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1. ABSTRACT

Duchenne Muscular dystrophy (DMD) is one of
the most severe forms of hereditary diseases in muscles.
The identification and characterization of dystrophin, the
gene responsible for the disease has lead to the
development of potential gene therapy treatments for this
disorder. The complex structure and size of the dystrophin
gene represent a challenge for some gene therapy
approaches such as gene replacement mediated by viral
vectors. Others, including oligonucleotide- mediated gene
therapies have allowed forms of manipulation in the
dystrophin gene not possible with other disorders. The use
of oligonucleotides to modulate gene expression has shown
to be a feasible alternative treatment to DMD. Antisense-
mediated technologies have made outstanding progress in
the last decade and two phase I clinical trials for exon
skipping in DMD are already in progress. Gene correction
mediated by oligonucleotides faces much greater obstacles,
but the outcome of the approach, permanent correction of
the gene defect, represents an ideal treatment to the disease.
Gene therapy mediated by antisense oligonucleotides or
oligonucleotide mediated gene editing have the potential to
have a primary role in gene therapy applications to
muscles, but they are still far from representing an effective
cure. Factors like safety and sustained beneficial effects in
patients will have to be considered in detail before this
technology can become applicable to the treatment of
muscles disorders. Ultimately the need for production of
oligonucleotides in large scale and the cost of treatment for
each individual patient will play a big role in the feasibility
of these approaches in DMD.
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2. INTRODUCTION

The dystrophin gene is one of the largest genes to
ever been described and characterized. Its 2.5 Mb of
genome encompasses 79 exons controlled by different
promoters that together coordinate expression of the 14 kb
mature transcript. Mutations in the dystrophin gene are
known to cause two distinct disorders, Duchenne muscular
dystrophy (DMD) and Becker muscular dystrophy (BMD).
Both are characterized by similar patterns of mutations
which include large deletions, frame shift mutations and
single point mutations, but are distinct based on the onset
of the disease. BMD patients have a very mild phenotype,
often asymptomatic primarily due to the expression of
shorter dystrophin mRNA transcripts that maintain the
coding reading frame. The result is the expression of
shorter proteins capable to obviate the function of full
length dystrophin. In DMD patients, the mutation causes
complete lack of dystrophin expression which results in a
progressive degeneration and muscle wasting and
ultimately in death within the second to third decade of the
patient life.

The size and complexity of the dystrophin gene
has made particularly tedious the development of an
effective cure for DMD. The use of viral mediated
technologies, although effective, is often associated with a
strong immune response strictly correlated with the type of
vector used to deliver dystrophin. Other types of viral
vectors are safer but have limitation in cloning capabilities.
Plasmid mediated technology can accommodate large
genes but cannot sustain gene expression over prolonged
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period of time. Thus the search and development of
alternative approaches to the treatment of DMD has been
escalating in the last decade. Some of those approaches
have focused on the search of treatments that could replace
the function of dystrophin in skeletal muscles. For instance
up-regulation of uthrophin, a protein similar in size and
structure to the dystrophin gene appears to be a good
candidate to gene replacement technologies. Others have
focused on the development of pharmacological treatment
that could protect from the degenerative process.

The use of oligonucleotides to restore gene
expression in skeletal muscles of Duchenne patients
has proven to be an effective alternative approach to
dystrophin gene replacement (1-9). Unlike other
treatments, oligonucleotides are smaller and can be
delivered more efficiently to the musculature. They
act through recruitment of processes that are present
in the cell and do not require regulation of gene
expression after delivery. Oligonucleotides operate
transiently and their beneficial effects can be
sustained for weeks in the case of antisense
oligonucleotides (AON) or even permanently in the
case of DNA oligonucleotides (ODN). To date the
use of AON technologies to redirect splicing of the
dystrophin gene has shown great potential in both
animal models as well as human cells.

The development of oligonucleotide-mediated
strategies to correct genomic defects at the DNA level
has proven to be far more complex than originally
though. The successes obtained up to this point have
been limited primarily to the correction of reporter
genes or mutations easily identifiable by selective
screening. This is in part due to the low efficiency at
which the repair process takes place and depends on
several factors such as chromatin structure, accessibility
of ODN to their targeted gene, rate of transcription of
the gene being targeted for correction and also on the
repair mechanism involved to mediated the single base
substitution. For the treatment of DMD the efficiency of
the repair process is far below the level required to be
beneficial to patients.

The focus of this review is to describe the
progress made in the last few years in the development of
oligonucleotide-mediated gene therapies for DMD. The
success and major advancement that has made this
approach a realistic possibility for the treatment of the
disease and the hurdles that it still phases before this
technology can be considered a safe and effective treatment
for DMD.

3. ANTISENSE MEDIATED GENE THERAPY FOR
DMD

Antisense oligonucleotides have the ability to
precisely and selectively recognize mRNA sequences
produced during gene expression. The annealing of an
oligonucleotide to the sequence of a given gene can elicit
several different effects including gene upregulation, down
regulation or shifting of the messenger reading frame.
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The notion that gene expression could be
modified trough the use of exogenous nucleic acid was first
described by Paterson in 1977 who first used DNA
oligonucleotides to inhibit translation of a complimentary
RNA in a cell-free system (10). The following year Zamecnick
and Stephenson demonstrated the possibility of using a short
13 nucleotides DNA molecule antisense to the Rous Sarcoma
Virus (RSV) to inhibit virus replication in cell culture (11).
The latter investigation offered the demonstration of the
beneficial therapeutic potential of antisense nucleic acids. The
possibility of using oligonucleotides to restore gene
expression by interfering with factors or RNA sequences
involved in the normal splicing of genes was first
demonstrated by the pioneering work of Kole in 1993. He used
AON to restore normal B-globin expression in nuclear splicing
extracts of HeLa cells expressing mutants of human p-globin
pre-mRNA by blocking the aberrant splice site of the
thalassemic mutants (12). To this report followed several
others from the same author confirming the potential
applications of antisense oligonucleotides in the modulation of
B-globin gene expression (13-15).

To date, the use of antisense oligonucleotides has
sown to be able to restore gene expression and have
therapeutic effects in a number of diseases (16-18)
including cystic fibrosis transmembrane conductor
regulator (CFTR) gene (19), the Tau gene (20), a neuron
specific gene involved in microtubule formation and
stability, the Bcl-x gene (21) whose over expression is
linked to a number of cancers including those of breast and
prostate (22), c-myc (23) and interleukin-5 receptor (24).

The mechanism of oligonucleotide mediated
alternative splicing is not well understood. AON are
designed to bind to complementary sequences in the
targeted messenger RNA and possibly block or inhibit
translation which can result in the activation of RNase H or
in the arrest of the ribosomal reading and translation. In
both cases the result is inhibition of mature mRNA
processing which, in turns, results in absence of protein
assembly by the ribosomal compartment. In certain cases
however, the presence of the AON induces bypassing of the
transcription machinery. The skipping of one of more
exons leads to expression of a mature mRNA transcript that
if in-frame, encodes a shorter but still functional protein
(Figure 1). Because mRNAs are produced in the order of
thousands of copies in the nuclei, the use of AON can result
in the production of significant amounts of in-frame
transcripts. In the case of DMD the use of AON designed to
anneal the dystrophin premature messenger has been able
to achieve up to 20-40% of the total amount of protein
present in normal muscles (25).

