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CHIMERIC snRNA MOLECULES CARRYING ANTISENSE SEQUENCES
AGAINST THE SPLICE JUNCTIONS OF THE DYSTROPHIN GENE AND
THEIR THERAPEUTIC APPLICATIONS

dedededededek

The present invention concerns chimeric snRNA molecules carrying
antisense sequences against the splice junctions of the dystrophin gene
and their therapeutic applications. In particular, the invention concerns
chimeric molecules able to mask the splice junctions of mutated exons
thus inducing their skipping from the mature mRNA. The resulting
transcript will then produce a shorter but functional dystrophin protein.
these molecules can be used in the gene therapy of many forms of
Duchenne Muscular Dystrophy (DMD).

DMD is an X-linked recessive disorder which affects 1 in every 3500
males. It is characterized by the absence of the cytoskeletal dystrophin
(427 KDa protein) that in turn produces a severe and progressive muscle
deterioration. Most DMD mutations consist of deletions and point
mutations in the 2.5 Mb dystrophin gene which introduce stop codons and
consequently premature translation termination. In a milder form of
myopathy, Becker Muscular Dystrophy (BMD), deletions inside the gene
produce in-frame mRNAs and consequently shorter but semi-functional
dystrophin proteins (1). Since a third of DMD cases result from de novo
mutation (2,3), the disease can never be eradicated through genetic
screening and counseling. The need to develop treatment strategies for
this disorder is evident. One involves the transplantation of normal
myoblasts into the muscle tissues lacking this protein (4,5), while others try
to restore the correct expression of dystrophin through a gene therapy
approach that delivers full-length or mini cDNA copies of dystrophin into
cells having the mutated gene (6-8). Although this approach is very
promising, several problems still remain to be solved, such as size
capacity and transducing activity of the vector and immune response to
the "therapeutic" gene (9).
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Another approach of gene therapy is based on the fact that internal in-
frame deletions in the protein produce only mild myopathic symptoms;
therefore, it should be possible, by preventing the inclusion of specific
mutated exon(s) in the mature dystrophin mRNA, to restore a partially
corrected phenotype. In this respect, it is interesting to note that
restoration of dystrophin levels as low as 30% are sufficient for substantial
therapeutic benefit (10).

Exon-specific skipping has been accomplished by the extracellular
delivery of synthetic 2'-O-methyl antisense oligonucleotides raised against
specific splicing junctions (11-13) or exonic enhancers (10). The
interaction of the antisense RNA with the corresponding target sequence
should mask the utilization of specific splice sites or prevent the binding of
enhancer factors during the splicing reaction and determine the skipping of
the neighboring mutated exon(s) so as to produce an in-frame dystrophin
mRNA, the ultimate effect being the production of a shorter but functional
dystrophin protein. A significant drawback to the synthetic oligonucleotide
approach is that it would require periodic administrations.

To circumvent this problem, the authors of the invention have developed
vectors able to express in vivo, in a stable and continuous fashion, large
amounts of chimeric RNAs containing antisense sequences. This strategy
was tested on the human deletion of exons 48-50, but experts could apply
it also to other exons of the dystrophin gene. In this case, a premature
termination codon is produced in exon 51; if skipping of this exon is
obtained, the result would be an in-frame mRNA.

The antisense sequences cloned in snRNA vectors can be designed to
pair with any region of a cellular transcript. In principle, if there are
sequences that have to be recognized by specific cellular machineries
their masking by antisense RNAs should interfere with specific processes.
Since snRNAs are localized in the nucleus, they can affect only nuclear
processes.

Antisense RNAs can affect splicing by interacting with two types of

sequences:
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a) splice sites. Antisense RNAs against splice sites can induce, during
splicing, the skipping of a specific exon.

b) splicing enhancers. Many human exons, of large size or with relatively
weak flanking splice sites, contain sequences that promote their utilization,
the so called exonic splicing enhancer (ESEs). Such sequences are
recognized by serine/arginine (SR)-rich proteins that promote exon
utilization in tissues where they are expressed. Antisense RNAs that
obscure such splicing enhancers can be designed so that the exon is
skipped and not included in the mature mRNA. With respect to the
targeting of 3’ and 5’ splice site sequences that can cause less predictable
skipping of additional adjacent exons, the knock out of exonic enhancers
produces a very specific and more reproducible effect only on the flanking
introns.

