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SUMMARY 

Duchenne muscular dystrophy (DMD) is one of the most common lethal, hereditary diseases of 

childhood. Since the identification of the genetic basis of this disorder, there has been the hope 

that a cure would be developed in the form of gene therapy. This has yet to be realized, but many 

different gene therapy approaches have seen dramatic advances in recent years. Although viral-

mediated gene therapy has been at the forefront of the field, several non-viral gene therapy 

approaches have been applied to animal and cellular models of DMD. These include plasmid-

mediated gene delivery, antisense-mediated exon skipping, and oligonucleotide-mediated gene 

editing. In the past several years, non-viral gene therapy has moved from the laboratory to the 

clinic. Advances in vector design, formulation, and delivery are likely to lead to even more rapid 

advances in the coming decade. Given the relative simplicity, safety, and cost-effectiveness of 

these methodologies, non-viral gene therapy continues to have great promise for future gene 

therapy approaches for the treatment of DMD.
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INTRODUCTION 

 Duchenne muscular dystrophy (DMD) is a devastating disorder of childhood, leading to 

loss of ambulation during the first decade of life, progressive weakness, and death usually in the 

twenties [1]. The molecular basis of this disease is an absence of the dystrophin protein [2]. At 

the genetic level, dystrophin deficiency arises from mutations in the dystrophin gene, but the 

range of mutations is enormous both in terms of types of mutations (deletions, duplications, 

inversions, point mutations) and in terms of the location of the mutation along the 2.5 Mb 

dystrophin gene [3,4]. Despite the advances in molecular diagnoses, accepted treatment 

modalities remain limited to corticosteroids and physiotherapy, and treatment is largely 

supportive [1,5]. 

Experimental approaches for the treatment of DMD have greatly expanded in the past 

decade. Gene and cell therapies continue to be at the forefront of those approaches, but 

pharmacologic and hybrid methods have received considerable attention [5]. Traditionally, gene 

therapy has been divided into viral and non-viral, although this distinction also can be blurred as 

technologies are combined. Within the category of non-viral gene therapy methodologies, three 

different approaches have been pursued with respect to DMD. These are the use of plasmid DNA 

to deliver dystrophin cDNA constructs, the use of antisense oligonucleotides (AONs) to induce 

exon skipping of the dystrophin pre-mRNA to convert and out-of-frame transcript to an in-frame 

transcript, and the use of RNA-DNA chimeric oligonucleotides (RDOs) or 

oligodeoxynucleotides (ODNs) for genome editing or gene correction to alter single bases in the 

dystrophin gene to correct point mutations or to alter mRNA splicing. Reviews of the each of 

these technologies have been published in manuscript and chapter form [6-10]. The focus of this 

review is to summarize the most recent technological developments in each of these fields, to 
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highlight the most promising and important research directions, to enumerate specific hurdles 

and challenges faced by each technology, and to discuss the status of nascent clinical trials in 

humans.  

Although plasmid-mediated gene delivery, AON-induced exon skipping, and 

oligonucleotide-mediated genome editing have unique promises and pitfalls (Table 1 and as 

described below), there are also commonalities in terms of advantages and disadvantages when 

compared to viral-mediated gene therapy approaches. In general, given current technologies, it is 

considered that non-viral vectors will represent a less expensive and safer mode of therapy. The 

cost of production of plasmids and oligonucleotides has dramatically fallen in the past decade, 

whereas the generation of clinical grade viral stocks has inherently high costs. Many safety 

issues remain to be determined for all forms of gene therapy, but concerns over potential adverse 

effects of viral-mediated gene therapy have been realized in terms of morbidity and mortality in 

human clinical trials [11,12]. Despite the theoretical advantages of non-viral vectors in terms of 

safety, caution will be warranted as these approaches also move from laboratory animals to 

humans.  

Perhaps the most obvious and important disadvantage of non-viral vectors is one of 

delivery, and here delivery is meant to include everything from the distribution via the 

circulation of the therapeutic vector to all skeletal muscles and the heart, the process by which 

the vectors leave the blood to reach muscle cells, the mechanisms by which the vectors enter the 

cells, and finally the processes by which the vectors reach the intracellular target localization. 

Although non-viral vector development can improve upon the specificity and efficiency of these 

phases of delivery, viruses accomplish all of these aspects of delivery without any help from the 

investigator. As such, important recent developments that could apply to many or all non-viral 
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approaches for DMD include advances in intra-arterial and intravenous delivery protocols [13-

17], adjunct treatments to promote vascular permeability to facilitate the transfer of vectors 

(including viral vectors) from the circulation to the tissue bed [18-20], and formulations to 

enhance stability and cellular uptake of non-viral vectors [21-23]. Although some of the most 

promising results have been obtained by intra-arterial injections, and even though multiple 

arterial injections to reach a larger subset of muscles of a patient would be a viable approach, 

having an intravenous deliver system would be far less invasive.  

Clearly immunological challenges are faced by all gene therapy approaches. The 

possibility of an immune response directed against the therapeutic protein is always a concern 

when the individual is deficient for that protein. In the case of dystrophin, both humoral and 

cellular immune responses have been detected in mdx mice following delivery of full-length 

dystrophin cDNAs, although not following the delivery of a minidystrophin construct [24,25]. 

This suggests that the response in an individual patient might depend on the specific epitopes in 

the protein expressed, either from an exogenous cDNA or from modulation of the endogenous 

gene or transcript. Studies of plasmid-mediated gene expression indicate that the likelihood of 

developing immune responses against the novel protein may be ameliorated by using muscle-

specific promoters, and that even transient immunosuppression around the time of plasmid 

delivery can limit the development of an immune response [26] 

The other major immunological issue is of course the possibility of an immune response 

against the vector itself. Although certainly safer than viral vectors in this regard, non-viral gene 

therapy vectors still have the potential to induce immune responses, particularly if they contain 

bacterial DNA sequences with unmethylated CpG motifs [27]. Although intramuscular injections 

of plasmid or double-stranded oligonucleotides bearing such sequences may result in local 
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inflammatory responses [28], and repeated injections of plasmid have been shown to result in 

increases in circulating levels of anti-DNA antibodies [29], there have been no reports of 

autoimmune diseases resulting from such treatments. Whether low levels of circulating anti-

DNA antibodies generated by treatment with non-viral vectors could attenuate subsequent 

systemic treatments with those vectors remains to be determined.  