3.1. AON-mediated exon skipping of the dystrophin
mRNA

The use of antisense oligonucleotides to redirect
splicing of the dystrophin gene has the advantage to
transform a severe DMD into a much milder BMD
phenotype. This theory is supported by several
demonstrated clinical case of BMD like patients having in-
frame transcripts although much shorter than full-length
dystrophin (26).
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Figure 1. Antisense-mediated expression.  Antisense
oligonucleotides complimentary to the premature mRNA of
a gene can be used to block splicing enhancers (SE) or
sequence regulatory elements (SRE) responsible for
intron/exon boundaries recognition and assembly. The
result is the expression of a mature mRNA containing the
flanking exons (exons A and C) but lacking the exon
targeted by the AON (exon B). If in-frame the mRNA
transcript will encode for a shorter protein. In the case of
dystrophin, the lack of one of more exons in an otherwise
in farme transcript results in the expression of functional
protein.

By blocking intron/exon splice site boundary or
regulatory mechanisms such as specific enhancers (SE) or
splicing regulatory elements (SRE) that control exons
recognitions of the dystrophin gene it is possible to exclude
the exon targeted by the antisense oligonucleotide and
restore the coding reading frame of the dystrophin protein
in otherwise dystrophin deficient cells (Figure 1).

The first report on the potential applications of
antisense oligonucleotides to restore dystrophin expression
is dated 1995. Takeshima et al used a 2’-O-methyl RNA
oligonucleotide complementary to the first 31 nucleotides
of the human dystrophin exon 19. The antisense
oligonucleotide was specifically designed to block two
exon recognition sequences present in this region of the
premature mRNA and was shown to efficiently induce
skipping of exon 19 in an in vitro system (27) as well as in
transformed lymphoblastoid human cells (1). The reports
that have followed these original observations have
demonstrated the feasibility of antisense mediated
modulation of gene expression for the treatment of DMD.

The mdx mouse model for DMD has been
instrumental to elucidate the potential of AON-mediated
dystrophin gene expression for the treatment of Duchenne
patients. It is characterized by a single point mutation in

519

exon 23 of the dystrophin gene that creates a stop codon in
this position aborting protein expression. In 1998 Dunckley
et al reported the ability of a 2’-O-methyl
oligoribonucleotides to target and redirect splicing of the
dystrophin gene in mdx muscle cells in culture (5). The
AON was designed to anneal to the acceptor splice site of
exon 23 of the dystrophin gene, upstream the mutation
responsible for the lack of dystrophin in this mouse. Indeed
the use of this AON resulted in the expression of truncated
forms of dystrophin detectable by immunostaining in
cultured cells. Analysis at the messenger level revealed the
expression of dystrophin transcripts spliced from exon 22
directly into 30 thus lacking more than one exon (5).
Subsequent studies have shown the possibility to target and
precisely exclude exon 23 from the mdx dystrophin gene
by targeting the donor site of the intron/exon boundary of
the mouse dystrophin exon 23 (7, 28). In vivo studies
performed after weekly injections of antisense
oligonucleotides directed toward the 5 site of intron 23
revealed the expression of functional dystrophin in mdx
muscles (7). No significant effects however were detected
targeting the 3’ splice site consensus sequence of intron 23
(7, 28).

The effectiveness of antisense oligonucleotides to
redirect and mediate dystrophin gene expression has also
been demonstrated in human cells in culture. Van
Deutekom et al showed that targeting SRE using a 2’-O-
methyl oligonucleotide in dystrophin exon 46 of a
Duchenne patient containing an exon 45 deletion, was
capable of restoring the coding frame of the dystrophin
protein (8). The same group has shown the applicability of
this approach to human patients by targeting exonic
sequences in 21 cell lines isolated from DMD patients and
characterized by an equal number of different mutations.
This extensive study has been fundamental to the
progression of the approach into a clinical scenario (29,
30).

One of the main hurdles in the use of antisense
oligonucleotides to redirect expression of a given gene is
represented by the need to continuously administer the
oligonucleotides to the targeted nucleolus in a “drug-like
administration” fashion (17). In the case of the dystrophin
gene this is particularly tedious due to the large area and
number of fibers that would require periodic delivery of
AON. Recent data support the idea that to modulate gene
expression trough exon skipping, oligonucleotides are
required to act in the nucleus (16, 24, 31, 32). The optimal
candidates to express functional amount of antisense
oligonucleotides into the nucleus are viral vectors due to
their ability to transfer the information they carry into the
host genome. Efforts have been invested in the production
of vectors capable of expressing in vivo functional amounts
of RNAs including retrovirus (33-35), lentivirus (36),
adenovirus (37) and adeno-associated virus (38). De
Angelis et al have developed a unique viral mediated
system based on the expression of small nuclear RNAs
(snRNAs) and their corresponding genes to express in the
nucleus molecules carrying antisense sequences and tested
in muscle precursor cells of a DMD patient. Portions of the
antisense region of Ul, U7 and U2 snRNAs were replaced
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Figure 2. Vector-mediated expression of AON in the treatment of DMD. Continuous expression of AON can be achieved using
vectors capable of expressing recognition sequences of the regulatory element targeted by the oligonucleotide. Among those the
use of U7 and U1 snRNP have shown to be particular efficient due to their active role during pre-mRNA splicing and assembly
of mature transcripts. The region pairing with the histone pre-mRNA (boxed nucleotides) can be replaced with a sequence
complementary to the region of the intron/exon boundary targeted for exclusion. The vector is capable of expressing large
amounts of antisense constructs and can induce efficient skipping of the targeted exon restoring coding reading frame of the

targeted mRNA (9, 40).

with sequences corresponding to the 5’ and 3’ splice sites
of exon 51 in human dystrophin pre-mRNA (9). These
modified snRNA were than cloned into the 3’ long terminal
repeat (LTR) of the pBabe puro retroviral vector. Viral
particles were used to transfect muscle cells from a DMD
patient having a deletion encompassing exon 48, 49 and 50.
This deletion causes the dystrophin mRNA of the patient to
splice exon 47 directly into exon 51 producing an out of
frame transcript that results in absence of dystrophin
expression. Skipping of exon 51 would results in the
restoration of the dystrophin-coding frame. Efficient
skipping was observed when both the 5° and 3’ splice sites
of dystrophin exon 51 were targeted with the antisense
molecule produced by the vectors expressing the U7-
double and the U1-5’ chimeric snRNAs (Figure 2).

Recent data in muscle cells in culture also
support the feasibility of the U7 expression system as a
feasible approach to induce skipping of exon 23 in the mdx
mouse (39, 40).

3.2. Hurdles of antisense technologies

Although the efficacy of AON demonstrate the
feasibility of this approach in human cells in vitro, very
little is known on the possible effects that this type of
treatment may have in vivo. The studies performed so far
have been limited to test their efficacy in culture cells (1, 5,
8,9, 28-30, 41) and only scattered information are available
on their ability to induce exon skipping in muscles. High
doses of oligonucleotides are still required to obtain
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detectable dystrophin expression in myofibers (42). Those
doses might have adverse effects in humans when
administered at periodic intervals of time.