Targeting of splice sites or exonic enhancers can be applied in all those
cases where the skipping of a specific mutated exon can restore the
functionality of the mRNA (such as in the case of dystrophin mutations).
Since more than half of human genes encode transcripts that undergo
alternative splicing, general methods to control the expression of particular
alternatively spliced isoforms from specific genes would be useful in a
wide variety of applications. Antisense RNAs against specific splicing
junctions can control the type of alternative spliced mRNA produced and
of the corresponding protein.

Antisense RNAs can be also applied to interfere with the following
processes:

1) 3’end formation of mRNAs. This process requires a complex protein
apparatus that by recognizing specific conserved sequences present in
the 3' UTR determines cleavage of the nascent transcript and addition of
the polyA tail. Masking the sequences recognized by the
cleavage/polyadenylation components or the cleavage site should prevent
3' end formation thus producing read-through to the downstream
sequences. Read-through RNAs are rapidly driven to the degradative

pathway since they lack the polyA tail. The antisense strategy in this case
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should drastically decrease the abundance of a specific mMRNA. This
strategy is also useful in those cases where alternative
cleavage/polyadenylation sites are present on the same gene. Skipping of
one of the alternative sites can control the type of transcript produced.

2) Editing

RNA editing is a post-transcriptional nuclear process consisting in the site-
specific modification of the mRNA. Specific factors, which interact with the
RNA, are responsible for such modifications. Also in this case masking of
the substrate should prevent editing to occur thus altering the coding
capacity of the mRNA.

In order to obtain effective “therapeutic’ RNA molecules in vivo, several
important parameters were considered. Not only must the genes for these
RNAs be cloned under efficient promoters producing high levels of
expression but, in addition, the RNA context in which the therapeutic RNA
is embedded should provide stability and specific subcellular localization.
The last point is a crucial one since in the cell RNAs are sorted to specific
cellular locations (nucleus, nucleolus, cytoplasm, free and polysome-
bound RNPs, etc.) and efficient activity of the therapeutic molecule can be
obtained only if co-localization with the target is ensured (15,33,34). Small
celiular RNAs have been advantageously used as vectors since they are
normally transcribed from strong promoters (polil or pollll) and because
they allow the delivery of the chimeric constructs into specific cellular
compartments (15,26,30,32,33).

The authors have utilized different small nuclear RNAs and their
corresponding genes in order to express in the nucleus chimeric
molecules carrying antisense sequences complementary to exon 51 splice
junctions and they have tested their activity in myoblasts from DMD
patients with a deletion of exons 48-50. Splice junction is a region across
the splice site and comprises the sequences upstream and downstream
from the site. The results obtained showed that the combination of
antisense molecules against the 5’ and 3’ splice junctions induced efficient

skipping of exon 51 and partial rescue of dystrophin synthesis. The choice
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of the carrier RNAs was dictated by the possibility of co-localizing the
antisense molecules with their target RNA. Two of the selected RNAs, U1
and U2, are known to participate in the splicing reaction, thus increasing
the probability that the antisense molecule is delivered to the compartment
where the dystrophin pre-mRNA is localized. In this technique the
nucleoplasmic U7 snRNA was previously utilized to express antisense
molecules in vivo and to direct exon skipping of a mutant beta-globin gene
(32). However, the U7 snRNA gene promoter is known to be less active
(17,35,36). The authors of the invention have selected U1 and U2 RNAs
instead, because they direct antisense molecules specifically and
selectively in the splicing compartment, thus improving co-localization with
the target molecule. In addition, the vectors of the invention hit both the '
and 3' splicing sites. Lastly, the globin gene represents a system of
expression and synthesis that differs from that of dystrophin.

Analysis of cell lines derived from a dystrophic patient, immortalized with a
SV40 large T, and stably transduced with retroviral vectors carrying the
different constructs, indicates that efficient skipping is obtained when two
antisense molecules specific for the 5' and 3' splice junctions of exon 51
are co-expressed in the same cell. A lower effect is observed when single
antisense molecules are utilized. In those cells where exon 51 skipping is
observed, rescue of dystrophin synthesis is obtained.

It is therefore an object of the invention a gene encoding for a snRNA
modified so that it contains an antisense sequence complementary fo a
target sequence of a cellular RNA, wherein said target sequence is
involved in the maturation or modification of said cellular RNA. The
maturation or modification of RNA includes splicing, 3'-end formation,
editing etc.

In a preferred embodiment the cellular RNA encodes for a protein of

therapeutic interest.
In a preferred embodiment the antisense sequence is complementary to at
least one of the two splice junctions are 5' and/or 3' of one of the exons

encoding for a protein of therapeutic interest, so that the exon sequence is
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excluded from the maturation process from pre-mRNA to mature mRNA.
Preferably the gene encodes for a modified snRNA in order to have a
splicing-specific localization, more preferably the gene encodes for U1
and/or U2 snRNA.