 Finally, there is one other unknown that haunts the field of gene therapy for DMD, and 

that is the uncertainty of the normal turnover rate for myonuclei. Estimates of myonuclear 

turnover rate have been determined in certain muscle groups in experimental animals [30,31], 

but there are no reliable data on the turnover of myonuclei in the large muscles of the trunk and 

limbs in humans. Most technologies focus on the delivery of the gene therapy vector to the 

differentiated myofiber, and the efficiency of satellite cell targeting is rarely examined. In the 

worst case scenario, myonuclear turnover rate is high and the gene therapy approach fails to 

target satellite cells. In that case, the therapeutic effect will necessarily be transient, as 

“corrected” myonuclei are replaced by nuclei from satellite cells that do not carry the therapeutic 

vector. However, examples of both viral and non-viral vectors capable of transducing satellite 

cells after intramuscular injections have been reported [32,33]. Different pseudotyped lentiviral 

vectors differentially transduce satellite cells and muscle fibers [33], thus demonstrating that 

satellite cells can be specifically targeted. For non-viral technologies, such targeting would 

necessarily involve a carrier that is modified so as to bind specifically to muscle cells, analogous 

to methods that have been proposed for modifying viral vectors to target muscle [34]. Whether 

such kinds of modifications could specifically target satellite cells remains to be determined. The 

importance of satellite cell targeting by gene therapy vectors for sustained therapeutic efficacy 

may ultimately await empirical determination in clinical trials or even long-term clinical 
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applications since studies in animals may poorly reflect the dynamics of myonuclear turnover in 

humans. 

 Solutions to these common challenges will lead to advances in all aspects of non-viral 

gene therapy approaches to DMD. Still, each methodology will also have its “private” hurdles as 

well. In the following sections, the different non-viral gene therapy approaches that are currently 

under active investigation for DMD are reviewed, with attention to current challenges and future 

directions.  

 

NON-VIRAL GENE THERAPY TECHNOLOGIES AND EXPERIMENTAL 

THERAPEUTICS FOR DMD 

 

Plasmid-Mediated Gene Delivery 

Plasmid-mediated gene therapy is based on the observation made over a decade ago that 

naked plasmid DNA, delivered to skeletal muscle by direct injection, is taken up in the myofiber 

where plasmid genes are expressed [35]. Various parameters such as plasmid size, concentration, 

and promoter sequences have been tested to optimize gene delivery options [36-39]. Advantages 

of plasmid gene therapy include already existing scaled-up production processes, applicability to 

DMD patients regardless of mutation, and simplicity. Following the initial observations that 

dystrophin protein could be expressed in muscles of mdx mice after simple intramuscular 

injections of plasmid [40,41], much effort was devoted to improved efficacy of distribution, 

uptake, and expression of injected plasmids. Improvements involved adjunctive treatments, 

notably using electroporation and ultrasound, co-injecting enzymes such as hyaluronidase, and 

using non-ionic carriers for plasmid DNA [42-48]. Of these, electroporation leads to the most 
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dramatic enhancement of gene expression, although there is significant muscle damage that 

results [49]. 

Multiple intramuscular injections with electroporation would, however, be an extremely 

laborious and invasive method for the treatment of all muscles of a patient, not to mention the 

challenge of delivering plasmid to the heart and diaphragm by this method. As such, attention 

has focused more recently on regional or systemic delivery of plasmids. Intra-arterial delivery of 

plasmid in mdx mice resulted in expression of dystrophin in 1-5% of fibers in the injected limb 

[13]. This approach has been used to deliver plasmids to limb muscles in non-human primates 

with even higher efficiencies [26]. 

Given the encouraging results of plasmid-mediated gene therapy in animals combined 

with technological advances and the potential of systemic delivery, this experimental therapeutic 

approach has moved from the laboratory to the clinic. A phase I clinical trial was initiated 

recently with the overall design of either a single injection or two injections of plasmid 

containing full-length dystrophin cDNA into single muscles of a group of 9 boys with DMD or 

Becker muscular dystrophy (BMD) [50]. The trial was designed to test for any adverse effects of 

low dose intramuscular plasmid injections and for immunological responses. No adverse effects 

were noted. In follow up biopsies three weeks after injections, dystrophin protein was detected in 

only 6 of the 9 boys and in only a small percentage of fibers, but no signs of an immunological 

response was observed [51,52].  

As clinical trials progress, studies designed to improve the efficiency and efficacy of 

plasmid-mediated gene therapy continue. An unresolved issue for treatment of humans with 

DMD is the expected duration of plasmid gene expression. In mice, transgene expression can be 

detected for many months after direct intramuscular injection in normal muscle. However, there 
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is clearly a continual loss of plasmid over this time [53]. In humans, sustained expression would 

be necessary for years and decades. Therefore, any technological advance that would lead to 

plasmid persistence is likely to be an important adjunct to plasmid-mediated gene therapy for 

DMD. Recently, a targeted plasmid integration approach has been used to address this issue (Fig. 

1). This approach is based on the finding that the co-expression of an integrase with a plasmid 

that contains one of the integrase recognition sequences allows for integration of the plasmid into 

the mammalian genome [54]. This integrase technology was applied to the delivery of 

dystrophin-expressing plasmids to mdx muscle, and plasmid integration resulted in more 

sustained dystrophin expression [55]. An increased expression of dystrophin was seen at each 

time point examined, with the difference increasing with time, demonstrating the importance of 

integration for sustained plasmid gene expression [55]. The integrase-mediated enhancement of 

long-term gene expression in skeletal muscle was also evident when tested with plasmids 

expressing vascular endothelial growth factor [56] 