Furthermore, the processing of the mRNA of the
dystrophin gene at the molecular level relays on
mechanisms not well understood especially when it comes
to genes so complex and physically large like dystrophin.
Often, interfering with the normal process of the dystrophin
mRNA transcripts results in the production of multiple
exon skipping even within a short area of the dystrophin
gene analyzed after antisense treatment (3, 5, 7, 8, 29). This
in part legitimate the efforts invested to further identify the
sequences best suited for targeting by oligonucleotides (8,
41, 43-45). The use of in vitro assays specifically
developed to this purpose may be helpful to optimize
targeting specificity of AON (16, 46). In particular, the
development of animal models carrying large deletions of
the dystrophin gene and mimicking the type of mutations
occurring in humans might be an important step in the
development of effective treatments for DMD using AON.

4. OLIGONUCLEOTIDE
CORRECTION

MEDIATED GENE

Thanks to a much better understanding of the
human genome and advances in the field of gene editing
and gene targeting, the last decade has seen the
introductions of new technologies capable of manipulating
the genome. Among those, the use of oligonucleotides is
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probably the most explored and studied. This is in part due
to the fact that synthetic DNA oligonucleotides can be
obtained in large amounts at relatively low cost and has
been made commercially available to virtually everyone.

The use of oligonucleotide to edit the genome can
be used to induce site-directed mutagenesis of plasmid
vectors, modification of bacterial genome to knock-down a
certain drug resistance or even manipulation of specific
genes in embryonic stem cells to create animal models.
Along the same line, oligonucleotides can be used to
correct a gene defect that causes loss of function and
restore gene expression rendering them a valuable gene
therapy tool.

Gene repair mediated by oligonucleotides has
several advantages over traditional gene augmentation
therapy. First, repair of the defective gene can be obtained
in both recessive and dominant mutations whilst gene
augmentation can only address recessive disorders. Second,
the repair occurs at the genomic level allowing the cells
that have undergone correction to remain under their own
regulatory mechanisms. Third, correction 1is stable,
avoiding the continuous introduction of gene product or
therapeutic molecule to the cell.

During the past decade tremendous progress have
been made in the development of targeting oligonucleotides
capable of introducing single pair alterations in the
chromatin. The first generation of oligonucleotides
consisted of a contiguous stretch of 68 nucleotides
containing both RNA and DNA residues flanked by 2’-O-
methylated RNA residues which were used to increase
resistance to RNase H activity. The opposite strand
consisted of all DNA bases complementary to the
RNA/DNA strand. To increase stability and maintain their
secondary structure, oligonucleotides were designed to
contain at their 3’ and 5’ ends polythymidine hairpins and a
3’ tag containing a 5-bases GC clamp (47).

The use of chimeric RNA/DNA oligonucleotides
(chimeraplasts) was originally developed to study the role
of DNA-protein interaction in the cell repair process
catalyze by RecA and Rec?2 proteins (48-50). Chimeraplasts
containing a single base pair mismatch were shown to be
more stable than DNA oligonucleotides in inducing pairing
with the genomic sequence targeted for repair. These
observations led to the construction of chimeric
oligonucleotides containing region of RNA designed to
enhance binding affinity and correct point mutations by
generation of a mismatch between the oligonucleotide and
the targeted point mutation. The mismatch present on the
oligonucleotide produces helical distortion and activation
of the repair processes. The activation results in the
conversion of the targeted base at the genomic level using
the information provided by the chimeric oligonucleotide.
Since their first application, chimeric oligonucleotides have
been investigated in their ability to target and induce
genomic modification in a number of different cell types
and have been successfully applied in both eukaryotic and
prokaryotic cells (51-53). Among eukaryotic cells,
oligonucleotide mediated base conversion has been
demonstrated in mammalian cells both in vitro (3, 54-57)
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and in vivo (2). The efficiency of gene correction appears
to vary widely between cell types, suggesting different
mechanisms of actions that may regulate the repair process
(58). Furthermore the wide range of gene correction
observed within the same cell type underline the presence
of a complex mechanism that take place in the cell and that
is influenced by factors such as secondary and tertiary
structure of oligonucleotides with the gene target,
chromatin folding and accessibility of ODN to the genomic
sequence , but also type of mutations introduced.

4.1. Applications of ODN in DMD: mouse and dog

The initial study on the ability of a chimeraplast
to target and correct point mutation in the dystrophin gene
was performed by Rando et al in vivo (2). A targeting
chimeric oligonucleotide (MDX1) capable of correcting the
point mutation present in exon 23 of the dystrophin gene
was designed to perfectly pair and anneal with the mdx
mutation except for a base pair mismatch centered in both
the DNA and the RNA strand of MDXI1. Based on the
previous observation this mismatch should have activated
the mismatch repair system and should have reversed the
mdx mutation responsible for the disease. In vivo injection
of MDX1 resulted in expression of dystrophin detected as
early as 4 days after injection in mature myofibers clustered
around the injection site (2). Dystrophin expression was
persistent 6 months after injection demonstrating that the
correction was stable after prolonged period of time.

Shortly after these initial observations, Bartlet et
al demonstrated the correction activity of chimeric
oligonucleotides in the golden retriever dog (GRMD) (4).
The GRMD model has a point mutation in intron 6 of the
dystrophin gene that causes a frame shift deletion in exon 7
(59). Transcripts containing exon 7 of the dystrophin gene
were detected 6 weeks after injection of a targeting
chimeraplast. The correction was demonstrated in vivo at
the molecular level using experiments of RT-PCR.
Sequence analysis of the messenger transcripts revealed the
presence of full-length dystrophin resulting from the
correction of the GRMD mutation (4).

All together these results have proven the
feasibility of using chimeraplast to target and correct point
mutations in the dystrophin gene. Single point mutations,
however, account for approximately 20% of the DMD
patients (60). Thus this technology could only be applied to
a small subset of patients. Studies have been undertaken to
expand the possibility of using chimeric oligonucleotides to
alter consensus splice site of the dystrophin gene to redirect
splicing of the dystrophin mRNA and produce in-frame,
although shortened form of the dystrophin gene. This line
of studies follows the initial success obtained using
antisense oligonucleotides in vitro (1, 5, 8, 9, 28) and in
vivo (6, 7) previously discussed. The ability of
chimeraplast to alter consensus sequences of the dystrophin
gene has been tested in muscle cells in culture derived from
the mdx mouse. A chimeraplast termed MDX3 was used to
alter the intron/exon boundary of the dystrophin gene
upstream the mdx mutation. The single base alteration,
demonstrated at the genomic level was shown to restore
dystrophin expression in muscle cells induced to



Oligonucleotide mediated gene therapies for Duchenne muscular dystrophy

NAcod.mg

/;& strand
||||||||||
3J|||||||||

IH\IIIIH
T s

ST >’
g U,

Al g il
Figure 3. Structure and pairing of ssODN. Linear DNA
oligonucleotides are a new generation of oligonucleotides
with correction abilities designed to anneal with either the
coding (A) or the non coding strand (B) of the gene
targeted for correction. Similarly to chimeraplast the use of
linear oligonucleotides containing a mismatch leads to gene
correction to both strands of the genomic DNA. A tag
containing chemically modified bases is added to each end
of the ssODN to increase its stability.

differentiate several weeks after transfection with MDX3
demonstrating that the correction was stable over prolonged
period of time. Interestingly, alteration of the splice site of
the dystrophin gene targeted by MDX3 resulted in the
production of multiple truncated forms of dystrophin
detectable at the protein and messenger level (3). In
addition to demonstrate the potential applications of
oligonucleotide-mediated gene correction, these studies
evidenced the presence of important factors regulating gene
expression and assembly of the dystrophin pre-mRNA into
the mature transcript.

