table $1) performed 48 hours after transfection of PTM hDysf or PTM without the BD (left) or
titin PTMs (right) on C2 cells at the myoblast stage showed the presence of the dysferlin and titin trans-splicing products at the expected sizes. For
titin experiment, depending on the localization of the BD, the splicing events in the region are modified. Note the appearance of a band that does
not correspond to the Mex5+ or Mex5- isoform when using PTM3. (e) RT-PCR performed on RNA extracts from WT TA muscle sections 1 month after
injection of AAV-PTM Dysf (right) or AAV PTM Mex6 (left) showed the presence of the PTM Dysf using oligonucleotides BDhdysf4 and d at 1,100 bp
and the presence of the PTM Mex6 RNA at 387 bp when injected (upper panel) using oligonucleotides 3 and 4 (Supplementary Table $1). The
trans-spliced dysferlin RNA at 1,000 bp (right) and the trans-spliced RNA Mex5+ titin at 750 bp (left) products are shown using oligonucleotides a
and d or 1 and 4, respectively (lower panel and Supplementary Table $1). (f) WB performed on muscles injected with PTM Dysf or injected with
physiological saline as control. No Flag-tagged protein corresponding to the endogenous trans-spliced dysferlin is seen at the expected size (arrow at
250kDa, left). Endogenous dysferlin protein is detected at 250kDa in green, (arrow, right). dBD, delta binding domain; |, injected with PTM; NaCl,
injected with physiological saline 0.9% as control. RT-PCR, reverse transcription-PCR.
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Figure 4 Self-expression of the dysferlin and titin pre-trans-splicing
molecule (PTMs) in vitro and in vivo. (a) Western blot (WB) performed
on HER911 cells transfected by titin PTM Mex6 (left panel), titin PTM
Mex4-6 (left panel) and PTM Dysf (right panel). The band at 37kDa
observed both in NT and PTM Dysf conditions is a nonspecific band.
Each experiment shows the presence of additional unspecific proteins 48
hours after transfection. dBD, delta binding domain; NT, nontransfected
cells. (b) Left: WB performed on the protein extracts shows the 16kDa
protein expression with Flag antibody after the PTM Mex6 injection simi-
larly to what was seen in vitro. All the other bands observed both in NT
and PTM Mex6 conditions are nonspecific as found both in physiological
saline and PTM injected muscles. The lanes in each subpanel originate
from the same gel. A-actin was used as control. Right: WB performed
on protein extracts shows the presence of a number of bands using the
Flag antibody which correspond to bands described in vitro. The lanes in
each subpanel originate from the same gel. A-actin was used as control.
(c) Centronucleation index was measured (CN/um?) after histological
analysis of the muscle injected with the PTM Mex6 (left) or the PTM Dysf
(right) versus physiological saline (NaCl) injection in the contralateral
muscle. PTM Mex6 injection induced a process of degeneration/regen-
eration in the muscle after T month of injection. *P < 0.5.

expression of the 16 kDa protein, whose origin remained therefore
to be determined (Figure 5b, top left). In contrast, for the PTM
Mex4-6, mutations of ATG start codon of the 21 and 25kDa ORF
(AATG25 and AATG21) alone or together abrogated the expres-
sion of the extra proteins at the corresponding sizes (Figure 5b,
bottom left). It should be noted that the alteration of the ATG21
induced a large reduction in the 25kDa protein. For dysferlin,
we generated three mutated PTMs: (i) AATG20 where the ATG
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corresponding to the 20kDa ORF was mutated, (ii) AATG32+31
where the first two ATGs corresponding to the ORF predicted to
lead to 32 and 31kDa proteins were mutated together, and finally
(iii) A4ATG with mutation of all the 4 ATG (i.e., 16, 20, 31, and
32kDa predicted proteins). The PTM coding proteins seen on WB
with the PTM Dysf were partly eliminated by the ATG mutations
(Figure 5b, right). Indeed, whereas AATG20 did not remove any
protein expression, AATG32+31 removed the protein at 32kDa
and A4ATG removed the 16 and 32kDa proteins. Taken together,
these results indicate that some of the proteins generated by the
presence of the PTMs in cell were the result of translation of ORFs
present in the PTM sequences. Nevertheless, not all the bands
were removed, indicating the existence of other(s) mechanism(s)
for their generation.