Ideally, this technology would be truly site-specific, introducing the dystrophin plasmid 

into a single site in the genome, but the currently used integrases clearly integrate at multiple 

sites even though there are clear ‘hot spots’ [55,57]. Therefore, there is the theoretical risk of 

insertional mutagenesis, which may have resulted in the development of leukemias in three 

patients in a clinical trial of retroviral-mediated gene therapy for X-linked severe combined 

immune deficiency [11]. However, not only does recent evidence suggest that those leukemias 

may have resulted from expression of the therapeutic gene as opposed to gene disruption from 

vector integration [58], but this risk is of course very low when postmitotic myonuclei are the 

targets as opposed to hematopoietic progenitors.  
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Finally, an issue that has come to light in studies of plasmid-mediated gene therapy, even 

though this would apply to all gene therapy approaches, is the distribution of the vector and thus 

the therapeutic protein, along the length of muscle fibers in a targeted muscle. Many studies of 

long-term efficacy of plasmid-mediated gene delivery have been quantitated by measuring the 

number of muscle fibers that express the transgene over time [41,59]. This unfortunately 

underestimates protein loss; direct comparisons reveal that the total protein levels can be 

declining while the number of fibers that stain positively for the protein remains relatively 

constant since fibers with lower, but still detectable, levels of transgene expression are scored as 

positive [53]. The situation is even more critical in dystrophic muscle because of the issue of 

segmental necrosis. Any fiber segment that does not express therapeutic levels of dystrophin is 

susceptible to degeneration which can then encroach upon segments with marginally therapeutic 

levels. Thus, any fiber in which dystrophin is not expressed at therapeutic levels along its length 

will eventually succumb. This was clear in studies of integrase-enhancement of plasmid gene 

therapy where it was found that the increased dystrophin expression and persistence by 

integration results in a higher number of fibers with therapeutic dystrophin levels along their 

entire lengths [55]. This finding highlights the importance of quantifying dystrophin expression 

not only in the muscle cross-sections but also along the longitudinal axis of the muscle.  

 

AON-Induced Exon Skipping 

AONs are composed of RNA residues or homologs and have been primarily used to 

block translation by binding to mRNA and leading to its degradation [60]. However, it was also 

noted that AONs targeted to splice sites or splicing regulatory regions of pre-mRNA could alter 

the splicing of that transcript, presumably by interfering with the normal splicing machinery 
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[61]. The rationale for the therapeutic benefit of modifications of splicing in the case of DMD is 

based on the fact that most cases of DMD are caused by deletions in the dystrophin gene that 

lead to frame-shift mutations in the transcript [62]. Deletions that do not cause a frame shift but 

simply an internally deleted protein tend to cause the milder, allelic disease, BMD. Therefore, it 

was hypothesized that if one could alter the splicing of a DMD gene to produce a shorter but in-

frame transcript that this would be a method to convert a severe DMD phenotype into a milder 

BMD phenotype (Fig. 2).  

Proof-of-principle studies were initially published about a decade ago [63,64]. Progress 

was rapid in terms of improved vector design, target choice, and oligonucleotide chemistries, all 

leading to more efficient and effective exon skipping [65-68]. Dystrophin expression was 

demonstrated using AONs delivered to dystrophin-deficient muscle cells in vivo in the mdx 

mouse or in vitro [69-71]. Further developments toward clinical application have included 

methodologies, as mentioned above, to enhance the uptake of AONs in mouse muscle in vivo 

and the use of systemic delivery methods to begin to develop a clinically feasible delivery 

approach [17,21-23] 

The application of AONs to mediate exon skipping in DMD has progressed remarkably 

quickly from the laboratory to the clinic. Phase I clinical trials with AONs in humans are in early 

stages in Britain and Holland [72]. These will involve intramuscular injections of AONs to test 

for safety, and it is likely that some measures of efficacy will be included in the analysis. If these 

phase I trials demonstrate safety, the challenge will be to scale those up for targeting large 

muscles, whole limbs, relatively inaccessible targets like the diaphragm and heart, and ultimately 

the entire body musculature. It will be at that point that the translation of systemic delivery 

methodologies from laboratory animals to humans will need to be tested.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

12 

 At the same time, the development of new generations of AONs could further enhance 

therapeutic efficacy. Currently, the chemistries that are being tested are 2’O-methyl 

phosphorothioate and morpholino-phosphorodiamidate AONs (Fig. 3). Other chemistries that 

have been tested include AONs containing peptide nucleic acids, locked nucleic acid, and 

ethylene-bridged nucleic acid backbones [67,73]. Direct comparisons in terms of efficacy and 

toxicity in vivo will be required to determine the optimal chemistry for clinical trials.  

One of the challenges of AON therapy is that it is not a ‘one-size-fits-all’ approach in the 

same way that gene delivery is. In order for an AON approach to be applicable, there needs to be 

an accurate molecular diagnosis, a rational plan for skipping one or more exons to produce an in-

frame transcript, evidence that targeting AONs to specific sequences will result in the desired 

transcript, and finally the design of AON vectors specifically for that particular mutation. This 

seemingly major hurdle of customized therapy is partially obviated by the fact there are certain 

deletions that are very common and that a relatively small number of deletions represent a 

majority of cases of DMD. Thus, a limited number of AONs will theoretically be effective in a 

majority of DMD patients [74]. In those cases where skipping of two exons would be necessary 

to generate an in-frame transcript, multiple AON delivery could be used as has been 

demonstrated [75]. Of course, without a defined molecular diagnosis, AON therapy is not 

applicable.  

Finally, one of the intrinsic limitations of AON-mediated exon skipping is the fact that 

the therapeutic effect is transient. AONs are delivered as oligonucleotides which are unstable in 

the cell. In mice, detectable levels of dystrophin expression were obtained by sequential AON 

injections, but levels declined with a half-life of approximately 2-4 months, and this could even 

be an overestimate of AON stability as it may be more of a reflection of dystrophin protein 
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stability. Even so, protein persistence is the key determinant of the duration of therapeutic 

efficacy and is thus the meaningful measure. As currently configured, this would mean that AON 

therapy would require multiple treatments each year. While not untenable, this is clearly a 

serious hurdle to overcome. In mice, investigators have combined AON technology with viral 

expression approaches to achieve sustained expression of antisense vectors and long-term exon 

skipping [76-78]. However, this introduces the challenges of viral gene therapy, and there is no 

clear advantage, if one is using viral vectors, to deliver an antisense vector as opposed to 

delivering a dystrophin construct itself. Another possibility on the horizon is to introduce a short 

cDNA encoding U7-small nuclear RNA to achieve sustained exon skipping [79]Thus, the 

technological advances that will be critical for long-term AON therapy will come in the form of 

oligonucleotide modification or formulation that promotes very long-term stability or sustained 

in vivo delivery. 

 

Oligonucleotide-Mediated Genome Editing 

The use of targeting oligonucleotides to induce single base changes in genomic DNA 

developed from initial studies in homologous pairing and repair activities in bacteria and simple 

eukaryotes [80,81]. The theoretical basis for this approach is that engineered mismatches 

between targeting vector and genome sequence could, through endogenous DNA repair 

mechanisms, potentially promote targeted single base pair changes in genomic DNA [82-85]. 