If the snRNA is U1, it is modified such that the U1 5 gene fragment
transcribing the single-strand RNA sequence is replaced by an antisense
sequence complementary to at least one of the two splice junctions of the
exon to be excluded.

If the snRNA is U2, it is modified such that the U2 region complementary
to the intron branch site is replaced by an antisense sequence
complementary to at least one of the two splice junctions of the exon to be
excluded.

In a preferred aspect, U1 is further modified such that the U1 gene
fragment transcribing the RNA sequence interacting to the U1 associated
70K protein is deleted.

In an alternative preferred aspect, U2 is further modified such that it does
not interact with U6 snRNA or with pre-mRNA, but maintains its secondary
and tertiary structures.

Preferably the antisense sequence is complementary to both the 5' and
the 3' splice junctions of the exon to be excluded.

In a preferred aspect the protein of therapeutic interest containing an exon
to be deleted is dystrophin. Preferably the exclusion of the mutated exon
leads to the production of a functional dystrophin protein.

It is another object of the invention a modified snRNA coded by the gene
as disclosed.

It is another object of the invention a vector for stable and efficient
expression in target cells expressing a protein of therapeutic interest
comprising at least one gene encoding for the modified snRNA according
to the invention. Preferably the gene encoding for the modified snRNA is
able to produce the exclusion from mRNA mature for dystrophin of at least

one exon mutated so as to contain or to determine the production of stop
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codons of premature translation. More preferably the vector is suitable for
transfer to stem cells or to satellite muscle cells.

The vector segments able to ensure the stable and efficient expression of
the gene for the snRNA madified according to the invention method will be
selected by a field expert according to the target cell. If muscle fiber cells
are the target, they comprise retroviral, adenoviral adeno-associated,
ientiviral, etc. portions.

Advantageously, compared with the previous technique that uses
antisense oligonucleotides, the skipping of the mutated exon and the
restoration of dystrophin synthesis are characteristics that the transduced
cells acquire permanently, thus avoiding the need for continuous
administration to achieve a therapeutic effect. The vectors of the invention
therefore represent a tool for the development of strategies for the in vivo
delivery of therapeutic RNAs, by engineering the antisense RNA within the
vectors that efficiently transduce in muscle fiber cells, like, for example, the
vectors derived from retroviruses, such as lentiviruses, adenoviruses or
adeno-associates.

The invention is described below in relation to non-limiting experimental
examples and in reference to the following figures:

Figure 1 Schematic representation of the dystrophin mutation utilized in
this study. Patient 491A has a deletion encompassing exon 48 through 50.
Top: the splicing of the pre-mRNA transcribed from this mutant gene is
shown (exons are represented by boxes and introns by lines): an out-of-
frame mRNA with a stop codon in exon 51 is produced. Right: the deletion
of exon 51 from the mRNA produces a functional mRNA coding for a 217-
amino acid shorter protein. Antisense RNAs directed against exon 51
splicing junctions are also schematically represented with respect to their
target substrate. Panel A) The U1-5’ construct was obtained by replacing
the region complementary to 5" splice junctions (boxed nucleotides) with
an antisense sequence against the 5’ splice junction of exon 51. Panel B)
Structure of the U2 derivatives. The U2snRNA was initially converted into
the U2mod construct that was, in turn, modified to give U2BP. The
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sequence of the 5' portion of the wild type and U2 snRNA derivatives
(nucleotides 1-52) is shown in the upper panel together with that of U6
snRNA complementary nucleotides. The boxed regions indicate the
nucleotide substitutions introduced, while the pairing to U6 are indicated
by bars. The 14 nucleotide long region of U2, indicated in italics,
containing the branch-site pairing region, was deleted in U2 mod. In U2BP
this region was replaced with a 28-nucleotide long sequence
complementary to the 3’ region containing the branch site of intron 50
(underlined). The modifications of U2 mod were made so as to maintain
the overall secondary structure (see the schematic representation in the
lower panel), while preventing the pairing with the U6 snRNA.

Figure 2. In vivo expression of the antisense constructs. 8 micrograms of
total RNA, extracted from mixed cell populations transduced with the
different chimeric pBabe vectors (indicated above the lanes) and from
control untransduced cells (lanes 491A), were run on 6%
polyacrylamide/7M urea gels and electroblotted onto nylon membranes.
Hybridizations were carried out with **P-labelled oligonucleotides specific
for each antisense RNA, as indicated below each panel. Lane M:
molecular weight marker (pBR322 plasmid DNA, Mspl digested).