Evidence of cis-splicing within the PTM molecules
Since some proteins could not be explained by ORF presence, we
investigated the possibility of cis-splicing occurrence within the
PTM sequence as an underlying mechanism. RT-PCR was per-
formed with oligonucleotides located in the BD (BD1 for titin and
BDhdysfl and 4 for dysferlin) and Flag (Supplementary Table
S1) after RNA extraction of cells transfected by the correspond-
ing PTMs. The RT-PCR performed after transfection uncovered
a major additional band with a size ~850bp shorter than the full-
length amplification for PTM Dysf (Figure 6a, top left), and a
150 bp shorter amplification band was observed on agarose gel for
PTM Mex6 (Figure 6a, bottom left). Sequencing of these bands
revealed a 852bp deletion spanning from the BD to the end of the
Dysf sequence and a 141 bp deletion spanning from the BD to the
beginning of the hMex6 sequence (Figure 6a, right). Examination
of the sequences at the site of the junction uncovered, a very weak
donor splicing site (DS) with a score of 45.01 for PTM Dysf and
a strong cryptic DS with a score of 73.39 for PTM Mex6 (http://
ibis.tau.ac.il/ssat/SpliceSiteFrame.htm). The deletion created by
the splicing lead to the generation of a new ORF of 405 nt for
PTM Mex6, whereas no new ORF appears in the PTM Dysf.
Translation of the corresponding product would result in a 15kDa
protein in-frame with the Flag tag, therefore accounting for the
band observed on WB after PTM Mex6 transfection. To verify
that this sequence was indeed used as a DS, we modified it by
directed mutagenesis (GT -> GA) and analyzed the consequence
on splicing after the transfection experiment using the modified
PTM (PTM Mex6—DS1). RT-PCR showed the removal of the
additional splice event, confirming that the sequence was indeed
a cryptic DS and demonstrating that splicing could occur within
the PTM sequence (Figure 6b).

We complemented this analysis by a RNA-seq experiment
using RNA extracted from cells transfected by the PTM Mex®6.
The total number of reads mapped to the PTM genome was
71,680. Junction analysis identified a total of 33 potential splic-
ing junctions within the molecule with 29 of them supported by
a minimum of 3 junction reads (Figure 6¢). Seven of the splice
junction sites were present in more than 150 reads, including
the event identified by RT-PCR which corresponded to the main
form by far (16,881 reads versus 1,388 for the second major
event). Approximately 36% of all splicing sites conformed to
the consensus sequence GT/AG. However, more than 39% of
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Figure 5 Confirmation of translation from an open reading frame (ORF) present on the pre-trans-splicing molecule (PTM). (a) Location of
the ORF relative to the PTM sequences. Each ORF with a significant Kozak score as defined by ATGPR software is indicated by an arrow below the
diagram of each PTM. The position of the ATG, the Kozak score (Ks), and the corresponding predicted polypeptide weight is also indicated. AS,
acceptor site; BP, branching point; PPT, polypyrimidine tract. (b) Analysis of the consequences of mutation of the ATG in the PTM. Left panel (top):
western blot (WB) performed on HER911 cells transfected by titin PTM Mex6 or PTM Mex6 AATG. This experiment demonstrates that the observed
16kDa protein is not translated from the corresponding ATG. Left panel (bottom): WB performed on HER911 cells transfected by titin PTM Mex4-6
or the PTM depleted of a different ORF initiating ATG (AATG25 or 21, or both 25+21). These ATG mutations abolished the proteins at 25 or 21 kDa
or both, respectively. Right panel: WB performed on HER911 cells transfected by PTM Dysf or PTM Dysf depleted of the first two ATG (AATG32+31),
the third ATG (AATG20), and finally, the ATG32, 31, 20, and the fourth ATG (AATGall). Disruption of ATG32 and 31 led to the disappearance of the