4.2. Linear
dystrophy
Optimization of chimeraplast structure and
studies devoted to underline the mechanisms that regulate
gene correction have shown that the region responsible for
correction was restricted to the all-DNA strand of the
chimeric oligonucleotide (61, 62). These studies have
contributed to the development of a second generation of
oligonucleotides. Linear DNA oligonucleotides (ssODN)
can be 25 base pair or longer and contain a central single
mismatch capable of creating genomic distortion of its
targeted loci and induce single base pair conversion (62).
Although the mechanisms of action of ssODN does not
seem to involve the mismatch repair mechanisms as in
chimeraplasts, the proteins RAD51 and RAD 52 appear to
be required for pairing of the oligonucleotides to the
genomic target (63). ssODN can either be complementary
to the leading strand of the genomic loci or complimentary
to the lagging strand (Figure 3). To be effective, linear
DNA oligonucleotides require the presence of unmodified
bases in their core structure, while phophorothioate bases
are added as cup to their 3’ and 5’ end to increase their
stability to endonucleases (64). Differences in the rate of

DNA oligonucleotides in muscular
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gene correction has been reported using either strands thus
suggesting that they might require different mechanisms of
activation and properties characteristic on the strand of the
genomic DNA targeted for correction (62, 64-66). To date
the correction abilities of ssODN have been demonstrated
in yeast and mammalian cells of both episomal and
chromosomal targets (64, 65, 67-73).

Comparative analysis of the efficiency of gene
correction of ssODN was performed in the mdx5cv mouse.
This model for DMD has a point mutation in exon 10 of the
dystrophin gene that creates a cryptic splice site recognized
by the splicing machinery. Thus the mRNA of the
dystrophin gene is aberrantly spliced causing total absence
of dystrophin (74). The use of this animal model is
particularly suitable to perform quantitative analysis of the
level of gene correction. A targeting chimeraplast
(MDX71) and targeting DNA oligonucleotides (MDX72
and MDX73) were designed to specifically correct the
mdxScv  mutation. Each oligonucleotide is perfectly
homologous to the region of exon 10 of the mdx5Scv
dystrophin gene containing the mutation, except for a
mismatch at the mutated base.

Fluorescently labeled oligonucleotides are
efficiently taken up in muscle precursor cells in vitro.
However fluorescence persists longer in cells transfected
with MDX72 or MDX?73, thus suggesting that DNA
oligonucleotides have increased stability compared to
chimeric oligonucleotides. Restoration of dystrophin
expression was assessed in vitro at the mRNA and protein
level. Quantitative RT-PCR indicated that the level of gene
correction varied between 0.2 to 5% in those cells. The
most efficient oligonucleotides were the chimeraplast
(MDX71) and the DNA oligonucleotide that was designed
to anneal with the coding strand of the dystrophin gene
(MDX73).

A strand bias was observed in the correction
abilities of linear DNA oligonucleotides between the in
vitro and in vivo suggesting that transcription may play a
crucial role in the correction abilities of linear
oligonucleotides (75). Differences in strand bias observed
by others seem to confirm the implication of transcription
in the processes that take place in gene repair mediated by
oligonucleotides (64-66, 76).

4.3. Stem cells mediated gene therapies for DMD using
oligonucleotides

The use of oligonucleotides to restore gene
expression has several potential applications for the
treatment of DMD. For instance oligonucleotides could be
used to treat cells that participate in the process of repair.
The last decade has seen the identification of different type
of cells with regenerative potentials in muscles. Those
include bone marrow derived stem cells (77, 78), satellite
cells (79) and mesangoblasts (80, 81).

In Duchenne patients, the degenerative process
caused by the lack of dystrophin results in a continued
turnover of muscle fibers mediated by the activation of
muscle stem cells. Thus, the use of gene correction
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Figure 4. Oligonucleotides modifications. The design of
oligonucleotides containing specific modifications on their
backbone allows increasing their stability toward
endonucleases. To date, the nucleotide modification used to
induce gene correction or antisense mediated exon kipping
have consisted primarily of phosphorothioate (A) or 2’-O-
methy  Iphosphorothioate ~ (B). = Morpholino-based
oligonucleotides (C) have shown to be more efficient in
restoring dystrophin gene expression when used in AON
based technologies, while PNA (D) are though to work
efficiently but are still difficult to produce in large scale.

strategies targeting those cells might result in substantial
beneficial effects for DMD patients. Recent data has shown
the ability of wild type progenitor cells to restore
significant amounts of dystrophin in skeletal muscles of
mdx mice (79).

Gene correction strategies are an ideal candidate
for cell-mediated gene therapies. Stem cells could be
explanted from muscles of DMD patients, corrected using
oligonucleotides and then reinplanted back into the patient.
This type of approach would avoid the immunological
reaction associated with the use of heterologous source of
cell transplantation and would have the potential to last
over prolonged period of time. Gene correction in satellite
cells has been clearly demonstrated in vivo (58), but its
contribution in long term expression of dystrophin in
muscles still remain unclear.

The major draw back in using oligonucleotides to
correct stem cells is represented by the low efficiency at
which the repair takes place. Furthermore, the techniques
used to isolate those cells from muscles and the conditions
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used to keep those cells in culture cause their activation
followed by proliferation, cell fate commitment and
differentiation. Thus, isolation and transplantation of
corrected cells will have to occur within hours from the
explant to maximize their regenerative potential in
dystrophic tissues.

5. FUTURE DIRECTIONS OF AON AND ODN IN
DMD TREATMENT

The ability of AON and ODN to efficiently target
and restore dystrophin gene expression clearly depends
upon the ability of oligonucleotides to persist into the
nucleus for a certain period of time. The first generation of
oligonucleotides used to mediate gene expression was
made of phophorothioate oligodeoxynucleotides. They
have been used to down regulate gene expression
because of their sufficient resistance to nucleases and
their ability to form substrate for ribonuclease H (Rnase
H), the enzyme that degrade the RNA component of an
RNA-DNA  heteroduplex. New  generation  of
oligonucleotides such as 2’-O-methyl phosphorothioate,
morpholino, and peptide nucleic acids (PNA) have been
chemically engineered to exhibit higher affinity for
target sequences and extraordinary resistance to
nucleases, but do not activate Rnase H (82). The
chemical modifications most commonly used are shown
in Figure 4. Some of those modifications have already
been tested for their ability to modulate dystrophin gene
expression in mdx cultures in vitro and in vivo (42, 83,
84) and the first clinical trials using morpholino
oligonucleotides of AON-mediated dystrophin exon
skipping has already begun. Those chemically modified
nucleotides might also be able to increase the repair
efficacy of ssODN. Although the use of unmodified
bases appear to be necessary to induce detectable level
of gene correction, the use of ssODN containing
chemical modifications in the bases immediately
adjacent the mutating base have not been tested and
future studies will help clarify the role of
oligonucleotide stability in the correction process.