Figure 3. The effect of the U2 antisense construct on splicing. The oocytes
were injected with plasmids containing U2h or U2-BP, as indicated in the
Materials and Methods section. The nuclei of the individual oocytes were
isolated manually and the RNA extracted. The samples were separated on
6% polyacrylamide/7M urea gels and transferred. Direct autoradiography
of the filter shows ®?P-labelled RNAs (Panel A), while the hybridizations
containing specific probes allow analysis of the expression of the injected
plasmids (Panels B and C). In B) a specific antisense probe was used,
and in C) a probe for U2 snRNA. U2h snRNA accumulates in the oocytes
chiefly as a precursor a few nucleotides longer (band U2h). The different
splicing products are shown at the side. Lane M: pBR322 digested with
Mspl.
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Figure 4. Analysis of the effects of the antisense construct on the splicing
pattern of dystrophin mRNA. The upper part of the panels shows the
oligos utilized for the nested RT-PCR reactions on the 491A dystrophin
pre-mRNA. RT-PCR was performed with the external oligos; after 40
rounds of amplification, nested PCR was performed with the internal ones.
The products of amplification from untreated (lanes 491A) and transduced
(the name of the specific antisense construct is indicated above each lane)
cell lines were run on 2% agarose gels in parallel with a RNA-minus
control (lanes-) and with the products of amplification obtained on RNA
from a wild type skeletal muscle cell line (lane SMC). The 501 nucleotide-
long amplification product corresponds to the unskipped 491A RNA, while
the 268 nucleotide-long fragment corresponds to the skipped mRNA. In
lane SMC, the 898 nucleotide amplification product has the size expected
for a wild type dystrophin mRNA. Lane M: 100bp DNA ladder (Invitrogen).

Figure 5. Analysis of the effects of double antisense constructs on the
splicing pattern of dystrophin mRNA. Panel A): schematic representation
of pBabe puro retroviral construct. The antisense expressing cassettes
were cloned head-to-tail in the 3' LTR and forward orientation. Vector
5'/BP contains constructs U2BP and U1-5. Panel B): Northern blot
analysis was performed on 8 micrograms of total RNA extracted from
491A cells untransduced (lanes 491A) or transduced with the 5'/BP vector
(Lane: 5/BP). Hybridization was carried out with *P-labelled
oligonucleotides indicated below. Lane M: molecular weight marker
(pBR322 plasmid DNA, Mspl digested). Panel C): nested RT-PCR was

- carried out on RNA from control untransduced cells (lane 491A) and from

cells transduced with the double construct 5/BP. A control amplification
was carried out in the absence of RNA (lane -). Lane M: 100bp DNA
ladder (Invitrogen). A schematic representation of the unskipped and
skipped products is shown on the side of the gel. In the lower part of the
panel, the sequence of the shorter RT-PCR products shows the precise

skipping of exon 51.
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Figure 6. Western blot analysis. 100 microgramsof total proteins extracted
from 491A cells untransduced (lanes 491A) or transduced with the 5/BP
vector were run on a 6% polyacrylamide-SDS gel in parallel with proteins
extracted from wild type skeletal muscle cells (lane SMC). The size of the
dystrophin protein is indicated on the side.

Materials and Methods

Plasmid conétructs

Clone U1-5 was obtained by inverse PCR on plasmid pHU1-ID,
containing the entire U1 RNA human gene, with the oligos:

ANTI 24+2A, 5-GTATGAGAAAAAATGAGATCTTGGGCCTCTGC-3';
ANTI 24+2B 5'-CTTCTGCTTGATGGCAGGGGAGATACCATGATC-3'.
The U1 expression cassette was construéted by inverse PCR, with
oligonucleotides:

U1cas A, 5- CCTGGTACCATGAGATCTTGGGCCTCTGC-3,

U1cas B, 5-CCTCTCGAGCTGACTTTCTGGAGTTTC-3'.

In this construct, the U1 snRNA coding region (from nt 3 t0161) was
replaced with the Kpnl, Stul and Xho restriction sites.

The human U2snRNA gene (Fig. 1B), including the promoter and the 3’
downstream sequences, was used to generate by inverse PCR the
U2mod construct with oligonucleotides:

U2mA, 5'- AAAGGCTGTCTTCGCATGCGCTCGCCTTCGCGCCC-3';
U2mB, 5'- TGGCTATCTCTCGAGTATCAGTTTAATATCTGATAC-3'.