32 and 31kDa proteins, respectively. ATG20 disruption does not show any protein disappearance on WB. The ATG16 disruption leads to the disap-
pearance of the 16kDa protein.

the junction sites belonged to the most common nonconsensus
splice junction GC/AG, while 12% corresponded to GT/AG, and
the rest of the splice junction sites represented GA/AA, GC/GT,
AT/AA, or AT/CA splice junction (~3% each). The sequence of
the exon-intron (donor) and intron-exon (acceptor) splice sites
were extracted and used to compute the nucleotide frequency
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at each position. Overall, this analysis uncovered no real con-
sensus splice site but only conservation at the +1+2 or —2/-1
consensus dinucleotide. The preeminent signature consisted of
aT at +2 for DS and a A at -2 for AS, indicating that these bases
are the main determinant of splicing (Figure 6d).
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Figure 6 Cis-splicing occurred within the pre-trans-splicing molecule (PTM) RNA sequence. (a) RT-PCR was performed between the beginning of
the BD sequences using oligonucleotides BD1 on the PTM Mex6, the oligonucleotides BDhdysf4 on the PTM Dysf and oligonucleotide 4 located in
the Flag tag sequence (Table S$1). (a) Top: RT-PCR performed on RNA extracted from cells transfected by PTM Dysf. The negative control consisted
of the experiment performed without the RT. Amplification of a full-length RNA (1127 bp) and a smaller RNA at 268 bp (box) was observed. Bottom:
RT-PCR performed on RNA extracted from cells transfected by PTM Mex6. Amplification of the full-length RNA (550bp) and a smaller RNA at 400 bp
(box) was observed. The negative control consisted of the experiment performed without the RT. Sequencing of the small transcripts (the black arrow
indicates the orientation of the coding strand) (Supplementary Table $1) shows cis-splicing between the predicted DS and the AS present in PTM
Dysf (top) and in PTM Mex6 (bottom). (b) RT-PCR performed on RNA extracted from cells transfected by PTM Mex6 with or without the predicted
DS. PTM Mex6 induces the production of a full-length RNA (550bp) and a smaller RNA missing about 150bp (box). Modification of the DS (PTM
Mex6-DS1) prevented the production of this form. The plasmid PTM-Mexé6 is used as the positive control. (c) A RNA-seq experiment identified a large
number of alternative splicing events. Each dot in blue represents a donor splice site identified by RNA-seq and each dot in red represents an acceptor
splice site. The two series of dots are aligned along the representation of the PTM Mex6. The two arrows indicate the splicing sites corresponding to
the most frequent event. (d) Logos plots of the consensus sequences encompassing the DS and AS identified in the analysis generated using http://
weblogo.berkeley.edu/logo.cgi. RT-PCR, reverse transcription-PCR.