The possibility that such genome editing potential could be applied to the correction of point 

mutations that cause disease was compelling (Fig. 4). As such, this technology has been applied 

to a wide variety of models of diseases arising from point mutations in different genes [86-88]. 
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Upwards of 15% of patients with DMD have point mutations as the cause of dystrophin 

deficiency [4]. Fortuitously for this particular application, the most commonly used animal 

model of DMD, the mdx mouse, also has a point mutation that results in a stop codon as the 

cause of dystrophin deficiency. Therefore, the mdx mouse has served as an excellent model with 

which to test oligonucleotide-mediated dystrophin gene editing. Initial studies using RDOs and 

subsequent studies using ODNs demonstrated that the point mutation in the mdx dystrophin gene 

can indeed be corrected by targeting oligonucleotides [32,89,90]. Correction was demonstrated at 

the genomic and transcript levels, and restoration of dystrophin protein expression was observed 

both in vivo and in vitro. In addition, RDOs were shown to be able to correct the point mutation 

in a canine model of DMD [91]. 

The application of this type of technology to diseases that result from point mutations is 

clear, but broader applications have been envisioned whereby single bases in splice sites are 

altered at the genomic level, thereby inducing alternate splicing to effect the same result as that 

achieved by AONs, namely the generation of an in-frame transcript from an out-of-frame 

transcript. This approach has been demonstrated in the mdx mouse by inducing skipping of the 

exon that contains the point mutation [92]. As described for AONs, oligonucleotide-mediated 

gene editing also requires individualization since the targeted base will depend on the location of 

the point mutation or the particular splice site to be targeted. 

Other than the challenges common to all non-viral methodologies discussed in the 

Introduction, the major challenge for oligonucleotide-mediated gene editing is the low efficiency 

of this technology with current vectors that has been observed a variety of different disease 

applications [86,87]. The was the case with the first generation RDO vectors, but has also been 

found with the second generation vectors, the ODNs, which yield more consistent results 
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[85,93]. Both RDOs and ODNs have been shown to be effective in vitro and in vivo to induce 

single base changes, but the efficiencies have generally been in the 1-5% range, with higher 

efficiencies being observed only under specific conditions [86,89,90,92,94-99]. Therefore, 

current research is focusing on the enhancement of the molecular mechanisms that mediate the 

gene editing, and these studies include both modifications of the oligonucleotides as well as 

enzyme systems and cellular processes involved in the repair mechanism [100-102]. 

Improvements in genome editing efficiency is currently the most important hurdle for the 

consideration of a phase I clinical trial of ODNs in humans similar to those conducted or planned 

for plasmids and AONs.   

Perhaps the greatest advantage of the gene editing approach is that it results in a 

permanent correction of the genetic defect in myonuclei. Therefore, the therapeutic benefit is 

sustained as long as the targeted myonuclei persist. The only decrement of therapeutic efficacy is 

that which would accompany the turnover of myonuclei and replacement by nuclei derived from 

satellite cells, as noted in the Introduction. However, it is possible that even this could be less of 

an issue for oligonucleotide-mediated gene editing than for non-viral methodologies. Although 

not quantitative, it was shown that targeting oligonucleotides injected into skeletal muscles of 

mdx mice were capable of inducing gene correction in satellite cells subsequently isolated from 

those muscles [32]. To the extent that ODNs could be directed both to satellite cells as well as to 

myofibers could, long-term permanent gene correction could be achieved.  

 

CONCLUSIONS 

 Although the field of gene therapy has failed to live up to initial promise, the advances in 

the control of gene expression, delivery technologies for different vectors, and methods to avoid, 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

16 

reduce, or prevent immunologic responses to vectors and therapeutic proteins have benefited all 

aspects of gene therapy for all disease in which gene therapy is a viable option. Clearly, the 

simplicity of concept belies the complexity of application. It is likely that, even with the real 

possibility of finding a cure for DMD, advances are likely to be incremental. In the field of non-

viral gene therapy for DMD, what is perhaps most remarkable is the rapid development of 

technologies that were little more than curiosities a decade ago. This is an important lesson for 

nascent technologies, including other forms of non-viral gene therapy that have yet to be applied 

to models of DMD, that are far behind other methodologies in terms of technical development. 

Unless relatively obscure technologies had been championed by dedicated investigators, the 

current state-of-the-art would be much more limited in scope. It is impossible to predict which 

curiosity of today will be in clinical trials a decade hence, and the lessons learned from the 

technology development in one area are likely to be of benefit to the broader field of gene 

therapy. 
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ABBREVIATIONS 

 

AON – antisense oligonucleotide; BMD – Becker muscular dystrophy; DMD – Duchenne 

muscular dystrophy; ODN – oligodeoxynucleotides; RDO – RNA/DNA chimeric 

oligonucleotide 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 

ACKNOWLEDGEMENTS 

 

Supported by grants from the NIH (NIH Director’s Pioneer Award) and the Muscular Dystrophy 

Association. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

19 

REFERENCES 

 
 

 [1] A E H Emery, Duchenne Muscular Dystrophy, Oxford University Press, New York, 
1993. 

 [2] E. P. Hoffman, R. H. Brown, Jr., L. M. Kunkel, Dystrophin: the protein product of the 
Duchenne muscular dystrophy locus, Cell 51 (1987) 919-928. 

 [3] R. G. Worton, Duchenne muscular dystrophy: gene and gene product; mechanism of 
mutation in the gene, J Inherit.Metab Dis. 15 (1992) 539-550. 

 [4] Amalfitano, A., Rafael, J. A., and Chamberlain, J. S., Structure and Mutation of the 
Dystrophin Gene, in: S. C. Brown and J. A. Lucy (Eds.), Dystrophin, Cambridge 
University Press, Cambridge, U.K., 2001, pp.1-26. 

 [5] J. S. Chamberlain, Rando T.A., Duchenne Muscular Dystrophy: Advances in 
Therapeutics, Taylor & Francis, New York, 2006. 

 [6] T. A. Rando, Oligonucleotide-mediated gene therapy for muscular dystrophies, 
Neuromuscul.Disord. 12 (2002) S55-60. 

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

 [8] S. D. Wilton, S. Fletcher, RNA splicing manipulation: strategies to modify gene 
expression for a variety of therapeutic outcomes, Curr.Gene Ther. 5 (2005) 467-483. 

 [9] Wolff, J. A. and Herweijer, H., The Intravascular Delivery of Naked DNA for Treating 
Duchenne Muscular Dystrophy, in: J. S. Chamberlain and Rando T.A. (Eds.), Duchenne 
Muscular Dystrophy: Advances in Therapeutics, Taylor & Francis, New York, 2006, 
pp.343-362. 