The U2BP construct was derived from U2mod by inverse PCR with
oligonucleotides:

U2X: 5'- CTCGAGAGATAGCCAAAAGGCTGTCTTCGCATGCGCTCGCC-3;
U2BP: 5.
AAAAAGAAGAAAAAGAAAAATTAGAAACTATCAGTTTAATATCTGATACG-3'.
Retroviral constructs

Single antisense constructs

U2BP was amplified by direct PCR using oligonucleotides:

U2cas up 5'-CTAGCTAGCCAGGCCTTCGGCTTCTTCGACTGGG-3';
U2cas down 5-CTAGCTAGCGCGCGTCACAGGACTCGTGCAAGCC-3'.
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The resulting fragments were cloned in the forward orientation into the
Nhel! site of the pBabe puro retroviral vector (23). The BamHI fragments
containing the entire chimeric construct U1-5" were inserted in the pBabe
Nhel site modified with Bglll adaptors.

Double antisense constructs

The 5'/BP construct was made by cloning the BamHI fragment containing
the U1-5’coding region inside the U2BP plasmid. This construct was
amplified with oligos U2cas up and U1cas down and cloned in the Nhel
site of the pBabe vector.

Packaging Cell line

The Phoenix packaging cell line (http//www.stanford.edu/nolan) was
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS and 1% penicillin—streptomycin (GIBCO/BRL). Retroviral particles
were collected from Phoenix cells transiently transfected with 4 Og of the
various pBabe constructs using LipofectAmine plus (GIBCO/BRL) and
were used to transduce the cell line of the patient with DMD.

Cell Culture

The Duchenne derived biopsy (491A) was put in culture and maintained in
RPMI supplemented with 15% FCS, 1% penicillin-streptomycin and 1%
glutamine (GIBCO/BRL). Cells were propagated by standard trypsinization
and seeded directly in a collagen coated dish (Rat tail collagen Type 1,
BD). Infection of the cells was carried out in the absence of any antibiotic.
One day before infection cells were plated at a density of approximately
5X10° cells per 100mm dish. Two rounds of infections were performed
with the different viral supernatants; 48 h after infection the cells were
divided and puromycin was added at the final concentration of 1 mg/ml
(Sigma).

RNA Preparation and analysis

Total cellular RNA was prepared using the Ultraspec RNA isolation system
(BIOTECX Laboratories, INC.) according to the manufacturer's protocol.
For Northern Blot analysis 80g of total RNA was loaded on 6%
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polyacrylamide -7M urea gels blotted and hybridized with the following
antisense specific probes:

U1a 5-ATCAAGCAGAAGGTATGAGAAAAA-3',

U2a 5'GTTTCTAATTTTTCTTTTTCTTC-3".

RT-PCR was carried out with 200ng of total RNA for 40 cycles of
amplification using Access RT-PCR system (Promega). The first

amplification was performed with primers:

E46F, 5'-GAATTTGTTTTATGGTTGGAGG-3

E54F, 5'-CTTTTATGAATGCTTCTCCAAG-3".

Two microliters of the RT-PCR product was used as template in a 50ul
secondary nested PCR using the oligos:

E47F, 5-TTACTGGTGGAAGAGTTGCC-3’ (exon 47) and

E52R 5-TTCGATCCGTAATGATTGTTCTAGCC-3' (exon 52).

The nested PCR was carried out for 30 cycles. Nested products were
analyzed on 2.5% agarose gel and specific bands purified for sequence
analysis using the QlAquick Gel extraction Kit (Qiagen). DNA sequencing
was carried out by M-medical using the BigDye Terminator Cycle
Sequencing Ready Reaction kit (PE Applied Biosystems) and analyzed on
an ABI Prism 377 Sequencer (PE Applied Biosystems).

Microinjections in X. laevis oocytes

The AdMI pre-RNA is 253 nucleotides lone and comprises a part of the
late principle transcript of the Adenovirus. It is obtained by in vitro
transcription of the pAdML-Di1 plasmid digested with Sca | (38). The
RNAs of *P-abelled AdML and U6 (1.5x10° and 0.4x10° cpmiul,
respectively) were co-injected in oocytes that had received the previous
night the U2-BP or U2h plasmids (4 ng/oocyte). After incubation for 1 h,
the RNA was extracted and analyzed on 6% polyacrylamide-urea gel.
Western Blotting analysis

Cultured cells were washed twice with ice-cold phosphate saline buffer
(PBS) and then lysed for 40’at 4°C in a buffer containing 500 mM Tris-HCI
pH 8, 150 mM NaCl, 100 mM NaF, 1 mM EGTA, 1.5mM MgCly, 1% Triton