DISCUSSION

In this study, we tested the trans-splicing strategy for two large
MD-related genes (TTN and DYSF). We demonstrated the possibil-
ity of specifically exchanging exon(s) during the splicing reaction
in titin and dysferlin minigenes and endogenous transcript in vitro
and in vivo. In the process of obtaining these positive results, we
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uncovered issues related to the trans-splicing strategy: (i) modifi-
cation of alternative splicing following binding of the PTM on its
target and (ii) generation of polypeptides from direct translation of
OREFs in the PTM sequence or following cis-splicing of the PTM.
Although it has never been reported to occur in a trans-
splicing strategy, it is not surprising that binding of the PTM to
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its intronic target can induce alteration in the splicing equilibrium
since it may mask regulatory splicing sequences such as the PPT
or the BP. This is in fact the principle on which the exon-skip-
ping method is based. This possibility calls for a careful evalua-
tion of the binding region when designing a PTM. This is further
strengthened by the fact that we were able to show that a BD with
62% of homology to its target could induce efficient trans-splicing
in vivo, leading to the possibility that increasing the length of the
BD induces potential off-targets as previously suggested.?*** What
was more surprising is the extent of alternative splicing observed
within the PTM. Regular RT-PCR analysis uncovered major alter-
native forms joining cryptic DSs present within the BD to the
strong AS introduced in the construct at the beginning of the cod-
ing sequence in the PTM. The existence of such event was con-
firmed by RNA-seq for Mex6. In addition, this analysis showed
the potential of the PTM RNA molecule to generate a large range
of alternative transcripts. These events are probably rendered pos-
sible by the presence of the splicing factors recruited by the strong
AS present in the PTM. Interestingly, conservation analysis of the
splice junctions revealed that the cryptic sites that were used can
deviate largely from the canonical consensus sequences of splice
sites. In fact, there is no real homology apart from the dinucleotide
classically found at the 5" and 3’ ends of introns. It appears from
this analysis that a major determinant for splicing is the presence
of a T at +2 in the DS and an A at -2 in the AS. As we demon-
strated, it is possible to prevent the generation of major aberrant
cis-spliced products by silent mutagenesis. However, the absence
of consensus would preclude the total elimination of this problem
although it would be possible to minimize further the formation
of abnormal events by eliminating as much as possible A and T.
Besides the cis-splicing that would diminish the molecules
available for trans-splicing, we also showed that the PTM can be
translated on its own directly from ORFs present in the PTM or
following cis-splicing. Furthermore, our observations are prob-
ably only the tip of the iceberg. Indeed, only the protein products
in frame with the Flag tag are observed on WB, but it is quite
possible that other polypeptides can be expressed from the two
other phases (with or without internal cis-splicing) and remain
undetected. Surprisingly, despite the number of publications on
3’ trans-splicing strategies, PTM translation is an issue that is rarely
highlighted or discussed, probably because this possibility has not
always been investigated. Indeed, this would necessitate an in vitro
condition where the PTM was transfected alone in the absence
of the target sequence and an analysis of the protein expression
using an antibody directed to the C-term part. In addition to our
observation, evidence of PTM translation itself was noticed in only
one case in an experiment using a LacZ reporter gene.** While the
authors indicated that translation of PTMs is a potential problem
that should be addressed, they did not investigate the mechanism
of the generation of the aberrant products. In our case, we clearly
demonstrated that some of the products that were generated came
from translation of a direct ORF or ORF generated following cis-
splicing. Again, it would be possible to use mutagenesis to reduce
the presence of ORF but their total elimination would require
modifying the amino acid sequence. Therefore, it would be of
interest to develop strategies to prevent the possibility of transla-
tion such as preventing the export of the RNA to the cytoplasm.
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Our observations also raise specific concerns of toxicity since
1 month of injection of the PTM demonstrated increase of the
centronucleation index. First, toxicity could be related to deregu-
lation of endogenous alternative splicing such as that observed
in the case of titin. In vivo, the levels of inclusion of Mex5 vary
between different skeletal muscles,? and respecting the ratio may
be of importance, especially since the is7 domain encoded by
Mex5 carries/includes a calpain 3 binding site suggesting that the
is7— and + titin isoforms may have different properties. Secondly,
the generation of aberrant polypeptide products raises the pos-
sibility of toxicity coming either from an immune reaction against
non-self-molecules or from the nature of the products themselves.
In the case of dysferlin, for example, previous reports indicated
that expression of a minidysferlin whose structure was close to
our PTM could generate cytotoxicity.”

In conclusion, we showed that, in addition to achieve trans-
splicing, the transfer of a PTM can lead to unwanted events in
the form of cis-splicing or translation from ORF. Modifying (in as
much as possible) the DS and ORF present in the PTM sequence
is one mandatory step, but developing means to prevent the trans-
port of the PTM RNA into the cytoplasm would be of utmost inter-
est. We propose also that the understanding of the mechanisms
involved could shed some light on the reasons underlying the
weak efficiency of protein generation generally observed in trans-
splicing strategies. This may therefore open the door to improve-
ment in engagement of an increased percentage of the PTM RNA
molecules in the trans-splicing reaction and may therefore help
to put TS closer to the clinic. It appears also essential to carefully
evaluate the possibility of toxic products generated from the intro-
duction of the PTM molecule, to create systems preventing the
PTM splicing and translation, and consequently, to offset the risk/
benefit of this approach before clinical use.