 [10] Bertoni, C. and Rando T.A., Oligonucleotide-Mediated Exon Skipping and Gene Editing 
for Duchenne Muscular Dystrophy, in: J. S. Chamberlain and Rando T.A. (Eds.), 
Duchenne Muscular Dystrophy: Advances in Therapeutics, Taylor & Francis, New York, 
2006, pp.319-342. 

 [11] S. Hacein-Bey-Abina, C. Von Kalle, M. Schmidt, M. P. McCormack, N. Wulffraat, P. 
Leboulch et al., LMO2-associated clonal T cell proliferation in two patients after gene 
therapy for SCID-X1, Science 302 (2003) 415-419. 

 [12] S. E. Raper, N. Chirmule, F. S. Lee, N. A. Wivel, A. Bagg, G. P. Gao et al., Fatal 
systemic inflammatory response syndrome in a ornithine transcarbamylase deficient 
patient following adenoviral gene transfer, Mol.Genet.Metab. 80 (2003) 148-158. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

20 

 [13] G. Zhang, J. J. Ludtke, C. Thioudellet, P. Kleinpeter, M. Antoniou, H. Herweijer  et al., 
Intraarterial delivery of naked plasmid DNA expressing full-length mouse dystrophin in 
the mdx mouse model of duchenne muscular dystrophy, Hum.Gene Ther. 15 (2004) 770-
782. 

 [14] G. Danialou, A. S. Comtois, S. Matecki, J. Nalbantoglu, G. Karpati, R. Gilbert et al., 
Optimization of regional intraarterial naked DNA-mediated transgene delivery to skeletal 
muscles in a large animal model, Mol.Ther. 11 (2005) 257-266. 

 [15] Y. Takeshima, M. Yagi, H. Wada, M. Matsuo, Intraperitoneal administration of 
phosphorothioate antisense oligodeoxynucleotide against splicing enhancer sequence 
induced exon skipping in dystrophin mRNA expressed in mdx skeletal muscle, Brain 
Dev. 27 (2005) 488-493. 

 [16] Y. Takeshima, M. Yagi, H. Wada, K. Ishibashi, A. Nishiyama, M. Kakumoto et al., 
Intravenous infusion of an antisense oligonucleotide results in exon skipping in muscle 
dystrophin mRNA of Duchenne muscular dystrophy, Pediatr.Res. 59 (2006) 690-694. 

 [17] J. Alter, F. Lou, A. Rabinowitz, H. Yin, J. Rosenfeld, S. D. Wilton et al., Systemic 
delivery of morpholino oligonucleotide restores dystrophin expression bodywide and 
improves dystrophic pathology, Nat.Med. 12 (2006) 175-177. 

 [18] P. Gregorevic, M. J. Blankinship, J. M. Allen, R. W. Crawford, L. Meuse, D. G. Miller et 
al., Systemic delivery of genes to striated muscles using adeno-associated viral vectors, 
Nat.Med. 10 (2004) 828-834. 

 [19] K. W. Liang, M. Nishikawa, F. Liu, B. Sun, Q. Ye, L. Huang, Restoration of dystrophin 
expression in mdx mice by intravascular injection of naked DNA containing full-length 
dystrophin cDNA, Gene Ther. 11 (2004) 901-908. 

 [20] V. R. Arruda, H. H. Stedman, T. C. Nichols, M. E. Haskins, M. Nicholson, R. W. Herzog 
et al., Regional intravascular delivery of AAV-2-F.IX to skeletal muscle achieves long-
term correction of hemophilia B in a large animal model, Blood 105 (2005) 3458-3464. 

 [21] S. R. Sirsi, J. H. Williams, G. J. Lutz, Poly(ethylene imine)-poly(ethylene glycol) 
copolymers facilitate efficient delivery of antisense oligonucleotides to nuclei of mature 
muscle cells of mdx mice, Hum.Gene Ther. 16 (2005) 1307-1317. 

 [22] Q. L. Lu, C. J. Mann , F. Lou, G. Bou-Gharios, G. E. Morris, S. A. Xue et al., Functional 
amounts of dystrophin produced by skipping the mutated exon in the mdx dystrophic 
mouse, Nat.Med. 9 (2003) 1009-1014. 

 [23] J. H. Williams, S. R. Sirsi, D. R. Latta, G. J. Lutz, Induction of dystrophin expression by 
exon skipping in mdx mice following intramuscular injection of antisense 
oligonucleotides complexed with PEG-PEI copolymers, Mol.Ther. 14 (2006) 88-96.  

 [24] A. Ferrer, K. E. Wells, D. J. Wells, Immune responses to dystropin: implications for gene 
therapy of Duchenne muscular dystrophy, Gene Ther. 7 (2000) 1439-1446. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

21 

 [25] S. Braun, C. Thioudellet, P. Rodriguez, D. Ali-Hadji, F. Perraud, N. Accart et al., 
Immune rejection of human dystrophin following intramuscular injections of naked DNA 
in mdx mice, Gene Ther. 7 (2000) 1447-1457. 

 [26] G. Zhang, V. Budker, P. Williams, V. Subbotin, J. A. Wolff, Efficient expression of 
naked DNA delivered intraarterially to limb muscles of nonhuman primates, Hum.Gene 
Ther. 12 (2001) 427-438. 

 [27] Y. Sato, M. Roman, H. Tighe, D. Lee, M. Corr, M. D. Nguyen et al., Immunostimulatory 
DNA sequences necessary for effective intradermal gene immunization, Science 273 
(1996) 352-354. 

 [28] J. M. McMahon, K. E. Wells, J. E. Bamfo, M. A. Cartwright, D. J. Wells, Inflammatory 
responses following direct injection of plasmid DNA into skeletal muscle, Gene Ther. 5 
(1998) 1283-1290. 

 [29] G. Mor, M. Singla, A. D. Steinberg, S. L. Hoffman, K. Okuda, D. M. Klinman, Do DNA 
vaccines induce autoimmune disease?, Hum.Gene Ther. 8 (1997) 293-300. 

 [30] L. K. McLoon, J. Rowe, J. Wirtschafter, K. M. McCormick, Continuous myofiber 
remodeling in uninjured extraocular myofibers: myonuclear turnover and evidence for 
apoptosis, Muscle Nerve 29 (2004) 707-715. 

 [31] H. Schmalbruch, D. M. Lewis, Dynamics of nuclei of muscle fibers and connective tissue 
cells in normal and denervated rat muscles, Muscle Nerve 23 (2000) 617-626. 