X-100, 10% glycerol and supplemented with various protease inhibitors
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(leupeptin, PMSF, apoprotein). After clearing by centrifugation at 15.300
rpom for 10’, protein content was quantified by BIO-RAD Protein Assay
(BIO-RAD). 100 micrograms of proteins were separated onto a 6%
polyacrylamide gel containing 0.1% SDS, 150 mM Tris HCI pH 8.8 and
transferred to polyscreen PVDF transfer membrane (Nen Life Science).
After treatment with 5% nonfat dry milk in Tris-buffered saline Tween
(TBS-T), the membrane was incubated with NCL-DYS1 mouse
monoclonal antibody (Novocastra Laboratories Ltd) diluted 1:100 for 60’,
followed by three washes in TBS-T buffer and incubation with a
horseradish peroxidase-linked secondary antibody (1:1000; Amersham
Pharmacia Biotech) for 45'. Detection of proteins was carried out with
super signal chemiluminescent substrate (PIERCE).

Results

Construction of the antisense chimeric RNAs

From the available cases the authors selected one, patient 491A, having a
deletion encompassing exons 48, 49 and 50 (Ricci and Galluzzi, personal
communication). In this case, skipping of exon 51 would produce an in
frame mRNA coding for a protein 210 amino acids shorter than the wild
type dystrophin (Fig.1 top).

The U1 snRNA was engineered so as to substitute 8 nucleotides at its &’
terminus with a 24 nucleotide-long sequence complementary to the
corresponding region across the splice junction of exon/intron 51
(construct U1-5"; Fig. 1A). This choice was dictated by the fact that the &'
terminal region of U1 snRNA is normally in a single stranded conformation
and is involved in the recognition of the 5’ splice junction of pre-mRNAs
(14). The expression of the chimeric RNA is directed by the polymerase Il
dependent promoter of the U1 snRNA gene which was previously shown
to drive high levels of transcripts (15). It is also easily possible to remove
the region of the U1 snRNA that binds to protein 70 KDa which is involved
in the activation of the 3' splice site of the upstream intron and/or insert in
both U1 and U2 the double antisenses of the molecule.
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The other type of RNA vector used is the U2 snRNA. This RNA is normally
involved in the splicing reaction since it recognizes the intronic branch site
sequence and directs the entry, in the spliceosome, of the catalytic U6
snRNA (21,22). Both the recognition of U2 snRNA for the branch site and
its interaction with U6 snRNA are mediated by base pair interactions. In
the authors' design, a U2 derivative (U2mod) was first produced with
mutations in the region pairing to U6 snRNA. Nucleotide substitutions
were made in such a way that the secondary structure of the U2 snRNA
would not be affected (Fig. 1B). The lack of interaction with the U6 snRNA
should ensure that the modified U2 snRNA would not interfere with the
cellular splicing apparatus and would not recruit the spliceosome on the
intron to which it is paired. U2 mod was subsequently modified so that the
branch site pairing region was substituted with 28 nucleotides
complementary to the branch site and 3' region of intron 30, giving rise to
construct U2-BP (Fig. 1B).

All the described constructs were cloned separately or in couples in the 3'
LTR (U3 region) of the pBabe-puro retroviral vector and the viral particles
were obtained by transfecting plasmid DNAs into the Phoenix packaging
cell line (23).

Transduction of antisense constructs into DMD-derived cells and

analysis of their expression

The cells from a muscle biopsy of the 491A DMD patient were put in
culture and immortalized by retroviral-mediated integration of a wild-type
SV40 large-T antigen (24). The immortalized cells were infected with
recombinant retroviral particles and stable integrations were selected in
puromycin-containing medium.

Expression of the antisense RNAs was controlled by Northern analysis on
the total cell population grown in the presence of puromycin. Figure 2
shows that all the constructs express the chimeric RNAs at fairly good
levels

Experiments of X. laevis oocyte microinjection showed that all the

constructs described above are expressed at high levels and that all of
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them specifically localized in the nuclear compartment. These results
demonstrate that the modifications introduced in the different snRNAs do
not affect either their overall stability or their subcellular localization.