MATERIALS AND METHODS
Cloning
Minigenes. All polymerase chain reaction (PCR) products were gener-
ated with either REDTaq (Sigma, St Louis, MO) or Phusion (NewEngland
Biolabs, Ipswich, MA) DNA polymerase. Two minigenes coding part of the
titin and dysferlin genes were constructed. The titin minigene covers the
last five exons (Mex2 to the last amino-acid coding codon in Mex6) of the
murine titin gene and carries the FINmaj mutation. It was obtained by spe-
cific PCR amplification (oligonucleotides Mex2F/Mex6R, Supplementary
Table S1) on tail DNA from a knock-in TTN FINmaj mouse' and cloned
into the pcDNA3.1.TOPO.V5.His plasmid (Life Technologies, St Aubin,
France). The resulting plasmid pDNA3.1.TOPO.V5.His Mex2-6 DNA
FINmaj expresses a minititin protein fused at its C-terminus with a V5
epitope under the transcriptional control of the cytomegalovirus (CMV)
promoter. The dysferlin minigene comprises the human genomic sequence
(ENSG00000135636) from exon 47 to intron 50 followed by the Human
cDNA from the beginning of exon 51 to the last amino-acid coding codon
in exon 55 (hDysferlin cDNA var8, NM 003494.3). It was obtained by
DNA synthesis (Genecust, Luxembourg) and cloned in a SPc5-12 pro-
moter-driven plasmid® in fusion with a V5 epitope at its C-terminus.
PTM plasmids. A first titin PTM sequence (PTM Mex6) that includes
a BD, an artificial intron (al) containing a spacer sequence,? the human
titin Mex6 exon (hMex6), three copies of a Flag epitope (3xFlag; Sigma),
and a SV40 polyadenylation signal was synthesized by Genescript
(Piscataway, NJ), and the sequence was cloned in a CMV promoter-
driven plasmid. The BD was framed between two restriction sites
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(BamH1 and SacII) for complete deletion or an easy exchange with other
BDs (Supplementary Table S2) designed to be specific for a different
part of the targeted intron and obtained by synthesis (Genecust). The
second PTM contains the same elements but carries the titin human
exons hMex4-5 and 6 and was cloned in a SPc5-12 promoter-driven
plasmid.

The dysferlin PTM (PTM Dysf) sequence is composed of a BD
complementary to 249bp of intron 48 of the human DYSF gene, the al
and the last seven exons (49-55) of the human dysferlin, cloned in-frame
with a 3xFlag motif. The PTM Dysf sequence was obtained by DNA
synthesis (Genecust) and cloned in a SPc5-12 promoter-driven plasmid
(pSPc5-12PTMhDysf). All plasmids were prepared using the EndoFree
plasmid kit (Qiagen, Hilden, Germany) and sequenced.

Directed mutagenesis. Site-directed mutagenesis was performed to
mutate ATG into an ACG codon or the donor site (GT -> GA) in the PTM
Mex6. Mutagenesis was achieved using the Quikchange site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA) following
manufacturer instructions and using home-designed oligonucleotides
(Supplementary Table S3). All mutated plasmids were prepared using
the EndoFree plasmid kit (Qiagen) and sequenced.

AAV vector production. Adenovirus-free rAAV2/8-pSPc5-12PTMhDysf
and rAAV2/9-pCMVPTMMex6 viral preparations were generated
by packaging AAV2-inverted terminal repeat region recombinant
genomes in AAV8 or 9 capsids using a three plasmid transfection
protocol. Viral genomes were quantified by a TagMan real-time PCR
assay using primers and probes corresponding to the inverted terminal
repeat region of the AAV vector genome. The primer set and TagMan
probe used for inverted terminal repeat region amplification were:
1AAV65/Fwd: 5-CTCCATCACTAGGGGTTCCTTGTA-3"; 64AAV65/
rev: 5-TGGCTACGTAGATAAGTAGCATGGC-3’; and the probe
AAV65MGB/taq: 5-GTTAATGATTAACCC-3'.