Very little is known on the fate that
oligonucleotides encounter once in the nuclei. The large
amount of oligonucleotides required to elicit an effect
might underline the presence of regulatory mechanisms in
the nuclear compartment that prevent the binding of AON
or ODN to their specific target. Nuclear proteins with high
binding affinities could be responsible for recognizing the
oligonucleotides and disengaging their catalytic reaction.
Furthermore the presence of innate mechanisms capable of
recognizing foreign DNA or RNA molecules might
interfere with the process that has to take place in the nuclei
to elicit the activity of oligonucleotides. This underlines the
need for a better understanding of the mechanisms that
regulate gene expression mediated by oligonucleotides.
Once identified, the processes responsible for inhibition of
oligonucleotides activity could be regulated through
mechanisms of silencing of gene expression or through the
use of pharmacological substances capable of promoting
the mechanism of pairing and the biological activity of
oligonucleotides.
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Among the problems and hurdles that AON and
ODN mediated gene therapies face in the clinical scenario
is the possible immunological reaction directed toward the
oligonucleotides or the modifications that are added to the
molecules to increase their stability and efficiency. This
problem could be addressed by the wuse of
immunosuppressants that can be administered to the patient
transiently upon oligonucleotides delivery. The current
clinical trials will help wus understand better the
immunological properties of oligonucleotides and will be
instrumental to define the best approach to
oligonucleotides-mediated gene therapies in patients.
5.1. Long of DMD
oligonucleotides

In a human body there are more than 300 muscles
that make up for the muscular mass of each individual. So
far all the approaches aimed at the restoration of dystrophin
in vivo have focused primarily on the direct injection of
oligonucleotides into muscles. If translated into a clinical
application, direct injection of oligonucleotides would
require hundreds of injections. Furthermore some muscles
are not easily accessible through a needle and a more
invasive procedure would be required to ensure correct
delivery of therapeutics molecules into those muscles. This
problem evidences the need for the development of
delivery systems capable of targeting multiple groups of
muscles at the same time. Systemic delivery of
oligonucleotides will have to target muscle groups that are
key to prolong the patient life and include not only motility
muscles but also diaphragm and heart. Improvement of the
delivery systems will depend on different factors which are
not limited simply to the route of administration used to
deliver oligonucleotide but which includes type of
substances that could be coupled to the oligonucleotides to
increase their uptake into the musculature. This clearly
shows the need for animal models specifically engineered
to study delivery of oligonucleotides to muscles. Animal
models expressing reporter genes interrupted by intronic
sequences causing aberrant splicing and lack of reporter
gene expression have already been engineered and tested
for the ability of AON mediated exon skipping to restore
the correct reading frame of the mRNA (85).

term treatment using

Ultimately the development of delivery systems
to patients will have to keep into consideration the duration
of the effects achieved and will have to consider the
number of treatments needed to achieve long term
persistence of dystrophin expression in skeletal muscles.

6. PERSPECTIVES

The  results achieved so far  using
oligonucleotides-mediated technologies represent a valid
proof of principle of their clinical potentials. Ultimately the
beneficial effects achieved with the gene therapy approach
will have to be balanced with the effectiveness of the
treatment and the side effects induced by the treatment.

Nonetheless the accomplishments achieved in
this field in the last decade are remarkable and have
brought hope to thousands of patients and their family for
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alternative treatments to DMD. The continued efforts
invested by private foundations to sponsor research have
been instrumental to the field. The cure for muscular
dystrophy however, will have to await a few more
milestones before it can be made available to the
community. Basic research will be fundamental to
understand the mechanisms that regulate gene expression
and gene repair and to increase the efficacy to optimal
levels.

7. ACKNOWLEDGEMENT

This work was supported by a grant from the
Muscular Dystrophy Association (MDA USA).

8. REFERENCES

1. Pramono, Z. A., Takeshima, Y., Alimsardjono, H., Ishii,
A., Takeda, S. & Matsuo, M. Induction of exon skipping of
the dystrophin transcript in lymphoblastoid cells by
transfecting an antisense oligodeoxynucleotide
complementary to an exon recognition sequence. Biochem.
Biophys. Res. Commun. 226, 445-449 (1996)

2. Rando, T. A., Disatnik, M. H. & Zhou, L. Z. Rescue of
dystrophin expression in mdx mouse muscle by RNA/DNA
oligonucleotides. Proc. Natl. Acad. Sci. U. S. A 97, 5363-
5368 (2000)

3. Bertoni, C., Lau, C. & Rando, T. A. Restoration of
dystrophin expression in mdx muscle cells by chimeraplast-
mediated exon skipping. Hum. Mol. Genet. 12, 1087-1099
(2003)

4. Bartlett, R. J., Stockinger, S., Denis, M. M., Bartlett, W.
T., Inverardi, L., Le, T. T., thi, M. N., Morris, G. E., Bogan,
D. J. et al. In vivo targeted repair of a point mutation in the
canine dystrophin gene by a chimeric RNA/DNA
oligonucleotide. Nat. Biotechnol. 18, 615-622 (2000)

5. Dunckley, M. G., Manoharan, M., Villiet, P., Eperon, I.
C. & Dickson, G. Modification of splicing in the dystrophin

gene in cultured Mdx muscle cells by antisense
oligoribonucleotides. Hum. Mol. Genet. 7, 1083-1090
(1998)

6. Lu, Q. L., Mann, C. J,, Lou, F., Bou-Gharios, G., Morris,
G. E., Xue, S. A,, Fletcher, S., Partridge, T. A. & Wilton, S.
D. Functional amounts of dystrophin produced by skipping
the mutated exon in the mdx dystrophic mouse. Nat. Med. .,
(2003)

7. Mann, C. J., Honeyman, K., Cheng, A. J., Ly, T., Lloyd,
F., Fletcher, S., Morgan, J. E., Partridge, T. A. & Wilton, S.
D. Antisense-induced exon skipping and synthesis of
dystrophin in the mdx mouse. Proc. Natl. Acad. Sci. U. S. A
98, 42-47 (2001)

8. van Deutekom, J. C., Bremmer-Bout, M., Janson, A. A.,
Ginjaar, [. B., Baas, F., den Dunnen, J. T. & van Ommen,
G. J. Antisense-induced exon skipping restores dystrophin
expression in DMD patient derived muscle cells. Hum.
Mol. Genet. 10, 1547-1554 (2001)

9. De Angelis, F. G., Sthandier, O., Berarducci, B., Toso,
S., Galluzzi, G., Ricci, E., Cossu, G. & Bozzoni, I.
Chimeric snRNA molecules carrying antisense sequences
against the splice junctions of exon 51 of the dystrophin
pre-mRNA induce exon skipping and restoration of a
dystrophin synthesis in Delta 48-50 DMD cells. Proc. Natl.
Acad. Sci. U. S. A4 99, 9456-9461 (2002)