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

 [33] G. P. Kobinger, J. P. Louboutin, E. R. Barton, H. L. Sweeney, J. M. Wilson, Correction 
of the dystrophic phenotype by in vivo targeting of muscle progenitor cells, Hum.Gene 
Ther. 14 (2003) 1441-1449. 

 [34] W. G. Feero, S. Li, J. D. Rosenblatt, N. Sirianni, J. E. Morgan, T. A. Partridge et al., 
Selection and use of ligands for receptor-mediated gene delivery to myogenic cells, Gene 
Ther.  4 (1997) 664-674. 

 [35] J. A. Wolff, R. W. Malone, P. Williams, W. Chong, G. Acsadi, A. Jani et al., Direct gene 
transfer into mouse muscle in vivo, Science 247 (1990) 1465-1468. 

 [36] J. A. Wolff, P. Williams, G. Acsadi, S. Jiao, A. Jani, W. Chong, Conditions affecting 
direct gene transfer into rodent muscle in vivo, Biotechniques 11 (1991) 474-485. 

 [37] M. Manthorpe, F. Cornefert-Jensen, J. Hartikka, J. Felgner, A. Rundell, M. Margalith et 
al., Gene therapy by intramuscular injection of plasmid DNA: studies on firefly luciferase 
gene expression in mice, Hum.Gene Ther. 4 (1993) 419-431. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

22 

 [38] R. J. Bartlett, S. L. Secore, J. T. Singer, M. Bodo , K. Sharma, C. Ricordi, Long-term 
expression of a fluorescent reporter gene via direct injection of plasmid vector into mouse 
skeletal muscle: comparison of human creatine kinase and CMV promoter expression 
levels in vivo, Cell Transplant. 5 (1996) 411-419. 

 [39] D. J. Wells, J. Maule, J. McMahon, R. Mitchell, E. Damien, A. Poole et al., Evaluation of 
plasmid DNA for in vivo gene therapy: factors affecting the number of transfected fibers, 
J Pharm.Sci. 87 (1998) 763-768. 

 [40] G. Acsadi, G. Dickson, D. R. Love, A. Jani, F. S. Walsh, A. Gurusinghe et al., Human 
dystrophin expression in mdx mice after intramuscular injection of DNA constructs, 
Nature 352 (1991) 815-818. 

 [41] I. Danko, J. D. Fritz, J. S. Latendresse, H. Herweijer, E. Schultz, J. A. Wolff, Dystrophin 
expression improves myofiber survival in mdx muscle following intramuscular plasmid 
DNA injection, Hum.Mol.Genet. 2 (1993) 2055-2061. 

 [42] H. Aihara, J. Miyazaki, Gene transfer into muscle by electroporation in vivo, 
Nat.Biotechnol. 16 (1998) 867-870. 

 [43] Y. Taniyama, K. Tachibana, K. Hiraoka, M. Aoki, S. Yamamoto, K. Matsumoto et al., 
Development of safe and efficient novel nonviral gene transfer using ultrasound: 
enhancement of transfection efficiency of naked plasmid DNA in skeletal muscle, Gene 
Ther. 9 (2002) 372-380. 

 [44] P. Schratzberger, J. G. Krainin, G. Schratzberger, M. Silver, H. Ma, M. Kearney et al., 
Transcutaneous ultrasound augments naked DNA transfection of skeletal muscle, 
Mol.Ther. 6 (2002) 576-583. 

 [45] G. Danialou, A. S. Comtois, R. W. Dudley, J. Nalbantoglu, R. Gilbert, G. Karpati et al., 
Ultrasound increases plasmid-mediated gene transfer to dystrophic muscles without 
collateral damage, Mol.Ther. 6 (2002) 687-693. 

 [46] J. M. McMahon, E. Signori, K. E. Wells, V. M. Fazio, D. J. Wells, Optimisation of 
electrotransfer of plasmid into skeletal muscle by pretreatment with hyaluronidase -- 
increased expression with reduced muscle damage, Gene Ther. 8 (2001) 1264-1270. 

 [47] C. Mennuni, F. Calvaruso, I. Zampaglione, G. Rizzuto, D. Rinaudo, E. Dammassa et al., 
Hyaluronidase increases electrogene transfer efficiency in skeletal muscle, Hum.Gene 
Ther. 13 (2002) 355-365. 

 [48] P. Lemieux, N. Guerin, G. Paradis, R. Proulx, L. Chistyakova, A. Kabanov et al., A 
combination of poloxamers increases gene expression of plasmid DNA in skeletal 
muscle, Gene Ther. 7 (2000) 986-991. 

 [49] J. Hartikka, L. Sukhu, C. Buchner, D. Hazard, V. Bozoukova, M. Margalith et al., 
Electroporation-facilitated delivery of plasmid DNA in skeletal muscle: plasmid 
dependence of muscle damage and effect of poloxamer 188, Mol.Ther. 4 (2001) 407-415. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23 

 [50] N. B. Romero, O. Benveniste, C. Payan, S. Braun, P. Squiban, S. Herson et al., Current 
protocol of a research phase I clinical trial of full-length dystrophin plasmid DNA in 
Duchenne/Becker muscular dystrophies. Part II: clinical protocol, Neuromuscul.Disord. 
12 Suppl 1 (2002) S45-S48. 

 [51] N. B. Romero, S. Braun, O. Benveniste, F. Leturcq , J. Y. Hogrel, G. E. Morris et al., 
Phase I study of dystrophin plasmid-based gene therapy in Duchenne/Becker muscular 
dystrophy, Hum.Gene Ther. 15 (2004) 1065-1076. 

 [52] M. Fardeau, S. Braun , N. B. Romero, J. Y. Hogrel, A. Rouche, V. Ortega et al., About a 
phase I gene therapy clinical trial with a full-length dystrophin gene-plasmid in 
Duchenne/Becker muscular dystrophy, J Soc.Biol. 199 (2005) 29-32. 

 [53] M. J. Molnar, R. Gilbert, Y. Lu, A. B. Liu, A. Guo, N. Larochelle et al., Factors 
influencing the efficacy, longevity, and safety of electroporation-assisted plasmid-based 
gene transfer into mouse muscles, Mol.Ther. 10 (2004) 447-455. 

 [54] B. Thyagarajan, E. C. Olivares, R. P. Hollis, D. S. Ginsburg, M. P. Calos, Site-specific 
genomic integration in mammalian cells mediated by phage φC31 integrase, Mol.Cell 
Biol. 21 (2001) 3926-3934. 