Cell culture and transfection. The human embryonic retinoblast HER911
and mouse myogenic C2 cell lines obtained from the American Type
Culture Collection (Molsheim, France), were cultured in Dulbeccos
modified Eagles medium (Life Technologies) supplemented with 10%
fetal bovine serum (Sigma), 10 pg/ml of gentamicin (50 mg/ml, Life
Technologies), plus 0.1% NEAA MEM for HER911 cells (Sigma).

HER911 and C2 cells were transfected using FuGENE HD (Promega,
Madison, WI). A day before transfection, cells were plated in six-well
plates or 10-cm dishes. Cells at 80-90% of confluence (HER911) and
60% confluence (C2) were transfected either the minigene plasmid alone
or the minigene plus different concentrations of the PTM plasmid of
interest, or PTM alone, using 4 pl of of FuGENE HD transfection reagent
per microgram of DNA as indicated by the manufacturers protocol.
The amount of transfected DNA was standardized between the different
conditions of the same experiment using DNA from a noncoding plasmid.
Cells were scraped 48 hours after transfection in the culture medium and
centrifuged at 500g, at 4 °C for 5 minutes. The cell pellet was stored at —80
°C until use.

In vivo experiments. All procedures on animals were performed in
accordance with the directive of 24 November 1986 (86/609/EEC) of the
Council of the European Communities and were approved by Genethon’s
ethics committee under the number CE-11-013. Animals were housed in a
barrier facility with 14-hour light, 10-hour dark cycles, and provided food
and water ad libitum. C57BL/6 mice were purchased from Charles River
Laboratories (L'Arbresle, France).

For in vivo experiments assessing AAV-mediated PTM Dysf or
PTM Mex6 expression in 1-month-old C57BL/6 mice, rAAV2/8-pSPc5-
12PTMhDysf or rAAV2/9-pCMVPTM Mex6 viral preparations were
injected into the left TA (3.9x 10" and 2.3 x 10" viral genome (vg)/kg,
respectively), the collateral muscle was injected with physiological saline
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(NaCl, 0.9%). One month later, mice were sacrificed and tissue specimens
immediately collected, snap frozen in liquid nitrogen-cooled isopentane
and stored at —80 °C.

RNA analysis. Total RNA was extracted from cell pellet or muscle
sections using Trizol reagent (Life Technologies) after homogenization
and treatment by DNase (Life Technologies) for 2 hours at 37 °C. RNA
was quantified using a Nanodrop spectrophotometer (Thermo Scientific,
Tllkirch, France) and diluted with UltraPure DNase/RNase-free distilled
water (Life Technologies) to 0.125 ug/ul. Synthesis of cDNA was
performed from 1 pg of total RNA using the Verso cDNA kit (Thermo
Scientific) with a mix of oligo-dT and random primers for 1 hour at
42 °C. Regular nonquantitative PCR was performed on 10 pl of cDNA
with oligonucleotides specific for the corresponding PTM, minigene,
endogenous transcript, or trans-splicing products (Supplementary Table
S1) using RedExtract N-AmpTM PCR Ready MixTM (Sigma). PCR to
determine cis-splicing was performed with oligonucleotides presented in
Supplementary Table S1 called BD1 for PTM Mex6 and BDhDysfl—
BdhDysf4 for PTM Dysf and oligonucleotide 4. For all PCR, samples were
amplified for 34 cycles, each consisting of denaturation at 98 °C for 10
seconds, annealing at 54 °C for 30 seconds, and elongation at 72 °C for
45 seconds followed by final amplification at 72 °C for 10 minutes. The
resulting amplicons were analyzed by gel electrophoresis and/or direct
DNA sequencing using the oligonucleotides located in the Flag sequence
(oligonucleotide 4) or V5R oligonucleotide (Supplementary Table S1).