Oligonucleotide mediated gene therapies for Duchenne muscular dystrophy

10. Paterson, B. M. & Bishop, J. O. Changes in the mRNA
population of chick myoblasts during myogenesis in vitro.
Cell 12, 751-765 (1977)

11. Zamecnik, P. C. & Stephenson, M. L. Inhibition of
Rous sarcoma virus replication and cell transformation by a
specific oligodeoxynucleotide. Proc. Natl. Acad. Sci. U. S.
A 75,280-284 (1978)

12. Dominski, Z. & Kole, R. Restoration of correct splicing
in thalassemic pre-mRNA by antisense oligonucleotides.
Proc. Natl. Acad. Sci. U. S. A 90, 8673-8677 (1993)

13. Sierakowska, H., Sambade, M. J., Agrawal, S. & Kole,
R. Repair of thalassemic human beta-globin mRNA in
mammalian cells by antisense oligonucleotides. Proc. Natl.
Acad. Sci. U. S. 493, 12840-12844 (1996)

14. Sierakowska, H., Agrawal, S. & Kole, R. Antisense
oligonucleotides as modulators of pre-mRNA splicing.
Methods Mol. Biol. 133:223-33.,223-233 (2000)

15. Lacerra, G., Sierakowska, H., Carestia, C., Fucharoen,
S., Summerton, J., Weller, D. & Kole, R. Restoration of
hemoglobin A synthesis in erythroid cells from peripheral
blood of thalassemic patients. Proc. Natl. Acad. Sci. U. S. 4
97, 9591-9596 (2000)

16. Sazani, P. & Kole, R. Modulation of alternative splicing
by antisense oligonucleotides. Prog. Mol. Subcell. Biol.
31:217-39., 217-239 (2003)

17. Vacek, M., Sazani, P. & Kole, R. Antisense-mediated
redirection of mRNA splicing. Cell Mol. Life Sci. 60, 825-
833 (2003)

18. Kole, R. Modification of pre-mRNA splicing by
antisense oligonucleotides. Acta Biochim. Pol. 44, 231-237
(1997)

19. Friedman, K. J., Kole, J., Cohn, J. A., Knowles, M. R.,
Silverman, L. M. & Kole, R. Correction of aberrant
splicing of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene by antisense oligonucleotides. J.
Biol. Chem. 274, 36193-36199 (1999)

20. Kalbfuss, B., Mabon, S. A. & Misteli, T. Correction of
alternative splicing of tau in frontotemporal dementia and
parkinsonism linked to chromosome 17. J. Biol. Chem.
276, 42986-42993 (2001)

21. Taylor, J. K., Zhang, Q. Q., Wyatt, J. R. & Dean, N. M.
Induction of endogenous Bcl-xS through the control of Bcl-
x pre-mRNA splicing by antisense oligonucleotides. Nat.
Biotechnol. 17, 1097-1100 (1999)

22. Mercatante, D. R., Sazani, P. & Kole, R. Modification
of alternative splicing by antisense oligonucleotides as a
potential chemotherapy for cancer and other diseases. Curr.
Cancer Drug Targets. 1, 211-230 (2001)

23. Giles, R. V., Spiller, D. G., Clark, R. E. & Tidd, D. M.
Antisense morpholino oligonucleotide analog induces
missplicing of C-myc mRNA. Antisense Nucleic Acid Drug
Dev. 9, 213-220 (1999)

24. Karras, J. G., McKay, R. A, Dean, N. M. & Monia, B.
P. Deletion of individual exons and induction of soluble
murine interleukin-5 receptor-alpha chain expression
through antisense oligonucleotide-mediated redirection of
pre-mRNA splicing. Mol. Pharmacol. 58, 380-387 (2000)
25. Lu, Q. L., Rabinowitz, A., Chen, Y. C., Yokota, T.,
Yin, H., Alter, J., Jadoon, A., Bou-Gharios, G. & Partridge,
T. Systemic delivery of antisense oligoribonucleotide
restores dystrophin expression in body-wide skeletal

525

muscles. Proc. Natl. Acad. Sci. U. S. A. 102, 198-203
(2005)

26. Koenig, M., Beggs, A. H., Moyer, M., Scherpf, S.,
Heindrich, K., Bettecken, T., Meng, G., Muller, C. R,
Lindlof, M. et al. The molecular basis for Duchenne versus
Becker muscular dystrophy: correlation of severity with
type of deletion. Am. J. Hum. Genet. 45, 498-506 (1989)
27. Takeshima, Y., Nishio, H., Sakamoto, H., Nakamura,
H. & Matsuo, M. Modulation of in vitro splicing of the
upstream intron by modifying an intra-exon sequence
which is deleted from the dystrophin gene in dystrophin
Kobe. J. Clin. Invest 95, 515-520 (1995)

28. Wilton, S. D., Lloyd, F., Carville, K., Fletcher, S,
Honeyman, K., Agrawal, S. & Kole, R. Specific removal of
the nonsense mutation from the mdx dystrophin mRNA
using antisense oligonucleotides. Neuromuscul. Disord. 9,
330-338 (1999)

29. Aartsma-Rus, A., Bremmer-Bout, M., Janson, A. A.,
den Dunnen, J. T., van Ommen, G. J. & van Deutekom, J.
C. Targeted exon skipping as a potential gene correction
therapy for Duchenne muscular dystrophy. Neuromuscul.
Disord. 12 Suppl 1:S71-7., S71-S77 (2002)

30. Aartsma-Rus, A., Janson, A. A., Kaman, W. E.,
Bremmer-Bout, M., den Dunnen, J. T., Baas, F., van
Ommen, G. J. & van Deutekom, J. C. Therapeutic
antisense-induced exon skipping in cultured muscle cells
from six different DMD patients. Hum. Mol. Genet. 12,
907-914 (2003)

31. Marcusson, E. G., Bhat, B., Manoharan, M., Bennett, C.
F. & Dean, N. M. Phosphorothioate
oligodeoxyribonucleotides dissociate from cationic lipids
before entering the nucleus. Nucleic Acids Res. 26, 2016-
2023 (1998)

32. Kole, R. & Sazani, P. Antisense effects in the cell
nucleus: modification of splicing. Curr. Opin. Mol. Ther. 3,
229-234 (2001)

33. Michienzi, A., Prislei, S. & Bozzoni, I. Ul small
nuclear RNA chimeric ribozymes with substrate specificity
for the Rev pre-mRNA of human immunodeficiency virus.
Proc. Natl. Acad. Sci. U. S. A 93, 7219-7224 (1996)

34. Buonomo, S. B., Michienzi, A., De Angelis, F. G. &
Bozzoni, I. The Rev protein is able to transport to the
cytoplasm small nucleolar RNAs containing a Rev binding
element. RNA. 5, 993-1002 (1999)

35. Gorman, L., Suter, D., Emerick, V., Schumperli, D. &
Kole, R. Stable alteration of pre-mRNA splicing patterns
by modified U7 small nuclear RNAs. Proc. Natl. Acad. Sci.
U. S. 495,4929-4934 (1998)

36. Vacek, M. M., Ma, H., Gemignani, F., Lacerra, G.,
Kafri, T. & Kole, R. High-level expression of hemoglobin
A in human thalassemic erythroid progenitor cells
following lentiviral vector delivery of an antisense snRNA.
Blood 101, 104-111 (2003)