It is known that the U1 construct does not interfere with endogenous cell
functions (30, 31). To determine whether an excess of the modified form of
U2 snRNA interfered with the efficiency of the splicing mechanism, splicing
products from a control pre-mRNA were accumulated. **P-labelled AdML
pre-mRNA (see Materials and Methods section) was injected into the
nuclei of X. laevis oocytes previously injected with the U2h or U2-BP gene.
The 32P-labelled U6 snRNA was co-injected as an internal control. Figure
3A shows that no reduction in the splicing efficiency is observed when the
construct with the antisense U2 molecule is overexpressed in the nuclei
compared with the overexpression of the wild-type U2h snRNA. Northern
blot analysis was also performed on the oocytes to verify the expression of
the injected DNAs. Panel B) shows the expression of U2-BP, and Panel C)
the expression of control U2h snRNA. The U2h-specific expression is
revealed by the presence of a pre-U2 snRNA that accumulates specifically
in the oocytes (37). Therefore, the overexpression of U2-BP does not
interfere with the efficiency of the splicing mechanism.

Analysis of the mRNA produced in response to antisense treatment

Mixed cell populations expressing different types of single chimeric
constructs were analyzed by RT-PCR for the presence or absence of exon
51 in the mature mRNA. Figure 4 shows the gel analysis of the RT-PCR
products obtained with specific couples of oligos as specified at the top of
each panel. Of the first series of cells tested, only U1-5' gave a faint band
corresponding to the size of a product in which exon 51 was skipped. If
compared with the amount of the unskipped product, it appears that less
than 10% of the mRNA was deprived of exon 51.

To determine whether the efficiency of correction increases in the
presence of antisense RNA against both splice junctions, an additional
construct was made in which couples of antisense constructs were cloned

in tandem inside the pBabe retroviral vector (Fig.5A). Also in this case
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immortalized DMD cells were infected with recombinant retroviral particles
and stable integrations were selected in puromycin-containing medium.
The expression of these double antisense constructs was tested in vivo by
Northern analysis. Fig.5B shows that head-to-tail cloning does not
interfere with efficient expression of both chimeric RNAs.

The DMD myoblasts carrying the double antisense constructs were then
analyzed for exon 51 skipping by RT-PCR. Figure 5C shows that construct
5'/BP produces the appearance of a band corresponding to the size of a
skipped product (217 nucleotides long). Sequence analysis of the gel-
purified band indicated that the skipped product contains an exact fusion
of exon 47 with exon 52. These data support the previous hypothesis that
both splice junctions should be masked by antisense sequences in order
to have efficient skipping of exon 51. In the 5'/BP construct, the amount of
skipped product is in the order of 30-40%.

Rescue of dystrophin synthesis

Immortalized 491A cells transduced with the double antisense constructs
were analyzed for dystrophin synthesis by Western analysis. One hundred
micrograms of total proteins were run on a 6% polyacrylamide gel and,
after blotting, were reacted with dystrophin specific antibodies. In
comparison to untreated DMD (lane 491A), the cells expressing the
antisense constructs show rescue of dystrophin synthesis (Fig. 6). The
levels of dystrophin are fairly good if compared with those present in the
control of skeletal muscle cells (lane SMC). The faster migration band
(indicated by a dot) should represent a specific degradation product of
dystrophin. The lack of size difference observed between normal and
induced dystrophin on the Western blot was expected, because removal of
exons 48 to 51, which codes for 210 amino acids, would not significantly
alter the migration of such a large (427-Kda) protein in a polyacrylamide
gel. The lower panel in Figure 6 show a control of Western blot analysis on
the same gel with anti-myosin antibodies.
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CLAIMS

1. A gene encoding for a snRNA modified so that it contains an antisense
sequence complementary to a target sequence of a cellular RNA, wherein
said target sequence is involved in the maturation or modification of said
cellular RNA.

2. The gene according to claim 1 wherein the RNA encodes for a protein
of therapeutic interest.

3. The gene according to claim 1 wherein the antisense sequence is
complementary to at least one of the two splice junctions at thed' and/or 3'
of one of the exons encoding for a protein of therapeutic interest, so that
the exon sequence is skipped during the splicing process that converts the
pre-mRNA in the mature mRNA.

4. The gene according to claim 3 encoding for a modified snRNA in order
to have a splicing-specific localization.

5. The gene according to claim 4 encoding for U1 and/or U2 snRNA.

8. The gene according to claim 5 wherein if the snRNA is U1, it is modified
such that the U1 5" gene fragment transcribing the region of U1 that is
single-stranded is replaced by an antisense sequence complementary to
at least one of the two splice junctions of the exon to be excluded.

7. The gene according to claim 6 wherein if the snRNA is U2, it is modified
such that the U2 region complementary to the intron branch site is
replaced by an antisense sequence complementary to at least one of the

two splice junctions of the exon to be excluded.