RNA-seq analysis. Libraries were prepared using the TruSeq RNA Sample
kit according to the recommendations of the supplier (Illumina, San Diego,
CA). Briefly, the steps of this protocol are: capture of polyA+ mRNA using
oligo dT beads from 5 pg of total RNA, fragmentation at a size of 400 nt
by sonication synthesis of the double-stranded DNA, ligation of Illumina
adapters, and PCR amplification of the library. Paired-end sequencing on
100 bp was then run on Illumina HiSEQ 2000. Bioinformatical analysis of
the sequencing data was performed as described in ref. 29 in four steps:
(i) alignment of the reads on the reference genome (mm?’) supplemented
by the exogenous sequence of the PTM using the TopHat2 software,*
(ii) detection, assembling, and quantification of the sequenced transcripts
using the Cufflinks software,” and (iii) detection of fused transcripts using
the TopHat-Fusion software.”” Examination of the data was performed
through the web interface Integrated Genome Viewer (http://www.
broadinstitute.org/igv/), and graphic representation of the consensus
sequence around junctional sites were obtained using the web-based tool
WEBLOGO (http://weblogo.berkeley.edu/logo.cgi).

WB analysis. For in vitro and in vivo experiments, cell pellet and muscle
tissue sections were mechanically homogenized in a lysis buffer containing
20 mmol/l of Tris HCI pH 7.5, 150 mmol/l NaCl, 2 mmol/l EGTA, and
0.1% TritonX-100 supplemented with complete mini protease inhibitor
cocktail (Roche, Basel, Switzerland).

After centrifugation (14,000g, 4 °C, 10 minutes), samples were mixed
with DTT (1 mmol/l final, Sigma) and NuPAGE (1X final) loading buffer
(Life Technologies). Protein samples were denaturated at 70 °C for 10
minutes and loaded on precast 4-12% Bis-Tris polyacrylamide or 3-8%
Tris—acetate NuPAGE gradient gels (Life Technologies). Electrophoresis
was performed for 1 hour at 180 V. Transfer was performed onto PVDF
membranes (Millipore, Billerica, MA) 1 hour at 100V or 8.5 minutes
using i-Blot system (Life Technologies). The membrane was blocked for 45
minutes with blocking buffer (Li-cor, Lincoln, NE) and incubated for 1 h at
room temperature with the indicated dilution of primary antibody: Rabbit
monoclonal anti-V5 (1:1,000) (Life Technologies), mouse monoclonal
anti-Flag (1:1,000) (Genetex, Hsinchu City, Taiwan), rabbit anti-Flag
(1:200) (Sigma), anti-Dysferlin NCL-Hamlet antibody (1:500) (Leica
Biosystems, Nanterre, France), and Rabbit o-actin 1 (1:1,000) (Sigma,
A2066) diluted in blocking buffer. After washing three times with TTBS
(50 mmol/l Tris, 138 mmol/l NaCl, 2.7 mmol/l KCI pH 8.0, 0.01 % Tween
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20), the membrane was incubated at room temperature for 1 hour with
either goat anti-rabbit or goat anti-mouse Odyssey secondary antibodies
(1:10,000) (Li-cor) coupled to a 700 or 800 nm. Immunolabeled proteins
were detected using the Odyssey Infrared Imaging System (Li-cor).
Quantifications were performed using the Odyssey Application Software.

Histological analysis. Cryosections (8 pm thickness) were prepared
from frozen muscles injected or noninjected by the AAV-PTM Mex6 or
AAV-PTM Dysf. Transverse sections were processed for Hematoxylin-
Phloxin-Saffron and imaged using a Nikon Eclipse E600 microscope with
a charge-coupled devices camera (Sony, Tokyo, Japan) and a motorized
stage for centronucleated fibers evaluation. Centronucleated fibers were
quantified using the Histolab software (Microvision, Evry, France).

Statistics. Data are presented as means + SEM. Individual means between
two groups were compared using the Mann-Whitney nonparametric test.
Differences were considered to be statistically significant at *P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Exon Splicing Enhancer (ESE) and
Enhancer (ISE) modifications.

Figure $2. Human and mouse dysferlin intron 48 homology.
Table $1. Primers used for PCRs on DNA and cDNA.

Table $2. Sequence of the different BD PTM Mex6 titin.
Table $3. Oligonucleotides used for mutagenesis.
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