37. Liu, X., Jiang, Q., Mansfield, S. G., Puttaraju, M.,
Zhang, Y., Zhou, W., Cohn, J. A., Garcia-Blanco, M. A.,
Mitchell, L. G. & Engelhardt, J. F. Partial correction of
endogenous DeltaF508 CFTR in human cystic fibrosis
airway epithelia by spliceosome-mediated RNA trans-
splicing. Nat. Biotechnol. 20, 47-52 (2002)

38. Phillips, M. 1., Tang, Y., Schmidt-Ott, K., Qian, K. &
Kagiyama, S. Vigilant vector: heart-specific promoter in an



Oligonucleotide mediated gene therapies for Duchenne muscular dystrophy

adeno-associated virus vector for
Hypertension 39, 651-655 (2002)

39. Brun, C., Suter, D., Pauli, C., Dunant, P., Lochmuller,
H., Burgunder, J. M., Schumperli, D. & Weis, J. U7
snRNAs induce correction of mutated dystrophin pre-
mRNA by exon skipping. Cell Mol. Life Sci. 60, 557-566
(2003)

40. Goyenvalle, A., Vulin, A., Fougerousse, F., Leturcq, F.,
Kaplan, J. C., Garcia, L. & Danos, O. Rescue of dystrophic
muscle through U7 snRNA-mediated exon skipping.
Science. 306, 1796-1799 (2004)

41. Mann, C. J., Honeyman, K., McClorey, G., Fletcher, S.
& Wilton, S. D. Improved antisense oligonucleotide
induced exon skipping in the mdx mouse model of
muscular dystrophy. J. Gene Med. 4, 644-654 (2002)

42. Alter, J., Lou, F., Rabinowitz, A., Yin, H., Rosenfeld,
J., Wilton, S. D., Partridge, T. A. & Lu, Q. L. Systemic
delivery of morpholino oligonucleotide restores dystrophin
expression bodywide and improves dystrophic pathology.
Nat. Med. ., (2006)

43. Errington, S. J., Mann, C. J., Fletcher, S. & Wilton, S.
D. Target selection for antisense oligonucleotide induced
exon skipping in the dystrophin gene. J. Gene Med. 5, 518-
527 (2003)

44, Aartsma-Rus, A., De Winter, C. L., Janson, A. A.,
Kaman, W. E., van Ommen, G. J., den Dunnen, J. T. & van
Deutekom, J. C. Functional analysis of 114 exon-internal
AONs for targeted DMD exon skipping: indication for
steric  hindrance of SR protein binding sites.
Oligonucleotides. 15, 284-297 (2005)

45. Harding, P. L., Fall, A. M., Honeyman, K., Fletcher, S.
& Wilton, S. D. The influence of antisense oligonucleotide
length on dystrophin exon skipping. Mol. Ther. 15, 157-166
(2007)

46. Sazani, P., Kang, S. H., Maier, M. A., Wei, C,
Dillman, J., Summerton, J., Manoharan, M. & Kole, R.
Nuclear antisense effects of neutral, anionic and cationic
oligonucleotide analogs. Nucleic Acids Res. 29, 3965-3974
(2001)

47. Kren, B. T., Metz, R., Kumar, R. & Steer, C. J. Gene
repair using chimeric RNA/DNA oligonucleotides. Semin.
Liver Dis. 19, 93-104 (1999)

48. Kmiec, E. B., Cole, A. & Holloman, W. K. The REC2
gene encodes the homologous pairing protein of Ustilago
maydis. Mol. Cell Biol. 14, 7163-7172 (1994)

49. Kotani, H. & Kmiec, E. B. Transcription activates
RecA-promoted homologous pairing of nucleosomal DNA.
Mol. Cell Biol. 14, 1949-1955 (1994)

50. Kotani, H. & Kmiec, E. B. DNA cruciforms facilitate in
vitro strand transfer on nucleosomal templates. Mol. Gen.
Genet. 243, 681-690 (1994)

51. Ye, S., Cole-Strauss, A. C., Frank, B. & Kmiec, E. B.
Targeted gene correction: a new strategy for molecular
medicine

78. Mol. Med. Today 4, 431-437 (1998)

52. Richardson, P. D., Augustin, L. B., Kren, B. T. & Steer,
C. J. Gene repair and transposon-mediated gene therapy.
Stem Cells 20, 105-118 (2002)

53. Andersen, M. S., Sorensen, C. B., Bolund, L. & Jensen,
T. G. Mechanisms underlying targeted gene correction
using chimeric RNA/DNA and single-stranded DNA
oligonucleotides 44. J. Mol. Med. 80, 770-781 (2002)

cardioprotection.

526

54. Cole-Strauss, A., Yoon, K., Xiang, Y., Byrne, B. C.,
Rice, M. C., Gryn, J., Holloman, W. K. & Kmiec, E. B.
Correction of the mutation responsible for sickle cell
anemia by an RNA-DNA oligonucleotide. Science 273,
1386-1389 (1996)

55. Kren, B. T., Cole-Strauss, A., Kmiec, E. B. & Steer, C.
J. Targeted nucleotide exchange in the alkaline phosphatase
gene of HuH-7 cells mediated by a chimeric RNA/DNA
oligonucleotide 96. Hepatology 25, 1462-1468 (1997)

56. Alexeev, V. & Yoon, K. Stable and inheritable changes
in genotype and phenotype of albino melanocytes induced
by an RNA-DNA oligonucleotide 104. Nat. Biotechnol. 16,
1343-1346 (1998)

57. Alexeev, V., Igoucheva, O., Domashenko, A.,
Cotsarelis, G. & Yoon, K. Localized in vivo genotypic and
phenotypic correction of the albino mutation in skin by
RNA-DNA oligonucleotide. Nat. Biotechnol. 18, 43-47
(2000)

58. Bertoni, C. & Rando, T. A. Dystrophin gene repair in
mdx muscle precursor cells in vitro and in vivo mediated
by RNA-DNA chimeric oligonucleotides. Hum. Gene Ther.
13,707-718 (2002)

59. Sharp, N. J., Kornegay, J. N., Van Camp, S. D.,
Herbstreith, M. H., Secore, S. L., Kettle, S., Hung, W. Y.,
Constantinou, C. D., Dykstra, M. J. et al. An error in
dystrophin mRNA processing in golden retriever muscular
dystrophy, an animal homologue of Duchenne muscular
dystrophy. Genomics 13, 115-121 (1992)

60. Amalfitano, A., Rafael, J. A. & Chamberlain, J. S.
Structure and mutation of the dystrophin gene. Cambridge
University Press, Cambridge: S.C. Brown and J.A.
Lucy,eds, pp. 1-26. Cambridge University Press,
Cambridge (1996)

61. Gamper, H. B., Jr., Cole-Strauss, A., Metz, R., Parekh,
H., Kumar, R. & Kmiec, E. B. A plausible mechanism for
gene correction by chimeric oligonucleotides. Biochemistry
39, 5808-5816 (2000)

62. Gamper, H. B., Parekh, H., Rice, M. C., Bruner, M.,
Youkey, H. & Kmiec, E. B. The DNA strand of chimeric
RNA/DNA oligonucleotides can direct gene
repair/conversion activity in mammalian and plant cell-free
extracts