" 8. The gene according to claim 6 in which U1 is further modified such that

the U1 gene fragment transcribing the RNA sequence interacting to the U1
associated 70K protein is deleted.
9. The gene according to claim 7 in which U2 is further modified such that
it does not interact with U6 snRNA or with pre-mRNA, but maintains its
secondary and tertiary structures.
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10. The gene according to one of previous claims wherein the antisense
sequence is complementary to both the 5' and the 3' splice junctions of the
exon to be excluded.

11. The gene according to any of previous claims in wherein the protein of
therapeutic interest containing an exon to be deleted is dystrophin.

12. The gene according to claim 11 wherein the exclusion of the mutated
exon leads to the production of a functional dystrophin protein.

13. Modified snRNA coded by the gene according to any of the claims
from 1 to 12.

14. A vector for stable and efficient expression in target cells expressing a
protein of therapeutic interest comprising at least one gene éncoding for a
modified snRNA according to any of claims 1-12.

15. The vector according to claim 14 wherein the gene encoding for the
modified snRNA is able to produce the exclusion from mRNA mature for
dystrophin of at least one exon mutated so as to contain or to determine
the production of stop codons of premature translation.

16. The vector according to claims 14 or 15 suitable for transfer to stem

cells or to satellite muscle cells.
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SEQUENCE LISTING
<110> Universitd degli Studi di Roma La Sapienza

<120> CHIMERIC snRNA MOLECULES CARRYING ANTISENSE SEQUENCES AGAINST THE SPLICE
JUNCTIONS OF THE DYSTROPHIN GENE AND THEIR THERAPEUTIC APPLICATIONS

<130> 30130
<160> 16

<170> PatentIn version 3.1

<210> 1
<211l> 32
<212> DNA

<213> artificial sequence

<220>
<223> anti 2442A

<400> 1

gtatgagaaa aaatgagatc ttgggcctct gc 32
<210> 2

<211> 33

<212> DNA

<213> artificial sequence

<220>
<223> ANTI 24+2B

<400> 2

cttectgettg atggcagggg agataccatg atc 33
<210> 3

<211> 29

<212> DNA

<213> artificial sequence

<220>
<223> Ulcas A

<400> 3

cctggtacca tgagatcttg ggectctge 29
<210> 4

<211> 27

<212> DNA

<213> artificial sequence

<220>



<223>

<400>
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2/4

Ulcas B

4

cctctegage tgactttctg gagttte

<210>
<211>
<212>
<213>

<220>
<223>

<400>

5

35

DNA

artificial sequence

U2mA

5

aaaggctgte ttcgecatgeg ctcgectteg cgece

<210>
<211>
<212>
<213>

<220>
<223>

<400>

6

36

DNA

artificial sequence

U2mB

6

tggctatcte tcgagtatca gtttaatatce tgatac

<210>
<211>
<212>
<213>

<220>
<223>

<400>

ctcgagagat agccaaaagg ctgtcttege atgecgctege c

<210>
<211>
<212>
<213>

<220>
<223>

<400>

aaaaagaaga aaaagaaaaa ttagaaacta tcagtttaat atctgatacg

<210>

7

41

DNA

artificial sequence

U2X

7

8

50

DNA

artificial sequence

U2BP

8

9
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<211> 34
<212> DNA
<213> artificial sequence

<220>
<223> TU2cas up

<400> 9
ctagctagece aggecttegg cttettecgac tggg

<210> 10
<211l> 34
<212> DNA

<213> artificial sequence

<220>
<223> TU2cas down

<400> 10
ctagctageg cgcgtcacag gactegtgeca agcce

<210> 11
<211l> 24
<212> DNA

<213> artificial sequence

<220>
<223> TUla
<400> 11

atcaagcaga aggtatgaga aaaa

<210> 12
<211> 23
<212> DNA

<213> artificial sequence

<220>
<223> U2a

<400> 12
gtttctaatt tttcttttte tte

<210> 13

<21l> 22

<212> DNA

<213> artificial sequence

<220>
<223> E46F

3/4
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34

34

24

23
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<400> 13
gaatttgttt tatggttgga gg

<210> 14
<211l> 22
<212> DNA

<213> artificial sequence

<220>
<223> E54F

<400> 14
cttttatgaa tgcttctcca ag

<210> 15
<211> 20
<212> DNA

<213> artificial sequence

<220>
<223> E47F

<400> 15
ttactggtgg aagagttgcce

<210> 16

<211> 26

<212> DNA

<213> artificial segquence

<220>
<223> EB2R

<400> 16
ttcgatccgt aatgattgtt ctagcce
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