 [55] C. Bertoni, S. Jarrahian, T. M. Wheeler, Y. Li, E. C. Olivares, M. P. Calos et al., 
Enhancement of plasmid-mediated gene therapy for muscular dystrophy by directed 
plasmid integration, Proc.Natl.Acad.Sci U.S.A. 103 (2006) 419-424. 

 [56] J. L. Portlock, A. Keravala, C. Bertoni, S. Lee, T. A. Rando, M. P. Calos, Loong-term 
increase in mVEGF164 in mouse hindlimb muscle mediated by phage φC31 integrase 
after nonviral DNA delivery, Hum.Gene Ther. 17 (2006) in press. 

 [57] E. C. Olivares, R. P. Hollis, T. W. Chalberg, L. Meuse, M. A. Kay, M. P. Calos, Site-
specific genomic integration produces therapeutic Factor IX levels in mice, 
Nat.Biotechnol. 20 (2002) 1124-1128. 

 [58] N. B. Woods, V. Bottero, M. Schmidt, C. Von Kalle, I. M. Verma, Gene therapy: 
therapeutic gene causing lymphoma, Nature 440 (2006) 1123. 

 [59] S. G. Doh, H. L. Vahlsing, J. Hartikka, X. Liang, M. Manthorpe, Spatial-temporal 
patterns of gene expression in mouse skeletal muscle after injection of lacZ plasmid 
DNA, Gene Ther. 4 (1997) 648-663. 

 [60] L. Good, Translation repression by antisense sequences, Cell Mol.Life Sci. 60 (2003) 
854-861. 

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



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

24 

 [62] M. Koenig, A. H. Beggs, M. Moyer, S. Scherpf, K. Heindrich, T. Bettecken et al., The 
molecular basis for Duchenne versus Becker muscular dystrophy: correlation of severity 
with type of deletion, Am.J.Hum.Genet. 45 (1989) 498-506. 

 [63] S. D. Wilton, D. E. Dye, N. G. Laing, Dystrophin gene transcripts skipping the mdx 
mutation, Muscle Nerve 20 (1997) 728-734. 

 [64] M. G. Dunckley, M. Manoharan, P. Villiet, I. C. Eperon, G. Dickson, Modification of 
splicing in the dystrophin gene in cultured Mdx muscle cells by antisense 
oligoribonucleotides, Hum.Mol.Genet. 7 (1998) 1083-1090. 

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

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

 [67] A. Aartsma-Rus, W. E. Kaman, M. Bremmer-Bout, A. A. Janson, J. T. den Dunnen, G. J. 
van Ommen et al., Comparative analysis of antisense oligonucleotide analogs for targeted 
DMD exon 46 skipping in muscle cells, Gene Ther. 11 (2004) 1391-1398. 

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

 [69] S. D. Wilton, F. Lloyd, K. Carville, S. Fletcher, K. Honeyman, S. Agrawal et al., Specific 
removal of the nonsense mutation from the mdx dystrophin mRNA using antisense 
oligonucleotides, Neuromuscul.Disord. 9 (1999) 330-338. 

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

 [71] C. J. Mann, K. Honeyman, A. J. Cheng, T. Ly, F. Lloyd, S. Fletcher et al., Antisense-
induced exon skipping and synthesis of dystrophin in the mdx mouse, Proc.Natl.Acad.Sci 
U.S.A. 98 (2001) 42-47. 

 [72] S. D. Wilton, S. Fletcher, Modification of pre-mRNA processing: application to 
dystrophin expression, Curr.Opin.Mol.Ther. 8 (2006) 130-135. 

 [73] A. Surono, T. Van Khanh, Y. Takeshima, H. Wada, M. Yagi, M. Takagi et al., Chimeric 
RNA/ethylene-bridged nucleic acids promote dystrophin expression in myocytes of 
duchenne muscular dystrophy by inducing skipping of the nonsense mutation-encoding 
exon, Hum.Gene Ther. 15 (2004) 749-757. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

25 

 [74] A. Aartsma-Rus, A. A. Janson, W. E. Kaman, M. Bremmer-Bout, J. T. den Dunnen, F. 
Baas et al., Therapeutic antisense-induced exon skipping in cultured muscle cells from 
six different DMD patients, Hum.Mol.Genet. 12 (2003) 907-914. 

 [75] A. Aartsma-Rus, A. A. Janson, W. E. Kaman, M. Bremmer-Bout, G. J. van Ommen, J. T. 
den Dunnen et al., Antisense-induced multiexon skipping for Duchenne muscular 
dystrophy makes more sense, Am.J Hum.Genet. 74 (2004) 83-92. 

 [76] M. A. Denti, A. Rosa , G. D'Antona, O. Sthandier, F. G. De Angelis, C. Nicoletti et al., 
Body-wide gene therapy of Duchenne muscular dystrophy in the mdx mouse model, 
Proc.Natl.Acad.Sci U.S.A. 103 (2006) 3758-3763. 

 [77] F. G. De Angelis, O. Sthandier, B. Berarducci, S. Toso, G. Galluzzi, E. Ricci et al., 
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.A. 99 (2002) 
9456-9461. 

 [78] A. Goyenvalle, A. Vulin, F. Fougerousse, F. Leturcq, J. C. Kaplan, L. Garcia et al., 
Rescue of dystrophic muscle through U7 snRNA-mediated exon skipping, Science 306 
(2004) 1796-1799. 

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

 [80] H. Kotani, E. B. Kmiec, A role for RNA synthesis in homologous pairing events, 
Mol.Cell Biol. 14 (1994) 6097-6106. 

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

 [82] S. Ye, A. C. Cole-Strauss, B. Frank, E. B. Kmiec, Targeted gene correction: a new 
strategy for molecular medicine, Mol.Med Today 4 (1998) 431-437. 

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

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

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

 [86] A. Cole-Strauss, K. Yoon, Y. Xiang, B. C. Byrne, M. C. Rice, J. Gryn et al., Correction 
of the mutation responsible for sickle cell anemia by an RNA-DNA oligonucleotide, 
Science 273 (1996) 1386-1389. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

26 

 [87] B. T. Kren, P. Bandyopadhyay, C. J. Steer, In vivo site-directed mutagenesis of the factor 
IX gene by chimeric RNA/DNA oligonucleotides, Nat.Med. 4 (1998) 285-290. 