69. Nucleic Acids Res. 28, 4332-4339 (2000)

63. Liu, L., Cheng, S., van Brabant, A. J. & Kmiec, E. B.
Rad51p and Rad54p, but not Rad52p, elevate gene repair in
Saccharomyces cerevisiae directed by modified single-
stranded oligonucleotide vectors. Nucleic Acids Res. 30,
2742-2750 (2002)

64. Igoucheva, O., Alexeev, V. & Yoon, K. Targeted gene
correction by small single-stranded oligonucleotides in
mammalian cells 101. Gene Ther. 8, 391-399 (2001)

65. Liu, L., Rice, M. C. & Kmiec, E. B. In vivo gene repair
of point and frameshift mutations directed by chimeric
RNA/DNA oligonucleotides and modified single-stranded
oligonucleotides. Nucleic Acids Res. 29, 4238-4250 (2001)

66. Liu, L., Rice, M. C., Drury, M., Cheng, S., Gamper, H.
& Kmiec, E. B. Strand bias in targeted gene repair is
influenced by transcriptional activity. Mol. Cell Biol. 22,
3852-3863 (2002)

67. Parekh-Olmedo, H., Czymmek, K. & Kmiec, E. B.
Targeted gene repair in mammalian cells using chimeric



Oligonucleotide mediated gene therapies for Duchenne muscular dystrophy

RNA/DNA oligonucleotides and modified single-stranded
vectors 63. Sci. STKE. 2001, L1 (2001)

68. Parekh-Olmedo, H., Drury, M. & Kmiec, E. B.
Targeted nucleotide exchange in Saccharomyces cerevisiae
directed by short oligonucleotides containing locked
nucleic acids 58. Chem. Biol. 9, 1073-1084 (2002)

69. Tran, N. D., Liu, X., Yan, Z., Abbote, D., Jiang, Q.,
Kmiec, E. B., Sigmund, C. D. & Engelhardt, J. F.
Efficiency of chimeraplast gene targeting by direct nuclear
injection using a GFP recovery assay 55. Mol. Ther. 7, 248-
253 (2003)

70. Alexeev, V., Igoucheva, O. & Yoon, K. Simultaneous
targeted alteration of the tyrosinase and c-kit genes by
single-stranded oligonucleotides 4. Gene Ther. 9, 1667-
1675 (2002)

71. Igoucheva, O., Alexeev, V. & Yoon, K. Nuclear
extracts promote gene correction and strand pairing of
oligonucleotides to the homologous plasmid 100. Antisense
Nucleic Acid Drug Dev. 12, 235-246 (2002)

72. Pierce, E. A., Liu, Q., Igoucheva, O., Omarrudin, R.,
Ma, H., Diamond, S. L. & Yoon, K. Oligonucleotide-
directed single-base DNA alterations in mouse embryonic
stem cells. Gene Ther. 10, 24-33 (2003)

73. Kren, B. T., Wong, P. Y. & Steer, C. J. Short, single-
stranded oligonucleotides mediate targeted nucleotide
conversion using extracts from isolated liver mitochondria
82. DNA Repair (Amst) 2, 531-546 (2003)

74. Im, W. B., Phelps, S. F., Copen, E. H., Adams, E. G.,
Slightom, J. L. & Chamberlain, J. S. Differential expression
of dystrophin isoforms in strains of mdx mice with
different mutations. Hum. Mol. Genet. 5, 1149-1153 (1996)
75. Bertoni, C., Morris, G. E. & Rando, T. A. Strand bias in
oligonucleotide-mediated dystrophin gene editing. Hum.
Mol. Genet. 14,221-233 (2005)

76. Igoucheva, O., Alexeev, V., Pryce, M. & Yoon, K.
Transcription affects formation and processing of
intermediates in oligonucleotide-mediated gene alteration2.
Nucleic Acids Res. 31, 2659-2670 (2003)

77. Ferrari, G., Cusella-De, A. G., Coletta, M., Paolucci, E.,
Stornaiuolo, A., Cossu, G. & Mavilio, F. Muscle
regeneration by bone marrow-derived myogenic
progenitors. Science. 279, 1528-1530 (1998)

78. Gussoni, E., Soneoka, Y., Strickland, C. D., Buzney, E.
A., Khan, M. K., Flint, A. F., Kunkel, L. M. & Mulligan, R.
C. Dystrophin expression in the mdx mouse restored by
stem cell transplantation. Nature 401, 390-394 (1999)

79. Collins, C. A., Olsen, 1., Zammit, P. S., Heslop, L.,
Petrie, A., Partridge, T. A. & Morgan, J. E. Stem cell
function, self-renewal, and behavioral heterogeneity of
cells from the adult muscle satellite cell niche. Cell. 122,
289-301 (2005)

80. Galli, R., Borello, U., Gritti, A., Minasi, M. G.,
Bjornson, C., Coletta, M., Mora, M., De Angelis, M. G.,
Fiocco, R. et al. Skeletal myogenic potential of human and
mouse neural stem cells. Nat. Neurosci. 3, 986-991 (2000)
81. Minasi, M. G., Riminucci, M., De Angelis, L., Borello,
U., Berarducci, B., Innocenzi, A., Caprioli, A., Sirabella,
D., Baiocchi, M. et al. The meso-angioblast: a multipotent,
self-renewing cell that originates from the dorsal aorta and
differentiates into most mesodermal tissues. Development
129, 2773-2783 (2002)

527

82. Sazani, P., Vacek, M. M. & Kole, R. Short-term and
long-term modulation of gene expression by antisense
therapeutics. Curr. Opin. Biotechnol. 13, 468-472 (2002)
83. Gebski, B. L., Mann, C. J., Fletcher, S. & Wilton, S. D.
Morpholino antisense oligonucleotide induced dystrophin
exon 23 skipping in mdx mouse muscle. Hum. Mol. Genet.
12, 1801-1811 (2003)

84. Fletcher, S., Honeyman, K., Fall, A. M., Harding, P. L.,
Johnsen, R. D. & Wilton, S. D. Dystrophin expression in
the mdx mouse after localised and systemic administration
of a morpholino antisense oligonucleotide. J. Gene Med. 8,
207-216 (2006)

85. Sazani, P., Gemignani, F., Kang, S. H., Maier, M. A.,
Manoharan, M., Persmark, M., Bortner, D. & Kole, R.
Systemically delivered antisense oligomers upregulate gene
expression in mouse tissues. Nat. Biotechnol. 20, 1228-
1233 (2002)

Key Words: Ducenne muscular dystrophy, DMD, mdx,
AON, ODN, antisense, Oligonucleotides, Gene Theraphy,
Gene Correction, Gene Editing, Chimeraplast, Ssodn,

Single Stranded Oligonucleotides, Genome Editing,
Review
Send correspondence to: Carmen Bertoni, Ph.D,

Department of Neurology, University of California, Los
Angeles, 611 Charles Young Drive East, Boyer Hall, #508,
Mail code: 157005, Los Angeles, CA 90095-1570, Tel: 310-
206-6911, Fax: 310-825-7276, E-mail: cbertoni@ucla.edu

http://lwww.bioscience.org/current/vol13.htm