 [88] A. D. Tagalakis, I. R. Graham, D. R. Riddell, J. G. Dickson, J. S. Owen, Gene correction 
of the apolipoprotein (apo) E2 phenotype to wild-type apoE3 by in situ chimeraplasty, 
J.Biol.Chem. 276 (2001) 13226-13230. 

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

 [90] C. Bertoni, G. E. Morris, T. A. Rando, Strand bias in oligonucleotide-mediated 
dystrophin gene editing, Hum.Mol.Genet. 14 (2005) 221-233. 

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

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

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

 [94] K. Yoon, A. Cole-Strauss, E. B. Kmiec, Targeted gene correction of episomal DNA in 
mammalian cells mediated by a chimeric RNA·DNA oligonucleotide, 
Proc.Natl.Acad.Sci.U.S.A  93 (1996) 2071-2076. 

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

 [96] B. T. Kren, B. Parashar, P. Bandyopadhyay, N. R. Chowdhury, J. R. Chowdhury, C. J. 
Steer, Correction of the UDP-glucuronosyltransferase gene defect in the Gunn rat model 
of Crigler-Najjar syndrome type I with a chimeric oligonucleotide, 
Proc.Natl.Acad.Sci.U.S.A 96 (1999) 10349-10354. 

 [97] O. Igoucheva, A. E. Peritz, D. Levy, K. Yoon, A sequence-specific gene correction by an 
RNA-DNA oligonucleotide in mammalian cells characterized by transfection and nuclear 
extract using a lacZ shuttle system, Gene Ther. 6 (1999) 1960-1971. 

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



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

27 

 [99] H. Parekh-Olmedo, K. Czymmek, E. B. Kmiec, Targeted gene repair in mammalian cells 
using chimeric RNA/DNA oligonucleotides and modified single-stranded vectors, 
Sci.STKE. 73 (2001) PL1. 

 [100] O. Igoucheva, V. Alexeev, O. Scharer, K. Yoon, Involvement of ERCC1/XPF and XPG 
in oligodeoxynucleotide-directed gene modification, Oligonucleotides 16 (2006) 94-104. 

 [101] L. Ferrara, E. B. Kmiec, Targeted gene repair activates Chk1 and Chk2 and stalls 
replication in corrected cells, DNA Repair (Amst)  5 (2006) 422-431. 

 [102] C. Bertoni, A. Rustagi, T. A. Rando, Enhanced level of gene correction mediated by 
oligonucleotides containing CpG modification in the mdx mouse model for Duchenne 
muscular dystrophy, Amer Soc Gene Ther (2006) 573 (abs). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

28 

FIGURE LEGENDS 

 

Figure 1. Targeted plasmid integration to enhance plasmid-mediated gene delivery. 

 

A. Native function of φC31 integrase. This integrase is a phage product that catalyzes the 

integration of the phage genome, containing a unique attP sequence, into the bacterial genome, 

containing a unique attB sequence. Because these two sequences are different, the resulting sites 

following recombination are distinct (one attL sequence and one attR sequence) and different 

from the attB and attP sequences, rendering this reaction unidirectional.  

 

B. Co-opting φC31 integrase for gene therapy. By designing plasmids with attB sequences and 

delivering a second plasmid encoding the φC31 integrase, sites within the mammalian genome 

with sufficient sequence homology to attP sites allow for the integrase to catalyze the 

recombination and integration of the therapeutic plasmid into the mammalian genome. 
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Figure 2. Molecular mechanism of AON-induced exon skipping to convert a Duchenne 

phenotype into a Becker phenotype. 

 

The nonsense mutation of the mdx mouse is shown as an example, but the same principles apply 

for deletions that generate out-of-frame transcripts in which skipping one or more exons can 

generate an in-frame transcript. An AON targeted to exonic splice enhancer sequences is shown. 

AONs targeted to 5’ or 3’ splice sites are also effective in inducing skipping of the specific exon. 
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Figure 3. Chemical structures of modified bases used in AON design.  

 

The two chemical structures shown are the most widely studied and are the modifications that 

have been proposed to be tested in human clinical trials. 
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Figure 4. Molecular mechanism of ODN-mediated gene editing. 

 

A hypothetical T-A base pair mutation, for which the wild-type pair is a G-C, is illustrated. The 

targeting ODN, perfectly complementary to a region of one strand of the gene of interest except 

for a single mismatch with the mutant base, is first involved in a pairing reaction in which the 

ODN inserts into the double helical structure. The mismatch between the ODN and the genomic 

sequence induces endogenous repair mechanisms to correct the mismatch, and the therapeutic 

effect occurs when the genomic base is altered. Following dissociation of the ODN, the 

reannealing of the double strand leads to another mismatch. Again, the therapeutic effect occurs 

when the mutant base is now corrected, leading to a permanent conversion of the mutant T-A 

pair to the wild-type G-C pair.   
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TABLE 1 
 

 Plasmid-mediated
gene delivery 

 Antisense-induced 
exon skipping 

Oligonucleotide-mediated 
gene editing 

    
 
Efficiency of inducing 

dystrophin expression a 
 

 
+++ 

 
+++ 

 
+ 

 
Duration of effect b 
 

 
+++ 

 
+ 

 
++++ 

 
Uptake of vector after 

delivery to tissue c 
 

 
++ 

 
++++ 

 
++++ 

 
Applicability regardless of 

mutation d 
 

 
++++ 

 
++ 

 
+ 

 
a Efficiency is a difficult parameter to measure and compare because measures of efficiency vary widely. Based on in vivo type 

experiments in which the primary outcome is the generation of dystrophin-positive fibers, both plasmid-mediated gene 
delivery and AON-induced exon skipping yield much higher numbers than oligonucleotide-mediated gene editing. Of course, 
none of these measures are normalized to vector number or concentration in the cell. 

b AON-induced exon skipping results in transient dystrophin expression, plasmid-mediated gene delivery results on sustained 
dystrophin expression, and oligonucleotide-mediated gene editing results in permanent correction.  

c In general, the smaller oligonucleotides used for exon skipping and gene editing are more readily taken up into muscle fibers that are 
large plasmids, even when plasmids are formulated with agents to enhance uptake. 

d The expression of dystrophin from a plasmid is an effective treatment regardless of the nature of the endogenous gene mutation. By 
contrast, both AON-induced exon skipping and oligonucleotide-mediated gene editing require vectors specifically designed for 
the underlying mutation. However, certain AONs will be applicable to a number of different deletion mutations. 
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